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Abstract Daily averaged heavy ion escape rates from HALFSHEL hybrid simulations of the solar wind
interaction with the Martian ionosphere are compared to the ion escape rates reported by Brain et al.
(2015). The simulation rates are found to be in agreement with the rates measured by Mars Atmosphere and
Volatile EvolutioN (MAVEN). When the simulation rates are adjusted for known variability in the Martian system,
the ion escape rates are within 40% of the MAVEN results. The ion escape rate is found to vary linearly with
the solar wind speed. Using the simulation results to scale the MAVEN ion escape rate to include ions of all
kinetic energies, we predict a total heavy ion escape rate of 1.2 × 1025 ions/s. The assumptions used to derive
the total ion escape by Brain et al. (2015) are tested against the simulation results and are found to be excellent.

1. Introduction

It is thought that Mars was once a wet world with large bodies of liquid water on its surface [cf. Lasue et al.,
2013]. Today, that is not the case leading to the question, “Where did the water go?” There are two obvious
answers: into the surface of the planet or lost to space [cf. Lammer et al., 2013]. The objective of the Mars
Atmosphere and Volatile EvolutioN (MAVEN) mission is to address the loss of the Martian atmosphere and
hence, the loss of water to space [Jakosky et al., 2015]. Atmospheric escape can be broken down into two clas-
sifications: neutral escape and ion escape. This paper focuses on the latter.

Ion escape from Mars has been a topic of interest for many years. The first estimates for the ion escape came
from Phobos-2. More recently, the Mars Express (MEX) mission has spent over a decade (since 2004) measur-
ing ion fluxes around Mars and providing estimates for the ion escape rates [cf. Ramstad et al., 2015; Nilsson
et al., 2010; Barabash et al., 2007, and references therein]. Measured estimates of the ion escape rates vary
from a 2 × 1023–3 × 1025 ions/s. A compilation of pre-MAVEN ion escape rates versus the EUV flux (F10.7)
was published by Lundin et al. [2013].

Two distinct numerical approaches have been employed to estimate the ion escape rate fromMars. The first is
theMHDformalism [cf. Liu et al., 2001;Maetal., 2002, 2004, 2015;MaandNagy, 2007;Harnett andWinglee, 2006;
Dongetal., 2014, 2015]. The second is thekinetic formalism, specifically thehybridparticle code [cf.Brecht, 1990;
Brecht and Ferrante, 1991;Kallio and Janhunen, 2002;Bößwetter et al., 2004;Modolo et al., 2005, 2016;Holmstrom
and Wang, 2015; Brecht et al., 2016, 2017]. In addition to these two fundamental approaches an ion tracking
approach using the electric and magnetic fields from a MHD simulation has also been used [cf. Cravens et al.,
2002; Fang et al., 2010a, 2010b; Curry et al., 2014]. The ion tracking approach attempts to capture some of the
ion kinetic behavior not present in MHD simulations. The disadvantage of this method is that the ion motion
and thefields are not self-consistent. Adetaileddiscussion of the implicit assumptions, limitations, and applica-
tion of each approach can be found in Ledvina et al. [2008].

The MAVEN mission carries the most complete and sophisticated suite of plasma and fields instruments ever
flown to Mars. Utilizing several of these instruments, Brain et al. [2015] determined the spatial distribution of
the ion fluxes around Mars and placed a lower limit of 2.8 × 1024 ions/s on the heavy ion (greater than 9 amu)
escape rate (the MAVEN escape rate). This rate is a lower limit because the contribution ions with a kinetic
energy (KE) < 25 eV were neglected. It took several months worth of data to arrive at that rate. During that
time the effects of several parameters on the ion escape rate had to be averaged over.

The magnetic and electric fields carried by the solar wind drive ion loss from Mars. The solar wind consists of
protons streaming past Mars with a nominal speed of |vsw| = 300–500 km/s. Moving along with the solar wind
is the interplanetary magnetic field (IMF), |B| ~3 nT and the convection electric field, Econv = �vsw × B (see
Figure 1a). The convection electric field acting on the ionosphere accelerates ions away from Mars and has
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been shown to organize the ion data [Dubinin et al., 2008]. To study ion loss from Mars, it is natural to use a
coordinate system that is aligned with the convection electric field. The Mars Solar Electric (MSE) coordinate
system is centered on Mars and defined to have the x axis pointing into the incident solar wind direction
(generally toward the Sun), the y axis points along the direction of the component of the IMF
perpendicular to the solar wind velocity, and the z axis is aligned with the convection electric field. The
MSE coordinate system is tied to the solar wind’s electric and magnetic fields. As the directions of the
fields change so to does the orientation of the MSE coordinate system. The simulations have the solar
wind coming straight from the Sun, so XMSE is along the Mars-Sun line.

Unlike other nonmagnetized bodies with atmospheres such as Venus and Titan, Mars has localized crustal
magnetic fields. The presence of the crustal fields complicates the solar wind interaction and has a sig-
nificant impact on ion escape from Mars [cf. Ramstad et al., 2016; Brecht et al., 2016; Dong et al., 2015;
Ma et al., 2015; Brecht and Ledvina, 2012, 2014]. As the planet rotates during the Martian day different
crustal fields are exposed or sheltered from the solar wind. The rotation angle of Mars is defined by
Coordinated Mars Time (MTC), which is the longitude of Mars that goes through the subsolar point (see
Figure 1b). A MTC = 0° has the Martian prime meridian pointed at the Sun. Like Earth, the Martian rota-
tion axis is tilted by ~25° from perpendicular to the ecliptic. The tilted axis is responsible for the Martian
seasons and also changes the orientation of the crustal magnetic fields relative to the MSE coordinate
system. The orientation of the Martian rotation axis is defined by the parameter LS, where LS = 0°, 90°,

Figure 1. Variables in the Martian solar wind interaction. (a) The direction and magnitude of the interplanetary magnetic
field (BIMF) and the convection electric field (Econv) can change over time. (b) The orientation of the crustal magnetic
fields (C.F.) with respect to the solar wind changes with planet rotation. (c) Illustration of the position of Mars during the
MAVEN data collection period. Mars was at a distance r1 when MAVEN began collecting data. During the data collection
time Mars moved through perihelion (r0) and out to a distance of r0 + Δr at the end of the data collection time.
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180°, and 270° corresponds to spring equinox, summer solstice, fall equinox, and winter solstice in the
northern hemisphere (Figure 1c).

Several aspects of the Martian plasma environment make understanding ion loss at Mars challenging. The
solar activity (EUV flux) is not constant and varies considerably over time; as it varies so does the photoioniza-
tion rates in the Martian atmosphere. Further complexities arise because of the eccentricity of the Martian
orbit. Even if the solar activity (EUV flux) was constant, the photoionization rates at Mars will vary because
the orbit of Mars is not circular. As Mars moves along its orbit it also moves radially toward and away from
the Sun; the EUV intensity at Mars varies as 1/r2, where r is the distance from Mars to the Sun. The EUV flux
at Mars drops ~30% when the planet moves between perihelion and aphelion.

The Sun emits a varying solar wind, with changing density and speed, and an ever changing IMF vector. The
changing IMF vector and solar wind velocity result in an ever changing Econv. Thus, the MSE coordinate
system is constantly changing orientation. In short several aspects of the Martian environment make under-
standing the ion loss rates from Mars challenging because the loss rates are dependent on each of these
parameters. Comparing a few simulations to the loss rates derived from months worth of measurements is
not straightforward.

The next section of this paper will review the process Brain et al. [2015] used to derive the heavy ion escape
rates from the MAVEN data. This will be followed by a discussion of the simulations that were performed. The
simulation results will be compared to the Brain et al. [2015] results and reported in section 4. Section 5 will
discuss the results, their implications for future MAVEN observations of ion escape, and their implications of
our understanding of ion loss from Mars.

2. The MAVEN Determination of Ion Escape

MAVEN carries the most complete and sophisticated set of plasma and field instruments ever flown to Mars,
yet each of MAVEN’s instruments has their own limitations. The instrumental field of view does not cover a full
4π sr. Detecting particles at low kinetic energies can be hampered by surface charges carried by the instru-
ments or the spacecraft. It can take several seconds for an instrument to collect data and arrive at a meaningful
measurement. In that time the spacecraft canmove several kilometers, effectively smoothing out features over
that distance. It will take MAVEN a long time to sample the entire Martian atmosphere/ionosphere. It is not
possible for MAVEN to know the unperturbed upstream conditions; at the same time, observations are being
made within the planet’s atmosphere or downstream of the interaction. One must make the assumption that
the incident solar wind conditions have not changed much since they were last sampled. This single observa-
tion point limitation can be relaxed to some extent if theMAVEN observations are used in conjunctionwith the
plasma observations made by MEX. Though this has yet to be done, it could be a very enlightening exercise.

All these issues combined make it difficult to collect a global set of observations under the same incident
conditions and to separate the effects of various drivers on the Martian ion escape rate. In spite of all these
difficulties, Brain et al. [2015] succeeded in placing a lower limit on the heavy ion (greater than 9 amu) escape
rate. To overcome these uncertainties, several steps and assumptions were made.

Data were collected from 16 November 2014 through 1 April 2015 (4.5 months), when MAVEN was located
between 1.25 and 1.45 RM fromMars. The data spanned a limited range of coverage relative to the Martian geo-
graphy. On an orbit by orbit bases each measurement was transformed into the MSE coordinate system using
the best estimate of the upstream IMF and solar wind directions from themagnetometer [Connerney et al., 2014,
2015] and the solar wind ion analyzer [Halekas et al., 2013]. Themeasurements were thenmapped to a spherical
shell aroundMars in theMSE frame increasing the data coverage to approximately 68% of the surface area of the
sampling shell. A total of 20,836 observations of ion fluxes from the suprathermal and thermal ion composition
instrument [McFadden et al., 2015] were used. Ions with a kinetic energy (KE) of less than 25 eV were removed
from the data to account for the difficulties associated with measuring low-energy ions. Brain et al. [2015] quote
an overall uncertainty in the determination of the ion flux to be 50% or less (the energy limit not withstanding).

The ion flux through the sampling shell was further subdivided into four regions: dayside, nightside +E and
�E, and each region subdivided into 5° × 5° bins. A schematic of the regions is shown in Figure 2. The +E
region extends from 45 to 90° latitude, the unperturbed convection electric field points away from the planet
in this region. The unperturbed convection electric field points toward the planet in the�E region extending
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from latitudes �45° to �90°, the remaining region between latitudes of ±45° was split into dayside and
nightside regions. The dayside covers between ±90° longitudes. This was done to evaluate the heavy ion
flux both leaving and approaching the planet and to distinguish a potential ion plume of escaping ions.

Approximately 68% of the surface area of the sampling shell around Mars in the MSE frame was sampled by
MAVEN. To account for the ion escape from the unsampled regions, it was assumed that the sampled radially
outward moving heavy ion flux on average was representative of the flux from the unsampled regions. The
outward heavy ion escape rates were then scaled up by 32% to account for ion escape from regions not
sampled by MAVEN. Based on test-particle calculations, it was assumed that the inward ion flux on the night-
side of the planet originated below the sampling shell on the dayside. Radially inward fluxes in the remaining
regions were assumed to have originated above the sampling shell in the hot O corona and were not counted
as ionospheric loss. Therefore, only the nightside inwardmoving fluxwas scaled for the nightside coverage and
subtracted from the scaled outward heavy ion flux. The resulting heavy ion escape rate fromMars was found to
be 2.8 × 1024 ions/s. This is a lower limit for the heavy ion escape rate since ions with KE< 25 eV were ignored.

The ion fluxes measured by MAVEN in the MSE frame are shown in Figure 3. Regions where MAVEN collected
no data are shown in grey. The median ion flux collected in each 5° × 5° sampling bin is shown. The median
radially moving inward flux is shown in Figure 3 (top). The radially outward moving ion flux is shown in

Figure 2. A schematic showing the ion loss regions defined by Brain et al. [2015], a (a) two-dimensional projection and
(b) wrapped around Mars. The unperturbed convection electric field points away from Mars in the +E region and points
toward Mars in the �E region.
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Figure 3 (middle). The outward mov-
ing flux is lowest in the dayside
region. Figure 3 (bottom) shows the
net flux in each bin found by differ-
encing the outward flux and the
inward flux. The net flux is outward
on the nightside of the planet and
at high latitudes, while the net flux
is toward the planet on the dayside.

During the 4.5 months that MAVEN
collected data the solar activity was
not constant. MAVEN is able to mea-
sure the EUV flux at Mars but that
data are not currently available.
However, monthly averages of the
EUV flux measured at the Earth dur-
ing that time show a downward
trend in the EUV flux. The monthly
averaged F10.7 index is ~160 at the
start of the data collection. By the
end the F10.7 index is down near
120. Daily averages of the EUV flux
show an even greater variation with
several days in a row where the F10.7
index is at 200 and a few below 110.
The effects of the changing EUV flux
during the MAVEN observation time
on the Martian ionosphere are dis-
cussed by Benna et al. [2015].

Over the 4.5 months of data
collection the distance between
the Sun and Mars increased by
1.1 × 1011 km; this further reduces
the effective EUV flux at Mars.
During this time the LS went from
234° to 334°, thus changing the
orientation of the poles (rotation axis
of the planet) with respect to the sub-
solar point. The solar wind para-
meters were not constant during
this time. The solar wind speed
measured by MAVEN varied from
~300 km/s to over 600 km/s
[Halekas et al., 2015]. The MAVEN

coverage in the MSE coordinate system shows that the convection electric field underwent at least one full
rotation during the data collection period [Brain et al., 2015]. It is not practical to run a simulation of the
Martian solar wind interaction that spans 4.5 months of time and to realistically vary each of the above condi-
tions. However, tomake a reasonable comparison to theMAVEN observations, these variations were addressed.

3. Simulation Details

The research reported here uses the HALFSHEL hybrid particle code to simulate the Martian solar wind inter-
action (see Brecht et al. [2016] for a detailed description and history of HALFSHEL). HALFSHEL simulations of

Figure 3. Shown are the ion fluxes measured by MAVEN from Brain et al.
[2015], for ions with KE > 25 eV: (top) radially inward moving flux, (middle)
radially outward moving flux, and (bottom) net flux, outward-inward. Bins
where MAVEN collected no data are in gray in the top two plots and set to 0
in the bottom plot.
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the Martian solar wind interaction have been increasing in complexity over the last several years. Its latest
incarnation is the only simulation set that has been shown to agree with the Martian ion loss data versus solar
EUV flux as reported by Lundin et al. [2013] [see Brecht et al., 2016; Brecht and Ledvina, 2014].

Like observations, simulations make many assumptions such as choosing what models to include, design
decisions made in selecting a scheme to solve them, and approximations made implementing the selected
scheme into code. The implicit assumptions made in the HALFSHEL simulations of Martian solar wind inter-
action can be found in Brecht et al. [2016] and Brecht and Ledvina [2012, 2014, references therein]. A review of
the hybrid formalism and its implicit assumptions can be found in Ledvina et al. [2008]. The HALFSHEL code
has been used and tested on a wide variety of problems. The interested reader is referred to Brecht et al. [2016
and references therein].

Several models have been added to HALFSHEL in order to simulate the Martian solar wind interaction. They
will be briefly mentioned here. Further details about the models and their testing can be found in Brecht et al.
[2016]. The following models are included within HALFSHEL.

1. Multiple ion species. Each ion species is self-consistently transported with the self-consistent electric and
magnetic fields. In this simulation H+ represents the solar wind, and O+ and O2

+ represent the ionosphere.
Additionally, a fourth ionospheric species, CO2

+, is evolved chemically but is treated as a stationary
species.

2. A neutral atmosphere model. The densities of neutral CO2 and O as well as their motion (winds) were pro-
vided by the Mars Thermospheric General Circulation Model (MTGCM) [e.g., Bougher et al., 1988, 1999a,
1999b, 2000, 2002, 2004, 2006, 2008].

3. A ion-neutral photo-driven non-local thermodynamic equilibrium (LTE) chemistry package. The upper
ionosphere is not in local thermodynamic equilibrium (non-LTE) due to plasma transport. The ion-
neutral chemistry package evolves a set of ion-neutral chemical reactions in a time accurate fashion.
The chemical reactions and their rates are the same as used by other authors [cf. Brecht and Ledvina,
2012; Ma et al., 2002, 2004]. The ion-neutral reactions are solved on a spherical grid with a radial spacing
of 10 km and an angular spacing of 1.4°. The spherical grid extends from 150 to 1000 km altitude (or 1.04
to 1.29 RM). Another spherical grid is used to represent ionization of the hot O corona. This grid extends to
2 RM in altitude with a radial spacing of 100 km.

4. A ion-neutral collisional drag model. This model addresses species by species collisions using the sphe-
rical grid. The HALFSHEL code treats the ion drag by individually colliding the H+, O+, and O2

+ particles
with atmospheric CO2 and O using their respective collision cross sections, densities, and velocity depen-
dence. Currently, heating of the particles, thermalization (randomization) of their trajectories is not
included. The interaction is simply an energy loss (drag) from the particles being tracked. The neutral
densities are untouched as mentioned earlier; thus, the energy transfer to the neutrals is not included
in the simulations.

5. A conductivity model. Hall and Pedersen conductivities are included in the electric field solutions. The
generalized electric field including the Hall and Pedersen terms comes from a text by Mitchner and
Kruger [1973]. In the limit that the collision frequencies go to zero, this equation returns to the normal
electric field equation found in a hybrid particle code [Brecht and Thomas, 1988].

6. A crustal magnetic field model. The model used is from Purucker et al. [2000].
7. Planetary geometry package. The inclusion of the crustal fields and the neutral winds into the simulations

made it necessary to include planetary rotation during the simulations along with the LS orientation. This
is consistent with the orientation of the MTGCM that includes the orientation and tilt of the Martian rota-
tion axis.

Ion escape rates from HALFSHEL hybrid simulations of the Martian solar wind interaction are not a constant
value. Indeed, hybrid simulations never truly come into steady state like MHD or MHD+ test-particle simula-
tions. The plasma wave families present in the code (kinetic Alfvén waves, electromagnetic ion cyclotron
waves, whistlers etc…) together with the planet’s rotation and the responding ionospheric chemistry lead
to an unsteady outflow of ions from the Martian ionosphere. Examples of the effects these variations have
on ion loss will be discussed later in the paper.

The research reported in this paper made use of five simulations. Four of the simulations represented the
orientations of the MTC (0°, 90°, 180°, and 270°). Each used the following solar wind conditions: H+ density
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of 2.7 cm�3, with a speed of 485 km/s, and an electron temperature of 9 eV. The interplanetary mag-
netic field (IMF) had a magnitude of 3 nT and a Parker spiral angle of 56°. These conditions chosen
are typical solar wind conditions based several years of MEX and MGS observations [Brain et al., 2012].
Photoionization rates consistent with a F10.7 flux of 130 extrapolated to the Martian location were used.
The planet’s rotation axis was tilted at an angle of 25.19°, orientated at LS = 270° (summer in the southern
hemisphere). These conditions were consistent with those present during December of 2014 shortly after
MAVEN began taking data. The simulations were run for 2000 s real time during which the planet rotated
through 8.3°. Each simulation was run until the average loss rates reached a steady state. The simulations
were performed using the best inputs and models available prior to the start of the MAVEN mission. The
simulations were completed before the published MAVEN results. No attempt has been made to tune the
input parameters of the simulations to better match the MAVEN results. However, scaling of the results of
the simulations to represent parameters encountered by MAVEN is undertaken in the following portions
of the paper.

A fifth simulation is used to check the scaling of ion loss rates with the solar wind speed. The parameters for
that run are identical to the MTC = 270° mentioned above except that a solar wind speed of 400 km/s was
used. The solar wind data observed by MAVEN at Mars and reported by Halekas et al. [2015] suggest a lower
average speed than the 485 km/s used in the four simulations would be a better choice.

All of the simulations used the same MSE coordinate system defined by the solar wind speed and IMF
mentioned above. A spherical shell was set up around the planet at 1.35 RM in the MSE coordinate sys-
tem. Note that the planetary rotation axis is not aligned with the MSE coordinate system used in the
simulations (see Figure 2b). At a sampling time of 0.4 s the position of each ion was projected back
in time by 0.4 s antiparallel to their current velocity vector. Ions whose projected locations crossed
the sampling shell had their positions, velocities, and densities recorded for analysis. Any particular
particle could have more than one shell crossings during the sampling time, but only one crossing
(the last one) is recorded. The ion fluxes through the spherical shell were collected during the last
20 s of each simulation. The sampling shell was subdivided into the same four regions defined by
Brain et al. [2015] and each region further subdivided into 5° × 5° bins. The ion fluxes in each bin from
the first four simulations (MTCs of 0°, 90°, 180°, and 270°) are averaged together to create a “daily
averaged” ion flux. The daily averaged ion flux is used to calculate the heavy ion escape rate for the
simulations. The ion escape rate from the simulations is then compared to the median ion escape rate
reported by Brain et al. [2015].

The next section addresses whether or not the simulations agree with the MAVEN observations, what the
total ion escape rate for ions of all KE is, and tests the assumptions made by Brain et al. [2015].

4. Results
4.1. Global Ion Loss Rates (KE > 25 eV)

The objective of this paper is to determine how well Martian ion escape rates from HALFSHEL agree with the
ion escape rates measured by MAVEN. A comparison of the simulation rates and the MAVEN rates are shown
in Figure 4. The global ion loss rate for ions with KE> 25 eV was reported to be 2.8 × 1024 ions/s by Brain et al.
[2015]. This loss rate was calculated using the median fluxes observed in each bin by MAVEN and is repre-
sented by the solid horizontal line in Figure 4. The dashed lines represent the range of the global loss rates
using the middle 50% of the ion flux data collected by MAVEN in each bin. The first point 6.3 × 1024 ions/s
is the loss rate from the daily averaged simulations with a solar wind speed of 485 km/s. The bracket bars
represent two standard deviations of the scatter in the simulated loss rates (discussed later in this paper).
The second point 5.7 × 1024 ions/s is the ion escape rate from the 400 km/s run adjust to represent the daily
averaged ion loss. The third point 4.0 × 1024 ions/s represents the simulation results corrected for the change
in the EUV flux at Mars.

The MAVEN loss rates are based on data collected over a large range of Martian MTC orientations. It is best to
use daily averaged ion loss rates from the simulations to compare to the with the MAVEN results. The
400 km/s solar wind run was performed for a MTC = 270°. The heavy ion loss rate from this run was found
to be 4.8 × 1024 ions/s. From the first four simulations with vsw = 485 km/s, it was found that ion escape
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rate from the MTC = 270° simula-
tion was a factor of 1.2 less than
the daily averaged ion escape rate.
So the 4.8 × 1024 ions/s was multi-
plied by 1.2 to arrive at 5.7 × 1024

ion/s shown in Figure 4.

The solar activity decreased over
the course of the 4.5 month
MAVEN observation time. The
monthly averaged F10.7 indices
observed at Earth shows a drop
from 160 at the start of the period
to below 110 at the end. We make
the assumption that the MAVEN
results are more heavily weighted
to measurements made toward
the end of the data collection
period and adjust the simulation
results using a F10.7 value of 120.
Furthermore, while MAVEN was
collecting its data Mars was mov-
ing further away from the Sun.

The HALFSHEL simulations were performed with Mars located 2.07 × 1011 km from the Sun; at the end of
the MAVEN collection window the Sun was located 2.18 × 1011 km from the Sun. The EUV flux at Mars falls
off by 1/r2 as Mars moves outward from the Sun; this reduces the EUV at Mars by another 10%. The effective
F10.7 index is then 108 instead of the 130 used during the simulations. The effective F10.7 index was then used
in the ion loss rate versus EUV empirical relationship derived by Lundin et al. [2013]. The resulting EUV correc-
tion for the 400 km/s solar wind simulation is then 4.0 × 1024 ions/s.

The simulation error bars in Figure 4 are derived by the results shown in Figure 5. The global heavy ion loss
rate from the HALFSHEL simulations for ions with KE > 25 eV crossing the samping shell at 1.35 RM was

collected every 0.4 s over a time
period of 20 s. The results are
shown in Figure 5. There is a spread
in the data due to the rotation of
Mars (a little more than factor of
2, in agreement with the results
of Ramstad et al. [2016]). The heavy
ion loss rates are at their largest
when MTC = 0°, placing the largest
crustal fields on the nightside of
the planet. The heavy ion loss rate
is smallest at MTC = 180°. Also
noticeable is a variation in the loss
rates collected at each 0.4 s interval
for any given MTC run.

The variation in the collected loss
rates is due to a combination
of the non-LTE chemistry and
waves present in the simulations.
Unfortunately, these variations
cannot be detected by MAVEN dur-
ing the 16 s data collection time.

Figure 4. The global heavy ion loss rates of ions with KE > 25 eV from
HALFSHEL corrected for solar wind speed and EUV flux, compared to the
MAVEN results of Brain et al. [2015]. The solid line at 2.8 × 1024 ions/s is the
net heavy ion global loss rate from MAVEN; the dashed lines represent
the spread in the observations.

Figure 5. The figure shows the global heavy ion loss rates for ions of
KE > 25 eV through a shell at 1.35 RM collected over 20 s at the end of the
run for each of the first four simulations. The horizontal lines are the
mean values for each MTC angle.
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They may see the effects of these reactions but cannot resolve them. The variation in the collected loss rates
is much larger than would be expected due to particle statistics. Between 40 and 50 thousand particles are
collected during each 0.4 s interval. The expected statistical variation is only ~0.5%, much less than the
observed variation. The standard deviation for the spread in all of the loss rates shown in Figure 5 is
8.1 × 1023 ions/s. The error bars in Figure 4 are two standard deviations, representing 95.4% of the spread
in the data.

The HALFSHEL loss rate of 4.0 × 1024 is within 40% of the median MAVEN result. The two data spreads over-
lap; the numbers are within the error bars of each other. The results are consistent with one another and
could be considered in good agreement given the sources of variability in the Martian solar wind interaction
previously discussed. It is possible to examine the conditions at Mars during the MAVEN observing time,
derive appropriate input conditions for the simulations, and re-run them (both HAFSHEL and the MTGCM),
however, that would come at a cost. The simulation results can be scaled for some of the variability detected
during the 4.5 month MAVEN collected data.

For quite some time the question has been asked how do the Martian ion loss rates scale with solar wind
speed, quadratically vsw

2 or linearly vsw? It has been postulated that the ion escape rate would scale with
the solar wind dynamic pressure ~ρvsw

2 [cf. Verigin et al., 1997; Kaneda et al., 2007; Ma et al., 2014a, 2014b]
or perhaps with the convection electric field ~vswB. If the loss rates scale like vsw

2 then the ratio between
the EUV corrected loss rates would be a factor of 1.5. On the other hand, if the ion escape rates scaled with
vsw then the factor would be 1.2. The simulation results have a ratio of 6.3 × 1024/5.7 × 1024 or 1.1. Two points
are not enough to verify the trend. However, the result does indicate that the ion escape rate at Mars scales
with the solar wind speed and hence the convection electric field. This result is consistent with the ion escape
rate at Mars versus solar wind speed observations made using the MEX data by Ramstad et al. [2015] for solar
wind densities between 0.1 and 0.5 cm�3.

In summary, Figure 4 shows that the net heavy ion loss rates from the HALFSHEL simulations of the Martian
solar wind interaction agree well with the MAVEN results. When the heavy ion loss rate is adjusted for the
known variability in the solar wind drivers the agreement falls to within 40% of the heavy ion loss rate
reported by Brain et al. [2015]. It was also shown that the relationship between the solar wind speed and
the ion loss rate from Mars scales with vsw and not vsw

2 as assumed in previous studies.

4.2. Scaling the MAVEN Results via Simulations

An advantage of simulations is that they can be used to fill in the gaps in the measurements. One of the pri-
mary goals of MAVEN is to determine the total heavy ion loss rate from Mars; several assumptions and care
must be made to measure and interpret the data. The limitation in the MAVEN ion loss result was the 25 eV
energy cutoff used. The ion escape rates from the simulations are not limited by this energy cutoff or even
where the ion fluxes are sampled. In this section the simulation results will be used to scale the MAVEN
ion loss rate to account for ions of all KE.

The outward moving ion rate through the sampling shell using ions of all kinetic energies was found to be
2.0 × 1025 ions/s. The rate of the ions crossing the sampling shell moving toward the planet was found to
be 2.7 × 1024 ions/s. This gives a net ion escape rate fromMars of 1.8 × 1025 ions/s. This is a factor of 4.5 larger
than the 4.0 × 1024 ions/s using the 25 eV energy cutoff. One of the complexities with when using the sphe-
rical shell at 1.35 RM. is how best to deal with the inward moving ion rate. In this case the inward moving ion
rate was ~14% of the outward moving ion rate. The full inward moving ion rate is subtracted from the out-
ward moving ion rate to get the net ion escape rate from the simulations. The approach used by Brain
et al. [2015] was more involved.

To get around dealing with the complexities of the inward moving ion rate, the ion sampling shell can be
moved out. As a sanity check we construct a sampling box with six faces, of each face with an area 4
RM × 4 RM centered on Mars. Ions crossing any of the box faces are counted and used to get the heavy ion
loss rate. There are advantages to using ions at 2 RM to calculate the ion escape rate. The ions at that distance
have been accelerated for a greater distance by the electric field; they have higher kinetic energies than they
do at 1.35 RM. Thus, more ions are collected for a given energy cutoff at 2 RM than there would be at 1.35 RM.
The second advantage is that at 2 RM the fraction of ions moving toward Mars is significantly less than the
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outward moving ions, a few percent or less. So there is less uncertainty in the total rate due to the returning
ions. A box is used for practicality; the simulations are in Cartesian coordinates. It is more efficient to check a
particle’s location with respect to x, y, or z than it is to calculate the particle radius and check against that.

The rate of the ions crossing through the box was calculated and averaged using the same procedure used
for the ions that crossed the sampling shell at 1.35 RM. The difference in this case was that ions of all kinetic
energies were counted, not just those with KE > 25 eV. The outward moving (radially away from Mars) ion
rate through the box adjusted for the change in the EUV flux was 1.7 × 1025 ions/s. The rate of the ions
moving into the box (radially toward Mars) was 2.6 × 1023 ions/s or less than 2% of the outward rate.

The ratio of the global net heavy ion loss rate for the ions of all KE moving through the sampling box to the
net heavy ion escape rate for ions with KE > 25 eV sampled at 1.35 RM is 1.7 × 1025/4.0 × 1024 = 4.25.
Multiplying the MAVEN heavy ion escape rate by this ratio, we have 2.8 × 1024 ions/s multiplied by 3.9 produ-
cing 1.2 × 1025 ions/s.

4.3. Testing the Assumptions of Brain et al. [2015]

Recall the assumptions made by Brain et al. [2015] to derive the heavy ion escape rate for ions with
KE > 25 eV: (1) The sampled ion flux is on average characteristic of the unsampled regions. (2) Most of the
particles traveling toward the planet on the nightside originated below the sampling shell and should be sub-
tracted from the escape rate. (3) Ions moving radially toward the planet in the other regions originated from
above the sampling shell and should not be counted as ionospheric loss.

The first assumption can be tested by using the net ion loss rates from the simulations (corrected for the solar
wind speed and EUV flux) through each of the regions defined in Figure 2. The results are listed in Table 1. The
outward moving ion rates for ions with KE> 25 eV are calculated using the ion fluxes. Ions that cross the 1.35
RM sampling shell are binned into the same 5° × 5° MSE latitude-longitude bins used to sort the MAVEN data.
The fluxes through the bins that coincide with the bins MAVEN collected data are then used to calculate the
outward moving ion rate. Those results are shown in the first row of Table 1. The fraction of each region that
MAVEN collected data is listed in the second row. The third row scales the outwardmoving ion rate by the frac-
tion of the area MAVEN collected data. This is done by dividing each column in the first row by each column in
the second row. The fourth row shows the outwardmoving ion rate calculted using the total simulated ion flux
for ions with KE> 25 eV through each region. The fifth row shows the percent difference between the scaled
rates in the fourth row and the total rates in the fifth row. Recall that the assumption was that the sampled ion
fluxes (and hence ion rates) are on average characteristic of the ion fluxes through the unsampled regions. For
this to be true the percent differencewould be 0 if the net ion loss rates scale by area.With the exception of the
dayside region this is the case to within 8%. Globally, the difference is only 0.4%.

The current simulations do not differentiate between O+ created in the ionosphere and O+ originating from
the hot O corona. Therefore, it is difficult to use the simulations to fully test the validity of assumptions 2
and 3. However, all of the O2

+ in the simulations is created below an altitude of 500 km, well inside the
sampling shell. Thus, any inward moving O2

+ crossing the sampling shell comes from the ionosphere
and should be removed from the ion loss rate calculation. About 20% of the inward moving ion rates
through the dayside and ±E regions in the simulations was O2

+. If we assume that the same is true for

Table 1. Testing MAVEN Assumptions Using the Net Ion Loss Rates From the Simulationsa

Dayside Nightside +E �E Global

Observed outward rate (×1024 ions/s) 0.23 2.02 0.22 0.27 2.74
Fraction of coverage 0.74 0.71 0.57 0.54 0.68
Scaled rate (×1024 ions/s) 0.31 2.85 0.38 0.49 4.03
Full rate (×1024 ions/s) 0.26 2.81 0.40 0.53 4.00
Percent diff. +21% +1.5% �5.4% �7.2% +0.7%

aThe first row lists the ion outflow rate from the simulation that would be observed by MAVEN. The second row is the
fraction of each region sampled by MAVEN. The third row lists simulation ouflow rate that would have been sampled by
MAVEN from the first row scaled up by the coverage listed in the second row to account for the unsampled regions. The
fourth row contains the full ion outflow rate from each region of the simulations. The fifth row shows the percent differ-
ent between the scaled ion outflow rate and the simulation ion outflow rate.
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the MAVEN data then Brain et al. [2015] overestimated the heavy ion loss rate by 1.0 × 1023 ions/s. If
roughly another 20% of the inward moving ions were due to O+ created in the ionosphere then the
reported MAVEN rate would be overestimated by 2 × 1023 ions/s. In either case the overestimation is
small enough that assumption 3 does not make much of a difference.

In summary the assumption that ion flux is on average characteristic of the unsampled regions is not strictly
valid on a region by region basis. However, it is valid when applied using the global average. The assumption
that only the nightside inward ion flux originated from below that sampling sphere was not found to be valid,
but it does not have a large impact on the heavy ion loss rate.

4.4. Net Ion Fluxes

The net ion fluxes from the MAVEN results are now compared to the daily averaged net ion fluxes. Figure 6
shows the filled in net MAVEN ion fluxes through each region defined in Figure 2. The net ion flux through
each unsampled region was filled in using the following steps. The difference between the scaled up outward
moving ion flux and that measured by MAVEN was 3.1 × 1024–2.1 × 1024 or 1.0 × 1024 ion/s. We make the
assumption that this ion loss rate was uniformly distributed about Mars so the loss rate was spread equally
about the unsampled regions. The area of each unsampled region was then used to compute the outward
ion flux through that region. The same procedure was used to fill in the inward moving ion fluxes in the
nightside region. The net flux was found by taking the outward moving flux through each region and sub-
tracting off the inward moving flux only in the nightside region.

The net flux through the dayside region is less than the net flux through the nightside region. The net flux is
inward near the terminators (90° and 270°) in the nightside. A hint of a polar plume is from the +E region can
be made out. The total flux through +E region is larger than the total flux through the�E region. Only a little
more than 50% of the ±E regions are sampled by MAVEN. The procedure used to fill in the missing data hides
the strength of the plume. It may have been better to spread the ion loss rate based on the average loss rate
sampled through each region. However, the current figure is sufficient enough to representative the net
MAVEN flux data.

Figure 6. Net ion flux through each region defined in Figure 2 observed by MAVEN corrected for the ion flux through bins
lacking MAVEN observations. Negative flux values indicate a net inward moving ion flux.
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The net daily averaged ion flux from the simulations is shown in Figure 7. Similar to the MAVEN results the net
flux through the dayside region is less than the net flux through the nightside region. The flux through the
dayside regions of the simulation is less than it is for the MAVEN data. This could be the results of the models
used for the neutral atmosphere and hot O corona not having the same radial profile as the actual profiles at
Mars. Future data fromMAVEN’s Neutral Gas and IonMass Spectrometer will help sort this out. The total simu-
lated ion flux is largest in the nightside region as was the case in the MAVEN observations. The difference,
however, was that the net flux was into the planet near the terminators in the MAVEN data. That is not the
case for the ion flux in the nightside of the simulations. The simulations do shown a net inward flux near
the terminators on the dayside of region. This difference may be the result of how the net ion flux was calcu-
lated by Brain et al. [2015] (only subtracting the inward flux from the nightside) or inconsistency between the
neutral models used in the simulation and the actual neutral density profiles present at Mars. Figure 7 does
not show any clear preference of a +E polar plume over a�E polar plume. The net ion flux from the +E region
look similar to the net ion flux from the �E region. The net ion flux through the �E region was found to be
altitude-dependent. Choosing a sampling shell with a radius of 1.25 RM resulted in the net ion flux being into
the planet in the�E region. Thus, the net ion flux observed by MAVEN in the�E region may be influenced by
the altitude it is collected at. In contrast the net ion flux through the +E region was found to be independent
of the altitude it was measured at.

It is natural to ask how the ion fluxes around Mars might change as a function of the energy cutoff used.
Figure 8 shows the net ion fluxes through each region defined in Figure 2 collected through a sampling shell
at 1.35 RM using ions of all kinetic energies. The net ion flux through the nightside region is much larger, and
there is no longer ion flux moving toward the planet in this region. The net ion flux through the dayside
region is similar to those in Figure 7. There are some regions where the net flux pointed toward the planet
that are now moving outward.

A better understanding of how the energy cutoff affects the ion flux around Mars can be examined in
Figure 9. In Figure 9 the net ion flux through each sampling bin in Figure 8 was divided by the ion flux in
each sampling bin of Figure 7. Dark regions are where the ion fluxes in the two figures were about equal.
White bins are where the net flux shown in Figure 7 was inward. The energy cutoff does not affect the

Figure 7. Net daily averaged ion flux from the simulations through each region defined in Figure 2 for ions with KE> 25 eV.
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net ion flux through the ±E region because the electric field quickly accelerates the ions originating from
this region. The net ion flux through the dayside region changes near the terminators where the net flux
now moves outward from the planet. The region where the energy cutoff has the largest effect is in the
nightside region where the net ion flux increases 1–2 orders of magnitude. The ion fluxes are much

Figure 8. The daily averaged simulated net ion flux through each region defined in Figure 2 for ions with KE > 0 eV.

Figure 9. The ratio of the net simulated ion flux for ion with KE > 0 to the net ion flux for ions with KE > 25 through each
region defined in Figure 2.
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larger when the energy cutoff is not
applied. The low-energy ions do not
have a high velocity, but they do
have a larger density.

4.5. Ion Loss Versus Rotation

The results discussed here have used
the daily averaged heavy ion loss
rate. We take the time to mention
the heavy ion loss rate for ions with
KE > 0 eV versus MTC. The net heavy
ion loss rates scaled for EUV and
solar wind speed through the
sampling box for MTCs 0°, 90°, 180°,
and 270° were (1.7, 1.7, 1.5, and
1.5) × 1025 ions/s, respectively. This
is a different ion escape rate versus
MTC relationship than was found in
Brecht et al. [2016], for LS of 180° dur-
ing solar maximum. In that case, the
maximum heavy ion loss rates
occurred at MTCs 90° and 180°.
While Ma et al. [2014a, 2014b] found
yet a different relationship between
escape rate and rotation for solar
minimum conditions. They found
that most of the ions escaped when
the MTC = 90°, ~2.5 × 1024 ions/s,
followed by MTC = 270°, with
1.5 × 1024 ion/s escaping then 180°
and 0° with 1.3 × 1024 ions/s and
1.2 × 1024 ions/s, respectively. This
suggests that the role of MTC will
change depending on solar activity.

The results here show a decrease in
the ion loss rate when the large crus-
tal field is at the subsolar point and at
the morning terminator. In contrast
MHD simulations by Ma et al.
[2014a, 2014b] and Fang et al.
[2015] found that the ion escape rate
was enhanced when the large crustal
magnetic fields were located near
the dawn and dusk terminators.
Observations by Ramstad et al.
[2016] found that when the large
crustal magnetic field was located
between solar zenith angles of
~28°–60° the ion escape rate was its
lowest. The highest ion escape rates
occurred when the large crustal mag-
netic fields where between solar
zenith angle of 60°–80°. Detailed

Figure 10. Net simulated ion flux versus MTC angle. Contours of the crustal
magnetic field are shown in white.
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comparisons between the simulations and the observations are not straightforward due to uncertainties in
the upstream conditions and in making the ion escape observations.

The net scaled ion flux for each MTC angle is shown in Figure 10. Contours of the crustal magnetic field are
also plotted. The shape of the contours change as the planet rotates. This is because Mercator projection in
the MSE system distorts the apparent shape of the crustal magnetic fields when they are near the poles.

The orientations where the large crustal fields are between ±90° at MTC = 180° and 270° is when the ion
escape rate is at its minimum values. In the MTC = 180° orientation, the net outward flux increases from
the dayside, but there is also more returning flux into the nightside of Mars. The outward flux from the night-
side of Mars is reduced in the MTC = 270° orientation. In contrast when the large crustal fields are located in
the nightside of the planet such as at MTC = 0° or the dawn terminator at MTC = 90° the return flux into the
nightside of Mars is suppressed.

The results in Figure 10 illustrate the difficulty in trying to understand the how the orientation of the crustal
fields effect the ion flow around Mars. The interplay between the various coordinate systems and field orien-
tations means that things are not as simple as one may think. For instance, the large southern crustal fields
may at times be found near the equator in the MSE system due to the planets’ tip and rotation. Not to men-
tion further complications that arises because of the direction of the convection electric field can have
any orientation.

5. Discussion

The net heavy ion loss rates for ions with KE> 25 eV from the HALFSHEL simulations of the Martian solar wind
interaction agree with the rates measured by MAVEN and reported by Brain et al. [2015]. When the HALFSHEL
rates are adjusted for changes due to the Martian orbit, solar activity and the average solar wind speed the
heavy ion loss rates are within 40%.

The consistency between MAVEN and HALFSHEL implies that the MAVEN results also must agree with the
empirical relationship between ion loss rate and the EUV flux, reported by Lundin et al. [2013]. Based on
our simulation results the MAVEN results are in agreement with the ion loss rates measured by MEX and
Phobos [cf, Lundin et al., 2013, and references therein]. This result implies that we have a basic understanding
of what are the key physical processes that drive ion escape fromMars. However, there is still work to be done
to better refine our understanding of ion loss from Mars and the sensitivities to various drivers.

A better understanding of the effects the orientation of the crustal magnetic fields in the MSE coordinates
system has on the ion loss rates is needed. As mentioned earlier at least half of the MAVEN observations were
made when the convection electric field had a vector component pointed below the ecliptic plane. The con-
vection electric field in the simulations was perpendicular to the ecliptic plane and pointed above it. The cur-
rent simulations and others have shown that the orientation of the crustal magnetic fields (via daily rotation)
affects the ion loss rates from Mars [cf. Brecht et al., 2016; Brecht and Ledvina, 2014, 2012; Ma et al., 2015, and
references therein]. However, we do not know how rotating the convection electric field so that it points
below the ecliptic will affect the ion loss rates. The other extreme cases when the convection electric field
is parallel to the ecliptic plane also need to be examined. These are tests that will need to be done in
future simulations.

The testing of the ion loss rates versus the solar wind speed indicates a linear relationship. This implies that
the convection electric field is the important driver for ion loss at Mars as opposed to the solar wind dynamic
pressure. Ramstad et al. [2016] used MEX observations to examine the relationship between solar wind speed
and ion escape at Mars. They found that for low solar wind densities (0.1–0.5 cm�3) and low EUV intensity the
ion escape rates increased with solar wind speed. They found no increase in the ion escape rates versus solar
wind speed for higher solar wind densities or EUV intensities. Ramstad et al. [2016] did not have information
about the IMF. They could not sort their observations via the convection electric field. Further simulations and
spacecraft (MAVEN and MEX) observations are needed to further test how Martian ion loss scales with the
solar wind speed.

It is difficult to determine what part of the radially inward moving ion flux that MAVEN measures originates
from the ionosphere versus ionization of the hot O corona. Brain et al. [2015] addressed this issue the simplest
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way they could by just assuming that all of radially inward moving flux into the dayside was from the hot O
corona. This is not strictly correct and leads to an overestimation of the heavy ion loss rate from Mars. The
reported HALFSHEL simulations were not set up to determine what fraction of the inward moving ion flux
through each region originates from the hot O corona versus the ionosphere. Future simulations can be
set up to delineate the different O+ sources.

The lack of an inward moving ion flux in the dayside region of the simulated ion flux maps has implications
for the interpretation of the MAVEN observations. If this missing inward flux is due to a poor representation of
the hot O corona ion source, then the flux MAVEN observes in this region likely originates from the hot O cor-
ona. The MAVEN flux measurements then can be used to constrain models of the corona. Future simulations
together with further observations are needed to get a handle on this issue.

It would be better for MAVEN to use flux measurements from a radius larger than 1.45 RM. Ion fluxes at larger
radii have a much smaller relative inward moving ion rate compared to the outward rate. Furthermore, the
electric field accelerates the ions through a larger distance. Thus, the ions tend to have a larger kinetic energy
making the total ion escape rate less sensitive to the selected value of kinetic energy cutoff. The result is a
much more reliable measurement of the heavy ion loss rate.

6. Summary

The HALFSHEL heavy ion loss rates for ions with KE > 25 eV agree with the MAVEN results reported by Brain
et al. [2015]. When the simulation loss rates are adjusted for changes in the orbital distance, the solar activity,
and average solar wind speed the agreement is within 40% of the MAVEN rates. The ion escape rate
was found to vary linearly with the solar wind speed as opposed to the solar wind dynamic pressure.
Scaling the MAVEN ion escape rate to ions of all kinetic energies predicts a total heavy ion loss rate of
1.2 × 1025 ions/s. The assumptions made by Brain et al. [2015] to derive the ion escape rate from Mars were
found to be valid. Further simulations are needed to determine what extent rotating the convection electric
field will have on the ion escape rate at Mars and to determine what fraction of the inward moving ion flux
originates from the ionosphere versus ionization of the hot O corona.
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