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Abstract A detailed model-model comparison between the results provided by a multispecies and

a multifluid magnetohydrodynamic (MHD) code for the escape of heavy ions in the Martian-induced
magnetosphere is presented. The results from the simulations are analyzed and compared against

a statistical analysis of the outflow of heavy ions obtained by the Mars Atmosphere and Volatile
EvolutioN/Suprathermal and Thermal lon Composition instrument over an extended period of time in order
to estimate the influence of magnetic forces in the ion escape. Both MHD models are run with the same
chemical reactions and ion species in a steady state mode under idealized solar conditions. Apart from
being able to reproduce the asymmetries observed in the ion escape, it is found that the multifluid approach
provides results that are closer to those inferred from the ion data. It is also found that the j x B force term is
less effective in accelerating the ions in the models when compared with the Mars Atmosphere and Volatile
EvolutioN results. Finally, by looking at the contribution of the plume and the ion escape rates at different
distances along the tail with the multifluid model, it is also found that the escape of heavy ions has
important variabilities along the tail, meaning that the apoapsis of a spacecraft studying atmospheric
escape can affect the estimates obtained.

1. Introduction

One of the open questions in relation to Mars is the evolution of its atmosphere. Lammer et al. (2013) provide
a multiapproach review on the topic. It is generally accepted that billions of years ago Mars was a warm and
wet planet with a significantly thicker atmosphere than found today. Some estimates place the initial surface
pressure on the order of tens of bars (e.g., Lunine et al., 2003), a number significantly larger than the less
than 10 mbar of the present-day atmosphere. Lacking the shielding effect of a global magnetic field, the
atmospheric escape may be particularly significant for nonmagnetized bodies such as Mars (Brain et al., 2016),
although this is a current point of debate in the community. Escape can occur in the form of neutrals or ions.
In this paper we focus on the latter form, referred to here as ionospheric escape.

The interaction of Mars with the solar wind has been an active subject of study for the space physics com-
munity since the first flyby of the planet performed by the Mariner 4 spacecraft in 1965 (Cloutier et al., 1969;
Fjeldbo & Eshleman, 1968). After Earth, Mars is the most studied planet in the solar system, with six orbiters
and two rovers currently in operation and continuously gathering data for different purposes. One of the most
recent missions, MAVEN (Mars Atmosphere and Volatile EvolutioN; Jakosky et al., 2015), has a suite of instru-
ments specifically designed to analyze the different atmospheric escape processes in order to gain insight
into the climate evolution of the planet.

Unfortunately, however invaluable the data gathered by the different missions, it is impossible to capture the
dynamics of any planetary system at the different spatial and timescales involved with in situ measurements
or remote sensing techniques. For this reason, the use of numerical models that combine the theoretical
knowledge of the environment being studied with the data collected by spacecraft has become essential.
The choice of what model to use is inherent to the physical process one wishes to capture, with the computa-
tional effort and the characteristic length scale being the defining factors. A comprehensive review of different
models used to study the interaction of Mars with the solar wind can be found in Brain et al. (2010) and
Ledvina et al. (2008).
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While the computing power is constantly increasing, so is the complexity of several types of models. In
terms of magnetospheric dynamics, this has led to the development of different approaches that could
be summarized in three main groups: kinetic (particle-in-cell) models (essential when studying small-scale
processes that occur at length scales smaller than the electron gyroradius), magnetohydrodynamic (MHD)
models (a relatively computationally inexpensive approach to study large-scale structures), and hybrid codes
(a combination of the two previous approaches, treating ions as individual particles and electrons as a
charge-neutralizing fluid).

lonospheric escape. lonospheric escape has been measured by different spacecraft orbiting the planet. The
estimates, however, vary significantly among different works, partly due to seasonal effects and solar cycle
variations as well as the sensitivity of the results to instrument limitations and the assumptions made to
overcome these limitations. These limitations include field of view, uncertainties in the spacecraft charging
potential (which affects the ability to measure low-energy populations) and the energy coverage of the instru-
ments that limits the range over which integration of detected fluxes can be made. In addition, prior to MAVEN,
no concurrent measurements of plasma and magnetic field data were taken, making itimpossible to get infor-
mation on pitch angle distribution and thus making difficult the interpretation of the overall geometry of the
ion escape.

Many authors studied the ionospheric escape from Mars using data from different spacecraft before the arrival
of MAVEN (e.g., Barabash et al., 2007; Frénz et al., 2015; Lundin et al., 1990; Verigin et al., 1991), obtaining a wide
range of estimates that varies depending on the species included, energy range, and solar conditions. MAVEN
arrived at Mars during the unusually weak solar cycle 24, so the escape rates calculated from its instruments are
expected to be on the lower side. Nilsson et al. (2011) analyzed more than 4 years of data from the ASPERA-3
instrument for low solar activity, providing a data set that can be contrasted with that collected by MAVEN.
The total escape rate found by their study was of 2.0 +£0.2 x 10%* s~!, They also analyzed the escape geometry
by dividing the escape area along the Y-Z plane (in MSO coordinates with the X axis pointing toward the Sun,
the Y axis opposite to the velocity vector of the planet, and the Z axis completing the right-hand triad) and
found an asymmetry in the fluxes, with those from the north and dusk quadrants being larger than those
from the south and dawn quadrants. The north-south asymmetry was attributed to the presence of the crustal
magnetic fields in the southern hemisphere, while the dawn-dusk one was attributed to the asymmetry in
the solar wind (Parker spiral).

More recently, using data from the Suprathermal and Thermal lon Composition (STATIC) instrument on MAVEN
(McFadden et al., 2015), Brain et al. (2015) were able to calculate a lower limit for the escape of ions with
energies higher than 25 eV at 3 x 10%* s77. Using the same instrument, Dong et al. (2017) concentrated on the
variabilities of the ionospheric plume (a particular escape channel that arises from the acceleration of heavy
ions by the solar wind convection electric field) and found that, while the total escape increases from 2 to
3% 102*s~" with increasing extreme ultraviolet (EUV) fluxes for ions with energies higher than 6 eV, the plume
remains relatively constant, accounting for 20% to 30% of the total escape.

When compared to previous results, these first estimates based on MAVEN data seem to be significantly lower,
something that could be related to the weakness of solar cycle 24 which translates into lower EUV fluxes and,
as different authors have pointed out, this leads to lower ionospheric escape (e.g., Dong et al., 2014, 2017;
Dubinin et al., 2017; Ramstad et al., 2017). In addition to these cyclical variations, the location where the ions
are measured, the energy ranges included in the analyses, and in general the way data are treated differamong
the studies and are also a cause of the observed variations that span over 2 orders of magnitude.

The ionospheric escape has also been extensively studied by means of numerical models, including MHD
(e.g., Harnett & Winglee, 2006; Holmstrom & Wang, 2015; Ma et al., 2004; Najib et al., 2011) and hybrid (e.g.,
BoRwetter et al., 2007; Brecht et al., 1993; Kallio et al., 2006; Modolo et al., 2005) codes. Using multispecies
MHD simulations, Ma et al. (2004) studied the ionospheric escape taking into account different combinations
of solar conditions, interplanetary magnetic field (IMF) configurations, and orientation of the crustal fields.
For their case 3 (solar minimum, 3 nT Parker spiral configuration and crustal fields pointing toward the Sun),
they estimated the total O* ion outflow to be 2.5 x 102 ions per second, a value that falls on the lower range
of the estimates from spacecraft data. They also estimated an outflow of 2.9 x 10?3 ions per second for 05
ions. Using a hybrid modeling approach, Modolo et al. (2005) estimated a lower value of O escape at 5.0 x
1022 ions per second during solar minimum conditions, although their model did not include the crustal fields
and had no ionospheric chemistry. Dong et al. (2014) used a combination of a multifluid MHD model with a
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Figure 1. CO, (top) and O (bottom) neutral densities at 198.8-km altitude (around the exobase) as calculated by Mars

Global lonosphere-Thermosphere Model. The subsolar point corresponds to a longitude of 0°. The vertical white lines
mark the longitude of the terminator line.

3-D atmospheric model to estimate escape fluxes of different species. They found that the inclusion of a 3-D
atmospheric model has an important effect in the final estimate of ion outflow. Using the 3-D atmosphere,
their estimate of ion outflow was of 4.2 x 1023 ions per second (3.7 X 10%* ions per second) for O* and of
1.7 x 10%* ions per second (2.5 x 10%* ions per second) for O for solar minimum (maximum) conditions and
with the crustal fields also pointing toward the Sun.

Also, using a hybrid approach combined with a 3-D model of the atmosphere, Brecht et al. (2016) showed
that the inclusion of neutral winds has a noticeable effect on the ionospheric escape by changing the initial
energy of the ions being picked up by the solar wind. They calculated the escape values with and without the
inclusion of the 3-D neutral winds for different EUV fluxes and found that, at solar minimum fluxes, the total
escape rate can vary from 3.1 x 102 s~ (without winds) to 4.7 x 10?> s1 (with winds).

The estimates for ion escape from the multispecies and the multifluid MHD approaches are consistently dif-
ferent from each other. In this paper, we analyze the results provided by a combination of a 3-D model of
the neutral atmosphere coupled with a multispecies and a multifluid MHD simulation with the aim of under-
standing where the differences in escape estimates come from. While the main objective of the study is to
provide a model-model comparison, the modeling results are also contrasted with MAVEN observations over
an extended period of time in order to understand the effect of magnetic forces in the ion escape and to iden-
tify some of the physical processes that are not included in the models and that might be playing an important
role in the overall structure of the Martian-induced magnetosphere.

2. Models

For this study, three different models were used in order to provide a fully self-consistent description of the
ionospheric escape. The neutral atmosphere was calculated using the Mars Global lonosphere-Thermosphere
Model (M-GITM; Bougher et al., 2015), while two modeling approaches were used for the induced magne-
tosphere of Mars. These are a single-fluid, multispecies MHD code and a multifluid MHD code, both based
on the Block-Adaptive-Tree-Solarwind-Roe-Upwind-Scheme MHD code from the University of Michigan
(Powell et al., 1999).
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2.1. M-GITM

M-GITM is a 3-D ground-to-exosphere, solar-driven model that uses the monthly averaged F10.7 proxy to
self-consistently calculate the atmospheric heating and dynamics. A 1/R? scaling of the corresponding solar
EUV-ultraviolet fluxes is applied for the seasonal/heliocentric distance variations of Mars. The code calculates
the neutral and ion densities, as well as neutral temperatures and winds. It currently incorporates the main
atmospheric constituents, namely, CO,, CO, O, N,, O,, Ar, He, and N(4S), and the main ionospheric species,
namely, O*, 0}, COJ, NJ, and NO*. A full set of the chemical reactions included in the code can be found in
Bougher et al. (2015).

The code makes use of a spherical grid with fixed latitude and longitude resolution and can work with both
a fixed and a stretched vertical resolution. The simulations used in this study were run with an F10.7 value of
110, with a horizontal resolution of 5° by 5° and a fixed vertical resolution of 2.5km. The minimum altitude
is the surface (h = 0 km) with no topographic features included and the maximum altitude is 300 km. As a
reference, the nominal exobase altitude at Mars is close to 200 km with variations depending on the solar
activity (Fox & Ha¢, 2009). The CO, and O densities at 198.8-km altitude (close to the exobase) calculated by
M-GITM can be seen in Figure 1. The top panel of the figure shows the concentration of CO, close to the
dayside where the neutral atmosphere (mostly composed of CO,) is locally heated while the bottom panel
shows the concentration of O that occurs at the nightside due to transport processes that affect the lighter
species (Bougher et al., 1999). The regions with enhanced densities in the afternoon sector (longitude ~ 120°)
appear due to a convergence of the horizontal winds and resulting adiabatic heating in the model.

2.2. Multispecies and Multifluid MHD

The multispecies MHD approach is a step forward from traditional or single-species MHD models that can
only solve for the total mass density. In contrast, the multispecies code solves separate continuity equations
for each of the included ion species, providing a better description of the mass loading process. The main
assumption in this model is that all ions flow with the same velocity so only one momentum and one energy
equation are solved. In addition to having the same velocity, all the ion species are assumed to have the same
ion temperature, which in turn is assumed to be the same for electrons.

The multifluid MHD contains an extra level of complexity compared to the multispecies approach. In this
case, apart from separate continuity equations, each ion has its own momentum and energy equations. This
increases the computational effort required to reach a steady state solution, but it allows for the same under-
standing of the mass loading provided by the multispecies MHD and a better understanding of the ion
dynamics.

There are four ions included in both codes, namely, H*, OF, O*, and COJ. The lower boundary of the codes
is set to 100 km, meaning that an important overlap exists between M-GITM and the MHD domains. For
the overlapping region, the MHD codes take the neutral densities and ionization rates provided by M-GITM
to self-consistently calculate the ionosphere of the planet by means of 10 different photochemical and
ion-neutral reactions.

The limits of the simulation domain are the same for both approaches and are defined, in Mars radii
(1R, = 3396 km), as —24 to 8R,, in the X direction and —16 to 16R,, in the Y and Z directions. The models
make use of a stretched spherical grid starting at an altitude of 100 km with a 16-km resolution. This pro-
vides enough volume to calculate the flow of ions along the tail as well as sufficient space upstream of the
planet for the generation of the bow shock. The codes make use of the adaptive mesh refinement technique
and are parallelized in order to allow for a fast convergence to a steady state solution. While the codes can be
run in time-dependent mode as well, this feature is useful when introducing time-dependent changes in the
boundary conditions and thus is not used in this study.

The codes also contain a description of the crustal magnetic fields of Mars in the form of a 60° harmonic
expansion that was first described by Arkani-Hamed (2001). While the specific azimuthal location of the crustal
magnetic field has been recently shown to affect the magnetospheric dynamics at Mars (e.g., Dong et al., 2015;
Fang et al.,, 2017; Ma et al., 2014), for this study we set the main magnetic anomalies on the nightside. Given
that both models are run under the same conditions and that the spacecraft data used covers an extended
period of time, the variations arising from crustal field orientation will be smoothed out, so this is not expected
to have significant results when performing our comparisons.
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Figure 2. O;r densities (left panel) and fluxes (right panel) in the XZ plane in MSE coordinates calculated using data from
the STATIC instrument. MAVEN = Mars Atmosphere and Volatile EvolutioN; STATIC = Suprathermal and Thermal lon
Composition.

While both codes have been shown useful to study different aspects of the interaction, when it comes to
estimating the outflow of ions, the results differ consistently by a factor of about 5 to 6 (e.g., Dong et al.,, 2014),
with the multifluid providing higher estimates than the multispecies. Moreover, each code has been applied
to study different aspects of the interaction, but no dedicated comparison has been made to evaluate in a
macroscopic sense the effect that solving a different set of equations for each model has in the ionospheric
escape beyond comparing ionospheric escape rates (e.g., Dong et al.,, 2014; Najib et al., 2011).

In this paper, we use ion escape data collected by the MAVEN spacecraft to compare with the output of each of
the models. The aim of the study, however, is not to benchmark the performance of each code in a traditional
along-the-track comparison, but to investigate the reasons behind the difference in the results provided by
each code.

3. lon Escape as Detected by MAVEN

In order to provide a comprehensive picture of the ionospheric escape, data collected between November
2014 and May 2016 by the STATIC instrument aboard the MAVEN spacecraft were used. The orbital cover-
age achieved by MAVEN during this period allows for a statistically significant result against which modeling
results can be contrasted. The STATIC instrument was designed to measure ion fluxes and composition in the
energy range between 0.1 eV and 30 keV and it can resolve the major ion species present at Mars. This energy
range is, however, affected by the spacecraft charging and velocity, making it difficult to estimate the escape
rates at the lowest energies, in general, leading to an underestimation of the total fluxes.

The outflow of OF ions was calculated using data from the STATIC instrument onboard MAVEN. The data used
were collected between 1 November 2014 and 15 May 2016. Corrections related to the spacecraft velocity
and the spacecraft potential (provided by STATIC as a data product at low altitudes when the potential is
negative) were applied calculating the ion distribution functions. For the calculations, mean fluxes of ions in
each bin in the YZ cross section at tail distances between —2R,, < X < —1R,, were multiplied by the area and
summed. Standard deviations of ion fluxes in different energy ranges and for different solar wind conditions
can be found in Dubinin et al. (2017). The fluxes were transformed to MSE coordinates system (Z axis aligned
with the positive direction of the solar wind convection electric field, the X axis pointing toward the Sun and
the Y axis completing the right-hand triad) by using 30-min-averaged data from the MAG instrument for each
MAVEN orbit.

The composite averages of the density (left panel) and ion outward fluxes (right panel) in the XZ plane in MSE
coordinates are shown in Figure 2. This coordinate system makes it possible to better study the geometry of
the heavy ion escape, largely affected by the acceleration of particles by the local electric field. Positions of the
nominal boundaries of the bow shock and the induced magnetosphere (Dubinin et al., 2006) are also given.

Here the asymmetry in the fluxes caused by the direction of the solar wind motional electric field is clearly
observed in the right panel. In the regions outside of the induced magnetospheric boundary the O; fluxes
dominate in the E+ hemisphere, directed along the +Z axis. In contrast, within the Martian magnetosphere
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Figure 3. O; fluxes in the Martian tail measured by the STATIC instrument. The vertical axis corresponds to the Z axis
while the horizontal axis corresponds to the magnetic field as measured by the MAG instrument at distances along the
X axis between —2 and —1Ry;. MAVEN = Mars Atmosphere and Volatile EvolutioN; STATIC = Suprathermal and Thermal
lon Composition.

we observe a shift of the O; ion population toward the opposite E— hemisphere. A sharp drop of fluxes at
the border of the wake appears due to a negative spacecraft potential in the shadow which improves the
sensitivity of STATIC to detect cold ionospheric ions. It is seen that, along the tail, the escape ion fluxes are
dominant in the E— hemisphere.

Figure 3 shows maps of O fluxes in the tail in a modified MSE coordinate system. The vertical axis corresponds
to the Z axis while the horizontal one corresponds to the magnetic field as measured by the MAG instrument
at distances along the X axis between —2 and —1R,,. This coordinate system allows for a better separation of
the regions occupied by the planetary ions of different origin (Dubinin et al., 2017).

The left (right) panel shows the fluxes of ions with energy above (below) 30 eV. lons with higher energy are
mostly observed in the plasma sheet centered at the reversal of the B, component. These ions are accelerated
by the j x B force related to the strong magnetic tensions of the draped magnetic field lines (Dubinin et al.,
2012). Another energized ion component is observed at the flanks of the induced magnetosphere and is orig-
inated in the boundary layer. Low-energy ions occupy the tail lobes. It is also seen that the major ion losses
occur in the low-energy component.

Calculating the OF ion escape along the tail using STATIC data, we estimate a total flux of about 3.5 x 102571
between —1 and —2R,, and about 3.85 x 10** s=! between —2 and —3R,, respectively, with losses varying
by up to a factor of 6 — 8. These calculations do not include any fluxes outside the induced magnetosphere
and are also constrained in energy range due to spacecraft charging issues. This estimate of the total flux

Table 1

Solar Wind Conditions Used as Input for the Simulations

Solar wind condition Value

H* density 4.00cm™3

H* temperature 15.08 eV

H* velocity (magnitude) 400.00 km/s
Magnetic field magnitude 3.00 nT (Parker spiral)
Magnetic field vector (—1.68, 2.49, 0) nT
Solar wind dynamic pressure 1.3092 nPa
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Figure 4. O;r densities around Mars as calculated with a multispecies (left column) and multifluid (right column)
magnetohydrodynamic code for solar wind conditions corresponding to a 3-nT Parker spiral. The top panels (1 and 2)
show the XY plane, and the bottom panels (3 and 4) show the XZ plane in MSO coordinates. The stream traces represent
projections of the magnetic field lines in the respective plane and are a combination of interplanetary magnetic field
and crustal fields close to the planet.

is comparable to the 3 x 10%* s~' reported by Brain et al. (2015) using measurements taken by the same
instrument on the MAVEN spacecraft at a spherical shell located at 1,000-km altitude.

4. lon Escape as Estimated by the Models

For the estimation of ion outflow from the planet, both models were run under idealized solar wind conditions
as shown in Table 1 and using the output of M-GITM, run for L, = 0, taking into account the tilt of the planet.
Both models were run under steady state conditions for 50,000 iterations until the output was stable and the
results for the last iteration are shown in Figure 4. The left-hand panels show the density of O ions from the
multispecies code while the right-hand panels show the same parameter from the multifluid code.

The overall topology differs significantly between both models, with the multifluid code being able to capture
the asymmetries in the outflow that arise from the initial acceleration of the heavy ions provided by the local
electric field. Since during the simulations the solar wind convection electric field points toward the north
of the planet, ions that are picked up in the southern hemisphere are accelerated toward the planet itself
being lost to the atmosphere while ions that are picked up in the northern hemisphere are able to escape
the near-Mars environment in the form of a plume. These asymmetries have been reported in previous mul-
tifluid MHD simulation results (Dong et al., 2014; Najib et al., 2011). In terms of observations, the presence
of plume-like distributions has been reported for escaping Ot by Dong et al. (2015). They reported that the
plume is a constant structure, indicating that in order to properly study the geometry of the escaping fluxes
with fluid models, a multifluid approach is necessary.

While the asymmetry in the escape pattern is only observed with the inclusion of different ion fluids in the
simulations, this does not directly imply that the total escaping fluxes will be better estimated by the use of a
multifluid approach. For this reason, the total escaping flux of ions passing through a spherical shell located
sufficiently far from the planet is calculated. Here we take the value of 6R,, that was adopted in the study by
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Table 2
Calculated Outflow (in s=') by the MHD Models for Three Different lon Species
Species MS-MHD MF-MHD Ratio (MF/MS)
o+ 7.00 x 102 1.03 x 10%4 1.48
(O 2.13 x 10% 9.03 x 10%4 4.23
coy 1.88 x 1023 9.56 x 1023 5.07

50

Latitude (degrees)
o

Latitude (degrees)

100

Note. MS = multispecies; MF = multifluid; MHD = magnetohydrodynamic.

Dong et al. (2014), so the outward fluxes are calculated at a spherical shell located at that distance from the
center of the planet. The values obtained by each model for the three ion species considered are shown in
Table 2.

The ratios listed in the last column of Table 2 are in good agreement with the results reported in Dong et al.
(2014), with differences within 50% for O* and O} and a factor of 2.5 for COJ. In terms of total heavy ion
escape (0%, 07, and CO3), the multispecies gives a value of 3.02 x 10%* s~1 while the multifluid gives a value of
1.10% 10% s~'. This compares to 2.4 x 10?* and 6.6 x 10%* s~' for the multispecies and multifluid, respectively,
from Dong et al., (2014; the ; Dong et al., 2014, simulations were run with slightly different solar conditions).

Apart from the monotonically increasing difference with ion mass, the geometry of the escape differs signif-
icantly between both models. Figure 5 shows the escaping O; fluxes at an altitude of 6R, as estimated by
the multispecies (top) and multifluid (bottom) MHD simulations. The panels show an equirectangular projec-
tion of the spherical shell showing the logarithm of the outward fluxes to better resolve small scales. All the
inward fluxes, which would correspond to negative values, are represented as white regions, irrespective of
their magnitude.

The asymmetry and the presence of different escape channels for the heavy ions is clearly visible in the
multifluid plots from Figure 5. While the escaping flux is concentrated at the center of the tail in the case of the
multispecies model, there is a clear asymmetry present in the case of the
multifluid that arises, as already mentioned, from the direction of the solar
_ wind convection electric field, pointing in the +Z direction. Also visible is
;w the extended region that is made available for the escaping ionsin the case
E of the multifluid compared to the multispecies, something that ultimately
> leads to an increase in the escaping fluxes estimated, something that can
:_-E be observed with the relative contribution of the plume to the total escape,
+O°N presented toward the end of this section.
L

Apart from the north-south asymmetry, there are two dawn-dusk asym-
-10 metries visible in the case of the multifluid MHD. There is an outward flux

200 300 ofions at low latitudes, but its magnitude, at about 10 orders of magnitude

Longitude (degrees) lower than the highest fluxes, is negligible. The other asymmetry is more

prominent, with an overall dawnward enhancement of the escape starting
almost at the equator and being significantly pronounced at higher lati-
tudes. This enhanced escape arises from three factors. The first one is the
enhancement in the neutral oxygen present close to the dawn terminator
region visible in Figure 1 that is the main source of O ions through the
chemical reaction shown in equation (1).

o

0+C0! — OF +CO (1

Log. 0‘2‘ outflow (cm?s™")

The other two factors are the presence of the crustal magnetic fields

oo
- = 00 O H» N

N O

Figure 5. Outward O; fluxes at an altitude of 6R), as estimated by the
multispecies (top) and multifluid (bottom) magnetohydrodynamic

100

200 300
Longitude (degrees)

(in the nightside during the simulation) and the B, component of the
IMF. Figure 6 shows the relative effect of these factors in the observed
dawn-dusk asymmetry.

Figure 6a shows the same escaping fluxes of O; ions presented in Figure 5.

simulations. The vertical black lines in the right panels mark the longitude of FOr Figure 6b, the crustal fields have been disabled in the simulation.

the terminator line.

For Figure 6¢, the crustal fields are disabled, and a spherically symmetric
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Figure 6. Outward O; fluxes at an altitude of 6Ry, as estimated by the multifluid magnetohydrodynamic simulations
under the same conditions as those used for Figure 5 (a); without crustal fields (b); without crustal fields and with a
symmetric atmosphere (c); and without crustal fields, with a symmetric atmosphere, and with inverted interplanetary
magnetic field (d).

atmosphere is used. Finally, for Figure 6d, the crustal fields are disabled, a symmetric atmosphere is used, and
the direction of the IMF is inverted along the X direction.

From a direct comparison between the escape geometry from the four individual panels of Figure 6, it is evi-
dent that the mostimportant factor in controling the dawn-dusk asymmetry of the escape is the IMF direction.
The presence of the crustal fields has also an appreciable effect, especially at low latitudes, where the area for
escaping ions becomes narrower (notice, for instance, the small bite-out close to the equator at a longitude
of about 130°) and also in the orientation of the current sheet at midlatitudes (at around 50°). The asymme-
tries in the neutral atmosphere, however, seems to have a negligible effect, indicating that the dynamics of
the system are more important than the source of the ions when it comes to defining the magnetic topology
and the overall escape geometry.

E<30eV
6.5

ZMSE (RM)
=)
2
&)

o

Log. O2 flux (cm3s™)
Log. O2 flux (cm'zs")

4

30 20 10 -10 -20 -30

0
Bx (nT)

Figure 7. Modeled O; fluxes in the Martian tail using the multispecies approach. The vertical axis corresponds to the Z

axis, while the horizontal axis corresponds to the B, component of the magnetic field at distances along the X axis
between —2 and —1R,,. The left panel shows high-energy (E > 30 eV) and the right panel low-energy (E < 30 eV) ions.
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Figure 8. Modeled O;r fluxes in the Martian tail using the multifluid approach. The vertical axis corresponds to the Z axis
while the horizontal axis corresponds to the B, component of the magnetic field at distances along the X axis between
—2 and —1Ry,. The left panel shows high-energy (E > 30 eV) and the right panel low-energy (E < 30 eV) ions.

Magnetic forces. Similar to the plots from Figure 3, visualizing the ion escape as a function of the magnetic
field along the tail (B,) provides insight on the effect that magnetic forces have on the escaping particles. In
order to provide a comparison to the plots shown in Figure 3, where two energy ranges were shown, Figures 7
and 8 show the outflow of O for the multispecies and multifluid models respectively at the same distances
along the tail, divided by the same energy range used for the data analysis.

There are some similarities and some differences between the simulation results and those obtained by the
integration of data from the STATIC instrument. As stated toward the end of section 3, there seems to be
a difference between the escape path for low-energy (E < 30 eV) and high-energy (E > 30 eV) ions. While
high-energy ions can be mostly found at the center of the current sheet and at the flanks of the induced
magnetosphere, low-energy ions are mostly concentrated at the lobes. This pattern is visible in the simula-
tions, although with a strong dependence on the distance from the equator that is not as clear in the data. In
addition, the high-energy population at the center of the simulated current sheet does not appear to be as
strong.

The fact that, at least close to the equator, the main population at the center of the current sheet consists
of low-energy ions seems to indicate that the acceleration leading to the high-energy component observed
in the STATIC data might be due to a process not included in the models such as magnetic reconnection, or
simply that the draping of the field lines in the model is not as strong, leading to a weaker energization by the
j %X Bterm. While different signatures of magnetic reconnection at Mars have been observed (e.g., Brain et al.,
2007; Eastwood et al., 2008; Halekas et al., 2009; Harada, et al., 2015a), the short distances at which MAVEN is
sampling means that the reconnection point is tailward from the spacecraft.

One thing to notice is the acceleration at the center of the current sheet above and below the planet. Given
the steady state nature of the simulations, the IMF field lines that are draped around the planet might not have
an efficient way to be transported toward the tail, and hence, the slingshot effect arising from the j x B force
is not as effective at low latitudes as it is at high latitudes. A detailed analysis of the j x B force term comparing
a subset of orbits with similar solar wind and IMF conditions with tailored time-dependent simulations is
necessary in order to quantify this effect.

Relative contribution of the plume escape. Using the multifluid approach, it is possible to examine the relative
contribution of the plume to the total ionospheric escape, similar to the analysis carried out by Dong et al.
(2017). In their study, they used integration areas defined as x > 1.6R,, and 1/x? + y2 < 2.5R,, for the plume
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and z < 1.6R, and /y? +z2 < 2.5R), for the tail. With this definition,
they found that, under normal EUV conditions, the plume accounts for
about 30% of the total escape, a value that is likely to be energy dependent
as well.

The calculations are constrained by the relatively low apoapsis of MAVEN.
With the advantage of an extended coverage with the global MHD model,
we are able to estimate the evolution of this proportion, with the under-
standing that the further downstream the calculation is made, the more
mixed the plasma from both sources (i.e., tail and plume) will be. In order to

0.25 - -
2

25 3

Figure 9. Relative contribution of the plume escape to the total O;r and Ot

escape with respect to altitude.

3.5

: i3 : o5 5 do this, we get rid of the cylindrical constraints from Dong et al. (2017) and

Altitude (R,,) use instead a constraint defined by latitude. We then take all the escape

at latitude angles larger than 50° to correspond to plume escape, with the
rest corresponding to escape along the tail. We repeat the calculation for
altitudes between 2 and 6R,, and the results are shown in Figure 9.

The plot shows the relative contribution for O} and for O* escape. Although throughout the paper we have
focused mostly on O; as the main escaping ion, the results from Figure 9 will be analyzed focusing on O*, since
thatis the ion that was studied by Dong et al. (2017). From the plot it can be seen that the relative contribution
estimated by the multifluid MHD model at the same radial distance used for the Dong et al. (2017) analysis
(2.5R,,) is in very good agreement with that derived from the data, being a factor of 1.07 (33% for the model
vs. 30% for the data). The plot also shows that the relative contribution reaches a maximum at around 3R,
where the plume accounts for 38% of the total escape. At larger distances, the relative contribution decreases,
probably due to way the plume/tail boundary is defined. Taking a constant angle means that with increasing
distance from the planet, at some point the plume ions being convected downstream will enter the region
defined as the tail.

The situation is similar when looking at the relative contribution for O} escape, only that the maximum is
reached at a distance of 5R,,. The reason for this lies in the asymmetric acceleration of ions with different
masses, with the heavier ones having larger momentum and thus traveling farther from the planet before
crossing the arbitrary boundary dividing the two regions, as already described.

5. Discussion

One of the main uncertainties present for data analysis studies is spacecraft charging. When the spacecraft
is illuminated by sunlight it acquires a negative charge that causes ions of low energies to be repelled. This
prevents the instruments from measuring ions with energies below the charging potential. This means that
the detected fluxes will change depending on the location of the spacecraft and will be larger in the wake,
where the potential becomes positive. Taking a simple ratio of the areas covered by the spacecraft during an
orbit, this translates into an underestimation of the fluxes by up to a factor of 4.

During normal solar wind conditions and the solar EUV value adopted in this study, the dominating escaping
ionis O;' and that is why we chose this ion species as a starting point. Using data from the STATIC instrument
over a period between November 2014 and May 2016, we estimated an ion outflow of ~ 3.85 x 10%* s~

at a distance between —2 and —3R,,. When looking at the model results,

using the multispecies model we estimated an outflow of 2.13 x 10%* s~'

while with the multifluid the number increases to 9.03 x 102 571,

% These numbers are, however, calculated at a larger distance, specifically at

g il 1 6R,,. If the outflow is calculated at 3R,,, the numbers decrease to 2.05 x

+cr"’>(\l ol 10%* s~ for the multispecies model and to 8.42 x 10%* s~' for the multifluid.

S The reason for this variation is that the ions escaping have different veloc-

T e 2 8 S0 0 0 08 ities and part of the flow can be reflected in the complex field topology

2 25 3 35 4 45 5 55 6 present at the tail. This means that the outflow will only be stabilized at a

REche] Cletange i/ certain distance from the planet. This effect, shown in Figure 10, is more

Figure 10. Outward O fluxes as a function of radial distance. prominent in the multifluid model, where the separation of species allows
MS = multispecies; MF = multifluid; MHD = magnetohydrodynamic. for ions to flow in different directions.
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This result has direct implications for the measurements being carried out by orbiting spacecraft at Mars. The
plot in Figure 10 suggests that, to get a clear picture of the outflow of heavy ions, measurements need to
be taken at distances of at least 5 to 6R,, downstream of the planet. This implies that part of the outflow (up
to about 10%) being detected by MAVEN (with an apoapsis distance of about 2R,,) or Mars Express (with an
apoapsis of just over 3R,,) will eventually return to the planet. That being said, the variation is less than a factor
of 2 so the effect is smaller than the uncertainties present due to spacecraft charging effects.

The above numbers show that, despite the uncertainties in the estimation of the escape, the models are pro-
ducing results that compare to the data within at least an order of magnitude. This has been extensively
reported in the literature (e.g., Dong et al,, 2014; Ma et al., 2004). Given that the calculations based on STATIC
data are expected to be an underestimate due to the lack of information on the low-energy part of the
spectrum, the results provided by the multifluid model are expected to be closer to the actual escape rates.

Focusing on the two models, there are different factors that explain the different results. From the maps pre-
sented in Figure 5, the limitation of the multispecies approach when studying heavy ion escape becomes
evident. Given that only one momentum equation is solved for all the ion species, the velocity distribution
will be dominated by the ions carrying most of the momentum, that is, the solar wind protons. This makes
it impossible for the model to capture any asymmetry in the escape channels such as the plume that arises
from the escape of heavier particles.

For the reason just described, the totality of the escape in the multispecies model occurs at the center of the
tail. In the case of the multifluid model, apart from the north-south asymmetry due to the specific direction of
the solar wind convection electric field, there is alongitudinal asymmetry that increases with distance from the
equator that has its cause in three asymmetries present in the simulations. These are the magnetic pressure
arising from the B, component of the IMF, the presence of the crustal fields and the distribution of densities
in the neutral atmosphere.

Limitations of the current models. Apart from the return bulk flows, individual heavy ions can return to the
planet due to finite gyroradius effects (in addition, a Marsward proton flux has been observed with MAVEN,
although the reasons for this remains unclear; Harada, et al., 2015b). This is beyond the inherent capabilities
of the MHD formulation and estimating the effects of this would require the use of a hybrid approach. In any
case, since this would be caused by individual particles, it is expected that the overall effect will be smaller
than that of the return bulk flow.

Recently, Brecht et al. (2017) analyzed the effect of the electron temperature in hybrid simulations. They found
that different electron temperature profiles change the outflow rates by changing the strength of the induced
ambipolar electric field. This field has been suggested as a possible ionospheric escape mechanism for all the
bodies in the solar system, although the strength of the field is thought to be too small to be measured with
current instrumentation (e.g., Coates et al., 2015; Fung & Hoffman, 1991). A recent study by Collinson et al.
(2016) places the potential drop at Venus at a surprisingly high value of 10.6 V with important implications for
heavy ion escape. In the current version of the MHD models, the electron temperature is assumed to be the
same as the ion temperature, leading to underestimates of the ambipolar electric field strength.

Another factor that can affect the estimates of ion outflow from both simulation approaches presented in
this study is the presence of plasma instabilities in the induced magnetosphere that can further complicate
the escape trajectory of ions. The initial acceleration of ionospheric ions by the presence of the solar wind
convection electric field introduces a temperature anisotropy in the form of a ring distribution unstable to
the generation of ion cyclotron waves (e.g., Romanelli et al., 2013; Russell et al., 2006; Wei et al., 2011). This
process is mass dependent, meaning that different ion species will evolve differently. Also, the difference in
velocity of the different ion populations can lead to the development of two-stream instabilities that work
toward limiting the difference in flow velocities (Glocer et al., 2009).

The physical presence of the two-stream instability would act to accelerate the ions flowing with lower speeds
while deccelerating those with higher speeds and thus increasing the total escape rate, so this limitation of
the growth by the MHD approach introduces a further limiting factor for the estimates of ion escape. While
this can be developed in the multifluid model, its effect has not been fully analyzed in the framework of the
MHD simulations.
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