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Abstract

Though ion escape to space is an important mechanism for atmospheric loss on Mars,

the processes that accelerate ions to escape velocity have not been fully identified and
quantified. The lowest altitude where suprathermal planetary ions appear is an impor-
tant source region for ion escape, where electromagnetic forces and waves begin to en-
ergize ions to escape velocity. We have conducted a statistical study of O;r distribution
functions measured by Mars Atmosphere and Volatile EvolutioN SupraThermal And Ther-
mal Ion Composition (MAVEN-STATIC) in order to identify the region where suprather-
mal tails appear. At all solar zenith angles, suprathermal ions appear just above the exobase
region, where the mean free path between collisions exceeds the neutral gas scale height.
O;‘ temperature profiles are also presented. We also investigate the effects of crustal mag-
netism, finding that crustal fields protect planetary plasma on the dayside and enhance

energization on the nightside.

1 Introduction

Mars has lost most of its atmosphere through escape to space, which has played
a critical role in the planet’s climate evolution (Jakosky et al., 2018). Although most at-
mospheric neutrals are cold and heavy, so that Jeans escape is negligible, photochem-
istry in the thermosphere produces some hot neutral species that can escape in appre-
ciable quantities (Fox & Haé, 2009; Chaffin et al., 2017; Lillis et al., 2017). In the cur-
rent epoch, this photochemical escape is the dominant loss process, but observations have
shown that ion escape could account for as much as 30% of the total loss (Lundin et al.,
1989; Jakosky et al., 2018; Ramstad et al., 2018). However, ions are created from the neu-
tral atmosphere through photoionization or impact ionization, typically at energies far
below the energy needed to escape the planet’s gravity (Schunk & Nagy, 2009). The pro-
cesses through which planetary ions are accelerated to escape energy at Mars (4.2 eV

for OF) have not yet been fully identified and quantified.

Some steps in the process of ion acceleration are understood. Because the major
source of ions is ultimately the cold neutral atmosphere (~200 K in the dayside iono-
sphere (Stone et al., 2018)), Jeans escape of the highest energy ions can remove only a
small fraction of the gravitationally bound thermal ion population. The ambipolar elec-
tric field, generated by the difference in thermal velocities of ions and electrons, accel-

erates ions upward and provides a boost to Jeans escape (Ergun et al., 2016). The to-
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tal potential drop due to the ambipolar field in Mars’ ionosphere has been estimated to
be <1.5 V (Xu et al., 2018; Akbari et al., 2019), not enough to accelerate most ions to
escape energy. In addition to the acceleration by the ambipolar field, electromagnetic
waves heat ions above the exobase region (Ergun et al., 2006). Case studies have shown
that wave heating can lead to the development of suprathermal tails in ion distributions
at Mars (e.g. Collinson et al., 2018; Fowler et al., 2018, 2021). However, the processes
that form these suprathermal tails and their importance for ion escape are not yet fully

understood.

This paper is the first step in comprehensively addressing the problem of suprather-
mal tail formation by determining in statistical fashion where suprathermal ion popu-
lations are observed in data collected by the Mars Atmosphere and Volatile EvolutioN
(MAVEN) mission (Jakosky et al., 2015). We also present ion temperature profiles as
a function of solar zenith angle (SZA) and altitude between 150 km and 500 km. Finally,
we discuss variations in ion temperature and energization with changing SZA and alti-

tude, and the effects of crustal magnetism.

2 Method & Observations
2.1 Data

Data used in this study were collected by MAVEN’s SupraThermal And Thermal
Ton Composition (STATIC) instrument (McFadden et al., 2015), a toroidal top-hat elec-
trostatic analyzer with attached time-of-flight velocity analyzer. STATIC is capable of
distinguishing Mars’ main ionospheric and escaping species (H*, H, He™, C*, O, OF
and COZ) with a field-of-view (FOV) covering 360°x90°. The energy and angular widths
of measured O5 velocity distribution functions are used to determine OF temperature
using the method described by Hanley et al. (2021), which assumes the ions have a dom-
inant Maxwellian component. Distribution functions and temperatures are sampled ev-
ery 4 seconds and are corrected for spacecraft potential, instrument response, internal

“ion

scattering, and a time-varying detuning of the electrostatic analyzer referred to as
suppression.” Data used in this paper were measured during more than 10,400 MAVEN
orbits ranging from February 2016 to December 2020. MAVEN’s precessing elliptical or-
bit allows periapsis to sample the full range of SZA, local time, and longitude for lat-

itudes equatorward of 75°. We have binned the data into 25 km altitude bins and SZA
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Figure 1. An example of STATIC data for one periapsis pass. Panel A: OF energy flux
(eV/cm?/s/steradian/eV). Panel B: OF temperature (black) and statistical uncertainty (blue).
Panel C: A flag where 1 (0) indicates the presence (absence) of a suprathermal population.
Vertical blue and black lines in panels A-C indicate the events shown in panels D/E and F/G, re-
spectively. Panels D and F: Differential energy flux (color scale) vs energy and mass. Dotted lines
show the locations of STATIC energy bins and shading shows the extent of the energy sweep.
Panels E and G: Measured velocity distribution function (symbols with black lines) for OF with

Maxwell-Boltzmann fits to the core (blue).

bins of 10° or 15°, as indicated in each figure, to investigate how OF distributions vary
depending on these parameters. Given temperature ranges correspond to interquartile
ranges of a group of binned measurements, not uncertainties in a particular measurement

(typically ~10% (Hanley et al., 2021)).

2.2 Identification of suprathermal ions

Below the exobase (~180-200 km (Fox & Haé, 2009)), high collision rates should
result in rapid thermalization with neutrals, so ion distribution functions are expected
to be approximately Maxwellian. After correcting for spacecraft potential, we fit the core
of each measured distribution with a drifting Maxwell-Boltzmann function. The fit is
subtracted from the data, and the energy flux (eflux) in the residual suprathermal com-

ponent is compared to the eflux contained in the best-fit Maxwell-Boltzmann function.
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We define a significant amount of suprathermal eflux as >10% of the eflux in the Maxwellian

fit.

An example of STATIC data collected during a periapsis pass is shown in Figure
1. The pass occurred during a Deep Dip, an orbit maneuver designed to sample the iono-
spheric peak and to approach the well-mixed region of the atmosphere. Periapsis is lo-
cated near the center of Figure 1A-C. Figure 1A and B shows measured efluxes and tem-
peratures for O and Figure 1C shows a flag that indicates the presence of a significant
suprathermal component. Shaded regions in Figure 1A, D, and F indicate different re-
gions of energy space that STATIC sampled during different parts of the orbit. During
the low-altitude segment, ion thermal velocities are much smaller than the spacecraft ve-
locity, so that ions are beamed at the ram energy (2.7 eV for OF); the energy sweep is
subsequently restricted to energies<50 eV. At higher altitudes (>~300 km), where suprather-
mal components may appear, the instrument sweeps up to 500 eV. A distribution ob-
served near periapsis is shown in Figure 1D and E. In the collisional region around pe-
riapsis, a drifting Maxwellian contains nearly all measured eflux (Panel E). Above the
exobase, a suprathermal tail appears (Panel F,G) that increases the density above es-

cape energy from 0 to 10/cc (~20% of the total density).

3 Evolution of the distribution function with altitude

Using the fitting routine described in Section 2.2, we have separated distributions
into three categories based on suprathermal eflux; the fraction of distributions in each

category is shown as a function of altitude and SZA in Figure 2. The categories are:

+ Maxwellian: The fit contains >90% of the eflux of the measured distribution (Fig-
ure 2A).

+ Significant suprathermal component: The suprathermal eflux is between 10% and
100% of the eflux in the fit to the Maxwellian core (Figure 2B).

+ Mostly suprathermal: The suprathermal eflux exceeds the eflux in the fit (Figure
20).

OF distribution functions are dominated by the Maxwellian core at all SZAs be-
low altitudes of 200 km, in agreement with predictions from photochemical theory (e.g.

Fox & Haé, 2009) that the exobase region is located there and collisions quickly ther-
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Figure 2. Occurrence rates for distribution functions classified as (A) mostly Maxwellian, (B)
having a significant suprathermal component, or (C) mostly suprathermal as described in the
text, sorted by solar zenith angle (SZA) and altitude. Each colorbar has a different upper bound.

Xs indicate bins with no data.

malize ions at lower altitudes. The exact location of the exobase varies by tens of kilo-
meters depending on external drivers that are averaged over in this study, such as Mar-

tian season and solar conditions (Jakosky et al., 2017).

The transition from collision-dominated Maxwellian distributions to distributions
with a significant suprathermal component occurs just above 200 km for all SZAs at Mars
(Figure 2). Panel A shows that Maxwellian distributions dominate below ~250 km on
the dayside and below ~175 km on the nightside, which is consistent with the variation
of the exobase altitude with SZA (Jakosky et al., 2017). On the dayside, Maxwellians
extend to higher altitudes a fraction of the time, which does not occur on the nightside.
This difference is likely due to differences in magnetic topology between the day and night,
but we defer discussion of magnetic topology to Section 5. In panel B, suprathermal com-
ponents begin to appear above the exobase, consistent with energized ions becoming un-
able to thermalize due to decreasing ion-neutral collision rates. These suprathermal com-
ponents are typically non-Maxwellian and appear at different energies and directions de-
pending on their energization mechanisms. At high altitudes, non-thermal distributions

dominate, especially on the night side (Panel C).

On the nightside, the transition occurs over a narrow altitude range. By 250 km,
most distributions are suprathermal. The transition region occurs over a broader alti-
tude range on the dayside, but most distributions are suprathermal by ~400 km. It is
important to note that we have not compared suprathermal ion energies to escape en-

ergy to quantify the fraction of ions that can actually escape; however, the region where
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suprathermal ions appear is important as this marks the region where energized ions can
no longer thermalize with the main population. Future work will investigate the likeli-
hood that suprathermal ions escape to space, as well as mechanisms leading to the de-

velopment of the suprathermal component at different SZAs.

4 Diurnal variations in ion temperature

Figure 3 shows median ion temperatures for Maxwellian distributions as a func-
tion of altitude and SZA (line color). Ion temperatures are calculated assuming a dom-
inant Maxwellian core using the method described by Hanley et al. (2021) for their case
studies of temperature profiles. Separating distributions with significant suprathermal
components before beginning a statistical analysis reduces systematic errors, which will
be discussed in Section 6. Panel A shows data collected throughout the mission. In Pan-
els B and E, solid (dashed) lines indicate data gathered outside (inside) crustal fields.
These regions are defined the same way as by Fowler et al. (2022): the crustal field re-
gion covers the area of Mars’ surface defined by 135° < longitude < 225°, -80° < latitude
< 0°, while the non-field region covers the area 225° < longitude < 315°, 0° < latitude
< 80°. Some fluctuations in Figure 3B and E likely result from a comparatively smaller

number of samples; however, the general trends are still clear.

Figure 3D,E shows the variability in ion temperatures measured on different or-
bits in the same SZA-altitude bins; that is, a measure of inter-orbit variability on orbits
that are not required to be consecutive, the same definition used by Fowler et al. (2022)
when analyzing ion density. Variability is calculated using the interquartile range of 02+

temperatures in each SZA-altitude bin.

In the collisional region below the exobase, the dayside neutral atmosphere is warmer

than the nightside (Stone et al., 2018), so ions in the collisional region should also be warmer

on the dayside. Hanley et al. (2021) first reported dayside ion temperatures significantly

hotter than expected, suggesting that an important source of ion energy is missing from

current photochemical theory. The same trend is observed using the entire MAVEN dataset

in Figure 3. Below 180 km, temperatures decrease with increasing SZA. Near the sub-
solar point, the median temperature at MAVEN’s nominal periapsis altitude of 150 km
is 0.025 + 0.003 eV, decreasing to 0.023 + 0.005 eV near the terminator and 0.016 +

0.008 eV near the antisolar point. Inter-orbit variability is as low as 15% on the dayside
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Figure 3. DPanels A and B: Median temperatures for OJ as a function of altitude and SZA.

In panel B, solid and dashed lines indicate data collected away from and near crustal magnetic

fields, respectively. Panel C: The ratio of median OF temperatures inside and outside crustal

field regions. Panels D and E: Interquartile ranges of O temperatures measured in each SZA-

altitude bin, as a percentage of the median temperature in the same bin. Solid and dashed lines

in Panel E have the same meaning as in Panel B.
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and increases with SZA, up to 40% near midnight. Low variability on the dayside in-
dicates highly repeatable structure there, while the higher variability on the nightside
likely reflects variability in impact ionization, an important source of nightside plasma

(Schunk & Nagy, 2009; Adams et al., 2018).

As ion-neutral collisional cooling becomes less efficient than ion heating towards
the top of the exobase region, median temperatures begin to rise more quickly with al-
titude at all SZAs. This behavior is also observed at Earth as Coulomb collisions with
electrons and electromagnetic waves provide heat sources for ions that increase in effec-

tiveness with altitude (Schunk & Nagy, 2009).

Above 250 km, the coldest temperatures are found near the terminator, with sub-
solar temperatures ~20% higher. In this altitude region, suprathermal components are
more common at low SZAs than near the terminator: median temperatures are higher

(Figure 3A) and Maxwellian distributions are rarer for SZAs <60° (Figure 2). Between

SZAs of 60° and 90°, median temperatures are coldest and most distributions are Maxwellian

up to 400 km. Very few distributions are mostly suprathermal, although a suprather-

mal component does develop up to 50% of the time above 400 km (Figure 2). These hot
ions are likely created near the top of the collisional atmosphere and do not collide enough
times to thermalize with the neutral atmosphere. The magnetic geometry of the typi-

cal solar wind interaction with the planet may explain this behavior. Xu et al. (2019)
showed that most field lines below 400 km near the terminator are draped interplane-

tary magnetic field lines or closed crustal loops. As closed field lines rotate towards the
terminator and out of the solar wind dynamic pressure, they expand to higher altitudes,
allowing thermalized ions to reach higher altitudes than at the subsolar point. Field lines
open to the dayside, including field lines draped through the ionosphere, were the sec-

ond most common topology observed below 400 km by Xu et al. (2019). Open and draped
field lines crossing the terminator flare outwards, which also allows thermalized ions to

reach higher altitudes in the terminator region.

On the nightside, median core temperatures are very high above 250 km (Figure
3A). For SZAs>100°, median temperatures increase with SZA and are hottest at mid-
night, reaching up to 0.195 £ 0.108 eV while dayside temperatures remain below 0.121
=+ 0.083 eV. Variability increases with altitude, reaching 50-100% of the dayside median

and 100-200% of the nightside median above 300 km (~5x more variability than at 180
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Figure 4. Panels A-C (D-F) are similar to Figure 2, representing data collected in the strong

(weak) crustal field region defined in the text. Panels G-I are difference maps of panels A-F.

km, Figure 3D). Maxwellian distributions represent a very small fraction of measurements
at these altitudes. Nearly all nightside distributions include suprathermal ions, indicat-
ing that ion-neutral collisional coupling is less important than energization mechanisms

on the nightside.

5 Influence of crustal fields

Figure 3B and C compare O; core temperatures inside and outside regions char-
acterized by strong crustal magnetism (Acufia et al., 1999). No clear trend is observed
in the collisional region below 200 km. Between 200 and 350 km, core ion temperatures
are significantly reduced in crustal field regions at all SZAs (Figure 3C). For SZAs of 15-
30° (red-orange), crustal fields reduce temperatures by a factor of ~10%, while night-

side temperatures (dark blue) can be reduced by up to 90%.

,10,



212 Above the exobase, crustal fields appear to have significantly different effects on

213 distribution functions at different SZAs. Figure 4 shows the fraction of distribution func-
214 tions categorized as mostly Maxwellian, significantly suprathermal, or mostly suprather-
215 mal in the strong and weak crustal field regions. On the dayside, crustal fields appear
216 to shield ionospheric O;r from being heated and accelerated by the solar wind interac-

27 tion: inter-orbit variability is reduced inside crustal fields (Figure 3E). For SZAs of 15-
218 30° (red-orange), variability is reduced from 100% to 40% at 300 km in the strong field
219 region. Also, the fraction of distributions that are Maxwellian is larger and extends to
220 higher altitudes inside the strong field region (Figure 4A,D,G). For example, 70% of dis-

21 tributions are Maxwellian between 250 km and 275 km altitude for SZAs < 90° in crustal

22 field regions, compared to only 40% of distributions away from crustal fields. Suprather-
223 mal components appear at lower altitudes in weak field regions: for SZAs between 30°

204 and 40°, 20% of distributions at 200 km have a suprathermal component, which does not
225 occur until 250 km in the strong field region. The geometry of the crustal magnetic fields
226 is critical in allowing thermalized ions access to higher altitudes than horizontal draped
227 fields. In Figure 4G-I, suprathermal ions are observed less frequently in strong field re-

28 gions all across the dayside, where crustal fields appear to protect planetary plasma from
229 heating and acceleration.

230 Near the terminator between SZAs of 90° and 120° and altitudes of 150 and 300

231 km, Maxwellian core temperatures are colder (Figure 3C) and more distributions are mostly
232 Maxwellian (Figure 4G) inside crustal field regions. The transition from cold to hot core
233 temperatures is more gradual and extends to higher altitudes in crustal field regions near
234 the terminator (Figure 3B). The transition from cold to hot ions occurs at lower altitudes

235 at higher SZAs. Together, these observations imply that thermalized dayside plasma is

236 trapped inside closed crustal fields as they rotate past the terminator. This interpreta-
237 tion supports previous results (e.g. Adams et al., 2018) that transport across the ter-
238 minator is an important source of plasma at these SZAs.

239 In contrast to the dayside, the fraction of Maxwellian distributions above 300 km

240 inside strong crustal fields is reduced for SZAs>100° (Figure 4G). The increased inci-

on dence of suprathermal ions in crustal field regions suggests that crustal fields create con-
212 ditions that enhance the efficiency of nightside ion energization at collisionless altitudes.
23 Nightside thermal ions that do persist to high altitudes remain colder inside crustal fields:
244 median core temperatures are reduced between 200 and 350 km (Figure 3C). This can
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be understood using magnetic topology. Weber et al. (2017) showed that open topolo-
gies dominate on the nightside above 180 km for magnetic field strengths < 10 nT, while
closed topologies dominate up to 500 km in stronger fields. Particle precipitation down
open field lines in weak field regions can lead to higher temperatures there, and thus an
apparent reduction in temperature in strong field regions. Of the closed topologies seen
in strong fields, plasma voids become less common above ~300 km, giving way to trapped
electron distributions. These transitions in topology, indicating regions of increasing ef-
ficiency of energization of planetary plasma, roughly coincide with the transitions from
cold to hot nightside ions seen in Figure 3B. Again, magnetic topology is key for under-

standing trends in ion energization.

Above 350 km, the effect of crustal fields on core temperatures is less clear. The
large fluctuations in Figure 3C make sense in the context of Figure 4A and D, which show
that only a small fraction of distribution functions are Maxwellian above 350 km, and

many bins have no data.

6 Sources of measurement bias

Care must be taken when interpreting ion temperatures measured above the exobase
region, where suprathermal components appear in measured ion distribution functions.
If multiple populations are present at different energies, or the eflux in the suprather-
mal portion of the distribution is significant compared to the eflux of the thermalized
core, then the meaning of temperatures calculated assuming a dominant Maxwellian core
becomes unclear. Data in Figure 3 are restricted to Maxwellian distributions so that the
meaning of the calculated temperature is clear. However, restricting the data to Maxwellian
distributions means that the temperatures reported here should be treated as a lower
limit if used to calculate the amount of energy or pressure carried by the ions. Even a
small fraction of suprathermal ions can represent a significant amount of energy com-

pared to the cold core.

The most significant source of uncertainty in long-term statistical studies of STATIC
data is the instrument’s finite FOV. STATIC’s FOV covers 360°x90°, not the entire sky,
meaning that the peak of the distribution function may lie outside the FOV and lead
to an inaccurate estimate of the temperature and/or errors in categorizing the distribu-

tion function. At low altitudes when the spacecraft travels supersonically, all the ions
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306

enter as a narrow beam centered on the ram direction, meaning it is straightforward to
remove data collected when the instrument is mis-pointed and misses the beam, such as
during orbits when the spacecraft communicates with Earth. At higher altitudes (>~200
km) where distributions are broader, ion flow speeds can exceed the spacecraft speed,
and the spacecraft can block a portion of the FOV from which ions might enter, deter-
mining whether the peak of the distribution is in the FOV is very difficult to automate.
We have used the quality flag described by Fowler et al., 2022 in order to remove data
collected with incorrect pointing at low altitudes. FOV errors can be identified by man-
ually inspecting the individual measurements made every 4 s, but this is unfeasible for

a statistical study. We report median values and interquartile ranges rather than aver-
ages and standard deviations, which can be influenced by outliers, in an attempt to min-

imize the effect of FOV errors on altitude profiles.

Uncertainty in the categorization of distribution functions may also result from the
fitting procedure. Entirely non-Maxwellian distribution functions are not represented in
Figures 2 and 4. It is nearly always possible to fit a Maxwellian to a distribution func-
tion with one clear peak, and we make no test of goodness-of-fit beyond comparing mea-
sured and fitted efluxes as described in Section 2.2. However, for distribution functions
that are doubly peaked or lack a clear peak, separating eflux into thermal and suprather-
mal components is impossible. Entirely non-Maxwellian distribution functions are a small
fraction of the dataset (<1% below 500 km) and are almost never observed below the
exobase. We thus expect uncertainties in the percentages of distributions in each cat-
egory reported in Figures 2 and 4 to be on the order of a few percent. The smooth tran-
sitions between categories provide confidence that our qualitative description of ion be-

havior is correct.

Some of the variability in Figure 3 is a result of combining data measured in dif-
ferent Mars seasons, solar conditions, and magnetic topologies. A future study will in-
vestigate how solar drivers (e.g. dynamic pressure, interplanetary magnetic field direc-

tion) affect OF temperatures and distribution functions.

7 Summary

We present a statistical investigation of OF distribution functions measured in Mars’

ionosphere with MAVEN-STATIC. Drifting Maxwell-Boltzmann functions are fitted to
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measured distributions in order to separate energized and thermalized distributions. The
fraction of distributions categorized as Maxwellian, having a significant suprathermal com-
ponent, and mostly suprathermal are presented as a function of SZA and altitude. Me-
dian temperatures for Maxwellian distributions as a function of SZA and altitude, as well

as inside and outside regions of strong crustal magnetism, are also presented.

Tons are mostly Maxwellian below the exobase, in agreement with photochemical
theory as collisions with neutrals are expected to rapidly thermalize the distributions.
Above the exobase, ions are coldest near the terminator and hottest on the nightside;
median ion temperatures increase with altitude, e.g. from 0.06 eV at 250 km to 0.3 eV
at 400 km on the nightside. Cold, thermalized ions reach higher altitudes near the ter-
minator due to magnetic field geometry. Magnetic field lines tend to flare outward while

approaching the terminator, allowing cold plasma to reach higher altitudes.

Crustal fields appear to significantly reduce the presence of suprathermal ions on
the dayside, likely by shielding planetary plasma from heating and acceleration mech-
anisms, while enhancing ion energization on the nightside. Between 200 and 350 km, core
ion temperatures are significantly reduced in crustal field regions, particularly on the night-

side.

Knowledge of where ion distributions transition from Maxwellian (driven by pho-
tochemistry and collisions) to suprathermal (driven by electromagnetic forces and trans-
port) is a crucial first step in understanding the processes that control how ions at Mars

are energized and can escape to space.
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