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Key points

¢ In equinoxes, helium bulges are observed to extend from mid-latitudes in to the
southern polar regions (>60°S)

e The observed helium densities in the southern polar regions in equinoxes are 10 — 30
X greater than the modelled ones

e The observed winds seem to support the formation of helium bulge in the southern

polar region during the autumnal equinox
Abstract

In the present study, we investigate the characteristics of helium [He] bulges in the
Martian upper atmosphere using He densities and winds measured by the Neutral Gas and lon
Mass Spectrometer (NGIMS) aboard the Mars Atmosphere and Volatile EvolutioN
(MAVEN) spacecraft. The observations are compared with those predicted by the Mars

Global lonosphere Thermosphere Model (M-GITM). The results of the present study show
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that the nightside He bulge is a persistent feature of the Martian upper atmosphere in all
seasons. The He densities inside the bulges are 1-2 orders of magnitude greater than those on
the dayside. In solstices, the bulges are observed in the winter polar region which is in
accordance with the model predictions. In equinoxes, however, the bulges are observed to
extend from mid-latitudes into the southern polar regions (>60°S), which is contrary to the
model predictions at mid-latitudes. These anomalous bulges are predominantly observed in
the northern spring equinox and are 10 — 30 x greater than the modelled ones. During the
autumnal equinox, the observed winds depart from the modelled winds. Furthermore, the
observed winds point to the southern polar regions where the bulges are observed. Thus, the
results of the present study indicate that in equinoxes the regions of local vertical advection,
that are responsible for the formation of the bulges, are displaced towards the southern polar
regions. The results of the present study point to the need of a larger wind database from

NGIMS in southern polar region, particularly during equinoxes.

Plain Language Summary

Helium in the upper atmospheres of Earth, Venus, and Mars is known to accumulate
on the nightside which is often referred as ‘He bulge’. The upwelling of winds on the dayside
and their downwelling on the nightside, combined with large-scale circulation, is the primary
driver of the bulge formation. The densities inside the He bulge are, in general, 1 — 2 orders
of magnitude greater than those on the dayside. In the present study, the He bulge in the Mars
upper atmosphere is investigated using the neutral densities measured by the Mars
Atmosphere and Volatile EvolutioN spacecraft and those of a global model. In the northern
summer, the He bulge occurs in the winter polar nightside which is in accordance with the
model predictions. In spring and autumn, however, the observed He bulges extend from mid-

latitudes into the southern polar region whereas the model predicts their presence at mid-
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latitudes. The southern polar bulges in autumn are observed in regions where the observed
winds point toward the southern pole. Inclusion of the effects of the upward propagating
small-scale waves on the Martian upper atmosphere in the model, along with a larger

observational wind database, is likely to address the data-model differences.

1. Introduction

The Mars thermosphere extends from the top of the mesopause (~100 km) to the
exobase (~220 km) and its composition is dominated by CO> with O, O, Ar, N2, CO, NO, C,
He and N being the other important neutral species (e.g., Bougher, Jakosky, et al., 2015). O
becomes the dominant neutral species above somewhere between 180 km and 270 km in the
upper thermosphere and exosphere (e.g., Bougher, Jakosky, et al., 2015; Mahaffy et al., 2015;
Bhardwaj et al., 2016; Venkateswara Rao et al., 2020). The basic thermal structure of the
Martian thermosphere is well established by several measurements from the Viking landers to
those currently from the Mars Atmosphere and Volatile Evolution (MAVEN) mission
(Bougher et al., 2017; Stone et al., 2018; Bougher, Cravens et al., 2015 and references
therein). While the absorption of solar X-ray and EUV radiation heats the Martian
thermosphere, thermal conduction and 15-um CO- radiative cooling act as major sinks to the
heat. On the nightside, solar heating is absent but the cooling processes still operate. This
results in day-to-night temperature gradient and hence dayside expansion and nightside
contraction of the Martian thermosphere (e.g., Stone et al., 2018; Gupta et al., 2019).
Furthermore, differential heating between the summer and winter hemispheres also leads to
upwelling in the summer hemisphere and downwelling in the winter hemisphere thereby
leading to summer to winter meridional circulation in the thermosphere. Global circulation
models (GCMs), such as the Mars Global lonosphere Thermosphere Model (M-GITM) and

Laboratoire de Méteorologie Dynamique Mars GCM (LMD-MGCM), are able to capture this
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basic structure of the Martian upper atmosphere reasonably well (Bougher, Pawlowski, et al.,
2015; Gonzélez-Galindo et al., 2015).

In addition to heating and cooling, persistent forcing by gravity waves (Fritts et al.,
2006; Medvedev & Yigit, 2012; Mahaffy et al., 2015; England et al., 2017; Terada et al.,
2017; Williamson et al., 2019), thermal tides (Wilson, 2002; Lee et al., 2009; Liu et al.,
2017), planetary waves (Hinson et al., 2003; Moudden & Forbes, 2010), seasonal inflation
and contraction of the lower atmosphere (e.g., Bougher, Pawlowski, et al., 2015) and episodic
forcings such as planet-encircling dust events (Liu et al., 2018; Elrod et al., 2020; Jain et al.,
2020; Kuroda et al., 2020; Leelavathi et al., 2020; Venkateswara Rao et al., 2020) also play a
key role in the energy redistribution and compositional changes in the Mars upper
atmosphere. These forcings are indicative of energy transfer from the lower atmosphere to the
thermosphere and hence coupling between the two regions (e.g., Bougher, Cravens et al.,
2015). Occasional heating of the thermosphere by solar flares (Thiemann et al., 2015, 2018)
further complicates the temporal and seasonal variability of the Mars thermosphere.

Thermospheric composition shows species dependent response to thermal and
dynamical forcings. Heavier species (such as CO. and Ar), due to their small scale-height,
show stronger response to changes in the heating than the lighter species (Bougher,
Pawlowski, et al., 2015). Since CO: is the dominant neutral species, the thermosphere
expands in regions of heating and contracts in regions of cooling. The lighter species (such as
He and O), on the other hand, respond more to the background circulation (zonal and
meridional winds) and related vertical advection (upwelling and downwelling) leading to
their accumulation at specific locations and local times (Johnson & Gottlieb, 1970; Reber &
Hays, 1973; Cageao & Kerr, 1984; Bougher et al., 2008; Liu et al., 2014; Bougher,
Pawlowski, et al., 2015). Therefore, He/CO> ratio is often used to better appreciate the He

bulge in the Martian thermosphere (e.g., Elrod et al., 2017). Liu et al. (2014) have shown that
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while the vertical advection and molecular diffusion are the dominant processes for the
formation of He bulge on Earth, horizontal winds contribute indirectly by maintaining the
thermospheric mass continuity. A similar process is envisaged to operate on Mars as well for
the formation of the He bulge (Bougher, Pawlowski, et al., 2015; Elrod et al., 2017).
Accordingly, the upwelling part of the vertical advection on the dayside leads to the
depreciation of lighter species (i.e., the He/CO: ratio decreases). The meridional winds
propagate poleward on the dayside which after crossing poles converge on the nightside. The
downwelling of winds at the convergent point leads to the accumulation of lighter species
(particularly helium, where He/CO- ratio increases) and formation of a bulge on the nightside
(Bougher, Pawlowski, et al., 2015; Elrod et al., 2017). Zonal winds cause local time
variations of the bulge by moving the downwelling part of the vertical advection towards
morning and evening terminators. This nightside convergence point also moves latitudinally
with season. During equinoxes the convergent points lie in the mid-latitudes whereas in
solstices the convergence happens in the winter polar regions. Modelling studies also
predicted formation of the bulges in the Martian thermosphere (Bougher, Pawlowski, et al.,
2015; Elrod et al., 2017).

The He bulge, in general, is referred to as the winter He bulge wherein the He
densities in the winter polar region are 1-2 orders of magnitude higher than those in the
summer polar region. Existence of such a winter bulge has been well reported for Earth
(Keating & Prior, 1968; Reber et al., 1968; Kasprzak, 1969; Mauersberger et al., 1976;
Thayer et al., 2012; Liu et al., 2014) and Venus (Niemann et al., 1980; Kasprzak et al., 1993;
Krasnopolsky & Gladstone, 2005). Prior to MAVEN, the He observations on Mars were only
those measured by the Extreme Ultraviolet Explorer Satellite in airglow remote sensing
method (Krasnopolsky et al., 1994). Using the He measurements by the Neutral Gas and lon

Mass Spectrometer (NGIMS) onboard MAVEN, Elrod et al. (2017) reported the existence of
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the He bulges in the winter polar nightside. They found that the He abundance in the northern
polar winter nightside is twice that on the northern polar summer nightside. The nightside
enhancements in density are a factor of 10 — 20 larger than the dayside depreciations. These
initial observations were found to agree preliminarily with the MGITM modelling results
(Elrod et al., 2017).

The present study finds its importance in three major contexts. First; since the initial
report of He bulge on Mars by Elrod et al. (2017), there has been a substantial amount of He
data collected by MAVEN that covers a wide range of latitudes, local times, and seasons.
Due to the limited dataset, Elrod et al. (2017) could not establish the presence of He bulge in
the southern polar winter and also could not clearly resolve the seasonal and local time
variations. The present study addresses these issues with the larger dataset. Second;
NGIMS/MAVEN has been measuring the altitude profiles of horizontal winds in the Martian
thermosphere since 2016 (Benna et. al., 2019; Roeten et. al., 2019). These wind
measurements span a range of local times and seasons and are useful to infer the actual
circulation pattern of the Martian thermosphere. Such direct wind measurements are expected
to be useful in understanding the transport of lighter species. Third; since the work of Elrod et
al. (2017), there has been considerable improvement in the M-GITM code which needs to be
validated with the observed He densities and winds (see section 2.3 for more details).
Considering these developments, we revisit the He bulge to get better insight on its spatial
and temporal variability and to offer a more realistic explanation for its formation based on
the improved M-GITM and direct wind measurements.

2. Observations and Model Simulations
2.1. NGIMS Density Measurements
MAVEN, with its suite of nine experiments, has been exploring the Martian upper

atmosphere since September 2014. It is in a highly elliptical orbit with nominal periapsis and
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apoapsis altitudes of ~ 150 km and ~6200 km, respectively and an orbital period of ~ 4.5 hr
(Since April 2019 the apoapsis is at ~4400 km with a period of ~3.6 hours). Being in a highly
inclined orbit (75°), it covers a range of latitudes in each of its periapsis passes. Each
periapsis pass of MAVEN slowly precesses in local time and takes several months to
complete one diurnal cycle at a given altitude.

NGIMS is one of the nine experiments onboard the MAVEN spacecraft (Mahaffy et
al., 2014). It is a dual source in-situ quadrupole mass spectrometer, designed to measure
abundances of neutrals and ions in the range of 2 — 150 amu in the Martian upper atmosphere.
In each neutral species measurement, atmospheric gas first passes through the ionization
region and subsequently through mass separation and detection regions to get the abundances
of important neutral species. NGIMS operations are carried out by alternating between a
closed and an open source to collect and sample atmospheric species (Mahaffy et al., 2014;
Benna & Elrod, 2019). In the closed source mode, surface nonreactive species such as Ar,
He, CO2, N2, and CO are measured and this mode of operation is carried out on every orbit.
The open source mode, on the other hand, is used alternatively to measure the reactive neutral
species and ions. For the present study, we use the He and CO2 abundances measured in the
closed source mode. Data retrieval procedures that are used to extract densities are detailed in
Benna & Elrod (2019). In its nominal orbit, NGIMS measures atmospheric abundance
between periapsis and up to an altitude of 500 km. During week-long deep-dip campaigns,
however, MAVEN’s orbit is lowered to altitudes as low as ~120 km. Furthermore, between
14 April 2018 and 12 November 2018, NGIMS performed 19 campaigns dedicated to Ar
measurements up to 1200 km enabling characterization of the exospheric region (Leblanc et
al., 2019). In the present study, however, we use NGIMS measurements of He and CO:

densities between 160 km and 300 km only.
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2.2. NGIMS Observations of Horizontal Winds

During normal science operations, NGIMS measures the densities of neutral and ion
species by maintaining its field of view (FOV) within +2° of spacecraft’s ram direction
(Mahaffy et al., 2014; 2015). Since NGIMS is mounted on a movable Articulated Payload
Platform (APP), its boresight can be changed by moving APP off the ram axis. This provided
an opportunity to perform horizontal neutral wind measurements and thus wind mode was
introduced to the instrument’s operations since 2016 (Benna et al., 2019). In this new mode,
APP is moved +8° off the ram axis in local vertical and local horizontal planes, which
enables NGIMS to measure direct along-track and across-track winds in the Martian upper
atmosphere (Benna et al., 2019). During the wind mode of operation, NGIMS normal science
operations (measurement of abundances) are paused and modulations in CO. abundance
alone are measured. Each wind campaign lasts for 2 — 3 days and the subsequent campaigns
are separated by one to several months. During each campaign NGIMS collects wind
measurements in a 5 — 10 set of MAVEN orbits that correspond to nearly the same sets of
local time, latitude and altitudes. The winds are generally measured between ~140 km to
~240 km with a ~30 s cadence. The magnitude of winds can vary by £ 20 m/s and £ 6 m/s
along and across MAVEN track respectively, owing to errors in data retrieval processes.
Further details about the campaigns and the wind extraction procedure can be found in Benna
et al. (2019).

The present study uses the Level 2, version 08, revision 01 density data of NGIMS
database. We use the density measurements from all inbound periapsis passes starting from
the Martian year (MY) 32 (solar longitude, Ls=288°; 11 February 2015) until Ls=230° in MY
35 (30 June 2020). Due to instrumentation effects as mentioned in Elrod et al. (2017), we did
not include the density data prior to 15 February, 2015. For wind observations, we used

v06_r01 datasets of Level 3 data products from 41 campaigns that span the period from 2016
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— 2020. The winds measured during both the inbound and outbound segments are used. The
winds from each campaign are averaged with a similar procedure as that of Roeten et al.
(2019). The observed and modelled densities used in the present study are averaged over 5
km x 5° x .33 hr altitude-latitude-local solar time (LST) grids. In the present study, we have
not included observations from Ls=180° to Ls=360° in MY 34 as there was a planet-
encircling dust event (PEDE-2018) during this period and the focus of the present paper is to
study the He bulges during nominal dust conditions. The variation of He densities during the

PEDE-2018 will be dealt in a pending publication.

2.2 M-GITM Model

M-GITM s essentially a modified version of the terrestrial GITM to fit with the
Martian environment using the Mars fundamental physical processes. M-GITM incorporates
the key radiative processes and contains prognostic equations for ion-neutral chemistry of the
Mars upper atmosphere. The modern M-GITM is a whole atmospheric model that can
simulate the thermal, compositional, and dynamical structure of the Mars atmosphere from
the ground to ~250 km. The model has 5x5° horizontal resolution and 2.5 km vertical
resolution, and is normally run at 2-second time steps. Model physics and simulated features
of the upper atmosphere (above ~80 km) are stressed in most applications of the M-GITM

model thus far.

Unlike the Earth GITM code, the new M-GITM code currently simulates the
conditions of the Martian atmosphere all the way to the surface (Bougher, Pawlowski et al.
2015). For the Mars lower atmosphere (~0-80 km), a state-of-the-art correlated-k radiation
code was adapted from the NASA Ames Mars General Circulation Model (MGCM) (Haberle
et al., 1999) for incorporation into M-GITM. This provides solar heating (long and short
wavelength), seasonally variable aerosol heating, and CO2 15-um cooling in the local thermal

equilibrium (LTE) region of the Mars atmosphere (below ~80 km). In addition, dust opacity
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distributions are typically prescribed based upon empirical dust opacity maps obtained from
several Martian years of measurements (e.g., Smith, 2004 & 2009; Montabone et al., 2015).
For the Mars upper atmosphere (~80 — 250 km), a modern CO2 Non Local thermodynamic
equilibrium (NLTE) 15-um cooling scheme has recently been implemented (e.g., Gonzalez-
Galindo et al., 2013), along with MAVEN Extreme Ultraviolet Monitor (EUVM) L3 solar
EUV and UV fluxes taken from the Flare Irradiance Spectral Model for Mars (FISM-M)
empirical model outputs on a daily cadence (Thiemann et al., 2017). Subsequently, M-GITM
thermospheric heating, dissociation and ionization rates are simulated at each time step (e.g.,
Bougher, Pawlowski, et al., 2015). Corresponding prognostic fields for neutral temperatures,
neutral densities (CO2, CO, Nz, O, Oz, He, Ar, N*S) and photochemical ion densities (CO2",
02", 0%, NO™. N2, plus 3-component neutral winds are computed on a three-dimensional
regular grid. For application in this paper, FISM-M fluxes are used for driving new M-GITM

simulations for the 4-cardinal seasons spanning MY 33 (Ls = 0°, 90°, 180° and 270°).

On several occasions, a suite of M-GITM simulations have been
compared successfully with MAVEN NGIMS, IUVS, and Accelerometer measurements
(e.g., Bougher, Pawlowski, et al., 2015; Zurek et al., 2017; Bougher et al., 2017; Elrod et al.,
2017; Pilinski et al., 2018). Both remote and in-situ measurements are included in this
extensive set of data-model comparisons and model validation studies. Data-model
comparisons generally reveal that: (a) the M-GITM code well captures the basic dayside
density variations of key neutral species; and (b) M-GITM temperatures also closely match
NGIMS and IUVS derived temperatures at low solar zenith angles (SZA). Furthermore,
initial helium density distributions from early NGIMS datasets (Elrod et al., 2017) are
compared to M-GITM predictions at 180 km. Even with limited data sampling, the basic
observed features are simulated with significant helium bulges on the nightside. Nevertheless,

Zurek et al. (2017) have reported that M-GITM versus MAVEN ACC mass density
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comparisons can be quite good from noon to the dusk terminator, but are poor from midnight
toward the dawn terminator. The latter is likely due to incomplete M-GITM physics
addressing gravity wave processes impacting global winds and the thermospheric circulation
patterns throughout all seasons.
3. Results

The top panels of Figure 1 show the altitude versus local solar time (LST) variability of
He densities. Note that as the data for MY 32 do not cover all LSTs, we do not show it
separately but include it in Figure 1d. The patchiness in the data is mainly related to the data
coverage. The low-density streaks observed at 18 hr in MY 33 and 7 hr in MY 34 are mainly
due to the spread of observations in different latitudes and seasons. The diurnal variability of
He shows a consistent formation of bulge on the nightside centered on ~2 — 6 hr in all the
Martian years. The strength (density) and the local time extent of the bulge, however,
decrease gradually with increase in altitude. This is particularly apparent in MY 35. The He
densities inside the bulges are approximately an order of magnitude higher than those
observed during daytime. Since CO: is the dominant neutral species in the Martian
thermosphere and its variation from dayside-to-nightside is opposite to that of He (Bougher,
Pawlowski, et al., 2015; Elrod et al., 2017), the He bulges can be better appreciated by
normalising the He densities with those of CO.. As shown in the bottom panels of Figure 1,
the He/CO> ratios show the formation of nightside He bulge at altitudes below 230 km.
Above 230 km, existence of the bulge cannot be inferred due to the lower availability of CO>
data. Note that Figure 1 gives a broad LST variability of He bulges but does not resolve their
latitudinal or seasonal variability.

To further understand the seasonal, latitudinal and LST variability of the bulges,

Figures 2a and 2b show the He/CO. ratios and He densities, respectively for an altitude of

200 km as a function of solar longitude (Ls). The top three panels in Figure 2 are color coded
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according to the season while the bottom panel is color coded according to LST. The seasons
shown in Figure 2 correspond to +45° centered on each Ls. Note that the gap from orbit
#7093 to #8766 in Figure 2 is due to the exclusion of data during PEDE-2018. In Figure 2,
the existence of bulge can be better appreciated in He/CO- than in He alone. Irrespective of
season and latitude, the He/CO; ratio increases during nighttime and decreases during
daytime. The strongest bulges (He/CO2 >1), however, are clearly apparent in Ls = 0° (marked
as E1 & E4), Ls =90° (E3) and Ls = 180° (E2 & E5). Out of the five bulges, four bulges are
observed in equinoxes (E1, E2, E4, and E5) and one bulge is observed in the southern winter.
No considerable bulge is observed in Ls = 270°; however, due to limited data availability we
cannot conclude on the formation/absence of the bulge in this season. By comparing with
LST (Figure 2d), we can note that the bulges occur during nighttime, mostly in the early
morning hours. Among the five bulges shown in Figure 2, four bulges (E1, E3, E4, E5) occur
in the southern high latitudes and one (E2) in the low-latitudes. There is some enhancement
of He in the northern polar region at Ls = 0° (MY 34) but the same is not reflecting as bulge
in He/CO- ratio. Overall, no appreciable bulge is observed in the northern high latitudes,
partly due to the limited sampling of winter polar region near Ls ~ 270°.

LST-latitude variation of He densities for an altitude of 200 km are presented in
Figure 3 for four seasons. Among the four seasons, data coverage is better for Ls = 90°
(12.3%) and poor for Ls = 270° (4.7%). For Ls = 0°, the densities are near maximum (of all
He densities in the season) in the southern polar nighttime (between 45°S and 80°S; 3 — 8
LST). The densities are also relatively higher in the northern mid-latitudes during daytime
(~30°N — 60°N; 10 — 13 LST), but are lowest in the northern polar nighttime (~70°N; 4 -7
hr). In the northern summer solstice (Ls = 90°), the densities are near maximum in the
southern high latitude nighttime (50°S — 80°S, 0 — 7 hr) and are minimum in the northern

high-latitudes. For Ls = 180°, the densities are near maximum in the northern equatorial to
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mid-latitudes during nighttime (10°N — 30°N; 4 — 7 hr). The densities are also relatively
higher in the southern high latitude nighttime (~60°S — 80°S; 1 — 8 hr). Much cannot be
inferred from the density variation in Ls = 270°, except that the densities in the southern high
latitudes are relatively smaller compared to those in Ls = 90°. Thus, in the northern summer
solstice (Ls = 90°), the He bulge seems to form in the winter polar region (~50 — 80°S)
whereas in equinoxes (Ls = 0° and = 180°) the bulges are not confined only to mid-latitudes
but are extended to southern polar regions. Similar conclusions can be drawn about the
bulges from He/COz ratios (Figure 4) which show much better contrasts in their variability.
Note that the seasons considered here correspond to + 45° centered at each seasonal cardinal
point (Ls=0°, 90°, 180° and 270°). Reducing the duration will not change the results (c.f.
figure 2) but will lead to reduced data coverage in each season.

M-GITM predictions of the He bulges (color contours) and horizontal winds (yellow
arrows) for an altitude of 200 km for the four seasons are shown in Figure 5. In the equinoxes
(Ls = 0° and 180°), the bulges are observed between 1 — 5 hr at mid-latitudes (20 — 60°) with
nearly equal strength on both the hemispheres. In solstices (Ls = 90° and 270°), the strongest
bulges are observed in the winter polar nighttime. In Ls = 90°, there is a distinct (yet weak)
second bulge between low- and mid-latitude regions in the northern hemisphere. Such a
distinct secondary bulge, however, is not apparent at Ls = 270° but a continuous streak from
the winter mid-latitudes to summer low-latitudes is observed. In addition, the winter bulge in
solstices extends to pre-midnight hours and the extended portion of the bulges is stronger in
Ls = 270° than in Ls = 90°. The modelled horizontal winds seem to converge in regions of
the bulges. Comparing the modelled bulges in Figure 5 with the observed ones in Figure 4,
we can note that the latitude and local time of predicted bulge differ from those of observed

ones.
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Comparison between the M-GITM predictions and the NGIMS observations is further
carried out in Figure 6 which shows the ratios of the observed and modelled He densities
(shown by color maps). In the latitudes and local times where the M-GITM predicts the
formation of bulges in Ls = 0° and 90°, the observed densities are slightly smaller than the
modelled ones (deep blue colors). In the southern polar regions in equinoxes (Ls = 0° and
180°), however, the observed densities are 10 — 30 times higher than the modelled ones. Such
underestimation by the model in the southern polar region (>60°S) is observed at all local
times. The maximum discrepancies, however, are observed between 4 — 8 hr and 18 — 24 hr
in Ls = 0°. Furthermore, the model underestimations extend to mid-latitudes during daytime
which is observed in all seasons. In Ls = 270° also, the model slightly underestimates the
observations in the southern polar regions.

To get a better understanding on the discrepancies in the location of the bulges in
different seasons, the observed (green arrows) and modelled (yellow arrows) horizontal
winds are also shown in Figure 6. The modelled winds are taken from those LST-latitude
grids where the observations are available. The observed winds correspond to an altitude
range of 200+£10 km whereas the modelled winds correspond to a constant altitude of 200 km.
With the limited wind observations, we can note that in Ls = 0° the winds are mainly
observed from equatorial and northern mid-Ilatitudes whereas the bulges are observed in the
southern hemisphere high latitudes. Thus, no firm conclusions regarding wind convergence in
the southern polar night can be drawn. However, in Ls = 180°, the magnitudes of the
observed and modelled winds match well but the observed winds, in general, point toward
south whereas the modelled winds are more toward south — west. Thus, in Ls = 180° the
observed winds point to the regions where observed densities exceed the modelled ones. In

Ls = 90°, the observed winds point in several different directions and hence it is difficult to
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draw any conclusions of their effect on the He density variations. Finally, only a few wind

measurements are available in Ls = 270° and hence no conclusions are drawn.

4. Discussion

Characteristics of He bulges in the Martian thermosphere during nominal dust
conditions are investigated using He densities and horizontal winds measured by the
MAVEN NGIMS during 2015 — 2020 and 2016 — 2020, respectively and the modern M-
GITM simulations. The following are the salient results of the present study.

e In equinoxes, the He bulges are observed to extend from mid-latitudes into the
southern polar regions (>60°S). Such an extension to polar latitudes is less obvious in
the northern hemisphere, partly due to limited observations.

e M-GITM predicts the formation of the bulges in the winter polar nightside latitudes
(~45 — 80°) during solstices and in the mid-latitude (~20 — 60°) nightside in the
equinoxes. The observed He densities in the southern polar regions (>60°S) in
equinoxes are thus unexpected and are 10 — 30x greater than the modelled ones.

e The observed winds during the autumnal equinox (Ls = 180°) point to the direction of
the observed He bulges whereas the modelled winds are slightly offset.

e Winter polar bulge is clearly observed in the southern polar regions at Ls = 90° as
predicted. Such a winter polar bulge, however, could not be observed in the northern
polar regions at Ls = 270°, partly due to limited observations.

As predicted by models (Bougher, Pawlowski, et al., 2015) and previously reported
from NGIMS observations (Elrod et al., 2017), He bulges are a persistent feature of the
nightside Martian thermosphere. The densities inside the bulges are 1 — 2 orders higher than
the dayside minimum densities. Similar to that observed at the Earth (Liu et al., 2014; Sutton
et al., 2015), the He bulges on Mars are strongly seasonal dependent. Particularly, M-GITM

predicts their formation at mid-latitudes (~20 — 60°) in equinoxes and at the winter poles (~45
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— 80°) in solstices. For Earth, the local vertical advection and molecular diffusion are shown
to be primary drivers of the bulge formation (Liu et al., 2014; Sutton et al., 2015). The
seasonally varying horizontal winds contribute indirectly as their divergence on the dayside
and convergence on the nightside drive the local vertical advection. Similar processes are
likely to work on Mars as well (Elrod et al., 2017).

In the entire MAVEN dataset, the northern winter pole was observed only twice: in
MY 32 and MY 34. The initial observations of MAVEN (MY 32) were reported by Elrod et
al. (2017) wherein their usage was cautioned due to possible instrumentation effects. As
mentioned earlier, the MY 34 northern winter observations fall under PEDE-2018 which we
did not include in the present study. As a result, we could not observe the He bulge in the
northern winter polar region. The formation of the bulge in the northern winter pole reported
by Elrod et al. (2017), however, is as predicted by the M-GITM simulations. In the present
study, we report the first observations of the southern winter polar bulge which was observed
by MAVEN in MY 34. These observations concur with the M-GITM predictions.

The most unexpected result of the present study is the formation of the bulges in the
southern polar region (>60°S) in equinoxes. Even during daytime, the He densities at the
southern polar region are greater than those at mid-latitudes. In equinoxes, the M-GITM
predicts the formation of bulges at mid-latitudes (~20-60°) in both the northern and southern
hemispheres. While there is also some enhancement in the mid-latitudes (30 — 60°), the most
unexpected is the extension of the bulge to the southern polar region (60 — 80°S) which was
clearly observed in the northern spring equinox (Ls = 0°). These bulges are in fact stronger
than the one observed in the northern winter polar region by Elrod et al. (2017). The observed
helium bulges at equinoxes thus extend beyond mid-latitudes and much closer to the southern
pole than predicted. From the initial observations, Elrod et al. (2017) also noted these

anomalous enhancements but was attributed to the instrumental effects. The present study
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clearly shows that the equinoxial He bulge extending to the southern pole is a persistent
feature. Even the modern M-GITM simulations could not predict these anomalous equinox
enhancements. This shows that the periodic solar insolation drivers of the Mars
thermospheric circulation (e.g. solar heating changes on diurnal, seasonal and solar cycle
timescales) are not sufficient to capture the high latitude convergence regions of global
thermospheric winds implied by the helium distribution during equinox conditions.
Therefore, other non-solar processes must be investigated. These processes include upward
propagating gravity waves, which are thought to deposit their momentum and energy in the
thermosphere and drive substantial changes in the otherwise solar driven upper atmosphere
circulation (e.g. Medvedev and Yigit, 2012). Addressing the coupling with the lower
atmosphere via gravity wave momentum and energy deposition may be helpful to reproduce
the observed southern polar helium bulge during equinoxes.

A comparison between the observed and modelled horizontal winds helps to some
extent in understanding the formation of the equinoxial southern polar bulges. The
convergent point of the modelled horizontal winds coincides with the locations of the
modelled He bulges indicating that the horizontal winds lead to the local vertical advection.
The magnitude and direction of the observed winds, however, deviates from the modelled
winds. During the autumnal equinox (Ls = 180°) in particular, the observed winds point to
the location of the southern polar bulge. This probably indicates that the actual location of the
local vertical advection is in the southern polar region which is different from that predicted
by M-GITM. To advance the present study, a larger wind database from NGIMS in the

southern polar region is required, particularly during the equinoxes.

5. Conclusions
The present study reveals the detailed characteristics of the He bulges in the Martian

upper atmosphere. In equinoxes, the bulges are expected to occur at mid-latitudes but are
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observed to extend into the southern polar region. While the observed winds seem to explain
the anomalous occurrence of the bulge, there are some limitations. The winds in the northern
spring equinox (Ls ~ 0°) are from northern mid-latitudes. It is not clear whether these winds
maintain their southward direction at southern high and polar latitudes or not. However,
measured winds near the southern spring equinox (Ls ~ 180°) seem to point to the general
location of the helium bulge at high southern latitudes, whereas the M-GITM winds are
slightly offset in direction. Thus, the results of the present study point to the need for more
wind measurements, particularly from southern high and polar latitudes. This will help to
improve the model and to elucidate the role of the horizontal winds in the formation of the

bulge.

Data Availability Statement

The NGIMS (L2: V08_RO1 plus L3:V06_R01) and EUVM (L3: V1_R01_2021015) datasets
used in this study are publicly available at the MAVEN Science Data Center
(https://lasp.colorado.edu/maven/sdc/public/pages/datasets/ngims.ntml  for NGIMS and
https://lasp.colorado.edu/maven/sdc/public/pages/datasets/euv.html for EUVM). M-GITM
datacubes for the 4-cardinal seasons during MY33 are archived on the University of
Michigan Deep Blue Data repository (Bougher, 2021). The data corresponding to the figures
in this work are publicly available on the Mendeley data repository

(https://data.mendeley.com/datasets/jvzcpt65mh/1) (Gupta & Venkateswara Rao, 2021).
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Figure Captions

Figure 1. Local Solar Time (LST) versus altitude variability of (top panels) He densities and
(bottom panels) He/CO- ratios during (a) MY 33, (b) MY 34, (c) MY 35 and (d) Average of
MY 32 — 35. The data are averaged within an altitude and local time grid of 5 km x 0.33 hr.

Figure 2. Temporal (as a function of Solar Longitude (Ls)) variation of (a) He/CO ratios, (b)
He density and (c) MAVEN latitude, for 200 km and color coded according to the season.
Each season covers +45° Ls. Bottom panel is color coded according to the LST. In the top
panel, horizontal red dashed lines are drawn to highlight the highest and lowest values of
He/CO- ratios. Dominant He bulges are indicated by E1 to E5.

Figure 3. a) Latitude versus LST variation of He density for (a — d) Ls 0°, 90°, 180°, and
270° as observed by NGIMS at 200 km. The data are averaged on a latitude and local time
grid of 5° x 0.33 hr.

Figure 4. Similar to Figure 3, but for He/CO; ratios.

Figure 5. Similar to Figure 3, but the He densities shown are from M-GITM simulations for
nominal dust conditions. The arrows show the modelled horizontal winds.

Figure 6. Similar to Figure 3 but shows the ratios of the observed and modelled He densities
(shown by colorbar). The green and yellow arrows represent the winds observed by NGIMS
and modelled by M-GITM, respectively. Tails of the arrows show the location of the winds,
length of the arrows show the magnitude (reference magnitude is shown by red arrow in
panel c) and heads of the arrows point to the direction of the winds.
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