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Abstract We investigate spatiotemporal characteristics of helium (He) bulges using data from the Neutral
Gas and Ion Mass Spectrometer aboard NASA's Mars Atmosphere and Volatile EvolutioN Mission and
numerical simulations from the Mars Planetary Climate Model (MarsPCM). During equinoxes, we observed a
He bulge at equatorial latitudes in addition to the mid-to-high latitude bulges reported in previous studies.
This bulge is consistent with MarsPCM simulations. In addition, MarsPCM predicts a He bulge with larger
latitudinal and poleward extents than previous studies suggest, persisting throughout the Martian year (MY)
under nominal dust conditions. During equinoxes, the bulges span 85°N-90°S latitudes on the nightside.
During solstices, the southern winter bulge is more dynamic between O and 8 hr local time (LT), and the
northern one between 18 and 24 hr LT. Seasonal migration of He bulges occurs around solar longitudes
(Lg) ~ 50° and ~183°, transitioning toward the winter hemisphere. We compare MarsPCM simulations using
“climatology” and specific “MY 34” dust scenarios, alongside Mars Global Ionosphere Thermosphere Model
(MGITM) simulations, to examine the impact of “MY 34” Global Dust Storm (GDS) during its pre-storm
(Lg ~ 184°), peak (L, ~ 207°), and decay (L, ~ 240°) phases. Simulations indicate that the He bulge became
most distorted during the storm's peak while remaining on the dayside. These distortions likely result from
enhanced damping of meridional circulation at polar latitudes, contributing to the suppression of He bulges
during high-dust seasons.

Plain Language Summary Helium, owing to its low mass, serves as a tracer for global circulation in
Mars' upper atmosphere. Winds transport it and accumulate in convergence regions by downwelling, typically
forming bulges in cold, nightside regions. Previous general circulation models predicted these bulges at mid-to-
high latitudes in both hemispheres during equinoxes, and in the winter hemisphere during solstices, under
typical Martian year conditions without an extreme, planet-encircling dust storm. However, this study reveals an
additional bulge at equatorial latitudes during equinoxes. This demonstrates that helium bulges are consistently
shifted to higher latitudes than previously predicted, persisting throughout the Martian year. Furthermore, this
study utilizes the Mars planetary climate model and Mars global ionosphere thermosphere model to examine the
effect of the extreme, planet-encircling dust storm during Martian Year 34 on helium bulge locations. We
compare these simulations with those from a typical Mars year to isolate the impact of the storm during its
different phases. The extreme, planet-encircling dust storm substantially reduces day-to-night circulation,
resulting in helium being retained on the dayside. A plausible mechanism for this dampening of circulation
involves storm-induced changes in the thermal and dynamical structure of Mars' upper atmosphere.

1. Introduction

Helium (He) is a noble gas that constitutes less than 1% of the Mars' atmosphere. Due to its low atomic mass and
inert nature, it does not react with other atmospheric constituents and serves as a passive trace. In the upper
atmosphere (>100 km altitude), diffusive separation causes He to become more abundant relative to heavier
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species, as it has a larger scale height and responds more readily to vertical transport processes. These charac-
teristics make helium a useful trace gas for studying global circulation patterns on Mars. The zonal and meridional
winds, combined with vertical advection (upwelling and downwelling), lead to the accumulation of He in certain
regions of Mars' upper atmosphere. These accumulated He density patches often appear as bulge-like structures,
known as “Helium Bulges” (Bougher et al., 2015; Elrod et al., 2017; Gupta et al., 2021).

Vertical advection and molecular diffusion are the primary mechanisms driving the formation of He bulges on
Earth (Liu et al., 2014). The horizontal winds only indirectly influence the process by maintaining thermospheric
mass continuity. A similar mechanism is at play in forming He bulges on Mars (Aldhaheri et al., 2024; Bougher
etal., 2015; Elrod et al., 2017, 2023; Gupta et al., 2021, 2024). On the dayside, the upwelling causes a decrease in
He abundance relative to CO, density. Poleward-moving meridional winds carry He across the poles, converging
on the nightside of Mars. Downwelling at the convergence point leads to the accumulation of helium, resulting in
a significant increase in the helium-to-CO, ratio and the formation of He bulges (Bougher et al., 2015; Elrod
et al., 2017, 2023; Gupta et al., 2021). Zonal winds play a crucial role in the local time (LT) variation of the
Martian He bulges. They shift the convergence point of He to the morning and evening sides of the planet
(Bougher et al., 2015; Elrod et al., 2017; Gupta et al., 2021). Additionally, the nightside convergence point
exhibits a seasonal and latitudinal variation, migrating to higher latitudes in the winter hemisphere around sol-
stices (Solar Longitude (L) ~ 90° and 270°). Gupta et al. (2021) and Elrod et al. (2017) reported the first ob-
servations of Martian southern (L, ~ 90°) and northern (L, ~ 270°) winter He bulges, respectively, at 180 km
altitude, using the observations from the Neutral Gas and Ion Mass Spectrometer (NGIMS) (Mahaffy et al., 2014)
aboard Mars Atmosphere Volatile EvolutioN (MAVEN) mission (Jakosky, Grebowsky, et al., 2015) spacecraft.
During equinoxes (L ~ 0° and 180°), the nightside convergence point shifts to mid-latitudes in both hemispheres
(Elrod et al., 2017; Gupta et al., 2021). These observations were compared with Mars Global Ionosphere
Thermosphere Model (MGITM) simulations (Bougher et al., 2015; Elrod et al., 2017, 2023; Gupta et al., 2021).
While MGITM simulations generally align with the observed seasonal variability of the He bulges (Elrod
et al., 2017; Gupta et al., 2021), they consistently underestimate He bulge densities by 1-3 orders of magnitude
(Gupta et al., 2021). Additionally, the model is not able to accurately capture the high-latitude nightside en-
hancements (>50°S) that are observed in NGIMS observations during equinoxes. These discrepancies are
attributed to the absence of gravity wave (GW) parameterization in MGITM (Elrod et al., 2017, 2023; Gupta
et al., 2021).

In late May to early June of 2018 (MY 34), a Global Dust Storm (GDS) enveloped Mars, marking one of the most
substantially observed atmospheric events of the past decade (e.g., Felici et al., 2020; Guha & Panda, 2021;
Guzewich et al., 2020; Montabone et al., 2020; Smith, 2019; Stcherbinine et al., 2020; Wolkenberg et al., 2020).
Elrod et al. (2023) investigated the impact of the MY 34 GDS on the He bulge using NGIMS observations and
reported a surprising decrease in the density of the northern winter He bulge. Their analysis focused on the early
decay phase of the storm (L, ~ 240°), where they compared MGITM simulated He density distributions and wind
maps with NGIMS observations in detail. The simulations demonstrated that the dust storm can drive high-
latitude He enhancements in the winter hemisphere. While He densities showed reasonable agreement be-
tween MGITM and NGIMS on the morning side (1-5 hr LT), significant discrepancies remained on the nightside
(22-24 hr LT) at northern high latitudes (>50°N), where the model underestimated the observed densities.
However, the simulated He distributions for the pre-storm (L, ~ 184°) and peak (L, ~ 207°) phases were presented
only as line plots due to the lack of concurrent NGIMS He observations during those periods, making it difficult to
directly compare model results with observations during the earlier stages of the storm. As a result, the evolution
of He bulges across all phases of the MY 34 GDS has not yet been thoroughly examined using current general
circulation models (GCMs).

While Gupta et al. (2021) utilized MAVEN observations spanning from MY 32 (L, ~ 288°) to MY 35 (L, ~ 230°),
the present study extends the temporal range through MY 36 and into MY 37 (up to L, ~ 207°). This broader data
set provides enhanced coverage of seasonal and interannual variability in helium density. Notably, Gupta
et al. (2021) excluded observations from L, = 180°-360° during MY 34, during which time a GDS occurred.
Elrod et al. (2023) on the other hand incorporated data from this period but focused solely on the early decay phase
(Lg ~ 240) of the storm. In this study, we include the entire set of available NGIMS observations during the MY 34
GDS, enabling a more complete investigation of He variability across the pre-storm, peak, and early decay phases.
This comprehensive approach not only improves the climatological context of He bulges but also facilitates a
more robust comparison with He bulges during dynamically active periods of GDS.
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This study has two primary objectives. First, we investigate the seasonal, latitudinal, and local-time variability of
He bulges using NGIMS observations spanning MY 32-37, in conjunction with Mars Planetary Climate Model
(MarsPCM) simulations. Previous studies have validated these variabilities exclusively through MGITM simu-
lations, and no prior work has utilized alternative Mars GCMs such as the MarsPCM for this purpose. Conse-
quently, persistent discrepancies between simulations and NGIMS observations remain unresolved. By
incorporating MarsPCM, this study aims to provide a robust assessment of the He bulge morphology and vari-
ability, and to enable a more comprehensive understanding of the anomalous features identified in earlier analyses
(Elrod et al., 2017, 2023; Gupta et al., 2021). Second, we examine the influence of the MY 34 GDS on He bulge
evolution using MarsPCM and MGITM simulations. While earlier work (Elrod et al., 2023) has reported some
effects of the storm on He distributions, the evolution of He bulges across the full lifecycle of the GDS including
the pre-storm (L, ~ 184°), peak (L, ~ 207°), and decay (L, ~ 240°) phases—has not been comprehensively
studied using GCMs. Here, we address this gap by simulating He distributions across the pre-storm, peak, and
decay phases of the MY 34 GDS using both models. Although direct validation is not possible for all intervals,
these simulations provide critical insight into the dynamic response of the upper atmosphere to dust storm forcing.
Here, we compare simulations using the MY 34's dust conditions with those from a nominal dust (climatology)
condition within MarsPCM, enabling a robust assessment of the GDS impact.

Section 2 details the methodology used to process NGIMS observations and conduct simulations using the
MarsPCM and MGITM models. Section 3 presents results on the spatial and temporal variability of He bulges
using NGIMS observations and MarsPCM simulations of He densities. Section 4 examines the impact of the MY
34 GDS by analyzing MarsPCM and MGITM simulations during the pre-storm, peak, and decay phases. Sec-
tion 5 discusses the combined results from Sections 3 and 4, highlighting the contributing factors to He bulge
variability and the differences in parameterization schemes associated with the bulges in the two models. Finally,
Section 6 summarizes the conclusions of this study.

2. Numerical Simulations and Observations
2.1. The Mars Planetary Climate Model

The MarsPCM is a 3-dimensional model of the Mars atmosphere, developed jointly by the Laboratoire de
Météorologie Dynamique (LMD, Paris), the Instituto de Astrofisica de Andalucia (IAA), LATMOS, the Uni-
versity of Oxford, and the Open University (Forget et al., 1999). This model is supported by the European Space
Agency and the Centre national d'études spatiales. MarsPCM simulates Mars' atmosphere from the subsurface to
the exobase (~250 km), incorporating all significant physical and dynamical processes. The physical parame-
terizations for surface to lower atmosphere (~0-80 km), including subgrid-scale topography, boundary layer
scheme, radiative transfer, CO, condensation, molecular diffusion, dust cycle, water cycle, and photochemistry,
are detailed in Pottier et al. (2017), Navarro et al. (2014), Madeleine et al. (2011), and Forget et al. (1999). In
recent years, several updates have been made to the model's physical parameterizations, including enhancements
to the water and dust cycle, rocket dust storm representation, slope microclimates, and the convective boundary
layer (Colaitis et al., 2013; Forget et al., 2022; Gilli et al., 2020; Gonzélez-Galindo et al., 2013; Lange et al., 2023;
Lefevre et al., 2008; Médttdnen et al., 2022; Madeleine et al., 2011; Millour et al., 2024; Vals et al., 2022; Wang
et al., 2018).

The upper atmosphere parameterizations, such as heating and cooling processes, Extreme Ultra Violet (EUV)
radiative transfer, gravity wave drag, and ionospheric chemistry, are detailed in Gilli et al. (2020), Gonzalez-
Galindo et al. (2015, 2009, 2013), and Angelats i Coll et al. (2005). The non-orographic gravity wave (GW)
parameterization, which was previously extended to ~100 km, has recently been extended up to ~250 km (Gilli
et al., 2020; Liu et al., 2023). Additionally, the experimental setup including the number of vertical model layers
has been updated from version 5 (Forget et al., 2022) to version 6 (Millour et al., 2024). While version 5 employed
49 vertical layers, the updated version 6 features 73 layers, providing higher resolution in the troposphere.
However, the standard horizontal resolution remains the same between versions 5 and six of MarsPCM.

In this study, we employ MarsPCM version 5.0, configured with a horizontal resolution of 3.75° X 5.62°
(longitude X latitude) using a hybrid sigma-pressure coordinate system. See the end of Section 5 for a discussion
of why this study uses version 5.0 rather than version 6.0. The column dust optical depth (CDOD) in the model is
prescribed with a “climatology” scenario (Montabone et al., 2015), derived by averaging dust opacity maps
produced using observations during MY 24 to 35, excluding MY 25, 28, and 34 (Montabone et al., 2015, 2020).
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This approach ensures that our simulations represent He climatology during typical Martian dust conditions,
excluding periods of global dust storms. Additionally, to explore the effect of MY 34 GDS on these bulges, we run
the model using the specific “MY 34" dust scenario (Montabone et al., 2020). Notably, we only use the simu-
lations for growth (L ~ 180°), peak (L, ~ 207°), and decay (L, ~ 270°) phases of the GDS to compare with the
simulations from MGITM (see Section 2.2). Finally, we use MarsPCM-simulated zonal and meridional winds
from both the “climatology” and “MY 34” dust scenarios to examine changes in He bulges during the peak phase
of the GDS. All simulations from MarsPCM shown in this study are analyzed at a pressure level of
1.38 x 107 Pa. At this pressure level, the absolute altitude varies between ~160 and 220 km over a Martian year
(more details provided in Section 2.3).

The CDOD maps for MY 34 used in this work are derived from two versions of the Mars Climate Sounder (MCS)
data set (version 5.2 and 5.3.2) aboard the Mars Reconnaissance Orbiter (MRO) (Montabone et al., 2020). In these
dust maps, MCS data set version 5.3.2, only available for L, ~ 179-269° in MY 34, was an interim release
incorporating the use of a far-infrared B1 detectors (at 32 pm), which extends dust profile retrievals deeper by
1-1.5 scale heights (Kleinbohl et al., 2017; Montabone et al., 2020). Additionally, improvements to surface
temperature retrieval under high dust conditions enhance the accuracy of observations in cases where limb views
do not reach the surface. These modifications are particularly useful for studying the impact of the MY 34 GDS
through MarsPCM simulations using the latest available CDOD maps.

The MCS team has recently released a new version of their retrievals (version 6.2.1), which systematically uses
the far-infrared B1 channel at 32 pm to extend the retrieved aerosol profiles into the lowest scale heights
(Kleinbohl et al., 2024). These observations are currently being used to produce a new generation of CDOD maps,
which not only incorporate updated observations but also improve the gridding methodology and the way ob-
servations from multiple instruments are combined. At present, this new version of the maps is still a work in
progress, and could not be used in this study. However, as mentioned above, the maps for MY 34 already
incorporate observations from the interim MCS version 5.3.2 during the GDS, which makes it unlikely that the
future use of the new-generation maps would have a major impact on this study.

2.2. The Mars Global Ionosphere-Thermosphere Model

MGITM is a ground-to-exosphere (250 km) model (Bougher et al., 2015) adapted from the terrestrial Global
Ionosphere-Thermosphere Model framework (Ridley et al., 2006). This model was developed to capture the
compositional, thermal, and dynamical structure of the entire Mars atmosphere (~0-250 km). A state-of-the-art
correlated-k radiation code is adapted from the NASA Ames Mars-GCM code (Haberle et al., 2003) to param-
eterize the lower atmosphere (~0-80 km) of Mars (Haberle et al., 1999). This code incorporates solar heating,
aerosol heating, and CO, 15-pm cooling. The dust inputs to MGITM were initially prescribed to be globally and
seasonally averaged optical depth values using a Conrath parameterization for the vertical distribution (Elrod
et al., 2017, 2020; Bougher et al., 2017; Bougher et al., 2015). This prescription served as a baseline preceding
more sophisticated dust opacity data sets to be used. More recently, fully 2-D dust distributions have been
empirically prescribed using vertical and horizontal data sets extracted from MCS (version 5.2.7) (Kleinbohl
et al., 2009, 2011, 2017). Specific opacity maps were utilized to compute the MY 34 GDS aerosol heating rates
within the MGITM code (Elrod et al., 2020; Jain et al., 2020). For the upper atmosphere, physical parameteri-
zations are adopted from the Mars Thermosphere General Circulation Model, which includes EUV-UV heating,
dissociation, ionization, CO, 15-pm cooling, and ion-neutral chemistry (Bougher et al., 1999, 2000, 2015, 2023;
Roeten et al., 2022).

Over the past decade, the MGITM code has undergone several significant updates, including those related to non-
local thermodynamic equilibrium CO, 15-pm cooling and EUV-UV fluxes. The current CO, 15-pm cooling
scheme is adapted from Gonzélez-Galindo et al. (2013) and is also used for the construction of the MarsPCM
code. The EUV fluxes are now incorporated from the Flare Irradiance Spectral Model, which is generated using
solar flux observations from the EUV Monitor aboard the MAVEN spacecraft (Thiemann et al., 2017).
Furthermore, the EUV neutral heating efficiency has been increased to 20% as suggested by Gu et al. (2020).
Recently, a non-orographic GW parameterization code was adapted from Yigit et al. (2008) for Mars and inte-
grated into MGITM by Roeten et al. (2022). Standard gravity model parameters utilized in Roeten et al. (2022) are
based upon commonly used values in previous Martian general circulation modeling studies of gravity propa-
gation and dissipation (Medvedev et al., 2013; Shaposhnikov et al., 2022).
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In this study, we focus on MGITM-simulated He densities for three specific phases—pre-storm, peak, and decay
(Lg ~ 184°,207°, and 240°, respectively)—of the MY 34 GDS, as well as MY 33, which represents a suitable He
climatology for MGITM usage (see below). These simulations are specifically analyzed at an altitude of ~200 km
in the context of MGITM and MarsPCM model comparisons. MGITM typically runs on a 5° X 5° regular
horizontal latitude-longitude grid with 2.5 km vertical resolution (corresponding to 120 levels). Given the large-
scale nature of He distribution in the Mars atmosphere, the slight differences in horizontal resolution between
MGITM and MarsPCM simulations are not significant enough to alter the results of this study.

2.3. Neutral Gas and Ion Mass Spectrometer

NGIMS is an in-situ-based ion mass spectrometer onboard MAVEN (Mahaffy et al., 2014). The fundamental
principle of operation of NGIMS is based upon quadrupole mass spectrometry, which separates atmospheric
gases using their charge-to-mass ratio (Benna & Elrod, 2019; Mahaffy et al., 2014). NGIMS is designed to
measure the abundances of major neutral species like CO,, Ar, N,, CO, O,, O, N, He, etc., and major ionic species
like CO,*, CO*, O*, HY, etc. in the upper atmosphere of Mars (Benna & Elrod, 2019; Mahaffy et al., 2014).
NGIMS operates in dual mode, alternating between a closed source neutral mode and an open source mode. In the
closed source mode, the abundances of surface non-reactive species such as Ar, He, CO, and CO are determined.
During open source mode, the instrument switches between neutral beaming mode and ion mode by keeping
filaments off (Benna & Elrod, 2019; Mahaffy et al., 2014). The data retrieval pipeline to extract these abundances
is detailed in Benna & Elrod, 2019. NGIMS has been operational since November 2014, providing observations
of the Martian upper atmosphere above ~160 km altitude, which is the spacecraft periapsis during the nominal
science phase. Until 2018, MAVEN's periapsis during nominal observations was ~160 km, except during deep
dip campaigns when it was lowered to ~125 km (Stone et al., 2018). Starting in August 2020, MAVEN's orbit was
raised above ~180 km altitude to support telecommunications with NASA rovers, and since then, its periapsis has
remained between an altitude range of ~180-220 km.

In the present study, we use He measurements from closed source mode by NGIMS from L, ~ 288° in MY 32 to
L, ~207° in MY 37, covering a variety of latitudes and local times in each season. We use the Level 2-version
08-revision 01 data set for this study. Helium measurements from NGIMS are subject to some limitations,
particularly at high altitude regions of the outbound leg of MAVEN's orbit, where the spacecraft ascends into
regions of lower atmospheric density. To avoid such uncertainties, our analysis is confined to the inbound leg.
Additionally, we exclude all observations before L, ~ 288°, MY 32, due to uncertainties related to the instrument's
filament settings. The exclusion of these data is consistent with the recommendation of Elrod et al. (2017). As the
focus of this work is to investigate the horizontal variability of He bulges, we restrict our analysis to an altitude
range of 175-225 km. This altitude range aligns with previous studies (Elrod et al., 2023; Gupta et al., 2021) and
allows for a broader latitude and local-time coverage, ensuring consistency with previous studies. These ob-
servations are compared with MarsPCM simulations. To ensure a one-to-one comparison, the NGIMS data are
averaged onto a 0.5 hr local time (LT) and 3.75° latitude grid. The large-scale height of He at these altitudes, also
shown in Figures 2 and 5 of Mahaffy et al. (2015), minimizes vertical variability, allowing for a more focused
examination of horizontal trends. This altitude range is within the altitude limits corresponding to the fixed
pressure level utilized in the simulated outputs of both MarsPCM and MGITM.

3. Results

Figure 1 illustrates the LT versus latitude coverage of the MAVEN spacecraft corresponding to the He observations
used in this study. All the data are divided into four distinct seasons in Figure 1. The four seasons presented here
correspond to the cardinal L, (centered at 0°, 90°, 180°, and 270°). Each season includes data between 175 and
225 km altitude and within +45° of the cardinal L,. For example, the data coverage shown in Figures (la-1d),
includes MAVEN's trajectory at L, values ranging between 315-45°, 45-135°, 135-215° and 215-315°, centered
around L, = 0°, 90°, 180° and 270°, respectively.

During the northern spring equinox (hereafter NSE, L, = 0°) and northern autumn equinox (hereafter NAE,
L, = 180°), as shown in Figures 1a and lc, respectively, observations from MY 33 to 37 collectively provide
reasonable coverage on both the dayside (8—18 hr LT) and nightside (0-8 and 18-24 hr LT) regions of Mars at
southern mid-to-high latitudes (45-75°S). In addition, the observations from MY 32 further increase the data
coverage during NSE. These data also provide an adequate LT coverage at mid- and low-latitudes (45°N—45°S),
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Figure 1. Latitude versus Local time distribution of MAVEN data coverage for panel (a—d) L, 0°, 90°, 180°, and 270° as observed by NGIMS. The data shown here are
for an altitude range of 175-225 km. Colors correspond to different Martian years.

Latitude

except for a data gap between ~2—6 hr LT during NSE (Figure 1a). Furthermore, during NSE, MAVEN data
coverage at northern mid-to-high latitudes (45—75°N) is available between 0—13 hr and 23-24 hr LT in MY 34.
However, during NAE (Figure 1c), data coverage at 45-75°N is sparse, primarily limited to local times between 8
and 13 hr on the dayside regions of Mars in MY 33.
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Figure 2. Same as Figure 1, but representing combined He densities in log, scale for Martian years 32-37. The data are averaged on a local time and latitude grid of

0.5 hr x 5°.
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Figure 3. He densities from MarsPCM simulations with the climatology dust scenario at a pressure level of 1.38 x 107° Pa along the MAVEN trajectory for Martian

years 32-37.

During the northern summer solstice (NSS, L, = 90°; Figure 1b), MAVEN passed over southern mid-to-high
latitudes during MY 34, 36 and 37, providing a reasonable coverage on the nightside regions of Mars. How-
ever, on the dayside only a few observations are available, mostly between 8 and 12 hr LT from MAVEN passes
during MY 37 (see Figure 1b). MAVEN passes during MY 33 to MY 37 together provide adequate coverage at
mid- and low-latitudes during most of the local times. Furthermore, MAVEN observed 45-75°N in MY 35 during
0-13 hr LT and in MY 33 during 12-24 hr LT, providing a continuous day-night coverage of the northern mid-to-
high latitudes (Figure 1b).

During the northern winter solstice (NWS, L, = 270°; Figure 1d), combined data from MY 32-35 provides
marginal coverage at mid-to-high latitudes in both northern and southern hemispheres at most of the local times.
However, data coverage at mid- and low-latitudes is sparsely available from MY 33-35 on the nightside and from
MY 32 and 36 on the dayside regions of Mars. Moreover, the orbital trajectory of MAVEN provides adequate LT
coverage in the NGIMS observations, particularly over the nightside convergence regions of helium, although it is
not uniform across all latitudes.

The variability and data gaps observed across Martian years reflect the changing observational strategies and/or
orbital configurations of MAVEN, such as deep dip campaigns and/or solar conjunctions (Jakosky, Grebowsky,
etal., 2015). In addition, the orbital inclination of ~75° limits MAVEN's data coverage at polar latitudes (>75°) in
both the northern and southern hemispheres. Moreover, there is ample coverage across all seasons, most local
times, and latitudes, enabling a comprehensive understanding of the spatiotemporal variability of He bulges.

LT versus latitude variation of He densities for four seasons is shown in Figure 2. This figure is comparable to
Figure 3 of (Gupta et al., 2021), but with a more extensive data set. During the NSE and NAE, the locations of He
density enhancements and depletion are consistent with the previous studies (Elrod et al., 2017, 2023; Gupta
et al., 2021). During NSE, expanded data coverage using MY 36 observations shows a density enhancement
between ~20°N and 20°S from 5 to 9 hr LT. Despite a data gap between 2 and 5 hr LT, an increase in He densities
is observed as MAVEN moves along its trajectory from ~10°S to 25°N between 3 and 4 hr LT. A similar
enhancement was reported for the NAE, between 30°N and 30°S, in Gupta et al. (2021) and is also evident in
Figure 2c. However, during NAE, there is a low-density patch extending from ~45°N to 20°S between 2 and 9 hr
LT. This decreased density patch is likely due to the impact of the MY 34 GDS (Elrod et al., 2023). Moreover,
during equinoxes, it is now evident that He densities increase not only at mid-to-high latitudes but also at
equatorial latitudes (30°N-30°S).
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By comparing Figures 2a and 2c, one can see a local time asymmetry in the southern hemisphere He bulge
densities during both the NSE and NAE. The bulge densities between 18 and 24 hr LT are consistently weaker
than those observed between 0 and 8 hr LT. While such an asymmetry was previously reported for NSE (e.g.,
Gupta et al., 2021), our study presents the first identification of this feature during NAE, made possible by
incorporating additional data from MY 35-37, specifically, at ~ 75°S. This pattern is also evident at mid-southern
latitudes, where densities at ~35-45°S (NSE) and 20-45°S (NAE) between 18-20 hr LT remain lower than those
observed between ~ 0-8 hr LT. These findings underscore the importance of extended temporal coverage in
capturing subtle local time variations, particularly during NAE.

For the NSS, the observations from MY 37 (see Figure 1b) confirm the presence of a “southern winter bulge” at
45-75°S between 0 and 8, 18 and 24 hr LT (Figure 2b), which was previously observed using MY 34 observations
(Gupta et al., 2021). In addition, the equatorial density enhancement at 10°S—-30°N during 5-6 hr LT is observed.
Interestingly, there is a region of decreased He density at 45°N—45°S between 12 and 23 hr LT. This data patch is
from the NGIMS observations during MY 37 (as shown in Figure 1b). In contrast, adjacent to this patch, there is
an increased density patch from MY 34 observations. During MY 37, Mars observed some infrequent regional or
large-local dust storms between L, = 45° and 135°, and at 45°N-45°S (Guha et al., 2024). The reduced density in
this region may be attributed to the influence of those dust storms. However, similar storms occurred in other
Mars years without producing a comparable depletion in densities. A comprehensive investigation of this phe-
nomenon is beyond the scope of this study.

During NWS, a “northern winter bulge” is observed at 45-75°N between ~0 and 8 hr LT (Figure 2d). As shown in
Figure 1d, MAVEN observed the northern winter hemisphere during MY 34 and 35. Our analysis reveals that the
nightside northern winter bulge around L, = 270° is nearly 10 times weaker than the southern winter bulge around
L, =90°, suggesting a strong seasonal asymmetry. This asymmetry is also observed during 18-24 hr LT but with
decreased magnitude. The northern winter He bulge was also reported using NGIMS measurements from MY 32
(Elrod et al., 2017). However, it is important to note that due to the high background noise in those observations,
the bulge density was unusually low. Therefore, following this, we excluded these observations from our analysis,
as discussed in Section 2.3. The densities are also enhanced at ~10-45°N between 2 and 7 hr LT. While the
southern winter bulge densities around ~75°S between 0 and 8 hr LT are relatively higher than those during
20-24 hr LT, we do not observe significant local time asymmetry at ~75°N during the NWS. To gain a deeper
understanding of these observations, we compare NGIMS measurements with MarsPCM simulations of He
bulges.

Figure 3 presents He bulge density from MarsPCM simulations prescribed with the “climatology” dust scenario at
a pressure level of approximately 1.38 x 10™'° Pa for four seasons. The resolution of these simulations is similar
to that of the NGIMS data. The simulations shown here are along the MAVEN trajectory over the same regions
where NGIMS observations are available.

During equinoxes (NSE and NAE), the locations of mid-to-high latitude bulges on the nightside are consistent
with NGIMS observations. However, during NSE, the MarsPCM simulated nightside bulge densities in the
southern hemisphere are slightly lower than the NGIMS observed values (see Figures 2a and 3a). In contrast, the
predicted densities on the dayside near ~75°S are slightly higher than the observed values. Meanwhile, MGITM
in Gupta et al. (2021) overpredicts the densities between 30 and 60°S on the nightside and underpredicts them at
latitudes >60°S across all local times. For NAE, by comparing Figures 2¢ and 3c, one can see that the mid-to-high
latitude density enhancement is almost accurately captured in the MarsPCM simulations. In contrast, MGITM in
Gupta et al. (2021) underpredicts NGIMS observations (Gupta et al., 2021). Furthermore, the local time asym-
metry observed in the NGIMS data is also evident in the MarsPCM simulations. The densities at most of the
latitudes during equinoxes between 0 and 8 hr LT are higher than those between 20 and 24 hr LT. The nightside
equatorial density enhancement during equinoxes is also well captured in MarsPCM simulations, although the
densities are slightly underestimated. The most notable discrepancy occurs during NSE at ~75°N on the
nightside, where simulated densities are 1.2—1.4 times greater than the NGIMS observations. However, we cannot
comment on this discrepancy conclusively as the observations in this region are insufficient and only available for
MY 34. Moreover, the MarsPCM simulations predict an overall distribution of He bulges during the equinoxes
that aligns more closely with NGIMS observations than other GCMs (Gupta et al., 2021). However, some dis-
crepancies remain in the density magnitudes between the simulations and the observed data.

GUPTA ET AL.

8 of 21

85U017 SUOWILLID SAIIID) 8|qedljdde ayp Aq peusenob afe 3ol YO ‘35N JO S9N 10} ArIq1IT 8UIUO 8|1 UO (SUOIPUOD-pUe-SWSI W00 A8 | M AReiq1Bul [UO//SANL) SUORIPUOD pue SWB L 83 88S *[S202/2T/2T] Uo ARiqiauliuo AB|iM ‘N ay L usspieqy JO AisRAIuN AQ T2060030S202/620T OT/10p/woo A8 im Arelgijuljuosqndnbe;/sdny wo.y pspeojumod ‘2T ‘520z ‘00166912



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets 10.1029/2025JE009071

Latitude®

Figure 4. Same as Figure 3,

0]
o

b) L_ = 90°
s

6

5.8

5.6

o
i 5.2 §
0 4 8 12 16 20 24 0 4 8 12 16 20 24 g
Q
5 =
c)L = 180° d) L =270° o
H 20 2 4.8 o
(o]
60 -
4.6
30
0 4.4
-30
4.2
-60
| -90 4

20 24 0 4 8 12 16 20 24
Local Time (hrs)

but including simulation for all latitudes and LT.

During the solstices, the locations of the winter hemisphere He bulges in the simulations align well with NGIMS
observations (Figures 2b and 2d) and previous studies (Elrod et al., 2017; Gupta et al., 2021). However, MarsPCM
predicts higher He densities than those observed on the nightside during both solstice seasons. The most pro-
nounced differences appear at mid-to-high latitudes in winter hemispheres, where simulated densities of He
bulges are nearly an order of magnitude larger than those measured by NGIMS. During NSS, the density
enhancement at 20—60°S between 0 and 6 hr LT is consistent with NGIMS observations. However, the simulated
densities are slightly overestimated. Furthermore, the low-latitude density enhancements seen in NGIMS data
between 4 and 8 hr LT are also apparent in the MarsPCM simulations, although the densities are slightly
decreased. On the other hand, the dayside densities for solstices are underestimated at most of the latitudes, except
for the density patch corresponding to MY 37, for which simulated densities are slightly higher than the observed
densities (see Figures 1c and 2c).

Since the simulations shown in Figure 3 follow the MAVEN trajectory, our goal is to investigate the overall
climatology of helium over a nominal Martian year, with a particular focus on regions not observed by MAVEN.
This climatology is derived from MarsPCM simulations using a prescribed ‘“climatology” dust scenario. Sup-
plementary Movie S1 illustrates the day-to-day variations in He bulges under these nominal dust conditions,
offering a comprehensive view of He distribution. MarsPCM simulations prescribed with the climatology dust
scenario are detailed in Section 2.1. The day-to-day variation seen in Movie S1 is not strong enough to alter the
broader characteristics of the He bulge; however, seasonal variation is. Therefore, a representative frame from the
simulations, showing the He density distribution for each season, is presented in Figure 4. As mentioned pre-
viously, the simulations correspond to a pressure level of 1.38 x 107° Pa. At this pressure level, the corresponding
altitude varies between 160 and 220 km. Within this altitude range, He exhibits very little vertical variation
throughout the Martian year. Specifically, log,,(He) varies only by about 0.4, implying an uncertainty in the
MarsPCM simulations of +0.2. Such uncertainty is negligible and unlikely to have a significant impact on the
results of this study.
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Figure 5. Zonal mean seasonal variation of the He density during local time intervals of (a) 0-8 hr, (b) 8—18 hr, and (c) 18-24 hr The data shown are from MarsPCM
simulations with the “climatology™ dust scenario at a pressure level of 1.38 x 1075 Pa.

During equinoxes, He bulges are observed at most of the latitudes between 0 and 8 and 18-24 hr LT, with a strong
presence at ~ 45-90°N, 30°N-30°S, and ~60-90°S between 0 and 8 hr LT. These locations of the bulges are
consistent with previous studies (Elrod et al., 2017; Gupta et al., 2021). However, the bulges predicted by
MarsPCM appear extended toward the higher latitudes than those predicted by MGITM (Elrod et al., 2017; Gupta
et al., 2021). In MGITM simulations, He bulges are confined to 30-60° latitudes in both hemispheres, whereas
MarsPCM predicts bulges that extend further toward the polar regions. In the southern hemisphere, during NSE
and NAE, distinct bulges are observed between 60-90°S from ~O0 to 8 hr LT, with stronger magnitudes than their
northern counterparts. As shown in Movie S1, this pattern is most clearly apparent between L, ~ 1° and L, ~ 25°
for NSE and between L, ~ 156° and L, ~ 173° for NAE. Following these intervals, the asymmetry becomes
slightly disrupted due to the seasonal shift of helium, although the latitudinal asymmetry persists until helium
fully transitions to the winter hemisphere. A symmetric structure was evident in Gupta et al., 2021 and a deviation
from that symmetric structure is visible around the equinoxes. On the nightside between 0 and 8 hr LT the
southern He bulge near ~90°S appears to extend from dayside toward nightside, suggesting a more global
accumulation of He around the polar region. Additionally, bulge-like structures are seen at equatorial latitudes
(30°N-30°S) during ~4-7 hr and between 20 and 24 hr LT in both seasons. It is important to note that these
equatorial bulges were not captured in MGITM simulations at any LT (Gupta et al., 2021). However, the
equatorial He density enhancement observed in the NGIMS data aligns with MarsPCM predictions and suggests
the presence of a nightside equatorial bulge during the equinoxes.

During NSS, He bulges are present in the southern hemisphere at latitudes ~10-75°S between 0 and 8 hr and
20-24 hr LT, and from 75°S toward the southern polar region (90°S) extending to all the local times (Figure 4b).
Conversely, the latitude and LT distribution of bulges during NWS is analogous to that observed during NSS, but
in the northern hemisphere (Figure 4d). The southern winter bulge during NSS is ~10 times stronger than the
northern winter bulge during NWS, consistent with the NGIMS observations. Note that this seasonal asymmetry
was not captured in MGITM simulations, which predicted bulges of equal strength (Elrod et al., 2017; Gupta
et al., 2021).

Figure 5 represents the temporal evolution of He bulges over a typical Martian year. The data shown here include
all the MarsPCM simulations that are shown in Movie S1. To better visualize the latitudinal and seasonal

GUPTA ET AL.

10 of 21

85L801 SUOWILIOD 31810 8(ed! [dde ay) Aq peusenob a2 sapiie YO ‘9SN JO Sa[nJ Joj AId1T8UIUO AB]IM UO (SUORIPUOO-PUe-SWBIALI0D" A3 1M ARec1 Ul JUO//SAy) SUORIPUOD pue Swie 1 U 88s *[5202/2T/2T] Uo Areiqiauliuo A8 'lun 8y L usepseqy JO AsieAlun Ag T20600306202/620T 0T/I0P/W00 A ARl jpuljuo'sqndnBie//sdiy wouj pepeojumod ‘ZT ‘520z ‘00T669TZ



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets 10.1029/2025JE009071

asymmetry and migration of He bulges, the simulations are separated into three local time bins (0-8, 8-18, and
18-24 hr LT), as shown in Figure 5, where each panel shows the variation of He with solar longitude and latitude.
The local time bins are based on local time variability of He shown in previous studies (Elrod et al., 2017; Gupta
et al., 2021) and represent day and night boundaries at 8 and 18 hr LT. For clarity, the He bulges are further
classified on the basis of their average density. In the following text, the portion of He bulges with average density
>10%® em™ and 10%*-10>° cm™ are termed as strong- and weak-bulges, respectively.

During NSE, a combination of strong and weak He bulges spans most of the latitudes in the nightside regions of
Mars between 0 and 8 hr LT (Figure 5a). However, on the dayside (Figure 5b) and in the 18-24 hr LT bin on the
nightside (Figure 5c), these bulges are restricted to the southern hemisphere latitudes. The strong bulge remains
confined to the 60-90°S latitude range across all LT bins. The dayside bulges observed in the 8-18 hr LT bin
(Figure 5b) are due to the southern polar region being on the nightside during this period. The weak-bulge begins
to migrate toward the southern hemisphere around L, ~ 50° and remains concentrated on the nightside regions
(0-8 and 18-24 hr LT) of Mars at 0-90°S until L, ~ 140°. The strong-bulge does not show a migrating pattern.
Then, during NAE, a weak-bulge is spread across most of the latitudes and is nearly equally extended on both
sides of the equator between 0 and 8 hr LT. The bulge densities between 18 and 24 hr LT are significantly reduced
across all latitudes. In the 8—18 hr LT bin, this weak bulge around NAE is primarily located between 60° and 90°S
and near the north pole, with a continuous strip of bulge-like patches spanning all latitudes. This indicates the
movement of the bulge from the southern to the northern hemisphere as Mars approaches the NWS, which is more
prominent on the nightside of the planet. Around L, ~ 207°, this bulge becomes entirely confined to the nightside
northern latitudes (0-90°N). The weak-bulge remains confined to northern hemisphere until L, ~ 320° before
repeating its seasonal cycle. In the 8-18 hr LT bin, the northern winter bulge becomes insignificant around the
northern polar region, suggesting a strong presence of He bulges in the nightside winter regions of Mars
throughout the year.

In addition, MarsPCM simulations show that the southern winter bulges during the 0-8 hr LT interval are more
ubiquitous than those during the 18-24 hr LT interval (Figures 5a and 5c). For the 0-8 hr LT interval, a strong
bulge extends from ~45 to 90°S, whereas for the 18-24 hr interval, it extends from ~65 to 90°S. In contrast, the
latitudinal extent of the northern winter weak bulge during the 0-8 hr LT interval is smaller than that during the
18-24 hr LT interval. The key finding from this observation is that the latitudinal extent of the northern winter
bulge is larger than that of the southern winter bulge, although the former is weaker than the latter. These findings
were not evident in earlier simulations conducted by Elrod et al. (2017) and Gupta et al. (2021) using MGITM. It
also suggests that the southern winter bulge is stronger during pre-midnight to post-dawn (0-8 hr), which be-
comes dusk to midnight (18-24 hr) LT for its northern counterpart. Also, it is evident that the dynamical behavior
of the He bulges is more pronounced in the first half of the year (L, ~ 0—180°) and during 0-8 hr LT compared to
the second half of the year (L, ~ 180-360°) and during 18-24 hr LT.

4. Effect of MY 34 GDS
4.1. MarsPCM Simulations

The MY 34 GDS event initiated on June 3 2018 (L, ~ 185°) as a regional storm in southern Acidalia Planitia,
which rapidly grew, merging with several local dust storms, and progressively intensified, eventually spreading
across the entire planet (Shirley et al., 2020). On June 17 (L, ~ 194°), this storm system marked the onset of a
GDS. This GDS reached its mature phase between L, ~ 197°-213°. The visible opacity (~600 nm) observed
during this period peaked between June 7 and 10 (L, ~ 207°-208°) at a value of ~9 (Kass et al., 2020). At this
point, several thermal and compositional changes, associated with the dust storm were detectable in the upper
atmosphere (120-250 km) of Mars (Chaufray et al., 2020; Elrod et al., 2020, 2023; Farahat et al., 2021, 2022; Jain
et al., 2020; Liu et al., 2018; Venkateswara Rao et al., 2020). Dynamical processes such as global circulation and
gravity waves were also altered (Leelavathi et al., 2020; Roeten et al., 2022; Yigit et al., 2021). In addition,
enhanced vertical transport of water associated with this GDS led to increased hydrogen escape rates (Heavens
etal., 2018; Sun et al., 2023). Finally, the decay phase of the storm began around L, ~ 213° and continued until the
dust opacity returned to its seasonal background level around L; ~ 280°, allowing the atmosphere to resume its
normal state.

Figures 6a—6¢ and 6d—6f illustrate the LT and latitudinal variations of He bulges from MarsPCM simulations,
comparing the “climatology” scenario with a “MY 34” dust scenario for the pre-storm, peak and decay phases of
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Figure 6. Latitude versus local time variation of the log,,(He) density simulated from MarsPCM. The first column (a, d),
middle column (b, e), and third column (c and f) represent data from the pre-storm (L, ~ 184°), peak (L, ~ 207°), and decay
(L, ~ 240°) phases of the MY 34 GDS. The top and bottom rows show the He densities from MarsPCM simulations with
“climatology” and “MY 34" dust scenarios, respectively. All data shown here are at a pressure level of 1.38 x 107° Pa.

the GDS. During the pre-storm phase (Figure 6d), the LT and latitudinal patterns of He bulges closely resembled
those observed in simulations with “climatology” scenario (Figure 6a). However, the bulge density is slightly
depleted during the pre—storm phase for both the equatorial and high-latitude bulges. The decreased density
patches in the He bulges make it appear mildly distorted. Also, the simulated He bulge with “climatology”
scenario during 20-24 hr LT at equatorial latitudes (30°N-30°S) displays a conical shape that broadens as it
approaches midnight (24 hr LT). However, during the pre-storm phase, the bulge's latitudinal width remains
relatively the same throughout this LT.

MarsPCM simulation with “climatology” scenario shows the bulge at 10°S—90°N during ~0-7 hr LT (Figure 6b).
This location aligns with its characteristic tendency to follow the winter hemisphere as Mars transitions from the
NAE to the NWS. However, during the peak phase of GDS, the bulge's strength is significantly reduced, and its
location is slightly shifted (Figure 6e). Furthermore, simulations with “climatology” scenario indicate the pres-
ence of a He bulge at ~ 10°S—45°N during ~20-24 hr LT. In contrast, during the peak phase of GDS, a prominent
bulge is absent; instead, a fragmented, weak bulge is dispersed across most of the hemisphere, excluding the
southern polar latitudes. This weak and fragmented bulge observed during the ~20-24 hr LT can be attributed to
the overall enhancement in He density on the dayside (8—20 hr LT) of Mars. During the decay phase (L, ~ 240°),
MarsPCM simulations of He bulges with both “climatology” and “MY 34" dust scenarios (Figures 6¢ and 6f)
exhibit nearly identical LT and latitudinal variations, except for a distorted density patch at 0-30°S during
2224 hr LT in the MY 34 simulation. This indicates that during the decay phase of the GDS, He bulges tend to
return to their nominal state. Additionally, MarsPCM simulations indicate that He bulges begin to re-establish
their seasonal distribution around L, ~ 229°. Although NGIMS data are available during the decay phase, lim-
itations in temporal and spatial sampling prevent a direct one-to-one comparison with model outputs at all lo-
cations and times.

4.2. MGITM Simulations

Figure 7 presents MGITM simulations of He bulges comparable to the MarsPCM outputs shown in Figure 6.
However, in this case, the He variability during a typical Martian year without a GDS is simulated using MY33
dust maps. MY33 experienced three regional dust storms between L, ~180-330°, but lacked a GDS like the one in
MY 34. Comparing He variability during the specific phases of MY 34 GDS with that of MY33 provides insight
into the GDS's impact on He bulges. Hereafter, we refer to the MY33 simulations as the “climatology”. MGITM
predicted densities are approximately two orders of magnitude higher than those predicted by MarsPCM. This
could be due to the differences in the dust gravity wave parameterizations in the two models. However, our focus
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Figure 7. Similar to Figure 5, but representing He densities simulated from MGITM for MY33 in top row panels (a—c) and MY 34 in bottom row panels (d—f).

here is on the evolution of He bulges for different phases of the GDS; therefore, colorbars of Figures 6 and 7 are
not kept identical to illustrate the variability.

The “climatology” simulations at L, ~ 184° (Figure 7a) show two He bulges between 0 and 8 hr LT at ~45-90°
latitude in both hemispheres, extending to all local times at polar latitudes. The southern hemisphere bulge ex-
tends more equatorward than its northern counterpart, which is instead more elongated toward midnight. During
the pre-storm phase (Figure 7d), both bulge densities decrease, particularly for the northern hemisphere bulge. A
continuous patch of enhanced density appears between 0 and 12 hr LT at 0-30°N, which is seen as distinct patches
in the “climatology” (Figure 7a). These locations and elongated He bulges in MGITM simulations with
“climatology” and “pre-storm” dust scenarios (Figures 7a and 7d) align well with MarsPCM (Figures 6a and 6d)
simulations, particularly the decrease in He bulge strength during the pre-storm phase of the MY 34 GDS.

In the MGITM “climatology” simulations during L, ~ 207° (Figure 7b), the local time and latitude distribution of
He bulges is similar to that during L, ~ 184°. However, the northern hemisphere bulge densities are notably higher
for L; ~ 207° than for L, ~ 184°, especially near the polar region across all local times. Conversely, the southern
hemisphere bulge is weaker during L, ~ 207° than during L, ~ 184°. This suggests a pronounced displacement of
helium densities toward northern polar latitudes as the dust storm intensified. During the peak phase of GDS
(Figure 7e), MGITM simulations show a distinct He bulge at 45-90°N during ~2-8 hr LT. The He density is
significantly reduced at other local times compared to the “climatology” (Figure 7b). The southern hemisphere
bulge is significantly weaker in magnitude and about 10 times smaller in size than in the “climatology” simu-
lations, lacking a defined shape and dispersing toward lower latitudes between 4-8 hr LT. The dayside density
enhancement, particularly between ~8 and 12 hr, resembles that in MarsPCM simulations (see Figure 6e), though
MarsPCM shows more pronounced dayside scattering.

MGITM simulations for the early decay phase are detailed in Elrod et al. (2023). Here, we note that the northern
hemisphere bulge during the decay phase (Figure 7f) is weaker but more confined within the nightside, which was
disturbed during the peak phase (Figure 7e). Instead, its density is more comparable to the “climatology” sim-
ulations during L, ~ 240° (Figure 7c). In addition, He density distribution in northern hemisphere (Figure 7f) is
similar to the “climatology” outputs for L, ~ 240° (Figure 7c). Overall, He density variability during the decay
phase closely resembles the “climatology” outputs. Similar observations from MarsPCM suggest that the He
bulge returns to its seasonal norm during the decay phase of GDS.
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5. Discussion

He bulges in the Martian upper atmosphere have been extensively studied using both NGIMS observations and
MGITM simulations (Bougher et al., 2015; Elrod et al., 2017, 2023; Gupta et al., 2021). During nominal dust
conditions, the NGIMS observed bulge locations and their seasonal and temporal variability aligned with sim-
ulations from MGITM. However, significant discrepancies were observed, which are associated with the lack of
GW parametrization in the model (Elrod et al., 2017, 2023; Gupta et al., 2021). During high dust conditions (MY
34 GDS), NGIMS observations during the decay phase of the storm (L, ~ 240-260°) showed a decrease in bulge
density. A GW updated version of MGITM further confirmed this decrease and reduced some of the data-model
differences. However, discrepancies on the nightside at latitudes >50°N persisted (Elrod et al., 2023). In addition,
the northern winter bulge simulated using this updated model was shifted further poleward from its previous
locations. However, investigation of He bulge variability by comparison of NGIMS data through comparison of
NGIMS observations with a gravity wave updated model under nominal dust conditions remains to be explored.
In addition, the morphology of He bulges through the evolution of MY 34 GDS is still not fully understood. In this
study, these two aspects are investigated using MarsPCM simulations. We study seasonal, latitudinal and local
time variations in the bulges during nominal dust conditions using MarsPCM simulations prescribed with a
“climatology” dust scenario. We present the effect of MY 34 GDS by conducting an independent assessment of
simulations from the MarsPCM and MGITM models and study He bulges for pre, peak, and decay phases of the
storm.

We find that during a typical Mars year without a GDS, the MarsPCM captures the observed seasonal, latitudinal,
and diurnal features of the He bulges more effectively than the MGITM simulations presented in Gupta
etal. (2021) and Elrod et al. (2017). However, the predicted densities at mid-to-high latitudes on the nightside are
slightly underestimated, whereas those on the dayside are overestimated. In addition, the MarsPCM simulation
reveals a larger latitudinal extent of He bulges compared to the locations reported in previous studies for a typical
Martian year. The winter bulges during the solstices are shifted toward the winter poles, covering latitudes be-
tween 45° and 90°. The bulges are also extended to all the local times at latitudes >75° in the winter hemisphere.
During equinoxes, the bulges extend to most of the latitudes on the nightside regions of Mars. Particularly, the
southern hemisphere bulges are stronger and extend toward the south pole, covering 45°—90°S latitudes, and to all
the local times at latitudes >85°. This suggests a general trend of poleward expansion for the He bulges
throughout a typical Martian year.

One of the interesting results of this study is the observation of helium density enhancement on the nightside at
equatorial latitudes in NGIMS data. These enhancements consistently align with MarsPCM results during
equinoxes. This confirms the presence of a He bulge at equatorial latitudes during equinoxes. This aspect of the
He bulge was not evident in MGITM simulations carried out by Gupta et al. (2021) and Elrod et al. (2017). In
addition, the latitudinal spread of the He bulges in each season varies with LT. During NSS, the southern winter
He bulge exhibits a larger latitudinal extent during 0-8 hr LT compared to their coverage during 18-24 hr LT.
However, during NWS, the northern winter bulge expanded more during 18-24 hr LT compared to 0-8 hr LT.
The northern winter bulge is also found to be weaker in strength than its southern counterpart. Moreover, He
bulges during the first half of the Martian year are stronger than during the second half.

For the MY 34 GDS, our study demonstrates that the poleward shift of the helium bulges is a seasonal feature, as a
similar poleward expansion is also observed under nominal dusty conditions. In addition, Simulations from
MarsPCM and MGITM show that during the pre-storm phase, the nightside He bulges began to decrease in
density while maintaining a well-defined shape. The maximum density decrease occurred during the peak phase
of the storm. Additionally, the bulge became significantly distorted and exhibited a clear scattering toward the
dayside of Mars. During the decay phase, the He bulge returned to its nominal distribution pattern. This dayside
retention of helium during the storm's peak phase is apparent in both model simulations. However, MGITM
simulated nightside densities are at least two orders higher than the MarsPCM simulations. On the other hand, the
opposite is observed on the dayside. The dust storms on Mars tend to be more frequent and severe during the
southern summer (Montabone et al., 2015, 2020). We propose that a weaker zonal winds in the southern summer
hemisphere compared to the northern counterpart might contribute to reduced day-to-night transport of helium,
resulting in less pronounced He bulges on the nightside. To confirm this hypothesis, a thorough analysis of wind
patterns throughout the Martian year is necessary. We tried to follow this approach by analyzing MarsPCM
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Figure 8. Polar stereographic projected horizontal wind vectors (arrows) superimposed onto wind magnitude (shading) at 1.38 x 107 Pa in the northern hemisphere for
the MarsPCM simulations with (a) “climatology” and (b) “MY 34” dust scenario for L, ~ 207° (representing peak phase of the GDS). Here, the x axis represents the LT
in hrs and the y axis represents the latitude.

simulated winds with the “MY 34” dust scenario as a case study. MY 34, being a global dust storm year, re-
sembles a condition similar to the typical dusty second half of the year but with a significantly higher dust loading.

Figure 8 presents MarsPCM simulations of horizontal wind patterns under two dust scenarios: the “climatology”
scenario and the “MY 34” scenario, both corresponding to the peak phase of the GDS. In the climatology scenario
(Figure 8a), high-latitude (>70°N) winds reach ~320 m/s. The circulation between 6—16 hr LT is dominated by a
meridional wind component, facilitating poleward transport of the He bulge from the dayside to the nightside
regions of Mars. In contrast, the “MY 34” dust scenario (Figure 8b) shows significantly reduced wind magnitudes
on the dayside, particularly between 6—16 hr LT, approximately four times weaker than the climatology scenario.
The meridional component is also diminished between 70°N and 80°N during 616 hr LT. Instead, a dominant
zonal wind component is observed, directed from west to east. While a weak meridional component remains at
latitudes above 80°N, the overall strength of the day-to-night circulation is substantially reduced. This weak
circulation during the MY 34 dust storm likely contributed to the observed dayside retention of the He bulge and
the distorted nightside bulge. Moreover, the weak atmospheric circulation during the second half of the Martian
year is likely responsible for the lower He bulge density compared with the first half.

During a GDS on Mars, the thermospheric circulation experiences significant dampening due to a combination of
thermal and dynamic processes. The intense absorption of solar radiation by suspended dust particles leads to
strong infrared heating in the lower and middle atmospheres, which in turn warms these layers and reduces the
vertical temperature gradient between the lower atmosphere and the thermosphere (Guha & Panda, 2021, 2022;
Heavens et al., 2019; Kass et al., 2020; Keating et al., 1998; Vlasov et al., 2022). This diminished gradient
weakens vertical coupling and lessens the efficiency of upward energy transfer. Simultaneously, enhanced
infrared cooling by CO, in the upper atmosphere, especially at night and in the winter hemisphere, leads to a
reduction in thermospheric temperatures and pressure gradients, further weakening global-scale winds (Bougher
etal., 2023; Medvedev et al., 2015; Gonzalez-Galindo et al., 2013). In addition, the altered background wind and
temperature fields during a GDS disrupt the propagation of gravity and planetary waves, resulting in reduced
wave-driven momentum and energy deposition in the thermosphere (Elrod et al., 2023; Liu et al., 2023; Med-
vedev et al., 2011, 2013; Roeten et al., 2022). These changes collectively contribute to the weakening of day-to-
night circulation, diminished meridional transport, and stagnation of thermospheric flows. Ultimately, this
dampens overall dynamical activity in the upper atmosphere, leading to the retention of the He bulge on the
dayside of Mars.

It is important to understand the factors that govern the thermal and dynamical structure, which is crucial for
reconciling the differences observed between MarsPCM and MGITM simulations. Both models are whole-
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atmosphere general circulation models, spanning from the surface to the exosphere (~0-250 km). However, they
are intrinsically different in their design and parameterizations. MarsPCM is an extension of the terrestrial LMDZ
model with Mars-specific physical parameterizations (Gonzalez-Galindo et al., 2009, 2013; 2015). In contrast,
MGITM is based on the terrestrial GITM framework, combining elements from NASA Ames MGCM and NCAR
MTGCM (Bougher et al., 2015). One of the key differences relevant to this study lies in how each model handles
the processes involved in the dust parameterization. MarsPCM employs a semi-interactive dust setup (Madeleine
et al., 2011), where active dust lifting is constrained by a prescribed column dust optical depth, yielding a
prognostic vertical distribution by taking care of the dust moments, dust radiation, lifting, transport, sedimen-
tation, and scavenging. This approach enables interactive radiative heating profiles, incorporating feedback from
temperature and dynamics. This setup is crucial for isolating the effect of dust radiative feedback on the atmo-
spheric circulation and its subsequent impact on the atmospheric tracers, such as Helium. On the other hand,
MGITM uses a prescribed column dust optical depth and a zonally averaged vertical dust distribution (assuming it
is well mixed zonally), along with precomputed heating rates to force the model (Bougher et al., 2015). Notably,
the dust in MGITM can be set in the same way as that in MarsPCM. However, at present, it has no real-time
radiative calculation; thus, dust heating is static and decoupled from the atmospheric variability. Conse-
quently, its influence on temperature and circulation is limited to predefined dust and heating profiles, with no
dynamic feedback. These differences in the treatment of dust and radiative feedback are expected to produce
noticeable discrepancies in the model outputs, particularly under dusty atmospheric conditions.

Additionally, MGITM incorporates a GW parameterization scheme that extends up to the exosphere, allowing the
model to capture gravity wave effects at very high altitudes (Roeten et al., 2022). However, the current GW
scheme in MGITM is static (Roeten et al., 2022). It does not include seasonal variability in the launching height of
the wave spectrum (at the top of the planetary boundary layer) and uses constant GW parameters. This lack of
spatial and temporal variability can lead to overestimated He densities, particularly in the nightside high-latitude
regions of Mars (Elrod et al., 2023). Consequently, studies of the He bulges under nominal dusty conditions and
the multiple phases of GDS using MGITM simulation are subject to biases. In contrast, MarsPCM sets the wave
launching level at a sigma pressure level ~250pa, which varies with location and season (Gilli et al., 2020),
allowing for more spatially variable GW effects. Comparisons between simulations with and without the GW
parameterization have already demonstrated the significant impact of GWs on shaping the global wind patterns
and thermal structure of the upper atmosphere (Elrod et al., 2023; Liu et al., 2023; Medvedev et al., 2011, 2013;
Roeten et al., 2022). These effects become even more pronounced under dust storm conditions, which alter global
circulation patterns and influence GW propagation and dissipation, feeding back into the dynamics (Elrod
et al., 2023; Medvedev et al., 2013). Although these differences do not fully account for the discrepancies in He
bulge densities between MarsPCM and MGITM, it is evident that dust conditions and gravity waves play a critical
role in the formation and evolution of He bulges throughout the Martian year, including during dust storms.
Despite differences in their parameterization, both models predict similar spatial and temporal patterns of the He
bulges and their response to the MY 34 GDS, suggesting that these features are largely model-independent.
Nonetheless, the combined effects of the differing GW and dust parameterizations may account for the remaining
discrepancies between the two models.

It is worth reminding that the simulations in this study were performed using MarsPCM version 5, and the results
show good agreement with those from MGITM. Recent developments in MarsPCM include updates to the dust
cycle (Millour et al., 2024; Wang et al., 2018) and gravity wave (GW) parameterizations (Liu et al., 2023, 2025).
In version 6, the dust cycle combines three key parameterizations: realistic injection constrained by daily sce-
narios, rocket dust storms, and mountain-top flows. Unlike version 5, which applied strict daily renormalization,
version six employs a modest radiative adjustment, allowing dust to evolve more freely with the dynamics.
However, these updates produce negligible effects on the upper atmosphere during the first half of the Martian
year at pressures below 2 Pa, though some hot biases appear in the second half (Bierjon et al., 2022). The hot bias
from high dust loading could be reduced by incorporating dust—gas non-local thermal equilibrium above 40 km,
although the dust updates in version 6 seem to have only a limited impact on the upper atmosphere (Goldenson
et al., 2008; Haberle et al., 2022).

Additionally, the GW scheme in version six extends to 250 km (Liu et al., 2023, 2025), compared to 120 km in
version 5 (Gilli et al., 2020), and is governed by seven tunable parameters. While most values remain similar
between versions, The GW parameterization constants in version 5 were not adjusted to Mars during the
development, which has been fixed in version 6 (Liu et al., 2023, 2025). For example, differences include the GW
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launch level, which is fixed at a constant pressure in version 5 but tied to the planetary boundary height in version
6. Both schemes dampen upper atmospheric winds though version 6 produces stronger effects along with upper
atmospheric cooling. At the time this work was initiated, the version six improvements had not been fully
validated or publicly released, making version 5 the more established and reliable choice. Nonetheless, incor-
porating version 6 could refine the upper atmospheric response, which may be a potential future scope of this
study.

6. Summary

In this study, the seasonal, latitudinal, and local time characteristics of He bulges, under nominal dust conditions,
are investigated using MAVEN NGIMS observations from MY 32 to 37, supported by MarsPCM simulations.
MarsPCM shows significantly better agreement with NGIMS observations than model simulations used in
previous studies (Elrod et al., 2017; Gupta et al., 2021). While MarsPCM simulated bulge densities are slightly
underestimated on the nightside regions of Mars, they are overestimated on the dayside. However, the locations of
the He bulges are well captured in the model simulations for all seasons. In addition, the impact of the MY 34
GDS on these bulges is examined using MarsPCM and further complemented by simulations from MGITM. We
focus on isolating the specific effects of the MY 34 GDS by analyzing simulations from both models during the
pre-, peak-, and post-storm phases. The results of the study show that during the GDS, upper atmospheric cir-
culation weakens, causing shifts in the location of He bulges with respect to both local time and latitude. Overall,
the findings of this study strongly suggest a correlation between the He bulge formation and the dynamic structure
of the Martian upper atmosphere.

During equinoxes, NGIMS observations show that helium densities are enhanced at equatorial latitudes
(30°N-30°S) during 0-8 hr and 20-24 hr LT. Additionally, some signatures in the NGIMS data suggest an in-
fluence of large dust storms on the formation or modification of He bulges. During solstices, the NGIMS data set
confirms that the northern winter bulge is nearly 10 times weaker than its southern counterpart. These obser-
vations are compared with “climatology” simulations from MarsPCM. The equatorial He density enhancement
observed during equinoxes is consistent with MarsPCM simulations, which indicate the presence of a nightside
equatorial He bulge in addition to the one observed at mid-to-high latitudes. This equatorial bulge was not
captured in the MGITM simulations carried out by Gupta et al. (2021). Furthermore, MarsPCM simulations show
that the southern mid-to-high latitude bulge extends across a broad latitudinal range, from ~45°N to 90°S, be-
tween 0 and 8 hr and 18-24 hr LT. This bulge exhibits a poleward extension in the southern hemisphere, which
was not captured previously by MGITM simulations, and was identified as an anomalous feature of the bulges in
Gupta et al. (2021) and Elrod et al. (2017). Additionally, southern hemisphere bulges are stronger than their
northern counterparts during equinoxes.

For solstices, MarsPCM simulations confirm the asymmetry in the strength of the winter bulges. Thus, the
seasonal variations in He bulge strength observed in the NGIMS data are well aligned with MarsPCM predictions.
In contrast, MGITM simulations predicted nearly uniform He bulge strength throughout the Martian year.
Moreover, MarsPCM predicted that winter bulges have a larger latitudinal extend and are situated farther
poleward, persisting across all local times at latitudes greater than 75° in the winter hemisphere. Also, poleward
displaced bulges during solstices and equinoxes are observed throughout the Martian year and are inherent to the
formation mechanism.

MarsPCM simulations reveal that the seasonal migration of He bulges begins around L, ~ 50°, shifting from the
northern to the southern winter hemisphere, and around L, ~183°, returning from the southern to the northern
winter hemisphere, an aspect not previously quantified. The latitudinal extent of the winter bulges also varies
seasonally and diurnally; it is larger during O—8 hr LT in the first half of the year and during 18-24 hr LT in the
second half. Additionally, the bulges are stronger during the first half of the Martian year at all local times.

During the MY 34 GDS, the He bulge exhibited slight changes in the pre-storm phase. However, a substantial
reduction in bulge density and a dispersal of the bulge toward the dayside of Mars occurred during the peak phase,
indicating a strong impact of the GDS. Subsequently, the He bulge gradually returned to its seasonal norm during
the decay phase of the storm. The changes are apparent in the simulations from both the MarsPCM and MGITM
models. During the peak phase, a substantial decrease in the magnitude of dayside meridional winds relative to the
“climatology” dust scenario is observed in MarsPCM simulations. This weakening of the meridional circulation
causes He bulge to remain confined to the dayside. The plausible mechanism responsible for this dampening is the
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alteration of the thermal and dynamical structure of the upper atmosphere. These alterations are likely caused by
reduction in vertical transport of energy, changes in radiative cooling, and energy and momentum deposition by
gravity waves. These effects collectively reduce the day-to-night transport of helium, thereby explaining the
observed dayside retention of the He bulge. These findings represent a significant contribution to advancing
model development and improving our understanding of the Martian upper atmosphere.
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the Mars Climate Database (Forget et al., 1999; Millour et al., 2018) project webpage at https://www-mars.Imd.ju
ssieu.fr/mars/dust_climatology/ in NetCDF format, and on the Europlanet VESPA repository (https://vespa.
obspm.fr/ then search for Mars dust — Mars airborne dust) in FITS format. The MGITM simulations used in
this study are archived on the university of Michigan Deep Blue Data repository (Bougher, 2025; Roeten &
Bougher, 2022).
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