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Abstract: Mars atmospheric dynamics are crucial for understanding its climate and weather patterns,
especially over plateaus. Previous studies have explored localized atmospheric heating mechanisms
over Mars plateaus only to a little extent. The local atmospheric heating dynamics over the Tharsis
plateau, especially during global dust storms (GDSs), have not been quantitatively analyzed before.
Based on reanalysis datasets, our analysis reveals that the central highlands of Tharsis experience
~130 K diurnal temperature fluctuations, driven by intense daytime convective activity. Surface
temperature and near-surface air temperatures show fluctuations approximately 25 K and 20 K
higher than those at similar latitudes, respectively. We quantify a super-adiabatic lapse rate around
noon that suggests strong atmospheric instability, previously unquantified in this region. By dusk,
the atmosphere stabilizes, presenting a homogenized condition. At aphelion, sensible heating and
adiabatic terms control the atmospheric heating, while, at perihelion, radiative and sensible heating
predominate. Notably, the onset of GDS significantly alters this dynamic, reducing the ground-
air temperature gap from 17 K to 5 K and enhancing diabatic heating (adiabatic cooling) in the
mid-to-lower (mid-to-upper) troposphere, with increases in radiative components up to 60 W/m?.
Keywords: Tharsis Bulge on Mars; atmospheric heating mechanism; convective activity;
thermodynamic energy equation; diabatic terms; global dust storm

1. Introduction

The influences of elevated terrain on weather systems and atmospheric circulations
are of great interest in geosciences due to their thermal effects. The profound influence
of Earth’s Qinghai-Tibetan Plateau on monsoonal activity and broader climatic systems
exemplifies this, as demonstrated in multiple studies [1-6]. This phenomenon offers a
valuable analogy for exploring similar atmospheric dynamics on Mars, specifically over
the elevated region of the Tharsis Bulge.

The Tharsis Bulge (TB), characterized by its significant altitude, is stricken with ex-
treme diurnal temperature changes that play a pivotal role in the heating and circulation
patterns of Mars” atmosphere. Nevertheless, despite the acknowledged significance of
these processes on Earth [5,7-10], research exploring these dynamics on Martian plateaus
has been constrained. Adding to the complexity, Mars shows a dynamic dust cycle that
influences radiative transfer and, subsequently, atmospheric temperatures, circulation, and
wave patterns [11-13]. The interaction between the dust cycle, water cycle, and wave
activity [14] brings a unique complexity to the Martian lower atmosphere. This complexity
makes the study of thermal dynamics in the Tharsis region not only innovative but vital for
increasing our understanding of Martian atmospheric science.

In 1982, Kahn et al. [15] observed strong downslope flows in the boundary layers on
the steep slopes of two volcanoes in the TB region. Between these peaks, in saddle-like
areas, the airflow slows and undergoes a hydraulic jump, resulting in the formation of
elongated clouds. Hinson and Wilson (2004) [16] noted that adiabatic cooling above TB
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leads to the formation of water ice clouds, with their variability modulated by thermal
tides. Furthermore, the radiative forcing of these clouds reciprocally influences the tides,
creating a tide—cloud coupling that produces a temperature inversion of about 30 K dur-
ing the midsummer of the Northern Hemisphere (Ls = 134°-162°) above TB. Studies by
Wilson et al. (2007) [17] and Benson et al. (2003) [18] highlighted diurnal and seasonal
variations of water ice clouds over the TB region’s volcanoes, which are significantly more
pronounced than in other regions and are accompanied by substantial radiative forcing.
Montmessin et al. (2004) [19] and Wordsworth et al. (2013) [20] showed through modeling
that adiabatic cooling effects lead to significantly lower temperatures in the valleys of
the southern highlands compared to the global average. Long-term climate simulations
indicate that, under these conditions, water ice is transported from low-lying areas to high-
lands across broad orbital inclinations and from poles towards the equator. These findings
are significant, revealing the impacts of adiabatic (adiabatic cooling), diabatic (water ice
cloud radiative heating), and atmospheric heating (affecting thermal tides) processes above
TB. Our work goes further by quantifying the contributions and vertical distributions of
advective, adiabatic, and diabatic terms using the thermodynamic energy equation. We
aim to more comprehensively explore the heating mechanisms above the plateau, focusing
on the integrated contributions of each heating component, including radiative effects of
water ice clouds, and providing a more detailed examination of the associated processes.

It is also meaningful to study the relations between the plateau heating mechanism
and Martian Global Dust Storms (GDSs). Actually, GDSs tend to cause net warming of the
surface temperature and near-surface air temperature in low thermal inertia (T1I) regions,
including the middle north region of TB (Figures 1a,b and 2b in the work of Streeter et al.
(2019) [21]), where strong nightside warming outweighed dayside cooling. The unique
interactions between Mars topography and its atmosphere, particularly over the Tharsis
Bulge, mirrors Earth’s high plateaus, where diurnal cycles significantly affect thermal
behaviors [2,10]. Mars’ extreme conditions [22,23] are expected to amplify these effects, but
the specific impacts of its diurnal variations on the Tharsis region remain underexplored,
despite extensive analogous studies on Earth [2,10]. Additionally, the modulation of solar
and infrared flux by GDSs introduces further complexity to these thermal processes [24,25],
with their direct effects on regions like the Tharsis Bulge largely unexplored.

Previous research has contributed substantially to our understanding of Martian dust
storms. In 1977, Toon et al. [26] investigated the physical properties of particles com-
posing a Martian dust storm, providing foundational insights into dust composition and
behavior. Clancy et al. [27,28] further utilized observations from the Mars Global Surveyor
(MGS) Thermal Emission Spectrometer (TES) to study dust optical depths, particle sizes,
and ice cloud formations across different latitudes and solar longitudes. Their findings
provided valuable insights into the spatial and temporal variability of dust distribution
and revealed the vertical distribution of dust particles in the Martian atmosphere. Af-
terwards, researchers have further deepened the understanding of dust using various
instruments. In addition, Vasilyev et al. (2009) [29], Maattanen et al. (2013) [30], and
Guzewich et al. (2014) [31] conducted detailed investigations into the vertical distribution
and climatology of Martian aerosols, utilizing data from instruments aboard spacecrafts of
the Visible and Infrared Mineralogical Mapping Spectrometer (OMEGA) onboard Mars
Express (MEX), Spectroscopy for the Investigation of the Characteristics of the Atmosphere
of Mars (SPICAM) onboard MEX, and the Compact Reconnaissance Imaging Spectrome-
ter for Mars (CRISM) onboard Mars Reconnaissance Orbiter (MRO), respectively. These
studies provided crucial insights into the dust aerosol characteristics on Mars, contributing
to our understanding of Martian atmospheric processes. Recently, Smith et al. (2023) [32]
examined diurnal and seasonal variations of dust optical depths observed by the Mars
Environmental Dynamics Analyzer (MEDA) at Jezero Crater. Cozzolino et al. (2024) [33]
developed the Micro Measurement Environment Dust (MicroMED) sensor, advancing dust
monitoring capabilities. Their study offers valuable insights into short-term and long-term
aerosol dynamics, complementing previous research on Martian dust storms.
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Benefitting from previous excellent works [21,34-39], it is now clear that Mars GDSs
block downward solar shortwave radiation during the day, leading to surface cooling, while,
atnight, they cause surface warming through backscatter and longwave emission. However,
critical questions remain unanswered about the proportion of this radiative effect in the
total non-adiabatic heating of the atmosphere, the contribution of non-adiabatic heating to
atmospheric warming, how these factors change with the development of GDSs, and their
vertical structure, among others. GDSs are a unique phenomenon on Mars [21,34,36-38,40],
and the heating mechanism dominated by these storms on the plateau is also worthy of
investigation. Research on the Tibetan Plateau has focused on the water-related influence
on the heating mechanism of the plateau [6,9,41-43]. Although scientists have pointed
out that dust and water cycles are somewhat similar in some respects [14], there are still
significant differences in their impacts on atmospheric heating mechanisms. For example,
dust contributes more to the radiative term in diabatic heating but has no contribution to the
latent heat term; on the other hand, the contribution of water vapor is more concentrated
on the latent heat term.

Recent advancements in Martian atmospheric data, notably through the Ensemble
Mars Atmosphere Reanalysis System (EMARS), have provided unparalleled insights into
the Martian atmosphere by integrating observations from various spacecraft and General
Circulation Models (GCMs) [44]. These data allow for a detailed analysis of the Martian
atmosphere’s interaction with topographical features such as the Tharsis Bulge [45]. The
significance of topographical diversity in understanding Martian climate dynamics has
also been emphasized in recent studies, such as that by Montabone et al. (2014) [46].

This research aims to deepen our understanding of the thermal dynamics atop Mars
central highland, the Tharsis Bulge, using the comprehensive dataset provided by EMARS.
By drawing parallels with the Qinghai-Tibetan Plateau and incorporating the unique dy-
namics of Martian dust, this study seeks to uncover the complex local heating mechanisms
at play over the Tharsis central highland. Our focus will be on elucidating the processes
that drive diurnal temperature shifts in this region and how these are influenced by Martian
dust storms, which are crucial in shaping the atmosphere over plateaus.

2. Materials and Methods

In this research, we employ the residuals calculation method to obtain the atmospheric
apparent heat (Q1) and the thermodynamic energy equation to distinguish the diabatic
terms in the atmospheric heating process [10]. Leveraging the EMARS Version 1.0 data
spanning Martian years 24 to 33, our analysis focuses on atmospheric variables during key
seasonal periods, including a GDS event.

2.1. Data

Single observational datasets lack the precision and coverage necessary for this
study. The current leading Martian atmospheric reanalysis datasets include EMARS [44],
MACDA [46], and OpenMars [47], all of which are highly regarded. However, due to the
specific needs of our research, we selected EMARS for three main reasons. First, EMARS
offers the highest vertical resolution among these datasets, providing data on 28 mixed
sigma—pressure levels from the surface to ~0.035 Pa, which is crucial for detailed calcula-
tions of atmospheric heating mechanisms’ vertical profiles, especially in the troposphere. In
contrast, OpenMars covers 25 sigma levels up to ~100 km, and MACDA spans 25 sigma lev-
els from 610 to 0.034 Pa on average. Second, EMARS provides a finer temporal resolution
of one Martian hour, compared to two Martian hours for both OpenMars and MACDA,
allowing for a better delineation of diurnal atmospheric variations.

We are pursuing the advancement of our comprehension of the Martian atmosphere by
employing an intricate methodology centered around EMARS Version 1.0, established by
Greybush et al. (2019) [44]. This dataset, spanning the Martian years 24 to 33 (1999 to 2017
on Earth), consists of hourly gridded atmospheric variables that encapsulate the dynamic
state of Mars’ atmosphere with unprecedented detail and accuracy. EMARS represents
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a pioneering effort to merge sparsely distributed observational data with a sophisticated
dynamic model, judiciously balancing them against their inherent uncertainties to craft
an optimal representation of the Martian atmospheric state. This assimilation of remote
sensing data collected from a series of Martian probes with the theoretical and computa-
tional frameworks of the Geophysical Fluid Dynamics Laboratory (GFDL) Mars Global
Climate Model (MGCM) provides a holistic view of the Martian atmosphere’s state and its
temporal evolution.

Central to the EMARS framework is its reliance on the Local Ensemble Transform
Kalman Filter (LETKF), a data assimilation technique that ensures the meticulous integra-
tion of observational data from instruments such as the TES aboard the MGS and the MCS
on the Mars Reconnaissance Orbiter (MRO). This approach allows for the precise calibration
of the model’s background states by addressing discrepancies between observed data and
model predictions, thus refining our understanding of Martian atmospheric processes.

In this study, we delineate the central highland (CH) region of Tharsis as encompassing
18 °5-2.57° and 123 “W-93 °W (Figure 1). This region, characterized by its elevated
topography, displays marked diurnal meteorological variations. Specifically, we utilized
EMARS data grid points, as shown by the red dots in Figure 1, and the average values of
these data points were employed to represent the overall results for the CH region.
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Figure 1. CH region (small red box) and the EMARS grid points used (red points). We also show the
comparison region (cyan box) and the corresponding grid points (cyan points) at the same latitude
used in Figure 2, i.e., the #1 region 120° east of CH, #2 region 160° east of CH, #3 region 210° east of
CH, and #4 region 260° east of CH.

Here, we use the hourly wind, temperature, and pressure data in Ls = 180-360°
Martian Year (MY)28 and Ls = 0-360° MY30. The dataset has 6° (lon) x 5° (lat) grids with
28 vertical levels in hybrid sigma—pressure coordinates, with 13 of these levels are in the
lowest scale height (~10 km) of the atmosphere. Interactions between the land surface and
the atmosphere, such as heat flux and momentum transfer, are most pronounced in this
height range. The terrain following nature of the hybrid sigma—pressure system allows
for a better simulation of these exchanges. In a hybrid sigma—pressure coordinate system,
the “near-surface layer” refers to the lowermost levels of the atmosphere that are closely
aligned with the surface, where the system behaves more like a sigma coordinate, following
the terrain. Specifically, for each latitude and longitude grid point, the pressure at the k
level is calculated using the following formula [44]:

D — Psic (b1 — bi) + akq — ag 1)
In(pstcbiy1 + ax1) — n(psecbi + ax)
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In Equation (1), pss represents the surface pressure, while a; and by are the pressure
coefficient and sigma coefficient within the hybrid sigma—pressure coordinate system
provided in EMARS, respectively. In EMARS, the levels are numbered from 1 to 28 going
from the top of the atmosphere to near the surface. Consequently, for the near-surface layer
pas in question, ag = 0.002, a9 = 0, bpg = 0.9933, and by = 1.
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Figure 2. Diurnal variations in the CH region (cyan lines) and the comparison regions at the same
latitude, i.e., the #1 region 120° east of CH (green lines), #2 region 160° east of CH (black lines),
#3 region 210° east of CH (red lines), and #4 region 260° east of CH (purple lines), as previously
boxed out in Figure 1, during the 30th Martian year’s Northern Hemisphere winter. The daily cycles
of (a) ground surface temperature (TS), (b) near-surface air temperature (TA), (c) TS-TA, (d) surface
pressure, and (e) water vapor mass mixing ratio are shown.

Our analytical focus narrows to the atmospheric conditions during the winter season of
the Northern Hemisphere’s 28th Martian year, a period marked by a significant GDS [45,48],
alongside the comparative climatology of the 30th Martian year’s summer and winter
seasons. This latter period, chosen for its absence of GDSs, serves as a climatic baseline,
with the adjacent 29th and subsequent 31st Martian years providing additional stability
without GDSs for our study. Within this framework, we delve into the examination of
key atmospheric variables, including pressure; surface and near-surface air temperatures;
three-dimensional wind fields; adiabatic heating (sensible, latent, and radiative heating);
diabatic heating; advective term; water vapor; and dust mixing ratios. These variables
are crucial for understanding the Martian atmosphere’s response to seasonal changes and
dust activity, allowing for the derivation of additional physical quantities that further
illuminate the intricate dynamics. By dissecting these variables within specified seasonal
and temporal windows, our study seeks to elucidate the atmospheric behavior during
periods of climatology and storms over the Tharsis Bulge in detail.

This study applies averaging periods of 90-180 Ls for the Northern Hemisphere
summer and 270-360 Ls for the Northern Hemisphere winter on Mars, paralleling Profes-
sor Yanai’s method of averaging over four months (May-August) for Earth’s Northern
Hemisphere summer [10]. We focus on atmospheric heating mechanisms, where the ther-
modynamic energy equation reveals that fluctuations, during Martian winter, remain
meaningful and manageable (detailed in Sections 3.3 and 3.4). This averaging filters out
transient fluctuations, revealing the stable underlying seasonal characteristics that are
crucial to our study. In specific domains, employing a 270-360 Ls average to represent
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Martian winters is a common practice in both observational [49] and simulation-based [20]
Martian atmospheric studies, even used for assessing atmospheric optical depths [50],
thus supporting its validity in representing both direct and indirect dust effects. However,
averaging over 90-degree Ls still obscures atmospheric details on Mars due to its strong
seasonal changes, unlike Earth. Therefore, this study includes an intra-seasonal analysis at
5-degree Ls intervals (Figures S1-S9) alongside seasonal averages.

In addition, the study used all the 24-h LT to perform the investigation. Strong atmo-
spheric tides on Mars cause temperature anomalies to shift to earlier local times at lower
pressures, affecting wind fields, dust, and clouds [51-54]. Given the significant influence
of tides on the Martian atmosphere, which differs greatly from Earth’s, it is essential to
consider the entire 24-h local time period in analyses. This comprehensive approach is
necessary for accurate conclusions, as partial coverage may lead to incorrect interpretations.

2.2. Methods

In this comprehensive analysis, we elucidate the sophisticated computational method-
ologies employed to investigate the Martian atmospheric heat dynamics. Utilizing the
seminal framework established by Yanai et al. (1994) [10], our calculations hinge on a
precise formula designed to quantify the atmospheric apparent heat source, Q;, integrating
key atmospheric variables and dynamics. This equation

K
(P (90 . 9
Q1—Cp(p0> (at-l-vVG—i—wap (2)

serves as the cornerstone of our computational approach, where 0 is the potential tem-
perature, v denotes the horizontal wind velocity, and w = dp/dt represents the vertical
velocity in relation to pressure p. The parameters are k = R/cp, with R and ¢, being the
gas constant and specific heat at constant pressure for dry air, respectively, and pg = 636 Pa
is the surface pressure at the mean radius [55].

Expanding upon this foundational equation, we delve into the advective, adiabatic,
and diabatic contributions, derived from the thermodynamic energy equation:

M _ o (P) 0. Q&
5 = v-VT <Po> w8p+cp 3)

where T is the air temperature (K). This equation enables a nuanced analysis of the atmo-
spheric energy balance and heat dynamics. We extend our computational rigor by vertically
integrating Q1, alongside the latent heat term (lheat) and the radiative term (h rad), from
the Martian surface up to the tropopause, employing the integration notation introduced

by Yanai et al. (1994) [10]
1 [Ps

<>z§/pT<>dp (4)

to ascertain the vertically integrated values of these critical thermal components.

Employing the EMARS data, our investigation encompasses a broad spectrum of
variable analyses that illuminate the complex dynamics of the Martian atmosphere. The
diurnal variations of surface pressure, temperature, near-surface air temperature, and dust
mixing ratios within Tharsis” central highland during distinct seasons are analyzed, which
are further enriched by vertical cross-sections and time-height contour plots of potential
temperature, water vapor, and dust mixing ratios to reveal vertical details.

In addition to these detailed analyses, our study also ventures into the examination of
wind field streamline maps during summer and winter, complemented by time series data
of vertically integrated diabatic terms (Q1, 1 heat, s heat, and h rad). These analyses show
the seasonal changes of atmospheric heating mechanisms.
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3. Results
3.1. Characteristics of the Planetary Boundary Layer

Our analysis, depicted in Figures 2 and 3, captures the diurnal flux in the surface
and near-surface meteorological parameters during the winter season of the Northern
Hemisphere (Ls = 270°-360°), which corresponds to the summertime for the CH region
primarily situated in the Southern Hemisphere, for the 30th Martian year.

100 (a) Theta (b) Water Vapour
— 0000LT
— 0600LT
= — 1200LT
& 1800LT
2
g
£ 104
200 250 300 350 2 4
(K) (kg/kg) 1x10°
101 (c) Dust (d) w
<
&
&
2
g
£ 104

2 4 -4 2 0 2
(kg/kg) 1% 107 (Pa/s) 1% 10

Figure 3. A vertical cross-section extending from the near-surface layer of the CH region upward
to 10 Pa during the Northern Hemisphere’s winter, displaying mean distributions of potential
temperature (a), water vapor (b), dust mixing ratios (c), and vertical wind speed (d), revealing
stratification and diurnal shifts in the troposphere.

Firstly, we analyzed diurnal patterns in the surface pressure within the CH region
(Figure 2d), which revealed a peak pressure at the local midnight (0000LT, 105 °W) and a
minimum pressure at 1600LT, with the diurnal amplitude approximating 12.5 Pa. As the
highest plateau on Mars, CH has a significantly lower pressure than the surrounding areas
(Figure 2d), accompanied by relatively higher diurnal variations of the surface temperature,
the air temperature at the lowest atmospheric level, and the differential between surface
and air temperatures, shown in Figure 2a—c. These degrees of temperature differences
and moisture characteristics are among the possible factors influencing the unique heating
mechanisms of the atmosphere above CH, as discussed in subsequent sections.

Notably, surface temperatures exhibit a rapid ascent post-sunrise at 0600LT, achieving
a zenith after noon (1300LT), followed by a gradual decline to the lowest point just prior
to the next sunrise (0500LT). Conversely, the surface air temperature begins its ascent at
0700LT, reaching its peak after noon (1500LT) and then diminishing until the next sunrise
(0600LT). The observed average diurnal temperature range on the plateau’s surface is
~130 K, in contrast to the relatively lower range of ~105 K in the comparison areas at the
same latitude. The discrepancy in the amplitude and phase of surface and air temperature
shifts culminates in diurnal fluctuations in the temperature differential between the ground
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and the air, with a disparity peak reaching up to 50 K around noon and a minimum of
approximately —2 K at night.

The diurnal variations of the ground surface temperature (TS), near-surface air tem-
perature (TA), TS-TA, surface pressure, and water vapor mass mixing ratio are generally
stable in the 30th Martian year’s Northern Hemisphere winter (Figure S1). Conventional
perspectives suggest that surface temperature variations in the Tharsis region do not sig-
nificantly differ from those in other areas, which has led to less focus on this region. To
investigate this, we conducted comparative experiments with four regions at the same
latitude as the CH region, as depicted in Figure 1. However, our research has identified pre-
viously unrecognized features in the surface temperature differences within the CH region,
including diurnal variations that exceed those of other regions at similar latitudes. Our
findings, detailed in Figure 2, show that the central highlands of Tharsis undergo diurnal
surface temperature differences of approximately 25 K and near-surface air temperature
fluctuations around 20 K greater than those observed in adjacent plains. Such pronounced
diurnal temperature differences are significant enough to cause atmospheric water vapor to
manifest in distinctly different phases, such as water vapor and water ice, across latitudes.

We also found that a deep mixing layer extends from the surface to 200 Pa, as Figure 3a
shows in the evening (1800LT), with a super-adiabatic lapse rate layer indicating strong
instability during midday (0600LT). At dusk (1800LT), the boundary layer mixing is optimal,
with the mixed layer reaching greater heights than at other times: potential temperature
below ~200 Pa (Figure 3a), water vapor below ~80 Pa (Figure 3b), and dust below ~250 Pa
(Figure 3c) show almost no variation with the altitude. During the evening transition,
the boundary layer exhibits optimal mixing and reaches its peak altitude due to residual
daytime heating and the onset of nocturnal cooling. This period is characterized by a
significant reduction in surface temperature inversion, which normally suppresses vertical
motion. Consequently, the weakened inversion coupled with the persisting thermal energy
from the ground facilitates greater vertical mixing. Additionally, evening conditions often
involve increased wind shear, which introduces mechanical turbulence, further enhancing
the vertical uplift. Collectively, these factors contribute to a notably higher ascent rate in
the mixed layer’s vertical wind speed (Figure 3d), allowing for a more pronounced and
efficient mixing of atmospheric constituents.

Notably, when analyzing within the season at intervals of 5 Ls, we found that the
potential temperature, water vapor, dust, and vertical velocity profiles at 1800LT were
more stable compared to other times (Figure S2). This is characterized by a well-developed
mixed layer near the surface and upward vertical wind speeds.

Figure 4 presents the vertical time profiles of potential temperature, water vapor
mixing ratio, and dust mixing ratio during 0000LT, 0600LT, 1200LT, and 1800LT of the 30th
Martian winter in the CH region. The profiles in Figure 4a,b reveal that the mixing layer in
the evening is significantly more developed than in the early morning. Correspondingly;,
the water vapor and dust in the evening (Figure 4d,f) show a more pronounced barotropic
structure within the height range of the mixing layer compared to the early morning
(Figure 4c,e).
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Figure 4. Comparative vertical time slice profiles of potential temperature (a—d), water vapor (e-h),
and dust mixing ratios (i-1) in 0000LT, 0600LT, 1200LT, and 1800LT, extending from the near-surface
layer of the CH region upward to 10 Pa, during the 30th Martian year’s winter.

3.2. Basic Analysis of Large-Scale Wind, Pressure, Temperature Fields, and Dust
Distribution Characteristics

In this section, we succinctly describe the mean large-scale fields and their diurnal
variations in the CH region during the Northern Hemisphere winter. The large-scale charac-
teristics of horizontal flow, temperature, and dust distributions around the highlands and
their vicinity are discerned through seasonal mean maps, facilitating qualitative discussions.

We adopted the methodology of utilizing averages and differences between measure-
ments at 0000LT and 1200LT (corresponding to local noon and midnight at Tharsis) to
characterize the diurnal temperature averages and variations over the TB region. This ap-
proach is inspired by Yanai’s meaningful work on diurnal temperature cycles over Earth’s
Tibetan Plateau [10]. Yanai employed the coldest temperature recorded at 0600LT and
the peak temperature at 1800LT, marking a consistent 12-h interval. In contrast, based
on Martian conditions near TB, we selected 0000LT for near-minimal temperatures and
1200LT for maximal temperatures for two primary reasons. Firstly, the gradual decline in
nighttime temperatures on Mars, as evidenced in Figure 2a, shows minimal temperature
variation between 0000LT and the lowest point at 0500LT. Secondly, the significant tem-
perature differences on Mars do not align with a 12-h cycle as they typically do on Earth,
necessitating a methodological adjustment. Therefore, our selection of 0000LT and 1200LT,
spaced exactly 12 h apart not only aligns with the natural diurnal rhythm but also adheres
to Yanai’s methodological precedent. This optimized approach was chosen to reflect the
unique Martian environmental conditions rather than adhering strictly to terrestrial time
points of noon and midnight.

Streamline and isotach analysis at 150 Pa clearly reveals the topographic and thermal
effects of the CH region on a large-scale flow. The most prominent feature in the mean
circulation during this period is the deflection of a northward flow around the CH region
(with the wind direction tending to follow the contours of CH’s southern topography),
with wind speeds over the highlands slightly exceeding those in the surrounding areas
(Figures 5a and S3a). Combining the 5 Ls interval analysis (Figure S3b) and seasonal
average daily mean vector difference fields (Figure 5b) reveals a wind convergence center
in the northwestern CH region at 1200LT compared to 0000LT. This convergence center
migrates northward from the western CH region (~270 Ls) to the northwestern CH region
(~350 Ls) (Figure S3b). Regarding the wind field differences over CH, the wind direction
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at 1200LT compared to 0000LT shifts from northeasterly (~270 Ls) to southerly (~360 Ls)
(Figure S3b). The wind at 1800LT compared to 0600LT shows slight fluctuations in the
winter but generally remains northwesterly (Figure S3c). Notably, both cases exhibit
significantly stronger wind speeds over CH during the daytime compared to nighttime,
with a greater increase than in the surrounding regions. These characteristics are also
roughly observable in the seasonal average maps (Figure 5b,c).
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Figure 5. Large-scale atmospheric circulation patterns at 150 Pa over the CH region (black points),
showing (a) the daily mean, (b) 1200LT-0000LT, and (c) 1800LT-0600LT, during the 30th Martian year’s
winter. Topographic contours are represented by contour lines (areoid coordinates), with a contour
interval of 3 km, and the zero elevation contour is a solid line.

We also found the thermal influence of the highlands evident in the distribution of
pressure and temperature near the surface of the highlands. During winter, a vast cold
high is present at an altitude of 150 Pa over the highlands (Figure 6a), with a deep structure
extending from 250 Pa to approximately 30 Pa that is generally stable in winter (Figure S4a).
Furthermore, we observe a significant temperature difference of ~12 K between 1200LT
and 0000LT at a similar altitude range over the northwestern corner of the highlands
(Figure 6b) generally stable in the northwestern CH (Figure S4b), corresponding to the
enhanced daytime influx of air over the northwestern highlands mentioned in Figure 5b.
It is noteworthy that there is also a temperature difference of ~—6 K between 1800LT and
0600LT (Figure 6c), moving from the northwestern CH (~270 Ls) to western CH (~360 Ls)
(Figure S4c).
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Figure 6. Distribution of temperature at 150 Pa above the CH region (black points), showing
(a) the daily mean, (b) 1200LT-0000LT, and (c) 1800LT-0600LT, during the 30th Martian year’s winter.
Topographic contours are represented by contour lines (areoid coordinates), with a contour interval
of 3 km, and the zero elevation contour is a solid line.

Figure 7a—c present the mean distribution and diurnal difference fields of the water
vapor mixing ratio at 150 Pa. Notably, within the longitudinal range of the CH region at
low latitudes, the water vapor mixing is significantly higher than in other regions at the
same latitude (Figure 7a), especially in late winter (Figure S5a). The combination of the
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5 Ls interval analysis (Figure S5b) and seasonal average daily mean vector difference fields
(Figure 7b) reveals a center of negative water vapor values at 1200LT relative to 0000LT
in the northern CH region, exhibiting significant seasonal fluctuations (Figure S5b). In
contrast, a center of positive water vapor values is observed at 1800LT relative to 0600LT in
the same region (Figure 7c), which are stronger and more stable compared to the negative
center mentioned earlier (Figure S5c).
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Figure 7. Distribution of the water vapor mass mixing ratio at 150 Pa above the CH region (black
points), showing (a) the daily mean, (b) 1200LT-0000LT, and (c) 1800LT-0600LT, during the 30th
Martian year’s winter. Topographic contours are represented by contour lines (areoid coordinates),
with a contour interval of 3 km, and the zero elevation contour is a solid line.

In addition to stronger diurnal variations of near-surface water vapor over the CH
region compared to similar latitudes (Figure 2e), we also observed higher daily average
water vapor levels in this region (Figure 7a). These characteristics of water vapor are likely
linked to water ice clouds, which are predominantly composed of fine ice crystals that
can sublimate under certain conditions. The modeling studies by Montmessin [19] and
Wordsworth [20] showed that adiabatic cooling can significantly reduce temperatures in
the valleys of the southern highlands below the global average, leading to the transport of
water ice from low-lying areas to elevated regions and from the poles towards the equator.
The changes in water vapor over the TB region are likely caused by the phase change of
water ice clouds transported from other areas.

In Figure 8a—d, we present the mean vertical velocities w at 150 Pa during the nocturnal
(0000LT), early morning (0600LT), midday (1200LT), and evening (1800LT) periods of the
30th Martian winter. The diurnal variation in vertical velocity over the highlands is
pronounced, with most of the highlands experiencing downward mean vertical motions
at midnight and early morning and upward motions at noon and evening. However, two
areas warrant attention.

At midnight (0000LT), localized upward motions were observed over the northern
CH region. Subsequently, intense subsidence occurred over the northwestern CH region
in the early morning hours (0600LT); this subsidence dissipated around noon (1200LT)
and gradually transitioned into an upward motion, reaching its peak by late afternoon
(1800LT). This pronounced vertical motion variability in the CH region is attributed to
the significant diurnal temperature contrast between the land and the atmosphere. The
upward air currents over CH at 0000LT, 1200LT, and 1800LT and the downward air current
over CH at 0600LT exhibit slight seasonal fluctuations in intensity but remain consistent in
direction (Figure S6).

Vertical updrafts are crucial for dust transport processes; hence, the region of frequent
dust maxima near Arsia Mons (8°21’S 120°05'W) around 1500LT (Figure S7d) may be
associated with the upward air motion over CH shown in Figure 8.



Remote Sens. 2024, 16,

1950

12 of 21

1x1073
. — (b) 0600LT i
20°N | 20°N 1 3.2
oN oN | 2.4
10°N 10°N To
EQ1 EQ1 08 &
10°S 10°S 00 &
el e 0.8
20°S 20°S 1.6
30°51 30°51 2.4
o . oc | 32
40°S : . 40°S : :
180°  120°W  60°W 0° 180°  120°W  60°W 0°
1x10°2 1 %102
305N (c) 1200LT o (d) 1800LT
20°N- 2 v ? 20°N | 3.2
10°N { [ Upward motio 0 10°N { Upward motio (1)8
EQ . 12 EQ| 162
(] ]
10°S 1 28 10°S- 328
20°S1 = 'z 20°S 1 4.8
30°S 5 30°S L \ gg
40°S ‘ - 40°S - : ©
180°  120°W  60°W 0° 180°  120°W  60°W 0°

Figure 8. Diurnal variations in the mean vertical velocity w (Pa/s) at 150 Pa during the nocturnal
((a) 000OLT), early morning ((b) 0600LT), midday ((c) 1200LT), and evening ((d) 1800LT) periods of
the 30th Martian winter over the CH region (black points). The vertical motion patterns above CH are
specifically annotated in the figure. Topographic contours are represented by contour lines (areoid
coordinates), with a contour interval of 3 km, and the zero elevation contour is a solid line.

3.3. Plateau Heating Mechanism on Tharsis

We examined the diurnal mean and vertically integrated atmospheric apparent heat
source Q1, including its latent and radiative components, in pursuit of elucidating the
seasonal variations and dust-related mechanisms of atmospheric heating in the CH region
on Mars across two distinct seasons. The sensible heat component was deduced by subtract-
ing the latter two from Q1. As depicted in Figure 9a, during the Northern Hemisphere’s
summer, Q1 is predominantly governed by the sensible heat component, maintaining a
stable presence around 10 W/m?2. However, Q1 also exhibits corresponding increases in
conjunction with significant peaks in the radiative component (e.g., around Ls = 173°).

In 270-360° Ls, when the CH region predominantly resides in the Southern Hemi-
sphere, the radiative component is mostly negative and highly correlated with the dust
opacity (DOD) time series (Figure 9c). Figure 9b illustrates that, in the Northern Hemi-
sphere’s winter, Q1 is dominated by the radiative component, but as the radiative heating
diminishes towards the end of winter, it is compensated for by an increase in sensible heat,
thereby stabilizing the overall Q1. In 90-180° Ls, the correlation between the radiative
component and DOD is less consistent; initially, both decline together, but in the latter
half, the DOD briefly increases while the radiative component continues to fall (Figure 9d).
Unlike Earth, where latent and sensible heat predominantly drive Q1 variations [1,2,43,56],
on Mars, the combination of radiative and sensible heat takes precedence, with the radia-
tive component assuming greater importance and the latent heat being negligible. This is
attributed partly to the arid state of the Martian atmosphere and partly to the extensive
radiative effects of Martian dust.
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Figure 9. Time series of the daily mean and vertically integrated atmospheric apparent heat source
Q1 and its latent heat (I heat), sensible heat (s heat), and radiative (h rad) terms in the 30th Martian
year’s Northern Hemisphere’s summer (a) and winter (b) of the CH region, and time series of the
corresponding dust distributions (c,d).

In both summer and winter of the Northern Hemisphere, we present key time series to
corroborate the role of sensible heat heating on the Martian plateaus. These series include
diurnal mean surface temperatures, near-surface air temperatures (the closest atmospheric
pressure level to the surface), and the surface—air temperature difference over the CH
region (Figure 10). The surface-air temperature difference in the CH region on Mars does
not exhibit significant seasonal variations; yet, with an average value of approximately
15 degrees, it significantly exceeds that of the Tibetan Plateau on Earth during the same
periods (averaging about 3-7 degrees, as shown in Yanai’s Figure 14 [10]). This suggests
that sensible heat transport in the CH region is possibly stronger than that over the Tibetan
Plateau, underscoring the importance of sensible heating on Mars. Furthermore, we
find that, even under conditions of near-constant surface—air temperature differences,
the sensible heat component still dynamically balances with the radiative component to
some extent, contributing to the stabilization of Q1. These findings, in conjunction with
the intense diurnal variations in surface temperatures (Figure 2a), indicate that surface
conditions on the plateaus are conducive to dry convective heat transfer.

We analyzed each term of the thermodynamic energy equation (see Equation (3)) to
gain a deeper understanding of the boundary layer structure. This analysis accounts for
local temporal changes in temperature and encompasses horizontal thermal advection,
adiabatic heating, and diabatic heating terms from left to right. Figure 11 presents the
average vertical profiles of the terms of the thermodynamic energy equation over the CH
region during the summer and winter in the Northern Hemisphere. Within the Martian at-
mospheric boundary layer, the advection term over the CH region is notably less significant
than that over the Tibetan Plateau, consistently contributing negatively, remaining stable,
and being significantly smaller relative to the other two terms; hence, it is not discussed
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further. Figure 11a shows that, during the Northern Hemisphere summer, atmospheric
heating is primarily driven by intense diabatic and adiabatic processes, both of which
consistently dominate throughout the season (Figure S8a). During winter (Figure 11b),
from the surface to 100 Pa, diabatic heating intensifies further, while adiabatic heating
induced by vertical motion weakens to the same magnitude as adiabatic heating caused by
advection. Throughout this period, atmospheric heating in the mid-to-lower troposphere is
consistently dominated by diabatic processes (Figure S8b).
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Figure 10. Surface (TS) and near-surface air temperatures (TA) for the 30th Martian year’s Northern
Hemisphere summer (a) and their difference (TS-TA) (b), winter values (c), and differences (d).
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Figure 11. Mean vertical profiles of the thermodynamic energy equation components over the CH

region during summer (a) and winter (b), including the advective (ADV), adiabatic (ADI), and
diabatic (DIA) terms.

3.4. The Impact of GDSs

In the final section of our investigation, we sought to understand the unique impact of
Martian GDSs on the plateau heating dynamics within the CH region. Our study focused
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on the GDSs that occurred during the 28th Martian year, specifically between Ls = 270°
and 300°. Figures 12a and 13b display the vertically integrated mean diabatic heating
rates and DOD over the CH region during the Northern Hemisphere’s winter season of
that year. It is evident that the dust distribution within Ls = 270°-300°—represented by
DOD—almost entirely controlled the radiative heating within the CH region. During this
period, radiative heating dominated the diabatic processes, with the peak values aligning
closely. The surface sensible heat flux over the plateau was markedly weak during this
interval, only beginning to recover around Ls = 300°, as the GDSs abated. Our findings
indicate that the radiative heating component (h rad) is influenced by the dust content,
with an increase in heating corresponding to the rising dust levels, exceeding 60 W/m?
during the GDS period, as depicted in Figures 9 and 12. It is noteworthy that, during GDSs,
atmospheric components (e.g., water ice clouds) may be higher beyond the integration
pressure region but also makes a difference in the energy budget through mechanisms (e.g.,
radiative effect), which merits further study.
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Figure 12. Time series of the daily mean and vertically integrated atmospheric apparent heat source
Q1 and its latent heat (I heat), sensible heat (s heat), and radiative (h rad) terms in the 28th Martian
year’s Northern Hemisphere’s winter of the CH region, and time series of the corresponding dust
distribution. There is a global dust storm (GDS) in Ls = 270-300 of this year.
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Figure 13. Surface (TS) and near-surface air temperatures (TA) for the 28th Martian year’s Northern
Hemisphere winter (a) and their difference (TS-TA) (b). There is a global dust storm (GDS) in
Ls = 270-300 of this year.

While correlation does not imply causation, the exceptionally high correlation ob-
served likely indicates a physical relationship. This is demonstrated by the near-identical
curves for the h rad and DOD in Figure 9a,c, as well as Figure 12a,b. The correlation
decreases when the dust heating and sensible heat flux are similar, as shown in Figure 9b,d.
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This pronounced correlation between h rad and DOD, evident only at high DOD levels,
suggests that dust’s radiative effects predominantly influence h rad variations when they
are strong enough.

We presented a time series of daily mean surface temperatures, near-surface air tem-
peratures (the closest atmospheric pressure level to the surface), and the temperature
difference between the ground and air over the CH region during the Northern Hemi-
sphere’s winter season of the 28th Martian year in order to corroborate the evidence for
changes in the surface sensible heat flux during the GDS (Figure 13). Figure 13 reveals that,
during the GDS, the ground-air temperature difference significantly decreased to around
5K (as shown in the Ls = 270-300° of Figure 13b), substantially lower than the approximate
climatological state of 17 K (as shown in Figure 10b and the end of Figure 13b). After the
cessation of the GDS, this temperature difference gradually recovered. The aforementioned
temperature variation pattern corresponded to the reduction in surface sensible heat flux
during the GDS period due to the blocking of solar radiation reaching the surface by dust
and the subsequent recovery of the surface sensible heat flux following the dust reduction.

We then examined the average vertical profiles of each term in the thermodynamic
energy equation over the CH region during the Northern Hemisphere’s winter, as illustrated
in Figure 14. This would help to gain deeper insight into the boundary layer structure
during the GDS. As anticipated, due to the substantial enhancement in radiative terms, the
overall diabatic heating increased by at least 0.5 x 10~* K/s across all tropospheric pressure
levels compared to that without a GDS (Figure 11b), governing the atmospheric temperature
changes across most of the troposphere. Diabatic heating in the mid-to-lower troposphere
significantly intensifies during the GDS period (270-300 Ls) (Figure S9) and gradually
returns to levels comparable to the winter of MY30 as the GDS concludes (Figure 11b).
However, it is noteworthy that adiabatic cooling induced by vertical motion in the mid-
to-upper troposphere is also significantly enhanced during the GDS period, dominating
the atmospheric heating there. The intensified adiabatic cooling rapidly subsided after the
GDS, returning to levels comparable to the winter of MY30 (Figure 11b) around ~320 Ls
(Figure S9).
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Figure 14. Mean vertical profiles of the thermodynamic energy equation components over the CH
region during the 28th Martian year’s winter, including the advective (ADV), adiabatic (ADI), and
diabatic (DIA) terms. There is a global dust storm (GDS) in Ls = 270-300 of this year.

4. Conclusions

This study marks a significant advancement in our understanding of Martian atmo-
spheric dynamics by documenting the specific thermal and dynamic processes over the
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Tharsis region. By offering detailed analyses of the convective activity, temperature varia-
tions, and the distinct roles of sensible and radiative heating influenced by topographical
features and dust storms, our findings contribute to refining the predictive models of
Martian atmospheric behavior. This enhanced understanding is crucial for the planning
and execution of future Martian missions and may influence the strategic management
of exploration activities under varying atmospheric conditions. Further research should
integrate these localized insights into global atmospheric models to improve their efficacy
in predicting and managing the environmental challenges of Mars exploration.

1.

Our work embarked on an in-depth investigation of the atmospheric characteristics,
boundary layer structure, and heating mechanisms over the CH region of Tharsis
on Mars. We also discussed the significant GDS impacts on the atmospheric heating
mechanisms. Through a series of combination of diurnal and seasonal analyses
of dynamics and thermodynamics, we characterized the planetary boundary layer
properties, large-scale wind patterns, pressure and temperature fields, and dust
distribution.

Extreme Diurnal Temperature Variability: Our research quantified extreme diurnal
surface temperature fluctuations, which reached up to 130 K, and the diurnal cycle
showed surface pressure swings of approximately 12.5 Pa, dwarfing the Earth’s Ti-
betan Plateau’s range by a factor of 3 to 4. We also showed that the Tharsis Plateau
experiences diurnal surface temperature variations ~25 K higher than the areas at the
same latitude, along with diurnal near-surface air temperature fluctuations of ~20 K
higher. The water vapor mixing ratio reached its lowest value in the early morning,
then rapidly peaked at the local time of 9, showing a different diurnal pattern com-
pared to the Tibetan Plateau on Earth. The boundary layer showed strong convective
activity during the day, leading to well-mixed conditions, with a super-adiabatic
lapse rate layer indicating strong instability during midday. These characteristics
highlight the Tharsis region’s susceptibility to significant thermal extremes compared
to previously studied Martian plains or Earth’s high-altitude regions like the Tibetan
Plateau, where diurnal temperature variations are considerably less.

Convective Dynamics and Atmospheric Stability: The pronounced convective activ-
ity during daylight, characterized by a super-adiabatic lapse rate indicating strong
thermal instability around noon, transitions to a more stabilized atmospheric state
by dusk. At the 150 Pa level, there is a massive cold high-pressure system above the
plateau, while the CH region’s northwest corner exhibits an average diurnal tempera-
ture difference of up to 16 K at nearly the same altitude. This is the first quantification
of such dynamic atmospheric behavior over Tharsis, detailing transitions from a
noontime instability with a super-adiabatic lapse rate to homogenized conditions
by dusk.

Seasonal Heating Mechanisms: We delineate the seasonal dominance of sensible and
radiative heating. Sensible heat predominantly controls the atmospheric heating in
the local summer (10 W/m?2), whereas radiative heating prevails during the local
winter, which contrasts with earlier assumptions that did not account for such distinct
seasonal shifts. The Martian dry state and dusty conditions significantly affected
the heating dynamics, with latent heat being negligible, a stark contrast to Earth’s
atmospheric dynamics.

Impact of Global Dust Storms (GDS): The influence of GDSs significantly alters
the local atmospheric dynamics, reducing the temperature differential between the
ground and air from an average of 17 K to about 5 K during storm events. The
dust-driven radiative heating dominated, altering the typical heating pattern and
revealing the critical role of dust in local processes. The overall diabatic heating below
10 Pa increased by 3.4 x 107> K/s and by at least 5 x 107> K/s above 200 Pa. This
change in temperature disparity underscores the profound impact of dust aerosols on
radiative heating processes.
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6. Implications for Martian General Circulation Mode Ls: These findings are pivotal for
revising Martian climatological models to better incorporate localized topographical
effects and extreme diurnal thermal variations. The evidence suggests that Martian
atmospheric models, especially those used in simulations and planning for missions,
must account for these localized and seasonal dynamics to enhance prediction accu-
racy and operational reliability during Martian explorations.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/rs16111950/s1; Figure S1: Diurnal variations with an interval of
5 Ls in the CH region (cyan lines) and comparison regions at the same latitude, specifically the #1
region 120° east of CH (green lines), #2 region 160° east of CH (black lines), #3 region 210° east of
CH (red lines), and #4 region 260° east of CH (purple lines), as outlined in Figure 1 in the main text,
during the northern hemisphere winter of the 30th Martian year. The daily cycles of (a) ground
surface temperature (TS); (b) near-surface air temperature (TA); (c) TS-TA; (d) surface pressure; and
(e) water vapor mass mixing ratio are shown; Figure S2: A vertical cross-section extending from the
near surface layer of the CH region upward to 10 Pa with an interval of 5 Ls during the northern
hemisphere's winter, displaying mean distributions of potential tempera-ture (a), water vapor (b),
dust mixing ratios (c), and vertical wind speed (d), revealing stratifica-tion and diurnal shifts in the
troposphere; Figure S3: Large-scale atmospheric circulation patterns at 150 Pa over the CH region
(black points), show-ing (a) daily mean; (b) 1200LT-0000LT; and (c) 1800LT-0600LT, with an interval
of 5 Ls during the 30th Martian year's winter. Topographic contours are represented by contour
lines (areoid coordinates), with a con-tour interval of 3 km, and the zero elevation contour is a solid
line; Figure S4: Distribution of temperature at 150 Pa above the CH region (black points), showing
(a) daily mean; (b) 1200LT-0000LT; and (c) 1800LT-0600LT, with an interval of 5 Ls during the 30th
Martian year's winter. Topo-graphic contours are represented by contour lines (areoid coordinates),
with a contour interval of 3 km, and the zero elevation contour is a solid line; Figure S5: Distribution
of water vapor mass mixing ratio at 150 Pa above the CH region (black points), showing (a) daily
mean; (b) 1200LT-0000LT; and (c) 1800LT-0600LT, with an interval of 5 Ls during the 30th Martian
year's winter. Topographic contours are represented by contour lines (areoid coordinates), with a
contour interval of 3 km, and the zero elevation contour is a solid line; Figure S6: Diurnal variations
in the mean vertical velocity w (Pa/s) at 150 Pa with an interval of 5 Ls during the nocturnal (a;
0000 LT), early morning (b; 0600 LT), midday (c; 1200 LT), and evening (d; 1800 LT) periods of the 30th
Martian winter over CH region (black points). The vertical motion patterns above CH are spe-cifically
annotated in the figure. Topographic contours are represented by contour lines (areoid coordinates),
with a contour interval of 3 km, and the zero elevation contour is a solid line; Figure S7: Diurnal
cycles of 150 Pa dust content over the CH region (black points) with an interval of 5 Ls in (a) 2100 LT,
(b) 0300 LT, (c) 0900 LT, and (d) 1500 LT periods of the 30th Martian winter. Topographic contours
are repre-sented by contour lines (areoid coordinates), with a contour interval of 3 km, and the zero
eleva-tion contour is a solid line; Figure S8: Mean vertical profiles of the thermodynamic energy
equation components over the CH region with an interval of 5 Ls during summer (a) and winter (b),
including the advective (ADV), adiabatic (ADI), and diabatic (DIA) terms; Figure S9: Mean vertical
profiles of the thermodynamic energy equation components over the CH region with an interval
of 5 Ls during the 28th Martian year’s winter, including the advective (ADV), adiabatic (ADI), and
dia-batic (DIA) terms. There is a global dust storm (GDS) in Ls = 270-300 of this year.

Author Contributions: Conceptualization, ].Z. and Z.S.; methodology, ].Z.; software, J.Z.; validation,
J.Z., M.H. and Z.S.; formal analysis, J.Z.; investigation, J.Z.; resources, J.Z.; data curation, M.H.;
writing—original draft preparation, ].Z.; writing—review and editing, ].Z.; visualization, ].Z.; super-
vision, Z.S.; project administration, Z.S.; funding acquisition, Z.S. All authors have read and agreed
to the published version of the manuscript.

Funding: The work was supported by the National Natural Science Foundation of China, grant
42275060, Outstanding Youth Scientist Foundation of Hunan Province, grant 2021JJ10048, and the
“Western Light” Cross-Team Project of the Chinese Academy of Sciences, Key Laboratory Cooperative
Research Project.

Data Availability Statement: The EMARS dataset is archived and available for download via the
Penn State Data Commons, which is a publicly accessible, centrally managed, long-lived resource


https://www.mdpi.com/article/10.3390/rs16111950/s1
https://www.mdpi.com/article/10.3390/rs16111950/s1

Remote Sens. 2024, 16, 1950 19 of 21

available to use (https://www.datacommons.psu.edu/commonswizard/MetadataDisplay.aspx?
Dataset=6171, (accessed on 23 January 2024)). A detailed user manual can be found in Greybush’s
Data Descriptors [44].

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

W

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Huang, J.; Zhou, X.;; Wu, G.; Xu, X.; Zhao, Q.; Liu, Y;; Duan, A.; Xie, Y.; Ma, Y.; Zhao, P; et al. Global Climate Impacts of
Land-Surface and Atmospheric Processes Over the Tibetan Plateau. Rev. Geophys. 2023, 61, e2022RG000771. [CrossRef]

Wu, G,; Duan, A,; Liu, Y;; Mao, J.; Ren, R; Bao, Q.; He, B.; Liu, B.; Hu, W. Tibetan Plateau climate dynamics: Recent research
progress and outlook. Natl. Sci. Rev. 2015, 2, 100-116. [CrossRef]

Wu, G,; Liu, Y. Impacts of the Tibetan Plateau on Asian Climate. Meteorol. Monogr. 2016, 56, 7.1-7.29. [CrossRef]

Yang, H.; Shen, X.; Yao, J.; Wen, Q. Portraying the Impact of the Tibetan Plateau on Global Climate. J. Clim. 2020, 33, 3565-3583.
[CrossRef]

Yao, X; Liu, Q.; Zhang, S.; Ma, ]. Mechanism of Atmospheric Diabatic Heating Effect on the Intensity of Zonal Shear Line Over
the Tibetan Plateau in Boreal Summer. ]. Geophys. Res. Atmos. 2021, 126, €2021JD034840. [CrossRef]

Zhang, C.; Duan, A; Jia, X.; Wang, Z.; Pan, Z. A dynamic link between spring Arctic sea ice and the Tibetan Plateau snow
increment indicator. npj Clim. Atmos. Sci. 2023, 6, 191. [CrossRef]

Dong, Y,; Li, G.; Xie, X,; Yang, L.; Zhang, P.; Zeng, B. Mechanism of Diabatic Heating on Precipitation and the Track of a Tibetan
Plateau Vortex over the Eastern Slope of the Tibetan Plateau. Adv. Atmos. Sci. 2023, 41, 155-172. [CrossRef]

Duan, A.M.; Wu, G.X. Role of the Tibetan Plateau thermal forcing in the summer climate patterns over subtropical Asia. Clim.
Dyn. 2005, 24, 793-807. [CrossRef]

Wu, G; Liu, Y,; Wang, T.; Wan, R.; Liu, X,; Li, W.; Wang, Z.; Zhang, Q.; Duan, A.; Liang, X. The Influence of Mechanical and
Thermal Forcing by the Tibetan Plateau on Asian Climate. ]. Hydrometeorol. 2007, 8, 770-789. [CrossRef]

Yanai, M.; Li, C. Mechanism of Heating and the Boundary Layer over the Tibetan Plateau. Mon. Weather Rev. 1994, 122, 305-323.
[CrossRef]

Miyamoto, A.; Nakagawa, H.; Kuroda, T.; Takami, K.; Murata, I.; Medvedev, A.S.; Yoshida, N.; Aoki, S.; Sagawa, H.; Kasaba, Y.;
et al. Intense Zonal Wind in the Martian Mesosphere During the 2018 Planet-Encircling Dust Event Observed by Ground-Based
Infrared Heterodyne Spectroscopy. Geophys. Res. Lett. 2021, 48, €2021GL092413. [CrossRef]

Shaposhnikov, D.S.; Medvedev, A.S.; Rodin, A.V,; Yigit, E.; Hartogh, P. Martian Dust Storms and Gravity Waves: Disentangling
Water Transport to the Upper Atmosphere. ]. Geophys. Res. Planets 2022, 127, €2021JE007102. [CrossRef]

Yigit, E.; Medvedev, A.S.; Benna, M.; Jakosky, B.M. Dust Storm-Enhanced Gravity Wave Activity in the Martian Thermosphere
Observed by MAVEN and Implication for Atmospheric Escape. Geophys. Res. Lett. 2021, 48, e2020GL092095. [CrossRef]

Wu, Z.; Li, T.; Heavens, N.; Newman, C.; Richardson, M.; Yang, C.; Li, J.; Cui, J. Earth-like thermal and dynamical coupling
processes in the Martian climate system. Earth-Sci. Rev. 2022, 229, 104023. [CrossRef]

Kahn, R.; Gierasch, P. Long cloud observations on Mars and implications for boundary layer characteristics over slopes. J. Geophys.
Res. 1982, 87, 867-880. [CrossRef]

Hinson, D.; Wilson, R. Temperature inversions, thermal tides, and water ice clouds in the Martian tropics. J. Geophys. Res 2004,
109, E01002. [CrossRef]

Wilson, R.J.; Neumann, G.A.; Smith, M.D. Diurnal variation and radiative influence of Martian water ice clouds. Geophys. Res.
Lett. 2007, 34, L02710. [CrossRef]

Benson, J.L.; Bonev, B.P,; James, P.B.; Shan, K.J.; Cantor, B.A.; Caplinger, M.A. The seasonal behavior of water ice clouds in the
Tharsis and Valles Marineris regions of Mars: Mars Orbiter Camera Observations. Icarus 2003, 165, 34-52. [CrossRef]
Montmessin, F.; Forget, F; Rannou, P.; Cabane, M.; Haberle, R.M. Origin and role of water ice clouds in the Martian water cycle as
inferred from a general circulation model. J. Geophys. Res. Planets 2004, 109, E10004. [CrossRef]

Wordsworth, R.; Forget, E; Millour, E.; Head, ] W.; Madeleine, J.B.; Charnay, B. Global modelling of the early martian climate
under a denser CO, atmosphere: Water cycle and ice evolution. Icarus 2013, 222, 1-19. [CrossRef]

Streeter, P; Lewis, S.; Patel, M.; Holmes, J.; Kass, D. Surface Warming During the 2018/Mars Year 34 Global Dust Storm. Geophys.
Res. Lett. 2020, 47, €2019GL083936. [CrossRef]

Savijarvi, H. Mechanisms of the diurnal cycle in the atmospheric boundary layer of Mars. Q. J. R. Meteorol. Soc. 2012, 138, 552-560.
[CrossRef]

Savijarvi, H. Radiative and turbulent heating rates in the clear-air boundary layer. Q. J. R. Meteorol. Soc. 2006, 132, 147-161.
[CrossRef]

Savijarvi, H.; Crisp, D.; Harri, A.-M. Effects of CO; and dust on present-day solar radiation and climate on Mars. Q. J. R. Meteorol.
Soc. 2005, 131, 2907-2922. [CrossRef]

Medvedev, A.S.; Kuroda, T.; Hartogh, P. Influence of dust on the dynamics of the martian atmosphere above the first scale height.
Aeolian Res. 2011, 3, 145-156. [CrossRef]

Toon, O.B,; Pollack, J.B.; Sagan, C. Physical properties of the particles composing the Martian dust storm of 1971-1972. Icarus
1977, 30, 663-696. [CrossRef]


https://www.datacommons.psu.edu/commonswizard/MetadataDisplay.aspx?Dataset=6171
https://www.datacommons.psu.edu/commonswizard/MetadataDisplay.aspx?Dataset=6171
https://doi.org/10.1029/2022RG000771
https://doi.org/10.1093/nsr/nwu045
https://doi.org/10.1175/AMSMONOGRAPHS-D-15-0018.1
https://doi.org/10.1175/JCLI-D-18-0734.1
https://doi.org/10.1029/2021JD034840
https://doi.org/10.1038/s41612-023-00505-0
https://doi.org/10.1007/s00376-023-2275-7
https://doi.org/10.1007/s00382-004-0488-8
https://doi.org/10.1175/JHM609.1
https://doi.org/10.1175/1520-0493(1994)122%3C0305:MOHATB%3E2.0.CO;2
https://doi.org/10.1029/2021GL092413
https://doi.org/10.1029/2021JE007102
https://doi.org/10.1029/2020GL092095
https://doi.org/10.1016/j.earscirev.2022.104023
https://doi.org/10.1029/JA087iA02p00867
https://doi.org/10.1029/2003JE002129
https://doi.org/10.1029/2006GL027976
https://doi.org/10.1016/S0019-1035(03)00175-1
https://doi.org/10.1029/2004JE002284
https://doi.org/10.1016/j.icarus.2012.09.036
https://doi.org/10.1029/2019GL083936
https://doi.org/10.1002/qj.930
https://doi.org/10.1256/qj.05.61
https://doi.org/10.1256/qj.04.09
https://doi.org/10.1016/j.aeolia.2011.05.001
https://doi.org/10.1016/0019-1035(77)90088-4

Remote Sens. 2024, 16, 1950 20 of 21

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Clancy, R.T.; Wolff, M.J.; Christensen, P.R. Mars aerosol studies with the MGS TES emission phase function observations: Optical
depths, particle sizes, and ice cloud types versus latitude and solar longitude. J. Geophys. Res. Planets 2003, 108, E95098. [CrossRef]
Clancy, R.T.; Wolff, M.J.; Whitney, B.A.; Cantor, B.A.; Smith, M.D.; McConnochie, T.H. Extension of atmospheric dust loading to
high altitudes during the 2001 Mars dust storm: MGS TES limb observations. Icarus 2010, 207, 98-109. [CrossRef]

Vasilyev, A.V.; Mayorov, B.S.; Bibring, ].P. The retrieval of altitude profiles of the Martian aerosol microphysical characteristics
from the limb measurements of the Mars Express OMEGA spectrometer. Sol. Syst. Res. 2009, 43, 392—404. [CrossRef]
Maattanen, A.; Listowski, C.; Montmessin, F.; Maltagliati, L.; Reberac, A.; Joly, L.; Bertaux, J.-L. A complete climatology of the
aerosol vertical distribution on Mars from MEx/SPICAM UV solar occultations. Icarus 2013, 223, 892-941. [CrossRef]
Guzewich, S.D.; Smith, M.D.; Wolff, M.]. The vertical distribution of Martian aerosol particle size. ]. Geophys. Res. Planets 2014,
119, 2694-2708. [CrossRef]

Smith, M.D.; Martinez, G.M.; Sebastian, E.; Lemmon, M.T.; Wolff, M.].; Apéstigue, V.; Arruego, I.; Toledo, D.; Viidez-Moreiras, D.;
Rodriguez-Manfredi, ].A.; et al. Diurnal and Seasonal Variations of Aerosol Optical Depth Observed by MEDA /TIRS at Jezero
Crater, Mars. J. Geophys. Res. Planets 2023, 128, e2022JE007560. [CrossRef]

Cozzolino, F; Franzese, G.; Cortecchia, F.; Molfese, C.; Esposito, F; Mongelluzzo, G.; Ruggeri, A.C.; Porto, C.; Silvestro, S.; Popa,
C.I; et al. Development and testing of the MicroMED sensor: From BreadBoard model to flight model. Adv. Space Res. 2024, 73,
5335-5348. [CrossRef]

Kuroda, T.; Medvedev, A.S.; Yigit, E. Gravity Wave Activity in the Atmosphere of Mars During the 2018 Global Dust Storm:
Simulations with a High-Resolution Model. J. Geophys. Res. Planets 2020, 125, e2020JE006556. [CrossRef]

Medvedev, A.S,; Yigit, E.; Kuroda, T.; Hartogh, P. General circulation modeling of the Martian upper atmosphere during global
dust storms. J. Geophys. Res. Planets 2013, 118, 2234-2246. [CrossRef]

Sanchez-Lavega, A.; del Rio-Gaztelurrutia, T.; Herndndez-Bernal, J.; Delcroix, M. The Onset and Growth of the 2018 Martian
Global Dust Storm. Geophys. Res. Lett. 2019, 46, 6101-6108. [CrossRef]

Streeter, PM.; Lewis, S.R.; Patel, M.R.; Holmes, J.A.; Fedorova, A.A.; Kass, D.M.; Kleinbohl, A. Asymmetric Impacts on Mars’
Polar Vortices from an Equinoctial Global Dust Storm. J. Geophys. Res. Planets 2021, 126, €2020JE006774. [CrossRef]

Sun, M.; Hao, G.; Cui, J.; Wu, X.; Huang, X.; Ni, Y.; Wu, Z.; Li, L. Enhanced Hydrogen Escape on Mars during the 2018 Global
Dust Storm: Impact of Horizontal Wind Field. Astrophys. . 2023, 953, 71. [CrossRef]

Boutle, I.A.; Joshi, M.; Lambert, EH.; Mayne, N.J.; Lyster, D.; Manners, J.; Ridgway, R.; Kohary, K. Mineral dust increases the
habitability of terrestrial planets but confounds biomarker detection. Nat. Commun. 2020, 11, 2731. [CrossRef]

Bonev, B.P.; Hansen, G.B.; Glenar, D.A.; James, P.B.; Bjorkman, J.E.].P,; Science, S. Albedo models for the residual south polar cap
on Mars: Implications for the stability of the cap under near-perihelion global dust storm conditions. Planet. Space Sci. 2008, 56,
181-193. [CrossRef]

Chen, F; Man, W.; Wang, S.; Esper, J.; Meko, D.; Blintgen, U.; Yuan, Y.; Hadad, M.; Hu, M.; Zhao, X,; et al. Southeast Asian
ecological dependency on Tibetan Plateau streamflow over the last millennium. Nat. Geosci. 2023, 16, 1151-1158. [CrossRef]
Xie, Y.; Huang, J.; Wu, G; Liu, Y.; Dong, W.; Lu, M.; He, B.; Su, Z.; Bao, Q.; Zhao, Q.; et al. Oceanic repeaters boost the global
climatic impact of the Tibetan Plateau. Sci. Bull. 2023, 68, 2225-2235. [CrossRef]

Zhu, Z.; Wang, M.; Wang, J.; Ma, X.; Luo, J.; Yao, X. Diurnal Variation Characteristics of the Surface Sensible Heat Flux over the
Tibetan Plateau. Atmosphere 2023, 14, 128. [CrossRef]

Greybush, S.J.; Kalnay, E.; Wilson, R.J.; Hoffman, R.N.; Nehrkorn, T.; Leidner, M.; Eluszkiewicz, J.; Gillespie, H.E.; Wespetal,
M.; Zhao, Y.; et al. The Ensemble Mars Atmosphere Reanalysis System (EMARS) Version 1.0. Geosci. Data |. 2019, 6, 137-150.
[CrossRef] [PubMed]

Zhang, ].; Ji, Q.; Sheng, Z.; He, M; He, Y.; Zuo, X; He, Z.; Qin, Z.; Wu, G. Observation based climatology Martian atmospheric
waves perturbation Datasets. Sci. Data 2023, 10, 4. [CrossRef] [PubMed]

Montabone, L.; Marsh, K.; Lewis, S.R.; Read, P.L.; Smith, M.D.; Holmes, J.; Spiga, A.; Lowe, D.; Pamment, A. The Mars Analysis
Correction Data Assimilation (MACDA) Dataset V1.0. Geosci. Data J. 2014, 1, 129-139. [CrossRef]

Holmes, J.; Lewis, S.; Patel, M. OpenMARS: A global record of martian weather from 1999-2015. Planet. Space Sci. 2020,
188, 104962. [CrossRef]

Battalio, ].M.; Lora, .M. Annular modes of variability in the atmospheres of Mars and Titan. Nat. Astron. 2021, 5, 1139-1147.
[CrossRef]

Bouche, J.; Coheur, P.-F,; Giuranna, M.; Wolkenberg, P.; Nardi, L.; Amoroso, M.; Vandaele, A.C.; Daerden, F.; Neary, L.; Bauduin, S.
Seasonal and Spatial Variability of Carbon Monoxide (CO) in the Martian Atmosphere from PFS/MEX Observations. J. Geophys.
Res. Planets 2021, 126, e2020JE006480. [CrossRef]

Shaheen, F.; Nee Lala, M.G.; Krishna, A.P.; Payra, S. Seasonal variation in atmospheric optical depth (AOD) and thermal inertia
(TT) inter-relationship over Martian Gale crater. Planet. Space Sci. 2024, 242, 105865. [CrossRef]

Forbes, ].M.; Zhang, X.; Forget, F.; Millour, E.; Kleinbohl, A. Solar tides in the middle and upper atmosphere of Mars. J. Geophys.
Res. Space Phys. 2020, 125, 8140-8145. [CrossRef]

Lee, C.; Lawson, W.G.; Richardson, M.1.; Heavens, N.G.; Kleinbohl, A.; Banfield, D.; McCleese, D.].; Zurek, R.; Kass, D.; Schofield,
J.T.; et al. Thermal tides in the Martian middle atmosphere as seen by the Mars Climate Sounder. J. Geophys. Res. 2009, 114, 1-6.
[CrossRef]


https://doi.org/10.1029/2003JE002058
https://doi.org/10.1016/j.icarus.2009.10.011
https://doi.org/10.1134/S0038094609050025
https://doi.org/10.1016/j.icarus.2012.12.001
https://doi.org/10.1002/2014JE004704
https://doi.org/10.1029/2022JE007560
https://doi.org/10.1016/j.asr.2024.02.047
https://doi.org/10.1029/2020JE006556
https://doi.org/10.1002/2013je004429
https://doi.org/10.1029/2019GL083207
https://doi.org/10.1029/2020JE006774
https://doi.org/10.3847/1538-4357/ace43e
https://doi.org/10.1038/s41467-020-16543-8
https://doi.org/10.1016/j.pss.2007.08.003
https://doi.org/10.1038/s41561-023-01320-1
https://doi.org/10.1016/j.scib.2023.07.019
https://doi.org/10.3390/atmos14010128
https://doi.org/10.1002/gdj3.77
https://www.ncbi.nlm.nih.gov/pubmed/31894192
https://doi.org/10.1038/s41597-022-01909-y
https://www.ncbi.nlm.nih.gov/pubmed/36596794
https://doi.org/10.1002/gdj3.13
https://doi.org/10.1016/j.pss.2020.104962
https://doi.org/10.1038/s41550-021-01447-4
https://doi.org/10.1029/2020JE006480
https://doi.org/10.1016/j.pss.2024.105865
https://doi.org/10.1029/2020JA028140
https://doi.org/10.1029/2008JE003285

Remote Sens. 2024, 16, 1950 21 of 21

53.

54.

55.

56.

Wu, Z,; Li, T.; Dou, X. Seasonal variation of Martian middle atmosphere tides observed by the Mars Climate Sounder. J. Geophys.
Res. Planets 2015, 120, 2206-2223. [CrossRef]

Wu, Z; Li, T.; Zhang, X.; Li, J.; Cui, J. Dust tides and rapid meridional motions in the Martian atmosphere during major dust
storms. Nat. Commun. 2020, 11, 614. [CrossRef]

Williams, D.R. Mars Fact Sheet. Available online: https:/ /nssdc.gsfc.nasa.gov/planetary/factsheet/marsfact.html (accessed on
10 January 2024).

Chang, S.; Li, Y,; Shi, C.; Guo, D. Combined Effects of the ENSO and the QBO on the Ozone Valley over the Tibetan Plateau.
Remote Sens. 2022, 14, 4935. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/2015je004922
https://doi.org/10.1038/s41467-020-14510-x
https://nssdc.gsfc.nasa.gov/planetary/factsheet/marsfact.html
https://doi.org/10.3390/rs14194935

	Introduction 
	Materials and Methods 
	Data 
	Methods 

	Results 
	Characteristics of the Planetary Boundary Layer 
	Basic Analysis of Large-Scale Wind, Pressure, Temperature Fields, and Dust Distribution Characteristics 
	Plateau Heating Mechanism on Tharsis 
	The Impact of GDSs 

	Conclusions 
	References

