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Abstract

In this study, we investigate the seasonal and interannual variability of Martian CO2 clouds,
focusing on Martian Years (MY) 34, 35, and 36, corresponding to Earth dates from May
5, 2017, to December 26, 2022. Utilizing data from the Mars Climate Sounder (MCS), we
analyzed over 1.19 million atmospheric profiles to explore cloud dynamics, with a particular
emphasis on the northern hemisphere during winter and interannual variability. Our analysis
revealed distinct patterns in cloud occurrence, altitude, and duration, influenced primarily
by latitude and northern winter season. The highest concentration of clouds was observed at
latitudes above 50°N, indicative of Martian winter conditions in the North Pole. Equatorial
regions exhibited shorter-lived mesospheric cloud formations. interannual variability was
also studied, revealing differences in cloud distribution and frequency potentially linked to
atmospheric dust variations and storm activities.



1 Introduction

The study of Mars has captivated the scientific community for decades, driven by a quest
to understand our planetary neighbor and the broader solar system. Figure (1| presents an
array of spacecraft that have been part of humanity’s endeavors to explore Mars. This fleet
encompasses orbiters, landers, and rovers, each designed to contribute to our understanding
of Martian geology, atmosphere, climate, and the potential for life.
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Figure 1: Summary of Mars exploration missions. Credit : historicspacecraft.com (2017)

[31]

The Mariner missions were among the early flybys that provided the first close-up images
of Mars. The Viking missions followed, consisting of both an orbiter and a lander, marking
the first successful landing on Mars soil. The Mars Global Surveyor orbited Mars, creating a
detailed map of the planet’s surface, which helped identify potential landing sites for future
missions. Mars Pathfinder, with its Sojourner rover, tested new technologies for deploying
rovers and analyzing the Martian rocks and soil. The Mars Climate Orbiter, although unsuc-
cessful due to a navigational error, was intended to study Mars’ atmosphere and climate. [7]

The Mars Odyssey Orbiter, with its suite of scientific instruments, has been mapping the
chemical elements and minerals that make up the Martian surface, providing information
about the planet’s geology. Mars Express, a mission by the European Space Agency (ESA),
has been studying the atmosphere and surface from orbit and was intended to deploy the
Beagle 2 lander, which unfortunately failed to make contact after its presumed landing. [7]

The Mars Reconnaissance Orbiter carries powerful cameras and spectrometers to further
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scrutinize the surface, also serving as a vital communication relay for other missions. The
Mars Exploration Rovers, Spirit and Opportunity, made groundbreaking discoveries about
the past presence of water on Mars. Phoenix, another lander, studied the Martian arctic soil.

The Mars Science Laboratory, with its Curiosity rover, is a mobile laboratory determin-
ing Mars’ habitability, studying its climate and geology, and collecting data for a manned
mission to Mars. Nozomi was Japan’s first Mars orbiter; however, it failed to enter orbit due
to technical difficulties. The Mars Orbiter Mission was India first probe and was successfully
launched in 2013. [I1]

As outlined by the Space Study Board [52], the objectives in Martian research include
several approach: firstly, "searching for evidence of past and present life" is crucial, as it
may provide insights into the existence of life beyond Earth and the conditions necessary for
its sustenance. Water is a fundamental criteria for terrestrial life. Despite the fact that the
prevailing surface conditions on Mars are inhospitable to the stable presence of liquid water,
the Martian atmosphere does contain water vapor. Additionally, when water ice comes into
contact with salt, it can give rise to saline solutions, known as ’'brines.” These brines can
temporarily stay on the surface of Mars.[47] This objective aligns with astrobiological goals
and the search for extraterrestrial life.

The second objective, "understanding the climate and volatile history of Mars", is vital
for comprehending Mars’ past habitability and climate dynamics. Studies have indicated
that Mars once harbored liquid water and a thicker atmosphere, suggesting a climate that
could have supported life. The evidence of ancient flowing and standing water, as seen
in the extensive geological formations such as valley networks, river deltas, and possible
oceanic bodies, corroborates the notion of a once warmer and wetter Mars. The existence
of these features, especially during the late Noachian period when the Sun was fainter,
poses a significant puzzle for current climate models, which struggle to replicate long-term
warm conditions on early Mars. This complexity is further highlighted by the presence
of widespread phyllosilicates and sulphate minerals, as detected by Mars orbiters. These
minerals, indicative of aqueous alteration, suggest a history of episodic water activity rather
than a consistently warm and wet climate. [50]

There is also evidence of young fluvial features, which are difficult to reconcile with the
current Martian atmosphere’s inability to support stable liquid water. Transient liquid
water formed during the transformation of surface ice to vapor, presents a possibility for
sporadic water activity on the Martian surface. The likelihood of a denser CO2 atmosphere
in the past, which alone is insufficient to create a strong greenhouse effect, has led to alter-
native hypotheses like sulphur dioxide absorption and CO2 cloud scattering. [41]

The third objective involves "understanding geological processes and their role in shap-



ing the surface and subsurface of Mars". This aspect is key to interpreting the planet’s
geological history and current geologic activity, which has implications for understanding
planetary evolution. Mars is well-known for its intense and frequent dust storms, rang-
ing from small tornado-like dust devils to planet-encircling events. These storms, driven
by atmospheric conditions such as wind patterns, temperature gradients, and atmospheric
pressure, play a crucial role in shaping the Martian surface. [I1] As these dust storms lift
and redistribute vast amounts of soil and dust, they contribute to the ongoing erosion, de-
position, and alteration of the Martian landscape. This constant reshaping of the surface
can obscure, preserve, or reveal geological features, thereby influencing our interpretation
of the planet’s geological history. The intensity and frequency of dust storms are intricately
tied to the Martian atmosphere. Understanding these atmospheric dynamics is essential
to predict and model the occurrence of dust storms and, consequently, their effects on the
Martian surface and subsurface.

Lastly, the "assessment of the nature and inventory of resources on Mars in preparation
for human exploration" is a forward-looking goal.

This study focuses on analyzing and researching the Martian atmosphere by studying CO2
clouds during the Martian winter. As temperatures drop, CO2 condenses out of the at-
mosphere, forming clouds. These clouds are composed of ice particles of carbon dioxide,
a phenomenon unique to Mars due to its thin atmosphere and cold temperatures. Unlike
Earth, where clouds are primarily composed of water vapor, Mars’ lower temperatures and
atmospheric composition allow for CO2 to transition directly from a gaseous to a solid state,
forming clouds. Studying these CO2 clouds is vital for understanding the Martian climate
system. The formation, density, and distribution of these clouds can provide insights into
the atmospheric dynamics, seasonal variations, and global circulation patterns on Mars.
CO2 clouds play a significant role in the planet’s energy balance and thermal dynamics, as
they can reflect solar radiation and trap infrared radiation, affecting surface temperatures.
Before delving into the specifics of this study, it is essential to review the current knowledge
and research gaps in our understanding of Mars.

1.1 Characteristics of Mars

Mars, the fourth planet from the Sun in our solar system, offers a compelling arena for study,
particularly due to its unique atmosphere and polar regions. Its distinct topographical
characteristics and environmental conditions allow us to draw comparisons and contrasts
with Earth. Much like Earth, Mars experiences seasons, a result of its axial tilt. However,
these Martian seasons are markedly different from Earth’s, reflecting an extreme version
of Earth’s seasonal variations. The Martian year, almost twice as long as Earth’s, leads
to more prolonged seasonal periods. Additionally, the planet experiences significant daily
temperature fluctuations, with variations as high as 70 Kelvin. This extreme range is largely



attributed to Mars’ thin atmosphere, which is about 100 times less dense than Earth’s,
failing to insulate the planet effectively. The presence of polar caps on Mars, consisting of
both water ice and dry ice, further adds to the planet’s intriguing environmental dynamics.
These polar caps, like those on Earth, grow and recede with the changing seasons, but under
conditions far more severe than those on our planet|I6].

1.1.1 The orbital forcing of Mars

Mars orbits the Sun at an average distance of approximately 227.9 million kilometers. Its
sidereal day is approximately 24.6 hours, making it quite similar to Earth’s day-night cycle.
To complete one orbit, Mars takes about 687 Earth days. Mars is smaller than Earth,
with a diameter of about 6,779 kilometers, roughly half the size of our planet. Due to its
smaller mass, Mars has a weaker gravitational force, about 38 % of Earth’s gravity. The
eccentricity, is about 0.0935 for Mars. In comparison, Earth’s orbital eccentricity is about
0.0167, making Mars’s orbit more elliptical. Mars’ obliquity is very close to the Earth’s,
with a tilt of 25.19° (compared to 23.44° for the Earth). Mars thus experiences seasons like
Earth, but with different duration due to its longer orbital period.

1.1.2 The atmosphere of Mars

The Martian atmosphere, is composed predominantly of carbon dioxide (95.32%), nitrogen
(2.7%), and argon (1.6%), with traces of oxygen and water. You can see Mars’ abudance of
the major gases on Figure [2|

Mars thermal structure The planet’s atmospheric pressure is less than 1% of Earth’s,
averaging about 6 millibars compared to Earth’s 1013 millibars. This thin atmosphere,
coupled with the planet’s distance from the Sun, makes Mars a relatively cold planet, with
average surface temperatures around 215K - 218K. Mars is a planet of extreme temperature,
largely due to its thin atmosphere, which is less capable of retaining heat compared to the
Earth’s atmosphere. The temperature range is from 140K to 310K. Mars’ atmosphere can
be divided in three different layers : the lower atmosphere, the middle atmosphere and
the upper atmosphere. The lower atmosphere (also called troposphere) is very similar to
the Earth’s troposphere : it is the closest atmospheric layer to the planet’s surface and
extends to about 50 km in altitude. In this layer, temperature decrease with height, as
it is driven by convective and radiative tranfer. The temperature and thickness also vary
greatly throughout the diurnal cycle. The middle atmosphere comprises two layers : the
stratosphere and mesosphere. It goes from 50 km to 100 km, and is roughly isothermal.
The upper atmosphere goes from 100 to 200 km and temperature increase with altitude.
The ionosphere also begins at 100 km high and extend to 300 km above the surface. The
ionosphere vary a lot with seasons. The lower and middle atmosphere will now be refered
as the neutral atmosphere.
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Gaseous  Average abundance Reference

species

CO, 0.9532 Owen el al. (1977)

N, 0.027 Owen et al. (1977)
0.019 Mahaffy et al. (2013)

Ar 0.016 Owen et al. (1977)
0.019 Mahaffy et al. (2013)

0, 0.0014 Hartogh et al. (2010)

CO 800 ppm Smith el al. (2009)

H,O 15-1500 ppm Smith (2004)

H, 15 ppm Krasnopolsky and Feldman

(2001)

Ne 2.5 ppm Owen et al. (1977)

Kr 0.3 ppm Owen et al. (1977)

Xe 0.08 ppm Owen el al. (1977)

0, 10-350 ppb Perrier et al. (2006)

H,0, 1040 ppb Encrenaz et al. (2004)

CH, 040 ppb Mumma et al. (2009)
0.7-7 ppb Webster et al. (2015)

Figure 2: The abundance of the major gases that make up the Mars atmosphere. The
abundance of some species (notably water vapor and ozone) varies greatly with season and
location. Table taken from[IT].

1.1.3 Martian Atmospheric Cycles

Dust cycle Dust plays a critical role in the Martian climate system. It impacts the
planet’s thermal balance by absorbing, scattering, and emitting radiation, and its interac-
tions with solar radiation drive global atmospheric circulation and weather. Mars expe-
riences regular dust storms, which range from small whirlwinds, known as dust devils, to
global dust storm. The dust in these storms primarily originates from the planet’s surface,
lifted either by strong winds causing wind shear or convective vortices (called dust devils)
that are usually formed under strong winds, facilitated by the fact that Martian soil is com-
posed of fine particles that are easily carried by wind. This dust then gets suspended in the
atmosphere, in the Martian Planetary Boundary Layer (PBL) and can be transported long
distances, influencing the planet’s regional and global climate. [I1] The transport and dis-
tribution of dust within the Martian PBL are heavily influenced by the diurnal and seasonal
dynamics of the boundary layer. During the day, the surface heating by the Sun enhances
convective activity, which can lift dust particles into the atmosphere. Studies have shown
that this process can inject dust particles into the upper layers of the PBL, significantly
affecting the vertical dust distribution. [44]

Mars also has a dust season, a period of the Martian year when dust storms are most

11



150

=y
=
=

o
L=

Height Above the Surface (km)

Temperature (K)

Figure 3: An overview of Mars atmosphere thermal structure, defining the “lower”, “middle”,
and “upper” atmosphere. The temperature profiles shown are inferred from accelerometer
observations during the descent through the atmosphere of landed spacecraft. [11]

likely to occur. This season coincides with Mars’ perihelion (the point in its orbit closest to
the Sun), which happens during the northern hemisphere’s winter. During this period, the
southern hemisphere is tilted towards the Sun, causing it to receive more sunlight and lead-
ing to stronger heating of the surface and atmosphere. This enhanced heating can generate
large-scale winds and provoke dust storms. The dust season can lead to significant changes
in the Martian atmosphere, including increased atmospheric opacity, changes in atmospheric
temperature profiles, and alteration of atmospheric dynamics. These dust storms can either
be global or more regional. The global dust storms happen every few years, and encompass
the entire planet, drastically altering atmospheric conditions and visibility. The presence of
dust can block solar radiation from reaching Mars surface leading to lower surface tempera-
ture during global dust storms.[51] On the other side, the upper part of the atmosphere will
be higher in temperature, as solar radiation will be blocked by the dust, and the boundary
between the neutral atmosphere and the ionosphere (the turbopause) will be higher than
usual. [45]

While global dust storms on Mars are significant events that occur every few years, the
planet also experiences more frequent regional dust storms annually, with their intensity
and precise timing subject to variation. Mars has three different types of regional dust
storm : A, B and C. They can be seen on Figure @] The type A storm typically originate
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Figure 4: Martian atmospheric temperature depending on the latitude and seasons in the
south hemisphere. Data collected by Mars Climate Sounder. Credit : NASA /JPL-Caltech
[35]

near Mars’ north pole during the northern autumn. They are similar to Earth’s cold-season
arctic storms that move across continents[28]. As these Martian storms move southward
from the cold north hemisphere into the warmer southern hemisphere’s mid-spring, the
wind intensify due to the increasing temperature, resulting in much larger dust storms. The
sunlight warming the dust in the atmosphere enhances wind speeds, lifting more dust and
expanding the storm’s area and vertical reach.

Storms classified as Type B typically emerge in the vicinity of the South Pole, coinciding
with the commencement of summer in the Southern Hemisphere. They might be affected by
winds created at the boundary of the retreating South Polar carbon dioxide ice cap. Such
storms are known to contribute to haze in specific regions and are notably different in origin
compared to Type A storms.

The last type of storms, Type C storms begin after the conclusion of the Type B storms.
They originate in the north during the northern winter and migrate to the southern hemi-
sphere, much like Type A storms. C type storms season is between 315° and 349° of solar
longitude.

CO2 cycle The CO2 cycle on Mars is defined by the dynamic relationship between its
atmosphere, which is predominantly made up of CO2, and the seasonal polar caps that
are primarily formed from solid CO2. This cycle is significantly influenced by the seasonal
variations in insolation throughout Mars’ orbit around the sun. During the Martian winter,
reduced insolation near the poles leads to the condensation of atmospheric CO2, forming
solid CO2 at the polar caps. This process releases latent heat, partially offsetting the en-
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ergy lost to space. Conversely, in warmer seasons, this solid CO2 sublimates back into the
atmosphere, contributing to atmospheric pressure changes. Approximately 25-30% of the
Martian atmosphere is exchanged with the polar caps annually, showcasing the significance
of this cycle. [1T]

The mass balance between the gaseous and solid phases of CO2 on Mars is not static
but varies over longer timescales as well. Changes in Mars’ orbital parameters, such as
obliquity and the season of perihelion, influence the latitudinal and seasonal distribution
of insolation. These changes, in turn, affect the extent and amount of seasonal CO2 ice,
highlighting the dynamic nature of the Martian CO2 cycle. The seasonal condensation and
sublimation of CO2 at high latitudes are vital for controlling atmospheric circulation and
are therefore central to the Martian climate system. Understanding this cycle is crucial for
grasping both the present and past environmental conditions of Mars. [11][24]

Water cycle On Mars, water is primarily found in solid and gaseous forms due to the
planet’s atmospheric conditions. This means that liquid water is rarely stable on the Mar-
tian surface. The planet’s water inventory, including the atmosphere, surface ice, and the
regolith (varied surface material covering solid rock, composed of dust, soil, and broken rock,
mixed with water ice), is significantly less than Earth’s. If all of Mars’ water reservoirs were
melted, they would cover the Martian surface with a water layer only 20-30 meters deep. |[I1]
Despite its scarcity, water plays a crucial role in the Martian climate, impacting various
aspects of the planet’s environment.

The Martian water cycle operates in a cyclic manner, influenced by changes in the planet’s
orbital configuration. The patterns are controlled by exchanges between different water
reservoirs, including the atmosphere, surface ice, and the regolith. The largest reservoirs
are found in icy layers on the surface or mixed within the regolith, with the north polar cap
being a major contributor. The Martian water cycle is dominated by the seasonal changes
at the north pole, where significant amounts of water sublime from the ice cap during the
spring-summer season and are injected into the atmosphere. This process is followed by
extreme dryness during the polar night, when water vapor levels drop significantly. Water
vapor then travels across Mars, driven by wind and atmospheric circulation, and partici-
pates in a seasonal Hadley cell that redistributes moisture between the hemispheres.

The seasonal cycle of water on Mars is a dynamic process where vast ice reservoirs in-
teract with the atmosphere, enabling water transport from one pole to the other. This cycle
is closed annually, with water vapor returning to the north during the fall-winter season
to be trapped within seasonal frost. Besides sublimation and atmospheric transport, other
processes like adsorption and release by the regolith, and cloud formation and precipitation,
contribute to the seasonal evolution of water on Mars. [11]

14



Interconnection of Martian Atmospheric cycles The dust and CO2 cycles are in-
terconnected through various processes. Dust in the atmosphere influences the amount of
heat transported to the polar regions and affects the properties of seasonal CO2 ice caps.
For instance, dust in the air can enhance winter CO2 condensation in the polar regions by
providing condensation seed nuclei and increasing emissivity. However, the warmth from the
dusty atmosphere might offset this enhancement by increasing the heat transport towards
the poles. Furthermore, dust incorporated into the CO2 ice cap can change its thermal
properties (like albedo and emissivity), affecting the rates of CO2 condensation and subli-
mation. As the wind stress that lifts dust is directly related to atmospheric mass, changes
in the CO2 cycle can in turn affect the dust cycle. Martian dust cycles are marked by

more intense dust events, such as regional and planet-encircling dust storms, also known as
Global Dust Storms (GDS). [11]

The dust and water cycles are connected mainly through cloud condensation processes.
Dust particles suspended in the atmosphere can act as seed nuclei for the formation of wa-
ter ice clouds. Once dust particles are coated with ice, they fall at different speeds, changing
the vertical and horizontal distribution of dust and water in the atmosphere. Additionally,
these ice-covered dust particles have different radiative properties, which affect the thermal
and dynamical state of the atmosphere, leading to changes in dust lifting, transportation,
and sedimentation. This complex interplay between dust, water, and CO2 cycles signifi-
cantly influences the current climate on Mars. [I1] [48]

1.2 Mars Poles

Mars’ polar regions are characterized by icy caps composed of carbon dioxide and water ice.
The polar regions play a crucial role in regulating the exchange of matter between the Earth’s
surface and its atmosphere. Changes in the polar caps can impact atmospheric pressure,
leading to variations in atmospheric circulation on a global scale. The size of the polar caps is
influenced by the amount of solar radiation that reaches the surface. This radiation not only
affects surface temperatures but also impacts the processes of phase change in the existing
ice. The amount of solar flux received is also dependent on the planet’s orbital forcing.
During colder seasons, reduced sunlight exposure causes temperatures to dip, leading to the
formation of solid carbon dioxide, or dry ice, which causes the polar caps to expand. In
contrast, the opposite hemisphere, with increased sunlight, witnesses a reduction in dry ice,
elevating the levels of gaseous CO2 in the atmosphere.

Both the North and South polar caps of Mars possess a permanent layer of water ice,
approximately 3 km thick, which is overlaid by a seasonal layer of dry ice. The thickness of
this dry ice layer fluctuates seasonally, ranging from none to a maximum of 2 meters. The
North polar cap is 1 000 km in diameter while the south polar cap is only 400/800 km in
diameter. [20]. These poles can store up to 30% of the atmospheric CO2. The North Pole
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Figure 5: Northern Ice Cap of Mars. Image synthesized by Mars Global Surveyor Orbiter
and Mars Orbiter Laser Altimeter data.
Credit : NASA /JPL-Caltech/MSSS

size vary depending on the season and usually goes down to 60°N in latitude in winter.

1.2.1 The surface and interior of Mars

Mars possesses a liquid inner core located at its core’s heart, spanning a radius of approx-
imately 1,500 to 2,100 kilometers, composed primarily of iron and sulfur. Enveloping the
core, there exists a rocky mantle, extending across a range of 1,240 to 1,880 kilometers in
thickness. Above the mantle, forming the planet’s outer layer, is a crust composed of a
blend of iron, magnesium, aluminum, calcium, and potassium. This outermost layer has a
depth spanning between 10 to 50 kilometers. Mars currently doesn’t have a global magnetic
field, but there are evidence in crustal rocks for example that it used to have one earlier.
This absence of a global magnetic field on Mars significantly influences the dynamics of its
upper atmosphere and space weather, making it more susceptible to solar radiation and
wind, which in turn affects the stability and composition of the Martian atmosphere.

Surface characteristics In this section, we will omit the ice caps completely. To un-
derstand more about them, see previous section. The average geometric albedo of Mars
is 0.250 but can vary from 0.10 to 0.36 (excluding the polar caps) [4]. This variation can
be explained by composition and grain size. While Mars is predominantly red, its surface
displays a variety of colors, going from a reddish-ocre for the high albedo regions to grayish
for the low albedo regions. Mars topography also shows a rich history. Mars is home to the
largest volcano in the solar system, Olympus Mons, which stands at nearly 22 kilometers
high. The Tharsis plateau, a volcanic plateau, houses several other massive volcanoes, while
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Figure 6: Image of Mars taken by MRO’s MARCI. On the right is a water cloud and in the
bottom-center a dust cloud that appears more yellow. Credit : NASA /JPL-Caltech/MSSS
(2010) [34]

the canyon Valles Marineris is one of the most prominent features of Mars, stretching over
3,000 kilometers long and reaching depths of up to 5 kilometers. Mars is also known for its
impact craters. Hellas Planitia is the largest impact basin, spanning about 2,300 kilometers
in diameter and 7 kilometers deep. These variations in surface characteristics lead to differ-
ences in thermal inertia and consequently in surface temperature, which in turn influence
the processes of condensation and sublimation on the Martian surface.

1.3 Mars clouds

Cloud observations on Mars have been a topic of interest since telescopes first detected
them in 1877. Initially, two types of clouds were identified: yellow clouds, which were later
understood to be dust storms or dust clouds, and white clouds or hazes made of either H20
or CO2 (see Figure[6).[4] These early detections laid the groundwork for more sophisticated
observations. Ground-based observations continued until the significant flybys of Mariner
6 and 7 in 1969, which observed polar and detached limb hazes but could not definitively
identify their composition. The Mariner 9 Orbiter in the 1970s provided the first definitive
measurements of Mars’ water ice cloud composition. [1I]

The Viking Orbiters (1976-1982) significantly expanded our understanding of Martian cloud
forms, topography, and dynamics. Their imaging data distinguished between dust and ice
aerosols and revealed seasonal and spatial variability in cloud-top altitudes. Despite com-
prehensive atmospheric water vapor measurements by Viking’s Mars Atmospheric Water
Detector (MAWD), a direct correlation with water ice clouds was not immediately clear.
Misinterpretations of Viking Orbiter IRTM data initially led to inaccuracies in understand-
ing vapor saturation in Mars’ atmosphere.

The resurgence of Mars exploration in the late 1990s with missions like Phobos, Pathfinder,
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and Mars Global Surveyor marked a new era of investigation. These missions, along with
subsequent ones like Mars Odyssey, Mars Express, MAVEN and Mars Reconnaissance Or-
biter, have greatly enhanced our understanding of Martian atmospheric dust and ice aerosols
through various observational techniques. Significant findings include Mars Global Surveyor
Thermal Emission Spectrometer’s characterization of the aphelion and polar hood cloud
systems, Mars Odyssey Thermal Imaging System (THEMIS)’s interannual coverage of the
aphelion cloud belt, and Mars Orbiter Laser ALtimeter (MOLA)’s detections of polar CO2
ice clouds. [II] Various instruments have supported detections of equatorial high-altitude
clouds and provided insights into cloud scattering properties and particle sizes.

The recognition of the global nature of the aphelion cloud belt (ACB) and the signifi-
cant roles played by Martian clouds in transport, radiation, and photochemistry emerged
later, supported by Earth-based observations. These cloud-related processes have profound
impacts on global and temporal variations in Mars’ atmospheric temperatures, aerosols,
water vapor, photochemistry, and climate evolution, prompting new modeling efforts. [40)]
The study of CO2 ice clouds on Mars not only sheds light on the unique meteorological phe-
nomena of the Red Planet but also provides crucial insights into the atmospheric dynamics,
thermal regulation, and perhaps even the climate evolution of Mars. The data collected so
far points to a complex and dynamic Martian atmosphere, with processes and phenomena
that parallel, yet are distinct from, those found on Earth. [39).

Observations indicate that Mars has clouds composed of either water ice or carbon dioxide
ice. These water ice clouds show a variety of shapes, influenced by different dynamical pro-
cesses. They can be observed year-round, in three distinct regions around the equator, in
the south and north pole [12] and at various altitudes. Most water ice clouds on Mars form
at altitudes up to 25 kilometers, often resulting from surface dust acting as condensation
nuclei in supersaturated air.[I7] Notably, water ice clouds can also develop at much higher
altitudes, reaching 80-90 kilometers [27]. On Figure 8| are the different types of clouds found
on Mars. There is a lot of variety in altitude, in season and in location.

1.3.1 Carbon dioxide clouds

Carbon dioxide clouds were first observed on the two poles on polar nights at low altitude.
Later, similar clouds were discovered at higher altitudes near the equator, primarily in the
spring and summer seasons. Subsequent observations identified the presence of these carbon
dioxide clouds at northern mid-latitudes in the late autumn, and during the equivalent
season in the southern hemisphere [40]. These clouds can have a variety of different forms,
but most of them are cirrus-type, but some cumuliform clouds can also be observed, as a
result of a mesospheric convection [40].
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Figure 7: A CO2 mesospheric cloud over Mount Sharp captured by the rover Curiosity.
Credit : NASA /JPL-Caltech/MSSS

Carbon dioxide clouds on the poles CO2 polar clouds are convective clouds. They
are initiated by adiabatic ascent. During the Martian polar night, the cooling of the surface
and atmosphere is balanced by latent heat from condensing CO2. This cloud formation
alters the atmosphere’s thermodynamics through latent heat distribution and infrared radi-
ation scattering/absorption. Observations from various missions indicate that temperature
profiles in the polar regions often follow the CO2 saturation curve up to 30 km, suggesting
temperatures are buffered by CO2 condensation. Substantial cloud opacity between 0-25
km altitudes further confirm CO2 cloud formation.

CO2 clouds on Mars are unique because they form from the atmosphere’s primary com-
ponent, as opposed to minor elements like water vapor. The growth of these CO2 clouds
is constrained solely by the release of latent heat and the self-diffusion of the gas. These
clouds are typically formed through heterogeneous nucleation on surfaces like dust grains or
even fine water ice particles. A supersaturation level of 35% is still required for overcoming
energy barriers and initiating nucleation [I3]. Polar night clouds on Mars mainly consist
of ice particles affected by gravitational forces. These particles grow and sublimate as they
traverse temperature variations caused by orographic gravity waves, which are influenced
by local terrain features. When winds flow uphill, like over polar layered deposits, adiabatic
cooling leads to the formation of large-scale clouds that are locally altered by smaller-scale
gravity waves.

Carbon dioxide clouds on the equator During equatorial descents, as observed by the
Pathfinder mission, CO2 has been found to exceed saturation conditions around altitudes
of 80 km [43]. This suggests that CO2 cloud formation in these regions could occur at
significantly higher altitudes than in polar areas. The formation of equatorial CO2 clouds is
also influenced by Martian mesospheric conditions. Martian mesospheric temperatures can
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fall well below the CO2 condensation point, particularly in the near-aphelion season when
diurnal tides may cool CO2 down to ice cloud formation levels. Their growth is constrained
by the release of latent heat and the self-diffusion of the gas. Heterogeneous nucleation,
likely on surfaces like dust grains or water ice particles, is necessary for cloud formation,
with a substantial supersaturation level required for overcoming energy barriers and initi-
ating nucleation.

These high-altitude equatorial clouds exhibit dynamics influenced by Martian atmospheric
tides and gravity waves. The thermal tides, particularly potent during the near-aphelion
season, can create the necessary temperature conditions for CO2 ice cloud formation at
these altitudes. The clouds consist of fine ice particles that grow and sublimate as they
move through varying temperatures, influenced by the mesospheric wave patterns.

Carbon dioxide clouds in the sourthern hemisphere summer While not present
in the Figure [§ two carbon dioxide clouds were detected recently by Jiang, Yelle et al with
a solar longitude between 264° and 330°. [26] These clouds were detected above 90 km and
are quite small, as their size are confined horizontally to 500 to 700 km.
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