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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.
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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.

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. [11]

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-
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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. [11] 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
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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[16].

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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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[11].

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. [11] 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
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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 4. 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. [11]

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.[11]
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]
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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. [11] [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 H2O
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. [11]

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. [11] 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.[17] 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 [13]. 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 8, 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.

20



Figure 8: All the types of clouds found on Mars. The table was taken from [11]
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1.4 Goal and objectives of this study

This study is dedicated to the investigation of Martian cloud formations during the northern
hemisphere winter and dust season. The primary data source for this research is the Mars
Climate Sounder (MCS) data, renowned for its reliability and extensive coverage. The MCS
provides comprehensive and longitudinal data about the Martian atmosphere, making it an
ideal resource for ongoing and future studies (see Chapter 2). [18]

For a focused analysis, this study concentrates on three distinct Martian Years: MY34,
MY35, and MY36, spanning from May 5, 2017, to December 26, 2022. These years were
selected due to their proximity in time and the unique meteorological events they presented.
MY34 was marked by a significant global dust storm [46], MY35 exhibited more typical Mar-
tian weather patterns, and MY36 was notable for a major C-type storm. These variations
provide a rich basis for comparing cloud dynamics under different atmospheric conditions.

The choice to focus on the northern hemisphere winter, a period known for its dust storm
activity, especially in the south pole, is particularly pertinent for studying cloud variations
in relation to dust events. This approach aligns with recent research indicating a strong
correlation between dust and atmospheric phenomena on Mars.

The primary objective of this study is to analyze cloud formations and durations, pro-
viding insights into the dynamics and physics of Martian clouds. A secondary objective is
to explore the interannual variations among MY34, MY35, and MY36. This includes exam-
ining how dust storms impact CO2 cloud formations, given the known correlation between
the Martian dust and CO2 cycles.

For this study, a custom code was developed to process and analyze the MCS data. This
code was created specifically for this research and is not based on any pre-existing software.

The methodology section will introduce the MCS data and the techniques used for its
collection. This will be followed by a description of the code, the presentation of the re-
search findings, and a discussion section. The discussion will not only interpret the results
but also suggest avenues for further research and potential improvements to the study’s
methodology.
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2 Data Sets and Methods
In this section, we will present the method and data set used in this work. Different methods
exists to gather atmospheric data on Mars. There are two different types of missions : the
satellites use remote sensing techniques [52] while the rovers, like Perseverance or Curiosity,
can gather data directly on Mars surface.[36] In this work, we will focus on the satellites
and remote sensing techniques, as they enable us to achieve a much larger coverage of
Mars, which is essential for our interest in vertical profiles. These profiles, which detail the
variations in the planet’s atmosphere from the surface to higher altitudes, are exclusively
provided by remote sensing methods such as radio occultation and spectrometry.

2.1 Methodology to detect clouds

As in the atmospheric models of Mars, we make use of a method based on saturation to
detect the clouds. We first need to compute the CO2 saturation temperature. We begin
with the Clausius-Clapeyron equation at saturation [8] :

dp

dt
=

lc
Tδα

=
lc

T (αvapor − αcondensed)

where p is the pressure at saturation, lc is the latent heat, T is the temperature at saturation
and α is the specific volume. Assuming that αvapour >> αcondensed, we have :

dp

dt
=

lc
T (αvapor − αcondensed)

≃ lc
Tαvapor

We know from the ideal gas law that αvapour = RcT/p, with Rc = R/Mc, R the gas constant
and MC the molar mass and we obtain :

dp

dt
=

lcp

RcT 2

This leads us to
d(ln p)

dt
=
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RcT 2

And then

p(T ) = p0 exp

(∫ T
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RcT 2

dT

)
≃ p0 exp

(
lc
Rc

(
1

T0

− 1

T
)

)
With some algebra manipulation, we get

T =
lc/Rc

lc/(RcT0)− ln (p/p0)

From this equation, we can get TCO2, the saturation temperature for CO2 on Mars. We
also need to take into account the fraction of Mars atmosphere that is CO2, 0.9532 [14],

23



and multiply the atmospheric pressure by this number to get the CO2 pressure. The next
thing we need to take into account is the supersaturation level of 35%, and thus multiply p
by 1.35 [15]. We then have :

TCO2 =
lc/Rc

lc/(RcT0)− ln (1.28682p/p0)

For CO2, lc = 5.9 ∗ 105 J/kg [40], Rc = 188.922 J/(K.kg), T0 = 136.3 K, p0 = 100 Pa [32].
It gives us the final equation :

TCO2 =
3122.98

22.91− ln (0.0128682p)

Figure 9: The formation of CO2 clouds in Mars atmosphere, as used in NASA GCM models
[9]

This formula gives us the temperature at which CO2 (carbon dioxide) turns into a liquid
or solid, considering the effect of supersaturation. This means that when the temperature
goes below this point, the atmosphere is not able to hold the excessive amount of CO2
and thus phase change occurs as the initial point of the cloud formation process, as shown
in Figure 9. The genesis of such clouds can precipitate further phenomena, namely the
deposition of CO2 condensate, culminating in the formation of CO2 ice on the Martian
surface.[18] We can see if this is happening by looking at graphs that show the relationship
between temperature and either pressure or altitude in our data. When CO2 precipitates
down and turns to ice, the air becomes less saturated with CO2. This change is reflected in
our temperature and pressure readings, making them match the readings we get when the
air is saturated (see 9).
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Figure 10: The difference between nadir sounding, limb staring and solar occultation. Source
: ESA/ATG Medialab [38]

2.2 The instrument : MCS

MRO The MRO mission entered Mars Orbit on 10 March 2006. It is a low altitude
satellite, as it orbits at 300 km from the center of Mars. The satellite got 6 different scien-
tific instruments : three imaging systems, a visible near-infrared spectrometer, a subsurface
radar, and a thermal-infrared profiler. Its mission is to observe and analyze Mars surface,
subsurface and atmosphere with much higher resolution than the other satellites [52].

Eight different science investigations were chosen by NASA to gather data with the satellite.
Here is an overview of all the missions. ACCEL’s goal is to investigate the upper atmosphere
structure using accelerometers. CRISM’s (Compact Reconnaissance Imaging Spectrometer
for Mars) goal is to find aqueous deposits on the surface of Mars using a spectrometer. CTX
(ConTeXt Camera) is a context camera, and is used to get moderate resolution pictures of
a large section of Mars. It allows MRO to get an expanded coverage. It is especially in-
teresting as it is linked to the HiRISE (High Resolution Imaging Science Experiment) : a
high resolution imaging experiment, whose goal is to take high-resolution images, but on a
smaller scale than CTX. The surface pixel size is only 30 cm, and it allows scientists to have
a better understanding of Mars surface. There is also the GRAVITY mission, whose goal
is to study Mars gravity, as the satellite is close to the planet. The MARCI (MARs Color
Imager) mission goal is to provide daily global maps of weather on Mars using one ultravi-
olet camera and one in the visible spectra. The SHARAD (SHallow RADar) mission’s goal
is to study the subsurface of Mars using a subsurface sounding radar. The last mission on
board of MRO is the one we are insterested in : MCS (Mars Climate Sounder). The MCS
is engineered to deliver vertical profiles of temperature, dust, and water vapor by employing
remote sensing techniques that measure thermal infrared wavelengths.

MCS MCS, as a climate sounder measures changes in atmospheric temperature or com-
position with height. It has three different observation modes : the "in track limb staring"
measures vertical profiles of temperature, pressure, aerosols and water vapor by looking tan-
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gentially through the atmosphere, the "nadir sounding" measures surface infrared radiance
and broadband solar reflectance by looking straight down at the atmosphere (see Figure 10)
while the "polar buckshot scanning" measures the net polar radiative balance.

In this work, we will focus on the "in track limb staring". This mode involves limb scan-
ning, where the instrument gazes sideways through the Martian atmosphere, instead of
downwards as in nadir sounding. This perspective allows it to measure the vertical dis-
tribution of temperature, aerosols, and gases like water vapor across different atmospheric
layers. Measurements of emissions in limb geometry involve detecting the signal emitted
across a horizontal path through the atmosphere. This signal is partially absorbed during its
journey from the emitting air parcel to the satellite. By changing the elevation angle of the
line-of-sight (LOS), it is possible to obtain measurements of temperature and composition
at different altitudes. Limb emission measurements are primarily effective in wavelengths
longer than 2.5 µm, such as in the mid-infrared to microwave spectral region, due to the
Planck function at terrestrial temperatures being very low for shorter wavelengths. At these
longer wavelengths, atmospheric scattering is minimal, except in the presence of clouds and
large aerosol particles. Unlike occultation measurements, which require a direct illumination
source, emission measurements can be taken during both day and night.

These measurements can provide global coverage with dense spatial distribution, depending
on the satellite’s orbit, and the azimuth angle can be chosen freely as long as it avoids
direct sunlight. However, the emission technique has a lower signal-to-noise ratio compared
to occultation measurements, due to the weak nature of atmospheric emissions, especially
on Mars given the thin atmosphere. Accurate calibration and precise determination of the
LOS elevation angle are essential to prevent errors in the calculated trace gas abundance
profiles. The key to this mode is the understanding of radiative transfer in the Martian
atmosphere. As the instrument detects infrared emissions, it can deduce the temperature
and composition based on the intensity and wavelength of the radiation.[37]

Figure 11 presents the spatial coverage of MCS over 24 hours on Mars, as MRO travels
around the planet. This satellite allows us to have observations even on the Poles. MCS
has been gathering data since it’s launch in 2006, and hasn’t stopped since. The gathering
is daily. The observation strategy aims to minimize gaps in limb sounding. However, due to
Mars’ aspheric shape and the orbital eccentricity of the MRO, latitude-dependent adjust-
ments are necessary for precise limb-staring observations.[37]

The MCS use a filter radiometer, and uses 9 different channels to gather data. Each with
a unique function, such as measuring temperature at various altitudes or detecting dust.
Its spectral range is 0.3 to 45 µm and it has two identical telescopes. The optical bench is
capable of articulating in two axes, permitting both limb and nadir viewing. This feature
provides a 270° range of motion in both azimuth and elevation axes, ensuring complete
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Figure 11: Mercator projection of 24 hours of MCS spatial coverage. Image taken from [37].

hemispheric coverage beneath the payload platform oriented towards the nadir.[37]

Each of the MCS telescopes consists of a mirror assembly and a focal plane structure, all sup-
ported within the optical bench by a metering structure. Despite being identical in design,
the telescopes differ in their focal planes. Telescope A is equipped with six spectral channels,
ranging from visible to mid-infrared wavelengths. These channels utilize optical interference
filters positioned over thermopile detector arrays. Conversely, Telescope B includes three
far-infrared spectral channels, defined by conductive mesh filters over the detector arrays.
The nominal Field of View (FOV) response of these detectors, aligns meticulously with the
filters and spectral channel assignments against the Martian limb. In this work, the data
used come from telescope A first three spectral channels and telescope B three channels. [37]

In terms of optical design, both telescopes are off-axis, all-reflective, and telecentric, fea-
turing 4 cm apertures and 4.3° FOVs. The system is composed of three mirrors, with the
secondary mirror establishing the instrument aperture. The tertiary mirror, in tandem with
band-pass filters and baffles, focuses an f/1.7 beam onto the focal plane detectors. The
baffles, crucially positioned, serve dual purposes: acting as light pipes for the detectors and
reducing the FOV response wings, thereby enhancing measurement accuracy.

The telescope mirrors, crafted from diamond-turned nickel-plated aluminum, are post-
polished to diminish scattering at visible wavelengths. Their surfaces are coated with sil-
icon dioxide-protected aluminum, optimizing reflectivity across both visible and infrared
wavelengths. The metering structure, apart from supporting the mirrors, also incorporates
internal baffles that shield the space between the tertiary mirror and the focal plane.
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Figure 12: The MCS flight instrument photographed during calibration. Major elements
are identified. Image taken from [37]

Thermal stability is paramount for the unchopped radiometer design of the MCS. To com-
bat potential thermal drifts, especially given the day-night temperature contrasts on Mars,
the design maximizes the thermal mass of the telescope and enhances thermal conductivity
between its components. Conductive isolation of the telescopes from the optical bench is
achieved using fiberglass washers, effectively insulating them from environmental heat vari-
ations. The optical bench, regulated in temperature, serves as a stable thermal environment
for the telescopes and focal planes, ensuring minimal thermal distortion in alignment.

The spectral passbands of the MCS are defined by individual spectral filters mounted in
front of each of the nine detector arrays. Telescope A’s mid-infrared filters span an 11.8
to 22.2 µm range, made from Germanium substrates for their mechanical robustness and
high optical transmission. Telescope B’s far-infrared filters consist of stacks of mesh filters
developed by Cardiff University. The thermal stability of these filters is critical, as they
respond to a wide range of wavelengths and any temperature fluctuations can significantly
impact the measurements.

To further refine the accuracy, the filter assemblies throughout the MCS incorporate alu-
minum alloy baffles. These are strategically positioned between the detectors and the filters
to curtail the transmission of off-axis rays, a result of reflections within the assemblies and
from the detector surfaces. The precision of these baffles, combined with their anodized
coating, effectively reduces off-axis reflections, thereby contributing to the MCS’s high-
resolution atmospheric measurement capabilities. MCS data is downloadable online at this
adress : https://atmos.nmsu.edu/PDS/data/. MCS data also has errors, but it wasn’t
included in this study.
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2.3 Radio occultation data

In this work, while radio occultation has not been directly employed, it’s important to rec-
ognize its potential applicability and utility for future studies. Radio occultation involves
the transmission of radio waves between spacecraft or between a spacecraft and a ground
station. This technique, though not utilized in our current research, can be easily integrated
into our existing code framework for enhanced atmospheric analysis. Understanding radio
occultation and the capabilities of various satellites currently orbiting Mars is crucial, as
they provide a wealth of data that could significantly enrich future investigations into Mar-
tian atmospheric phenomena.

Radio occultation (see Figure 10) is a method used in planetary science to study the Martian
atmosphere. This technique involves the transmission of radio waves between two space-
craft or one spacecraft and a ground station on Earth, with one usually orbiting Mars. As
these radio waves pass through Mars atmosphere, they are refracted depending on the at-
mospheric conditions such as density, temperature, and pressure. By measuring the extent
of this refraction, these atmospheric conditions can be derived back. This includes data on
temperature gradients, atmospheric pressure at various altitudes, and the overall density of
the atmosphere. This method is particularly effective for constructing vertical profiles of
the Martian atmosphere, offering insights into different layers and helping understand the
atmospheric dynamics of Mars. Radio occultation is advantageous for Martian exploration
for several reasons. It provides high-resolution data that is crucial for understanding the
Martian climate, including seasonal variations and atmospheric phenomena. This technique
is robust and reliable, capable of delivering accurate measurements even during challenging
conditions like dust storms, which can hinder other observational methods.

There are currently several satellites orbiting around Mars gathering data about the at-
mosphere. We will provide a concise overview of each satellite currently orbiting Mars.
Mars Odyssey was launched in 2001 and is still used to this day.[42] The mission’s objective
is to create the first comprehensive map showing the quantity and spatial distribution of
various chemical elements and minerals composing the surface of Mars using spectrometers.
It is the longest lasting spacecraft on Mars.

Another satellite orbiting around Mars is the Mars Reconnaissance Orbiter, also called
MRO. The data we use in this work comes from one of MRO’s instruments : Mars Climate
Sounder. MCS data has already been used in the study of clouds on Mars (see [5] or [18]
for example). No study has been done globally and focused on one season. Further infor-
mations about MRO and MCS will be given.

The Mars Atmosphere Volatile EvolutioN (MAVEN) mission is a NASA spacecraft that
was launched on 18 november 2013.[49] It’s purpose is to measure the composition and
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structure of the ionosphere and the upper atmosphere. The spacecraft entered Mars orbit
on 21 september 2014, but the ROSE experiment began in July 2016. The spacecraft in-
clude a radio occultation instrument, the Radio Occultation Science Experiment (ROSE).
It allows MAVEN to make atmospheric profiles of Mars.

Another spacecraft also uses radio occultation : Mars Express. It is the European Space
Agency first mission to Mars, and it was launched in 2003. The main objectives of Mars Ex-
press are to study the Martian atmosphere and climate, the planet’s structure, mineralogy,
geology, and to search for traces of water. It carries eight instruments for these purposes,
including the MaRS Radio Science Experiment. [10]

Additionally, the ExoMars Trace Gas Orbiter is operational, representing a collaborative
effort between the European Space Agency and Roscosmos, the Russian space agency.
Launched in 2016, its primary mission is the investigation of methane and other trace
gases in the Martian atmosphere. [30] The Emirates Mars Mission, under the aegis of the
United Arab Emirates Space Agency, along with China National Space Administration’s
Tianwen 1, are two more recent additions to Mars exploration, both having embarked on
their journeys in 2020.

2.4 Code

For this work, a user friendly, open-access Python 3.0 code was developed to analyze the
data. The custom code use Jupyter Notebook. This code was created specifically for this
research. It uses the python routine developed by H. Sert (ROB) for MCS data reading.
The code is not based on any pre-existing software. The code downloads the data from
the MRO website for MY34, 35 and 36 and sorts them to only keep the data in winter,
corresponding to a solar longitude Ls between 270 and 360°. When the data is sorted, for
each profile, the code extracts every information that is needed : temperature at different
altitudes, pressure at these altitudes, the altitudes, the date, the time, the latitude, the
longitude and the Ls of the profile.

When the code has all these information, it can check whether a cloud is detected or not us-
ing the formula discussed earlier. A cloud is detected whenever the atmospheric falls below
the saturation temperature of CO2. It is also capable of determining cloud precipitation
by examining the temperature curve and verifying its alignment with the CO2 saturation
temperature.

After this is done, the code analyzes every cloud are assembles them into what we will
call in this work a "cloud event" on Figure 9. Cloud events will be the term used in this
work to refer to an assembly of different profiles referring to the same cloud. Since we
have profiles every minute, and since clouds can last a few hours, the same cloud will be

30



detected on several profiles. The code thus determines "cloud events" which are related to
one cloud, and allows us to know key data like duration or the maximum/minimum altitude
of the cloud. Similarly, "precipitation events" are defined in the same way but focus on
precipitation. A cloud that is precipitating is still categorized as a cloud within the context
of a cloud event.

After this, the code gives us several different graphs and maps depending on the data
analysis requirements. The code is accessible online on GitHub at this link :

https://github.com/MathildeVandevoorde/Extract_MRO.

31

https://github.com/MathildeVandevoorde/Extract_MRO


3 Results

3.1 Data coverage

For this study, we chose to focus on three different Martian Years : Martian year 34, 35
and 36. It corresponds to dates going from 5 May 2017 to 26 December 2022. These three
Martian years exhibit different atmospheric dust variations. Therefore, investigating each
of them provides us a chance to understand the inter-annual variability of the Martian CO2
clouds. On Figure 13 is the zonal means of the daily dust present in the atmosphere. Mars
Year 34 is known for a big dust storm in between a solar longitude of 180° to 300°, and a
smaller one from 330° to 350°. Mars Year 35 exhibited a relatively lower atmospheric dust
opacity compared to the other two. Mars Year 36 was also different, because it had a bigger
C-type storm than the two other years.

Figure 13: Zonal means of the daily regularly kriged maps of 9.3 µm absorption column
dust optical depth normalized to the reference 610 Pa pressure level for the different Martian
Years. Image taken from [33]

We only focused on data with a solar longitude (Ls) between 270° and 360°, corresponding
to the winter in the northern hemisphere and dust storm season. The data analyzed is
represented in Figure 14. We can see that the data has a good spatial coverage : the
points corresponding to each profiles we studied cover the whole planet. We can also see
the trajectory of MRO, given in Figure 11. Except for this criteria, we used all the data
from MCS for these years. It allows us to have 323 046 different profiles in MY34, 475 454
in MY35 and 396 301 in MY36. We thus have in total over a million (1 194 801) different
events analyzed.
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Figure 14: The data analyzed. Each point corresponds to one profile.

3.2 Temperature and CO2 clouds formation

On Figure 15 a plot is shown where a cloud and precipitation were detected. The first
graph was made using data from 24/10/2022 at 06:13AM local hours with a latitude of 84°
and longitude of 102°. It detected a cloud formation in the atmosphere, distinctly visible
between approximately 100 Pa and 10 Pa. This pressure range corresponds to an altitude of
about 10 km to 30 km. At these altitudes, the temperature falls below the CO2 saturation
temperature, leading to the atmosphere’s inability to retain excess CO2, resulting in cloud
formation. The second graph represents data from the same day but at 06:51 AM, and
at a different location with a latitude of 85° and longitude of 8°. Despite similar altitudes
and pressures, the graph’s profile significantly differs from the first. It runs parallel an
really close to the saturation curve, indicating that the cloud is precipitating. As the cloud
precipitates, the air become less saturated by CO2, thus resulting in this kind of graph.
This a typical result given by our analysis. It allows us to see the cloud easily and when
it precipitates also. This cloud is located on the North Pole with a latitude of 84.696°N
and was taken on 24/10/2022 at 6 AM. This corresponds to a solar longitude of 326°. This
cloud lasted about 3 hours, with periods of precipitation intermittently followed by periods
without any precipitation. There are also a lot of profiles without any CO2 clouds detected
as on Figure 16. It is in fact the majority of the profiles analyzed, with 102,977 different
profiles being identified with a cloud and more than 900 000 without.
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(a) A cloud (b) A precipitation

Figure 15: Temperature vs Pressure graph of Mars atmosphere on 24/10/2022 at 06 AM
made by the code.

Figure 16: Temperature vs Pressure graph of Mars atmosphere on 21/11/2020 at 07 AM.

The code can also provide altitude vs temperature profiles. Let’s analyze one "cloud event"
completely, shown on Figure 17. On November 28 2022 the code detected a cloud at 05:24
AM at latitude 83.9° and longitude 129.3°. The cloud was detected at approximately 20 km
high in the atmosphere. The cloud stays approximately the same for one hour, and as you
can see on Figure 17 is still there at 06:20. At 06:21, the cloud start to precipitates and
then disappear at 06:40. This is a typical cloud on the North Pole in winter, as we will see
in the next section.

Another interesting cloud event to analyze is a completely different one because it happens
on the equator and not in the north pole on December 25th 2022. On Figure 18 are different
cloud events located on the equator. The first graph (a) is taken at 02:24 with a latitude of
1.154°N and a longitude of 113.899°E. A cloud is detected 57 km high in the atmosphere.
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(a) at 05:24 (b) at 06:20 (c) at 06:21 (d) 06:40

Figure 17: Temperature vs Altitude graphs taken on 2022-11-28.

The second graph (b) was taken at 02:25 with a latitude of 2.672°N and -113.693°E. No
cloud can be seen. The same can be said with the two last graphs on Figure 18 (c) and (d) :
the third one was taken at 02:27, 15.4°N and -111.9°E, while the fourth was taken at 02:28,
16.9°N and -112.4°E. The clouds on the equator do not last long.

(a) at 02:24 (b) at 02:25 (c) at 02:27 (d) at 02:28

Figure 18: Temperature vs Altitude graphs taken on 2022-12-25.
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3.3 Cloud occurrence

Here we will be talking about the "cloud events" (assemblies of different profiles referring to
the same cloud), as mentioned in the Methodology to detect clouds section. 28 764 different
cloud events were detected by the code, with or without precipitation. The first interesting
thing to study is the appearance of CO2 clouds depending on the coordinates. We have on
Figure 19 the same map as in Figure 14, but with only the points where a CO2 cloud was
detected. The first interesting thing to notice are the latitudes : the majority of the points
seems to have a latitude of 50°N or higher, in the North Pole. This is due to the season
chosen, as it is winter in the North Pole and summer in the South Pole. A little less than
300 clouds have been detected on the equator, with a latitude between 20°N and 20°S.

Three clouds have also been detected in the South hemisphere. These may be authen-
tic cloud formations, especially considering the recent findings of mesospheric CO2 clouds
during the summer of the southern hemisphere, as indicated in the research [26]. Remark-
ably, these three clouds share similar solar longitudes (332°, 344°, and 325°), suggesting a
seasonal occurrence. This pattern aligns with the recent findings of Jiang, Yelle, and oth-
ers [26]. Two of these clouds were observed in Martian Year (MY) 35 and one in MY36,
implying that such clouds are recurring annually, not just isolated incidents. They appear
briefly, and although their temperatures are slightly above the CO2 saturation point, they
remain near this critical threshold. Two clouds were detected at exceptionally low altitudes
(300m and 800m), which, during the storm season, raises the possibility of them being false
positives, potentially caused by atmospheric dust affecting ground temperatures. The third
cloud, found at a much higher altitude of 80 km, is more likely to be a genuine cloud forma-
tion. Given the extensive data collected, it is clear that such clouds are rare and infrequent
occurrences.

On Figure 20 is the type of event detected. The event "cloud" is when a cloud is detected
but doesn’t precipitate, while the event "precipitation" is when a CO2 precipitation hap-
pens after a cloud was formed (see Figure 9). Precipitation events happen in a line between
40°N and 80°N. There also seem to be precipitation almost only on the North Pole, and not
on the Equator, as we expect, since clouds on the Equator should be mesospheric clouds
and thus not precipitate.

On Figure 21, you can see the maximum altitude of the clouds. This can help us to identify
clouds in the lower or in the middle atmosphere. The obvious information here is that the
majority of the clouds are located in the lower atmosphere and between 0 to 30 km. These
clouds are all in the North atmosphere, and are located above 40°N. There are also a lot
of clouds from 30 to 60 km high. These clouds are located, for the majority, on the North
Pole, so above 60°N. Some of them are also located on the equator. The majority of the
clouds with the highest altitudes, from 60 to 90 km high, also called mesospheric clouds, are

36



Figure 19: The clouds detected by our code. Each point corresponds to one profile where
a cloud was detected. In red are the points detected in Martian Year 34, in green Martian
Year 35 and in blue Martian Year 36.

Figure 20: The clouds detected by our analysis. Each point corresponds to one profile where
a cloud was detected. In white are the clouds detected and in blue the CO2 precipitations.
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located between 20°N and 20°S, on the equator.A significant concentration of these clouds
is also observed longitudinally between 170°W and 30°W. This area encompasses notable
Martian landmarks such as the Tharsis Montes, Mons Olympus and the Valles Marineris.
This region is characterized by its relatively higher altitude compared to other Martian
areas. The elevated altitude results in lower atmospheric pressure, which in turn facilitates
cloud formation.

Figure 21: The clouds detected in our study. Each point corresponds to one profile where
a cloud was detected. In blue are the clouds with a maximum altitude from 0 to 30 km up,
in orange 30 to 60km and in red 60 to 90km.

Figure 22 illustrates the duration of cloud formations. It is observed that all clouds located
at the equator have a duration of less than 30 minutes. In contrast, clouds at the North Pole
(regions above 60°N) exhibit a unique characteristic, being the only ones that can persist
for more than 4 hours. Additionally, the North Pole displays a versatile range of cloud du-
rations, spanning from just a few minutes up to 4 hours. Conversely, clouds situated below
the 60°N boundary typically last between a few minutes and a maximum of 3 hours.

An interesting observation is the local time when the clouds are detected. On Figure 23 is
the distribution of cloud events based on the initial time of cloud formation. Clouds seems
to form majorly in the interval between 2 AM and 5 AM, but there is also a lot of clouds
forming between 10 AM and 3 PM. However, this observation should be considered in the
context of data uniformity. On Figure 23 (a) is the distribution of cloud events based on the
initial time while on (b) is the distribution of all profiles, encompassing both cloud events
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Figure 22: The clouds detected in our study. Each point corresponds to one profile where
a cloud was detected. The clouds color and forms vary depending on the cloud duration.

and instances where no clouds were detected. Given the non-uniform nature of the data,
our graph in part (a) may not precisely indicate the peak times for cloud formation. That’s
why Figure 24 was also made, as it is the distribution of cloud events based on the initial
time normalized by the distribution of all profiles. This gives us totally different informa-
tion about the initial formation time, as the clouds seem to form mainly between 3AM and
13PM, with the peak at 11AM and 12AM.

The variation in cloud formation timing at the Martian North Pole during winter may
be influenced by data bias. Given that the North Pole remains predominantly dark in win-
ter without sunlight, theoretically, there should not be the observed time-based differences
in cloud formation as depicted in Figure 24. The non-uniform nature of the data collection
could also contribute to these variations. Specifically, certain hours might have such sparse
data that it becomes challenging to draw statistically significant conclusions. Therefore, the
observed diurnal variations in cloud formation could be more reflective of the data collection
inconsistencies rather than actual atmospheric phenomena.

We have identified three distinct types of clouds: mesospheric CO2 clouds located at the
equator and in higher altitude regions, which are short-lived; a range of clouds at the North
Pole, varying in altitude but generally lasting longer; and clouds in the Southern Hemisphere
that are found at either very low or very high altitudes. Additionally, our findings indicate
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(a) Distribution of cloud events based on the
initial local time of cloud formation

(b) Distribution of data based on local time
when the profiles were taken.

Figure 23: Distribution of events based on time (in hours).

Figure 24: Distribution of cloud events based on local time (in hours) normalized with the
data. Each bin was divided by the number of data for this bin and multiplied by the total
number of data.

that precipitation occurs exclusively at the North Pole.

3.4 Interannual variations

Let’s start by analyzing interannual variations on the poles. In Figure 25, the clouds detected
for each year are presented separately, facilitating a clearer comparison of the differences.
There appears to be no significant variation in the quantity of clouds between Mars Years
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(a) Mars Year 34 (b) Mars Year 35 (c) Mars Year 36

Figure 25: The clouds detected by our code. Each point corresponds to one profile where
a cloud was detected. In red are the points detected in Martian Year 34, in green Martian
Year 35 and in blue Martian Year 36.

(MY) 34, 35, and 36. Specifically, there were 9,319 detected cloud events in MY34 (for 323
046 profiles), 11,023 in MY35 (for 475 454 profiles), and 8,422 in MY36 (for 396301 profiles).
This can be rationalized in comparison with the data we have for each year: 2.885% for
MY34, 2.318% for MY35, and 2.125% for MY36. In MY35 and MY36, there is a noticeable
boundary at 60°N, above which there is a higher concentration of clouds than below. In
contrast, the clouds in MY34 are more evenly distributed spatially, as this distinct difference
is not visible. On Mars, interannual changes in the atmosphere are almost always due to
dust, and as Mars Year 34 is known for a big dust storm, we can expect that this difference
is due to it.

Another difference that can be seen is in Mars Year 36. The phenomenon seem to be
the opposite of Mars Year 34, as the data seem to be much less spatially distributed and
confined on top of the 60°N boundary. This year experienced a larger C-type storm than
MY34 and MY35, suggesting a potential correlation. However, without data from addi-
tional years, it’s challenging to draw definitive conclusions. There does not seem to be any
difference in the equatorial clouds between the years.

It is also interesting to analyze the difference in data and cloud events depending on Ls for
each year. On Figure26 are the distribution of the data depending on the solar longitude.
Unfortunately, there is not any data for Mars Year 34 between 270° and 280° from MCS.
The dataset does not have any data for this period. The distribution in data is not totally
uniform, as it seems they are more data at the end of winter than at the beginning for the
three years.

The distribution of cloud events can be seen on Figure 27, the clouds seem to increase
while reaching the end of the year. This is due to the fact that there is more data for the

41



(a) Mars Year 34 (b) Mars Year 35 (c) Mars Year 36

Figure 26: Distribution of data depending on the solar longitude.

(a) Mars Year 34 (b) Mars Year 35 (c) Mars Year 36

Figure 27: Distribution of cloud events depending on the solar longitude.

(a) Mars Year 34 (b) Mars Year 35 (c) Mars Year 36

Figure 28: Distribution of cloud events depending on the data and on the solar longitude.
Each bin was divided by the data number for this bin and multiplied by the total number
of data for each year.
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(a) Mars Year 34 (b) Mars Year 35 (c) Mars Year 36

Figure 29: Distribution of cloud events across Solar Longitude. Each point corresponds to
one profile where a cloud was detected.

end of each year as seen on Figure 26. Due to the nonlinear nature of the data, Figure
28 illustrates the distribution of cloud events relative to the solar longitude. Each bin is
normalized by the count of data points it contains, and then scaled by the annual total
data count to enhance visibility on the graph, especially since the original values were frac-
tional. This gives us a way to have the information we need about the difference in each
year of cloud appearance depending on solar longitude. Mars Year 34 seem to have a lot
of clouds at the beginning of winter, corresponding to the end of the global dust storm,
and also has a lot of clouds at the end of winter, while the appearance of clouds in the
middle of winter seem to be almost constant. For Mars Year 35, there are a lot of clouds
in the middle of the winter, and also a bit more than usual at the beginning and at the
end. For Mars Year 36, there is a visible difference between the end of winter and the
beginning. The lowest bar corresponds exactly to the C-storm season, and as the C-storm
this year was bigger than the other years this could explain it. If we look at the other two
years, there is also less clouds in the C-storm season (315° to 349°), indicating a correlation.

Figure 29 illustrates the distribution of cloud formations as a function of solar longitude for
Martian Years 34, 35, and 36. Notably, cloud formations at the North Pole are visible each
year, as the winter season ends the number of clouds decreases toward Ls 360. The cloud
distribution show some interannual variations. During the early winter of MY34, there’s an
observable expansion of cloud coverage to broader areas, a trend also evident at the end of
the C-type storm season (solar longitude from 315° to 349°), with clouds extending to 40°N.
Outside of these periods, clouds typically are not detected below 60°N. In MY35, there’s
a noticeable increase in cloud persistence, especially below 60°N during the C-type storm
season. MY36, marked by a significant C-type storm, shows an even greater persistence of
clouds, predominantly above 60°N. However, during the C-type storm season, a slight in-
crease in cloud formations is observed below 60°N, though these are less extensive compared
to the previous two years
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Figure 29 additionally provides insights into the equatorial mesospheric clouds, which pre-
dominantly appear towards the end of winter, with a solar longitude ranging from 340 to
360° over the three observed Martian Years. In MY34, the majority of equatorial clouds
are observed at year’s end, hinting at a potential link with the global dust storm happening
at the beginning of winter. For MY35, these clouds are present throughout the winter, but
there is a noticeable increase towards the season’s end. In contrast, MY36 shows a higher
frequency of equatorial clouds during both the C-type storm season and the latter part of
the year.

Our observations suggest an increased amount of clouds while there was a global dust
storm. This correlation may be attributed to the lower temperatures typically found in the
lower atmosphere during such storms, as discussed in Section 1, which likely promote cloud
formation. Conversely, C-type storms tend to result in a decrease in cloud formation, espe-
cially during larger storms. However, there is an observed increase in cloud coverage area,
which is more pronounced when the C-type storms are smaller in scale. This phenomenon
may be explained by the geographic occurrence of most clouds, which are predominantly
observed at the northern pole, and the fact that C-type regional storms generally do not
extend beyond 40°N in latitude.

44



4 Discussion and Further Perspectives
In this study of Martian cloud dynamics, particularly focusing on the northern hemisphere
during the winter seasons of Martian Years 34, 35, and 36, we have gained insights into the
atmospheric dynamics of Mars. The analysis of over 1 million different events revealed that
the highest concentration of clouds occurred at latitudes above 50°N, correlating with the
winter season in the Martian North Pole. The equatorial region also showed mesospheric
cloud formation. This pattern underscores the influence of seasonal and latitudinal factors
on cloud formation on Mars. The detection of clouds in the Southern Hemisphere presents
an intriguing area for further research, especially considering they have only been observed
once previously [26].

The study’s detailed examination of cloud events revealed important characteristics about
Martian cloud dynamics. For instance, clouds at the equator are short-lived, typically last-
ing less than 30 minutes, while those at the North Pole can persist for more than 4 hours,
exhibiting a diverse range of duration. The analysis of cloud formations based on local time
showed a predominant formation period between 2 AM and 5 AM, with another significant
period between 4 AM and 1 PM. Our findings showed that the diurnal meteorological vari-
ations can drive the cloud formation processes.

Additionally, the interannual comparison across the three Martian Years did not reveal
a consistent pattern in cloud appearance relative to solar longitude except for the C-type
storm season and global dust storm suggesting complex interactions between atmospheric
conditions and dust storm activities. The significant drop in cloud events during the C-
storms further highlights the impact of dust storms on Martian cloud dynamics, and might
be attributed to the geographic occurrences of most clouds. The increased amount of clouds
during the global dust storm may be attributed to the lower temperature in the atmosphere
due to the dust. The changes in cloud coverage over the years, especially during the C-type
storm season, further suggest interactions between dust and clouds. These findings not only
enhance our understanding of Martian atmospheric phenomena but also lay the groundwork
for future research, particularly in modeling atmospheric conditions on Mars.

We have successfully developed a method to read and analyze Mars Climate Sounder (MCS)
data obtained directly from an online publicly available dataset. While there exists a sub-
stantial body of literature focusing on MCS data, most of these studies have not concentrated
specifically on the analysis of Martian clouds in the northern hemisphere winter. This is
particularly true for the more recent Martian Years (MY) 34, 35, and 36.

My work stands out as it globally analyzes cloud formations during the winter season in
Mars’ northern hemisphere. Given that Martian Years 34, 35, and 36 are relatively recent,
there exists a significant gap in the comprehensive analysis of these periods, especially MY
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36. By focusing on these years, this works study the interannual variation of the atmo-
spheric behavior and cloud patterns of Mars.

This analysis contributes to a better understanding of Martian meteorology, particularly
cloud dynamics and their seasonal and interannual variations. The findings of this study
also provide a basis for future research on Mars’ climate, potentially aiding in the planning
of future Mars missions. Thus, this study offers a new perspective on Martian clouds, par-
ticularly in the context of recent Martian years and specific seasonal patterns.

This analysis is fundamentally a statistical one, executed automatically by a numerical
code and analysis. Given the sheer volume of events under consideration, manual analysis
was impossible. This enormity inevitably implies the possibility of false detection and errors
within the data. However, it is important to note that we detected more than 28,000 cloud
events. These false detection, while present, are likely to be a small fraction of the total
detection and thus do not significantly detract from the overall validity and reliability of
the findings.

The scale of data allowed for a robust statistical approach, ensuring that the overall trends
and patterns identified are representative of the actual atmospheric conditions on Mars, de-
spite the potential minor inaccuracies. Moreover, while manual analysis was impossible for
all the data, a smaller sample was tested manually, enhancing the confidence in the results
and in the code.

As previously mentioned, the Mars Reconnaissance Orbiter (MRO) is in constant motion,
completing a full orbit around Mars roughly every 2 hours. This unique orbit allows it to
cover the entire Martian surface within a single day. However, this extensive coverage also
means that observations made even minutes apart are not conducted at the exact same
geographical coordinates in terms of latitude and longitude. Consequently, our code and
analytical methods, while adept at identifying cloud formations, encounter limitations in
tracking these clouds over time. Specifically, if a cloud is not spatially extensive, our system
may detect it at one point but fail to do so in subsequent observations.

This phenomenon is exemplified in Figure 18, where two distinct events are presented.
Here, the inability to consecutively track the same cloud formation across different time
frames becomes apparent. Due to the rapid movement of the MRO and the variable nature
of cloud formations, it becomes challenging to determine whether certain clouds dissipate
quickly or are simply too small to be detected in consecutive measurements. Therefore,
while our methodology is robust in identifying cloud presence, it encounters inherent limi-
tations in assessing the duration and persistence of these clouds.

Another limitation associated with the movement of the Mars Reconnaissance Orbiter
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(MRO) is the potential amalgamation of multiple cloud formations into a single ’cloud
event’ by our analytical code. The code is designed to operate in the following manner: if a
cloud is detected in multiple consecutive profiles, the system classifies this as a single cloud
event. While this approach is effective in many cases, it encounters a specific problem due
to the orbital motion of the MRO. As MRO traverses the Martian skies, it could encounter
two distinct cloud formations located in close proximity to each other. Given the code’s
methodology, there is a possibility that these separate cloud entities could be erroneously
identified as a single event. This issue is not just a technicality but has broader implications
for our understanding of Martian cloud dynamics. Accurately distinguishing between indi-
vidual cloud formations is crucial for a detailed analysis of cloud duration. This can lead
to, in areas where cloud are prolific, really long clouds, as seen on Figure 22.

Therefore, while our code provides a tool for detecting and analyzing Martian cloud events,
this aspect underscores the need for enhanced algorithms or additional observational strate-
gies. Such improvements would enable more precise differentiation between closely spaced
cloud formations.

Expanding the scope of this study to include additional Martian seasons beyond winter
would improve our understanding of the planet’s atmospheric dynamics. This comparative
analysis would provide insights into the planet’s meteorological processes, revealing how
cloud behavior and atmospheric conditions vary from season to season. For instance, ana-
lyzing Martian Year 34 during the global dust storm would be particularly intriguing. In
this study, we only analyzed the latter part of it, as the storm began in the fall. More-
over, extending the temporal range of the study by incorporating data from more Martian
years would allow for a more nuanced understanding of inter-annual variability in cloud
formations. This long-term data could unveil patterns and trends that are not apparent in
shorter study periods, and allow us to confirm our hypotheses. It may provide insights into
the stability and variability of Martian climate over extended periods, enabling a better
understanding of Martian meteorology and its potential evolution over time. It would also
help to determine if the clouds detected by our analysis in the southern hemisphere were
false positives or genuine cloud formations.

Another improvement lies in diversifying the data sources. Utilizing data from other satel-
lites or Mars rovers would offer a different observational perspective, potentially uncovering
nuances or phenomena that the Mars Climate Sounder (MCS) might miss. This approach
is particularly important in remote sensing, where instrumentation and observational biases
can skew data interpretation. By comparing MCS data with that from other sources, we
can validate the accuracy of our findings and identify any biases or limitations inherent
in the MCS data. For instance, cross-referencing our data collected via spectrometry with
that obtained through radio occultation can provide insights into the potential limitations
or inaccuracies of the spectrometer.

47



Cross-referencing our observations with established models like the Mars Climate Database
(MCD) or other Martian Global Circulation Models (GCMs) could also be done. This
comparison serves a dual purpose: it not only assesses the accuracy and reliability of these
models but also offers insights to refine and enhance them. By aligning our empirical data
with these models, we can identify discrepancies and areas for improvement.

An important future direction for this research involves refining the existing code to en-
able the identification of water ice (H2O) clouds on Mars. While our current focus has been
predominantly on the detection and analysis of Martian CO2 clouds, the expansion to in-
clude H2O clouds is a crucial step. This addition would allow for a study of the distribution,
frequency, and characteristics of H2O clouds, and their interaction with other atmospheric
phenomena on Mars. Understanding the behavior of both CO2 and H2O clouds is vital, as
it contributes to a more holistic view of Martian atmospheric dynamics.

Incorporating the analysis of H2O clouds into our research will also significantly enhance
our understanding of the Martian hydrological cycle. This is particularly important given
the implications of water ice clouds in the context of potential past or present life on Mars,
as well as for future human exploration. By studying these clouds, we can gain insights
into the seasonal and perhaps even diurnal variations of water vapor and ice in the Martian
atmosphere. This could provide information about the planet’s past climatic conditions and
its capacity to support life, even in microbial forms.

Moreover, this expanded focus will enable a more detailed examination of the Martian
climate and weather systems. Understanding the dynamics of H2O clouds in relation to
CO2 clouds can reveal much about the temperature, pressure, and atmospheric composi-
tion variations on Mars. By expanding our research to include the study of H2O clouds
on Mars, we will not only enhance the comprehensiveness of our study but also contribute
insights into the Martian hydrological cycle, climatic conditions, and atmospheric dynamics.
This approach will enrich our overall knowledge of the planet’s atmosphere and could have
far-reaching implications for both Martian and terrestrial atmospheric sciences.

The code was shared to other researchers and is accessible online to everyone. By mak-
ing the code accessible to others, it enables scientists to analyze MCS data in their own
studies. This widespread use can lead to a variety of insights and findings about the Mar-
tian atmosphere. The ability of the code to process and analyze MCS data means that
researchers can now delve into more detailed and specific aspects of Mars’ atmospheric con-
ditions. This could include studies on atmospheric composition, temperature variations,
wind patterns, and seasonal changes, among others.
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