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de Belgique

i



ii



Remerciements
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Abstract

The sublimation and condensation processes of the seasonal Mar-
tian caps are linked to the CO2 cycle, the main cycle on Mars. Observing
the seasonal growth and recession rates of the caps provides insight into
the local and global environment. These seasonal processes strongly
influence the global energy budget of Mars. While they are repeatable
over the Martian Years (MY), interannual variability exists due to global
dust storms.

Since April 2018, the Nadir and Occultation for Mars Discovery (NO-
MAD) instrument on board ExoMars-Trace Gas Orbiter has been mon-
itoring the Martian atmosphere. Although NOMAD is not primarily
dedicated to surface analysis, this PhD thesis develops high spectral
resolution methods to analyse the information content of NOMAD’s
nadir infrared channel (2.3-3.8 µm) for surface information. By iden-
tifying ice absorption bands in this spectral range, spectral indices are
defined to distinguish CO2 ice from H2O ice. The research compares
seasonal processes in the Martian caps during MY34-36 (April 2018 to
December 2022), and analyses the potential impact of the MY34 global
dust storm on the Southern polar cap. In addition, the present thesis
demonstrates that NOMAD is also able to detect atmospheric ice signa-
tures, such as the Polar Hood clouds (H2O ice clouds) at high latitudes
and mesospheric CO2 ice clouds at mid-equatorial latitudes. Finally,
the high spectral resolution of NOMAD offers the possibility to retrieve
some microphysical ice properties.
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Chapter 1

General Introduction

The planet Mars, the fourth planet in our Solar System, has always
captivated the human imagination. Prior to the era of space exploration,
Mars was shrouded in mystery. In the 19th century, Giovanni Schiapar-
elli was a pioneer in astronomical observation. In 1877, he published
his detailed observations of the Martian surface, in which he described
the presence of dark linear features on the planet (detailed in Abetti
and Abetti (1910)). Called canali1, his observations led to popular
speculation about the possibility of Martian civilisations constructing
canals (Evans and Maunder, 1903). Astronomer Percival Lowell con-
tinued Schiaparelli’s research and developed a theory that the Martian
canals were artificial constructions, used by an advanced civilisation to
irrigate the desert planet (Basalla, 2006).

In 1965, the NASA Mariner 4 spacecraft provided the first close-up
images of Mars, revealing a dry landscape devoid of clearly defined canals
(Leighton et al., 1965). These observations confirmed that the Martian
canals were optical illusions, natural formations, or artifacts resulting
from the observational limitations of previous ground-based telescopes.
Since then, numerous other Mars exploration missions, such as the rovers
Spirit (Arvidson et al., 2010), Opportunity (Arvidson et al., 2011), Cu-
riosity (Vasavada, 2022), and Perseverance (Farley et al., 2020), as well
as the orbiters Mars Odyssey (Saunders et al., 2004), Mars Reconnais-
sance Orbiter (Zurek and Smrekar, 2007), Mars Express (Chicarro et al.,
2004) and ExoMars Trace Gas Orbiter (Vago et al., 2015) have exten-
sively mapped the surface of Mars, providing additional evidence that
the canals are not of artificial origin. Although the idea of Martian
canals has been denied, Mars remains fascinating thanks to the different

1Martian surface channels.
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space missions that have revealed the presence of ancient lakes, rivers
and deltas, suggesting the presence of liquid water, thought to have oc-
curred around 3.5 billion years ago (Carr, 1996). In the coming years,
through the Mars Sample Return program (Cataldo et al., 2022), NASA
and ESA will attempt to bring back the first samples of Martian surface
to Earth for detailed analysis. This program includes several missions,
each involving a significant step. Since 2021, the Perseverance rover
collects samples of the Martian surface, which will be retrieved by he-
licopters and a lander, then sent into the Martian atmosphere in early
2030s. After that, the Earth Return Orbiter will capture and bring them
back to Earth after 2033. The in-depth analysis of these Martian sam-
ples on Earth will contribute to better characterise the surface of Mars,
providing precise insights into the timing of water flow on the planet’s
surface and the potential existence of life.

1.1 General features of Mars

Mars is a dry and rocky planet with a cold climate, in which sur-
face temperature ranges from −160◦C to 20◦C (Gómez-Elvira et al.,
2014; Jiang et al., 2023; Munguira et al., 2023). The red planet has a
radius of 3396 kilometres, making it about half the size of the Earth.
Its average distance from the Sun is 228 million kilometres, or 1.5 as-
tronomical units (au)2. At this distance, it takes about 13 minutes for
sunlight to travel from the Sun to Mars (Government Publishing Office,
2019).

Rotating on its axis, the planet completes one revolution every 24.6
hours. Martian days are known as sols, from “solar day”. A Martian
year consists of 668.6 sols, or 687 Earth days. Like the Earth, Mars has
seasons, causing by the 25◦ tilt of its axis of rotation with respect to
the plane of its orbit around the Sun. On the other hand, the eccen-
tricity of the Martian orbit has an impact on the seasons. Indeed, they
vary in length making spring in the Northern hemisphere (autumn in
the South) the longest season (194 sols) and autumn in the Northern
hemisphere (spring in the South) the shortest (142 sols). Therefore, the
Martian months also have a different number of days, ranging from 46 to
67 sols (Seidelmann et al., 2007). A commonly used method for defining
Martian seasons and days is through solar longitude, which measures
the Mars-Sun angle relative to the spring equinox in the Northern hemi-

2An astronomical unit is the standard distance from the Sun to the Earth = 149
597 871 km (International Astronomical Union, 2013).
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sphere, where LS=0◦. By this definition, LS=90◦ represents the North-
ern summer solstice, LS=180◦ indicates the Northern autumn equinox,
and LS=270◦ signifies the Northern winter solstice (see Figure 1.1). Ac-
cordingly, Martian months are defined as spanning 30 degrees of solar
longitude, and a Martian Year (MY) ranges from LS=0◦ to 360◦ (Forget
et al., 1999; Clancy et al., 2000).

Figure 1.1: Martian solar longitude (LS) definition: LS=0◦ is the spring
equinox in the Northern hemisphere, LS=90◦ the Northern summer sol-
stice, LS=180◦ the Northern autumn equinox, and LS=270◦ the North-
ern winter solstice (Forget et al., 1999; Clancy et al., 2000).

Despite being a dry and cold world, Mars has several fascinating fea-
tures. The Red Planet presents a hemispheric dichotomy, representing a
significant difference in elevation between the low Northern hemisphere
and the high Southern hemisphere. The low Northern hemisphere is
characterised by young terrains and lightly cratered plains, resulting
from possible volcanic activities or periods of tectonic plate recycling
in the early history of Mars. The correlation between low elevation
and high topographic smoothness suggests the possible location of an
ancient Martian ocean. On the other hand, the Southern hemisphere
appears old and heavily cratered. It hosts one of the deepest known
impact craters, the Hellas Basin, and a vast canyon system called Valles
Marineris stretching for kilometers on the Martian surface (see Figure
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1.2). The global dichotomy boundary is interrupted by the Tharsis
province, which is a vaste region of ancient volcanoes with the tallest
volcano in the entire Solar System, i.e. the Olympus Mons (Smith et al.,
1999; Bills and Nerem, 2001). Moreover, polar caps are present at both
poles. Mainly composed of CO2 ice with a H2O ice subsurface, they
play an important role in the Martian climate (see Section 1.2) (Becerra
et al., 2021). The atmosphere of Mars is mainly composed of carbone
dioxyde CO2 (95.3%), nitrogen N2 (2.7%) and argon Ar (1.6%) (Owen
et al., 1977; Oyama and Berdahl, 1977; Owen, 1992). It also contains
small amounts of oxygen O2, water vapour H2O, and trace quantities of
noble gases such as neon Ne, krypton Kr, and xenon Xe. Additionally,
there are molecular species like carbon monoxide CO, ozone O3, nitro-
gen oxide NO, and hydrogen peroxide H2O2, which are formed through
photochemical processes3 involving the primary volatiles (Haberle et al.,
2017). All these gases contribute to an average annual surface pressure
of 6 mbar on Mars (Haberle, 1997, 2015; Withers, 2012; Banfield et al.,
2020).

On the other hand, the presence of methane CH4 in the Martian
atmosphere is the subject of much debate in the scientific community
(Formisano et al., 2004; Geminale et al., 2008; Lefèvre and Forget, 2009;
Mumma et al., 2009). Recently, no detection of CH4 was reported by
the ExoMars Trace Gas Orbiter-NOMAD spectrometer (Korablev et al.,
2019; Liuzzi et al., 2019). The instrument has been scanning the Mar-
tian atmosphere accurately up to 6 km altitude since 2018. These re-
sults are not in line with the measurements in the Gale Crater of the
NASA Curiosity rover (Webster and Mahaffy, 2011; Webster et al., 2018;
Moores et al., 2019) or the total atmospheric column measurements of
ESA Mars-Express spacecraft (Formisano et al., 2004; Geminale et al.,
2008; Giuranna et al., 2019), indicating small amounts of methane. This
demonstrates the complexity of the subject and that there may exist an
unknown rapid destruction mechanism in order to reconcile the different
results (Knutsen et al., 2021).

3Chemical reactions occurring when molecules absorb energy in the form of light.
They hence enter transient excited states that possess distinct chemical and physical
properties compared to their original states. These excited states can undergo various
transformations such as decomposition, structural changes, combination with other
molecules, or transfer of electrons, hydrogen atoms, protons, or electronic excitation
energy to other molecules (Fleming et al., 2018).



1.1. General features of Mars 5

Figure 1.2: Compilation of images captured by the Viking Orbiter 1.
The center of the scene shows the entire Valles Marineris canyon system,
over 3000 km long and up to 8 km deep (U.S. Geological Survey and
NASA).

The planet is surrounded by two small moons: Phobos and Deimos
(see Figure 1.3). Their compositions are poorly understood and their
origins are still an open issue (Fraeman et al., 2014; Ramsley and Head,
2021). Globally, two scenarios of formation are considered. Either
Phobos and Deimos are asteroids captured by Mars (Rosenblatt et al.,
2016) or they formed in-situ in a disk following a giant impact on Mars
(Le Maistre et al., 2019). The capture scenario relies on surface analy-
sis that demonstrates a different composition compared to the Martian
surface (Chapman, 2004; Rosenblatt, 2011; Pieters et al., 2014). Never-
theless, the low density of Phobos and Deimos suggests a high porosity
and/or an important content of water ice, which can be the result of
re-accretion of debris in Mars’ orbit and be favorable to the in-situ for-
mation scenario (Glotch et al., 2018; Le Maistre et al., 2019).
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Figure 1.3: MRO HiRISE camera images (McEwen et al., 2007) of
Deimos (averaged diameter of 12 kilometers) and Phobos (averaged di-
ameter of 22 kilometers) in accentuated colours. Phobos has a heavily
cratered surface, with the largest crater being Stickney crater, as can be
seen on its right side in the picture (Thomas et al., 2011; Ramsley and
Head, 2021).

1.2 Martian climate

The present climate of Mars is mainly influenced by the CO2 cycle,
but also the water and dust cycles. These cycles involve the exchange of
materials between the surface and atmosphere of Mars, driven by daily
and seasonal variations in the amount of sunlight received by the planet
(Dehant et al., 2020).

As mentioned in Section 1.1, the polar caps play an important role
in the Martian climate. During winter hemisphere, CO2 condenses and
forms CO2 ice deposits on the poles, as the CO2 frost point temperature
is reached (T ∼148K at 6 mbar, Piqueux et al. (2016)). When spring
arrives, the amount of ligth and hence surface temperature increase,
leading to the sublimation of the caps. CO2 is released back into the
Martian atmosphere. These condensation and sublimation processes
are responsible for the growth and retreat of the polar ice caps (Piqueux
et al., 2003; Langevin et al., 2007; Brown et al., 2010; Appéré et al.,
2011; Piqueux et al., 2015), in which approximately 25% of the Martian
atmosphere is involved (Hess et al., 1979, 1980).
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(a) (b) (c)

Figure 1.4: Retreat of the Southern polar cap observed by MARCI in
MY29: (a) LS = 225◦, (b) LS = 250◦, (c) LS = 340◦. Mars MRO
MARCI Daily Global Weather Maps PDS4 Archive: https://astrog

eology.usgs.gov/search/map/Mars/MarsReconnaissanceOrbiter/

MARCI/MARS-MRO-MARCI-Mars-Daily-Global-Maps.

During the Southern winter (LS 90◦-180◦), spectrometers such as
the Observatoire pour la Minéralogie, l’Eau, les Glaces et l’Activité
(OMEGA) (Bibring et al., 2004b) onboard Mars Express and the Com-
pact Reconnaissance Imaging Spectrometer (CRISM) (Murchie et al.,
2007) onboard Mars Reconnaissance Orbiter (see Section 1.3) observed
strong CO2 ice signatures over the Southern seasonal cap with a weak
albedo contrast between ice-covered and ice-free regions (Langevin et al.,
2007; Schmidt et al., 2010; Brown et al., 2014). After the equinox (LS

180◦), the seasonal cap becomes much brighter than the surrounding re-
gions, suggesting a decrease in the CO2 ice thickness. During Southern
spring (LS <200◦), a low albedo region appears within the retreating
seasonal ice cap. This so-called cryptic region (latitudes <70◦S and lon-
gitudes from 60◦E to 210◦E) has been observed to be associated with the
ejection of dust material from beneath the seasonal ice, which darkens
the upper surface of the seasonal ice cap and even obscures the CO2 ice
signature of the seasonal ice cap (Kieffer et al., 2000; Langevin et al.,
2006, 2007; Pommerol and et al., 2011). Both the OMEGA and CRISM
instruments have noted the presence of H2O ice (LS ∼225◦), persisting
over the cap even after the end of the recession, possibly mixed with
dust (Langevin et al., 2007; Brown et al., 2014). The polar cap does not
completely disappear during summer, revealing a bright residual cap as
shown in Figure 1.4. As observed by the Thermal Emission Spectrom-
eter (TES) (Christensen et al., 2001) onboard Mars Global Surveyor
(MGS) (see Section 1.3), the growth and retreat of the Southern polar
cap follows an assymetric pattern influenced by local topography, par-
ticularly the Hellas Basin (see Section 1.1) (Piqueux et al., 2015).

https://astrogeology.usgs.gov/search/map/Mars/MarsReconnaissanceOrbiter/MARCI/MARS-MRO-MARCI-Mars-Daily-Global-Maps
https://astrogeology.usgs.gov/search/map/Mars/MarsReconnaissanceOrbiter/MARCI/MARS-MRO-MARCI-Mars-Daily-Global-Maps
https://astrogeology.usgs.gov/search/map/Mars/MarsReconnaissanceOrbiter/MARCI/MARS-MRO-MARCI-Mars-Daily-Global-Maps
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On the other hand, it is extremely rare to observe pure CO2 ice on
the Northern polar cap, even during winter observations. Indeed, the
Northern polar cap is dominated by H2O ice. As reported by CRISM
and OMEGA, during the Northern winter, the seasonal cap is chara-
terised by a uniform distribution of CO2 ice surrounded by a H2O ice
annulus. In spring (LS <90◦), the distribution of CO2 exhibits an inho-
mogeneous pattern, becoming more and more patchy and leading to the
apparent enlargement of the H2O ice annulus. In summer (LS >180◦),
the CO2 ice signatures disappear completely, leaving a residual cap of
pure H2O ice (Appéré et al., 2011; Brown et al., 2012). The growth and
retreat of the Northern polar cap appears monotonic and slow, following
a symmetric pattern through the seasons (Kieffer and Titus, 2001).

Directly linked to the CO2 cyle, these seasonal processes in the polar
ice caps have a strong influence on the global energy budget of the Red
Planet, showing repeated growth and retreat of the ice caps through-
out the Martian years (Piqueux et al., 2015). Subsurface sounding
radar allows to investigate the internal structure of the Martian po-
lar deposits (PLD), as ice is transparent to the radar wavelengths. The
Mars Advanced Radar for Subsurface and Ionosphere Sounding (MAR-
SIS) on Mars Express (Jordan et al., 2009) and the SHAllow RADar
(SHARAD) on Mars Reconnaissance Orbiter (Seu et al., 2007) revealed
that the PLD are composed by ice layers and different dust content
in the layers between the Northern and the Southern polar deposits
(NPLD/SPLD). SHARAD observed massive deposits of burried CO2

ice within the SPLD, which can double the Martian pressure if it sub-
limates. The radar instrument also revealed depths of 1000 m in the
SPLD. It consists of alternating thick layers of CO2 ice and thin layers
of H2O ice (Bierson et al., 2016).

CO2 ice is also present in the Martian atmosphere. NASA’s Mars
Pathfinder spacecraft first suggested the presence of CO2 ice clouds in
the mesosphere of Mars (Clancy and Sandor, 1998), i.e. at altitudes
where the temperature is cold enough for CO2 to condense. Since then,
they have been observed directly by a number of instruments. While
OMEGA provided the first spectral signature of CO2 ice cloud, with the
TES, CRISM and Thermal Emission Imaging System (THEMIS) (Chris-
tensen et al., 2004) spectrometers, they contributed to the understanding
of their spatial distribution (McConnochie et al., 2010; Vincendon et al.,
2011; Clancy et al., 2019). CO2 ice clouds exhibit distinct patterns in
their distribution, depending on the region, altitude, and seasonal vari-
ations. At equatorial latitudes, they are present at altitudes of about 50
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to 100 km, ranging from LS 0◦ to 140◦ (Clancy et al., 2007; Montmessin
et al., 2007; Määttänen et al., 2010). They are also present at high lat-
itudes during the polar night in altitudes lower than 20 km (Glandorf
et al., 2002; Colaprete and Toon, 2003). The SPectroscopy for the In-
vestigation of the Characteristics of the Atmosphere of Mars (SPICAM)
onboard Mars Express reported nighttime clouds observations, which
are expected to be CO2 ice clouds (Montmessin et al., 2006).

Water ice also sublimates into the atmosphere. Water vapour is then
transported to middle and low latitudes, before re-condensing onto the
polar caps in autumn and winter seasons, which defines the Martian
water cycle. High water vapour abundances are found at high Northern
latitudes during summer, indicating that the Northern summer ice cap
is an important source of atmospheric water vapour. In contrast, the
polar regions experience minimum water vapour abundances in winter
(Fedorova et al., 2006, 2018; Smith et al., 2009; Clancy et al., 2017b;
Aoki et al., 2018, 2022; Daerden et al., 2019, 2022; Neary et al., 2020).
Water vapour in the Martian atmosphere is regulated by saturation,
leading to the formation of water ice clouds. They are most pronounced
during the Northern summer in the tropics. Called the Aphelion Cloud
Belt (ACB), they are generally diffuse, except over the volcanoes in the
Tharsis region, where optically thick orographic clouds can be observed
(see Figure 1.5). On the other hand, in the polar regions, they occur
during winter. Known as the Polar Hoods (PH), they are optically thick
and spread across all longitudes (see left picture in Figure 1.6).

CO2 ice and water ice clouds have an impact on the radiative balance
in the atmosphere of Mars, playing an important role in the radiative
heat transfer in the infrared wavelength. Their presence influences the
atmospheric distribution of heat, affecting indirectly the surface heat
balance (Forget and Pierrehumbert, 1997; Colaprete and Toon, 2003;
Madeleine et al., 2012b; Forget et al., 2013; Steele et al., 2014; Wilson
and Guzewich, 2014).
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Figure 1.5: Ice clouds above the volcanoes in the Tharsis region as ob-
served by the Mars Color Imager (MARCI) on the Mars Reconnaissance
Orbiter (MRO) (Malin et al., 2001; Bell et al., 2009). MARCI weather
report, December 2021 (Malin and Cantor, 2021).

Figure 1.6: Before and during the 2001 Martian global dust storm ob-
served by the Hubble Space Telescope (Bell et al., 2001).

Figure 1.6 shows the NASA Hubble Space Telescope observations of
Mars before and during the 2001 global dust storm. Dust is an impor-
tant aerosol in the Martian atmosphere (Kahre et al., 2015). Seasonal
changes promote the formation of strong winds that lifts regolith dust
into the atmosphere, creating dust clouds. These storms can be lo-
cal and occurring every day, or cover large regions and even the entire
planet in large global storms, which generally begin in the Southern
hemisphere during Southern spring and summer. The Martian dust cy-
cle shows a large amount of interannual variability (Benson and James,
2005). These extreme events seriously impact the radiative heat trans-
fer of Mars, affecting the CO2 and water cycles, and hence the climate,
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and even the surface temperature (Wolkenberg et al., 2018). Indeed,
atmospheric dust reduces the flux of direct solar energy towards the
ground, but increases the temperature of the atmosphere and its ther-
mal infrared flux towards the surface. Intuitively, the seasonal growth
and retreat rates of the caps should exhibit some degree of interannual
variability (Benson and James, 2005; Piqueux et al., 2015).

Previous studies using satellite data have attempted to characterise
the effects of global dust storms on the condensation and sublimation
processes of the polar ice caps (Benson and James, 2005; Calvin et al.,
2015; Piqueux et al., 2015; Calvin et al., 2017). Based on the available
observations, different results have been reported.

• Effects of global dust storms on the dynamics of the Northern polar
cap:

The formation of such storms generally occurs during the South-
ern spring. For this reason, few observations of the North polar
ice cap are available during this period due to low solar radiation.

During this time, CO2 begins to condense on the surface of the
Northern polar cap. The presence of atmospheric dust could af-
fect the rate at which the CO2 condenses, and any dust deposited
on the surface during this condensation phase could potentially
alter the rate of coming recession (Benson and James, 2005).

Benson and James (2005) used images from Mars Global Sur-
veyor’s Mars Orbiter Camera (MOC) wide-angle cameras to com-
pare the rate of recession of the Northern Polar cap during the
MY25 global dust storm with MY24 and MY26. They reported
similar recession rate between these 3 Martian years. Neverthe-
less, depending on the longitudes (330◦W to 60◦W), the recession
rate was about 1◦ to 2◦ latitude slower in MY26 than in MY24. It
is still unclear whether the MY25 global dust storm affected the
recession rate in MY26 or whether it is related to the topography,
which influences the local climate. Using TES and Mars Climate
Sounder (MCS) data, Piqueux et al. (2015) compared the growth
and retreat of the North seasonal cap between MY24 to MY31.
During MY25, they observed no apparent change on the dynamics
of the cap compared with other years.
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On the other hand, Piqueux et al. (2015) observed an accelerated
retreat of the cap in MY29, following the MY28 global dust storm
occurring in the Southern summer. Calvin et al. (2015) also no-
ticed this acceleration in MY29 using daily maps from the Mars
Reconnaissance Orbiter’s Mars Colour Imager (MARCI) camera
(see Section 1.3).

• Effects of global dust storms on the dynamics of the Southern polar
cap:

Benson and James (2005) noticed small variations in the Southern
polar cap recession between MY24 and MY26. The MY25 global
dust storm had negligible effects on the average cap recession that
year. Nevertheless, they observed faster regression at the end of
the sublimation phase (i.e. LS ∼262◦) by about 5◦ of LS com-
pared to MY24 and MY26. This result is consistent with those
reported by Bonev et al. (2002) and Piqueux et al. (2015), stating
that the MY25 global dust storm appeared in late Southern spring.

Considering the MY28 global dust storm, it occurred when the
Southern polar cap was almost completely sublimed. Piqueux
et al. (2015) observed no apparent change compared to other years
(MY24-31). Calvin et al. (2017) confirmed the trend. They anal-
ysed the Southern seasonal cap retreat in MY28-31 using daily
maps from MARCI.

The effects of global dust storm on the seasonal polar ice caps vary
considerably, ranging from negligible effects on a global scale to signifi-
cant effects. The acceleration of the recession rate of the Southern polar
cap in MY25 and the Northern polar cap in MY29 have distinct charac-
teristics that may be related to the atmospheric conditions during these
dusty events (Piqueux et al., 2015). Nevertheless, the current sample
of polar cap observations during global dust storms is limited. A more
comprehensive catalogue of seasonal cap behaviours observed during dif-
ferent global dust storms could provide valuable insights. It will help
to refine our understanding of the various feedback mechanisms that
operate between the atmosphere and the surface of Mars.
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1.3 Mars spectrometers for surface ices

Nadir observations, i.e. observations directed towards the cen-
tre of the planet, are important to provide a detailed and direct view
of the surface, which is invaluable for applications such as mapping,
topographic analysis, chemical composition studies and environmental
monitoring. This technique of observation has been used extensively by
various instruments orbiting Mars to study surface ice for example (see
Sections 1.2 and 2.4). The main spectrometers orbiting the Red Planet
are listed below:

• OMEGA onboard Mars Express (Bibring et al., 2004b) is an imag-
ing spectrometer with two spectral channels: a visible-near in-
frared channel, VNIR, in the 0.38-1.05 µm range, and a short-
wave infrared channel, SWIR, in the 0.93-5.1 µm range. The
SWIR channel consists of two subchannels, C (0.93-2.73 µm) and L
(2.55-5.1 µm). In August 2010, the cooling of the SWIR-C channel
failed, but OMEGA operated on the other channels from Febru-
ary 2003 until June 2022. It provided global cartography of Mars,
at high spatial resolution for specific regions (Riu et al., 2019a,b).
OMEGA identified various mineral in Martian soils, frosts and ices
(such as silicates, hydrated minerals, oxides, and carbonates) (e.g.
Langevin et al. (2007)). The instrument also studied the distri-
bution of atmospheric gases such as CO2, CO, H2O and aerosols
in the Martian atmosphere (e.g. Vincendon et al. (2010a, 2011);
Vincendon (2015); Szantai et al. (2021)).

• Complementary to OMEGA, CRISM onboard Mars Reconnais-
sance Orbiter (Murchie et al., 2007) acquired hyperspectral images
through two channels (VNIR: 0.36-1.05 µm, and infrared: 1-3.93
µm) of the Martian surface and atmosphere from September 2006
to May 2022 (Seelos et al., 2023). The imager spectrometer pro-
vided geologic context, measurements of surface targets at high
spatial and spectral resolutions (e.g. Viviano et al. (2014)) and
information on spatial and seasonal variations in various cycle, i.e.
CO2 through polar caps observations, H2O, dust and ice aerosols
(e.g. Brown et al. (2010, 2012, 2014); Clancy et al. (2019)).

• TES onboard Mars Global Surveyor (Christensen et al., 2001) op-
erated between April 1999 and October 2006. TES used an in-
frared spectrometer with broadband thermal (6-50 µm) and VNIR
radiometer (0.3-2.9 µm). It studied the composition of Martian
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surface minerals, rocks, and ices (e.g. Bandfield et al. (2000);
Christensen et al. (2001); Rogers and Christensen (2003)) and de-
termined their thermophysical properties (e.g. Cushing and Titus
(2008); Piqueux et al. (2015)). TES provided surface albedo map
of Mars that is widely used in the scientific community (Chris-
tensen et al., 2001; Rogers et al., 2007). By studying the polar re-
gions, the instrument discovered that they exhibited diverse forms
of condensed CO2 (e.g. Kieffer et al. (2000); Kieffer and Titus
(2001)). In addition, it analysed the temperature and dynamics
of the atmosphere (e.g. Clancy et al. (2000); Smith (2004)), and
investigated atmospheric aerosols and clouds (e.g. Clancy et al.
(2003); Smith (2004)).

• THEMIS onboard Mars Odyssey (Christensen et al., 2004) is an
imaging spectrometer using 5 visual bands (0.42 µm, 0.54 µm, 0.65
µm, 0.75 µm, 0.86 µm) and 10 infrared bands (6.78 µm, 7.93 µm,
8.56 µm, 9.35 µm, 10.21 µm, 11.04 µm, 11.79 µm, 12.57 µm, 14.88
µm). Since February 2002, the instrument has been studying the
distribution of minerals on the Martian surface and their correla-
tion with landforms (Christensen et al., 2003). In the polar re-
gions, THEMIS revealed that mysterious dark markings on Mars’
South polar cap are caused by powerful jets of CO2 gas erupting
through the ice layers in spring, carrying fine and dark dust. This
phenomenon results in the formation of dark spots (Kieffer et al.,
2006). In addition, THEMIS discovered the presence of water ice
beneath the South polar cap, challenging the long-standing the-
ory of a perennial CO2 ice cap in the region (Byrne and Ingersoll,
2003; Titus et al., 2003).

Since March 2018, the Nadir and Occultation for MArs Discovery
(NOMAD) instrument onboard ExoMars-Trace Gas Orbiter operates
around Mars. Although the instrument is mainly dedicated to atmo-
spheric studies, it has a nadir infrared channel allowing to gather de-
tailed information about the surface and atmosphere from the spectral
signatures of ice in the infrared spectral range (Vandaele et al., 2015b,
2018). At the time of writing, NOMAD is the only high-resolution nadir
spectrometer in operation around Mars (see Chapter 2).
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1.4 Motivation and outline of the thesis

Mars Polar Science is key to understand the Martian climate. As
mentioned in Section 1.2, the polar caps play a fundamental role in the
atmospheric dynamics of the planet, through the sublimation and con-
densation processes in the polar regions which involves large amounts of
gas (mainly CO2, H2O, etc.). Observing the seasonal growth and reces-
sion rates of the caps provides direct information about the associated
regional and global environment. Although the growth and retreat of
the caps are repeatable throughout the Martian years, interannual vari-
ability can occur in the presence of global dust storms and needs to be
understood (Piqueux et al., 2015). These storms also affect the water
cycle and atmospheric escape.

The global atmospheric circulation and the Martian atmospheric
conditions (low temperature and pressure) allow the formation of ice
clouds in the Martian atmosphere (see Section 1.2). While water ice
clouds present a seasonal behaviour at equatorial and high latitudes,
the processes and properties of CO2 ice clouds in the mesosphere are
less understood (Clancy et al., 2017a).

Given the above discussion, continuous observations play a critical
role in quantifying seasonal and interannual variability of the physical
mechanisms that govern Mars’ current climate. Moreover, the global
dust storm occurring in MY34 (Guzewich and Smith, 2019; Kass et al.,
2019; Smith and Guzewich, 2019; Viúdez-Moreiras et al., 2019) provides
a new opportunity to study its effects on the seasonal processes of the
polar caps (see Section 1.2).

From our current knowledge of the seasonal processes in the polar
regions, some general questions can be raised:

1. In dust-free years, is there any variability in the caps?

2. What are the effects of the MY34 global dust storm on the dy-
namics of the Northern and Southern seasonal caps?

3. Do ice clouds exhibit recurring seasonal behaviour, even in dusty
years?
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To achieve this goal, we will use nadir observations from the only
high-resolution spectrometer still in operation around Mars, the Exo-
Mars Trace Gas Orbiter-NOMAD (see Section 1.3 and Chapter 2).

The primarily purpose of this research is to observe the seasonal
and spatial variations of the polar caps, allowing to refine our current
knowledge of the CO2 cycle. We also aim at better quantifying the in-
terannual variability of the sublimation of CO2 ice on Mars during the
MY34 global dust storm. In addition to the CO2 cycle, another impor-
tant cycle on Mars is the water vapour cycle, in which water ice clouds
play a role (see Section 1.2). Therefore, we also analyse the seasonal
distribution and variations of the water ice clouds in this thesis.

Specifically, the outline of this thesis is as follows:

• Chapter 2 presents the Nadir and Occultation for MArs Discov-
ery (NOMAD) instrument onboard ExoMars-Trace Gas Orbiter,
based on a literature review. This is essential for understanding
the use and interpretation of the spectral observations in this the-
sis.

• Chapter 3 explores the potential of NOMAD for surface ice de-
tection in the infrared wavelengths. Based on spectral absorptions,
we define two different approaches in order to identify the CO2 ice
deposits in the polar regions for the Martian Years (MY) 34 and 35.
Moreover, we look at the impact of the MY34 global dust storm
on the detection of polar ice caps. We also investigate the spatial
distribution of CO2 ice clouds. This work has been published in
the Journal of Geophyscal Reasearch Planets (JGR Planets), in
which I am a co-author.

• Chapter 4 focuses the analysis on the seasonal and interranual
variations of the Southern polar cap during and after the MY34
global dust storm over a 3 Martian Years period (MY34-36). This
work has been published in the Icarus Journal, in which I am the
first author.

• Chapter 5 presents the first results of a morning frost campaign of
joint observations by NOMAD and the Colour and Stereo Surface
Imaging System (CaSSIS), another instrument onboard ExoMars-
Trace Gas Orbiter. This work has been submitted and is under
consideration for publication. I am a co-author of this study.



1.4. Motivation and outline of the thesis 17

• Chapter 6 deals with atmospheric ice detection, presenting a
method allowing to detect water ice clouds with the NOMAD spec-
trometer. More technical than the other chapters, this work mainly
study the distribution of the Polar Hood clouds. It was published
in the Remote Sensing Journal, in which I am the first author.
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Chapter 2

The Nadir and Occultation
for MArs Discovery
instrument

This chapter provides an overview of Neefs et al. (2015), Vandaele
et al. (2015b, 2018), Thomas et al. (2016, 2022a), Liuzzi et al. (2019) and
Cruz Mermy et al. (2022). The purpose of this chapter is to introduce
the Nadir and Occultation for MArs Discovery (NOMAD) instrument,
whose observations we have used throughout the thesis. We review the
principles on which the instrument is based, and discuss its instrumen-
tal features and limitations (see Section 2.2). The calibration process is
introduced in Section 2.3 (see Annexe A for more information). We con-
clude this chapter with a discussion on the advantages and drawbacks of
NOMAD compared with similar instruments (see Section 2.4), to give
the reader a better understanding of the selection of observations that
will be used in subsequent chapters.

The NOMAD instrument was selected as one of the four instruments
for the European Space Agency’s ExoMars Trace Gas Orbiter (TGO)
mission (Vago et al., 2015), launched on March 14th 2016. After a seven
month journey, the Trace Gas Orbiter successfully entered an elliptical
orbit around Mars. During the following months, the orbiter executed
several critical maneuvers to place itself in a circular orbit with an incli-
nation of 74◦ at an altitude of approximately 400 kilometers above the
Martian surface. The nominal science mission started in April 2018.

19
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The objectives of NOMAD can be categorised into three areas: chem-
ical composition, climatology and seasonal cycles, and sources and sinks
of trace gases in the Martian atmosphere. The mission aims in partic-
ular to analyse a wide range of trace gases and isotopes to gain insight
into the origin and destruction processes of methane, which could have
different origins (i.e. geophysical, exogenous or biological). In addition,
NOMAD contributes to the understanding of atmospheric escape mech-
anisms and their implications for past and future atmospheric evolution.
Regarding climatology and seasonal cycles, the instrument characterises
the spatial and temporal variations of trace gases, dust, clouds, and sur-
face ice. It refines existing climatology, such as the water, carbon and
ozone cycles. It also provides insights into atmospheric dynamics at fine
scales. The final objective attempts to characterise the sources and sinks
of trace gases, including their production and loss mechanisms, and their
relationship to surface mineralogy and ices. Overall, the ExoMars Trace
Gas Orbiter mission is a critical step in unravelling the mysteries of the
Martian atmosphere and its potential to support life (Neefs et al., 2015;
Vandaele et al., 2015b,c, 2018; Thomas et al., 2016).

2.1 Spectrometer suite

Led by the Royal Belgian Institute for Space Aeronomy (BIRA-
IASB), NOMAD is a high resolution spectrometer suite based on the
legacy of the Venus Express mission (Svedhem et al., 2009), which
achieved great success in studying the composition of Venus’ atmosphere
with the Solar Occultation in the Infrared (SOIR) channel (Mahieux
et al., 2012; Wilquet et al., 2012; Vandaele et al., 2015a). By defini-
tion, a spectrometer is a scientific device that measures the properties
of light over a spectral range, by splitting the incoming light through
the different wavelengths and measuring its intensity. Spectrometers are
essential for studying the composition and structure of materials, iden-
tifying chemical compounds, and determining the physical properties of
light sources such as planets, stars and galaxies (Elachi and van Zyl,
2021).

NOMAD consists of three independent channels operating in the
ultraviolet-visible (UV-VIS), and infrared (IR) spectral ranges (Neefs
et al., 2015). A first spectrometer is devoted to solar occultation ob-
servations (SO channel), which has identical optical designs as SOIR.
Both spectrometers are composed by an infrared acoustic-optical tun-
able (AOTF) filter combine with a high resolution echelle grating with
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a resolving power of about λ/∆λ = 20000 in the spectal range 2.3 to 4.3
µm. A second spectrometer is capable of performing nadir, limb, and
solar occultation observations (LNO channel, see Section 2.2). Similar
to the SO channel, the LNO channel was optimised for observing weak
IR light sources when observing Mars at nadir or limb. Indeed, during
the Venus Express mission, it was found that the signal-to-noise ratio
(SNR) of SOIR was too low when observing at the limb or nadir due to
the contribution of the thermal background. The LNO channel has a
reduced spectral range of 2.3 to 3.8 µm and a resolving power of approx-
imately λ/∆λ = 10000. Finally, a third spectrometer (UVIS channel)
can work in the three observation modes covering the UV-VIS spectral
range from 200 nm in the ultraviolet to 650 nm in the visible, with a
spectral resolution of approximately 1.5 nm (Neefs et al., 2015; Thomas
et al., 2016). Table 2.1 summarises the main characteristics of the three
channels, while Figure 2.1 illustrates the NOMAD instrument and its
different modes of observations.

SO channel LNO chan-
nel

UVIS chan-
nel

Detector size 320 × 256 pix-
els

320 × 256 pix-
els

1024 × 256
pixels

Spectral
range

2.3-4.3 µm 2.3-3.8 µm 200-650 nm

Resolving
power

20000 10000

Resolution 0.15-0.22 cm−1 0.3 cm−1 1-2 nm
FOV (spec-
tral × spa-
tial)

2 arcmin × 30
arcmin

4 arcmin × 150
arcmin

2 arcmin × 2
arcmin (solar
occ.); 43 ar-
cmin (nadir);

Instantaneous
footprint

0.5 km × 17
km

5 km × 5 km

Table 2.1: Main NOMAD characteristics and performances (Vandaele
et al., 2015c).
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Figure 2.1: The upper panel shows a picture of the NOMAD instrument
during the ground calibration. The three channels are labelled on the
picture (Thomas et al., 2016). The bottom panel gives the different
modes of observation of NOMAD around Mars: (1) nadir, (2) limb, and
(3) solar occultation.

2.2 The Limb Nadir and Occultation channel

As stated in Section 1.4, the present research focuses on detecting
surface ice on Mars. For this purpose, we use nadir observations of the
LNO channel. It is hence essential to provide a more comprehensive
overview of this infrared spectrometer. In this section, we concentrate
on its design. We also discuss the different concepts that characterise it,
as well as its possible limitations in terms of observations.
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2.2.1 LNO design

The LNO channel is a compact echelle grating spectrometer com-
bined with an acoustic-optical tunable (AOTF) crystal filter for the
selection of the diffraction orders to be observed (Neefs et al., 2015;
Vandaele et al., 2015c; Thomas et al., 2016). An AOTF is a type of
optical filter that uses an acoustic wave to select a specific wavelength
or a small spectral portion of a broadband source (Bei et al., 2004). For
the LNO channel, the filter works by passing light through a TeO2 crys-
tal in which an acoustic wave is applied, creating a periodic modulation
of the refractive index that diffracts the light and separates it into dif-
ferent diffraction orders (small spectral windows) (Neefs et al., 2015).
By changing the frequency of the acoustic wave, the wavelengths of the
selected light can be tuned. The second optical device is the echelle
grating, which is capable of diffracting light into multiple beams (Hut-
ley, 1982). More information about the AOTF and the echelle grating
can be found in Annexe A.1 and A.2.

Figure 2.2 presents the optical principal of the channel. The nadir
entrance consists of a single flat flip mirror (number 2) allowing to ob-
serve in nadir or the Sun. The incoming light arrives at the AOTF
entrance optics (number 3), which acts as the front-end optics for the
LNO channel. The intermediate image plane of the entrance optics is a
diaphragm (number 4) limiting the field of view of the system in order
to minimise scatter and ghost images. Then, after going through an ad-
ditional folding mirror (number 5), light arrives at the AOTF entrance
optics and at the AOTF itself (number 6). All the other orders are
blocked by the AOTF output optics (number 7). In the spectrometer
section, a parabolic mirror (number 10) provides a parallel beam to the
echelle grating (number 11). After being dispersed by the grating, the
light passes again through the parabolic mirror (number 10), which acts
as an imaging lens with the detector optics (number 13). Finally, a fold-
ing mirror (number 12) projects the beam onto the detector (number 14).
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Figure 2.2: Optical design of the LNO channel in 3D (Neefs et al., 2015).

2.2.2 Sequence mode

As shown in Table 2.1, the detector in the LNO channel presents
a focal plane array of 320 columns by 256 rows. Nevertheless, during
nadir observations, some of the pixels located at the upper and lower
parts of the detector remain unused. In fact, only 144 of the 256 spatial
pixels are illuminated. On the other hand, the number of detector lines
that can be processed and sent to Earth during one sampling time is
limited due to the data rate limitations of the TGO spacecraft. The 144
read lines will always be reduced to 24 equivalent lines through binning
by six. Therefore, if only one order is used in a measurement, all 24
lines will be transmitted to Earth. On the contrary, if several orders are
used, then a corresponding line binning will be applied. The sampling
time, known as the rhythm, is a 15 seconds period which is divided by
the number of orders. For example, if 5 orders are selected, they will
be used for 3 seconds each. In order to increase the signal-to-noise ratio
(see Section 2.2.3), all the measured bins of the detector are summed
together for each order. This technique is called accumulation (Neefs
et al., 2015; Thomas et al., 2022a). Finally, the LNO channel is able to
map the quasi-complete1 Martian surface every 30 sols.

1The inclination of TGO’s orbit means that NOMAD can only observe between
latitudes 74◦N and 75◦S.
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2.2.3 Signal and noise

The sensitivity of an instrument is estimated by the signal-to-noise
ratio (SNR), which is defined during each observation as

(SNR)i =
Si

Ni
(2.1)

where Si is the signal and Ni is the noise on pixel i of the detector.
During nadir observations, the incoming signal is much weaker than so-
lar occultation measurements, hence affecting the signal intensity of the
LNO channel. Moreover, the bandwidth and diffraction efficiency of the
AOTF and the grating also impact the signal. It can vary over orders
and also pixels, making the signal weaker at the edge of the detector
with respect to the central pixel. Therefore, it is important to minimise
the system noise.

By definition, the total noise Ntot in the LNO channel can be ex-
pressed as

Ntot = Ndark +Nro +Nquant +Nshot +Ntb (2.2)

The Ndark, dark current noise, and Nro, pixel electronic readout noise,
are fixed and known as noises of the detector. The error in the digi-
talisation of the signal is given by Nquant, while Nshot is the shot noise
representing the error on the signal impact on the detector. Finally,
Ntb is the noise coming from the thermal background. It represents the
thermal radiation produced by an element in the LNO channel, which
increases with the instrument temperature. Thermal background has
been identified as the main contribution of noise (Neefs et al., 2015;
Thomas et al., 2016). Taking into account all these quantities, the SNR
can be improved in two ways. First of all, it is important to reduce
the main source of noise, i.e. thermal background, by cooling the ele-
ments in the LNO channel. Then, an appropriate integration time is
required in order to avoid the detector saturation. Saturation occurs
when the detector receives more radiation than it can handle. In this
case, a conservative integration time of 200 ms has been estimated to
avoid detector saturation, taking into account the instrument tempera-
ture (Neefs et al., 2015; Thomas et al., 2016, 2022a).
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2.3 LNO data calibration

As mentioned in Section 2.2.3 (see also Annexe A.1), LNO ob-
servations can be affected by various factors such as temperature and
instrumental features, which might cause errors in the measurements.
Calibration helps to improve the precision of the measurements and re-
duce measurement errors. For this reason, it is a crucial step in ensuring
the quality and accuracy of the nadir observations. In this section, we
outline the different steps that lead to the spectral and radiometric cal-
ibration of LNO observations, allowing the transformation of raw data
into reflectance factor (see Section 2.3.2). This section reviews the work
of Liuzzi et al. (2019), Thomas et al. (2022a) and Cruz Mermy et al.
(2022).

2.3.1 Spectral calibration

The first step is the spectral calibration, whose goal is to obtain an
analytical relationship between the detector pixel number, the diffrac-
tion order, and the corresponding wavelength (Liuzzi et al., 2019). This
process considers the characteristics of the AOTF and the grating. It
hence involves defining their respective functions.

The calibration measurements consist of solar observations, i.e. when
the LNO channel directly points to the Sun. During a solar measure-
ment, the AOTF selection varies over the whole LNO spectral range,
one order at a time. This kind of measurement is called a full scan. At
the time of writing, 108 LNO full scans have been performed and are all
used in this calibration process. It is hence an ongoing work that needs
to be constantly renewed. Full scan solar spectra are used to identify
the position of well-known solar lines, which can then be used to relate
its frequency to its position in pixel number. The brightest solar lines
are analysed to identify their corresponding pixel number, keeping in
mind that a shift in pixel number may occur due to variations in in-
strument temperature. A pixel shift gradient of each solar line can be
measured and an average is estimated for each order. Then, it is pos-
sible to study the solar line intensity as a function of AOTF frequency
(see Section 2.2.1 and Annexe A.1) across the different orders (Mahieux
et al., 2008, 2009). All solar lines intensity are analised depending on the
AOTF frequency in order to determine the maximum sensibility of the
LNO channel at the wavelength where the solar lines are located. This
can also be correlated to the AOTF transfer function (see Annexe A.1),
which can be represented by a suitable model. It has been defined as a
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sum of a sinc-squared function and a Gaussian function (Liuzzi et al.,
2019; Cruz Mermy et al., 2022). This corresponds to a combination of
a main lobe with several side-lobes (small wings). These small wings at
the shorter and longer wavelengths allow the radiation incoming from
adjacent orders to fall on the grating. As a result, an unexpected sig-
nal can be summed with the expected spectral information (Neefs et al.,
2015; Liuzzi et al., 2019; Cruz Mermy et al., 2022; Thomas et al., 2022a).
Finally, the observed continuum shape is a combination of the incoming
continuum, from the Martian surface in nadir mode, modified by the
instrumental effects: i.e. the AOTF transfer function and the grating
efficiency. Called the Blaze function, the grating efficiency is defined as
a sinc-squared function (Liuzzi et al., 2019). More information can be
found in Annexe A.3.

2.3.2 Radiometric calibration

The second step consists in converting the raw signal reaching the
LNO detector into a reflectance factor, after having been transmitted
by the different instrumental elements (see section 2.3.1). This section
is based on Thomas et al. (2022a) and Cruz Mermy et al. (2022).

Reflectance factor is defined as the LNO signal divided by the mea-
sured solar signal at Mars and by the cosine of the solar zenith angle
(SZA), which is the angle between the Sun direction and the zenith of
the surface point being observed. To do this, it is essential that the solar
spectra are measured under the same conditions as the nadir observa-
tions, as temperature variations shift the location of the spectral lines
absorption (see Section 2.3.1). As mentioned in Section 2.3.1, there are
currently 108 solar spectra available. Nevertheless, this does not cover
all the possible instrument temperatures of the nadir observations. By
interpolation, a synthetic solar spectrum is created for each temperature
of the instrument. Then, spectral calibration (see Section 2.3.1) is ap-
plied to the solar and nadir observations, using the best available solar
lines present in the spectra. For the nadir observations, molecular lines
are also used for the orders containing such absorption, improving the
spectral calibration. On the other hand, illumination angles impact the
quality of the nadir data. If the absorption line fit is poor due to noise,
the spectral calibration might fail for the selected order. To prevent this,
the best nadir spectra of the observation are averaged together, selecting
only those spectra with sufficient raw signal. Solar and/or molecular ab-
sorptions are then identified in the averaged nadir spectrum, where the
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deeper absorptions are selected for the spectral calibration. As the ra-
diometric calibration uses LNO solar observations to calibrate the LNO
nadir observations, it minimises any instrumental effects. The procedure
of the LNO radiometric calibration is illustrated in Figure 2.3.

Figure 2.3: Example of the radiometric calibration steps for order 168
(2.627-2.648 µm) (Thomas et al., 2022a). (A): Averaging of the nadir
raw spectra having the best SNR together (black) and creation of a syn-
thetic solar spectrum for the same instrument temperature (blue). (B):
Analyse of the simulated reference molecular (red) and solar spectra
(blue) to find the wavenumbers of possible absorption lines (black verti-
cal lines). (C): Identification of absorption lines outside the noise level
in the mean nadir spectrum normalised by the continuum fit (green ver-
tical lines). (D): Ratio of the shift-corrected nadir spectra by the solar
spectra and convertion to reflectance factor (grey lines). (E): Example
of the mean reflectance factor spectrum after removal of the continuum.
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2.4 LNO channel advantages and drawbacks

In this section we discuss the advantages and drawbacks of NOM-
AD-LNO compared to other infrared spectrometers such as OMEGA
(Bibring et al., 2004b), CRISM (Murchie et al., 2007) and TES (Chris-
tensen et al., 2001) (see Section 1.3)2. This section aims in particular
to show the reader the difficulties of using LNO data due to instrumen-
tal characteristics. We also present the orders chosen for ice detection,
which will be discussed and used in the following chapters.

The LNO channel provides nadir observations of the Martian sur-
face in the infrared (see Section 2.1). This is essential for this work, as
ice presents different absorption bands at these wavelengths, allowing
its identification (discussed in Chapter 3 and 4). Nadir observations
are acquired at high spectral resolution through different diffraction or-
ders (see Section 2.2), giving access to ice absorption bands invisible
to CRISM, OMEGA and TES. Nevertheless, as NOMAD is primarily
designed for atmospheric studies, its design is not really conducive to
surface studies. The acquisition of data by diffraction orders affects the
SNR, which is 10 times lower than that of CRISM and OMEGA. As
the entire infrared spectrum is not observed simultaneously, spectral be-
haviours of ice clouds and dust in the Martian atmosphere challenge
surface ice detection (discussed in Chapter 3 and 6). In addition, the
orders are not used uniformly, which affects their spatial3 and temporal
coverage. In spite of this, the circular orbit of TGO and a suitable se-
lection of the orders allow the LNO channel to observe a wide range of
local times, which is important for transient phenomena (e.g. morning
frost, discussed in Chapter 5). Table 2.2 compares the NOMAD-LNO’s
characteristics with those of other infrared spectrometers.

2While THEMIS also studies the Martian surface through nadir observations, it
acquires images at specific wavelengths, rather than over a spectral range. For this
reason, we do not compare its instrumental characteristics with those of NOMAD-
LNO as the operating modes are not similar.

3Spatial coverage is also affected by the inclination of TGO’s orbit.



30 Chapter 2

N
O
M

A
D
-L

N
O

O
M

E
G
A

C
R
IS

M
T
E
S

S
p
e
c
tra

l
ra

n
g
e

2
.3
-3
.8

µ
m

0.93-2.73
µ
m

an
d

2.55-5.1
µ
m

0.36-3.92
µ
m

0.3-2.9
µ
m

A
c
q
u
isitio

n
th

ro
u
g
h

d
iff
ra

c
tio

n
o
rd

e
rs

Y
es

N
o

N
o

N
o

S
p
e
c
tra

l
re

so
lu
tio

n
0
.3

cm
−
1

14
n
m

an
d
21

n
m

6.55
n
m

10
cm

−
1

S
N
R

1
0
-1
5

100
100

In
sta

n
ta

n
e
o
u
s

fo
o
t-

p
rin

t
0
.5

k
m

×
17

k
m

1.5
k
m

×
4.8

k
m

38
m

sp
ot

3
k
m

×
8
k
m

L
a
titu

d
e
c
o
v
e
ra

g
e

7
4
◦N

-7
4
◦S

87
◦N

-87
◦S

all
all

L
o
c
a
l
tim

e
c
o
v
e
ra

g
e

a
ll

all
arou

n
d
15:00

arou
n
d
14:00

T
ab

le
2.2:

C
om

p
arison

of
th
e
L
N
O

ch
a
n
n
el

ch
aracteristics

to
O
M
E
G
A

(B
ib
rin

g
et

al.,
2004b

),
C
R
IS
M

(M
u
rch

ie
et

al.,
2
007

)
a
n
d
T
E
S
(C

h
risten

sen
et

a
l.,

2
0
01)

sp
ectrom

eters.
N
O
M
A
D
-L
N
O

ad
van

tages
are

in
red

.



2.4. LNO channel advantages and drawbacks 31

As shown in red in Table 2.2, NOMAD-LNO offers few advantages
for surface studies compared to other spectrometers, making its observa-
tions difficult to use. With this in mind, we reviewed the existing orders
with the aim of selecting the most favourable for studying surface ice
(more details in Chapter 3 and 4). During the first year of the thesis,
several unsuccessful approaches were tested, illustrating the difficulty in
selecting and using orders. Finally, six of them were selected, allowing
the identification of CO2 ice and H2O ice using different spectral combi-
nations. Table 2.3 lists the selected orders for this work and the chapters
that define the corresponding method.

Orders Wavelengths
(µm)

Main interest Information

167 2.64-2.66 CO2 ice and H2O
ice

Chapter 4 and
6

168 2.62-2.64 CO2 ice and H2O
ice

Chapter 4, 5
and 6

169 2.61-2.63 CO2 ice and H2O
ice

Chapter 3, 4
and 6

189 2.33-2.35 CO2 ice Chapter 3
190 2.32-2.34 Spectral contin-

uum
Chapter 3, 4
and 5

193 2.28-2.30 CO2 ice Chapter 4

Table 2.3: Selection of 6 orders for surface ice analysis, taking into
account their ice sensitivity and availability. More details in the chapters
mentioned in the third column.
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Chapter 3

Martian CO2 Ice
Observation at High
Spectral Resolution With
ExoMars/TGO NOMAD

This chapter is the first study of LNO data for surface ice de-
tection. This work was published in the Special Issue “ExoMars Trace
Gas Orbiter: One Martian Year of Science”of the Journal of Geophyscal
Reasearch Planets (JGR Planets) (Oliva et al., 2022)1. It is presented
from Section 3.1. As a co-author, I participated in the investigation (see
Section 3.2.3) and validation of the results (see Sections 3.4.1, 3.4.2 and
3.5) as well as in the review and editing of the article.

Although NOMAD is primarily designed to study the Martian atmo-
sphere (see Chapter 2, Sections 3.1 and 3.2.2), the aim of this chapter
is to highlight its ability to study surface ice. We explore the NOMAD
data set information content in orders 169, 189 and 190 for MY34-35
(see Section 3.2.3) and define the Ice Index (see Section 3.4.1) and the
Spectral Angle Mapper (SAM) χ index (see Section 3.4.2). These orders
(169, 189 and 190) have the best spatial and temporal coverage from LS

150◦ in MY34 to LS 150◦ in MY35 (April 2018 to February 2020). Ta-
ble 3.1 lists the definition of each index and the sections in which we
describe the method.

1Oliva, F., D’Aversa, E., Bellucci, G., Carrozzo, F. G., Ruiz Lozano, L., Altieri,
F., et al. (2022). Martian CO2 ice observation at high spectral resolution with Exo-
Mars/TGO NOMAD. Journal of Geophysical Research: Planets, 127, e2021JE007083.

33
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Spectral
method

Orders Wavelength Interest Information

Ice Index 169 and 190 2.7 µm CO2 ice
and H2O
ice

Section 3.4.1

SAM χ
index

189 2.35 µm CO2 ice Section 3.4.2

Table 3.1: Overview of the spectral indices defined in this chapter: se-
lected orders, ice absorption band, main interest and corresponding sec-
tion for more details.

Previous studies based on laboratory and solar measurements (before
the start of the scientific phase, April 2018) predicted a SNR of 100 for
NOMAD-LNO (see Table 3.2 in Section 3.2.1). Nevertheless, we have
found that such values are never achieved, especially in polar regions
where unfavourable lighting conditions reduce signal intensity. Topo-
graphic shadowing is also amplified, implying increased average mixing
of illuminated and unilluminated areas (see Section 3.5). The NOMAD-
LNO SNR is significantly reduced, taking average values of ∼15 at high
latitudes. Moreover, the instrumental characteristics (AOTF and grat-
ing) affect the signal from one pixel to another, making the signal at the
edge of the detector weaker compared to the central pixel (see Section
3.3.2).

For these reasons, we adopt a semi-qualitative approach based on the
statistical behaviour of the spectral data set. This allows to define confi-
dence intervals to assess the sensitivity of the data set to the presence of
surface CO2 ice and its discrimination from surface water ice. We per-
form a seasonal study of ice cover in the polar regions (see Section 3.4).
We obtain good overall agreement between our seasonal surface CO2

ice maps and the Mars Express-OMEGA observations and the Mars
Climate Database (MCD) predictions (see Section 3.5). Detections of
CO2 ice have also been found at mid-equatorial latitudes. Following
a qualitative grain size analysis of the 2.35 µm absorption band, the
cloud hypothesis seems the most likely scenario. It represents the first
detection of CO2 ice clouds through this band (see Section 3.5.1). This
hence shows that NOMAD-LNO has great potential for analysing the
microphysical properties of CO2 ice.
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Regarding the perspectives (see Section 3.6), a qualitative study for
surface CO2 ice microphysical properties is detailed in Chapter 4, while
an in-depth radiative transfer analysis of the 2.35 µm feature in CO2 ice
clouds spectra is still planned. On the other hand, a study focusing on
the detection of ice clouds is discussed in Chapter 6.
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3.1 Introduction

CO2 is the main component of the Martian atmosphere, in which
temperatures can be low enough to induce local condensation of the
molecule as ice/snow on the surface or as clouds at high altitude (Schofield
et al., 1997; Clancy and Sandor, 1998; Clancy et al., 2007, 2019; Langevin
et al., 2007; Montmessin et al., 2007; Schmidt et al., 2009, 2010; Mc-
Connochie et al., 2010; Vincendon et al., 2011; Aoki et al., 2018). The
presence of CO2 ice on the surface has been widely investigated remotely
in different spectral ranges by instruments aboard several missions, such
as Mariner 9/IRIS (Hanel et al., 1972), Viking/IRTM (Kieffer et al.,
1972), Mars Global Surveyor/TES (Christensen et al., 2001), Mars Ex-
press OMEGA (Bibring et al., 2004b) and PFS (Formisano et al., 2005)
spectrometers, and the Mars Reconnaissance Orbiter-CRISM instru-
ment (Murchie et al., 2007). CO2 ice is mainly found at high latitude in
form of seasonal cap (Herr and Pimental, 1969; Larson and Fink, 1972;
Kieffer and Titus, 2001; Langevin et al., 2007; Schmidt et al., 2009,
2010; Brown et al., 2010, 2012; Andrieu et al., 2018) and its physical
and spatial characteristics strongly affect (and are affected by) the cli-
matology of its gaseous counterpart (Leighton and Murray, 1966; Forget
et al., 1995, 1998). Models and surface pressure measurements indicate
that more than one quarter of atmospheric CO2 deposits seasonally on
each hemisphere (Tillman et al., 1993; Forget et al., 1998; Kieffer and
Titus, 2001). On the other hand, the freezing of atmospheric CO2 over
the polar caps has an impact on the total atmospheric pressure of the
planet (e.g., Leighton and Murray (1966)). In general, the sublima-
tion/condensation processes of CO2 on Mars have a fundamental role in
sculpting the planet’s energy budget (e.g., Kieffer (1979)).

Spectrally wide CO2 ice absorption bands can be investigated in the
infrared spectral range between 1 and 5 µm (Larson and Fink, 1972;



3.1. Introduction 37

Schmitt et al., 1998). This interval is commonly covered by multispec-
tral imaging spectrometers, such as Mars Express/OMEGA and Mars
Reconnaissance Orbiter/CRISM, operating at a moderate spectral res-
olution (resolving power ∼102). Studies of surface ice at higher spectral
resolution (resolving power ∼103) have been performed from ground-
based telescopes allowing differentiation of the polar caps’ CO2 frost
spectral features from those related to gaseous CO2 (Larson and Fink,
1972). The same resolution has been reached by the Mars Express/PFS
instrument studying the Northern seasonal cap (Giuranna et al., 2007).
On the other hand, an analysis with even higher spectral resolution (re-
solving power ∼104) from space, has not yet been performed.

ExoMars Trace Gas Orbiter (TGO)/Nadir and Occultation for MArs
Discovery (NOMAD) is a suite of three spectrometers conceived to study
the Martian atmosphere at high spectral resolution (Section 3.2). The
first analyses of its data were devoted to methane, other trace gases, and
suspended aerosols abundances and climatology (López-Valverde et al.
(2018); Aoki et al. (2019); Korablev et al. (2019); Liuzzi et al. (2019,
2020); Vandaele et al. (2019); Gérard et al. (2020), to cite a few). In
this work we start exploring the NOMAD data set information content
in order to assess the feasibility of surface ices studies.

Since the instrumental characteristics are not optimal for surface
spectroscopy, we adopt a semi-qualitative approach aimed to assess the
sensitivity of the data set to the presence of CO2 ice exposed on the sur-
face and its discrimination from surface water ice and clouds. Moreover,
we discuss the potential of the CO2 ice 2.35 µm absorption band for the
retrieval of the ice grains size and optical depth. This kind of investiga-
tion represents a useful framework for more quantitative and extended
retrievals of CO2 ice properties, which will be discussed in follow-up
papers (Section 3.6). We include data spanning the second half of Mar-
tian Year (MY) 34 and the first half of MY35. In particular, MY34
data cover the 2018 global dust storm (Guzewich and Smith, 2019; Kass
et al., 2019; Smith and Guzewich, 2019; Viúdez-Moreiras et al., 2019),
allowing considerations on how suspended dust can affect the ice iden-
tification.

The tools and the methodology of the analysis are described in Sec-
tion 3.3 and 3.4 respectively and the results are debated in Section 3.5.
Finally, our conclusions are given in Section 3.6 along with the discussion
about possible future work on this topic.
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3.2 Instrument and Data Processing

3.2.1 The NOMAD Spectrometer

The NOMAD instrument is a spectrometer suite aboard the ESA
ExoMars TGO spacecraft. NOMAD is capable of studying both the at-
mosphere and the surface of Mars, with primary focus on the investiga-
tion of trace gases. It observes with different pointing geometries taking
advantage of three channels: UVIS, operating in the ultraviolet/visible
range 0.2-0.65 µm, working both in nadir and solar occultation geome-
tries; Limb, Nadir, and Occultation (LNO), covering the infrared range
2.2-3.8 µm, working in nadir, limb and solar occultation geometries; SO,
working in the range 2.3-4.3 µm and performing dedicated solar occul-
tation measurements (Neefs et al., 2015). While UVIS design is inher-
ited from the ultraviolet/visible spectrometer developed for the ExoMars
lander mission as part of the Humboldt payload (Vandaele et al., 2015c;
Patel et al., 2017), both LNO and SO channels share the same design of
the echelle grating Solar Occultation in the InfraRed (SOIR) spectrom-
eter, part of the SPICAV instrument on board the Venus Express (VEx)
spacecraft (Nevejans et al., 2006). They do not acquire the data in the
whole spectral range at once, but only in small portions, in spectral re-
gions of approximately 22 cm−1, determined by the bandpass (hereafter
called “order”) selected on a tunable entrance filter (Acousto-Optical-
Tunable-Filter, AOTF, Section 3.2.2). Both LNO and UVIS perform
nadir observations and, hence, can be used to study the surface of Mars.
In this work we focus on the investigation of LNO information content
alone, while UVIS investigation will be covered in a follow-up paper
in preparation. For a complete explanation of the LNO instrumental
structure and operation the reader is referred to Neefs et al. (2015) and
Thomas et al. (2016). In the next section we report the main issues
of the LNO operations that strongly affect the processes of calibration
and modeling of the measurements within the framework of our inves-
tigation. The main instrumental characteristics of LNO for the nadir
geometry are reported in Table 3.2.
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LNO Channel Instrumental Characteristics (NADIR)

Wavelength range λ 2.3-3.8 (µm)
Wavenumber range k 2630-4250 (cm−1)

Resolving power λ
∆λ 104

Field of view 4 × 150 (arcmin2)
Instantaneous footprint
(400 km orbit)

0.5 × 17.5 (km2)

Average integration time 15 (s)
Signal-to-noise ratio 100

Table 3.2: Limb, Nadir, and Occultation (LNO) Channel Instrumental
Characteristics for Nadir Geometry (Neefs et al., 2015; Vandaele et al.,
2018; Liuzzi et al., 2019).

3.2.2 Data Calibration and Uncertainties

The shape of the raw NOMAD-LNO spectra is strongly modulated
by the AOTF spectral transmission curve and by the spectral response
of the grating (the so-called Blaze function). Both curves are character-
ized by strong peaks, whose exact position on the detector is determined
differently and changes from one order to the other. The AOTF peak po-
sition is tunable through an internal radio frequency generator, whereas
the peak width, which defines the nominal spectral range assigned to a
given order, is nearly constant (∼22 cm−1). On the other hand, while
the Blaze function is well approximated by a Gaussian curve, the AOTF
transmission curve includes several secondary peaks (side-lobes, i.e., rel-
ative maxima at both sides of the main lobe) and is better modeled as a
combination of a sinus-cardinal with a Gaussian (Liuzzi et al., 2019). It
is worth noting that the presence of the side-lobes in the AOTF curve al-
lows photons from a spectral range much wider than the nominal to fall
on the grating. The signal produced by these unwanted photons sums
up with the nominal one, in different locations on the detector, yielding
a partial mixing of spectral information, more and more significant in
moving from the center to the edges of any order. As a result, LNO spec-
tra can show misplaced spectral signatures, that is, features pertaining
to a given wavelength placed or replicated in a wrong position. We have
to point out that the conversion from raw to radiance spectra implies
the full correction of the lobed shape typical of raw spectra. However,
even if the instrumental parameters of relevance were known with high
accuracy (and this is not always the case), the partial spectral mixing
due to the side-lobes cannot be removed by the radiometric calibration
procedure.
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The complete method for converting raw data to reflectance factor is
given in Thomas et al. (2022a) while an alternative equivalent method
is given in Cruz Mermy et al. (2022). In short, occasional calibration
measurements are made where the LNO channel directly observes the
Sun-albeit with a much shorter integration time-which are then used as a
known reference source to calibrate the Mars nadir spectra. Corrections
are applied to account for differences in instrument temperature between
the solar spectra and the Mars spectra, and the spectral calibration is
corrected by fitting to strong solar and/or atmospheric absorption lines.

Once the solar and nadir spectra have been normalized to counts per
pixel per second, the reflectance factor conversion is then:

R =
Cnadird

2
Mars

Csolarr
2
Sunµ0

(3.1)

where Cnadir and Csolar are the LNO measured nadir and solar counts,
dMars is the Sun-Mars distance, rSun is the solar radius and µ0=cos(SZA),
SZA being the Solar Zenith Angle.

The spectral mixing issue due to the AOTF side-lobes also propa-
gates to the reflectance calibration. In this case, this effect also intro-
duces low-frequency oscillations in the spectral continuum, making the
direct comparison in absolute values between measurements and radia-
tive transfer models complex. For the above reasons, we only deal with
the NOMAD intensities close to the center of each spectral order, being
less affected by the aforementioned issues, or with relative quantities
obtained through normalization and continuum-removal processing.

The main source of noise in LNO observations comes from the ther-
mal background of the instrument itself (Thomas et al., 2016). The
channel operates at around −10 to +10◦C, and so emission at infrared
wavelengths reaches the detector, contributing to the majority of the
signal recorded by the detector. On board background subtraction is
employed to remove this contribution from the spectra, by taking con-
secutive Mars and dark frames (where the AOTF is switched off) and
subtracting the dark frames from the Mars frames to leave the Mars
signal which is then transmitted to Earth. As the thermal background
is the principal source of radiation, the integration time is limited by the
temperature of the instrument - and as saturation of the detector must
always be avoided, a conservative value of around 200 ms is used. How-
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ever, a shorter integration time means that more frames can be co-added
on board, up to a maximum period defined by the channel’s measure-
ment cycle (Thomas et al., 2016). For standard nadir observations, this
period is calculated by dividing 15 s by the number of diffraction or-
ders measured (LNO typically measures 2, 3, or 4 diffraction orders per
observation).

3.2.3 Data Selection

Several CO2 ice spectral features fall within the LNO spectral
range and are covered by different diffraction orders (Figure 3.1; Table
3.3). Orders 193 through 199, conceived for dust and surface nadir ob-
servations, cover the range 2.22-2.31 µm. In particular, orders 193 and
194, combined together, cover the 2.28 µm CO2 ice absorption band.
Orders 186 through 192, nominally devoted to the study of atmospheric
CO, cover the spectral range 2.30-2.39 µm. This interval contains the
2.35 µm CO2 ice absorption band that is well covered by order 189. Or-
ders 149 through 171, dedicated to the study of gaseous CO2 and H2O,
cover the strong 2.7 µm CO2 and H2O ices absorption bands and several
weaker CO2 ice bands within the 2.58-2.98 µm range. Finally, orders
119 through 136, dedicated to atmospheric HDO, CO2, H2O, and CH4,
cover different moderate to weak CO2 ice absorption bands within the
range 3.25-3.74 µm.

Order Wavelength
range (µm)

Wavenumber
range (cm−1)

Main focus

119-136 3.245-3.738 2674.90-3081.44 HDO, CO2, CH4,
H2O (gas)

149-171 2.581-2.986 3349.24-3874.46 H2O, CO2 (gas)
186-192 2.299-2.392 4180.93-4440.90 CO (gas)
193-199 2.218-2.305 4338.28-4508.88 Nadir dust, sur-

face
169 2.612-2.632 3798.80-3829.15 H2O (gas)
189 2.335-2.354 4248.36-4282.30 CO (gas)
190 2.323-2.341 4270.84-4304.96 CO (gas)

Table 3.3: Diffraction Orders Covering CO2 Ice Spectral Features
Within Limb, Nadir, and Occultation Spectral Range. Orders in bold
are the ones selected for the analysis described in Section 3.4.
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Figure 3.1: CO2 ice (thick solid black line) and H2O ice (thin dashed
black line) albedo spectra (see Section 3.3.1 for surface ice albedo model-
ing details). The ranges covered by Limb, Nadir, and Occultation orders
described in Section 3.2.3 (Table 3.3) are highlighted in colored shaded
rectangles. Orders 169, 189, and 190 ranges are highlighted by the blue,
green and red vertical dashed lines respectively.

These orders are not all equally effective for our purpose, that is
to establish the CO2 ice detection capability of NOMAD data, from
the point of view of both spectral and spatial coverage. Among all
the aforementioned CO2 ice features, the 2.7 µm absorption band is
the strongest in the LNO range, hence the most sensitive to small ice
abundances, but it has the side effect of easily becoming saturated, es-
pecially on Martian ice-abundant deposits where large slabs (>20 cm)
are expected (Langevin et al., 2007; Andrieu et al., 2018). Moreover, it
is worth stressing that also water ice is absorbing at these wavelengths
(Figure 3.1). Nevertheless, we can define a reflectance ratio to estimate
the relative depth of the 2.7 µm absorption band (Section 3.4.1) for
use as a general measure of the presence of ice (both H2O and CO2).
This is achieved by taking advantage of orders 169 and 190 (blue and
red dashed lines in Figure 3.1), being the ones with the best spatial
coverage in the data set so far available. Order 190 falls between CO2
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ice absorption bands at 2.28 and 2.35 µm. It also encompasses some
gaseous CO absorption lines, but they are narrow enough to not affect
the measurement of the continuum.

Toward the thermal range of the LNO spectrum (wavelengths larger
than 3.2 µm covered by orders 119-136, see Table 3.3), the instrumental
signal-to-noise ratio (SNR) of LNO becomes worse due to a reduced in-
strumental sensitivity (maximum SNR ∼20, compared to 70 at shorter
wavelengths, see below) and, moreover, a limited number of observations
are available. This makes the CO2 ice absorption bands longward of 3
µm difficult to use at the global scale we are interested in.

As stated above, the combination of orders 193 and 194 covers the
2.28 µm absorption band. However, since a relatively low number of
observations are available for these orders, the spatial coverage they pro-
vide is somewhat limited. Moreover, the AOTF-induced spectral mixing
(Section 3.2.2) makes the reconstruction of the full, non-modulated 2.28
µm band quite challenging.

On the other hand, the absorption band at 2.35 µm (4255 cm−1) is
a more promising feature, since it never saturates and is well covered
by LNO order 189. This band is already known to be diagnostic of the
presence of CO2 ice on the surface of Mars (Schmitt et al., 1998) and,
as demonstrated through laboratory measurements (Kieffer, 1970) and
observations (Larson and Fink, 1972), it is related to a forbidden transi-
tion in solid CO2 (Calvin and Martin, 1994). It lies in the solar reflected
part of the spectrum where the detector sensitivity is higher, thus al-
lowing a higher SNR (70 at max) with respect to longer wavelengths.
Moreover, since this band is relatively weak, it is affected to a lesser
degree by atmospheric particulate scattering (Section 3.4.3). However,
the moderate SNR of the LNO nadir data set makes its measurement
rather noisy and, therefore, we take advantage of a spectral classification
method for describing the overall behavior of this band in the data set
(see Section 3.4.2).

For the above reasons, we focus this investigation of the LNO in-
formation content about CO2 ice on the analysis of the data of orders
169, 189, and 190 (Table 3.3), to which we apply the Minimum Noise
Fraction algorithm (Green et al., 1988; Lee et al., 1990; Boardman and
Kruse, 1994) in order to mitigate the noise. Regarding spatial coverage,
we point out that the selected NOMAD orders are acquired on consec-
utive spacecraft orbits, hence they are neither spatially nor temporally
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coincident. This yields non-uniform coverage at global scale for each
order. In order to work on a common spatial base and reduce possible
biases, we reduce all data to the coverage of order 189, which is the
most sparse among the others. A more complete spatial coverage can be
achieved by accumulating data in a wider range of solar longitudes (Sec-
tion 3.4), but with a consequent reduction of the temporal resolution of
seasonal trends. A similar issue affects the seasonal coverage too, since
the data averaged in bins of latitudes and solar longitudes are acquired
at varying longitudes. Taking into account MY34 and MY35 data, the
selected orders provide a near-global coverage of the planetary surface
between latitudes ±75◦ (Figure 3.2), with Southern and Northern lat-
itudes mostly covered by MY34 and MY35 data respectively. Local
times values vary between early morning and late afternoon, while SZA
are moderate at mid-latitudes (0◦-50◦ on average) and reach night-time
values (SZA >90◦) in the winter pole. However, in order to avoid ob-
servations with very low SNR, we select only data with SZA <80◦. The
temporal coverage of the data considered here encompasses a full Mar-
tian year, from Northern summer of MY34 to Northern summer of MY35
(solar longitudes 150◦-360◦ in MY34, and 0◦-150◦ in MY35).

Figure 3.2: Map of all MY34 (150◦ < LS < 360◦) and MY35 (0◦ < LS

< 150◦) 2.35 µm reflectance factor data of order 189, averaged in bins
of longitude and latitude.

It is important to note that the high spectral resolution of LNO data
(Table 3.2) is counterbalanced by a moderate spatial resolution, as the
instantaneous footprint on the surface is quite large (0.5 km × 17 km,
Table 3.2). This can impact the identification of the ice features, in
particular in regions of transition between non-icy and icy terrains or if
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observing small ice deposits. In these cases in which the pixel ice fill-
ing factor (i.e., the ratio between the instantaneous apparent section of
icy terrain and the angular size subtended by the instrument pixel) is
less than unity, the ice diagnostic features may be diluted or mixed to
different extents with non-icy spectral features. This fact, in addition
to the spectral contamination by AOTF side lobes (Section 3.2.2), may
result in complex deformation in the observed ice spectrum when mixed
with other spectral components, making the ice identification less reli-
able. For the above reasons, we focus our analysis and discussion only
in regions where the ice signature can be unequivocally identified (see
Section 3.4.1).

3.3 Spectral Modeling

As stressed in Sections 3.1 and 3.2.1, in this work we focus on
relative analyses of LNO spectra, whereas more comprehensive radia-
tive transfer studies are postponed to future work (Section 3.6). This
approach makes our results mostly independent from radiative transfer
models and calibration issues. Nevertheless, we use simplified radiative
transfer models for giving a context to our results and assessing their
behavior (Section 3.5.1). In this section we briefly describe such models,
used to perform the simulations of surface ice and dust/ice clouds spec-
tra discussed in Sections 3.2.3, 3.4.2, 3.4.3 and 3.5.1. For both surface
and cloud models, we perform the simulations with SZA = 70◦ (un-
less specified otherwise), consistent with NOMAD observing geometry
at Southern polar latitudes. Moreover, scattering parameters are com-
puted using Mie theory (through the MIEV0 routine, Wiscombe (1980)).
The wavelength range we consider is that covered by orders 169, 189
and 190 (Table 3.3). Given the qualitative purpose of the modeling, we
do not apply the Blaze and AOTF functions to the simulations, since
they would require a specific characterization depending on the consid-
ered order and observation that is not yet fully established (see Section
3.2.2). For this reason, the models we compare to LNO data in Section
3.5.1 (Figure 3.8A) should not be considered as best fits in a retrieval
framework, but they still provide valuable information about the phys-
ical quantities that, in principle, can be retrieved by means of a more
in-depth radiative transfer analysis of this data set (Section 3.6).
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3.3.1 Surface Ice Albedo Spectra

The albedo spectra of surface ice have been simulated using the
SNow Ice and Aerosol Radiation (SNICAR) tool by Flanner et al. (2007),
formerly developed for H2O snow Earth-based studies (Singh and Flan-
ner, 2016) and here extended to compute CO2 ice albedo using the
optical constants from Hansen (2005). The model takes advantage of
the multiple scattering, multilayer two-stream radiative approximation
(Toon et al., 1989), with the delta-hemispheric mean approximation.
We adopt a CO2 ice mass density of 1000 kg m−3 that is indicative of
Mars’ South pole (Titus et al., 2008; Brown et al., 2010) and, for models
whose only purpose is to showcase the peculiar spectral signatures of
surface ice (Section 3.2.3, Figure 3.1 and Section 3.4.2, Figure 3.5), we
adopt the assumption that the thickness of the ice slabs is equal to the
grain size (Langevin et al., 2007). However, such an assumption is not
realistic in general since in the considered spectral range we are only
sensitive to the upper layers of surface ice deposits. For this reason, in
order to compare the models to LNO observations in a semi-qualitative
way (Section 3.5.1) we vary the slabs’ optical depth by changing both
their thickness and size.

3.3.2 Airborne Dust and CO2 Ice Clouds Reflectance Fac-
tor Spectra

The reflectance factor of Martian dust layers and CO2 ice clouds
is obtained through the MITRA radiative transfer tool (Adriani et al.,
2015; Oliva et al., 2016, 2018; Sindoni et al., 2017; D’Aversa et al., 2022),
already applied to the atmospheres of Saturn, Jupiter and Mars. Dust
layers are simulated using the optical constants from Wolff et al. (2009,
2010) while for CO2 ice clouds we adopt the refractive index defined by
Hansen (2005), as in the case of surface ice modeling. Dust layers and ice
clouds are described adopting lognormal particle size distributions with
0.5 effective variances (parameters taken from Mars Climate Database,
MCD, Millour et al. (2018)). Regarding dust opacity, at the wavelengths
considered in this work we are more sensitive to abundance than grain
size variations and, hence, the latter parameter is assumed constant (1
µm effective radius) in all the simulations. Given the considered spectral
range, gaseous absorption has no impact for our purpose and, for this
reason, it is not considered in the computations. In Section 3.5.1, where
we compare our models to LNO data, we adopt their specific illumination
and observing conditions, and use the method fromMcGuire et al. (2009)
on OMEGA data to estimate the spectral surface albedo required to
perform the simulations.
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3.4 Data Analysis

Two different approaches were used to identify and map the CO2

ice on the surface: (a) the analysis of the short-wavelength shoulder
of the 2.7 µm band, through orders 169 and 190 investigation (Section
3.4.1) and (b) the application of a spectral matching method to the
shape of the 2.35 µm band (Section 3.4.2).

3.4.1 Ice Detection Through the 2.7 µm Band

As already explained (Section 3.2.3) the 2.7 µm band is usually
saturated at the expected conditions for surface CO2 ice on Mars. More-
over, given the band strength, it is also quite sensitive to atmospheric
particulate scattering (Vincendon et al. (2008); see Section 3.4.3). For
the above reasons, albeit this band is not reliable to quantify the amount
of ice on the surface without a proper radiative transfer analysis, or for
its detection in no-ice to ice transition regions (Section 3.5), it can be
exploited to identify spatially homogeneous and relatively abundant de-
posits. Therefore, the simplest indications of ice detection can rely on
coupling a high absolute reflectivity level of the spectrum at continuum
wavelengths with a stronger absorption inside the 2.7 µm band. We
define the Ice Index as the ratio between the reflectances measured in
orders 190 and 169 (Section 3.2.3):

IceIndex =
R190

R169
(3.2)

This ratio is of course applicable also to other datasets, for example,
for OMEGA, that we use here as a benchmark to test its effectiveness
in detecting ice. As we can clearly see in Figure 3.3, the Ice Index
calculated for OMEGA spectra (for OMEGA, Equation 3.2 reduces to
the simple ratio of reflectance factors at 2.62 and 2.33 µm) correlates
with CO2 ice abundance, measured through the depth of the 2.35 µm
band (panel C in the figure). This test also confirms the Ice Index to be
sensitive to H2O ice, measured through the depth of the 1.5 µm band
(panel B in the same figure). As expected, the Ice Index has a value of
about 1 on non-icy terrains while it becomes larger for stronger band
depths. Since the Ice Index is evaluated on the 2.7 µm band shoulder,
different growth regimes versus the band depth are visible, depending
on the width and shape of the considered H2O and CO2 ice absorp-
tion bands. Its slow growth rate with smaller band depths makes its
uncertainty larger in smaller or more dusty ice deposits. Nevertheless,
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it is evident how, aside from its uncertainty in transition regions, the
Ice Index can be reliably used to identify deposits where the ice abun-
dance (and hence the band depth) is large. In the OMEGA case, the
possibility to directly measure the band depths, although at moderate
spectral resolution, enables each pixel to be flagged as icy or not and con-
sequently to potentially derive threshold values for ice detection based
on the actual uncertainty associated with the OMEGA data. However,
this approach cannot be extrapolated to the NOMAD data set, since the
differences in data acquisition and processing affect the threshold values.

Figure 3.3: Cylindrical projection of a cut of OMEGA orbit 0228 3,
covering mid to polar Northern latitudes during MY27, displayed at
2.33 µm (panel A). Panels (B and C) show the trend of the OMEGA
Ice Index computed on OMEGA orbit 0228 3 (panel A) with the 1.5 µm
H2O ice band depth (B) and the 2.35 µm CO2 ice band depth (C).
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With NOMAD data we are interested in longitudinally averaging the
Ice Index, in order to perform a seasonal study of the ice coverage. To
achieve this, we group the reflectance factors taken at the central wave-
lengths of the selected orders (R169 and R190, taken at 2.62 and 2.33
µm respectively) in bins of latitude and LS , by averaging the data at all
available longitudes. As a result, we obtain a latitudinal-seasonal map
for each order. As mentioned in Section 3.2.3, a different longitudinal
coverage pertains to orders 169 and 190, making their direct ratio bi-
ased by spatial albedo inhomogeneities. In order to mitigate this issue
we resort to MGS/TES data on Mars bolometric albedo (Christensen
et al., 2001). By keeping track of the longitudes falling in each bin of
the two orders’ seasonal maps, we average TES data the same way as
NOMAD ones, obtaining a corresponding map for each order. We can
then use these maps as weighting factors to correct for the different spa-
tial coverage of the two orders. We define the zonally averaged index
<Ice Index> that is sensitive to the presence of ices.

< IceIndex >=
R<190>

R<169>

TES<169>

TES<190>
(3.3)

where R<X> and TES<X> are the zonally averaged NOMAD and TES
seasonal maps respectively, and < X > denotes the average along the
longitudes inside the same latitude/LS bin of order X. The ratio of the
reflectance in the two orders, weighted by TES albedo data, correlates
with the amount of ice in the footprint.

It is evident how the approach in the computation of the Ice Index
with OMEGA and NOMAD datasets is quite different. Significant differ-
ences between the two datasets come from the relatively high LNO noise
level, its spectral resolution, the related penetration depth in the ice lay-
ers, and the TES data uncertainty. Regarding this last issue, we remind
the reader here that TES albedo is bolometric, and therefore carries in-
formation related to a wider spectral range with respect to the single
wavelengths we are considering with NOMAD data. Moreover, despite
the TES map being filtered to minimize the effect of atmospheric dust
and clouds, it still contains surface ice (Christensen et al., 2001), increas-
ing the uncertainty in transitional regions. Another difference between
OMEGA and NOMAD datasets is that OMEGA spectral resolution is
lower (resolving powers of 102 and 104 for OMEGA and NOMAD respec-
tively). This implies that the OMEGA steep short wavelength shoulder
of the 2.7 µm band is probably probing different depths of penetration
in the ice with respect to NOMAD, due to the wider wavelength range
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convolved in a single spectral point. All these sources of uncertainty are
particularly significant in ice/no-ice transition regions, and, overall, pre-
vent the definition of an absolute threshold value for ice detection. For
this reason, we focus on the global distribution of the Ice Index and its
qualitative correlation with regions of interest on the planet. As in the
case of OMEGA, in the NOMAD data set Ice index values as low as 1
are found in regions where no large concentrations of ices are expected,
for example, at the equator and mid-latitudes. On the other hand, an
Ice Index larger than 2 is found on the polar caps where both H2O and
CO2 ices are known to be abundant (Figure 3.4A). Values between 1
(ice free terrains) and 2 (polar caps) possibly still indicate the presence
of ices in transition regions with smaller ice filling factors, making it
difficult to obtain an unambiguous detection. The same effect could be
produced by dust areal mixing on the ice slabs, as observed by Langevin
et al. (2006) on the “cryptic” region (latitudes <−70◦) of the South po-
lar cap. However, due to the averaging procedure described above and
to LNO spatial resolution (Table 3.2), the resulting seasonal data set we
analyze here is poorly sensitive to such region. Instead, in regions where
the Ice Index is larger than 2 the pixels are more likely to contain mostly
ice and, hence, its information is more consistent. It is worth stressing
again that this value should not be considered as a threshold between
non-icy and icy terrains, but rather an indication for abundant deposits
in which the ice spectral signature is stronger. The terrains identified
with Ice Index >2 mostly fall within Mars polar caps but a few regions
are also located at mid-latitudes (Section 3.5.1).

Continued on the next page.
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Continued on the next page.
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Figure 3.4: In all maps, LS between 0◦ and 150◦ refer to MY35, while
LS between 150◦ and 360◦ are related to MY34. The image shows
latitudinal-seasonal maps of Ice Index (A), Spectral Angle Mapper
(SAM) similarity index χ = 1−α/αmid (panel B, αmid is the average
SAM angle α estimated at mid-latitudes, see Section 3.4.2) and (C)
MCD predictions of H2O and (D) CO2 ices columnar mass density in
kg/m2. The boundaries of the Nadir and Occultation for MArs Discov-
ery data set as shown in panels (A and B) are superimposed on panels
(C and D) for a qualitative comparison.

3.4.2 CO2 Ice Detection Through the 2.35 µm Band

As described in the previous section, the Ice Index is sensitive to
both CO2 and H2O ices. An independent method is therefore desirable
in order to distinguish them. The 2.35 µm band of CO2 ice is covered by
the LNO order 189. The icy spectra in this order show a stronger absorp-
tion band centered at about 2.35 µm (4255 cm−1) embedded in a wider
absorption between 2.339 µm (4275 cm−1) and 2.351 µm (4253 cm−1; an
example is given in Figure 3.5). The spectral shape measured by LNO
is affected by the AOTF side-lobes contamination (Section 3.2.2), which
results in a ghost absorption band appearing at 2.337 µm (4278 cm−1).
Since the width of the 2.35 µm absorption band is of the same order of
the AOTF bandwidth, the measurement of the full band depth is not
possible, as the continuum level of the reflectance is hardly determined.
Moreover, the SNR at the edges of the order, at wavelengths shorter
than 2.337 µm and longer than 2.351 µm drops significantly. The defi-
nition of a pseudo-continuum between 2.339 µm (4275 cm−1) and 2.351
µm (4253 cm−1) will allow the measurement of a partial band depth
which cannot quantify the amount of CO2 ice (since its continuum is
still affected by CO2 ice absorption) but it is qualitatively correlated to
its abundance. However, the uncertainties associated with such parame-
ters are still large, since they always deal with the LNO signal measured
in few spectral channels.
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Spectral Angle Mapper Analysis

In order to obtain a more robust parameter, able to statistically
map the CO2 ice detection with LNO, we use the Spectral Angle Map-
per (SAM) method (Boardman, 1992; Kruse et al., 1993). The SAM
algorithm determines the spectral similarity between a sample spectrum
and reference ones by treating them as vectors in a space with dimen-
sionality equal to the number of considered bands and by calculating the
correlation, expressed by the angle α (in radians) between them. Hence,
the smaller the angle, the better the agreement with the considered ref-
erence spectrum. This technique, when used on calibrated reflectance
data, is relatively insensitive to illumination and albedo effects (Kruse
et al., 1993), and is also effective in mitigating the propagation of un-
certainties since it involves the whole central part of the spectral range.

We apply the SAM algorithm to the LNO spectra of order 189 be-
tween 2.337 µm (4278 cm−1) and 2.351 µm (4253 cm−1). As a reference
endmember, we adopt a bulk Southern polar cap spectrum in which
the 2.35 µm CO2 ice absorption band is clearly recognizable and whose
spectral shape is in agreement with that expected from radiative trans-
fer models (Figure 3.5). Before the application of the algorithm, we
apply the same spatial averaging procedure described for the Ice Index
(Section 3.4.1), in order to obtain a spectral array in bins of latitudes
and solar longitudes. Then, we define a SAM index of spectral simi-
larity as χ = 1−α/αmid (where αmid is the average angle estimated at
mid-latitudes where surface ice is unlikely to be present). The resulting
map of the SAM similarity index χ is shown in Figure 3.4B. We tested
different endmembers, finding no significant difference in the SAM re-
sults as long as the endmembers are taken in the bulk of the polar caps,
where the mixing with non-icy terrains is likely negligible. On the other
hand, endmembers taken at the borders of the cap result in noisy SAM
maps, where the polar caps are not even detectable.
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Figure 3.5: Blue: Nadir and Occultation for MArs Discovery (NOMAD)
reflectance spectrum of the South polar region. The CO2 ice absorption
is visible at 2.35 µm (4255 cm−1). Black: model spectrum of a 30
mm thick CO2 ice slab obtained with the SNICAR tool (Section 3.3.1).
Green: the black spectrum convolved with the NOMAD instrumental
functions (the Blaze and AOTF response).

Ice Index and SAM Seasonal Maps Qualitative Comparison

It is evident how the SAM map in Figure 3.4B is noisier with re-
spect to the Ice Index one in Figure 3.4A, due to the fact that order
189 has a more limited spatial coverage with respect to orders 169 and
190, used for the Ice Index computation, hence yielding a poorer SNR in
the zonal averages. This is particularly evident in the pre-storm period
(180◦ < LS < 200◦) at mid-latitudes, where the relative errors of the Ice
Index and SAM similarity index are maximum and reach 30% and 50%
respectively. Nevertheless, we note that the polar caps regions correlate
with χ values larger than 0.2 (Figure 3.4B). As in the case of the Ice
Index (Section 3.4.1), we stress that this value should not be considered
as a threshold for the CO2 ice detection, but rather an indication of de-
posits where the ice abundance is large and the 2.35 µm band signature
strong. Such χ values also identify several non-polar latitude regions
that are discussed in Section 3.5.1.



3.4. Data Analysis 55

We can now qualitatively compare the seasonal Ice Index (Figure
3.4A) and SAM χ index (Figure 3.4B) maps with the simulations of sea-
sonal H2O and CO2 ices abundance, expressed as columnar mass density
in kg/m2 (Figures 3.4C and 3.4D respectively) obtained from the MCD
(version 6, Millour et al. (2018)). In these simulations, airborne dust
climatology is treated with the method described in Montabone et al.
(2020). Both the Ice Index and the SAM maps are effective in repro-
ducing the condensation and sublimation patterns taking place in the
Martian polar caps. In particular, during the Northern spring (LS ∼
0◦) the sublimation of the Northern polar cap is observed in both maps,
in agreement with MCD simulations. Although fewer observations are
available for Southern winter (LS ∼90◦), we observe some clear detec-
tions of the Southern polar cap in the Ice Index map. These are in
agreement with the presence of both H2O and CO2 ices and, since no
coincident detections are available in SAM map, we cannot determine
which ice is being probed by the Ice Index. During the Southern late
winter/spring we observe the sublimation of the Southern polar cap both
in the Ice Index and SAM maps (140◦ < LS < 260◦). This solar longi-
tude range is also affected by the 2018 global dust storm (LS ∼180◦-250◦,
Smith and Guzewich (2019); Viúdez-Moreiras et al. (2019)) allowing in-
vestigations of the impact of dust on the ice detection (Section 3.5). The
SAM map is noisier than the Ice Index map before the peak of the storm
(160◦ < LS < 200◦), due to the scarce data coverage and poor SNR of
order 189 data near the poles in the illumination conditions typical of
late winter. During the decay phase of the storm ( LS ∼200◦-250◦) both
maps correctly reproduce the sublimation pattern of the ice caps pre-
dicted by the MCD.

Finally, a few detections appear during Northern autumn and winter
( LS >255◦), indicating the condensation and the peak winter phase of
the Northern polar cap. In this period, ice is identified in both the SAM
and Ice Index maps only for LS >280◦. On the other hand, at LS ∼255◦

only Ice Index detections are found, suggesting that the parameter is
probably probing H2O ice at those solar longitudes. The dichotomy
between the SAM and the Ice Index map makes it possible to distinguish
the presence of H2O and CO2 ices and is discussed further in Section
3.5.
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3.4.3 Airborne Dust Effect

The CO2 ice detection approach described in Sections 3.4.1 and
3.4.2 is based on the assumption that suspended dust has a negligible
impact on the detection of CO2 ice spectral features. We verify this
assumption by performing radiative transfer simulations with different
dust optical depths in the wavelength range covered by orders 169, 189,
and 190 (Table 3.3). We compute the CO2 ice surface spectral albedo us-
ing the SNICARmodel (Section 3.3.1) and the MITRA radiative transfer
tool to simulate the Martian reflectance factor with different dust load-
ings (Section 3.3.2). The results are shown in Figure 3.6. The presence
of dust decreases the relative depth of the CO2 ice absorptions at 2.60
and 2.35 µm, while changes in spectral shape happen only for very high
abundances, as it is evident in the blue simulations in which τ2 = 10
(where τ2 is the dust optical depth at 2 µm). As a consequence, dust
lowers the Ice Index value (Section 3.4.1) affecting its effectiveness in
the identification of ice. Ordinary dust abundances (τ2 <1) can impact
the detection of small/thin ice deposits through the Ice Index, but con-
ditions of high dust optical depth can even mask extended icy surfaces.
Indeed, with respect to the clear sky case, we estimate a decrease of the
Ice Index down to 85% with τ2 = 2. This analysis confirms that, even
if it is beyond the scope of this paper (Section 3.5), the CO2 ice 2.7 µm
absorption band can be used to estimate the atmospheric dust content,
as already done with OMEGA data by Vincendon et al. (2008). It is
worth stressing that the vertical distribution of dust is not constrained
in these simulations, so the same effect holds either for dust suspended
in the whole atmospheric column, concentrated in an atmospheric layer
or directly deposited over the surface ice.

On the other hand, dust has a lesser impact on the CO2 ice iden-
tification through the SAM similarity index χ (Section 3.4.2). This is
expected from a theoretical point of view because the 2.35 µm band is
relatively weak and its depth is less affected by scattering. Moreover, the
SAM algorithm is more sensitive to the band shape than to its depth.
Therefore, the ice identification is still possible as long as the 2.35 µm
absorption band is above the noise level. The relatively low SNR of
order 189 is the most limiting factor in the effectiveness of the SAM
algorithm application. The percent decreases of both the Ice Index and
SAM similarity index due to the dust presence with respect to the clear
sky case (∆II and ∆SAM respectively) are given in Figure 3.6.
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Figure 3.6: Radiative transfer simulations performed with the MITRA
tool (Section 3.3.2) adopting different optical depths (τ2 is the optical
depth at 2 µm). ∆II and ∆SAM indicate the percent decrease of the Ice
Index and Spectral Angle Mapper similarity index with respect to the
no dust simulation (black lines). All simulations have been normalized
to the no dust one at 4247.5 cm−1. The CO2 ice albedo underneath
the dust is computed with the SNICAR tool (Section 3.3.1), assuming
a 30 mm slab. Left panel shows a wide spectral range including both
the 2.35 µm and the broader 2.60 µm CO2 absorptions, while the right
panel shows the zoom on the 2.35 µm band.

3.5 Results and Discussion

As described in Section 3.4, if we focus on regions where ice is
abundant, that is, the polar cap regions, the Ice Index and SAM seasonal
maps of surface ice coverage are in good agreement with general climate
models (Figure 3.4). It should be noted that polar caps observations
are unavoidably acquired at high solar zenith angles (between 50◦ and
80◦). Such geometry yields unfavorable illumination conditions in which
both the incident and reflected radiation are reduced in intensity and
topographic shadowing is amplified, implying increased average mixing
of illuminated and unilluminated areas and reduced SNR. This issue
affects both the Ice Index and the SAM maps, possibly enlarging those
regions that we identify as transition between icy and non-icy terrains.
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The noise level in the SAM χ index map is higher with respect to
the Ice Index map (Section 3.4.2, Figure 3.4). As a result, some struc-
tures identified in the latter are not recognizable in the former. This
is evident in Figures 3.7A and 3.7B, where the red and green points
indicate pixels with Ice Index >2 (Section 3.4.1) and SAM χ index >0.2
(Section 3.4.2) respectively, highlighting regions in which the two pa-
rameters mostly correlate with the polar caps. In particular, the SAM
map misses some points at the North pole in regions A and G. This is
in agreement with the fact that CO2 ice requires colder temperatures
to condense and, hence, suggests that it is probably located at latitudes
higher than those covered in the analyzed data set. The mid latitude
detections in the SAM map are discussed in Section 3.5.1.

From the Ice Index and SAM maps we can estimate the extension of
the polar caps by studying the latitudinal trend of the two parameters
for every bin of Ls. We define the edge of a cap at a given Ls as the lat-
itude of the most equatorward group of at least three adjacent pixels in
which the parameters exceed by three sigma their average value on mid-
latitudes non-icy terrains. Such a condition has been chosen to ensure
ruling out the aforementioned ice transitional regions, where filling fac-
tor issues can make ice parameters values unreliable (Sections 3.2.3 and
3.4.1). The results we obtain are compared in Figure 3.7C to the MCD
CO2 ice abundance simulations and to OMEGA data estimated bound-
aries for MY27-28. In the image, red and green stars indicate the Ice
Index and the SAM estimated boundaries respectively, while the dots
represent the minimum latitudes in the polar caps at which OMEGA
1.43 µm CO2 ice absorption band is non-zero, extrapolated from Fig-
ures 12-19 from Langevin et al. (2007) and from Figures 4-9 from Appéré
et al. (2011). The colored regions of interest labeled with letters identify
the polar caps (green regions) and mid latitude ice detections (magenta
regions). For comparison, these are also shown in Figures 3.7A and 3.7B.
It must be noted that there is not always coincidence between these re-
gions and the colored points in Figures 3.7A and 3.7B (see e.g., region
H), being their identification based on conceptually different conditions.

Since our boundary estimates are not sensitive to transition regions,
the comparison we make with MCD is merely qualitative and no at-
tempt to perform a quantitative retrieval of the ice abundance is being
made. The MCD CO2 ice column density isolines shown in Figure 3.7C
are those coincident with our cap boundaries estimates and highlight
some gradients in abundance across the edges that are worth discussing.
OMEGA boundaries are consistent with our estimates and with the
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lower density MCD simulations, confirming the seasonal patterns of the
polar caps in different MY. As in the case of the Ice Index and SAM
points in Figures 3.7A and 3.7B, there is not always correspondence
between the red and the green stars clusters in Figure 3.7C. This is
particularly evident in regions C and G, in which the SAM boundaries
only appear in coincidence with the highest LS Ice Index clusters. As
explained above, this behavior is related to the fact that, in these re-
gions, CO2 ice is probably condensing at lower temperatures pertaining
to latitudes higher than those covered in our analysis. Indeed, in re-
gion A the SAM boundary appears farther north with respect to the
Ice Index boundary. The MCD predicts average surface temperatures of
about 160 K for the red stars cluster in region A, above the CO2 frost
temperature, suggesting that the Ice Index points are actually probing
the H2O ice polar cap there. On the other hand, temperatures of the
order of ∼150K are predicted for the green stars cluster, within Mars
CO2 frost temperature range (Piqueux et al., 2016) and in agreement
with the presence of the CO2 ice points. In all regions where green clus-
ters overlap on the red ones (regions E, F, and at LS ∼140◦ in region C
and LS ∼340◦ in region G), the Ice Index is probing both H2O and CO2

ices. On the other hand, in the lower LS clusters in regions C (85◦ < LS

< 105◦) and G (255◦ < LS < 320◦) only Ice Index derived boundaries
appear, suggesting that the parameter is only probing H2O ice there.
The estimated cap boundaries show a drift to larger MCD CO2 ice col-
umn densities from the peak phase to the sublimation phase of both the
North (regions G to A) and the South (regions C, E and F) polar caps.
Such a trend may be related to non-uniform sublimation processes (en-
larging ice-free areas embedded in icy terrains at several spatial scales),
possibly yielding an increase of the areal mixing of terrains within the
NOMAD footprint, leading to the concept of inner/outer crocus line
(Schmidt et al., 2009). This is consistent with the spatially inhomoge-
neous sublimation known to take place in Mars seasonal caps (Piqueux
et al., 2003; Schmidt et al., 2009; Cull et al., 2010; Hansen et al., 2013)
and is also observed in OMEGA data during the sublimation phase of
the North polar cap (region A, Figure 3.7C).

As a consequence, our boundary detection condition is close to the
inner crocus line, that is, where the ice abundance is still large and its
spatial distribution more homogenous. On the other hand, OMEGA
boundaries (black and blue dots in Figure 3.7C) are consistently located
at latitudes lower than those pertaining to the Ice Index and SAM esti-
mated ones and, hence, closer to the outer crocus line.
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Figure 3.7: In all panels, LS between 0◦ and 150◦ refer to MY35, while
LS between 150◦ and 360◦ are related to MY34. Panels (A and B) Ice
Index (A) and Spectral Angle Mapper (SAM) χ (B) maps where red and
green points indicate regions with Ice Index >2 and SAM index χ >0.2
respectively (see Section 3.4.1 and Section 3.4.2). Colored labeled arrows
indicate structures of interest identified in panel (C), on the polar caps
(green) and at mid-latitudes (magenta, Section 3.5.1). Panel (C) red and
green stars indicate the polar caps boundaries estimated through Ice In-
dex and SAM similarity index χ respectively (Section 3.5). These are
compared to the MCD simulated abundances of CO2 ice corresponding
to the observed cap boundaries positions (orange regions, representing
surface column mass densities in kg/m2) and to OMEGA observations
(black and blue dots for the South and North poles respectively) from
MY27-28 (Langevin et al., 2007; Appéré et al., 2011). The dashed gray
lines indicate the 2018 global dust storm LS range. Panel (D) compar-
ison of the South polar cap in the Ice Index and SAM χ index maps
within the storm LS range. The red dashed circles indicate regions in
which the dust storm strongly impacts the Ice Index value.

The data we are considering also partially cover the evolution of
the 2018 global dust storm (vertical dashed gray lines in Figure 3.7C),
from its maturation (LS ∼180◦-190◦) to its decay phase (LS ∼203◦-250◦,
Smith and Guzewich (2019); Viúdez-Moreiras et al. (2019)). Figure 3.7D
compares the Ice Index (left) and SAM (right) maps from Figures 3.4A
and 3.4B zooming them within the storm LS range, and shows how the
two parameters behave across the storm at the Southern pole. While
there is a gap of observations during the peak phase, the impact of the
storm on the Ice Index map around LS ∼220◦ can be seen (dashed red
circle). In this region, its value decreases significantly, while the same
does not happen in the SAM similarity index map. A similar behavior
is observed at LS ∼190◦, during the storm peak phase, where the Ice
Index experiences a sudden drop just before the observation gap. This
is as expected, as demonstrated in Section 3.4.3, since the strength of
the 2.7 µm band makes it strongly sensitive to the presence of dust,
unlike the 2.35 µm absorption band which is weaker (Figure 3.6). De-
spite this drop in the Ice Index, the parameter successfully identifies the
ice in the polar cap at those solar longitudes (Figures 3.7A and 3.7C).
Unfortunately, the gap in observations prevents us from verifying if the
Ice Index fails in spotting the ice when a very high dust optical depth
is reached during the storm peak phase. Under the same assumptions
made in Section 3.4.3 for the modeling of dust, a decrease of the Ice
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Index as that observed in the highlighted regions in Figure 3.7D (about
50% with respect to the surrounding regions in the Southern polar cap)
would indicate a dust optical depth τ2 ∼0.5. Such an approach indicates
that an estimation of the dust abundance through the Ice Index is in
principle possible (see Section 3.4.3). However, in order to be quantita-
tively feasible, this would require a dedicated radiative transfer analysis
of both surface ice and airborne dust distribution and microphysical
properties that is beyond the scope of this paper.

Some isolated ice detections from the Ice Index map appear in non-
polar regions and are identified in magenta in Figure 3.7C. These de-
tections cover latitudes between 40◦S and 40◦N in regions B and D and
even approach the equator in region H. A faint 2.35 µm absorption
band is recognizable in all these observations (Figure 3.8), confirming
the presence of CO2 ice. The discussion of these cases is presented in
the following Section 3.5.1.

Figure 3.8: (A) Example of CO2 ice spectrum from region Z3 in Table
3.4, showing the 2.35 µm CO2 ice band (solid black line) compared
with CO2 ice clouds simulations (Section 3.3.2) with different grain sizes
(orange, blue, cyan, purple dashed lines, and solid green line and for reff
= 7, 1, 0.1, 0.01, and 0.005 µm respectively, τ2 is the optical depth at
2 µm). A 5 cm surface CO2 ice simulation is also shown (solid red
line). Vertical dashed gray lines indicate the wavelengths adopted to
quantify the left shoulder slope of the 2.35 µm band as 1-R2.35/R2.352

(R is the reflectance factor and the subscripts indicate the wavelength
in µm). (B) Trend of 1-R2.35/R2.352 with the CO2 ice effective radius,
for a fixed optical depth τ2 = 0.4. The red dashed line indicates the
order of magnitude of the slope values measured in the observed spectra
(about 10%), in agreement with the synthetic ones in the 1-10 nm and
1-10 cm size regimes (blue and red circles respectively).
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3.5.1 Non-Polar Ice Detections

Non-
polar
CO2 ice
zone

Observation
date
(yy/mm/dd)

Lon
(◦)

Lat
(◦)

LS

(◦)
LST
(h)

T
(K)

B1 2019/06/19 -42.3 -46.2 41.5 10.5 190
B2 2019/07/11 -157.1 -37.8 51.3 15.8 206
B3 2019/07/14 -164.8 15.9 52.7 16.3 243
B4 2019/08/02 164.8 33.8 60.8 12.8 277
D1 2020/01/05 134.3 -27.6 131.1 15.2 239
D2 2020/01/17 12.09 -31.6 136.7 12.8 249
H 2018/12/21 -95.1 4.3 310.1 14.2 281
Z1 2018/04/21 90.9 54.8 163.1 9.5 230
Z2 2018/05/25 103.6 -31.8 181.9 14.7 274
Z3 2018/06/14 82.9 -26.8 193.1 10.4 261

Table 3.4: Dates, Longitudes (Lon), Latitudes (Lat), Solar Longitudes
(LS), Local Solar Times (LST), and MCD estimated surface tempera-
tures (T) of the non-polar CO2 ice detections identified from regions B,
D, and H in Figure 3.7C and from the SAM map (Figure 3.7B) green
bins analysis (Zones Z, Section 3.5.1).

As shown in Figures 3.7A and 3.7B, some high values of Ice index
and SAM χ index are found not only at the polar caps but also in bins
at lower latitudes. Most of these detections (some of which are false
positives due to poor SNR in the longitudinal averages, in particular in
the SAM map in the range 180◦ < LS < 200◦, see Section 3.4.2) are
filtered out by the condition we adopted for the identification of the cap
boundaries, described in Section 3.5. However, some of those related to
the Ice Index still appear in Figure 3.7C (magenta regions). The pres-
ence of ice in longitudinal averages at these latitudes cannot easily be
explained, but the analysis of the distribution of the individual spectra
averaged within those bins reveals that these detections are driven by
single pixel occurrences of icy spectra. These individual spectra of LNO
order 189 all show the 2.35 µm absorption band confirming the identifi-
cation of CO2 ice in these regions (zones B-H in Table 3.4). Given this
finding, we similarly scan the single pixel observations falling in the bins
highlighted in green in Figure 3.7B and find other observations at mid-
low latitudes in which the CO2 ice signature can be clearly identified
(Figure 3.8A, zones Z in Table 3.4). Of course, with such an approach
we could actually be missing other observations in which the ice sig-
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nature is present, since the method described in this paper is mostly
effective for spatially extended and abundant ice deposits where the ice
signature is strong (Sections 3.2.3, 3.4.1 and 3.4.2). Since the ice filling
factor in these pixels is not known it is not possible to estimate the spa-
tial extension of these ice deposits within the LNO footprint (Table 3.2).

Although water ice surface deposits are known to exist at mid-
latitudes (Carrozzo et al., 2009), in principle the surface temperatures
pertaining to these observations are too high to trigger CO2 ice conden-
sation (Table 3.4). Nevertheless, small CO2 ice patches are known to
exist at mid-low latitudes, in particular in steep craters’ rims with pole-
facing slopes where shadows could preserve colder temperatures even
during daytime (Vincendon et al., 2010b; Vincendon, 2015). Another
possible explanation for our detections is that residual night-time frost
(Piqueux et al., 2016; Khuller et al., 2021) is being observed for some
time after sunrise. However, the local times of our detections concentrate
within about 3-4 hr around noon, and the predicted surface tempera-
tures are always higher than 190 K, way beyond the CO2 frost point. For
the above reasons, we also investigate the possibility that our detections
are related to atmospheric ice condensing at high altitude. LNO pixels’
footprint is quite large (0.5 × 17.5 km2, Table 3.2) and, hence, makes it
difficult to verify if these observations are related to small ice patches in
mixed terrains (see also Sections 3.2.3 and 3.4.1) or to clouds. CO2 ice
clouds are known to form in low temperature pockets at mesospheric alti-
tudes, composed of populations of coarse grains as large as 7 µm (Clancy
et al., 2019), as well as micron (about 1 µm) and sub-micron (about 0.1
µm) particles (Montmessin et al., 2006; Montmessin et al., 2007; Aoki
et al., 2018). The optical depth reported in literature is typically rather
low (less than 0.5). On the other hand, frost grains expected size range
varies from a few µm to some mm (Kieffer et al., 2000; Titus et al.,
2001; Vincendon, 2015). Since the depth and shape of the 2.35 µm band
are driven by the ice microphysics, a grain size analysis can be a useful
way to test the interpretation of NOMAD mid-latitude ice detections as
either frost on the surface or CO2 ice clouds. For the sizes pertaining
to the clouds regime, we perform radiative transfer simulations with the
MITRA tool (Section 3.3.2), varying the optical thickness of the CO2 ice
clouds in order to obtain a radiometric signal and a 2.35 µm absorption
band that are comparable to those of the observed spectra. As we can
see in Figure 3.8A, where the synthetic spectra are compared to the ob-
servation from zone Z3 in Table 3.4, all grain sizes in the range 0.1-7 µm
do not yield any significant absorption at 2.35 µm (dashed orange, blue
and cyan lines). The band depth increases for smaller grains, such as
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nanometer-sized particles (order of magnitude 1-10 nm, dashed purple
and solid green lines).

In this small-size range, a good match with the observation in Fig-
ure 3.8A is obtained with a cloud with reff = 5 nm. However, a similar
spectral shape can also be obtained with larger sizes pertaining to the
surface ice regime (5 cm ice size, solid red line, obtained through the
SNICAR tool, see Section 3.3.1). As reference, we verify that sizes this
large (>1 cm) are needed in order to match the signal and the band
shape of spectra related to the bulk of the South polar cap.

This dichotomy is verified in Figure 3.8B, showing the trend of the
2.35 µm band depth (that for simplicity we compute as 1-R2.35/R2.352,
where R is the reflectance factor and the subscripts indicate the wave-
length in microns) with very large variations of the CO2 ice effective
radius. In this computation, we span from sizes comparable or smaller
to those expected for CO2 ice clouds to sizes pertaining to the surface
ice regime, up to slabs as large as 100 cm, always keeping constant the
optical depth at τ2 = 0.4. From the figure it is evident how for sizes be-
tween approximately 100 nm and 1 mm the 2.35 µm band is practically
absent. Instead, for both reff <100 nm and reff >1 mm the band depth
increases. While the band depth increase for large sizes is ascribable to
the increasing interaction of the light with the particle volume, the be-
havior for nanometric sizes is typical of the Rayleigh regime (i.e., when
the size parameter 2πr/λ << 1, where r is the particle size and λ is the
wavelength), where the absorption tends to progressively dominate the
scattering with the decreasing sizes (Van De Hulst, 1981). Consistently
with Figure 3.8A, two dimension regimes yield a band depth that is com-
parable to that of the observed spectra (order of magnitude 10% in all
detections, red dashed line in Figure 3.8B), namely 1-10 nm and 1-10 cm.

As said above, the latter regime is consistent with extended and
abundant surface ice deposits (Langevin et al., 2007; Andrieu et al.,
2018) and, hence, pertains to particles larger than those expected for
diurnal CO2 frost (about 1-103 µm, Kieffer et al. (2000); Titus et al.
(2001); Vincendon (2015)). For this reason, and taking into account the
considered local times and surface temperatures (Table 3.4), we discuss
if the size range 1-10 nm is preferable to describe the mid-latitude obser-
vations. This regime is compatible with diurnal high altitude (about 100
km) CO2 ice clouds with grains smaller than 100 nm (Montmessin et al.,
2006), higher in the atmosphere with respect to the expected larger ones
(0.1-7 µm, Montmessin et al. (2007); Aoki et al. (2018); Clancy et al.
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(2019)), and to which the 2.35 µm absorption band appears to be par-
ticularly sensitive, as demonstrated through our grains size investigation
(Figure 3.8).

Under the clouds hypothesis, all detections B and D (Table 3.4) are
seasonally compatible with CRISM (MY 29-33) and OMEGA (MY 28-
30) CO2 ice clouds detections (Figure 14 in Clancy et al. (2019); Figure
8 in Vincendon et al. (2011)) in the LS ranges 40◦-62◦ and 130◦-135◦

respectively. In particular, detections D are also latitudinally consistent
with MY27 detections from Montmessin et al. (2006) observed at LS

∼135◦ and latitudes ∼−35◦ by the SPICAM instrument aboard Mars
Express. Under the frost hypothesis, on the other hand, no matches of
our detections have been found with the seasonal and spatial estimates
from other authors (e.g., Vincendon (2015); and Figure 3 in Vincendon
et al. (2010b)).

By performing the analysis described above to all detections in Ta-
ble 3.4, we obtain the order of magnitude of the grains size and optical
depth of the ice under the hypotheses that it is either pure frost on the
surface or condensed in high altitude clouds. Taking into account the ice
clouds hypothesis, we find grain sizes between 5 and 10 nm with optical
depths in the range 0.1-0.3. Instead, under the hypothesis that those
detections are related to surface CO2 frost, we find sizes in the range
1-10 cm with optical depths between 0.1 and 1.0.

Of course, the analysis described above cannot be considered as a
quantitative retrieval of physical quantities but, as already stressed, pro-
vides an estimate of their order of magnitude. A more quantitative ap-
proach should rely on a number of assumptions that are still not well
assessed, like the detailed instrumental response (e.g., AOTF and blaze
functions, see Sections 3.2.2 and 3.3), the effect of non-icy contaminants
in the footprint, as well as uncertainties related to the spectral surface
albedo or dust content. All these can easily affect the overall signal.
For this reason, as a first stage we favored a qualitative approach, based
on the statistical behavior of the spectral data set so far available, and
trying to highlight that its information content about ice can be signif-
icant, although quite far from the main purposes which the instrument
was devoted to.
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Given the above discussion, we suggest that mid-latitudes ice detec-
tions are more likely to be ascribed to clouds than to surface frost for
context reasons and band depth estimates, resulting in the first detection
of clouds through the study of the CO2 ice 2.35 µm absorption band.
Nevertheless, a more conclusive discrimination between the two hypoth-
esis is only achievable through a more comprehensive radiative transfer
analysis of the 2.35 µm band as well as other spectral features, whose
study is clearly beyond the scope of this paper and will be the subject
of a future work (Section 3.6). Nevertheless, this analysis demonstrates
that the 2.35 µm band, sampled by LNO order 189, has large potential
to be exploited for the estimation of the grain size and optical depth of
CO2 ice.

3.6 Conclusions and Future Work

In this work we explored NOMAD-LNO information content of
orders 169, 189, and 190 (Table 3.3) demonstrating that, although its
main focus is on atmospheric gases, this data set can be exploited for
the investigation of surface ice. Taking advantage of orders 169 and
190, partially covering the 2.7 µm band, we defined an index for the
identification of abundant CO2 and H2O ices deposits (Ice Index, Section
3.4.1). We produced seasonal maps of the ice coverage that are in general
in good agreement with MCD global climate model and with OMEGA
data (Section 3.5), during both the peak and the sublimation phases of
the polar caps. A seasonal map of the exposed CO2 ice was obtained
using the 2.35 µm absorption band, which is well covered by LNO order
189 (Section 3.4.2). While the observed spectral features can only probe
the first centimeters of ice deposits and hence cannot fully correlate with
the total ice column predicted by global climate models, a meaningful
comparison between observations and models has been achieved through
an analysis of the average latitudinal extension of the polar caps and
their seasonal variations. We verified that, while such an approach can
be reliably used for the identification of abundant and spatially extended
ice deposits, related to the inner crocus line (Section 3.5), it is not fully
reliable in those transitional regions where icy to non-icy terrains are
strongly spatially mixed (taking also into account the relatively large
NOMAD footprint).
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We also investigated the impact of the 2018 global dust storm on the
ice detection in the Southern polar cap during the spring season. In this
case, the high concentration of dust in the atmosphere reduces the num-
ber of solar photons reaching the surface and thus back to the NOMAD
detector, affecting the capability to spot the surface ice through the Ice
Index investigation. On the other hand, we verified that the SAM algo-
rithm is less affected by the presence of dust, making it a robust tool for
the detection of spatially homogeneous and abundant CO2 ice deposits
(Sections 3.4.3 and 3.5).

Through our analysis, CO2 ice detections were also found at mid-
equatorial latitudes, away from the polar regions. CO2 ice has already
been detected at these latitudes both as surface ice/frost and high al-
titude clouds, and the discrimination of these conditions is not easy in
nadir-looking spectra.

While CO2 surface ice is known to exist at these latitudes in pole
facing slopes remaining in shadow during daytime (Vincendon et al.,
2010b; Vincendon, 2015) or as residual night-time frost in the early
morning (Piqueux et al., 2016; Khuller et al., 2021), given the high tem-
peratures and local times pertaining to these observations we also inves-
tigated the possibility that they are instead related to CO2 ice clouds.
Through a grain size analysis (Section 3.5.1) we verified that two size
regimes can reproduce the observations, namely 1-10 nm and 1-10 cm
(see Section 3.5.1). The latter regime is too large for both the frost and
the CO2 ice clouds hypotheses, while the 1-10 nm regime is compatible
with fine grains in CO2 ice clouds condensing higher in the atmosphere
(Montmessin et al., 2006) with respect to the larger dimension regimes
of micron (1-7 µm) and sub-micron (0.1 µm) particles. Given the above
considerations, the clouds hypothesis results to be preferable and would
imply the first detection of CO2 ice clouds through the 2.35 µm absorp-
tion band analysis. This investigation demonstrates how LNO order
189 has large potential to be exploited to retrieve CO2 ice microphysical
properties. Moreover, this sets the basis for an in-depth investigation of
the band also in other datasets, like OMEGA and CRISM ones, even if
characterized by a lower spectral resolution.

The analysis presented in this paper sheds some light on the pos-
sibility of conducting surface and aerosol science using a data set that
is nominally conceived for the study of Martian trace gases, such that
of NOMAD-LNO, and opens the way for several follow up studies. An
analysis of NOMAD UVIS channel information content, focused again
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on surface studies, is currently being performed as a continuation for the
study presented in this paper. A dedicated quantitative radiative trans-
fer analysis for the retrieval of surface ice microphysical and geometrical
properties such as grains size, mass density and layers thickness, is al-
ready in progress and is the subject for a future paper. Moreover, an
investigation focused on ice clouds detection is also being performed.
Finally, an in depth radiative transfer analysis of the 2.35 µm feature in
CO2 ice clouds spectra is planned.
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Chapter 4

Observation of the
Southern Polar cap during
MY34-36 with
ExoMars-TGO
NOMAD-LNO

This chapter was published in the Icarus Journal in the frame of
the Special Issue “Ices in the Solar System; origin, evolution and distri-
bution”(Ruiz Lozano et al., 2023)1, and can be found from Section 4.1.
I led the research conceptualisation, model development and validation,
formal analysis, visualisation of results, and the writing and revisions of
the manuscript.

In Chapter 3, we show that NOMAD is suitable for studying sur-
face ice using orders 169, 190 (Ice Index, see Section 3.4.1) and surface
CO2 ice with order 189 (SAM χ index, see Section 3.4.2). We anal-
yse the global ice cover in the polar regions through latitudinal-seasonal
ice maps for the Martian Years 34 and 35. In addition, we investigate
how suspended dust affects the Ice Index and SAM χ index during the
MY34 global dust storm. Nevertheless, the effects of the MY34 global
dust storm on the seasonal processes of the polar ice caps are not studied

1Ruiz Lozano, L., Oliva, F., Karatekin, Ö., Bellucci, G., Dehant, V., D’Aversa,
E., Carrozzo, F. G., Schmidt, F., Cruz Mermy, G., Thomas, I. R., Vandaele, A. C.,
Daerden, F., Ristic, B., Patel, M. R. and López Moreno, J. J. (2023). Observation of
the Southern Polar cap during MY34-36 with ExoMars-TGO NOMAD-LNO. Icarus,
https://doi.org/10.1016/j.icarus.2023.115698.
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due to the limited temporal coverage of the data set at the time of this
study (only one full Martian year).

We hence address the issue in this chapter by comparing the sub-
limation process of the Southern polar cap2 for MY34-36 in order to
observe potential interannual changes (see Section 4.5). To do this, we
update the Ice Index (orders 169 and 190) by adding orders 167 and 168
in order to improve the temporal coverage. We here define the New Ice
Index (orders 167, 168, 169 and 190) (see Section 4.4.1). Acquisitions
through the orders are based on a pre-selection process. Their frequency
of observation can change. The use of orders 167 and 168 increased in
MY35-36, showing interesting spatial and temporal coverage for this
study. In Chapter 3, order 189 (2.35 µm) is presented as the only candi-
date for CO2 ice identification. Nevertheless, over the MY35-36 period,
order 193 (2.29 µm) is widely used. Unlike order 189 (see Figure 3.5 in
Chapter 3), order 193 presents a central CO2 ice absorption band, which
is less affected by instrumental effects (see Section 2.2.3). We hence opt
for order 193 and define a new spectral index for CO2 ice detection (see
Section 4.4.2). Table 4.1 lists the selected orders and indices defined in
this chapter with their relevant sections.

Spectral
method

Orders Wavelength Interest Information

New Ice
Index

167, 168, 169
and 190

2.7 µm CO2 ice
and H2O
ice

Section 4.4.1

BD2292 193 2.29 µm CO2 ice Section 4.4.2

Table 4.1: Overview of the spectral indices defined in this chapter: se-
lected orders, ice absorption band, main interest and corresponding sec-
tion for more details.

The second objective of this chapter is the study of the microphysi-
cal properties of surface CO2 ice through order 193. We adopt a semi-
qualitative approach to reproduce the 2.29 µm CO2 absorption band
by using the Planetary Spectrum Generator (PSG) model (Villanueva
et al., 2018) associated with an online interface (see Section 4.5.3). We
attempt to estimate the equivalent grain size, which is defined as the
free mean path of photons within the CO2 ice, i.e. the mean distance

2The Southern polar cap has better spatial and temporal coverage in the NOMAD-
LNO dataset than the Northern polar cap.
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between interfaces (Langevin et al., 2007). This is defined as the thick-
ness of the upper layers of ice slabs in the PSG model (see Section 4.5.3).

We obtain an equivalent grain size in the centimetre range for se-
lected spectra (5) over the Southern polar cap (with a strong CO2 sig-
nature and low illumination angles, see Table 4.2). These results are
in good agreement with the order of magnitude of previous studies, i.e.
Calvin and Martin (1994); Kieffer et al. (2000); Langevin et al. (2007);
Brown et al. (2010); Andrieu et al. (2018). All of these studies, except
Calvin and Martin (1994), define the seasonal Southern polar cap as a
CO2 ice slab and estimate the equivalent grain size of the upper layer.
Calvin and Martin (1994) interpret CO2 ice as granular, estimating the
diameter of spherical grain. Nevertheless, they obtain grain size values
in the centimetre range, suggesting that the slab model is the most ap-
propriate. Regarding Kieffer et al. (2000), Langevin et al. (2007) and
Brown et al. (2010), they use a spectral classification based on albedo
value and relative band strength of the CO2 ice feature observed on mo-
saic maps. They estimate a minimum (Kieffer et al., 2000; Brown et al.,
2010) and a mean (Langevin et al., 2007) equivalent grain size value for
different periods of time. On the other hand, Andrieu et al. (2018) esti-
mate equivalent grain sizes in the same location (latitude 72°S) for the
full sublimation phase. The difference in the classification method and
the selected location between our study (see Section 4.5.3) and these
previous works may explain the different values in Table 4.2.

In Chapter 3, we compute the CO2 ice surface spectral albedo us-
ing the SNICAR model (see Section 3.3.1) and the MITRA radiative
transfer tool for the atmospheric constraints (see Section 3.3.2). These
models are based on libraries and several modules to be installed locally.
In this chapter, we choose the PSG model for convenience. It is easily
accessible via a web interface, combining a radiative transfer model with
the option of choosing a surface model. We did not use it in Chapters 3
and 6 because it was not fully available online at the time of these works.

As mentioned in Chapter 3, an in-depth radiative transfer analysis
of CO2 ice signature is still planned (using both orders 189 and 193).
This will complement the results in Table 4.2. In addition, it will provide
additional information on the microphysical properties of CO2 ice clouds
discussed in Section 3.5.1 of Chapter 3.
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4.1 Introduction

Historically, the Martian polar caps have been observed from Earth
for more than a century (ground based observations and documenta-
tions reported in Fischbacher et al. (1969); Dollfus (1973); Iwasaki et al.
(1986); James et al. (1987, 1990); Benson and James (2005)) and, in
1969, NASA Mariner 6 and 7 spacecrafts directly observed the recession
of the Southern polar cap. For the first time, the twin satellites identi-
fied CO2 ice as its major component (Herr and Pimental, 1969). In the
late 1970s, the Viking landers made the first efforts in measuring the
pressure variations on the surface of Mars during a whole Martian Year
(MY). These variations, estimated to be over 25%, were found to be
directly linked to the atmospheric CO2 cycle (Hess et al., 1979, 1980).
Indeed, the Martian atmosphere is strongly controlled by the seasonal
changes in the polar cap deposits, resulting from the sublimation and
condensation processes of CO2 (Kieffer, 1979). These CO2 exchanges be-
tween the atmospheric layers and the solid planet alter the atmospheric
angular momentum (Karatekin et al., 2011) and impacts even the rota-
tion of the solid planet at seasonal time scales (up to 0.4 milliseconds in
Length-of-Day, Cazenave and Balmino (1981); Defraigne et al. (2000);
Van den Acker et al. (2002); Karatekin et al. (2006); Konopliv et al.
(2011)). Therefore, observing the seasonal and interannual variabilities
of CO2 ices on the Martian surface is important for understanding the
CO2 cycle, which drives the current atmospheric dynamics in close con-
nection with water and dust cycles (Karatekin et al., 2005, 2011; Dehant
et al., 2020). The variability of Martian atmospheric dynamics provides
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insight into the planet’s global atmosphere and its long-term evolution
(Lange et al., 2022).

Several orbiter missions have deeply analysed the Martian CO2 ice in
different spectral ranges: Mars Global Surveyor TES (Christensen et al.,
2001), Mars Odyssey THEMIS (Christensen et al., 2004), Mars Express
OMEGA (Bibring et al., 2004b) and PFS (Formisano et al., 2005) spec-
trometers and the Mars Reconnaissance Orbiter CRISM (Murchie et al.,
2007) and MARCI instruments (Bell et al., 2009). Spectrally active in
the infrared spectral range, CO2 ice has been observed at the poles (Ki-
effer et al., 2000; Titus and Kieffer, 2002; Langevin et al., 2007; Pelkey
et al., 2007; Appéré et al., 2011; Brown et al., 2010, 2014; Schmidt et al.,
2009, 2010), and also as ice clouds in the mesosphere (at altitudes above
50 km) at equatorial latitudes (Formisano et al., 2006; Montmessin et al.,
2006; Montmessin et al., 2007; Clancy et al., 2007; Määttänen et al.,
2010; Vincendon et al., 2011; Liuzzi et al., 2021). Moreover, using this
spectral range allowed to distinguish CO2 and H2O ices as they present
different IR spectral signatures (Bibring et al., 2005). On the other
hand, forward models (Singh and Flanner, 2016) and radiative transfer
models of IR reflectance spectra (Hapke, 1981; Andrieu et al., 2018) pro-
vided information on the CO2 ice microphysical properties, such as the
grain size, the layer thickness and the icy mixture composition (Langevin
et al., 2007; Brown et al., 2010, 2014; Appéré et al., 2011).

Since March 2018, ExoMars-Trace Gas Orbiter NOMAD, mainly de-
signed for the study of trace gases, atmospheric aerosol abundances and
Martian climatology (Neefs et al., 2015; Vandaele et al., 2015c, 2018;
Thomas et al., 2016), has been providing IR observations of Mars at
high spectral resolution. Oliva et al. (2022) demonstrated that the NO-
MAD nadir IR channel can also be exploited to study surface CO2 ice.
Using a semi-qualitative approach, they studied the respectively narrow
and strong CO2 ice absorption bands at 2.35 µm and 2.7 µm over MY34-
35. They obtained CO2 ice seasonal-latitudinal maps in good agreement
with the Mars Climate Database v6.1 (MCD) predictions (Forget et al.,
1999; Millour et al., 2018) and with the OMEGA spectrometer obser-
vations (Schmidt et al., 2009, 2010; Appéré et al., 2011). They hence
opened a new possibility of surface science with NOMAD.

In direct continuation of Oliva et al. (2022), in this work, we further
explore the NOMAD nadir data set information content by focusing the
analysis on the Southern polar cap. Following a qualitative approach,
we present an updated method based on the characterisation of the 2.7
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µm ice absorption band in order to detect the presence of surface ice.
We also analyse the seasonal and interannual changes of the Southern
polar cap during 3 Martian Years. Nevertheless, this band is not suit-
able for the identification of CO2 ice due to the overlapping signal of
water ice. Therefore, we use the 2.29 µm absorption band for CO2 ice
detection and discuss the potential of this band for grain size retrieval.

We present in Section 4.2 and 4.3 a brief description of the NOMAD
instrument and the nadir observations used in this study. Then, we
describe the methodology and perform the analysis of NOMAD nadir
data for MY34-36 in Section 4.4. Finally, the results are discussed and
compared to previous studies in Section 4.5.

4.2 NOMAD instrument

The Nadir and Occultation for MArs Discovery (NOMAD) in-
strument is a suite of three high resolution spectrometers that was se-
lected as part of the payload of the 2016 ExoMars Trace Gas Orbiter
(TGO) mission. Led by the Royal Belgian Institute for Space Aeron-
omy (BIRA-IASB), NOMAD has been observing the Martian atmo-
sphere since March 2018 (LS = 150◦ in MY34) through three channels,
one operating in the ultraviolet-visible spectral range (UV-VIS) and the
two others in the infrared (IR). A first spectrometer is devoted to solar
occultation observations (SO channel). A second spectrometer is capa-
ble of performing nadir, limb, and solar occultation observations (LNO
channel). Both spectrometers cover the near IR spectral range. On the
other hand, a third spectrometer (UVIS channel) can work in the three
observation modes covering the UV-VIS spectral range. A complete de-
scription of the instrument can be found in the following papers: (Neefs
et al., 2015; Vandaele et al., 2015b,c; Thomas et al., 2016; Patel et al.,
2017).

To study surface ice, we select the LNO channel providing nadir
observations with a typical integration time of around 200 ms. This
channel covers the 2.3-3.8 µm IR spectral range with a spectral resolu-
tion of 0.3 cm−1 (Liuzzi et al., 2019). From the TGO orbit, the LNO
ground track footprint is defined as an elongated rectangle of 0.5 km by
17.5 km, allowing to map most of the surface of the planet every 30 sols
(Thomas et al., 2016). The NOMAD-LNO spectrometer has the partic-
ularity of not observing the entire spectral range at once. The data are
acquired in 22 cm−1 wide spectral windows. These small portions, (here-
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after referred as spectral orders) represent specific diffraction orders of
the diffraction grating. Each LNO observation can select a maximum
number of 6 diffraction orders every 15 seconds, in order to ensure the
best possible signal-to-noise ratio (SNR).

The selection of different orders is obtained by appropriately ad-
justing the frequency of the entrance Acousto-Optical Tunable Filter
(AOTF) (Liuzzi et al., 2019) through an internal radio-frequency gener-
ator. As a result, the general shape of the LNO raw spectra is strongly
affected by the AOTF transmission and by the spectral response of the
grating, i.e., the Blaze function (defined by a sinc-squared function, Li-
uzzi et al. (2019)). On the other hand, the AOTF is characterised by a
strong peak with several side-lobes, and can be represented by a combi-
nation of a sinc-squared function with a Gaussian curve (Liuzzi et al.,
2019). Considering the secondary peaks in the AOTF curve, it is worth
noting that photons incoming from outside the selected spectral range
can fall on the grating. An unexpected signal is hence summed with the
expected spectral information and can become significant on the edges
of each order (see Section 4.5.3).

For this work, we use spectrally and radiometrically calibrated LNO
data converted into a reflectance factor. The reflectance factor Rλ is
defined as the LNO radiance divided by the measured Solar irradiance
at Mars and by the cosine of the solar zenith angle (SZA). Therefore,
the LNO reflectance factor defined at wavelength λ can be written as

Rλ =
1

cosSZA

πLλ

ϕλd
2
Mars

(4.1)

where Lλ is the LNO measured spectral radiance (W m−2 sr−1 µm−1),
ϕλ is the Solar flux at 1 astronomical unit (au), dMars is the Sun-Mars
distance in au, and finally SZA is the solar zenith angle. All details
about the spectral and radiometric LNO calibration can be found in
(Liuzzi et al., 2019; Cruz Mermy et al., 2022; Thomas et al., 2022a). It
is important to note that the AOTF and Blaze modulations also prop-
agate to the reflectance factor conversion in the form of low-frequency
oscillations in the spectral continuum. For this reason, we exclude the
reflectance factors at the outer parts of each spectral order in order to
mitigate these oscillations (see Section 4.4 and 4.5.3).

Thomas et al. (2016) identified the instrumental thermal background
as the main source of noise, limiting the integration times in order to
avoid the saturation of the detector. As already mentioned, the 15
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seconds period of observations is divided by the number of orders (max-
imum of 6). The SNR hence increases with fewer orders. Typically
with LNO, two or three orders are measured in the same sequence of
observations. The SNR generally takes values around 8-10. For the best
scenario, i.e. when the SZA is around zero (when the Sun is directly
overhead), the SNR is expected to be around 15-20. As a comparison,
spectrometers dedicated for surface study, such as OMEGA and CRISM,
present a SNR higher than 100 (Bibring et al., 2004b; Murchie et al.,
2007).

4.3 Dataset

During an acquisition, NOMAD alternates observations according
to orders planned several weeks in advance. The choice of orders de-
pends on several factors, such as their main focus (i.e. different gas,
dust, surface) and the limitations of the instrument (see Section 4.2 and
Chapter 2). Moreover, the LNO channel has reduced instrument sen-
sitivity at the wavelengths above 2.8 µm. This results in a low SNR.
Therefore, not all orders are used with the same frequency of observa-
tion, making the available wavelength ranges highly dependent on such
strategy. This affects the spatial and temporal coverage of the orders,
i.e. the availability of the observations for this study.

As already described in Oliva et al. (2022), CO2 ice exhibits several
features in the LNO spectral range, which are covered by different orders
(see Figure 4.1). Top panel shows a simulated CO2 ice albedo spectrum
(in blue) using the Planetary Spectrum Generator (PSG) tool (see Sec-
tion 4.5.3, Villanueva et al. (2018)), while the bottom panel gives its
imaginary refractive index, describing the absorption coefficient in the
LNO spectral range (Hansen, 2005). For comparison, both panels show
H2O ice spectra in the LNO spectral range (in black). Due to the low
SNR, the CO2 ice absorption bands above 2.8 µm in Figure 4.1 are
poorly covered by NOMAD in MY34-36. Few observations are made,
leading to limited surface coverage over the Southern polar cap. For
these reasons, these wavelengths are not included in this work.

Regarding the 2.7 µm absorption band, the strongest in the LNO
range, it is important to mention that water ice also presents spectral
features at this wavelength (see bottom panel in Figure 4.1). Moreover,
this band can easily be saturated, especially in the presence of a thick
ice layer. As shown in top panel of Figure 4.1, orders 169 (2.612-2.632
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µm), 168 (2.627-2.648 µm) and 167 (2.643-2.664 µm) cover the short-
wavelength shoulder of the strong 2.7 µm ice absorption band. Order
169 has been already used in a spectral ratio with order 190 (2.323-2.341
µm) for surface ice detection (Ice Index; Oliva et al. (2022)). Indeed,
as order 190 falls into the continuum range, these two orders allow an
estimation of the intensity of the 2.7 µm band. Regarding orders 168
and 167, Ruiz Lozano et al. (2022) discussed their potential to be used
for surface ice detection, but also for more transient phenomena such as
ice clouds thanks to a particular combination of these orders.

On the other hand, Oliva et al. (2022) have already proven that the
2.35 µm absorption band, widely used for the LNO observations (order
189: 2.335-2.354 µm, see top panel in Figure 4.1), is never saturated
and offers an interesting opportunity for the detection of CO2 ice and
the retrieval of its microphysical properties. In addition to the analysis
of surface ice in the polar regions, they have discovered CO2 ice signa-
tures at low latitudes. After several considerations, the CO2 ice clouds
hypothesis is the most likely scenario.

Compared to (Oliva et al., 2022), the narrow band at 2.29 µm cov-
ered by order 193 (2.286-2.305 µm, see top panel in Figure 4.1) has been
considerably used in MY35 and 36. This order turns it into a new candi-
date for the CO2 ice study, given the high number of observations made
and good instrument sensitivity.

Considering the different points listed above, we investigate, in this
work, the information content of the LNO observations through orders
169, 168, 167 (the 2.7 µm ice absorption band) combined with order
190 (continuum part) and order 193 (the 2.29 µm CO2 ice absorption
band). The time coverage is over MY34-36, starting at LS = 150◦ in
MY34 (start of the science phase, March 2018) to LS = 360◦ in MY36
(December 2022), for orders 169, 168, 167 and 190. On the other hand,
order 193 covers only MY35-36 (March 2019 to December 2022), as there
is no LNO observation with this order in MY34. We exclude LNO ob-
servations with a SZA larger than 75◦, as the signal intensity reaching
NOMAD is strongly affected by large illumination angles. Therefore, we
remove SNRs below ∼8.

As we focus the analysis on the Southern polar cap, it is worth noting
that the results should not be affected by the presence of the Polar Hood
clouds. As they are composed of water ice (Benson et al., 2010; Wolff
et al., 2019), only the 2.7 µm band would be suitable for their detection.
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Nevertheless, their microphysical properties do not strongly influence
the spectral absorption bands compared to the extensive, abundant and
thick surface ice deposits that characterise the cap. Due to the low SNR
of the instrument, the Ice Index is unable to detect them3.

Figure 4.1: Top panel: simulated CO2 ice (solid blue line; equivalent
grain size of 10 mm, see Section 4.5.3) and H2O ice (dashed black line,
equivalent grain size of 0.3 mm) albedo spectra using the Planetary
Spectrum Generator (PSG) tool (see Section 4.5.3, Villanueva et al.
(2018)) over the LNO spectral range. The different orders mentioned in
the text (orders 167, 168, 169, 189, 190 and 193) are highlighted in blue,
green and red (see figure legend). Bottom panel: imaginary refractive
index for CO2 ice (Hansen, 2005) and H2O ice (Warren and Brandt,
2008) describing the absorption coefficient over the LNO spectral range.
Same legend as top panel.

3More details can be found in Chapter 6.
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4.4 Methodology

4.4.1 Ice detection through the 2.7 µm absorption band

In this section, we focus the analysis on the short-wavelength
shoulder of the 2.7 µm band. As already mentioned in Section 4.3, this
band cannot be used to distinguish CO2 ice from H2O ice. Nevertheless,
it can easily detect abundant surface ice deposits, as it has been proved
with the Ice Index in Oliva et al. (2022) using a spectral ratio between
orders 190 and 169. The number of nadir acquisitions using order 169
decreased significantly during MY35 and MY36. This hence affects the
observation of the Southern polar cap. In order to take into account the
best spatial and temporal coverage to build a seasonal map, we adapt
the Ice Index by considering also the ratios between orders 167 and 168
and order 190. It is worth noting that, in nadir mode, the main source of
variability in the reflectance factors comes from the surface albedo vari-
ations resulting from different Martian surface mineralogy absorptions
(Christensen et al., 2001; Viviano et al., 2014; Riu et al., 2019b). There-
fore, normalising the LNO reflectance factor to a Martian albedo allows
to remove spatial albedo variations over the whole Martian surface. For
each order, we define the LNONorm ratio (Ruiz Lozano et al., 2022) as
R/TES, where R is the LNO reflectance factor value taken at the centre
of the selected order (see Section 4.2), and TES is the MGS-TES bolo-
metric Martian albedo (0.3 to 2.9 µm) (Christensen et al., 2001). Both
R and TES are zonally averaged in each considered LS-latitude bin of
the selected order. Then, we compute the New Ice Index (NII) as

NII =
1

3

(
LNONorm190

LNONorm169
+

LNONorm190

LNONorm168
+

LNONorm190

LNONorm167

)
(4.2)

We apply the NII to the LNO data and construct a latitudinal-
seasonal map in order to analyse the seasonal ice coverage (see Figure
4.2). LNO data are organised in terms of latitude (from 90◦N to 90◦S)
and time (solar longitude, LS) binned 1◦ by 1◦. As we can see in Figure
4.2, high NII values are present at the highest probed latitudes. They
represent the sublimation and condensation phases of the Northern polar
cap (LS ∼0◦-25◦ in the middle and bottom panels, and LS ∼310◦-360◦ in
the top panel respectively) (Cull et al., 2010; Brown et al., 2012; Hansen
et al., 2013) and the sublimation phase of the Southern polar cap (LS

∼150◦-250◦ in the three panels) (Piqueux et al., 2003; Langevin et al.,
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2007; Schmidt et al., 2009, 2010; Brown et al., 2010, 2014; Oliva et al.,
2022), better covered with respect to the North. For that reason, we
focus the analysis on the South only (see Section 4.5). It is interesting
to notice that MY34 covers the 2018 global dust storm from LS ∼180◦ to
250◦ (Viúdez-Moreiras et al., 2019; Gillespie et al., 2020). As discussed in
Oliva et al. (2022), high dust abundances occurring during a global dust
storm reduce the 2.7 µm ice absorption band, impacting its effectiveness
in the identification of the ice. Nevertheless, the NII is still able to detect
the polar cap at the South pole during this period, as shown in Figure
4.2 (top panel, see also Section 4.5.1).

Figure 4.2: Latitudinal-seasonal map of NII binned 1◦ by 1◦. Latitudes
range from -90◦ to 90◦. By definition, the highest NII values indicate
the presence of surface ice. Top panel: LNO observations cover MY34,
from LS = 150◦ to 360◦, with a SZA <75◦. Middle panel: same for all
MY35. Bottom panel: same for all MY36.
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4.4.2 CO2 ice detection through the 2.29 µm absorption
band

In order to identify CO2 ice, this section concerns the analysis of
the 2.29 µm CO2 ice absorption band, covered by order 193 (see Figure
4.3). Being the band centred in this order, it has the advantage of be-
ing less affected by instrumental response modulations, with respect to
the 2.35 µm absorption band used in Oliva et al. (2022) (see Figure 4.1).

In order to study the 2.29 µm absorption band, we rely on a band
depth analysis. The same approach already succeeded to identify the
diversity of the Martian surface mineralogy (Bell et al., 2000; Murchie
et al., 2000; Bibring et al., 2004a; Gendrin et al., 2005; Langevin et al.,
2005a,b; Pelkey et al., 2007). Pelkey et al. (2007) already defined a band
depth by selecting wavelength at 2.25 µm and 2.35 µm, and centred on
the 2.29 µm CO2 ice absorption band, but since NOMAD-LNO works
with small spectral ranges, we here adapt the band depth computation.
By keeping the same formulation as Pelkey et al. (2007), we select other
wavelengths. Therefore, the 2.29 µm band depth (BD2292) is defined,
in this work, as

BD2292 = 1− R2292

R2292∗
=

R2292

a×R2288 + b×R2296
(4.3)

where R2292 is the LNO reflectance factor value at the centre of the
band (2.292 µm) and R2292∗ is derived from the continuum fit across
the band. R2292∗ is defined as a×R2288+b×R2296, where R2288 and
R2296 are the LNO reflectance factor values at the wavelengths 2.288
µm (left side of the band) and 2.296 µm (right side of the band) respec-
tively, and finally a = 1− b and b = (λ2292 − λ2288)/(λ2296 − λ2288) (see
Figure 4.3).

It is worthwhile to mention that the adapted BD2292 is defined as
a pseudo-band depth, since R2288 is not totally outside the absorption
band. It can be seen as a proxy for CO2 ice, which qualitatively estimates
the CO2 ice presence and abundance. In general, as shown in Figure 4.3
(bottom panel), band depth varies with the abundance of the absorbing
component and its particle size (Clark and Roush, 1984; Langevin et al.,
2007; Pelkey et al., 2007; Brown et al., 2010, 2014; Appéré et al., 2011).

On the other hand, dust and water ice impurities can also affect
CO2 ice spectra and hence, the BD2292 estimation (Pelkey et al., 2007;
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Bernard-Michel et al., 2009; Andrieu et al., 2018). For that reason, we
investigate the impurities effect in Figure 4.4 by using the PSG model
(see Section 4.5.3). Globally, the increase in the H2O ice amount tends
to produce a decrease in the spectral albedo values, as H2O ice presents a
broadband absorption at these wavelengths (see Figure 4.1). It becomes
significant at 2.296 µm by adding 20% of H2O ice. Nevertheless, this
variation is not as pronounced at 2.292 µm (see top panel in Figure
4.4). On the other hand, dust appears brighter in the IR spectral range.
Increasing its percentage hence raises the spectral albedo values in order
193. This time, we observe most of the changes at 2.292 µm, reducing
the band depth (see middle panel in Figure 4.4). Although the two
aerosols have opposite effects on the CO2 ice spectrum, by definition
they affect the BD2292 estimation in the same way (see Equation 4.3).
In conclusion, both significant amounts of H2O ice or dust impurities
will underestimate the BD2292 estimation (see bottom panel in Figure
4.4). In other words, they will conceal the CO2 ice signature.

Figure 4.3: CO2 ice albedo spectra simulated with PSG model for order
193. CO2 ice absorption band is visible at 2292 nm. Vertical dashed
lines indicate the selected wavelengths for BD2292. Top panel: CO2 ice
equivalent grain size of 30 mm. Bottom panel: Effect of the CO2 ice
equivalent grain size on the band depth assuming a value of 0.1 mm, 1
mm, 5 mm and 10 mm.
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Figure 4.4: CO2 ice albedo spectra simulated with PSG model for order
193. CO2 ice absorption band is visible at 2292 nm. Vertical dashed
lines indicate the selected wavelengths for BD2292. Top panel: effect
of the H2O ice contamination on the band depth assuming impurities
of 1%, 5%, 10% and 20%. Middle panel: same with dust impurities.
Bottom panel: effect of dust and H2O ice impurities on the BD2292
estimation.

Similarly to Figure 4.2, we apply the BD2292 to the LNO data set
and construct a CO2 ice latitudinal-seasonal map in Figure 4.5 covering
all MY35 and 36 (no LNO data in MY34, see Section 4.3). Although the
spatial coverage is more limited than with NII (see Figure 4.2), BD2292
is able to detect the sublimation (LS ∼30◦ to 30◦ in the North and
LS ∼150◦ to 250◦ in the South) and condensation (LS ∼300◦ to 360◦ in
the North) phases of the CO2 ice polar deposits (Oliva et al., 2022). It
is interesting to note the different range of BD2292 values between the
Northern (starting at LS 0◦) and Southern (starting at LS ∼150◦) sub-
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limation phases. Regarding the North Pole, it is extremely rare to find
pure CO2 ice during the recession. In fact, H2O ice mainly composes the
surface of the Northern polar cap, which obscures the seasonal CO2 ice
layer. While CO2 ice distribution is inhomogeneous during early spring
(LS ∼0◦-30◦), a H2O ice annulus is present at latitude 50◦N (Brown
et al., 2012). This hence has an impact on the BD2292 estimation, as
seen in Figure 4.4 (bottom panel). On the other hand, the Southern
polar cap is known to be composed of clean thick CO2 ice slabs in win-
ter and fine-grained CO2 ice during the spring at its edges (Langevin
et al., 2007). Therefore, strong CO2 ice signatures are represented by
the highest BD2292 values. Nevertheless, we observe smaller BD2292
values around LS 200◦. During this period, H2O frost contamination has
been observed over the seasonal cap, occulting the CO2 ice signatures
at latitudes above 75◦S (Langevin et al., 2007; Appéré et al., 2011), and
hence impacting the BD2292 estimation (see bottom panel in Figure
4.4).

Figure 4.5: Latitudinal-seasonal map of BD2292 binned 1◦ by 1◦. LNO
observations cover all MY35 and 36 for a SZA <75◦.

4.5 Results and discussion

4.5.1 South Polar cap edges

In this section, we qualitatively discuss the possible interannual
changes of the Southern polar cap for MY34-36. To do that, we estimate
the extension of the polar cap deposits through the latitudinal-seasonal
trend by using the NII for the best temporal coverage (see Figure 4.2).
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As in Oliva et al. (2022), we define the edge of a cap at a given LS

as the latitude where the NII values suddenly increase with respect to
the mean value obtained for the equatorial regions (see Figure 4.6).

Figure 4.6: Latitudinal trend of the NII for LS = 180◦ (MY34). The
vertical dashed black line indicates the latitude in which the NII values
suddenly increase due to the presence of the seasonal cap.

We apply this criterion on the map shown in Figure 4.2 for the South
Pole and compare its recession for MY34-36. The results are presented
in Figure 4.7 (top panel). The comparison with the MCD v6.1 CO2 ice
column density is purely qualitative. Indeed, our polar cap boundaries
should be considered as an indication of abundant ice, and not as an
ice transitional region. We hence do not attempt to perform a quanti-
tative retrieval of the ice abundance. As we can see in the top panel
of Figure 4.7, MY36 is the year with the lowest spatial coverage, which
may challenge the comparison with the two other years. Nevertheless,
before LS = 170◦, the few blue points seem to follow the trend of MY34
and 35. Seasonal variations in the three Martian Years globally show a
correlation for that period.

As already mentioned in Section 4.4.1, MY34 covers the 2018 global
dust storm from LS ∼180◦ to 250◦ (Viúdez-Moreiras et al., 2019; Gille-
spie et al., 2020), impacting the ice detection (see top panel in Figure
4.2). For that reason, we compare our boundaries definition for MY34
with the CO2 ice column density of the Laboratoire de Météorologie
Dynamique Global Climate Model (LMD GCM) using the MY34 dust
activity (see bottom panel in Figure 4.7) (Forget et al., 1999; Madeleine
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et al., 2011; Millour et al., 2018; Montabone et al., 2020). We still notice
a good correlation between our cap edges and the simulations. A gap in
the detections is present between LS ∼190◦ and ∼215◦, resulting from
the interruption of nadir acquisitions using the orders 190, 169, 168 and
167 during this period. As shown in Figure 4.7 (top panel), only MY35
and MY36 cover this period, presenting a correlation in the cap bound-
aries results.

It is known that the global dust storm has an effect on the sublima-
tion phase of the south polar cap (Piqueux et al., 2015; Calvin et al.,
2017). Similarities have been observed between the two global dust
storms occurring in MY25 and MY34 (Wolkenberg et al., 2020). They
encircle the entire planet at a similar season (LS ∼190◦), although the
MY34 storm is characterised by a shorter decay phase compared to the
one in MY25. During this season, the Southern latitudes are more ex-
posed to the Sun than Northern latitudes. Due to high dust opacity, the
heating rate of the atmosphere is enhanced (Guzewich and Smith, 2019;
Kass et al., 2020; López-Valverde et al., 2023). Wolkenberg et al. (2020)
observed a clear trend of atmospheric temperatures with dust. On the
other hand, atmospheric dust inhibits the solar radiation from reaching
the lower atmospheric layers, and hence the surface (Wolkenberg et al.,
2018). Therefore, surface temperature tends to decrease during the day.
The more dust in the atmosphere, the more the surface is cooling dur-
ing the day (Streeter et al., 2020). An opposite effect occurs during the
night. Indeed, a surface and near-surface warming effect is observed due
to increased long-wave emission and backscattering from the increased
aerosol and resulting higher atmospheric temperatures (Mart́ınez et al.,
2017; Guzewich and Smith, 2019). Higher dust opacity and higher sur-
face temperatures at night have been observed in MY34 compared to
MY25 (Wolkenberg et al., 2020). Moreover, nightside warming in MY34
was more important and persistent over time than diurnal cooling, al-
lowing to counterbalance the dayside cooling. It resulted an effect of sur-
face warming in diurnally averaged surface temperature (Streeter et al.,
2020). In the Southern polar region, Mars Climate Sounder observed a
large amount of dust over the polar cap (Kleinböhl et al., 2020). The
atmosphere and its near surface layers progressively warmed, reaching
a temperature of 200K from LS ∼190◦ to ∼235◦, with a peak of ∼230K
at LS 215◦-220◦ (∼130K-150K before the global dust storm).

Based on the above discussion, an acceleration of the recession of
the cap should be observed in MY34 compared to MY35 and 36. Nev-
ertheless, the limited temporal coverage during the global dust storm
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in MY34 (yellow points in Figure 4.7) complicates the comparison be-
tween the three Martian Years. Moreover, such a comparison must be
carried out on a homogeneous spatial coverage between years. To do
this, NOMAD has to provide more data in order to reach a significant
number of observations of the cap. For these reasons, the current data
set does not allow us to investigate the possible effects of dust storms
on the Southern polar cap.

Figure 4.7: Polar cap edges estimated from the latitudinal trend of the
NII. Top panel: comparison between our cap boundaries estimation for
MY34-36 and the MCD v6.1 CO2 ice column density predictions. Bot-
tom panel: comparison between our cap boundaries definition for MY34
and LMD GCM simulations using MY34 dust activity.
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4.5.2 Polar projection

In this section, we discuss the Southern sublimation phase during
early and mid-spring for MY34-36 (data are binned 1◦ by 1◦ of longitude
and latitude) by studying the polar projections of NII and BD2292 in 4
periods of time, LS = 180◦-190◦, LS = 200◦-210◦, LS = 220◦-230◦ and
LS = 240◦-250◦. Due to the specific TGO orbit, LNO observations are
acquired up to latitudes 75◦S. Therefore, the retreat of the cap can be
observed until LS ∼250◦. After that period, the polar cap no longer
extends to these latitudes (Langevin et al., 2007; Brown et al., 2010).
The results are presented in Figure 4.8 and Figure 4.9. In Figure 4.8,
left panels show the NII (see Section 4.4.1), while right panels give the
BD2292 (see Section 4.4.2). Figure 4.9 presents the latitudinal trend of
the BD2292. As already mentioned (see Section 4.2), the main objec-
tive of NOMAD is the analysis of trace gases and, hence, the spatial
coverage is not optimised for surface analysis. Nevertheless, thanks to
the NII and BD2292, it is possible to partially distinguish the seasonal
variations along the LNO ground tracks during the presublimation and
the cryptic phases (Brown et al., 2010).

Figure 4.8 (see line 1) shows the presublimation phase. During this
period, the seasonal cap clearly extends equatorward of 60◦S (see left
panel). Similarly to Figure 4.6, we study the latitudinal trend of the
BD2292, in which the values suddenly increase at latitude 56◦S (see
Figure 4.9). This indicates the presence of the seasonal cap, which is
symmetrical and characterised by low and homogenous albedo present-
ing strong CO2 ice signatures (see right panel in Figure 4.8) (Langevin
et al., 2007).

The cryptic phase is observed in lines 2 and 3 in Figure 4.8. The low
albedo cryptic region is localised between longitudes 60◦E and 150◦W
(i.e. 60◦E and 210◦E) and below latitude 70◦S. It has been identified as a
region in which the CO2 ice slab is contaminated by dust (Kieffer et al.,
2000; Langevin et al., 2007). As we can see in the right panels in Fig-
ure 4.8 (lines 2 and 3), the probed parts of the cryptic region (between
longitudes 150◦E and 150◦W, i.e. 150◦E to 210◦E, and around latitude
75◦S)4 present lower BD2292 values, with respect to the other parts of
the cap, due to the possible dust contamination (see bottom panel in
Figure 4.4). Regarding the NII (see left panel in line 2), we also notice
lower values in the cryptic region, which should confirm the presence of
high dust abundance (Oliva et al., 2022). On the other hand, the change

4See black arrows.
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in the NII values for this region is not so evident in line 3. This can be
explained by the presence of water ice inside the cryptic region during
this period (Brown et al., 2010), which can counterbalance the effects
of dust on the NII. Regarding the retreat of the cap (see Figure 4.9),
the seasonal cap extends below latitudes 60◦S, where a very high albedo
characterises its outer regions (Kieffer et al., 2000; Langevin et al., 2007;
Schmidt et al., 2009).

The last period partially covered by NOMAD is the asymmetrical re-
treat of the seasonal cap. During this period, the seasonal cap completely
disappears in latitudes above 75◦S between longitudes 60◦E and 150◦W
(i.e. 60◦E to 210◦E) (Langevin et al., 2007). Both NII and BD2292
present a scarce surface coverage in Figure 4.8 (line 4). Nevertheless, we
can see that the seasonal cap is present in latitudes above 75◦S between
longitudes 90◦W and 60◦E (see black arrows in right panel). This is
consistent with OMEGA and CRISM observations, which have identi-
fied these bright albedo regions defined by strong CO2 ice signatures
(Langevin et al., 2007; Schmidt et al., 2009; Brown et al., 2010).
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Continued on the next page.
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Figure 4.8: First row: South polar projections of NII (left) and BD2292
(right) for the period of LS = 180◦-190◦ in MY34-36 binned 1◦ by 1◦.
The colour bars have been saturated in order to emphasise the colour
dynamic. The lower values (blue tint) correspond to ice-free regions.
Second row: same for the period of LS = 200◦-210◦. Third row: same
for the period of LS = 220◦-230◦. Fourth row: same for the period of
LS = 240◦-250◦.

Figure 4.9: The BD2292 profiles over the probed latitudes helps in the
visualisation of the retreat of the cap (right). The vertical dashed black
line indicates the latitude in which the BD2292 values increase suddenly
due to the presence of CO2 ice. Same period as Figure 4.8.
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4.5.3 CO2 ice thickness

The high spectral resolution of NOMAD offers the possibility to
retrieve some CO2 ice properties. Nevertheless, the main difficulty re-
mains in the acquisition of LNO observations through the different or-
ders, hence impacting the spectral and spatial coverages. Moreover, the
instrumental characteristics are not fully ideal for surface spectroscopy
(see Section 4.2). Therefore, in this section, we adopt a semi-qualitative
approach to discuss the possibility to reproduce the 2.29 µm CO2 ice
absorption band (order 193) using the Planetary Spectrum Generator
(PSG) model (Villanueva et al., 2018). We attempt to estimate the
“equivalent grain size” (henceforth called grain size), which is defined
as the mean distance between two scattering interfaces within the CO2

ice (Langevin et al., 2007). This is defined as the “CO2 ice thickness”
in the PSG model.

PSG model

The PSG model is an online tool dedicated to the synthesis and re-
trieval of planetary spectra (atmospheres and surfaces) for a broad range
of wavelengths (0.5 µm to 100 mm) from any observatory (ground based
telescope, orbiter or lander). PSG also permits to synthesise/retrieve
mass-spectrometry data of orbiters, landers and laboratory instrumen-
tation. It combines several state-of-the-art radiative transfer models,
spectroscopic databases and planetary databases (i.e. climatological
and orbital). This tool is hence suitable for the analysis of the NO-
MAD observations (Liuzzi et al., 2020). For the first time, PSG is used
in a frame of a surface ice analysis with the LNO data in order to es-
timate the CO2 ice equivalent grain size, i.e. the CO2 ice thickness.
In this work, we consider the Lambert (isotropic scattering) model for
simulating the absorbed light at a surface, taking into account the LNO
observing geometry. Regarding the surface composition, the model in-
cludes more than 20000 species. We use the CO2 ice optical constant
from the NASA Goddard Space Flight Center (GSFC) (Gerakines and
Hudson, 2020). The retrievals are performed on LNO observations ac-
quired over regions where clean CO2 ice slabs are expected. For that
reason, we do not include H2O ice optical constant in the surface com-
position. Nevertheless, for any dust impurities on the CO2 ice, we rely
on the optical constant from the Air Force Cambridge Research Labs
(AFCRL) (Harris and Rowan-Robinson, 1977). PSG is also able to per-
form multiple scattering from atmospheric aerosols by using the discrete
ordinate method (Stamnes et al., 2017). Therefore, for suspended dust,
we use the refractive indices derived with CRISM observations (Wolff
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et al., 2009). The model assumes a thermal structure of the Martian at-
mosphere coming from the MCD climatology predictions (Millour et al.,
2018). During the retrievals, it employs the Optimal Estimation Method
(Rodgers, 2000), which analyses each spectrum individually through a
Gauss-Newton iterative approach. More details about the PSG model
and the retrievals method can be found in Villanueva et al. (2018) and
Liuzzi et al. (2020).

Errors estimation

In order to perform the retrievals with PSG, the AOTF and Blaze
functions convolution are applied to the synthetic spectra. Indeed, as al-
ready mentioned in Section 4.2 (and detailed in Chapter 2), the general
shape of the LNO spectra is affected by the AOTF transmission (defined
as the sum of a sinc-squared and a Gaussian function) and by the Blaze
function (defined as a sinc-squared function). It is important to mention
that the sinc-squared AOTF function allows some photons from adja-
cent diffraction orders to reach the detector (Liuzzi et al., 2019). This
complexity hence challenges the AOTF definition for the LNO channel,
impacting the uncertainty on the LNO spectra. In addition to these
instrumental errors, the SNR also depends on the radiation entering
the spectrometer, and so observational parameters such as SZA, surface
albedo, etc. can affect it (see Section 4.2 and 4.3).

In this section, we adopt an independent manner in order to esti-
mate the total uncertainties, i.e. the instrumental and observational
errors, associated with the spectra and to analyse the source of variabil-
ity. To do so, we select all the spectra falling in a dayside equatorial
region of 10◦ latitude by 10◦ longitude for MY35-36 (>100), for which
we assume that no surface CO2 ice is present. As the SZA strongly
impacts the SNR, the sample spectra are divided in 10◦ SZA intervals,
ranging from SZA = 20◦ to 75◦. Moreover, we normalise each spectrum
with the signal intensity at the middle of the order. This is done in
order to mitigate eventual surface albedo and aerosols variations that
would mostly affect the radiometric signal of the considered observa-
tions. Then, we compute, for each SZA interval, an averaged intensity
value for each wavelength and estimate the standard deviation. As an
example, Figure 4.10 (upper panel) shows the averaged spectrum (in
blue) for SZA = 40◦-50◦ in MY35-36. We can see that the spectrum is
modulated, especially at the edges, whereas normally we should obtain a
normalised continuum spectrum around 1 (as we assume the absence of
surface CO2 ice in a dayside equatorial region). In fact, the modulation
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in the spectrum is the result of the AOTF function. We estimate an
averaged standard deviation of 20% for all wavelengths. As we can see
in Figure 4.10 (bottom panel), it increases from the middle of the order
to its edges. The standard deviation ranges from 4% to 9% between
2288 nm and 2298 nm, while it is larger than 100% at 2305 nm due to
a reduced Blaze efficiency at this edge of the detector. This difference
in uncertainty value in the order suggests that the dominant source of
variability results from the instrumental effects (instrumental noise, the
AOTF and Blaze functions). From this analysis, we can hence provide
an estimation of the error associated with the spectra (instrumental and
observations uncertainties) to the PSG model.

Figure 4.10: Upper panel: averaged spectrum (in blue) of an equato-
rial region for SZA = 40◦-50◦ in MY35-36. For each wavelength, the
standard deviation is computed given the error bars estimation in red.
Bottom panel: variation of the standard deviation values, ranging from
4% in the middle of the order to more than 100% at 2305 nm.
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Equivalent grain size estimation

For this exercise, we select some spectra of the South polar regions
with the lowest SZA and where a strong CO2 ice signature is expected
during the presublimation (see first row in Figure 4.8) and the cryptic
phases (see second and third rows in Figure 4.8).

Table 4.2 shows spatial and physical parameters related to some ex-
amples of observations registered during these two different periods (2
in the presublimation phase and 3 in the cryptic phase). As already
mentioned in Section 4.5.2, low and homogenous albedo characterises
the CO2 ice seasonal cap during the presublimation phase. We observe
surface albedo around 0.1-0.15 with a BD2292 estimation around 0.4-
0.5. Such spectra acquired over the seasonal cap can be interpreted as
a clean CO2 ice slab with a grain size of tens of centimetres (20 cm-50
cm). They are observed over a large range of longitudes, except at the
edges of the cap (Langevin et al., 2007). The PSG tool is able to model
the selected spectrum by estimating a grain size of ∼27 cm (see line 1
in Table 4.2). At the cap edge, i.e. close to the sublimating frost, we
obtain grain sizes of ∼12 cm (see line 2 in Table 4.2). This suggests that
the grain size decreases with time as the ice sublimes, which has been
also observed by TES and CRISM (Kieffer et al., 2000; Brown et al.,
2010; Andrieu et al., 2018).

Regarding the cryptic phase, spectra are characterised by relatively
high albedo. We observe values of 0.4-0.5, while Lange et al. (2022)
reported albedo values of 0.7 using OMEGA observations. They found
grain sizes of 5-10 cm at the outer regions. Figure 4.11 presents the PSG
fit obtained for a LNO spectrum over the outer regions of the cap. The
model reproduces the data by estimating a grain size of ∼8 cm (see line
3 in Table 4.2), hence consistent with OMEGA observations (Langevin
et al., 2007). The two last observations listed in Table 4.2 are acquired
close to the so-called Mountains of Michel area (around latitudes 70◦S ±
3◦ and longitudes 35◦W ± 5◦), defined as a bright albedo region (James
et al., 1979; Smith et al., 1999; Kieffer et al., 2000; Langevin et al., 2007;
Brown et al., 2010). The retrievals return grain sizes of ∼15 cm and ∼12
cm. This range of values is quite consistent with the order of magnitude
found by Langevin et al. (2007) (grain size at outer bright region ∼5-10
cm) and Andrieu et al. (2018), but not with TES observations. Indeed,
Kieffer et al. (2000) suggested fine grains of a 100 µm radius. On the
other hand, under low atmospheric dust abundance (dust mass mixing
ratio <10−4 kg/kg), they have observed grain sizes much larger than 1
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cm. Therefore, we use the MCD v6.1 predictions in order to estimate
the suspended dust content for the last observation in Table 4.2, which is
the closest to the Mountains of Michel. The model returns a dust mass
mixing ratio of 4.1×10−6 kg/kg, which means that the order of magni-
tude of grain size (in centimetre) is in agreement with TES observations.

Andrieu et al. (2018) estimated the full sublimation phase in the
Richardson crater (at longitude 180◦W and latitude 72◦S) outside a dark
spot. They found a global decrease in the CO2 ice slab thickness from 40
cm at LS=197◦ to 1 cm at LS=250◦, taking inclusions and aerosols into
account. Even though the global trend is in agreement with our study,
the value can be different by a factor of 3 (see lines 1 to 3 in Table
4.2). This may be due to the radiative transfer assumptions and/or the
difference in spatial scale and localisation between our study and that
of Andrieu et al. (2018).

The errors of the retrieved parameters in Table 4.2 have been esti-
mated by a statistical approach, i.e. a bootstrapping procedure (Efron
and Tibshirani, 1994). We use the measurement errors to create ran-
domised spectra within the error bars of the nominal one. Each iteration
provides a randomised spectrum that follows the same statistical char-
acteristics as the real observations. Then, we perform the retrieval for
a statistically significant number of times. Therefore, the distribution
of the retrieved parameter values can be analysed to estimate the as-
sociated errors. It is important to mention that we do not attempt to
analyse in-depth the 2.29 µm feature. A more robust quantitative mod-
elling would require to take into account several physical parameters and
a complete estimation of the retrieved parameters errors. This is beyond
the scope of this work. As already mentioned, we analyse the possibility
to reproduce the 2.29 µm absorption band by adopting a semi-qualitative
approach in order to provide the order of magnitude of the grain size.
As shown in Table 4.2, the PSG model is able to reproduce correctly the
LNO spectra. The obtained results are in good agreement with the order
of magnitude of the grain size estimation of previous studies (Calvin and
Martin, 1994; Kieffer et al., 2000; Langevin et al., 2007; Brown et al.,
2010; Andrieu et al., 2018). To conclude, this section shows that the
PSG model is suitable for a surface CO2 ice analysis through the order
193.
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Figure 4.11: PSG fit on the 2.29 µm CO2 ice absorption band well
present in the LNO spectrum (orbit 20200527 090659). A reduced χ2 of
0.15 is obtained. See line 3 in Table 4.2 for more details.

4.6 Conclusion

Even if devoted to trace gases in the Martian atmosphere, NO-
MAD has also proven to be a suitable spectrometer to study surface
CO2 ice of Mars at high resolution using the LNO nadir IR channel
(Oliva et al., 2022), despite the instrumental features (see Section 4.2).
In this work, we have further explored the LNO dataset information con-
tent. We have defined an updated method using the three diffraction
orders (orders 167, 168, 169) located on the short wavelength shoul-
der of the 2.7 µm ice absorption band in order to map surface ice by
considering the best spatial coverage. The method is based on spec-
tral ratio capable of detecting surface albedo variations related to ice
(New Ice Index, see Section 4.4.1). Moreover, we have also investigated
CO2 ice by defining a pseudo-band depth for NOMAD (BD2292, see
Section 4.4.2) through the 2.29 µm absorption band (order 193). We
applied both spectral parameters on the LNO dataset from MY34 (LS

= 150◦) to MY36 (LS = 360◦) and constructed latitudinal-seasonal maps
for surface ice detection. It represents the highest spatial coverage to
date of these observations. We focused specifically on the Southern po-
lar cap to analyse the seasonal and potential interannual changes over
MY34-36 (see Section 4.5.1 and 4.5.2). To do that, we have estimated
the polar cap edges based on the latitudinal trend of the spectral pa-
rameters. Our polar cap edges definition is consistent with the MCD
v6.1 (Forget et al., 1999; Millour et al., 2018) and LMD GCM CO2 ice
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column predictions (Forget et al., 1999; Madeleine et al., 2011; Millour
et al., 2018; Montabone et al., 2020). Globally, seasonal changes seem
repeatable for MY34-36 (see Section 4.5.1). Finally, we discussed the
potential for using the 2.29 µm absorption band to retrieve information
about CO2 ice grain size by adopting a semi-qualitative approach. We
used the Planetary Spectrum Generator tool (Villanueva et al., 2018)
on observations where a clean and thick CO2 ice slab is expected (see
Section 4.5.3). The results obtained for the presublimation and cryptic
phases are in the order of centimetres, which is consistent with previous
studies (Calvin and Martin, 1994; Kieffer et al., 2000; Langevin et al.,
2007; Brown et al., 2010; Andrieu et al., 2018) (see Section 4.5.3).

Continuous observations enhance our understanding of the Martian
surface ice. The results presented in this work (see Section 4.5) appear
to be consistent with previous studies (e.g. using OMEGA, CRISM,
TES data). They confirm and help in refining our current knowledge of
the Southern polar cap, through observation of the sublimation process.
Additionally, order 193 appears to be a good candidate for the CO2 ice
identification, opening further perspectives for the analysis of Martian
ice deposits. Indeed, the use of the PSG model reveals its highly sensi-
tivity to the microphysical properties of the ice. This indicates the large
potential for more detailed exploitation of this order, e.g. for the analysis
of small ice crystals. A dedicated radiative transfer model will allow to
analyse in depth CO2 ice at a higher resolution. This will provide signif-
icant insights of the microphysical properties of the ice, complementing
the results of previous studies (see Table 4.2 in Section 4.5.3). As it was
done with order 189 in Oliva et al. (2022), another possible perspective
with order 193 is the CO2 ice cloud detection, which can provide addi-
tional information on their distribution, seasonality and microphysical
properties.

Finally, this paper represents one of several studies dedicated to the
exploitation of the LNO nadir dataset and opens the way for different
follow-up papers. As a direct continuation to this work, an in-depth
radiative transfer analysis of the 2.29 µm feature in CO2 ice is already
planned. Regarding the cloud analysis (Oliva et al., 2022; Ruiz Lozano
et al., 2022), further comparison with the NOMAD-UVIS channel about
cloud detection is currently being performed5.

5This analysis, outside the scope of the thesis, is in progress at the time of writing,
and hence not shown in this thesis.
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Chapter 5

Water Frost on Martian
volcanoes

Led by the Colour and Stereo Surface Imaging System (CaSSIS)
team (Thomas et al., 2017), this chapter presents a morning frost cam-
paign on Martian volcanoes joint observations by CaSSIS and NOMAD,
two instruments onboard ExoMars-TGO (submitted)1. This work is
presented from Section 5.1. I led the investigation and validation of the
NOMAD-LNO results (see Section 5.4.2) and participated in the review
of the article.

A part from the polar regions, surface frost/ice has been detected
at mid and low latitudes on Mars (between 32◦N to 13◦S), where lo-
cal illumination conditions favor exceptional low surface temperatures
(Schorghofer and Edgett, 2006; Carrozzo et al., 2009; Vincendon et al.,
2010b) (see Section 5.2.1). In the tropics of Mars, the Tharsis region is
an interesting province favourable to atmospheric phenomena (i.e. wa-
ter ice clouds: Benson et al. (2006); Hernández-Bernal et al. (2021) and
water vapour enrichment: Maltagliati et al. (2008)) and low surface tem-
perature (predicted by models: Spiga et al. (2011), Lange et al. (2022),
and retrieved: Stcherbinine et al. (2023)) due to its topography (see Sec-
tion 5.2.1). Therefore, the high humidity and low surface temperature
may allow the formation of frost in this high altitude region.

1Valantinas, A., Thomas, N., Pommerol, A., Hauber, E., Ruiz Lozano, L.,
Bickel, V., Karatekin, Ö., Senel, C. B., Temel, O., Tirsch, D., Munaretto, G., Pajola,
M., Oliva, F., Schmidt, F., Thomas, I., McEwen, A. S., Almeida, M., Read, M., Ran-
garajan, V. G., El-Maarry, M. R., Re, C., Carrozzo, F. G., D’Aversa, E., Vandaele,
A. C. and Cremonese, G. Water Frost on Martian volcanoes. Under consideration.
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Since November 2022, a collaboration between the CaSSIS and NO-
MAD-LNO teams has started in the framework of a morning frost cam-
paign of joint observations. The two instruments acquire a few joint
observations per month, ranging from 1 to 6 (at the time of writing). In
collaboration with the CaSSIS team, we have defined regions of interest,
starting from Olympus Mons (November 2022) to most of the volcanoes
in the Tharsis region (July 2023), as well as places in the far East such
as Elyssium Mons (February 2023) and Apollinaris Mons (July 2023).
This list is not exhaustive. Other regions and observations will be added
in the near future. Figure 5.1 shows the regions of interest at the start
of this campaign.

Figure 5.1: Regions of interest for the frost morning campaign. In the
Tharsis region (yellow rectangle); 1: Olympus Mons, 2: Arsia Mons,
3: Pavonis Mons, 4: Ascraes Mons and 5: Ceraunius Tholus. In the
far East; 6: Elysium Mons and 7: Apollinaris Mons. (Bills and Nerem,
2001)

The analyse of the CaSSIS observations through different filters re-
veals a blue halo at the top of different volcanoes (i.e. Olympus Mons,
Arsia Mons, Ascraeus Mons but also on the smaller Ceraunius Tholus
volcano, see Figure 5.1) in the early morning, ranging from a Local So-
lar Time of 7:00 to 8:30. The blue tint is found mainly on the floor
of the caldera, but not on the well-illuminated and warm slopes of the
volcanoes. At the time of writing, 14 cases have been observed within
the CaSSIS dataset.
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Regarding the Olympus Mons, CaSSIS acquired images in the late
Northern winter in MY36 at LST = 7:11 (25th November 2022, LS =
344◦), showing an extended blue halo on the top of the volcano cov-
ering the entire caldera. In the frame of joint observations with CaS-
SIS, NOMAD-LNO acquired observations of the Olympus Mons (25th

November 2022, LNO orbit 0221125 082524, LS = 344◦, LST = 7:12)
using orders 190, 189 and 168 (for order 189, more details in Section
3.2.3 in Chapter 3 and for orders 190 and 168, more details in Section
4.3 in Chapter 4). Unlike other spectrometers (e.g. OMEGA, CRISM
and TES)2, NOMAD is able to observe the Tharsis region in the first
hours after sunrise (LST <08:30), thanks to TGO’s orbit. Nevertheless,
this implies high illumination angles. Generally, the SZA ranges from
∼70◦ to ∼90◦, affecting the SNR seriously. In order to remove low SNRs,
we remove observations with a SZA above 80◦.

In this chapter we adjust the Ice Index (see Section 3.4.1 in Chapter
3) and define the adapted Ice Index (AII) by considering the available
orders of the joint CaSSIS-NOMAD observations, i.e. orders 190 and
168 (see Section 5.4.2). In addition, we remove spatial albedo variations
by normalising the LNO data to the OMEGA albedo map, which is more
suitable than the TES albedo for the Tharsis region (see discussion for
equatorial regions and low albedo regions in Section 6.3.2 in Chapter
6). By using the AII, we prove that the blue halo observed by CaSSIS
is extensive frost covering the bottom of the caldera (see Section 5.4.2).
Spectral analyses have also been performed on order 189 covering the
2.35 µm CO2 ice absorption band (not discussed in Section 5.4.2). Nev-
ertheless, no CO2 ice lines have been observed. This can be explained by
the fact that either the observed frost is H2O ice or that the microphys-
ical properties of CO2 frost (i.e. grain size) result in a weak absorption
band within the noise level of the instrument. As a result, the 2.35 µm
CO2 ice line would be not visible in these LNO spectra. Therefore, Mars
Global Climate Model (GCM) simulations have been performed using
the Mars Weather Research and Forecasting (WRF) model (Richardson
et al., 2007) in order to estimate surface temperature in the Olympus
Mons caldera3. For this observation, the MarsWRF predictions suggest
that the presence of CO2 frost is unlikely, as the CO2 frost point is not
reached in the caldera (∼138K, see Figure 5.2). This hence supports the

2OMEGA is able to observe the Tharsis region after LST 8:00 (Madeleine et al.,
2012a), while CRISM and TES observe Mars at LST 15:00 and 14:00 respectively
(see Table 2.2).

3C.B. Senel and O. Temel, from the Royal Observatory of Belgium (ROB-ORB)
and co-authors of the study, led and performed the Mars GCM simulations.
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presence of H2O frost (see Section 5.4.3).

Concerning other CaSSIS blue halo detections (i.e. Arsia Mons, As-
craeus Mons, etc.), no frost confirmation could be reported by NOMAD,
either by the AII or spectral analysis on orders containing a CO2 ice ab-
sorption (e.g. order 189, see Section 3.4.2, and 193, see Section 4.4.2),
due to a low SNR of the LNO data (high illumination angles, SZA ∼80◦-
90◦). Any weak signal coming from potential diffuse frost can easily fall
within the LNO level noise, making its detection impossible. Never-
theless, these CaSSIS detections are interpreted as surface frost based
on a photometric comparison of images taken at different times of the
day. Although the CaSSIS images reveal a bright blue halo at the top
of Arsia Mons (see Figure 5.4), it seems difficult to validate all the de-
tections without a spectral analysis and surface temperature predictions
(see Figure 5.8 and 5.10)4.

This work involves NOMAD observing in conditions that are not op-
timal for nadir data acquisition. On the other hand, it proved that the
spectrometer is capable of detecting morning frost, which is more diffuse
than surface ice and therefore more difficult to observe. This opens up
new possibilities for the near future. As the campaign is still ongoing,
new observations are planned in the coming months. The spectral anal-
ysis will be adapted for this work, allowing the FOV of the instrument
to be reduced in order to detect less extensive frost. Observations with
a SZA <80◦ must be respected in order to obtain a signal just above
the instrumental noise level. The next objective of NOMAD will be to
search for CO2 frost using order 189 and 193, when surface temperatures
are most favourable for its formation (at LS ∼90◦-100◦, see Figure 5.2).

4The CaSSIS team reveals the presence of artefacts in images acquired at SZA
>85◦ (see Section 5.4.1).
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Figure 5.2: MarsWRF morning surface temperature predictions for LST
= 7:00 in the Olympus (red line) and Arsia Mons (blue line) over a full
Martian Year. Dashed lines indicate the CO2 frost point temperature
for the two volcanoes (same colour definition). While predicted surface
temperature at LS 355◦ is not suitable for CO2 frost formation, Mar-
sWRF model shows surface temperatures approaching the CO2 frost in
the Arsia Mons caldera from LS 60◦ to 120◦.



Chapter 6

Evaluation of the
Capability of
ExoMars-TGO NOMAD
Infrared Nadir Channel for
Water Ice Clouds Detection
on Mars

This chapter was published in the frame of the Special Issue “Tech-
niques for the Exploitation of Remotely Sensed Data of Planetary Atmo-
spheres”, belonging to the section “Satellite Missions for Earth and Plan-
etary Exploration”of the Remote Sensing journal (Ruiz Lozano et al.,
2022)1. It can be found from Section 6.1. I led the research conceptuali-
sation, model development and validation, formal analysis, visualisation
of results, and the writing and revisions of the manuscript.

1Ruiz Lozano, L., Karatekin, Ö., Dehant, V., Bellucci, G., Oliva, F., D’Aversa,
E., Carrozzo, F. G., Altieri, F., Thomas, I. R., Willame, Y., Robert, S., Vandaele, A.
C., Daerden, F., Ristic, B., Patel, M. R. and López Moreno, J. J. Evaluation of the
Capability of ExoMars-TGO NOMAD Infrared Nadir Channel for Water Ice Clouds
Detection on Mars. Remote Sensing. 2022; 14(17):4143.
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In the previous chapters, we presented various spectral indices for:

• Observing the polar ice caps and studying their seasonal processes
through the 2.7 µm ice absorption band (Ice Index, see Chapter
3; New Ice Index, see Chapter 4)

• Identifying surface CO2 ice using the 2.35 µm (SAM χ Index, see
Chapter 3) and the 2.29 µm CO2 ice bands (BD2292, see Chapter
4)

• Detecting frost on the summit of Olympus Mons using the 2.7 µm
ice absorption band (Adapted Ice Index, see Chapter 5).

In addition, we discovered mesospheric CO2 ice clouds using the
SAM χ index (see Chapter 3). Nevertheless, none of the indices listed
above was able to detect water ice clouds. We hence address this issue
in this chapter.

As discussed in the previous chapters (e.g. see Section 3.2.3 in Chap-
ter 3), water ice has a spectral absorption at 2.7 µm, covered by orders
167, 168, 169 (see Section 4.3 in Chapter 4). The difficulty in this study
still lies in the method of acquiring NOMAD-LNO data through the
orders. The microphysical properties of ice clouds give a spectral sig-
nal that can be mimicked by suspended dust, making them difficult to
differentiate through orders (see Section 6.3.1). Therefore, in this chap-
ter, we describe a technique using a peculiar combination of orders 167,
168 and 169 to enhance the signature of water ice. We define the Frost
and Cloud Index (FCI) (see Section 6.3.2). While the previous spectral
indices using the 2.7 µm ice band (i.e. Ice Index, New Ice Index and
Adapted Ice Index) are sensitive to abundant ice (i.e. surface ice), the
FCI is also sensitive to spectral anomalies in the presence of water ice
from transient phenomena such as ice clouds (see Section 6.4.2).

In this chapter we remove spatial albedo variations coming from dif-
ferent surface mineralogy absorptions by normalising the LNO data to
the TES bolometric albedo. This allows to spotlight anomalous de-
tections resulting from water ice cloud’s spectral signature (see Section
6.3.2). In contrast to Chapter 5 (local study over Olympus Mons), we
perform a latitudinal-seasonal study where the TES albedo is more ap-
propriate than OMEGA albedo. Indeed, TES takes into account the
effects of low-albedo equatorial terrain on the LNO data. Nevertheless,
artefacts in the results can still remain over low-albedo terrain in the
Northern hemisphere. This point is discussed in Section 6.4.3.
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In nadir mode, it is difficult to distinguish the spectral signal from
surface ice and clouds. An independent manner to do this is to consider
the Local Solar Time and the surface temperature. We use the Mars
Climate Database v5.3 (MCD) to predict surface temperature at the
local time of the observation. If the MCD predicted surface temperatures
are higher than the H2O frost point (T ∼193K at 610 Pa, Carrozzo et al.
(2009)), we can exclude the presence of surface ice and confirm the
presence of water ice clouds (see Section 6.4.1 and 6.4.2). Nevertheless,
this assumption is based on a prediction of average surface temperatures.
This point could be refined using the retrieved surface temperature from
MRO-MCS observations.
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6.1 Introduction

Understanding the exchanges between the atmosphere and the sur-
face remains pivotal in planetary climate research. On Mars, seasonal
variations in the main atmospheric gaseous components are strongly
affected by their condensation and sublimation within the polar caps
(Langevin et al., 2007). In this framework, the formation of ice clouds
plays a fundamental role in sculpting the Martian climate. By observing
their spatial and seasonal distributions, we can improve our knowledge
on atmospheric transport, as well as on water vapour and CO2 cycles.
Moreover, studying the formation and composition of ice clouds can help
to better understand smaller scale phenomena such as convective regimes
and thermal effects of radiative forcing (Montmessin et al., 2007).

Over the two past decades, water ice clouds have been deeply anal-
ysed in their composition, microphysical properties and vertical distri-
bution (Clancy et al., 2003, 2019; Wolff and Clancy, 2003; Smith, 2004;
Smith et al., 2013; Liuzzi et al., 2020; Wolff et al., 2019; Olsen et al.,
2021), also identifying two main seasonal cloud structures emerging at a
planetary scale: the Aphelion Cloud Belt (ACB) and Polar Hood (PH)
clouds (Clancy et al., 1996; Smith, 2008, 2009; Benson et al., 2010, 2011;
Madeleine et al., 2012a; Willame et al., 2017; Szantai et al., 2021; Wu
et al., 2022). Important variations in the Martian topography can also
promote the formation of water ice clouds. This is the case, for in-
stance, of the highest volcanoes in the Tharsis region, where extremely
elongated orographic clouds have been observed (Benson et al., 2003,
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2006; Hernández-Bernal et al., 2021). The interpretation of such obser-
vations can rely on theoretical circulation models needed for a compre-
hensive understanding of the Martian climate in its complexity (Forget
and Pierrehumbert, 1997; Forget et al., 1998, 1999; Richardson et al.,
2002; Montmessin et al., 2004; Navarro et al., 2014; Daerden et al., 2010,
2019). These General Climate Models (GCMs) are in turn trained by
continuously comparing their outputs with new observations. Further
observations are hence always necessary.

In this work, we investigate the information content of the ExoMars-
TGO NOMAD infrared channel nadir dataset. NOMAD is a suite of
high spectral resolution instruments mainly dedicated to studying the
Martian atmosphere trace gases and climatological processes (Aoki et al.,
2019; Liuzzi et al., 2019; Vandaele et al., 2019; Korablev et al., 2021;
Smith et al., 2021). Given the peculiar mode of operations of the in-
strument for nadir observations, it is difficult to discern clouds from
suspended dust and surface ice deposits. For that reason, we define here
a method aimed to identify H2O ice clouds in NOMAD infrared nadir
data, based on the characterisation of the 2.7 µm ice absorption band.
A brief description of the NOMAD instrument and of the nadir obser-
vations that we used in this study is presented in Section 6.2. Then, we
describe the methodology of the study and derive the Frost and Clouds
Index in Section 6.3. The analysis of NOMAD nadir data for MY34
and MY35 is performed in Section 6.4, where the results obtained over
1.5 MY of NOMAD acquisition are discussed and compared to previous
studies and model predictions.

6.2 NOMAD instrument

The Nadir and Occultation for MArs Discovery (NOMAD) in-
strument is a suite of three high resolution spectrometers that was se-
lected as part of the payload of the 2016 ExoMars-Trace Gas Orbiter
(TGO) mission. Led by the Royal Belgian Institute for Space Aeron-
omy (BIRA-IASB), NOMAD has been observing the Martian atmo-
sphere since March 2018 (LS = 150◦ in MY34) through three channels
operating in the ultraviolet-visible (UV-VIS), and infrared (IR) spectral
ranges. A first spectrometer is devoted to solar occultation observations
(SO channel), operating in the 2.3-4.3 µm IR spectral range. A second
spectrometer, capable of performing nadir, limb, and solar occultation
observations (LNO channel) covers the 2.3-3.8 µm IR spectral range. A
third spectrometer (UVIS channel) can work in the three observation
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modes covering the 200-650 nm UV-VIS spectral range. A complete de-
scription of the instrument can be found in the following papers2: Neefs
et al. (2015), Vandaele et al. (2015c), Thomas et al. (2016), and Patel
et al. (2017).

In the present work, we select the LNO channel for the nadir observa-
tions covering the 2.3-3.8 µm IR spectral range with a spectral resolution
of 0.3 cm−1 (Liuzzi et al., 2019). This channel provides observations of
the Martian surface and atmosphere with a typical integration time of
around 200 ms. The ground track footprint is approximately 0.5 km ×
17.5 km from the TGO orbit, 400 km above Mars. Therefore, NOMAD-
LNO is able to map the majority of the surface of the planet every
30 sols (Thomas et al., 2016). The spectrometer does not observe the
whole LNO spectral range simultaneously. Instead, acquisitions are per-
formed nearly simultaneously in 22 cm−1 wide spectral windows (called
here orders from now on), representing specific diffraction orders of the
diffraction grating. Considering the signal-to-noise ratio (SNR), a maxi-
mum number of 6 diffraction orders can be selected for each observation
every 15 s, by suitably tuning the frequency of the entrance Acousto-
Optical Tunable Filter (AOTF) (Liuzzi et al., 2019) through an internal
radio-frequency generator. We use level 1A LNO data, which provides
data converted into a reflectance factor, i.e., the LNO radiance divided
by the measured Solar flux at Mars and by the cosine of the solar zenith
angle. The LNO reflectance factor defined at wavelength λ can be writ-
ten as

Rλ =
1

cos(SZA)

πLλ

ΦSunλ
d2Mars

(6.1)

where Lλ is the LNO measured spectral radiance (W m−2 sr−1 µ m−1),
ΦSunλ

is the Solar flux at 1 astronomical unit (au), dMars is the Sun-
Mars distance in au, and SZA is the solar zenith angle. More details
about the LNO calibration we adopt are presented in Thomas et al.
(2022a). A slightly different calibration approach, in agreement with
the former, within 3%, is given by Cruz Mermy et al. (2022).

2See also Chapter 2.
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It is important to note that the general shape of the NOMAD raw
spectra is strongly affected by the AOTF transmission and by the spec-
tral response of the grating, i.e., the Blaze function (Thomas et al.,
2016). While the Blaze function is defined by a sinc-squared function,
the AOTF transmission presents a strong peak with several side-lobes.
A combination of a sinc-squared function with a Gaussian is used to
represent the AOTF curve (Liuzzi et al., 2019). Nevertheless, these sec-
ondary peaks allow photons from a larger spectral range to fall on the
grating. As a result, an unexpected signal is summed with the expected
spectral information. This becomes significant on the edges of each or-
der. After the spectral and radiometric calibrations (Liuzzi et al., 2019;
Thomas et al., 2022a; Cruz Mermy et al., 2022), the AOTF and Blaze
modulations also propagate to the reflectance factor conversion in the
form of low-frequency oscillations in the spectral continuum. For this
reason, we only work with reflectance factors at the central value of each
spectral order in order to mitigate these oscillations.

Regarding the SNR of the data, Thomas et al. (2016) made an analy-
sis taking into account different sources of uncertainty. The main source
of noise is represented by the instrument thermal background, which
limits the integration times in order to avoid the saturation of the de-
tector. The 15 s period of observations is divided by the number of
orders (maximum of 6). Therefore, measuring fewer orders achieves a
better SNR. In the same sequence of observations, two or three orders
are typically measured, given an average SNR value of 10. For the best
scenario, strongly affected by SZA, the measured SNR is expected to be
around 15-20 (Thomas et al., 2022a).

6.3 Methodology

6.3.1 Data selection

The first step of this work is to identify the water ice spectral
features covered by NOMAD diffraction orders. A brief description of
the spectral content and main scientific focus of each available LNO
diffraction order is presented in Oliva et al. (2022), who discussed the
capability of the NOMAD infrared nadir channel to detect surface ice
by using a spectral ratio with orders 190 (2322.9-2341.5 nm) and 169
(2611.8-2632.7 nm)3. These two orders allowed estimation of the rela-
tive depth of the 2.7 µm absorption band, which is the strongest CO2

3See Section 3.4.1 in Chapter 3.
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and H2O ice absorption band in the LNO spectral range. However, this
approach is less effective for the detection of transient phenomena such
as ice clouds. It hence requires a more stringent temporal and spatial
coincidence between the two orders. Nevertheless, as detailed in Section
6.2, NOMAD is not capable of observing its entire spectral range simul-
taneously due to its mode of operation and high resolution. Therefore,
NOMAD alternates observations according to diffraction orders4. As a
result, the observation period of order 190 does not fully coincide with
the other. We are therefore very limited in the temporal coverage. For
this reason, we investigate an alternative approach focused on orders
169 (2611.8-2632.7 nm), 168 (2627.2-2648.2 nm) and 167 (2642.8-2663.9
nm), all falling on the short-wavelength shoulder of the strong 2.7 µm
ice absorption band (see Figure 6.1).

Figure 6.1: Simulated ice and dust spectra in the 2-2.8 µm range ob-
tained by the MITRA tool (Adriani et al., 2015; Sindoni et al., 2017;
Oliva et al., 2016, 2018). The simulations have been performed with the
following characteristics: a surface albedo of 0.2 (A = 0.2), an incidence
angle of 0◦ (i = 0◦), and an optical depth at 2 µm of 0.5 (τ2 = 0.5).
We describe all aerosol layers by adopting lognormal size distributions
with an effective variance of 0.1 (veff = 0.1) and characteristic grain
sizes (reff ). Vertical dashed lines indicate the centres of orders. See the
legend on the panel for the colour definition.

4See also Chapter 2.
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Figure 6.1 presents simulated CO2 ice, H2O ice, and dust reflectance
spectra using the Multiple scattering Inverse radiative TRansfer Atmo-
spheric (MITRA) tool (Adriani et al., 2015; Sindoni et al., 2017; Oliva
et al., 2016, 2018). MITRA code is based on the multi-solver LibRad-
tran radiative transfer package (Mayer and Kylling, 2005) and can be
operated both as a forward model and as an inverse retrieval algorithm
to study planetary atmospheres (Adriani et al., 2015; Sindoni et al.,
2017; Oliva et al., 2016, 2018). In this study, we take advantage of
the forward model in order to reproduce spectra in the LNO spectral
range. Nevertheless, we do not attempt to derive aerosol microphysical
information. Indeed, as we work in nadir mode, the signal is highly con-
voluted with the surface properties and therefore, abundance and grain
size retrievals are characterised by non-negligible uncertainties when us-
ing only a few orders. Regarding the ice reflectance spectra, surface CO2

ice and H2O ice are simulated with effective radii of 100 µm (reff = 100
µm) (dark/light blue solid lines), while reff = 7 µm and 10 µm are re-
spectively used for CO2 ice and H2O ice clouds (dark/light blue dashed
lines). Conversely, the red solid line represents the dust spectrum with
reff = 1 µm (Oliva et al., 2022). As highlighted by the vertical dashed
green line, order 190 is located on the ice cloud continuum. The chal-
lenge of this work is to define a technique that exploits only orders 167,
168, 169 and that allows detection of H2O ice clouds and frost separated
from dust (see Section 6.3.2 and Section 6.4.2).

6.3.2 Frost and Clouds Index through the 2.7 µm Absorp-
tion Band

In the LNO spectral range, the surface reflectance is the main
source of signal variability. Therefore, any effort to detect ice cloud’s
spectral signatures has to account for the surface contribution. Previ-
ous studies using MGS-TES (Christensen et al., 2001), MEX-OMEGA
(Bibring et al., 2004b), and CRISM (Murchie et al., 2007) nadir ob-
servations have demonstrated albedo spatial variations over the whole
Martian surface (Christensen et al., 2001; Viviano et al., 2014; Riu et al.,
2019b). These albedo variations, coming from different surface miner-
alogy absorptions, also represent the main source of variability in LNO
reflectance factors. By comparing LNO reflectance to a Martian albedo
map it is possible to remove surface albedo contributions and to spotlight
anomalous detections resulting from, for example, an ice cloud’s spec-
tral signature. To this extent, OMEGA data provide reflectance spectra
in the NIR allowing the construction of albedo maps in the 0.97-2.7
µm spectral range (Riu et al., 2019b). Nevertheless, as cautioned by
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Riu et al. (2019a), OMEGA albedo maps can be partially biased in
low-albedo equatorial terrains, where plagioclase minerals predominate
(Christensen et al., 2000; Poulet et al., 2009; Riu et al., 2019a). Indeed,
in the NIR, this mineral phase presents a lack of spectral absorption fea-
tures that may be altered by the presence of dust and could constitute a
caveat for the construction of OMEGA albedo maps. On the contrary,
TES is able to detect plagioclase features in the TIR range (Christensen
et al., 2000), and therefore, takes into account the low-albedo equatorial
terrains effect on the NOMAD spectra. Moreover, TES data are also
filtered to partially minimise the effect of atmospheric dust and clouds.
For these reasons, we will rely on the TES bolometric albedo (0.3 to 2.9
µm), instead of the NIR OMEGA albedo (0.97-2.7 µm), as a reference
for evaluating anomalies in the LNO reflectance factors.

For each LNO observation, i, characterised by different longitudes
and latitudes, we define for simplicity the LNONorm ratio as

(LNONorm)i =
Ri

TESi
(6.2)

where R is the reflectance factor value taken at the centre of the se-
lected order (i.e., at λ = 2622.3 nm, 2637.8 nm, and 2653.6 nm for
orders 169, 168 and, 167 respectively), and TES is the bolometric Mar-
tian albedo value averaged in each considered LNO footprint. Such a
ratio will be sensitive to anomalies pertaining to both ice and dust, and
for this reason, we investigate how it behaves with the two components
by performing simulations with the MITRA tool.

Figure 6.2 illustrates LNONorm simulations of dust and H2O ice,
adopting average effective radii and optical depths, and considering or-
der 169 as an example (dashed lines). The ice absorption makes the
resulting curve depart significantly with respect to the dust curve. Con-
versely, the same behaviour is not observed in order 190, also shown
in Figure 6.2 as reference, where the two curves are quite similar (solid
lines). It is important to stress that changing the aerosol’s microphysics
in the simulations has an impact on the LNONorm value, in principle
making dust mimic ice anomalies especially on low-albedo terrains and
hence, possibly yielding false positive detections.
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Figure 6.2: Simulated LNONorm vs. arbitrary albedo obtained by the
MITRA tool. The simulations have been performed for water ice and
dust using orders 190 and 169. See the legend on the panel for the colour
definition.

Given that LNO data moderate SNR, the LNONorm parameter is
affected by non-negligible fluctuations. In order to mitigate this effect,
we combine LNONorm of the three orders defining a Frost and Clouds
Index as

FCI =
1

LNONorm167× LNONorm168× LNONorm169
(6.3)

where LNONorm167, LNONorm168 and LNONorm169 are respectively
the LNONorm values defined in Section 6.3.2 for orders 167, 168, and 169.

Similarly to Figure 6.2, simulations have been performed for FCI
in the presence of suspended dust and water ice particles (see Figure
6.3). Given the way FCI is defined, as expected, its simulated values
are larger for water ice (blue line). While the LNONorm ratio allows to
spot anomalous detections in presence of water ice clouds, FCI allows
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to emphasise simultaneous detections happening in the three orders and
helps to potentially derive a threshold value for ice detection as will be
shown in Section 6.4.1. Nevertheless, it is important to mention that,
despite the TES map being filtered to minimise the effect of atmospheric
dust and clouds, it still contains surface ice (Christensen et al., 2001),
increasing the uncertainty in transitional ice/no-ice regions. As in the
case of the Ice Index (Oliva et al., 2022), the discussion coming from
the FCI is semi-qualitative and the value that we derive later should
not be considered as an actual threshold for ice detection, but rather an
indication for abundant frost or dense water ice clouds.

Figure 6.3: Simulated FCI vs. arbitrary albedo obtained by the MITRA
tool. The simulations have been performed for water ice (in blue) and
dust (in red) using orders 167, 168 and 169.

6.4 Data Analysis and Results

For this study, we analyse 1.5 Martian Years of NOMAD-LNO
nadir infrared observations thanks to the three orders mentioned in Sec-
tion 6.3.1. Table 6.1 presents the number of orbits acquired for each
order. Even if order 168 has been deeply used in MY35, we globally
note a fair distribution in the total number of observations between
MY34 and 35.
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MY34: LS =
[150◦ - 360◦]

MY35: LS =
[0◦ - 360◦]

Total

Order 167 682 371 1053
Order 168 504 1144 1648
Order 169 694 403 1097
TOTAL 1880 1918 3798

Table 6.1: Number of LNO orbits through the 3 orders close to the 2.7
µm ice absorption band (i.e., 169, 168, and 167) in MY34 (starting at
LS = 150◦ which is the beginning of the NOMAD science phase) and
MY35.

In order to focus the analysis on seasonal ice coverage, we construct a
latitudinal-seasonal map of FCI (see Figure 6.4). Initially, all the LNO
data are organised by latitude (from 90◦N to 90◦S) and time (MY34
and 35), expressed in terms of LS , with a 2◦ × 2◦ binning. Each bin of
latitude and LS contains data averaged at all available longitudes. By
computing the FCI map, we keep track of the observations falling into
common bins for all the three orders. Then, we remove the worst-case
scenarios with the lowest SNRs, i.e., below SNR ∼10. We hence select
the LNO observations with a solar zenith angle lower than 60◦, as larger
illumination angles seriously affect the signal intensity measured by NO-
MAD. In order to keep a significant colour dynamic, in Figure 6.4 we
saturate the colour bar for FCI values larger than 3. Important satu-
rations can be observed at the highest latitudes in both hemispheres,
i.e., when LS = 180◦-270◦ in MY34-35 in the Southern hemisphere and
when LS = 0◦-45◦ in MY35 in the Northern hemisphere. These obser-
vations represent the sublimation phase of the polar cap (Piqueux et al.,
2003; Langevin et al., 2007; Schmidt et al., 2009, 2010; Cull et al., 2010;
Hansen et al., 2013; Oliva et al., 2022). Indeed, surface ice presents
a strong absorption at 2.7 µm (see Figure 6.1) and directly impacts
the FCI values. The polar regions are deeply discussed in Oliva et al.
(2022), which investigates the LNO information content in order to ob-
tain latitudinal-seasonal maps for CO2 ice in both polar regions. Being
outside the scope of this chapter, the polar caps observations are not
discussed in detail here5.

5See Chapters 3 and 4.
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Figure 6.4: Latitudinal-seasonal map of FCI. Observations cover MY34,
from LS = 150◦ to 360◦, and all MY35.

However, we observe bins with a high FCI value also in non-polar
regions. In the Northern hemisphere, most of them can be found above
latitude 40◦N. Some high FCI values are also present around the equator
for LS = 45◦-180◦ in MY35. In the South, from latitude 20◦S to 40◦S,
FCI returns some saturated pixels for LS = 150◦-180◦ in MY34 and
around LS = 90◦ in MY35. The investigation of these non-polar high
FCI pixels is discussed in the following section. First, we discuss the
sensitivity of FCI to detect frost (see Section 6.4.1). Then, we attempt
to derive a detection limit for water ice clouds (see Section 6.4.2).

On the other hand, as already mentioned in Section 6.3.2, different
surface mineralogies are responsible for the global variations of surface
albedo (Bandfield et al., 2000; Bandfield, 2002; Rogers and Christensen,
2003). This affects the measured reflectance, especially over regions of
low surface albedo (Viviano et al., 2014; Szantai et al., 2021). It is
worth noting that the high FCI values around latitude 60◦N are over
low surface albedo regions. This dark latitudinal band covers Acidalia
and Utopia Planitia (Rogers et al., 2007). Szantai et al. (2021) studied
the diurnal cloud life cycle over these large regions using OMEGA data.
Similar to the NOMAD data analysis in this work, they defined a spec-
tral ratio (Reversed Ice Cloud Index (ICIR) based on Madeleine et al.
(2012a)) at the 3.1 µm water ice absorption band and used it as a proxy
of the water ice column. The results are not always in agreement with
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the model predictions. They found the highest ICIR uncertainty (<20%)
over Acidalia and Utopia Planitia, regions with low surface albedo. For
that reason, we also investigate the possibility of having surface effect
residues in the results (see Section 6.4.3).

6.4.1 Frost Detection

We discuss here the possibility to derive a threshold value for the
detection of frost. In order to define a quantitatively and statistically
robust threshold value, we compute the histogram of FCI values distri-
bution in logarithmic X-scale. As shown in Figure 6.5, the bulk of the
histogram follows a Gaussian distribution peaked at −0.35 (µ = −0.35)
with a standard deviation of 0.13 (σ = 0.13). Nevertheless, the distribu-
tion is not totally symmetrical around its mean value. We can observe
a wing on the right-hand side of the distribution, corresponding to the
high FCI pixels in Figure 6.4. Similarly to what has been done by Oliva
et al. (2022), we are able to tune the threshold value so that the edge
of polar caps is detectable. This happens for FCI values exceeding the
average value of the distribution by 3.5σ. This threshold is indicated by
the vertical dashed red line in Figure 6.5. As a comparison, we also esti-
mate an average FCI value for polar deposits, represented by the vertical
dashed blue line (Figure 6.5). Sensitive to surface ice deposits, the FCI
value over the polar cap exceeds the average value of the distribution by
10σ.

Figure 6.5: FCI values distribution in logarithmic X-scale for MY34-35.
Solid black line: mean value of the distribution (µ = −0.35). Dashed
black line: standard deviation of the distribution (σ = 0.13). Dashed
red line: mean value of FCI at the polar cap edge (µ+3.5σ). Dashed
blue line: mean value of FCI on the polar cap deposits (µ+10σ).
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We apply it on the FCI map of Figure 6.4 and present the results in
Figure 6.6. As expected, detections in the polar regions (see regions 1,
2, and 3 in red) are in good agreement with the expected boundaries of
the polar caps, but high values of FCI are also found at mid-latitudes.
We now focus on these detections found at latitudes within the range of
± 30◦ (see regions from A to G in Figure 6.6). A possible explanation
for these detections is the presence of ice surface deposits. In order to
verify this hypothesis, we need to take into account two parameters: the
surface temperature (T) and the Local Solar Time (LST). Indeed, even
at mid-latitudes, temperatures may drop below the frost point, i.e., T
∼148K for CO2 (Piqueux et al., 2016) and T ∼193K for H2O (Carrozzo
et al., 2009) at 610 Pa (average Martian pressure at 0 elevation). This
can be achieved in the early morning just after the sunrise. Piqueux
et al. (2016) observed surface temperatures consistent with CO2 frost
at all latitudes and predicted a survival time of less than 1 hour after
sunrise. On the other hand, the Martian topography may play an impor-
tant role, especially within ancient volcanoes, cracks, and craters. This
complex geometry of terrain allows the existence of shadowed areas on a
local surface, which can maintain low temperatures even during the day.
Taking into account the LST (see Figure 6.6), we use the Mars Climate
Database v5.3 (MCD) (Forget et al., 1999; Millour et al., 2018) in order
to estimate the surface temperature for the mid-latitude detections in
the end of MY34 (region A) and MY35 (from region B to G). For all
these detections, the MCD predicted surface temperatures are listed in
Table 6.2. It can be seen that MCD predicts surface temperatures that
are always higher than the H2O frost point (T >193K). We can hence
exclude the presence of both CO2 and H2O frost even for 8:20 and 8:25
LST, where residual night frost can survive (see Table 6.2 for D1 and
F1). Moreover, the MCD predictions for the regions A, E, F and, G seem
consistent with Carrozzo et al. (2009) who observed H2O frost only be-
fore LS = 150◦. In contrast, as mentioned above, frost can survive in
shadowed regions along scarps and craters. However, this possibility is
not easy to verify due to the large NOMAD nadir channel footprint (see
Section 6.2).

Given the above discussion, we see that the interpretation of mid-
latitude detections (regions A to G in Figure 6.6) as surface frost can
be discarded. In contrast, the detections in the regions B, C and, D
fall in the Aphelion season, i.e., LS ∼60◦-160◦. During this season, the
Aphelion Cloud Belt occurs every year at low latitudes. Therefore, these
regions could be suitable for ACB detections. Moreover, in Figure 6.6,
we can also see many detections present at high latitudes (above 40◦N
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and below 30◦S in MY34-35) which relate to another important atmo-
spheric structure, the Polar Hood. We hence decide to verify the cloud
hypothesis in the next section by selecting specific regions where clouds
are expected to be present by general circulation models or have been
observed by other instruments.

Region of
Interest

LS (◦) Latitude
(◦)

LST T(K)

A 301 (MY34) −27 16:12 282
B 51 11 to 29 16:00 254
C 133 16 to 21 13:18 236
D1 117 −5 08:25 220
D2 129 −7 15:40 260
E1 225 17 15:55 251
E2 267 19 10:43 253
F1 205 −25 08:20 240
F2 218 −23 15:56 279
F3 255 −24 to −30 15:57 286
G 347 −23 to −36 15:38 265

Table 6.2: Solar longitudes (LS), latitudes, local times (LST), and MCD
predicted surface temperatures (T) of the regions of interest (A to F)
identified in Figure 6.6. Numbers in the regions D, E, and F represent
bins from left to right in each region.



148 Chapter 6

Figure 6.6: Latitudinal-seasonal maps of FCI. Observations cover MY34,
from LS = 150◦ to 360◦, and all MY35. (A) Yellow and red points indi-
cate a FCI value above 3.5σ. The regions 1, 2 and, 3 in red correspond
to the expected boundaries of the polar caps. The letters define regions
of interest for cloud detection in yellow. (B) Colour points indicate the
corresponding LST.
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6.4.2 Water Ice Cloud Detection

As already mentioned in the previous section, Figure 6.6 presents
high FCI values even outside the red regions 1, 2 and, 3. In the Northern
hemisphere, they are found above latitude 40◦N. Moreover, we observe
high values in the Southern hemisphere, mainly before LS 180◦ (MY34)
and around LS 90◦ (MY35), in addition to the scattered detections at
mid-latitudes (see Section 6.4.1). In this section, we verify the possibil-
ity to spot potential clouds using the FCI. To this extent, we highlight
new regions of interest in which the detections are spotted (see the re-
gions H to O in Figure 6.6). As we can observe, for the regions H to O
in Figure 6.6, the LST mainly concentrates in a range of about 2 hours
around noon. Nevertheless, early detections exist in region L (see at
LS 90◦ and 164◦ and latitudes around 50◦N), with a 7:13 LST and 8:45
LST respectively. MCD simulations always predict surface temperatures
higher than 197K and are, therefore, inconsistent with the presence of
frost. For this reason, we suggest that the detections are related to
atmospheric ice (see Section 6.3). However, it is important to keep in
mind that this region may lead to surface effect residues present in the
results (see Section 6.4 and Section 6.4.3 for more details).

Two main cloud structures can be observed on Mars: the Polar
Hoods (PH) and the Aphelion Cloud Belt (ACB) (see Section 6.1)
(Willame et al., 2017; Clancy et al., 2019; Wolff et al., 2019). The PH
occurs above the high latitudes (∼40◦N and ∼40◦S) of the winter hemi-
spheres. The Northern Polar Hood (NPH) is usually observed about
three-quarters of the Martian Year, starting at LS 150◦, and covers all
longitudes. Moreover, the NPH is always extended to the pole (Benson
et al., 2011). Instead, the Southern Polar Hood (SPH) is an annular
ring that is not extended to the pole due to less available water vapour
in the South than in the North (Smith, 2008). The SPH is only present
during two phases: between LS = 10◦-70◦ (phase 1) and between LS =
100◦-200◦ (phase 2) (Benson et al., 2010). During phase 1, the struc-
ture is extended over a large range of latitudes, namely from 30◦S to
75◦S. As shown in region N, FCI detections are present from latitude
∼25◦S to 50◦S. Given the period of observations (LS = 0◦-200◦), the
FCI results appear to be compatible with clouds in the SPH. Figure 6.7
presents a direct comparison with the MCD simulations. However, the
limited coverage for the Southern hemisphere does not allow us to ob-
serve the whole cloud structure. Nevertheless, we are able to observe the
evolution of the SPH at equatorward latitudes. Detections between LS

= 15◦-83◦ appear compatible with phase 1. On the other hand, phase
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2 seems to cover LS 107◦ to 195◦, following the recession of the polar
cap. This phase is partially observed in region I (LS = 153◦-187◦) due
to the lack of observations in MY34. Moreover, it is worth noting that
the specifics of the TGO orbit influence the spatial and temporal cov-
erages of the NOMAD observations. Indeed, as shown in Figure 6.6,
the LST changes over the latitudes and LS . Nevertheless, important
diurnal variations of water ice clouds occur in the Martian atmosphere.
Such effects can hence affect the results, underestimating the presence of
clouds compared to the MCD predictions (Wilson et al., 2007; Wu et al.,
2022). For example, at LS 20◦, observations are acquired in the morning
for the Southern hemisphere. At that time, MCD predicts a low water
ice column at the probed latitudes (see Figure 6.7). On the other hand,
at LS ∼100◦, MCD simulations seem to be more in agreement with the
FCI results by selecting a LST in the early afternoon (see Figure 6.7).

(A)

Continued on the next page.
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(B)

Figure 6.7: Comparison between the latitudinal-seasonal map of FCI
(grey scale) with the one of MCD Water Ice Column (colour scale) for
latitudes from 0◦ to 90◦S and LS 0◦ to 200◦. Grey scale: FCI results
in region N (see Figure 6.6). Saturated FCI values are in white (>3.5σ,
see Section 6.4.1). Colour scale: MCD Water ice column at 9 LST (A),
and 13 LST (B).

In the Northern hemisphere, we observe detections at the highest
probed latitudes (see the regions J, K, M and, O) and around latitudes
50◦N and 60◦N (see the regions H and L). Detections in the regions H
and M are compatible with the start of the NPH. Nevertheless, the lim-
ited coverage considerably reduces the number of observations during
the Northern autumn and winter in MY34 and 35. On the other hand,
the regions J and O appear in agreement with the end of the NPH.
During spring (before LS 40◦ in region J), the FCI indicates the pres-
ence of clouds up to latitude 50◦N, suggesting an extended NPH. During
the rest of spring and summer (LS ∼50◦-150◦ in region K), detections
are not consistent with previous studies (Benson et al., 2011; Willame
et al., 2017; Wolff et al., 2019; Olsen et al., 2021). It is important to
mention that the NOMAD instrument provides simultaneous observa-
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tions of these clouds in the UV through the UVIS channel (see Section
6.2), that is sensitive to clouds and confirms their presence at latitude
∼74◦N (personal discussion with Y. Willame, ice clouds retrieval based
on Willame et al. (2017)). Moreover, these results are also supported by
the MCD predictions. Nevertheless, FCI detections in region L are un-
common, especially between LS ∼50◦ and 150◦. At LS ∼50◦ and 150◦,
they cover latitudes up to 35◦N. A possible explanation is that they are
related to the Northern part of ACB, which seems to connect with the
NPH. Although these detections are not predicted by MCD, they prob-
ably represent the so called ‘cloud bridge’ (Guha et al., 2021) detected
during previous Martian Years (Liu et al., 2003; Smith, 2004; Mateshvili
et al., 2007; Benson et al., 2010; Willame et al., 2017; Szantai et al.,
2021). Given the disagreement between the model predictions and FCI
detections, we decide to discuss the results for the region L in the next
section.

Regarding the ACB, it is not visible in our results in Figure 6.6. The
structure is known to appear at low latitudes (10◦S to 30◦N), with en-
hancements over volcanoes in the Tharsis region (Smith, 2009). Different
types of clouds compose the cloud belt, ranging from formless morning
thin haze to large-scale thick clouds. In terms of microphysical prop-
erties, two main groups have been observed for the thick clouds. The
difference in particle size defines the core and the periphery of ACB. The
first group corresponds to regions strongly controlled by local dynam-
ics and topography. These clouds are observed over the Tharsis region
with a 5 µm grain size. On the other hand, regional wind circulation
forms the second group composed of large-scale clouds and is charac-
terised by particle sizes of 2-3.5 µm (Wolff and Clancy, 2003; Madeleine
et al., 2012a). In our results (Figure 6.6), only a couple of detections are
present at equatorial regions during this season (see regions B, C and,
D) and could be explained on the basis of the differences in morphol-
ogy and microphysical properties described above. One of the reasons
could be that the large LNOs footprint (Section 6.2) makes it difficult to
detect optically thin hazes and clouds. On the other hand, large-scale
cumulus clouds, from 5 to 10 km in size, could be detectable in the
NOMAD nadir footprint. Nevertheless, they are relatively thin at the
beginning of the Northern spring and only become thicker late in the
ACB season. The thickest of these clouds have been observed during
the early Northern summer, forming at the beginning of the afternoon
(Benson et al., 2003; Madeleine et al., 2012a) consistently to the regions
C and D. Moreover, the clouds’ ice abundance could play an important
role in their detection. Olsen et al. (2021) derived the water ice col-
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umn (WIC) for MY26-32 using the nadir IR observations of OMEGA.
They estimated two ranges of values, about 1.2-1.6 pr.µm over the ACB
and 1.5-2.5 pr.µm over the PH. This distinction between the two cloud
structures can explain the global results presented in Figure 6.6. While
we register several detections over the PH, only a few isolated clouds
are detected over the ACB. This behaviour suggests that the LNO nadir
dataset is only sensitive to clouds with ice columns larger than 1.5 pr.µm.

As mentioned in Section 6.4.1, detections are also present at mid-
latitudes during the perihelion season (LS = 180◦-360◦, see regions A,
E, F and, G in Figure 6.6). These results are difficult to confirm with
the MCD predictions, although the simulations agree with the presence
of clouds in region E for a 10:30-11 LST. Moreover, the results for the
regions A, E and, F are not consistent with the OMEGA data analysis
(Olsen et al., 2021). During the perihelion season, the solar flux increases
and relatively warms the Martian atmosphere promoting dust activity.
This hence limits water ice cloud column opacities (Smith, 2008). Nev-
ertheless, previous works have demonstrated the presence of water ice
clouds during this period. They mainly occur in the mesosphere (at
altitudes above 50 km) (Clancy et al., 2019; Guzewich and Smith, 2019;
Liuzzi et al., 2020). The results in the regions A, F, and G appear
to be in agreement with the previous studies focused on MRO-CRISM
(Murchie et al., 2007) and NOMAD-SO (SO channel, see Section 6.2)
data analysis (Clancy et al., 2019; Liuzzi et al., 2020). They spotted
water ice clouds around LS 200◦, 270◦, 300◦, and LS 345◦, which were
also observed by SPICAM (Willame et al., 2017) for the regions A and
G. Moreover, especially for the regions A and F, the detections corre-
spond to the period of the perihelion cloud trails (PCT). This class of
mesospheric clouds are formed between LS 210◦ and 310◦ in the late
morning to the mid-afternoon. Horizontally extended (200 to 1000 km),
they are observed over specific regions between latitudes 5◦S and 40◦S,
i.e., in the Arsia Mons, Syria, and Solis regions and along the Thau-
masia Planitia, Valles Marineris margins, and the north east of Hellas
Basin (Clancy et al., 2007, 2021). Given the above discussion, it is im-
portant to remind that the kind of threshold value that we use indicates
abundant frost or dense water ice clouds instead of an absolute value for
ice detection (see Section 6.3.2 and Section 6.4.1). Therefore, the FCI
appears to be sensitive only to ice that is characterised by a particular
microphysics. Nevertheless, some FCI detections (especially region L in
Figure 6.6) are still difficult to justify with previous studies or the MCD
predictions. For that reason, we discuss these results in the next section.
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6.4.3 FCI sensitivity

It is worth noting that the detections in region L are over low sur-
face albedo regions covering Acidalia and Utopia Planitia (Rogers et al.,
2007). As already mentioned in Section 6.4, the dark latitudinal band
around 60◦N affects the measured reflectance (Viviano et al., 2014; Szan-
tai et al., 2021). Therefore, we investigate in this section the possibility
of having surface effects residues in the results of the region L (see Fig-
ure 6.6). We apply the FCI on observations between LS 30◦ and 150◦ in
MY35. In order to verify an eventual correlation between the FCI and
the dark terrains, we can perform a direct comparison with the TES
albedo map. The results are given in terms of latitude and longitude
in Figure 6.8. As we can see, saturated values of the FCI (>3.5σ, see
Section 6.4.1) are present over Acidalia Planitia and the North of that
region (see red rectangle on the left panel). They can also be seen at the
highest-probed latitudes in both hemispheres (see black circles on the
left panel). These high index values should be related to the presence of
water ice clouds (see Section 6.3.2 and Section 6.4.2). Nevertheless, by
comparison with the right panel, we see that the high FCI values inside
the red rectangle present a correlation with dark terrains. This can be
explained by an overestimation of albedo values over dark regions at 2.7
µm with respect to LNO. Therefore, the high values in the red rectangle
(see left panel) are likely linked to the presence of surface effect residues
over Acidalia Planitia in the LNO data. This is hence in agreement with
the OMEGA results in Szantai et al. (2021).
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Figure 6.8: Left panel: LNO observations in MY35, from LS = 30◦

to 150◦. Colour points indicate the FCI values saturated at 3.5σ (see
Section 6.4.1). Right panel: TES albedo values falling in each bin of the
LNO tracks in MY35, from LS = 30◦ to 150◦. Red rectangle: correlation
between high FCI values and region of low surface albedo. Black circle:
example of high FCI values not correlated with regions of low surface
albedo.

In Figure 6.8, the selected period corresponds to the aphelion season.
The circles cover regions with an intermediate surface albedo. These
regions are not comparable with dark regions in the Northern high lati-
tudes (Rogers et al., 2007). Therefore, the saturated FCI values in both
hemispheres are likely linked to the presence of clouds. As highlighted
in Section 6.4.2, the low WIC of the ACB makes its detection difficult in
the LNO spectral range (Olsen et al., 2021). The full ACB structure is
not hence visible. For that reason, we attempt to derive the FCI sensi-
tivity limit for cloud detection. From MCD simulations, we notice that
the PH water ice column can take values of the same order as those of
the surface water ice (∼10−2 kg/m2). They are then superior by a factor
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10 to those of the ACB (∼10−3 kg/m2). However, the PH is not always
fully detected (see region I in Figure 6.6). Moreover, some detections
have been recorded around the equator during the Aphelion season (see
the regions B-D in Figure 6.6). Local thick clouds in the ACB can hence
be detected. In order to estimate the sensitivity limit of the FCI, we
compare the FCI results in Figure 6.8 with the MCD predictions (see
Figure 6.9). We can see that the WIC of the ACB takes values lower
than 3×10−3 kg/m2. In contrast, those in the centre of the SPH are
generally higher than 5×10−3 kg/m2, while the WIC of the NPH can
reach 1.3×10−2 kg/m2. From the saturated index values at the highest
latitudes (white pixels), we can estimate the limit of the FCI sensitivity
for cloud detection at ∼4×10−3 kg/m2. Some saturated pixels are found
at mid latitudes, which may indicate the presence of thicker clouds com-
pared to the rest of the ACB (see black circle). Nevertheless, as over
Acidalia Planitia (see red rectangle), we suspect a surface effect in the
detection inside the yellow rectangle. Indeed, this region covers a terrain
with a low surface albedo (TES albedo lower than 0.1, see Figure 6.8).
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Figure 6.9: Comparison between the FCI results (grey scale) with the
MCD Water Ice Column (colour scale) for all latitudes and longitude
from 100◦ W to 0◦. Grey scale: LNO observations in MY35, from LS

30◦ to 150◦. Saturated FCI values are in white (>3.5σ, see Section
6.4.1). Colour scale: MCD Water ice column simulation for LS 150◦

and 15 LST.
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6.5 Conclusions

NOMAD-LNO is a spectrometre mainly designed to investigate
the presence of trace gases in the Martian atmosphere. The instrument
uses preselected spectral orders to resolve the absorption lines of the
single species. Due to this mode of operations and to its high resolving
power, it cannot acquire a single spectrum over the full spectral range
(see Section 6.2). Therefore, the spatial coverage linked to the full spec-
tral range is also limited, since each spectral order observes a different
footprint. Moreover, due to technical constraints imposed by the space-
craft, the SNR is not optimal. Finally, there is an intrinsic limitation
linked to the spectral behaviour of ice clouds and dust. Depending on
their microphysical properties, it can be really challenging to distinguish
between them. Having all these constraints and limitations in mind, we
have described a technique that takes advantage of three NOMAD-LNO
diffraction orders (167, 168, and 169), covering the short wavelength
shoulder of the 2.7 µm ice absorption band. The application of such a
technique allows us to map surface ice and H2O ice clouds into the Mar-
tian atmosphere. We applied the method on regions where ice clouds are
either expected by general circulation models or have been observed by
other instruments. The method is based on spectral ratios between LNO
reflectance factor spectra and TES bolometric dust-cleaned albedo. We
have defined a Frost and Cloud Index (FCI) as a useful proxy for ice
mapping (see Section 6.3). We applied the method to the LNO dataset
in Martian Years 34 and 35 (March 2018 to February 2021) excluding
observations with SZA larger than 60◦ to avoid the lowest SNRs (see
Section 6.4). As discussed in Section 6.4.2, the acquisition of data dur-
ing MY34-35 allows us to construct seasonal maps for water ice clouds.
The results appear in agreement with previous studies focused on Mars
Express SPICAM/UV (Willame et al., 2017) and OMEGA data analysis
(Olsen et al., 2021). FCI is sensitive to the Polar Hood clouds, although
the full structure is not detected. Moreover, detections in the Aphelion
Cloud Belt (ACB) are limited. This is consistent with previous OMEGA
observations (Olsen et al., 2021) showing different physical properties
between the two main Martian atmospheric structures and making the
ACB less detectable in the infrared. We hence derived the LNO channel
sensitivity limit for cloud detection (see Section 6.4.3).
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Finally, the analysis presented in this chapter represents one of sev-
eral studies dedicated to the exploitation of the LNO nadir dataset and
opens the way for different perspectives. As a direct continuation to
this work, further comparison with the NOMAD-UVIS channel about
the cloud’s detection is already planned. It will help to tune the FCI,
hopefully to increase its sensitivity to ice clouds and to limit the number
of false detections. In addition, an in-depth radiative transfer analysis
of the 2.35 µm feature in CO2 ice clouds spectra is currently being per-
formed.
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Chapter 7

General Conclusions

7.1 Summary

In this thesis, we studied surface ice (see Chapters 3 and 4) and
ice clouds (see Chapter 6) on Mars (see also Table 7.1). We also in-
vestigated the effect of the 2018 global dust storm on the sublimation
process of the Southern seasonal cap at global scale. To do this, we
used nadir observations from the ExoMars-Trace Gas Orbiter NOMAD
instrument. Although NOMAD is not primarily dedicated to surface
analysis, it is the only high-resolution spectrometer currently operating
around the Red Planet (see Section 1.3). We analysed data from March
2018 to December 2022, covering Martian Years 34 to 36. Considering
instrumental characteristics and observation limitations (see Chapter
2), we defined spectral indices based on a selection of orders containing
spectral ice absorption in the infrared wavelengths (see Table 7.1). This
work extended the temporal coverage of seasonal processes in the polar
caps and ice clouds.

Continuous observation of these seasonal processes is primordial to
provide a better understanding of the interaction between the atmo-
sphere and the surface. Indeed, the Martian climate is governed by
the CO2 and water cycle. These cycles are directly linked to the sea-
sonal sublimation and condensation processes in the polar regions, which
strongly influence the overall energy budget of the planet (Piqueux et al.,
2015). In addition, the climate on Mars is also influenced by the dust
load in the atmosphere (Smith, 2004; Newman et al., 2005). Extreme
events, such as global dust storms, occur on Mars with large interannual
variability (Smith, 2009). These events affect the CO2 and water cycles
(Piqueux et al., 2015).

161
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In this chapter we return to the general questions raised in Section
1.4 to provide some answers based on the NOMAD-LNO results pre-
sented in this thesis.

1. In dust-free years, is there any variability in the caps?

We observed the Martian polar caps through latitudinal-seasonal maps
in MY34-36 and identified at high spectral resolution CO2 ice deposits in
the polar regions, being the main component of the Southern seasonal
cap (see Chapters 3 and 4). In addition, we analysed the sublima-
tion of the Southern polar cap, which has the best spatial and temporal
coverage compared to the North. The limited coverage of NOMAD ob-
servations in MY34-36 did not allow us to analyse the Northern seasonal
processes of the cap. During dust-free years, i.e. in MY35-36, we ob-
served a repeating seasonal pattern on a global scale (see Chapter 4).
This is in good agreement with OMEGA observations from previous
dust-free years (Langevin et al., 2007; Appéré et al., 2011) and MCD
predictions (Millour et al., 2018). We confirmed that the retreat of the
cap is repeatable throughout these Martian years and further refined
our current knowledge of the Martian polar caps.

NOMAD’s high spectral resolution offers the possibility to retrieve some
microphysical ice properties. We performed a semi-qualitative equiv-
alent grain size analysis using a radiative transfer model (Planetary
Spectrum Generator model, Villanueva et al. (2018)) and found that
the Southern CO2 ice cap is characterised by ice slab in the centimetre
range, in line with other studies (see Chapter 4). We also observed
a decrease in the slab equivalent grain size with time as the polar cap
sublimated. We reported no variability in slab equivalent grain size in
MY35-36 compared to previous years.

2. What are the effects of the MY34 global dust storm on the dy-
namics of the Northern and Southern seasonal caps?

The global dust storm in MY34 provided an opportunity to study the
effect of atmospheric dust on our ice detection method, i.e. spectral
indices, and to analyse the sublimation of the Southern polar cap dur-
ing such an extreme event. The large amount of dust released into the
atmosphere during this period reduced the ice detection sensitivity of
our spectral indices, with a decrease in efficiency of 40% (narrow band,
e.g. 2.35 µm) and 85% (broad band, i.e. 2.7 µm), depending on the
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strength of the ice absorption band (see Chapter 3). Nevertheless,
when compared to simulations that take into account dust activity in
2018 (Montabone et al., 2020), we found that our ice detection method
was still effective. Using latitudinal-seasonal maps, we compared the
sublimation of the Southern polar cap in MY34 with the seasonal re-
treat of the cap in MY35 and 36. At a global scale, we reported no
interannual variations in the recession of the cap in MY34-36, high-
lighting the complexity of the effects of such an event on the polar ice
cap (see Chapter 4). Future work could focus on the potential interan-
nual variations in the recession of the cap at local scale (see Section 7.2).

3. Do ice clouds exhibit recurring seasonal behaviour, even in dusty
years?

Our spectral approach proved that NOMAD is also able to detect at-
mospheric ice signatures. By analysing the 2.7 µm water ice band, we
constructed seasonal maps for H2O ice clouds, allowing to observe the
Polar Hood clouds at high latitudes and their variability. We observed a
few detections in the Aphelion Cloud Belt (ACB), but the whole struc-
ture was not visible. This is explained by the difference in ice abundance
between the two main atmospheric structures on Mars, which makes
the ACB less detectable in the infrared spectral region (see Chapter
6). The results obtained are consistent with previous studies (Willame
et al., 2017; Clancy et al., 2019; Wolff et al., 2019; Szantai et al., 2021),
highlighting the seasonal nature of the spatial distribution of clouds. It
is difficult to know whether the MY34 global dust storm had any impact
on cloud formation in MY35.

As explained in Chapter 6, we normalised the NOMAD data using
TES bolometric albedo to minimise surface albedo effects, in order to
detect signals coming from the presence of H2O ice cloud. Neverthe-
less, we found that the low surface albedo regions around 60◦N affected
the results. Another option was to use OMEGA albedo map instead
of TES albedo. Besides the low surface albedo effects around 60◦N, we
observed artefacts in the results over low surface albedo equatorial re-
gions. One possibility would be to construct an albedo map from several
instruments, taking into account their sensitivity to variations in surface
albedo. OMEGA albedo could be used for high albedo regions such as
Tharsis (see Chapter 5), and TES albedo for low surface albedo re-
gions around the equator and medium surface albedo regions in general.
Concerning the dark latitudinal band region around 60◦N, it would be
interesting to derive an albedo map for these regions from NOMAD ob-
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servations.

We also detected mesospheric CO2 ice clouds using the 2.35 µm CO2

ice band. This is the first detection of such clouds using this band and
highlights their seasonal distribution at equatorial latitudes in line with
previous studies. Following a semi-qualitative grain size analysis, we
found that these clouds are compatible with fine grains ranging from 1
nm to 10 nm (see Chapter 3). An in-depth analysis of CO2 ice grain
size using a dedicated radiative transfer model will provide additional
information on their microphysical properties (see Section 7.2).

In addition, in the frame of a morning frost campaign, the Colour
and Stereo Surface Imaging System (CaSSIS) and NOMAD-LNO ac-
quired joint observations of the Martian volcanoes. Based on our spec-
tral method, we detected extended morning frost on the Olympus Mons
caldera. We reported no CO2 ice signature, suggesting the presence
of H2O frost. Mars Global Climate Model simulations (Senel et al.,
2021) predicted surface temperature above the CO2 frost point, which
confirmed the NOMAD-LNO results. Previous studies highlighted the
presence of frost in equatorial regions (Schorghofer and Edgett, 2006;
Carrozzo et al., 2009; Vincendon et al., 2010a). In these regions, low
surface temperatures at night favour the condensation of CO2 and/or
H2O. This frost can persist during the first hours after sunrise, or even
during the day in places sheltered from direct sunlight. As for the sum-
mit of Olympus Mons, although the presence of frost is predicted by
GCM simulations, this ongoing morning frost campaign of CaSSIS and
NOMAD provided the first direct observation (see Chapter 5). More
data are expected in the near future (see Section 7.2).
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In summary, this study allowed to extend surface ice and ice clouds
observations over 3 Martian Years by using NOMAD’s nadir observa-
tions, which are different from those provided in the past by other spec-
trometers such as OMEGA and CRISM (see Section 2.4 in Chapter
2). Chapters 3, 4, 6 come from publications in scientific journals of
which I am the first author or co-author. Only Chapter 5 is under
consideration for publication. The main results reported in this thesis
can be highlighted as follows:

1. Repeating seasonal pattern in the polar regions for MY34-36

2. No interannual variations in the recession of the Southern polar
cap in MY34-36 due to the MY34 global dust storm

3. Recurring seasonal behaviour of H2O ice clouds in MY34-35 (MY36
not analysed)

4. First detection of mesospheric CO2 ice clouds through the 2.35 µm
band

5. First direct detection of morning H2O frost at the top of the Olym-
pus Mons
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7.2 Areas for perspectives

As discussed in Chapters 3 and 4, the use of the 2.29 µm (order
193) and 2.35 µm (order 189) CO2 ice bands is suitable for the analy-
sis of Martian ice deposits. Using a dedicated radiative transfer model,
the CO2 ice deposits will be analysed in detail at high spectral resolu-
tion, providing insights into the microphysical properties of the small
ice crystals. Continuous observations will increase the spatial coverage
in the polar regions, allowing in-depth analysis of CO2 ice grain size
variation over time at a selected location. This will allow us to detect
any seasonal or interannual changes in the condensation and sublima-
tion processes at a local level, and to determine the amount of impurity
(H2O ice and/or dust) in the CO2 ice layers over the seasons. Indeed,
a global dust storm occurred in MY34, releasing significant amount of
dust into the Martian atmosphere that could have been transported to
the polar regions. Although no global interannual variations have been
directly observed at the Southern polar cap during the 3 Martian Years
of LNO observations, it may be different at a local level. It would be
interesting to compare this with other datasets, such as observations
from the CRISM spectrometer, or to analyse the surface temperature
to determine the extent of the ice caps at a local level. Mars Climate
Sounder (MCS) data would be useful for this further work. On the
other hand, global observations of the extent of the polar ice caps can
be useful in our understanding of variations in the planet’s rotation. For
example, it can help us to better interpret data from NASA’s Rotation
and Interior Structure Experiment (RISE) (Folkner et al., 2018), part
of the Interior Exploration using Seismic Investigations, Geodesy and
Heat Transport (InSight) mission (Banerdt et al., 2020), which showed
a slow acceleration in the Martian rotation rate (Le Maistre et al., 2023).

In this work, we also discussed the ice cloud detection with NOMAD-
LNO, which opened perspectives for the study of atmospheric ice. Spec-
tral analysis at mid-latitudes is already planned for the mesospheric
CO2 ice clouds detection through the 2.29 µm (order 193) and 2.35
µm bands (order 189). Radiative transfer model will provide additional
information on their distribution, seasonality and microphysical prop-
erties. Moreover, further comparison with the NOMAD UVIS channel
is currently being performed for the Polar Hood clouds. This chan-
nel is more sensitive to ice clouds, but in contrast to NOMAD-LNO, it
is not able to distinguish between H2O ice and CO2 ice. The following
study consists of analysing the attenuation of the ozone absorption band
present in UVIS data due to the presence of the Polar Hood clouds in
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order to estimate their altitude. Previously identified as H2O ice with
NOMAD-LNO, we will study their microphysical properties using a ded-
icated radiative transfer model. This will allow us to study their entire
distribution and monitor their evolution over the seasons.

Considering the frost morning campaign (see Chapter 5), the joint
observations with CaSSIS opened a new science for NOMAD under its
detection limits. After the detection of extended H2O frost on the Olym-
pus Mons caldera, the acquisition of spectra has been adapted to reduce
the field of view of the instrument in an attempt to detect diffuse frost.
To achieve this, the spectral analysis will therefore be adjusted. More-
over, all efforts are now focused on the possible detection of CO2 frost
in the Tharsis region. Certain periods of the year maximise the chances
of CO2 frost detection (from LS 90◦ to 120◦), i.e. when the local sur-
face temperature is as close as possible to the CO2 frost point (∼138K).
Nevertheless, continuous data acquisition is crucial to better understand
local meteorological phenomena in this particular region. It may allow
us to observe a seasonal process of H2O frost and/or CO2 frost forma-
tion over the volcanoes.

Finally, the spectral method developed in this thesis can be applied
to surface studies in general using spectrometers. For example, since
2021, NOMAD-LNO provides new nadir observations of Phobos, the
largest Martian moon. Based on the same spectral approach, these ob-
servations allow to search for surface spectral features. We rely mainly
on water ice, but also on carbonate and phyllosilicates, as there is no con-
straint from the presence of the atmosphere. In addition, the work will
also prepare the next Japanese mission, the Martian Moons eXploration
(MMX) mission (Kuramoto et al., 2022). With a launch scheduled for
September 2024, the MMX probe will observe the two Martian moons
(in particular using MIRS, a near-infrared spectrometer; Barucci et al.
(2021)) and land on Phobos to collect surface samples in order to solve
the mystery of its origin. Moreover, the spectral data analysis developed
in this work will help us to better prepare for the calibration of the Ther-
mal Infrared Imager (TIRI) observations (Okada et al., 2022) onboard
ESA’s Hera planetary defence mission during its fly-by of Mars (Michel
et al., 2022). On the other hand, spectral data analysis on airless bod-
ies will better prepare the ESA JUpiter ICy moon Explorer (JUICE)
mission to Jupiter system and its icy moons (Grasset et al., 2013), in
particular the scientific use of Moons And Jupiter Imaging Spectrometer
(MAJIS) data (Guerri et al., 2018).
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NOMAD-LNO
characteristics and
calibration

A.1 AOTF characteristics

As mentioned in Section 2.2.1, the AOTF is a passband filter crys-
tal based on the Bragg diffraction, i.e. diffraction that occurs in a crys-
tal when an acoustic wave is applied to an optical wave (Chang, 1974;
Gottlieb et al., 1994). It can rapidly and precisely select different wave-
lengths of light, making them useful for applications such as spectral
analysis, microscopy, and remote sensing.

The AOTF tuning curve, also called the AOTF tuning relation, ex-
presses the relation between the radio frequency A needed to produce
the Bragg diffraction and the AOTF passband, i.e. the selection of the
desired diffraction orders (Chang, 1974, 1981; Mahieux et al., 2009). It
is defined as

A =
w∆n

λ
(sin4i+ sin22i)1/2 (A.1)

where i is the incident angle of the wave, w represents the acoustic ve-
locity, ∆n gives the birefringence of the crystal and λ is the central
wavelength of a selected AOTF band. It is important to note that the
AOTF tuning curve is temperature dependent. Temperature variations
result in mechanical strain leading to a shift in the detected frequencies.
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Reffered to an intrinsic problem, this issue was observed during the labo-
ratory experiments (Neefs et al., 2015; Thomas et al., 2016; Liuzzi et al.,
2019) (see Section 2.2.3).

As mentioned in Section 2.3.1, the AOTF itself, i.e. the AOTF
transfer function, is theoretically defined as a strong peak surrounded
on either side by second lobes, whose contribution is estimated to be less
than 15 % of the main lobe. Therefore, the total observed flux can be
affected by the contribution of adjacent orders due to the AOTF transfer
function definition. For this reason, the AOTF calibration is a crucial
step, particularly when interpreting LNO nadir data, where no reference
measurements can be obtained due to no pointing towards the Sun (see
Section 2.3.1 and Annexe A.3).

A.2 Echelle grating

A diffraction grating is an optical device that has a periodic struc-
ture capable of diffracting light into multiple beams that travel in differ-
ent directions, each with a different angle of diffraction. This effect pro-
duces a form of structural colouration. The angles at which the beams
are diffracted depend on several factors, including the angle at which
the light waves strike the grating, the distance between the diffract-
ing elements on the grating (i.e. the grooves), and the wavelength of
the light. The diffraction grating can be placed on either a reflective
(reflection grating) or transparent surface (transmission grating). More-
over, the gratings with wider groove spacings are called echelle gratings.
They are mainly used for high angles in diffraction orders (Hutley, 1982;
Palmer, 2020). Figure A.1 illustrates the incident light coming on a re-
flective grating and being diffracted into discrete directions. Each groove
spaced at a distance of d can be viewed as a tiny and slit-shaped source
of diffracted light. All angles are measured from the grating normal
(dashed line perpendicular).
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Figure A.1: Illustration of a reflective grating diffracting an incident
beam. Each groove is spaced of a distance d. All angles are calculated
from the grating normal, i.e. the vertical dashed line (Palmer, 2020).

Based on the wavelength of the light (λ), the incident (α) and emer-
gent (β) angles and the groove spacing (d) of the diffraction grating,
the grating equation describes the angular location at which construc-
tive interference takes place, i.e. when diffracted lights have the same
frequency and phase leading to an increase in the overall amplitude of
the resulting wave (Hutley, 1982; Palmer, 2020). The integer m is the
so-called diffraction order.

mλ = d(sinα+ sinβ) (A.2)

The Littrow configuration is a specific case where the incident α and
diffraction β angles are the same, i.e. the light is diffracted toward its
same incident direction. Additionally, the α and β angles are equal to
the Blaze angle θ. This angle corresponds to the angle at which the
grooves are inclined with respect to the grating surface. Therefore, the
angle between the normal of the grooves and the normal of the grating
surface is also the Blaze angle (Hutley, 1982; Palmer, 2020). In this
configuration, the grating equation becomes

mλ = 2dsinα = 2dsinθ (A.3)
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Concerning the LNO channel, the echelle grating is used in near Littrow
configuration. This means the incident and diffracted beams are sepa-
rated. To do that, the grating is slighty tilted causing both beams to
form a minor angle with the plane that is perpendicular to the grating
surface and grooves. Moreover, there is a small deviation of the incident
angle from the Blaze angle in the plane normal to the grooves and the
surface (Neefs et al., 2015).

A.3 LNO spectral calibration

The analytical pixel number-wavelength relation mentioned in Sec-
tion 2.3.1 is defined by a second-order polynomial,

ν = (A× p2t +B × pt + C)×m (A.4)

where ν is the wavenumber of the pixel, m is the diffraction order and
pt is the temperature-corrected pixel number. To account for the effect
of temperature on the pixel shift (see Section 2.2.3 and Annexe A.1), a
linear relationship is defined as

pt = p+D × t (A.5)

with p, the pixel number (from 0 to 320), t, the instrument temperature
and the coefficient D given the pixel shift per degree Celsius due to the
possible thermal background. The temperature-corrected pixel number
relation is assumed to be constant for all orders.

Recent estimations have determined the value of D to be −0.85,
which is in agreement with earlier approximations of −0.75 (Liuzzi et al.,
2019; Cruz Mermy et al., 2022) and −0.83 (Thomas et al., 2022a). The
different values can be explained by the number of full scans used, as
these are continuously increasing. Regarding the coefficients in equa-
tion A.4, i.e. A, B and C, they are obtained through a quadratic fit of
the relation between the center of solar lines (p0) and the correspond-
ing central wavenumber divided by the selected order, i.e. ν0/m. Table
A.1 reports the last results of the retrieved coefficients for the spectral
calibration. The calibration error for the position of lines is always less
than one single pixel.
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A B C D

3.94e−9 5.61e−4 22.47 −0.85

Table A.1: Retrieved coefficients for the LNO spectral calibration (per-
sonnal communication with Ian Thomas).

Thanks to the pixel number-wavelength relationship (see Equation
A.4), it is possible to correlate the radio frequency A applied to the
AOTF in terms of selected wavelengths, through the AOTF tuning re-
lation (see Equation A.1) (Mahieux et al., 2008, 2009). By scanning the
different orders, the depth of selected solar lines can be analysed through
the AOTF frequency (see Section 2.3.1). This determines the frequency
at which solar line intensity reaches maximum sensitivity. The variation
of the AOTF frequency modifies the depth of a solar line. Analysing the-
ses variations enables to determine the AOTF transfer function (TF),
which can be fitted by a theoritical model. For the LNO channel, the
model adopted for the AOTF transfer function is a combination of a
sinc-squared function with a Gaussian function (Liuzzi et al., 2019; Cruz
Mermy et al., 2022).

TF = Fsinc + FGauss + Fcont

Fsinc = I0w
2
sin

(
π(ν−ν0)

w

)2

π2(ν − ν0)2

FGauss = IG exp

(
−(ν − ν0)

2

σ2
G

)
Fcont = q + n(ν − ν0)

(A.6)

where,

• ν0: AOTF transfer function center (cm−1)

• I0: amplitude of the sinc-squared function

• w: location of the first zero-crossing of the sinc-squared function

• IG: amplitude of the Gaussian function

• σG: standard deviation

• q and n: offset parameters of the continuum
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Finally, the shape of the measured spectral continuum results from
the incoming continuum from the Martian surface modulated by the
shape of the AOTF transfer function (see Equation A.6) and the grat-
ing efficiency, which is defined by a sinc-squared function. This is called
the Blaze function (Engman and Lindblom, 1982).

FBlaze = w2
p

(
sin π(p−p0)

wp

)2

π2(p− p0)2
(A.7)
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The Snow, Ice, and Aerosol
Radiative (SNICAR) model

Initially developed for H2O snow on Earth (Flanner et al., 2007),
the SNow Ice and Aerosol Radiation (SNICAR) tool has been extended
to compute CO2 and H2O ice albedo under the Martian conditions
(Singh and Flanner, 2016). It provides a framework to understand and
quantify the effects of various factors, such as the observation condi-
tions, i.e. the solar zenith angle, the grain size, the ice layer thickness,
the type and concentration of impurity, on the surface ice albedo. The
SNICAR model is continually evolving, with updated versions incor-
porating new parameterisations and improvements based on observa-
tional data and experimental studies. The tool is publicly available at:
https://github.com/mflanner/SNICARv3.

In order to simulate surface ice albedo, the model is based on the
two-stream approximation in the multiple scattering regime (Toon et al.,
1989), with the delta-hemispheric mean approximation (Wiscombe, 1977).
Moreover, the model takes advantage of the Mie theory, describing the
scattering of light independently of the wavelengths by spherical parti-
cles, which are caracterised by their size (Bohren and Huffman, 1998;
Liou, 2002). A fundamental physical property of particles is their re-
fractive index, which determines their ability to absorb and/or scatter
light. Defined as the ratio of the speed of light in vacuum to the speed
of light in the material, the refractive index is composed of a real and
imaginary part, representing the scattering and absorption respectively
(He and Flanner, 2020). The SNICAR model uses the H2O ice refrac-
tive indices from Warren and Brandt (2008) and the ones of CO2 ice
from Hansen (2005). Considering impurities such as Martian dust, the
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refractive indices come from Wolff et al. (2009, 2010).

Figure B.1: Variation of the H2O ice albedo spectrum due to the increase
of the CO2 ice layer on the top, under the following conditions: SZA =
0◦, H2O ice layer thickness = 3 cm, H2O ice density = 900 kg/m3, CO2

ice density = 1500 kg/m3, grain size = 100 µm, surface albedo = 0.2.
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Figure B.2: Illustration of ice composition. Originally, the tool allows to
define homogeneous layers superimposed with CO2 ice on H2O ice (left)
and H2O ice on CO2 ice (middle). We added a third option: mixture
composed of CO2 ice and H2O ice with dust impurities (right).

The tool contains 480 spectral bands, ranging from 0.2 to 5.0 µm,
with a spectral resolution of 10 nm. As an example, Figure B.1 shows
how the spectral albedo of a homogeneous H2O ice layer can vary by
adding CO2 ice on the top. Nevertheless, the model is restricted to ho-
mogeneous layers. As these conditions are not always satisfied on Mars
(see Section 4.4.2 and 4.5.2), we implemented heterogeneous layering in
the code with the assistance of Deepak Singh and Mark Flanner, the
authors of the SNICAR model. It is now possible to define layers com-
posed of CO2 ice and H2O ice, and also incorporate impurities such as
dust (see Figure B.2). This hence gives a global perspective and a bet-
ter understanding of how albedo spectra can change in pure ice or in a
mixture (see Figure B.3).
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Figure B.3: Upper (bottom) panel shows the variation of the CO2 ice
(H2O ice) albedo spectrum by adding H2O ice (CO2 ice) impurities.
Same conditions as Figure B.1.
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Vandaele, A. C.: Evaluation of the capability of ExoMars-TGO
NOMAD infrared nadir channel for water ice clouds detection on
Mars, Europlanet Science Congress 2022, Granada, Spain, 18-23
Sep 2022, EPSC2022-946, https://doi.org/10.5194/epsc2022-946,
2022.

13. Oliva, F., D’Aversa, E., Bellucci, G., Carrozzo, F. G.,Ruiz Lozano,
L., Karatekin, O., Daerden, F., Thomas, I., Ristic, B., Patel, M.,
Lopez-Moreno, J.-J., Vandaele, A. C., and Sindoni, G.: Minimum
Noise Fraction analysis of ExoMars/TGO NOMAD-LNO channel
nadir data: SNR enhancement and application, Europlanet Sci-
ence Congress 2022, Granada, Spain, 18-23 Sep 2022, EPSC2022-
561, https://doi.org/10.5194/epsc2022-561, 2022.

14. Oliva, F., D’Aversa, E., Bellucci, G., Carrozzo, F. G.,Ruiz Lozano,
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et l’Activité. In Mars Express: The Scientific Payload, volume 1240,
pages 37–49. ESA, ESA Publications Division.

Bierson, C. J., Phillips, R. J., Smith, I. B., Wood, S. E., Putzig, N. E.,
Nunes, D., and Byrne, S. (2016). Stratigraphy and evolution of the



190 Bibliography

buried CO2 deposit in the Martian south polar cap. Geophysical Re-
search Letters, 43(8):4172–4179.

Bills, B. G. and Nerem, R. S. (2001). Mars topography: Lessons learned
from spatial and spectral domain comparisons of Mars Orbiter Laser
Altimeter and U.S. Geological Survey data. Journal of Geophysical
Research: Planets, 106(E12):32915–32925.

Boardman, J. W. (1992). SIPS User’s Guide Spectral Image Processing
System, Version 1.2. Center for the Study of Earth from Space.

Boardman, J. W. and Kruse, F. A. (1994). Automated spectral analysis:
A geological example using AVIRIS data, north Grapevine Mountains,
Nevada. In Proceedings of the 10th Thematic Conference on Geologic
Remote Sensing, pages I–407–I–418. Environmental Research Insti-
tute of Michigan.

Bohren, C. F. and Huffman, D. R. (1998). Absorption and Scattering of
Light by Small Particles. WILEY-VCH Verlag GmbH & Co. KGaA.

Bonev, P. B., James, P. B., Bjorkman, J. E., and Wolff, M. J. (2002).
Regression of the mountains of mitchel polar ice after the onset of a
global dust storm on mars. Geophysical Research Letters, 29:2017.

Braude, A. S., Montmessin, F., Olsen, K. S., Trokhimovskiy, A., Ko-
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Etxeberria, I., Gondet, B., Wood, S., et al. (2021). An extremely
elongated cloud over Arsia mons volcano on Mars: I. Life cycle. J.
Geophys. Res. Planets, 126(7):e2020JE006517.

Herr, K. and Pimental, G. (1969). Infrared absorptions near three mi-
crons recorded over the polar cap of Mars. Science, 166(3907):496–499.

Hess, S. L., Henry, R. M., and Tillman, J. E. (1979). The seasonal
variation of atmospheric pressure on Mars as affected by the south
polar cap. Journal of Geophysical Research, 84:2923–2927.

Hess, S. L., Ryan, J. A., Tillman, J. E., Henry, R. M., and Leovy, C. B.
(1980). The annual cycle of pressure on Mars measured by Viking
landers 1 and 2. Geophysical Research Letters, 7:197–200.

Hutley, M. C. (1982). Diffraction gratings. Techniques of Physics, 6:76.

International Astronomical Union (2013). Proceedings of the Interna-
tional Astronomical Union. volume 10.

Iwasaki, K., Saito, Y., and Akabane, T. (1986). Martian south polar cap
1973. Publications of the Astronomical Society of Japan, 38(2):267–
275.

James, P., Malolepszy, K., and Martin, L. (1987). Interannual variability
of Mars’ south polar cap. Icarus, 71(2):298–305.

James, P., Martin, L., Henson, J., and Birch, P. (1990). Seasonal re-
cession of Mars’ south polar cap in 1986. Journal of Geophysical
Research, 95(B2):1337–1341.

James, P. B., Briggs, G. A., Barnes, J. R., and Spruck, A. (1979). Sea-
sonal recession of mars’ south polar cap as seen by viking. Journal of
Geophysical Research, 84:2889–2922.

Jiang, C., Jiang, Y., Li, H., and Du, S. (2023). Initial results of the
meteorological data from the first 325 sols of the Tianwen-1 mission.
Scientific Reports, 13(1):3325.

Jones, K. L., Arvidson, R. E., Guinness, E. A., Bragg, S. L., Wall,
S. D., Carlston, C. E., and Pidek, D. G. (1979). One Mars Year:
Viking Lander Imaging Observations. Science, 204(4395):799–806.



202 Bibliography

Jordan, R., Picardi, G., Plaut, J., Wheeler, K., Kirchner, D., Safaeinili,
A., Johnson, W., Seu, R., Calabrese, D., Zampolini, E., Cicchetti, A.,
Huff, R., Gurnett, D., Ivanov, A., Kofman, W., Orosei, R., Thompson,
T., Edenhofer, P., and Bombaci, O. (2009). The Mars express MAR-
SIS sounder instrument. Planetary and Space Science, 57(14):1975–
1986.

Kahn, R. (1984). The spatial and seasonal distribution of Martian clouds
and some meteorological implications. Journal of Geophysical Re-
search: Space Physics, 89(A8):6671–6688.

Kahre, M. A., Hollingsworth, J. L., Haberle, R. M., and Wilson, R. J.
(2015). Coupling the Mars dust and water cycles: the importance
of radiative-dynamic feedbacks during northern hemisphere summer.
Icarus, 260:477–480.
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