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Abstract

NOMAD and PFS are two infrared spectrometers for atmospheric analysis respec-
tively onboard Esa’s Trace Gas Orbiter and Mars Express satellites. PFS has two
channels: the Long-Wavelength channel (LWC), which works in the (5.5, 45) m
spectral range, and the Short Wavelength channel (SWC), which works in the (1.2,
5.7) m spectral range. NOMAD has instead two nearly twin channels, the SO and
the LNO, which work in the (2.3, 4.3) m spectral range in solar occultation and
nadir geometries, respectively, plus a UVIS channel in the ultraviolet. The LNO,
and the two channels of PFS have been used to obtain a global and extensive clima-
tology of the main trace gases of climatological interest in the Martian atmosphere,
i.e. water vapour and carbon monoxide. Then, the joint observations of these two
instruments have been exploited to obtain cross-information and validation of the
two datasets.

A rst e ort has been done in developing an algorithm for the computation of
the absorption coe cients of water vapour and carbon monoxide in an atmosphere
of carbon dioxide. The approach used is the line-by-line with a Voigt pro le, us-
ing the parameters from the HITRAN 2016 database (Gordon et al., 2017) and
from Gamache et al. (2016) and Brown et al. (2007). For each species, the ab-
sorption coe ciens have been computed for a set of 15 atmospheric pro les that
cover all the possible pressure-temperature conditions one can nd on Mars in or-
der to build a reference database to be used for later interpolation on the speci c
temperature-pressure pro les associated to the various measurements. These ab-
sorption coe cients have been used as key input for computation of synthetic spec-
tra to best- t the observed LNO and PFS spectra. The other input atmospheric
parameters (Temperature-Pressure pro les, integrated dust and ice opacities) are
extracted from the general circulation model MCD v5.3 (Forget et al., 2017) for the
LNO dataset, and retrieved from the LWC (Grassi et al., 2005) for the PFS dataset.
The forward model used in this analysis is provided by the radiative transfer software
ARS developed by Ignatiev et al. (2005). Water vapour has been retrieved from the
PFS LWC using the Levenberg-Marquardt algorithm in the 310.4-500.0 cm * (20-
32.21 m) spectral range, and from the NOMAD LNO orders 167 (3752.96 cm 1,
3782.91 cm 1), 168 (3775.89 cm 1, 3806.03 cm 1), and 169 (3797.90 cm 1, 3828.20
cm 1) using the Optimal Estimation Method with a Bayesian approach. The car-
bon monoxide has been retrieved by applying the Optimal Estimation Method to
both instruments’ database, using the PFS SWC in the 2000.0-2220.0 cm ! (4.51-5

m) spectral range and the NOMAD LNO orders 189 (4247.77 cm 1, 4281.67 cm 1)
and 190 (4270.17 cm 1, 4304.26 cm 1). The codes have been written in Interactive
Data Language (IDL), and run on a Rack Server with 8 Intel Xeon Gold processors
running at 2.4 GHz with a total of 144 cores and 288 threads fully dedicated to
the retrievals. In order to optimise the consumption of time, the retrievals ran with
a parallelization scheme which takes advantage of the whole set of available cores.
The retrieval is able to obtain the water integrated abundance and carbon monoxide
volume mixing ratio with an uncertainty typically lower than 15% for PFS and 20%
for LNO retrievals.

The whole dataset of PFS has been processed, obtaining a global climatology of
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the two trace gases for about 10 Martian Years between MY 26 and MY 35, which is
the most extended and continuous Martian atmospheric dataset to date. The LNO
has a much shorter dataset, obtained between the end of MY 34 and the beginning
of MY 36, but it allowed to analyse the water vapour for more than one Martian
year for the rst time using this instrument. Finally, simultaneous observations
of the two instruments have been exploited for the rst time. Joint observations
allow a direct and precise comparison of the abundances of the trace gases which
can be used to cross-validate the results, obtained with instruments which are very
di erent and operates at di erent spectral regions. The main climatological features
have been recognised both for H,O and for CO, analysed from a qualitative and
quantitative point of view, and compared to model predictions and previous results
providing climatology maps, spatial maps, and comparison maps.

The water vapour is substantially absent in the polar regions during both north-
ern and southern winter, reaching values 0 pr- m, whilst it has its maxima during
polar summer where it reaches values up to 64 9.6 pr- m (PFS) or 67 13
pr- m (LNO) in the northern hemisphere and 30 4.5 pr- m (PFS) or 33 7
pr- m (LNO) in the southern hemisphere. After the northern summer peak the
water vapour is transported equatorwards, and a specular but much less intense
feature is present at Ls 240 . This feature is present both in PFS and LNO data,
but from a quantitative point of view, LNO retrievals show a little water increase
with respect to PFS retrievals, up to 9 pr- m. The di erence is not present at
midlatitudes, where the mean water abundance is always 10 1.5 pr- m when
retrieved with PFS and 10 2 pr- m when retrieved with LNO. The comparison
between PFS and LNO results has been further investigated using the 184 joint
measurements of the two instruments. Compared to NOMAD, PFS retrieves slight
less water vapour, by about  2-3 pr- m on average. This di erence, which is sys-
tematic and non negligible regardless of the input used (MCD or PFS itself) shows
a trend, with the di erence increasing as the absolute abundance increases, and this
means that the di erence is due to a multiplicative factor of 20% rather than to a
systematic summation term. Nevertheless, PFS and LNO retrieval datasets should
be de nitely considered in good agreement within the experimental uncertainties,
both from a qualitative and quantitative point of view. The results have also been
compared to those obtained by other instruments, including TES/MGS (Smith,
2004), CRISM/MRO (Smith et al., 2018), and SPICAM/MEX (Trokhimovskiy et
al., 2015), obtaining a general good agreement in trends and abundances with mi-
nor di erences due, for example, to a di erent treatment of the scattering regimes.
In any case and for every instrument, the water vapour extracted from MCD at
the main summer peak is much higher than the retrieved abundance, suggesting
that the model overestimates the rate or the overall amount of H,O sublimation in
northern polar summer.

As far as CO is concerned, a characteristic pattern with two equatorial peaks
and two summer minima of mixing ratio has been obtained with both instruments.
Main equatorial peak is up to 1010 153 ppmv (PFS) or 1054 210 ppmv (LNO)
at the end of northern summer, whilst the secondary peak is up to 850 127 ppmv
(PFS) or 858 172 ppmv (LNO). The two seasonal minima are down to 375
56 ppmv (PFS) or 400 80 ppmv (LNO) during southern summer, and 600 90
ppmv (PFS) or 660 132 ppmv (LNO) during northern summer. The southern
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winter maximum predicted by the models has also been observed for the rst time
in the PFS dataset. The general spatial agreement between PFS and LNO is good,
but there are some di erences. Both instruments see strong seasonal and spatial
gradients which are not correlated with topography. The deepest depletions of CO
abundance are observed during northern spring and southern spring/summer, but
generally the depletion is stronger in the south than in the north. At southern
latitudes the longitudinal variation is very weak during that season, whilst it is
stronger in the northern hemisphere, where the extension of the minimum varies
more longitudinally. The depletion in the northern hemisphere is latitudinally more
spread than in the southern hemisphere, but the two instruments do not see the
same extension. Using PFS the southern CO depletion is con ned between 60 S
and the pole, whilst in the north it extends down to 30 N in Vastitas borealis.
With LNO the abundance is systematically higher than PFS at this latitudes by
about 50 ppmv during the summer low. The global average is 800 ppmv, which
is consistent with previous literature. The only instrument which retrieved carbon
monoxide extensively is CRISM (Smith et al., 2018), and there is a geneneral very
good agreement between PFS, LNO, and CRISM results. Actually all the CO re-
sults of PFS and LNO are in extremely good agreement, well within the estimated
uncertainty, and this is con rmed also by the 33 joint observations here analysed,
with no particular trends or bias due to the di erent inputs. An additional com-
parison between PFS and the results from Mars Science Laboratory (Trainer et al.,
2019), con rmed this results, showing a similar trend for CO. Moreover, LNO, PFS
and MSL see the main peak position which is 15 later in solar longitude than the
model MCD, suggesting slower physical mixing of air masses than predicted by the
models.
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Chapter 1

Introduction

Mars has always been one of the main planetary targets for robotic exploration and
for ground-based studies. Among the others, one of the main reasons is that it
plays a key role in comparative studies with the Earth. Both planets share indeed
some properties like rapid rotation, a thin atmosphere dominated by radiative ex-
change with the surface, and a seasonal cycle. In addition, there are astonishing
and increasing evidences about a past in which Mars was much more Earth-like
than today. Long time ago, liquid water ews on the surface, in oceans, lakes and
rivers; the air was warmer, wetter and much denser than today. This was the same
epoch in which life appeared on Earth, and hence it is not possible to exclude that
it appeared also on Mars. If life occurred also on the Red Planet, it may have
left some sign somewhere. After that period, Mars began to lose its atmosphere,
gradually losing its habitability. Today Martian atmosphere is just a fraction of
the Earth’s one, water cannot be stably in liquid phase, and the planet turned to a
global hyperarid desert.

Nevertheless, the Red Planet remains the most hospitable planetary neighbour
we have and the probable next step in manned exploration (and, being more dream-
ers, colonization) of the Solar System. Therefore, a detailed knowledge and charac-
terization of the Martian environment, in addition to the obvious scienti c, plane-
tary and astronautical interest, may be a practical necessity for the future.

The interest in Mars began in ancient times, maybe along with the interest in
Astronomy. Its clear reddish colour led many civilizations to associate it with the
war, and the name we are currently using comes from the Roman God of War.
Early astronomers may have been a bit confused by the motion of Mars in the Sky.
Once in a while it appeared to loop, apparently going in the opposite way to the
normal west-to-east motion. After Copernican Revolution of 1543, which placed the
Earth in the correct position of the Solar System, we understood that this was just
a prospective issue due to the orbital relative motions of the two planets. Before
that, astronomers needed a complex system of epicycles and deferents to explain
that.

Galileo Galilei observed Mars through its small and low-quality telescope, and
he could see no more than a reddish patch on the sky. By 1659 Christiaan Huygens
created an albedo marking map, from which it was possible to calculate a rotation
period of about 24 hours. By 1666 Cassini observed the bright polar caps for the rst
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time, and his nephew, Giacomo Maraldi, continued their observations for decades,
characterizing their variation with time. Sir William Herschel calculated that the
tilt of Martian rotation axis is about 30 from the perpendicular to its orbit, leading
to a seasonal cycle like that of the Earth. In addition, he performed a more precise
estimate of the planet’s rotation period, which turned out to be 24 hours 39 minutes
21.67 seconds. Herschel also deduced the presence of a thin atmosphere from the
motion of what he correctly interpreted as clouds.

In 1840, Johan von M dler and Wilhelm Beer published the rst Martian map
and reduced the rotation period of Mars by a couple of minutes (24 hours 37 minutes
22.6 seconds, about the nowadays accepted value). Several Martian maps were made
in the sequent years, but the one which is widely responsible for current Martian
nomenclature is the one Giovanni Schiaparelli made during the 1877 close-encounter.
Schiaparelli spotted some dark lines on the surface which he called canali, an Italian
word which was translated to canals (arti cial) instead of channels (natural), giving
rise to a long debate about the presence of intelligent beings on Mars. This idea
was strongly defended by Percival Lowell, who founded the Lowell Observatory just
to observe these canals that the Martians would have built to bring water from
the polar regions to the equator. Canals would not be resolvable from Earth-based
telescopes, so Lowell thought that the dark lines were composed of vegetation around
them. Not all the scientists were convinced of this hypothesis, and the debate about
Martian canals continued until the space exploration era, in the second half of the
XX century.

Space sector interest in the Red Planet can be divided into two main waves:
1962-1982, and 1997-today.

The rst wave was strictly related to the rising space industry (Sputnik | was
launched in 1957). In 1965 Mariner 4 probe ew by Mars, transmitting to Earth the

rst radio signal through Martian atmosphere (it actually was the rst space-based
remote sensing analysis of Mars). Mariner 4, 6, and 7 transmitted lot of images
from the Southern Hemisphere, revealing a cratered surface and channel-like struc-
tures (which were not canal-like structures). Satellite and Earth-based observations
of Mars during the 60’s brought to understand that the Martian atmosphere was
tenuous, mainly composed of CO», and around a desert surface. First general cir-
culation models, adaptation of Earth models to the Red Planet conditions, began
to appear. Mariner 9 probe inserted into Martian orbit in 1971, during a global
dust storm event, that in this way was studied for the rst time. When the storm
ended, it became possible to study the planet in detail, its polar caps, cratering,
and valleys network.

In 1975 Viking 1 and 2 probes were launched. They arrived at Mars in 1976
with a couple of orbiters and landers which had the main goal to search for evidence
of life (and did not nd it). Viking missions obtained data until November 1982,
considerably increasing our understanding of the planet. The mission found out that
on the Martian surface there were a number of evidences for past water, like valleys
and out ow channels, got data on volcanoes understanding that they are Hawaiian-
like shields, discovered a lot about the polar caps, topography, dust storms, and
atmospheric thermal structure and composition.

After Viking programme, for about 20 years the interest in Mars diminished,
with the only exception of the failed Mars Observer mission, lost in 1991. In 1997
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the success of the Mars Path nder (a lander-rover couple) opened a new epoch for
Martian exploration, which is still running today. In 1998 the Mars Global Surveyor
began its 8 years long observation of the planet. Mars Odyssey was launched in
2001, Mars Exploration Rovers (Opportunity and Spirit) and Mars Express (MEX)
in 2003, Mars Reconnaissance Orbiter in 2005, Phoenix Lander in 2007, Mars Sci-
ence Laboratory (Curiosity) Rover in 2011. In 2014 Mars Atmosphere and Volatile
Evolution (MAVEN) was launched, in the same year of the Indian Mars Orbiter
Mission (MOM) and of the ESA’s Trace Gas Orbiter (ExoMars). First Martian
sysmological mission, NASA’s InSight, landed in 2018. Most recently, in 2020 3 Mar-
tian missions were launched: the United Arab Emirate’s Mars Hope, the CNSA’s
Tianwen-1, and NASA’s Perseverance. Nowadays, on Mars TGO, MAVEN, MOM,
Curiosity, MRO, MEX, InSight, Perseverance, Tianwen-1, Mars Hope, and 2001
Mars Odyssey are still active, creating a big information network around the Red
Planet.

The interest in Mars does not seem to be decreasing: in 2022 the second part
of the ESA’s ExoMars mission (Rosalind Franklin rover) will be launched. In 2024
both indian MOM2 and JAXA’s Mars Moons Exploration, the rst sample-return
from Phobos, are planned for launch. Even Werner Von Braun thought of Martian
manned exploration as a natural consequence after lunar exploration, but in these
years this thought is becoming more concrete. ESA and NASA are planning to send
a man on Mars in the 30’s of the XXI century. CNSA project to do that in the
period between 2040 and 2060, Roscosmos in the 2040-2045 window. SpaceX says
it will begin colonization of the Red Planet in these decades.

The present Ph.D. thesis takes place in this explorative framework. The main
goal of my project is to retrieve water vapour and carbon monoxide abundances
exploiting joint observations from Planetary Fourier Spectrometer (PFS) onboard
Mars Express, and NOMAD onboard Trace Gas Orbiter (ExoMars). After this
brief introduction, Chapter 2 will explore planet Mars, its main orbital and bulk
characteristics, with a focus on Martian atmosphere and in particular on the chem-
ical species analysed in this work. Chapter 3 will deal with Radiative Transfer
and Spectroscopy, with a focus on planetary atmospheres. Chapter 4 will describe
in detail ExoMars and Mars Express missions, with the main focus on Planetary
Fourier Spectrometer (PFS/MEx) and NOMAD/TGO instruments. In that Chap-
ter, also the dataset of these instruments and their calibration status will be de-
scribed. Chapter 5 deals with the methods applied to pursue the goals of this work:
the tting algorithms, the radiative transfer software and the approximations made,
the uncertainty estimation and any other detail which is needed to explain the work.
Finally, Chapter 6 will show and discuss the results, whilst Chapter 7 is a conclusive
summary of the whole work.

1.1 Acronyms
AOTF: Acousto-Optical Tunable Filters

CNSA: China National Space Agency

ESA: European Space Agency
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GCM: General Circulation Model

GDS: Global Dust Storm

IR: Infrared

JAXA: Japan Aerospace Agency

LM: Levenberg-Marquardt method
LNO: Limb, Nadir, and Occultation channel
LWC: Long Wavelength Channel

LTE: Local Thermal Equilibrium
MCD: Martian Climate Database

MEXx: Mars Express

MRI: Magneto Rotational Instability
MY: Martian Year

NASA: National and Aerospace Agency
NOMAD: Nadir and Occultation for Mars Discovery
OEM: Optimal Estimation Method
PFS: Planetary Fourier Spectrometer
RTE: Radiative Transfer Equation
SNR: Signal to Noise Ratio

SO: Solar Occultation Channel

SWC: Short Wavelength Channel
TGO: Trace Gas Orbiter

UV: Ultraviolet

UVIS: Ultraviolet and Visible channel



Chapter 2

Mars

In the rst Section of this Chapter, an overview on Martian orbital, evolutionary
and bulk characteristics will be provided. The second Section will focus in deep
detail on Martian atmosphere, on its characteristics and on its dynamics.

2.1 Planet Mars

2.1.1 Orbit and rotation

From the Sun, Mars is the fourth planet of the Solar System and the most exter-
nal terrestrial planet, with an average distance of 1.5237 AU and an eccentricity of
0.0934 (Barlow, 2008). This eccentricity generates a big di erence between perihe-
lion and aphelion, which are at about 1.381 AU and 1.666 AU, respectively (Barlow,
2008).

Table 2.1. Mars orbital parameters in comparison to the ones of the Earth (Credits:
NASA/NSSDC).

Ratio
Mars Earth (Mars/Earth)

Semimajor axis (10° km) 227.92  149.60 1.524
Sidereal orbit period (days) 686.980 365.256 1.881
Tropical orbit period (days) 686.973 365.242 1.881
Perihelion (105 km) 206.62  147.09 1.405
Aphelion (1(]6 km) 24923 152.10 1.639
Synodic period (days) 779.94 - -
Mean orbital velocity (km/s)  24.07 29.78 0.808
Max. orbital velocity (km/s) 26.50 30.29 0.875
Min. orbital velocity (km/s) 21.97 29.29 0.750
Orbit inclination (deg) 1.850 0.000 -
Orbit eccentricity 0.0935 0.0167 3599
Sidereal rotation period (hrs) 24.6229 23.9345 1.029
Length of day (hrs) 24.6597 24.0000 1.027
Obliquity to orbit (deg) 25.19 23.44 1.075

Inclination of equator (deg) 25.19 23.44 1.075
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Mars has two small satellites, Deimos (6.20  0.18 km mean radius, Seidelmann
et al., 2007) and Phobos (11.10  0.15 km mean radius, Seidelmann et al., 2007),
which are not able to stabilize its rotational motion like our Moon does over Earth.
Hence, on a million years scale, the axis wobbles from about 0 to an extreme
44 due to inclination instability. Currently the axis is inclined by about 25 with
respect to a normal to the ecliptic. This inclination, so similar to the one of the
Earth (about 23.5 ), produces a very similar seasonal pattern.

A Martian year lasts 668.6 Martian solar days (687 Terrestrial days, about 1.88
Terrestrial years). Martian years (MY) are labelled after the (arbitrarily chosen)
Northern spring equinox of 11t April 1955, which de nes MY1. MYO is the previ-
ous one (24™ May 1953) and negative numeration is allowed. The position of Mars
throughout the year is identi ed by the Sub Solar Longitude, usually labelled as Ls,
which is the angle between the Sun and Mars. When Lg = 0, the Northern hemi-
sphere undergoes Spring Equinox and in the South the Autumn begins, whilst the
reverse is true when Lg = 180 . Longitudes 90 and 270 de ne instead the northern
and southern summer solstices, respectively. Mars perihelion occurs at about Lg =
250 , close to the northern summer solstice. Due to the orbital eccentricity, seasons
on Mars have di erent lengths: northern spring lasts for 199.6 Earth days, northern
summer for 181.7 Earth days, northern autumn for 145.6 Earth days, and north-
ern winter for 160.1 Earth days. Earth and Mars are in opposition approximately
every 779 Earth days (about 2 years and 2 months), but the closest approach may
be variable near opposition due to the di erences in eccentricity and inclination
(about 1.85 ) between Mars and our planet. Earth-Mars distance during opposition
varies between 0.37 and 0.68 AU (seen from Earth, this corresponds to an apparent
diameter of 14 and 25 , respectively).

2.1.2 Bulk properties

Among terrestrial planets, Mars is the third in dimension. Its mean radius is 3389.5

0.2 km (equatorial radius 3396.19 0.1 km, mean polar radius 3376.2 0.1 km,
Archinal et al., 2018), about a half of that of the Earth and Venus but one third
more than Mercury. The mass of the planet is 6.4185 x 10%° kg, only about 11% of
the mass of the Earth, and its volume is 1.6318 x 10 km3. This means that the
mean density is 3933 kg m 3, a value expected for a rocky body with a small iron
core.

Mars sidereal rotation period is 240 37M 22655, about 40 minutes more than
terrestrial rotation. From Vikings missions on, a Martian solar day is named Sol to
avoid confusion with Earth days and it lasts 24" 29™ 35S, As for most Solar System
planets, also Mars has a prograde rotation (counter clockwise when seen from above
the ecliptic), so the Sun goes from East to West also in Martian skies. The precession
rate is 7576 35 milli-arcseconds per year, which brings to rate of change of
right ascension and declination respectively of 0:1061 per century and 0:0609
per century (Folkner et al., 1997). The maximum elevation on Mars’ surface with
respect to a best tting ellipsoid is 22.64  0.10 km, whilst the maximum depression
is 7.55 0.10 km (Seidelmann et al., 2007).
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Table 2.2.

Mars bulk parameters in

NASA/NSSDC).

Mars
Mass (10*4 kg) 0.64171
Volume (101° km?) 16.318
Equatorial radius (km) 3396.2
Polar radius (km) 3376.2
Volumetric mean radius (km) 3389.5
Core radius (km) 1700
Ellipticity (Flattening) 0.00589
Mean density (kgfms) 3933
Surface gravity (m/s”) 3.71
Surface acceleration (mfsz) 3.69
Escape velocity (km/s) 5.03
GM (x 10° km¥/s?) 0.042828
Bond albedo 0.250
Geometric albedo 0.170
V-band magnitude V(1,0) -1.60
Solar irradiance (mez) 586.2
Black-body temperature (K)  209.8
Topographic range (km) 30
Moment of inertia (UMR?) 0.366
J, (x10°) 1960.45

comparison

to the ones of the Earth (Credits:

Ratio

Earth (Mars/Earth)
5.9724 0.107
108.321 0.151
6378.1 0.532
6356.8 0.531
6371.0 0.532
3485 0.488
0.00335 1.76
5514 0.713
9.80 0.379
9.78 0.377
11.19 0.450
0.39860 0.107
0.306 0.817
0.434 0.392

-3.99 -

1361.0 0.431
254.0 0.826
20 1.500
0.3308 1.106
1082.63 1.811
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2.1.3 Formation and Evolution
Terrestrial planets formation

The information on Solar System formation process may come from various sources,
such as models of planetary evolution (e.g. Canup and Agnor, 2000), the analyses
of meteorites and asteroids samples, and the direct (e.g. Hashimoto et al., 2011) or
indirect (e.g. Andrews et al., 2009) observation of forming stars. Since Mars is a
terrestrial planet, we focus on rocky planets formation in this section.

Generally, planets formation is strictly related to the formation and early evo-
lution of their parent star. We know that the Solar System formed between 4.5 and
4.6 Gya (Bouvier & Wadhwa, 2010) from a giant molecular cloud which collapsed
probably due to an external perturbation. This nebula, known as the pre-solar
nebula, was primarily composed of hydrogen (75% by mass), helium (22%), and
dust (2%) made up of a mix of silicates, organics and condensed ices (Spohn et al.,
2014).

The collapse of the nebula introduced a rotational motion to the cloud. This
rotation is still recognisable in the orbits of planets which, except Venus, orbits in
the prograde direction. Due to the pressure increase the cloud tends to stop its
radial motion, and due to the conservation of angular momentum it tends to atten
on a protoplanetary disk (or proplyd) surrounding the new-born star.

Part of the disk falls on the star through a process of viscous accretion which
subtract mass from the disk at a typical rate of 10 ® solar masses per year (Spohn
et al., 2014). The most likely process responsible of viscous accretion is Magneto
Rotational Instability (MRI; Sano et al., 1999). MRI is the sweeping and the result-
ing increase in orbital velocity of the charged particle coupled to the magnetic eld
of the new-born star. This process generates collisions and hence friction with other
particles, reducing the rotation speed of the uncoupled material of disk and giving
rise to mass falling into the Sun. Charged particles will, instead, move outward since
their orbital velocity increases. MRI is able to explain why planets have only 0.1%
of the mass of the Solar System, but more than 99% of the angular momentum. It
is likely that the MRI is not homogeneously e cient, and some dead zones, where
inward motion is slower and hence gas density increase, may occur (Turner et al.,
2007). Along with MRI, disks also undergo photoevaporation due to the ultraviolet
photons from their central star (Font et al., 2004). We do not know how much
mass was lost during this phase, but the total mass of the planets and bodies of the
Solar System plus the missing volatiles (hydrogen and helium) give to this value a
minimum limit, known as the Minimum-Mass Solar Nebula (MMSN). The MMSN
is estimated to be about 1-10% solar mass (Weidenschilling, 1977).

Dust particles (about 1 m in size or less) may stick together through electro-
static forces. Resulting dipoles may form aggregates up to several centimetres in
size. There are two main models that describe the sequent phase, accounting for
di erent possibilities for the amount of turbulence in the disk. If the system is
not much turbulent, the gravitational forces between particles may bring them to
compact through Gravitational Instability (Youdin and Shu, 2002). If the system
is turbulent, the existence of stagnant zones within the disk may explain the tur-
bulent concentration of mass (Supulver and Lin, 2000). Whatever it is the cause
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of the mass aggregation, the resulting objects are known as planetesimals with size
ranging between 1 and 10 km.

After planetesimals have formed, they got through a phase of runaway growth
(Chambers, 2004): the largest planetesimals tend to become larger at a higher rate
than small planetesimals due to stronger gravitational focusing. Most planetesimals
remains small at this stage, whilst a number of bodies grow much larger, assuming
the name of planetary embryos. Once embryos became large enough, their gravi-
tational force dominates the motion of small planetesimals. This stage is generally
assumed to begin when the following condition is true:

Memb  emb = Mplan  plan (2.1)

where Memp and My an are the typical masses for an embryo and a planetesimal, and
the s are their respective surface densities. This means that the contribution to the
disk mass density due to the embryos is wider than that due to the planetesimals.
When this happens, a phase of oligarchic growth begins: large embryos subract
mass to small embryos, slowing their growth. Embryos sweep an annular region of
in uence called feeding zone and perturb planetesimals into eccentric and inclined
orbits. Planetesimals impact probability increases in this way, generating a new
wave of material for growing embryos. Large embryos perturb the remaining gas,
exchanging angular momentum with it and hence migrating toward the sun (Type-I
Migration).

When embryos had swept roughly half of the solid material, oligarchich growth
ends, but further collisions are needed to form planets with the size of Earth and
Venus (likely to be composites of 10 or more embryos). Mars and Mercury are so
small that they are likely to be individual embryos, but it is not known why Earth
and Venus continued to grow and Mars did not. Maybe the responsible is Jupiter,
since it may have migrated inward towards the Sun and then outward another time
(Grand Tack Model; Brasser et al., 2016), resulting in a material depletion in the
feeding zone of Mars.

Atmospheres around terrestrial planets may have been captured from the new-
born planets directly from the remainder of the solar nebula, or due to the impacts
of bodies rich in volatiles, such as the comets.

Areography and Areology

Mars history is subdivided into three main geological periods: Noachian (4.5 to
3.5 Gya), Hesperian (3.5 to 3.3 Gya), and Amazonian (3.3 Gya to today). The
boundaries between these periods are de ned by surface and geological features
such as impact cratering rate (McSween et al., 2019).

Noachian terrains are the oldest, most cratered ones (Irwin et al., 2013), since
they formed during the Late Heavy Bombardment period (Gomes et al., 2005).
Based on crater densitiy, it is subdivided into early (4.5 to 3.95 Gya), middle (3.95
to 3.8 Gya), and late (3.8 to 3.7 Gya) Noachian. There are lot of evidences about
water owing throughout the planet surface in a complex hydrological network and
in a vast northern ocean during the Noachian (e.g. Head et al., 1999). In this
period magmatism was active and extensional tectonics produced grabens. This
period corresponds also to the transition between Earth’s Hadean and Archean
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eons, which is the time in which life appeared on Earth (Mojzsis et al., 1996). So,
since also Mars was probably habitable at the same time, it is not possible to exclude
that life appeared also there in the same epoch. Indeed, to have water owing on
the surface, the atmosphere should be much warmer and denser than today, giving
rise to an e cient global greenhouse e ect (Fanale et al., 1992). In addition, it
is likely that in the Noachian Mars had a global magnetic eld which was able to
protect the atmosphere and the surface from solar and cosmic radiation (Acuza et
al., 2001).

Hesperian is subdivided into early (3.7 to 3.6 Gya) and late (3.6 to 3.0 Gya)
epochs. Hesperian surfaces are characterized by a reduced impact rate, and by
volcanic extrusions which created ridged plains around major volcanic centers (Xiao
et al., 2012). Tectonics was mainly compressional, perhaps related to planet cooling
(Watters et al., 1992). Catastrophic out ow channels produced massive oods which
formed sedimentary deposits and left their signs of passage through surface (Baker
& Milton, 1974). The Hesperian ends when the deposition of sedimentary plains in
the northern lowlands ends.

Finally, the Amazonian is the most recent and the longest period. Also the
Amazonian is subdivided into early, middle and late epochs. It is characterized by
low erosion, low impact cratering, and low volcanic activity. Amazonian uvial fea-
tures, likely formed by melting of snow and ice, are mainly represented by gullies at
high to mid-latitudes (Malin & Edgett, 2000). Anyway, during Amazonian period,
the aeolian activity is the dominant sedimentary agent (McSween et al., 2019).

Regarding spatial orientation, Mars equator is de ned by the rotation, whilst the
Prime Meridian has been arbitrarily chosen as the one which intersects the Airy-0
crater in Sinus Meridiani (Archinal et al., 2002). Usually altitudes are computed
above the mean areoid or above surface.

Mars features naming follow some simple rules (Masursky et al., 1986): albedo
features are named for classical mythology by Schiaparelli and Antoniadi, craters
smaller than 50 km have the name of towns and villages with less than 100,000
inhabitants whilst craters larger than 50 km have the name of scientists and writers
who contributed to the study and to the lore of the planet, small valles have the
classical or modern names of rivers whilst the larger ones have the name of Mars in
various languages.

Cratering features Generally craters may be simple (small, bowl-shaped and
with a rim diameter to depth ratio about 5), or complex (large, complicated mor-
phologies with a rim diameter to depth ratio about 10). On Mars, simple to complex
transition diameter should occur near 10 km, but actually it occur at about 6-8 km
(Garvin et al., 2000; Robbins et al., 2012). It is likely that this reduction is due to
a consistent amount of ice in the subsurface which can reduce the strength of the
surface itself.

Material ejected during crater formation forms the so-called ejecta blanket sur-
rounding the crater. Most impact craters have single-layered, double-layered, or
multiple-layered ejecta, which can be due to the interaction of the ejecta with the
atmosphere and with subsurface volatiles (Barlow et al., 2005).
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THE TOPOGRAPHY OF MARS BY THE MARS ORBITER LASER ALTIMETER (MOLA)

180° -180° -120° -80" 30° 607 90° 120° 150° 180°

Figure 2.1. Very high resolution topographic shaded relief map of Mars, based on the Mars
Orbiter Laser Altimeter (MOLA) data set from the Mars Global Surveyor spacecraft
(Credits: NASA/USGS archive).

Volcanic features Martian volcanic features have been formed throughout its
history, from Noachian to late Amazonian, with recent activity in the Tharsis and
Elysium regions (Werner, 2009).

Generally, the type of feature is strictly related to the properties of the magma,
such as temperature, composition, and viscosity (McSween et al., 2019). Higher
silica (SiO;) concentrations and lower temperatures produce magmas which are
more viscous than those with lower silica content and higher temperatures. The
higher is the viscosity the more the magma can be explosive. Since low-viscosity
magmas do not explode, they produce low-sloped structures called shield volcanoes
which can grow without collapsing for long times. On Mars, in the Tharsis region,
there is a number of very massive shield volcanoes: the biggest is the Olympus
Mons, and then there are the Ascraeus Mons, the Pavonis Mons, and the Arsia
Mons. These volcanoes are probably of mantle plume origin without plate tectonics
movements (Cheung et al., 2014).

Paterae are dish-shaped irregular craters characterised by low rim slopes and
scalloped edges. On Mars they are primarly concentrated in the southern hemi-
sphere, around Hellas Basin and are thought to be volcanic features related to late
Noachian and early Hesperian volcanic calderae (Crown et al., 1992).

Another volcanic features are the tholi, domical small mountains or hill charac-
terised by steep slopes. They are thought to be small volcanoes, probably shields
whose lower slopes were buried by lava ows (Zimbelman et al., 2015).

Tectonic features The level of tectonic activity on Mars is almost unknown due
to the lack of seismic data before 2019. In that year NASA’s InSight mission began
operations and catalogued hundreds of likely seismic signals (Banerdt et al., 2020).
Mars has a variety of structures that shows its past tectonical activity: grabens,
wrinkle ridges and lobate scarps are present in great abundance throughout the
surface. Many extensional grabens are arranged radially around the Tharsis bulge
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and many wrinkle ridges and lobate scarps are arranged concentrically (Anderson
et al., 2001). Most of the structures are results of both contractional cooling of the
planet and lithospheric loading from the Tharsis province. About half of them have
been formed during the Noachian, so it is likely that tectonic activity peaked in that
period. Mars had more tectonic deformation and for a longer period with respect
to similar-size bodies (like Mercury and the Moon), but the overall deformation is
still very modest (McSween et al., 2019).

Aeolian features Wind is the dominant sedimentary agent on todays Mars (Cutts
& Smith, 1973). Transverse dunes are the most common dunes on Mars, forming
in regions where wind is strong and sand is abundant. Some dunes are still mi-
grating whilst some others are almost inactive (Edgett and Malin, 2000). Saltated
material form an erg around the Martian North Polar Cap, with an associated large
dune eld known as Olympia Planitia. Other common deposition features are wind
streaks: bright streaks usually form in the downwind direction of topographic ob-
stacles such as impact craters, whilst dark streaks can be made of deposited dark
material (Ward et al., 1985).

Fluvial features Nowadays, liquid water cannot exist on the surface due to the
low pressure-temperature values, but it is believed that it was abundant and per-
sistent in the early history of Mars. Liquid water ows probably created branching
valleys, deltas, alluvial fans, lake beds and out ow channels which resembles simi-
lar features on Earth’s surface (Carr, 2012). Valley networks are primarly found in
Noachian terrains and they are constituted by individual channels up to a few kilo-
meters wide and a few hundreds kilometers long, whilst out ow channels are found
instead on Hesperian and Amazonian terrains. Layered deposits are superposed on
many crater and are interpreted as paleolake deposits (Irwin et al., 2005; Wray et
al., 2013). Features similar to fan delta deposits are found within craters (Malin
and Edgett, 2003).

Glacial features Mars have polar caps partly similar to the Earth’s one. Each
polar cap is composed by a permanent cap composed of H,O ice and silicate dust
in the north pole (Langevin et al., 2005) and of H,O ice and silicate dust covered
by 8 meters of CO, ice in the south pole (Nye et al. 2000). Superposed on both
North and South polar caps are seasonal caps which condense between Autumn and
Spring. The North polar cap covers the regions with latitude greater than 80 , is 3
kilometers in height and 1100 kilometers in diameter (total volume between 1.1 and
2.3 x 108 km?3; Zuber et al., 1998; Smith et al., 2001). South polar cap have a height
similar to the North polar cap with respect to surrounding and a volume between
1.2 and 2.7 x 10% km® (Smith et al., 2001). Both caps presents a series of spirals up
to 1 km deep, clockwise in the North one and counter-clockwise in the South one.
They can be due both to preferential sublimation of ice from the sun-facing slopes
(Howard et al. 1982) or to asymmetric distribution of ice ow velocities from the
centre of the cap (Fisher, 2000). The north polar cap shows a sequence of bright and
dark layers, which are thought to correspond to successive deposition and removal
events controlled by the Milankovitch cycles of Mars (Laskar et al., 2002).
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2.2 Martian atmosphere

2.2.1 Atmospheric evolution and todays atmosphere

As previously said, early Mars probably had a hydrosphere similar in some extent
to the Earth’s hydrosphere. Aqueous minerals produced by the interaction between
underground water and volcanic rocks are indicators of di erent surface environ-
ments during Martian evolution with changes in temperature and acidity (Ehimann
et al., 2011; Ehlmann and Edwards, 2014).

Some evidences shows that early Mars also had a global magnetic eld (Acuza et
al., 2001). The loss of this eld due to planet cooling is correlated and probably the
cause of a great atmospheric loss. This loss lead the transition from the early wet
phase to the present deserti cation. Nowadays Martian atmosphere is really tenu-
ous, with surface pressure values about 7-10 Pa (Hess et al., 1977; Spiga et al., 2007),
which is about one tenth of the surface pressure of our planet. In addition to the
signs of past water, also the atmosphere of Mars seems enriched in heavy isotopes,
as it is expected for a substantial past escape (Chasse tre & Leblanc, 2004). Main
mechanisms for atmospheric loss are thermal (Jeans and hydrodynamic) escape and
non-thermal escape (Tian, 2015).

Particles at the top of the atmosphere can escape if their velocities are higher
than the escape velocity. If the atmosphere near the top is in hydrostatic equilib-
rium, local velocity distribution is a Maxwellian:

I’](Z 0 2 2
= ?L(e—gc +1)exp —SF (2.2)
0 0

where is the number of escaping particles, n(z) is the number density at the top
of the atmosphere, s is the escape velocity, and ¢ is the most probable velocity.
The escape process in this case is the Jeans escape. If the escape parametre, i.e.
the ratio between the gravitational energy and the kinetic energy of particles at the
top of the atmosphere, is close to unity, the upper atmosphere is not in hydrostatic
equilibrium and the velocity distribution is a shifted Maxwellian. In this case the
outward velocity enhances the escape probability of particles near the top of the
atmosphere. This is the so called hydrodynamic escape.

Non-thermal escape processes are processes in which the temperature at the top
of the atmosphere does not contribute to the velocity of escaping particles. Particles
may be ionized through photoionization, impact ionization, or interaction with the
solar winds. lonized particles may then be dragged along by solar or planetary
magnetic eld.

The dominant non-thermal escape process on todays Mars is the photochemical
escape. The rate of escaping ions is of the order of 10%° ions/s during the solar
maximum (Verigin et al., 1991). Neutral particles are harder to detect due to their
low density and because they are mixed with the non-escaping population (Tian et
al., 2013). Photodissociation produce mainly O,™ because the atmosphere is almost
entirely made up of CO,. Within the ve recombination reactions that may occur,
three produce oxygen atoms with a su cient energy to escape Mars (Tian, 2015).

Todays isotopic ratios of Ne, Ar, and N are used as atmospheric evolution signa-
tures during the last 4 billion years. Indeed, Xe-isotopic ratio suggest fractionation
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(relative partitioning of the heavier and lighter isotopes) during an early hydro-
dinamic escape phase whilst Kr-isotopic ratio seems almost unfractionated rela-
tive to the Earth (Pepin, 1993). Hence lighter elements (Ne, Ar, and N) should
not have been fractionated during this early period (Jakosky and Jones, 1997).
20Ne/??Ne, “OAr/%0Ar, 12C/13C, and %0/'80 have values very similar to the ones
of the Earth (Owen, 1992), indicating outgassing episodes and exchanges between
the atmosphere and the surface. 1°N/*N is almost the double of that of the Earth,
something that can easily produced by escape processes (Tian, 2015).

In todays atmosphere, some compositional cycles do exist. They are coupled by
transport circulation and controlled also by photochemistry. Water cycle (Section
2.2.8) is mainly relative to the ice contained in or sublimated by the North polar
cap. The amount of sublimation is controlled by solar insolation, and hence by the
axis tilt and by orbital eccentricity. Milankovitch-driven ice ages are related to the
axis tilting within 0 and 60 over few thousands years (Laskar et al., 2004). Also
a dust cycle (Section 2.2.7), which is one of the main topic in Martian atmospheric
research, and a carbon dioxide cycle (Section 2.2.9) are present.

2.2.2 Thermal Structure

On Earth, four main atmospheric regions are recognised through thermal structure:
from bottom to top there are the troposphere, the stratosphere, the mesosphere,
and the thermosphere. They di er in the direction of the temperature gradient over
height. An analogous method can be used to distinguish vertical structure on Mars,
but some di erences have to be underlined (Smith et al., 2017). Mars does not have
an ozonosphere, hence it has no stratosphere and the vertical structure is simpler.
Martian atmosphere is subdivided into lower, middle and upper atmosphere (Figure
2.2). Lower atmosphere is the region below 50 km, middle is between 50 and 100
km, and upper is over 100 km. Usually in the lower atmosphere the temperature
decreases with height, in the middle atmosphere it is extremely variable due to the
in uence of tides and waves, and in the upper atmosphere the temperature increases
with height due to the absorption of solar ultraviolet light. At about 125 km there
is the Martian homopause, the point at which the molecular and eddy di usion
coe cients are equal and hence each species adopts a di erent scale height (Nier
and McElroy, 1977).

The thermal structure of the Martian atmosphere is mainly obtained through
thermal infrared sounding, using instruments such as the Thermal Emission Spec-
trometre onboard Mars Global Surveyor (Smith et al., 2001b), and the Infrared
Interferometre Spectrometre onboard Mariner 9 (Hanel et al. 1970).

Thermal gradients varies throughout the Martian surface and seasonanl cycles.
In addition, the presence of dust storms can induce a temperature increase in the
interested region up to 15 K (Smith et al., 2001b). This increase intensi es Hadley
circulation leading to a wind-driven temperature increase in the opposite hemi-
sphere, and can also remove all ice clouds from a large portion of the planet for
months. The atmosphere warms and cools according to season and the relative
Mars-Sun distance. Maximum temperatures are reached at the south pole during
the southern summer solstice, whilst the coolest are reached in the north polar
winter nights.
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Figure 2.2. An overview of Mars thermal structure. The temperature pro les are inferred
from accelerometre during the descent of landed spacecrafts (Credits: Smith et al.,
2017).

Lower atmosphere

Lower atmosphere experiences both obliquity-driven and eccentricity-driven sea-
sonal patterns. Indeed, in addition to Earth-like seasons due to axial obliquity,
Mars receives 40% more insolation at perihelion than at aphelion. For this reason,
obliquity seasons are not symmetric in the two hemisphere. Perihelion occurs at Lg
= 251 and southern summer solstice is at 270 , whilst aphelion occurs at Lg = 71
and northern summer solstice is at 90 (Newman et al., 2005). Hence, obliquity and
orbital seasons reinforce each other in the southern hemisphere and are in contrast
in the northern hemisphere. At high latitudes, obliquity seasons are dominant at
all altitudes, with coldest temperatures at winter solstice and warmer temperatures
at summer solstice. At low latitudes, instead, orbital seasons are dominant, and
coldest and warmest temperatures are reached during the aphelion and perihelion
seasons, respectively (Smith et al., 2017). Anyway, minimum temperature is about
165 K at Ls = 40 since at aphelion water ice clouds probably drive a warming
process (Wilson et al., 2011). The seasonal variability is repeated on a year basis
(Liu et al., 2003).

Surface temperatures at perihelion may be up to 30-40 K higher than those at
aphelion (Gi ord, 1956; Savijarvi et al., 2008) and can be down to 100 K in regions
of low thermal inertia (Smith et al., 2004). Minimum temperatures are generally
reached between 3:00 and 5:00 a.m. (local time), while maximum temperatures are
reached about noon, when insulation reaches is maximum. Thermal structure in
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the boundary layer shows a similar trend, being dominated by radiation from the
surface (Clancy et al., 2000).

At low latitudes, the lower atmosphere and the surface are also warmed by the
presence of ice clouds during the aphelion season (Hinson and Wilson, 2004). In
addition, the higher the latitude is, the more atmospheric temperatures are con-
trolled by dynamics and aerosols-driven radiative processes (Smith et al., 2002).
Temperatures decrease toward the pole at altitudes below 30 km (30 Pa) while at
higher altitudes there is a temperature minimum at the equator and a tempera-
ture maximum at middle-high latitudes (McDunn et al., 2013). This temperature
distribution generates a cold wind advected from the poles toward the equator.

In the summer hemisphere, latitudinal temperature gradient is small, and tem-
peratures decrease with height until about 55 km (1 Pa level), while in the winter
polar region temperatures fall down, reaching the CO» frost point. Since in the lat-
ter case the air above the pole is warmer than the surface, the temperature inversion
drives a polar Hadley-like circulation (McDunn et al., 2013).

Middle and upper atmosphere

The thermal structure and the atmosphere dynamics of the atmosphere above 80
km is poorly known, and in general we have very few observations in the middle
and upper atmosphere. Anyway, these few observations seem to show a rich and
complex dynamics also in these regions (e.g. Magalh®es et al., 1999).

The temperature pro le depends on the variations in local solar heating and it
is related to the lower atmosphere meteorology and dust abundance (Forget et al.,
2009; McCleese et al., 2010). In particular, dust storms in uence the atmospheric
temperature both by solar heating on dust particles and by the enhanced Hadley cir-
culation (Wilson, 1997). The location and magnitude of the minimum temperature
varies with season and location, with the coldest and lowest temperature located
near aphelion.

2.2.3 Composition

The composition of the Martian atmosphere is actually simpler than the Earth’s
one. It is composed by carbon dioxide (95%) and its products (CO, O, Oy, O3),
molecular nitrogen (2%) and its products (N,NO, NO,), and argon (2%). Other
gases are present only in traces. Water vapour is variable, up to 0.1%, together
with its products (H, OH, HO,, H,0,, H,). Table 2.3 reports the main atmospheric
components of Mars.

The main component of the atmosphere is then carbon dioxide, whose abundance
can vary up to 30% on a seasonal basis due to condensation and sublimation cycles
(see Section 2.2.9). Carbon dioxide can be seen as a proxy for surface pressure, which
can then vary up to 30% over the course of a Martian year, too. The positions of
the minima and maxima (see Figure 2.3) depends on the phase between the two
seasonal cycles (Smith et al., 2017). Carbon monoxide abundance is related to the
photochemistry of carbon dioxide (see. Section 2.2.9) and can also be used as a
tracer of middle atmosphere winds and temperatures. Also the hydrogen peroxide
is involved in the stability of carbon monoxide and it is probably responsible for the
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Table 2.3. The abundance of the gases in the atmosphere of Mars. Credits: Smith et al.,
2017.

Gaseous species  Average Abundance Reference

CO, 0.9352 Owen et al. (1977)

N2 0.027 Owen et al. (1977)
0.019 Maha y et al. (2013)

Ar 0.016 Owen et al. (1977)
0.019 Manha y et al. (2013)

0O, 0.0014 Hartogh et al. (2010)

CcoO 800 ppm Smith et al. (2009)

H,O 15-1500 ppm Smith (2004)

H» 15 ppm Krasnopolsky and Feldman (2001)

Ne 2.5 ppm Owen et al. (1977)

Kr 0.3 ppm Owen et al. (1977)

Xe 0.08 ppm Owen et al. (1977)

O3 10-350 ppb Perrier et al. (2006)

H,0, 10-40 ppb Encrenaz et al. (2004)

CHg4 0-40 ppb Mumma et al. (2009)
0.7-7 ppb Webster et al. (2015)

oxidation of the Martian surface (Oyama and Berdahl, 1977).

Water abundance is highly variable throughout a Martian year since it is highly
condensable into clouds (see Section 2.2.4) and ice. Ozone and hydrogen abundances
are related to water abundance due to the photolysis of water (see Section 2.2.8).

Nitrogen is present in the Martian atmosphere, but its abundance is low (Stevens
et al., 2015) and not simple to quantify due to its undetectability through absorption
spectroscopy. Viking lander (Owen et al., 1977) and Curiosity (Maha y et al., 2013)
gave di erent results, 2,7% and 1,9% respectively. Argon is substantially constant
since it is not condensable (Sprague et al., 2007).

The presence of methane on Mars is highly debated. Some measurements de-
tected methane abundance spikes (e.g. Formisano et al., 2004; Krasnopolsky et al.,
2004; Webster et al., 2015; Giuranna et al., 2019) but also several non-detections
have been reported (e.g. Korablev et al., 2019). The photochemical lifetime of
methane in atmosphere is about 300-600 years (Geminale et al., 2005), but the re-
ported spikes requires a lifetime of weeks or months. Hence an active source and
sink of methane should exist, if methane is so variable, and the source could be
both geological or biological (Zahnle et al., 2011).

2.2.4 Clouds

During the Martian polar nights, atmospheric temperatures may be so cold to bring
carbon dioxide to condense into clouds (Hinson & Wilson, 2002). CO, clouds may
form at high altitudes also at low latitudes (Clancy & Sandor, 1998) and at mid-
latitudes in late autumn (Inada et al., 2007; M tt nen et al., 2011). Even if the
existence of CO, clouds have been suggested since the analyses conducted on the
data of Mariner 6 and 7 (Herr & Pimentel, 1970), the rst unambiguous observation
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Figure 2.3. Daily averages of surface pressure (Pa) as recorded by the two Viking Lander
(Credits: Smith et al., 2017).

of CO», clouds have been reported by Montmessin et al., (2008) using the OMEGA

instrument onboard Mars Express. Polar clouds may have a role in the formation

of the seasonal polar caps by accumulation of CO, snow (Colaprete et al., 2005).
Table 2.4 shows the main types of Martian carbon dioxide clouds.

Table 2.4. Main carbon dioxide cloud morphologies and characteristics found on Mars
(Modi ed from Clancy et al., 2017)

Cloud type Location Form Process Season Altitude
(Ls) (km)
Polar 60 -85 Cirrus and  Lee waves Winter 0-15
winter N,S cumulus Gravity waves polar night
Di use and 50 S-50 N Cirrus Low T 150-330 60-110
layer hazes
Equatorial 10 S-10 N Cirrus Global 0-70 65-85
50-130 W E-W minima 100-160
300-360 W inT

The equatorial clouds (latitude 20) are usually observed during the rst half
of the year, starting at spring equinox with a break within 70 and 100 , but some-
times some irregularities have been observed (e.g. spring cloud at Ls=330 in MY
29; M tt nen et al.,, 2011). The CO; ice clouds may form in cold pockets through
the combined e ect of thermal tides and gravity waves (Clancy & Sandor 1998; Lis-
towski, 2014), but no model have been able to conclusively explain the atmospheric
circulations involved in the cloud formation (M tt nen et al., 2013).
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Regarding water clouds, due to the low pressure-temperature conditions of the
Martian atmosphere, they are mainly composed by ice particles. Usually they are
Cirrus clouds, even if a wide range of cloud morphologies and shape exists (Table
2.5). Clouds can form in association with topography, for example on volcanoes or
on crater rims, and some scarce Cumulus can form when strong thermal gradients
occur over the summer polar caps (Cantor et al., 2010).

Near the surface, or at higher altitudes in association with dust (Smith et al.,
2013), cloud hazes and fogs are observed, but they are highly variable due to the
speed of atmospheric temperature variations (Moores et al., 2011).

Table 2.5. Main water cloud morphologies and characteristics found on Mars (Modi ed
from Clancy et al., 2017)

Cloud type Location Form Process Season Altitude
(Ls) (km)
ACB 10 S30 N Cirrus, Annual, 40-140 10-40
cumulus aph. Hadley,
topography
Polar Hood 40-70 N,S Cirrus Seasonal, Autumn, 0-50
wind shear Winter
NP frontal 50-80 N Cirrus, Polar wave, 40-110 5-30
frontal arcs cap gradient
NP spiral 60-75 N Cirrus Polar baroclinic  30-180 10-30
spiral arcs disturbance
Trough Residual Water Katabatic Polar spring, <1
clouds caps ice snow jump summer
Streaks ACB, Cirrus Winds, 40-110 10-30
NPH , E-W vertical shear,
SPH linear low T
Street ACB, Cumulus Free 100-140 10-20
actinae NPC 2D spacing  convection
Lee 50-80 N, S, Cirrus Locally forced Spring, Autumn,  10-30
waves crater rims grav. waves Winter
Ground fog S basins, Ice Cold Night, 0-5
high lat. haze near-surf T early morning
Trails 10-35 S Cumulus Forced 240 -270 40-50
E-W lin. convection
peak surf.
heating
Di use and 50 S-50 N Cirrus Low T 150-330 60-110
layer hazes

Water ice clouds on Mars can be found in three main regimes: the Aphelion
Cloud Belt (ACB), the polar hoods, and the high altitude haze.
The ACB is a low-latitude belt of clouds which forms around aphelion (Ls

= 71). It in uences the water abundance variability in the atmosphere of Mars
by reducing water vapour transport in the Hadley circulation (Montmessin et al.,
2004). The ACB forms about Ls=0, reaching the peak about 80 and nally
dissipating about 140 . It usually ranges between 15 and 40 km, with consistent
diurnal variation (Heavens et al., 2010).

Polar Hoods are associated with cold atmospheric temperatures at high latitudes
during cold seasons. They are highly variable and probably associated to the cycle
of sublimation and condensation of water ice in the ice caps (Hollingsworth et al.,
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1996).

Finally, High-altitude hazes are mainly found in the 30 S-30 N region with an
altitude peak at 70 km.

2.2.5 Global Circulation

In the Solar System, Mars is maybe the planet we know better after the Earth, and
this is true also for its global circulation which is the more characterized among the
other planets. Nevertheless, there are a few direct observations of winds and surface
pressure, and a still poor data assimilation. Our understanding of the Martian
global circulation is then widely bound to theoretical modelling. Mars’ circulation
is similar to that of the Earth, even if of course some di erences do exist because
Mars is a small, desert planet with no liquid water, a small thermal inertia, and a
weak atmosphere.

Martian atmospheric circulation varies strongly on seasonal and daily scale in a
similar way to the stratosphere and mesosphere of the Earth. During summer, the
temperature increases from the equator to the poles as a response to daily variation
in insolation. This results in the formation of strong easterly winds at high altitude
in the summer hemisphere and in westerly winds in the winter hemisphere (Barnes
et al., 2017).

Mars has some seasonal ozone layers (Lebonnois et al. 2006), but they do not
0 er a continous shield against solar radiation as our ozonosphere does, hence the
lower atmosphere circulation regime extends up to 80-100 km.

The atmosphere of Mars is very thin and almost entirely composed by a green-
house gas, the carbon dioxide (Section 2.2.3). Hence, the radiative relaxation time
is very short and the thermal tides have very large amplitude (Wilson & Hamil-
ton, 1995). Radiative heating and cooling dominates in the boundary layer, and
the daytime mixed layer is very deep, reaching depths of 10-15 km (Tillman et al.,
1994).

Seasons on Mars are driven by both obliquity and orbital eccentricity (Section
2.2.1), and hence in addition to Earth-like variations (Mars’ obliquity is about
25 ), atmospheric temperatures undergo a seasonal cycle related also to di erent
insolation at aphelion and at perihelion. Moreover, the presence of dust during
the dusty seasons modify the temperature seasonal trends (Section 2.2.7). Dust
on Mars has a similar radiative role as it has water vapour on Earth, since it is a
strong absorber and emitter in the infrared region. Another in uencing factor for
atmospheric temperature is the water cycle (Section 2.2.8), since water clouds can
modify the thermal structure and the circulation of the atmosphere (Section 2.2.4).
The main processes of transport of water vapour between the hemispheres are the
symmetric Hadley circulation and the planetary waves which controls the poleward
and equatorward uxes at mid-high latitudes (Montmessin et al., 2017).

During winter, polar regions become enriched in non-condensable gases due
to the condensation ow, a phenomenon related both to radiative and dynamical
mechanisms that are not completely understood (Haberle et al., 2017).
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2.2.6 Dust cycle

Airborne dust is a key aspect of Mars, for its role in the dynamics and in the
thermodynamics of the atmosphere (Kahre et al., 2017). Dust absorbs and scatters
visible radiation, heating the atmosphere, but it also absorbs infrared radiation
at 9 microns (silicates), and emits at 15 microns locally cooling or warming the
atmosphere (Pollack et al., 1979). Dust is present in the Martian atmosphere the
whole year, seasonally varying its abundance. Some features of the dust cycle are
cyclical, some others are stochastic, but broadly speaking two main seasons can be
identi ed due to the abundance of airborne dust: subsolar longitudes between 0
and 135 de ne the nondusty season and the rest of the year (Ls = 135-360 ) is the
dusty season.

The quantity of dust in the atmosphere depends on the exchange of momentum
and heat in the planetary boundary layer. It is thought that the main trigging
processes for dust going into the atmosphere of Mars are the surface wind and the
convective vortices (Kahre et al., 2017). Surface winds sweep the surface, lifting the
sand through saltation. When the salted sand falls back to the surface, it transfer
its momentum to the dust, which can eventually be lifted and suspended in the
atmosphere. Air convection can also be a mean of suspension, when there is a
pressure gradient across the vortex or strong surface wind stress around the vortex.

Whatever the formation process is, dust clouds and hazes can be local or global,
and in uence the atmospheric thermal structure and dynamical processes. In this
way, the dust itself modi es circulation and hence the location and magnitude of
winds, trigging sand saltation and hence the lifting of other dust in the atmosphere.
This explains the formation of global events known as Global Dust Storms which
sometimes occur on Mars.

Dust interacts with carbon dioxide and water. Dust and CO; interact radiatively
at polar latitudes, since dust in uence the heat transport into the polar regions and
modi es the seasonal ice cap properties. Airborne dust particles can enhance the
condensation through its emissivity and acting as condensation seeds (Hu et al.,
2012). Hence, the dust in uence the CO, cycle and can induce some feedback
mechanisms on the dust cycle itself, since the boundary layer total atmospheric
mass is related to the lifting processes.

Dust cycle is also coupled to the water cycle because dust particles can act as
condensation seeds for the formation of clouds (Montmessin et al., 2002), and since
dust-ice particles have di erent dynamical and radiative properties than dust, the
formation of clouds also in uence the dust cycle (Rossow, 1978).

2.2.7 Water cycle

Even if some surface features on Mars are thought to have been produced by owing
water in the early Mars, todays Martian atmospheric conditions do not permit the
existence of stable surface liquid water. Indeed, Martian temperature-pressures are,
on average, several orders of magnitude below the triple point of water. Hence,
water reservoirs on Mars can only be ice or gaseous.

We know that there is a water cycle on Mars since the monitoring of water
vapour by the viking missions which found out a repeated pattern during Martian
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years 12 and 13 (Jakosky and Farmer, 1982). The Martian water cycle is related to
the seasonal exchanges of water between the reservoirs, but these exchanges are not
always quantitatively well characterised. The main issues are related to the balance
in the sources and sinks in the water cycle (Montmessin et al., 2017).

Water reservoirs

Water is today stored as ice in the north polar cap and in its surrounding layered
terrains, in layered terrains around the South Pole, and as ice, hydrated minerals, or
adsorbed water in regolith (Thomas et al., 2000). Summing the contribution from
ice, atmospheric, and regolith reservoirs Mars contains an equivalent global ocean
22-33 metres deep (Smith et al., 1999).

The atmospheric water reservoir is not the most relevant one, but it is surely
the most studied one. Atmospheric concentration of water vapour is controlled
by saturation and condensation, and then it varies seasonally and daily. Water is
found as both vapour and condensed into clouds in the atmosphere of Mars. The
water vapour abundance in the Martian atmosphere is on average 10 ° metres deep
equivalent global ocean (Barlow, 2008). The maximum water vapour measurement
is about 75-100 precipitable microns over north polar summer (Smith, 2004).

Polar ice caps retain a water amount equivalent to a 16-21 metres deep global
ocean (Smith et al., 2001a), which is about 10® more times than the atmospheric
reservoir. Northern permanent polar cap is mainly composed of water ice, since the
temperatures of frost-covered areas are incompatible with CO, ice (Kie er et al.,
1977). The southern permanent polar cap is also dominated by the water ice, but it
is covered by a layer of CO, ice which is 8 metres thick (Byrne and Ingersoll, 2003),
since the surface temperatures allows carbon dioxide condensation. The northern
polar cap, which consists of a layered deposits in the Planum Boreum region, is
nearly circular dome-like structure which covers an area of 1.12 10% km? rising
about 3 kilometres above the surrounding plains. The southern polar cap, placed in
the Planum Australe, is also dome-like and covers 1.16 108 km? with a maximum
elevation of 3-4 kilometres (Smith et al., 2001a). Both polar layered deposits are
mainly composed by water ice with dust up to 10% in volume (Phillips et al., 2008;
Plaut et al., 2007).

Carr (1996) suggested that the water inventory needed to produce the uvial
features seen on the surface (Section 2.1.3) should be at least equivalent to a 450
metres deep global ocean, and hence, even considering water in the polar caps and
escaping processes, there should be other reservoirs.

The most probable reservoir is the underground. It is thought that large water
reservoirs do exist in the rst few kilometres of the Martian crust (Barlow, 2008)
and some recent experimental evidences seems to con rm this (Orosei et al., 2018;
Lauro et al., 2020). Basing on thermodynamical models, the layer where water
ice can be stable, i.e. the Martian cryosphere, is about 2.5 kilometres thick in the
equatorial region and 6.5 kilometres thick in the polar regions (Cli ord, 1993). The
total water inventory in the underground reservoir has a depth of 200-1000 metres
of a global equivalent ocean. Subsurface water on Mars can be vapour or ice in
the soil pores, adsorbed thin Ims on the surfaces of individual soil grains, brine
under appropriate vapour thermodynamic conditions, or chemically bound within
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hydrated and hydroxylated minerals (Montmessin et al., 2017).

Ground ice has been found in the middle and high Martian latitudes (Boynton
et al., 2002; Mitrofanov et al., 2002) and it is though, even if its depth distribution
is not known, to contain at least a 12 centimetres deep global equivalent ocean
layer if regolith porosity is assumed to be about 40%. Ground ice exists at shallow
depths of about 10 centimetres below a layer of ice-free soil, usually between 1 and
100 centimetres (Mellon et al., 2004).

Water vapour can be found in the soil pores where the ground is in contact with
the atmosphere or where there are other reservoirs of ground water.

Adsorbed water is a Im of water molecules weakly bound to the surface of soil
grains, resulting from the van der Waals bonding occurring during grains collisions
(Jakosky, 1985). These Ims can randomly return to vapour phase and the equilib-
rium between these two processes determines the amount of adsorbed water, which
is estimated to reach values about 100 precipitable microns. Adsorbed water is
predicted to be present all over the surface (Zent and Quinn, 1997).

Spatial and temporal variability

Water cycle trends are substantially identical year-by-year (Montmessin et al.,
2017), even if some details in the spatial distribution can undergo interannual mod-
est variations. For example, Smith (2004) using the Thermal Emission Spectrometre
onboard Mars Global Surveyor found about 20% more water vapour in the southern
polar summer for MY 24 with respect to MY 25 and MY 26.

Currently the global annually averaged column of water vapour is about 10
precipitable microns. The highest column abudance is in the northern hemisphere
during polar summer (latitudes greather than 70 N, subsolar longitude about 110-
120 ). In that season, water vapour reaches a peak of about 50 precipitable microns
due to the sublimation of the seasonal polar cap, it is about 20 precipitable mi-
crons at 15 N and less than 5 precipitable microns in the southern hemisphere
(Montmessin et al., 2017). The layer of CO, ice which covers the southern water
ice cap, prevents it from strong interactions with the atmosphere on a seasonal ba-
sis. Hence, the northern polar cap is the main source of atmospheric water vapour.
About two thirds of the water evaporated from the north polar cap remains in the
northern hemisphere, while the remainder is transported southward (Montmessin
et al., 2017). More than 85% of the atmospheric water exists in the form of vapour
whilst about 15% condenses into clouds. At the estimated rate of water escape from
the Martian atmosphere (McElroy, 1972), there will be water for the atmosphere
for billions years on.

As the season proceeds, the water vapour gradually migrates southward, de-
creasing in the north polar regions down to 10 precipitable microns at subsolar
longitude 170 . After Ls = 170 a northern maximum forms at equatorial lati-
tudes and persists until the beginning of the next year. In the southern hemisphere
the polar column abundance is about a half of the northern one (25 precipitable
microns) during the southern summer, when the seasonal polar cap sublimates.

After Ls = 330, during the northern polar night, there is the driest period of
the Martian year, with less than 5 precipitable microns all over the planet. After Lg
=40 the water vapour begins to increase another time in the northern hemisphere,
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whilst it remains very low in the southern hemisphere.

Also the water clouds (treated in Section 2.2.4) have a repeated pattern through-
out the Martian year. The Aphelion Cloud Belt forms about Ls = 0 and persists
up to 140 . The polar hoods exist during autumn and winter, especially in the
northern hemisphere. Clouds have a key role in the transport of water vapour
and in the maintenance of the hemispherical asymmetry (Montmessin et al., 2017).
Clancy et al. (1996) observed that during the aphelion the saturation altitude of
water is near or below the returning branch of the northern summer Hadley cell.
Hence, the Aphelion Cloud Belt forms, and since above the saturation level water
vapour abundance is very low, the southward transport is less e cient during the
northern summer and more water is kept in the northern hemisphere. The same
does not happen during the southern summer, which corresponds to the perihelion
season. In addition to the Clancy e ect, the topography dichotomy of Mars also
increases the summer Hadley circulation in the southern hemisphere increasing the
water asymmetry of the two hemispheres (Richardson & Wilson, 2002).

Water also seems to have diurnal variations up to a factor 3 (about 10 precip-
itable microns) with highest abundances around noon and with low abundances in
the late afternoon (Sprague et al., 2003), but the measurements are too sparse to
have de nite conclusions about this (Montmessin et al., 2017). In addition, there is
not a strong literature on the vertical distribution of water vapour from a climato-
logical point of view.

2.2.8 Carbon Dioxide Cycle

Since carbon dioxide is the main component of the Martian atmosphere, understand-
ing its cycle and interactions with the surface is a key aspect for understanding the
atmospheric dynamics and chemistry.

The largest known reservoir of CO, on Mars is the atmosphere itself, and about
25-30% of the whole atmosphere is involved in the condensation process of the
seasonal ice caps every year through direct deposition or snow (Prettyman et al.,
2009). Local interannual variations occur, but usually they cancel each other out
(Bonev et al., 2002). The seasonal caps varies both spatially and temporally in
albedo and emissivity due to the variations of grain size, dust, and H,O (Titus et
al., 2017).

Basically, the CO5 cycle is driven by the changes in obliquity and season which
determine the distribution of insolation and hence the photochemical processes.
Any variation in the orbital or axial parametres can then modify the CO, cycle.
Obliquity varies up to 20 over a period of about 10° years.

The CO; cycle is also in uenced by the H,O cycle and by the dust cycle. Indeed,
dust can a ect both emissivity and albedo of the CO, ice (Bonev et al., 2008), and
subsurface water ice can store heat during the summer reducing the CO, ice during
the autumn (Haberle et al., 2008).

Finally, the surface a ects the CO, cycle through albedo, emissivity and latent
heat e ects, and due to atmospheric gravity waves which in uence the condensation
process (Titus et al., 2017)

During Autumn and Winter, the temperature is reduced down to the condensa-
tion temperature of CO, and the CO, is deposited at high latitudes through both
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direct deposition and accumulation of snow. Conversely, during spring and summer
it sublimes.

Photochemistry

Due to the simpler chemical composition of the atmosphere, also the photochem-
istry of Mars is much simpler than the Earth one. The Martian photochemistry
is essentially the photolysis of the CO, and H,O molecules due to the ultraviolet
radiation, and the interactions between their products (Leftvre et al., 2017).

Ultraviolet radiation from the Sun crosses the atmosphere and photodissociates
CO;, into carbon monoxide CO and atomic oxygen (both ground or excited state)
through CO, + h I CO + O (where O is in the ground state or excited state if
the radiation wavelength is less than 205 nm or 167 nm, respectively). The reverse
reaction CO+O+M ¥ CO, + M is very slow and hence it is not su cient to
justify the stability of the Martian atmosphere as an almost pure CO, atmosphere.
This is the so-called stability problem of the Mars atmosphere: due to the CO2
dissociation by photolysis, the whole atmosphere should be destroyed in about 6000
years.

Since usually O atoms collides forming O, molecules, the net CO, photolysis
reaction is2CO, +h T 2CO+0,. Oxygen molecules are then photodissociated
through O, +h T O+0 by < 240 nm radiation.

From these reactions, the expected equilibrium abundance of CO : O, should be
2 : 1, but actually it is 1 : 2 and the abundance of these two species should be two
orders of magnitude larger than the measured quantities (Leftvre et al., 2017). It
seems (McElroy & Donahue, 1972) that these discrepancies can be explained by the
chemistry of the hydrogen and hence of water vapour. The odd-Hydrogen species,
namely H, OH, and HO», are trace gases produced by the photolysis of the H,O
which can act as catalysts for the conversion of CO into CO,. The cycle proposed
by McElroy and Donahue (1972) in which the hydrogen is a catalyst is the following:

CO+OH ¥ CO;+H

H+0O,+M T HO, + M

HO,+0O T OH+ O,

The net reaction of this cycleis CO+0O ¥ CO, and can enhance the produc-
tion of CO, from CO, converting about 85% of the carbon monoxide into dioxide
(Krasnopolsky, 2010).

2.2.9 Focus of this work

Thanks to the information obtained through the network of satellites and space
probes which are or were active on Mars, the seasonal and global variations of the
major climatological patterns are now well understood, but more work is required
to re ne the various components which play a role in the seasonal cycles, especially
from a quantitatively point of view.

There are evident patterns which are usually repeatable on a yearly basis for
what regards temperature, dust and ice optical depth, and gases abundances. How-
ever, it is necessary to continue observations, and to increase their accuracy in order
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to better quantify the inter-annual variability on a climatological scale. It is impor-
tant to better understand the physical mechanisms that govern the current climate,
such as the sources and sinks of water vapour and their seasonal equilibrium. Much
of the inter-annual variation is caused by the largest dust storms, which occur about
every three Martian years, but other aspects of the climatology are not yet well un-
derstood, such as the vertical distribution of aerosols and water vapour, and the
wind velocities.

From the modelling and observation a general consensus view of the Mars water
cycle has emerged. The main sources and sinks of water vapour and water ice have
been identi ed. The main source of water vapour in the Martian atmosphere is
the north polar cap and about two third of the water vapour is recycled in the
northern hemisphere whilst one third is transported southward (Montmessin et al.,
2017). Hence, the most important exchanges are those between the north polar cap
and the atmosphere. Since many models are able to consider only these exchanges,
neglecting the contribution due to the regolith reservoirs, it is still uncertain which
is the role played by the regolith in the water cycle.

In addition, if water vapour by itself has no sensible contribution to the radiative
budget of the Martian atmosphere, when in form of frost or clouds, it can be rele-
vant in the thermal structure by a ecting visible re ectivity and infrared emission
(Montmessin et al., 2017). Hence the radiative forcing due to Martian water ice
clouds is an active topic of research (e.g. Navarro et al., 2014). Water ice clouds
can also interact with suspended dust particles which can act as the nucleation el-
ements for the cloud formation and understanding the details of these interaction
is another active topic of research. Hence, even if the water is a trace gas in the
Martian atmosphere, the understanding of its climatic role is fundamental in the
understanding of the Martian climate.

Monitoring water vapour in the last decades has improved strongly our under-
standing of the role of water in the Martian atmosphere, hence a continous and
even more ne observation on climatological time scales is a fundamental step in
understanding and modelling of the Martian system.

Regarding non-condensable gases such as carbon monoxide, their cycle and vari-
ability is not yet well characterized. As previously said, it plays a major role in the
photochemical cycle of CO», and hence understanding its climatology is a key step
in understanding the condensation/sublimation processes of the main component
of the Martian atmosphere. The carbon monoxide distribution is also largely de-
termined by the dynamical state of the atmosphere and therefore can be used as a
tracer of the middle atmosphere dynamics (Holmes et al., 2019). Spatio-temporal
constraints of the carbon monoxide are then fundamental in understanding multiple
aspects of the Martian atmospheric system. Nevertheless, not many extensive and
climatological-scale study of the carbon monoxide have been conducted to date.
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Chapter 3

Radiative Transfer

Radiative Transfer is the study of the interaction between light and matter, that is
to say the analysis of how the light propagates through media. Basic processes are
extinction and emission of light. The former, the extinction of light (e), is described
by a component of absorbed light (a) and a component of scattered light (s). The

quantity
s

1= 3.1
7S (3.1
is said single-scattering albedo, i.e. the fraction of extincted light which is scattered

away during the light-matter interaction.
Usually extinction is described by the concept of optical thickness ¢, which is the
product of the cross section (which can describe either absorption or scattering),
the length L through which the light travels, and the number density of particles

N. This is usually an integrated quantity described, at wavelength , by
ZL
e( )= . e( NI (3.2)

3.1 Radiative Transfer Equation

The modelization of Radiative Transfer is based on the Radiative Transfer Equation
(Chandrasekhar, 1960; Wol et al., 2017). If a light ray crosses a medium for a
distance dr,

dil = (r; ) (NI dr 3.3)

where is the mass extinction coe cient (m? kg 1), is the mass density (kg
m 3), and | is the intensity of light, which varies by a fraction dI while travelling
through dr. Writing the extinction coe cient k = (r; ) (r) and assuming that
there is also emission described by an emission coe cientj (Wm 3sr ¥ m 1),
we can write down:

dl = k1dr+jdr (3.4)

and hence,
dl

= k1 +ks (3.5)
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with S =j =k the source function.
In the most general case (Wol et al., 2017), the Source function is:

s(r; 0)=¥F0P(r; ;o) o
1(r) “ o0 N
T 4 I(r’ )P( ' )d + (36)
(1 1()B(T(N)+
Q(r)

where the rst term to the right hand side is solar irradiance scattered into direction

, the second is the multiple scattering, re ected from the surface or emitted from
the atmoshpere, the third is the thermal emission from both surface and atmosphere
and the fourth is the non-thermal emission. Fq is the sun irradiance, o Is the
incidence direction, I(r) is the single scattering albedo, P is the phase function,
B(T) is the Planck function and Q(r) is a function that describes the non-thermal
emission.

Usually the non-thermal emission term is not known and is neglected assuming
local thermal equilibrium (LTE) conditions, that is to say that the atmosphere
is locally considered in equilibrium and characterized by a temperature. Hence
Q(r) = 0 for most applications. On larger scales usually thermal equilibrium is not
reasonable since the atmospheric structure varies and so does the temperature.

Planck function B(T), which describes thermal emission at wavenumber from
a body at temperature T, is:

2hc? 3

B=_ -
expis 1

3.7)
where h is the Planck constant, c is the speed of light and kg is the Boltzmann
constant.
The boundaries condition in Equation 3.6 are the solar ux at the Top of the
Atmosphere (TOA), so that at TOA Fo = F , and any surface emission. Hence
right hand side of Equation 3.6 for lower boundary condition becomes:

R
: Foe k(rhdr?
Z(Z 0)Fo

3.8
I(; 0) (; O)d "+ (MB(Tsurf) 58)
4

where Tsyrt is the surface temperature, is the emissivity of the surface, and
is the bidirectional re ectance distribution function (BRDF; Hapke, 2012).

3.1.1 Plane-Parallel Approximation

Plane-parallel approximation is the most commonly used approximation for RTE
applications. Atmosphere is quantized into layers and every layer is parallel to each
other. In this way no spherical geometry is needed and the coordinate system is
based on only two angles: = A is the emission angle and o= o Nisthe
angle between di erent layers. When o = 0 the scattering is forward, when it
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is 180 , the scattering is backward. We de ne ¢ the incidence angle, ¢ and the
directional cosines of o and , respectively.
In this way, the optical depth in Equation 3.2 is described by:
z, z, z,
()= k(z)dz=  k(r)cos dr= k(r) dr (3.9)
1 1 1

and the RTE becomes a problem with 2 atmospheric state variables (tempera-
ture and pressure) and three radiative properties ( , I, P).

In the plane-parallel approximation, when the source function is neglected (S ~
0), the solution to the RTE is the simple Beer-Lambert-Bouger Law:

I =l =0 (3.10)

By considering the source function, but neglecting the multiple scattering, the
only source of emission are single scattering and thermal emission:

_
T4

S(r; 5 0 FoP(r; 5 o) ~°+(@ 1(N)B(T() (3.11)

Usually RTE solution can be found with a Legendre polynomials expansion, like
the two-stream approximation by Chandrasekhar (2013) or the more precise four-
stream approximation (Liou, 1974), where the number of streams is the number of
terms in the polynomials expansion. Chandrasekhar models the radiative ux as
two indipendent streams having opposite direction across a surface. It is used for
example in Hapke (2012) to model the bidirectional re ectance as:

r (o 0=, 2 AFB@P@+H(OH() 1 (1)

where B(g) is the backscatter function at phase angle g, and H( o) and H( )
are the Chandrasekhar’s function, found as solutions to the two streams model for
the directional cosines of ¢ and , respectively.

3.1.2 Spherical shells

More complex solutions of the RTE may imply the usage of spherical shells instead
of parallel layers. In this case a three dimensional coordinate system, i.e. spherical
coordinates, is needed. For example, the optical depth becomes:

fa k@)
(= o @ (EBsin )iz (3.13)

where zq is the radial height above the body and R is the radial distance from
the surface. Usually the Chapman function Ch(X; ) (Chapman, 1931) is used to
integrate Equation 3.12. The Chapman function is useful because it allows the path
to be slant across a spherical atmosphere.

Spherical shells describes the curvature of atmospheres more realistically than
plane parallel layers, but they are computationally much more expensive than plane
parallel models. Hence, spherical shells models are applied only when strictly
needed, that is to say, when incidence/emission angles are elevated. A complete
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spherical treatment of the problem is usually performed using a statistical Monte
Carlo approach (MGM).

There are also analytical-approximated solutions in which the spherical path is
exact but the light scattered is negligible or solutions in which spherical path is exact
but multiple scattering is neglected. There are also pseudo-spherical approximations
in which the length is computed in plane-parallel approximation but the angles are
calculated in spherical geometry.

3.2 Atmospheric scattering

As said at the beginning of this Chapter, atmospheric extinction is given by the
sum of absorption and scattering. In single scattering regime, at wavelength , the
problem is fully described by

e =a +s (3.14)

and single scattering albedo ! in Equation 3.1.

Scattering is a complex interaction between light and matters and depends on
the optical properties of the scatterer and on the wavelength of the photons in-
volved. Usually a size parameter is used to distinguish between some main scatter-
ing regimes:

x=2" (3.15)

where r is a length which describes the dimension of the particle (e.g. a radius
for spherical particles). If x is greater than 2000 the scattering is described by
geometric optics. If x is less than 2000 but greater than 0.2 Mie regime is used. If
X is less than 0.2 but greater than 0.002, the scattering regime is that of Rayleigh.
If x is even smaller, scattering is negligible (Chance & Martin, 2017).

Scattering involving atmospheric molecules and gases is usually in the Rayleigh
regime. Rayleigh scattering cross-section is generally de ned per molecule as (Wol
et al., 2017):

12852  243p2 17

2 |
[Cm]_ 34V0_N2 4n2 42 k

(3.16)

where 1 is the molecular volume polarizability, is the wavelength, n is the
refractive index, N is the number density, Fy is the King factor that describes the
shape of the molecule.

In a pure CO, atmosphere at 15 C and 1013 hPa (Ityaksov et al., 2008):

5799:3 120
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n() 1=11427 10— 2+ 795 109 (3.17)
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Fo( )=1:114+25:3 10 2= 2 (3.18)
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Raman scattering, which is the inelastic part of scattering, should not be relevant
in a low density atmosphere like that of Mars (Wol et al., 2017), so it won’t be
treated here.

3.3 Atmospheric absorption
For a molecule, the energy level E is given by four modes (Lenoble, 1993):
E = Erot + Evib + Eelec + Etrans (3.19)

where E, is the rotational energy, E,i, is the vibrational energy, Egc is the electric
energy and Egrans is the translational energy. The rst three modes are quantized,
Etrans Can instead take any value.

Absorption or emission take place when E; ¥ E, with = jE, E;jj=h and
there are some selection rules which determine which transition is possible and
which is not. Generally there is little variation of energy between rotation energy
levels, and hence rotation lines are usually found in the microwave and far infra-
red. Vibrations are instead in the near infra-red since the variation of energy is
larger. Anyway, rotations and vibrations are strictly related and hence there is a
ro-vibrational spectrum of transitions. Electronic transitions lines are usually found
in the visibile and ultraviolet.

Rotational energy for a rigid linear molecule is described by

Erot = hcF () (3.20)

where F(J) = BJ(J + 1) and B is the rotational constant (related to the moment
of intertia of the molecule) and J is the angular momentum quantum number. If J
is large, a centrifugal term add the equation:

FJ)= DJ?@J +1)? (3.21)

The selection rule for this transitionis J =0; 1, where only +1 is due to an
absorption if the spectrum is purely rotational.
If the molecule is symmetric top, the moment of inertia are two

and
F;K)=BJUJ +1)+(A B)K? (3.23)

where K is a second quantum number, smaller than J, with selection rule K =0.
The relative value of A and B depends on the oblateness or prolateness of the
molecule.

Vibrational energy is described for a simple harmonic oscillator as

Evib = hcG(vy;va:i) (3.24)

where G(v1;v2::) = j(vi +1=2)~ and v; are rotational quantum numbers. A vi-
brational state for a triatomic nonlinear molecule is described by (vivbvs), where v;
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and vj are related to the stretching of the molecule and v, to its bending. Selection
rules for vibration transitions are v; =1, | =0; 1, but some transtitions are
forbidden for simmetry reasons.

Electronic state is described by

hcR Z2

(n+a()? (3.25)

Eelec =

with R the Rydberg constant, Z the atomic number. For Hydrogen, a(l) = 0 and

frequencies of lines are 1., = cR Z2%[1=n3 1=n?]. m; and ms de nes the orbital

and spin momentum line separation due to an external magnetic eld.
Rovibrational transitions are the most important for gases in the infrared spec-

tral range. Vibrations are related to rotations with J = 1(P branch), 0 (Q

branch), +1 (R branch). Given ~¢ the wavenumber for the fundamental vibration

transition (from v ,J to v',J"), and B = Be i ilvi +1=2d;], the P, Q and R
branches are described respectively by:

o=~ (B'+B"HI"+(@B" B"HIW (3.26)

o=~ +(@B" B"HI'+(@B" BHIT (3.27)

~Jp =~ +2B"+(3B" BMHIV+ (B BMIM™ (3.28)

3.3.1 Band shapes

Actually, bands are not monochromatic. Line intensity has its maximum at a central

wavenumber ¢ but then decreases monotonically on both sides. Line intensity is

given by: Z 4

S= a( )d (3.29)
0

with () = Sg( 0) the absorption coe cient per unit molecule. T is the band
shape factor.

This shape is naturally broadened with a lorentzian pro le about the the central
wavenumber. It is given by

_S N
al )= ( o+ §

with N =1=4 the half-line width and the average time between two collisions.
In addition, the line is broadened due to collisions with other particles and due
to the Doppler e ect. Collisional broadening is also a lorentz shape factor:

(3.30)

_ L
gL(x) = (XTE) (3.31)

with | = 1=4 . the half-line width and . the average time between collisions.
Doppler broadening has instead a gaussian pro le and it is given by:

2
go( ) = fz(gexp( (é")) (332)



3.3 Atmospheric absorption 33

where g = -2(&T)1=2,

Where pressure is stronger the collisional broadening dominates and line shape is
described by a Lorentz function, whilst where pressure is weaker, Doppler-broadening
dominates and line shape is better described by a Gaussian function. Usually a Voigt
pro le, which is a convolution between gaussian and collisional pro les, is used to
describe line shapes:

Zq
g = 19L(X s)do(s)ds (3.33)
The Voigt function (Rybicki & Lightman, 1979) can be computed as:
a Ria exp y2dy
(aru) = ——pG 0 (3.34)
G
where u = U a= -L and | and ¢ are the Lorentzian and Gaussian

broadening factorsG(haIf-width of the functions).

There is a number of techniques to compute molecule absorption. The most
widely used (also used in this work, see Chapter 5) is the line-by-line. Ideally, the
total molecular absorption coe cient is computed by summing the contributions
from any transition from any molecule at every wavenumber.

Kij( ;T;p) = nihijj( ;T;p) (3.35)

where hij( ;T;p) = Sij(T)g( ; ij; T;p) for the i-th molecule at wavenumber ,
temperature T and pressure p due to the j-th absorption line centred at j;.
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Chapter 4

Instruments and Datasets

4.1 Mars Express and ExoMars

4.1.1 Mars Express

Mars Express is a mission managed by the European Space Agency on Mars (Chi-
carro et al., 2004). Launched in 2003 and still active, it is the rst Esa’s inter-
planetary mission and the second oldest active mission on Mars (the rst one is
Mars Odyssey) at the time of the present manuscript. Mars Express is actually an
orbiter with a set of instruments to remotely observe the planet, but it also included
the lander Beagle 2, which failed during deployment after landing. At the time of
writing, the mission is extended until 31st December 2022 and a further extension
up to the end of 2025 is being discussed.

Mars Express design is based on Esa’s Rosetta Mission and the design of some
instruments is inspired by those on the Roscosmos’ Mars 96 mission. Mars Express
was indeed an express mission, aimed at safely sending a probe on Mars at low cost
and high science impact.

The scienti ¢ goals of Mars Express are to obtain a continuous mapping of the
Martian environment, and speci cally:

Image the entire surface at high resolution (10 metres/pixel) and selected
areas at super resolution (2 metres/pixel);

Produce a map of the mineral composition of the surface at 100 metres reso-
lution;

Map the composition of the atmosphere and determine its global circulation
and Dynamics.;

Determine the structure of the sub-surface to a depth of a few kilometres;
Determine the e ect of the atmosphere on the surface;

Determine the interaction of the atmosphere with the solar wind.

In order to do this, Mars Express carries seven scienti ¢ instruments:

High Resolution Stereo Camera (HRSC): it is a camera to image the planet
in full colour, 3D and with a resolution of about 10 metres (and some areas up
to 2 metres). HRSC is a multi-sensor pushbroom instrument with CCD line
sensors in parallel for simultaneous high-resolution stereo, multicolour and
multi-phase imaging;
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Observatoire pour la Mingralogie, 'Eau, les Glaces et I’Activitd (OMEGA):
it is a visible and infrared spectrometer in the (0.5, 5.2) m range thought to
map the surface composition and albedo;

Spectroscopy for the Investigation of the Characteristics of the Atmosphere
of Mars (SPICAM): it is an ultraviolet and infrared spectrometer designed
to measure the ozone at 0.25 m and the water vapour at 1.38 m in nadir
or solar occultation geometry;

Planetary Fourier Spectromer (PFS): it is an infrared spectrometer working
in the (1.2, 45) m range to build a long-term mapping of several atmospheric
parametrs, including atmospheric temperature pro les, surface temperature,
suspended ice and dust opacity, water vapour and carbon monoxide abun-
dance, and many others. Since this is one of the two instruments used in this
work, more details are given in the next sections;

Analyzer of Space Plasmas and EneRgetic Atmos (ASPERA-3): itis a device
aimed at measuring ions, electrons and energetic neutral atmos in the outer
atmosphere to investigate the interaction between the solar wind and the
atmosphere of Mars;

Mars Radio Science Experiment (MaRS): it is radio communicator to ana-
lyze the ionosphere, atmosphere, surface and subsurface through radio signals
between the probe and the Earth-segment;

Mars Advanced Radar for Subsurface and lonospheric Sounding (MARSIS):
it is a radar aimed at mapping the subsurface structure to a depth of a few
kilometers. It uses a 40 metres long antenna deployed in orbit to send low
frequency radio waves, receiving the radiation re ected from the surface or
subsurface;

Visual Monitoring Camera (VMC): it is an engineering camera onboard the
spacecraft to con rm the separation of the Beagle-2 lander. It is now used
mainly for public outreach purposes.

4.1.2 ExoMars and Trace Gas Orbiter

ExoMars is a ESA/Roscosmos mission aimed at searching for signs of life on Mars

(Vago et al., 2015). It is constituted by a satellite (Trace Gas Orbiter) and an Entry

and Descent Module (Schiaparelli) that got to Mars in 2017, and by the Rosalind

Franklin rover that will be launched in 2022. Trace Gas Orbiter will observe Mars

for scienti c purposes until the rover is landed, then it will work primarily as a relay.
The main scienti c objectives of the mission are:

To search for signs of past or present life on Mars;

To investigate how the water and geochemical environment varies, i.e. by
characterising their distributions in the atmosphere, on and near the surface
or as a function of depth in the shallow subsurface;

To investigate Martian atmospheric trace gases and their sources;

To study the surface environment and identify hazards to future manned mis-
sions to Mars;

To investigate the planet subsurface and deep interior to better understand
the evolution and habitability of Mars.
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In order to reach its goals, Trace Gas Orbiter carries four scienti ¢ instruments:

Nadir and Occultation for Mars Discovery (NOMAND): it is a suite of spec-
trometers, two working in the infrared in the (2.3, 4.3) m range and one
in the ultraviolet in the (0.2, 0.65) m range. Its goal is to perform high-
sensitivity observations of atmospheric chemical species and aerosols. Since
this is one of the two instruments used in this work, more details are given in
the next sections of this chapter;

Atmospheric Chemistry Suite (ACS): suite of three infrared instruments thought
to investigate the chemistry and structure of the Martian atmosphere that
complements NOMAD by extending the coverage at infrared wavelengths and
by taking images of the Sun;

Colour and Stereo Surface Imaging System (CaSSIS): it is a high resolution
camera with a resolution of 5 metres per pixel, capable of obtaining colour
and stereo images. Its main goal is to provide the geological and dynamical
context for sources or sinks of trace gases detected by NOMAD and ACS;
Fine Resolution Epithermal Neutron Detector (FREND): it is a neutron
detector designed to map hydrogen on the surface down to a metre deep,
revealing deposits of water-ice near the surface.

4.2 Planetary Fourier Spectrometer

The Planetary Fourier Spectrometer (PFS) is an infrared spectrometer optimised
for the study of the Martian atmosphere (Formisano et al., 2005). Re-adapted from
the failed Mars 96 mission, it includes two channels: the Long Wavelength Channel
(LWC), which works in the (5.5, 45) m or (250, 1700) cm ! range, and the Short
Wavelength Channel (SWC), which works in the (1.2, 5.7) m or (1700, 8200) cm !
range. The spectral resolution is 1.3 cm ! over the entire spectral range (Table 4.1).
The main objectives of PFS are the study of vertical temperature pro le, to retrieve
the dust and ice content in the atmosphere and to monitor the abundance of water
vapour and carbon monoxide in a climatological framework.

PFS is a double pendulum interferometer (Figure 4.1): the incoming radiation
is subdivided into two beams by a dichroic mirror. The two beams travel on two
parallel planes which correspond to the two instrument channels, so that one single
motor simultaneously move the two pendulums.

The detectors are at the centre of parabolic mirrors. The rotation of the double
pendulums introduce the optical path di erence between the two brenches of the
interferometers: this choice have been made because in this way the path di erence
is four times greater than that of a single-displacement. The detector for the SWC
is a photo-conductor which works down to 200 K. It is passively cooled using a
radiator and its holder is partially insulated from the interferometer. The LWC has
pyroelectric detector that can work also at ambient temperature. SWC needs to be
cooled down to 200-210 K, while the remainder of the interferometer is operated
at 285 K. The temperature of the laser diode must be stable within 0.1 and also
the LWC must have a stable temperature. The signal received by the detectors is
a double sided interferogram, with zero optical path di erence in the centre of the
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Figure 4.1. Schematics of the Planetary Fourier Spectrometer. From Formisano et al.
(2005).

mirror displacement. This kind of interferogram is substantially insensitive to phase
errors.

Table 4.1. Main characteristics of PFS channels. From Formisano et al. (2005)

SwWcC LwWC

Spectral range m (cm ) 1.2-5.5 (1700-8200) 5.5-45 (250-1700)
Resolution (cm 1) 1.3 1.3

FoV (deg) 1.6 2.8

Detector Photoconductor Pyroelectric

T (K) 210 290

Beam Splitter CaF» Csl

Max. OPD (mm) 5 5

Before launch, the pendulum was locked by a para n actuactor for safety rea-
sons. The rotation is then controlled by means of a laser diode (InGaAsP at 1.216
m) reference channel which generates also the sampling signal for the A/D con-
verter, measuring optical path di erences of 608.4 nm. The zero crossing of the
interferogram due to the monochromatic source of the diode is used for sampling
the interferogram. The speed of the double pendulum is controlled by a system
that uses the laser diodes interferogram signal so that the measured time between
zero crossings is about 250 s (2 kHz). Once in space, the interferometer has been
found to be a tected by vibrations. There were vibrations at 10-20 Hz, 105-110
Hz, and 595-600 Hz that a ected the measurement noise, increasing it at speci ¢
wavelengths. These frequencies depend on the speed of the pendulum, so changing
its speed the additional noise has been shifted to di erent parts of the spectrum.
The speed has hence been moved to 2.5 kHz to yield the best compromise between
the disturbance in the LWC and in the SWC (Giuranna et al., 2005a; 2005b).
The pointing mirror of PFS can work in eight di erent positions: ve around
nadir (0, 12.5, 25), a deep space at +85 , an internal calibration Black Body,
and an internal calibration lamp.
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4.2.1 Data Calibration

The calibration process of the Planetary Fourier Spectrometer has been described
in two papers by Giuranna et al. (2005a; 2005b). LWC has been calibrated in
laboratory using two calibration sources: a blackbody (MIKRON M345x4 UDC)
with certi ed emissivity of 0.97  0.005 in the ranges (8, 15) and (3, 5) m with
the possibility to choose the temperature and another blackbody with an estimated
emissivity of 1.0 0.1 to be used in a thermovacuum chamber. PFS also has an
internal blackbody which has been used as a calibration source in space together
with deep space observations.

The amplitude of a LWC spectrum S( ) is proportional to the di erence between
the incoming radiance of the target 1( ) and the emission of the instrumnet Iy( ),
so that:

ISOU=RONIC)  To( )i (4.1)

where R( ) is the responsivity of the instrument (Figure 4.2). The emission of the
instrument depends on its temperature and hence in principle the responsivity can
be obtained observing the reference blackbody. Anyway, this is not the case since
the instrument is made by two parts: the detector and the optical bench. From
laboratory measurements:

I )=B(Ters; )= (MB(Ti; )+[1  (n)IB(Tg;n) (4.2)

where T; is the interferometer temperature, T4 is the detector temperature, can
assume any values in the [0, 1] range, where 1 is when the two parts are exactly at
the same temperature. Responsivity is then:

RO= i B G 80T
i d, )

the parameter resulted to be 0.97 with uncertainty equal to 1%.

Once the responsivity was computed the radiance was calculated. The mea-
surement error has been estimated through the Noise Equivalent Radiance (NER),
which is the radiance that a source must have in order to produce a signal equal to
that generated from the instrumental noise (Figure 4.3). It is equal to:
s

NER( )=

(4.3)

7 ilbiT( ) bavT ()2

. (4.4)

where bay.7( ) is the average radiance per temperature, n is the total number of
spectra, bit( ) = Si7( )=R( ), Sit( ) is the i-th spectrum of a measurement
session with a blackbody at temperature T. The NER in space has been found to
be substantially the same as was computed in laboratory, indicating a high stability
of the instrument.

For the SWC, in addition to the two blackbodies there were two additional
calibration sources: the integrating sphere (Optronic Lab. Inc. OL 455 12 2) which
provided a radiance spectrum from 4000 to 8200 cm ! and a Mercury Lamp (Oriel
6035) which provided a number of Hg lines.

SWC was planned to cover the (2000, 8192) cm ! spectral range, but actually
it detects the radiation down to 1700 cm ! recovering the part of LWC information
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Figure 4.2. The average responsivity of LWC obtained using the two blackbodies. The
solid line is from the blackbody with emissivity 0.97 and temperature of the blackbody
higher than that of the detector. The dashed line is instead from the blackbody with
emissivity 1.0 and a temperature lower than that of the detector. From Giuranna et al.
(2005a)
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Figure 4.3. The Noise Equivalent Radiance for LWC obtained from the internal blackbody
measurements in the thermovacuum chamber. From Giuranna et al. (2005a)
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which was lost due to the mechanical vibrations of the instrument. In the (1700,
2900) cm ! range, SWC behave as a bolometer, that is to say it is sensitive to the
di erence in temperature between the emitting source Tg and the detector, so that
the amplitude of the signal depends on

T=jTo Tsj (4.5)

The responsivity of the instrument is di erent when Tg < Tgs or Tg > Ts. For
low signals the detector is linear but it has di erent coe cients for the two cases:
responsivity is higher for cold cases and lower for hot cases. This has been taken
into account because the temperatures on Mars are highly variable and can be
either lower or higher than the detector temperature. The responsivity is obtained
putting together the solar part from the Integrating sphere and the thermal part
for blackbody at di erent temperatures.

In the thermal region (< 3900 cm ') the SWC is obtained as for the LWC
(from Equation 4.1). In the solar spectral region, responsivity is given by

Rirars( ) = Ray ( JK(R3500( ) (4.6)
where R93K (1) is the responsivity obtained in laboratory, K( ) is the actual in-

crease of the SWC responsivity when passing from laboratory to space, and R3335( )

is the function giving spectral modi cations due to the modi ed speed of the pendu-
lum. Thermal and solar responsivity give the total responsivity (Figure 4.4). The
Noise Equivalent Radiance has been obtained as for the LWC (Equation 4.4, Figure
4.5).
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Figure 4.4. The responsivity of SWC obtained in the Lab at room temperature and in
air. From Giuranna et al. (2005b)

The PFS calibration pipeline makes also use of the instrumental phase-based
method for Fourier transform spectrometer measurement processing developed in
Saggin et al., (2011).



42 4. Instruments and Datasets

100.0 T T T T T LE

cm™)

NER (erg s em ™2 sr7!

0.01 Las il | el el 1
2000 3000 4000 5000 6000 7000 8000

Wavenumber (cm™)

Figure 4.5. The Noise Equivalent Radiance for SWC obtained at room temperature. From
Giurnna et al. (2005b)

4.2.2 Dataset

The Planetary Fourier Spectrometer has been observing Mars since orbit insertion at
the end of 2003. From January 2004 to october 2021 Mars Express performed more
than 22,000 orbits. Hence, PFS have observed Mars for nearly ten Martian years
by now, from the end of MY26 to the mid MY36. In these years, PFS performed
more than 14,000 observation sessions, collecting more than 4 million spectra per
channel. The whole dataset is splitted in two: one subdataset is for LWC and one
subdataset is for SWC.

Mars Express orbits Mars in a polar orbit having an inclination of 87 , a peri-
centre altitude of about 240 km and an orbital period of about 7.5 hours. The
instantaneous eld of view is about 1.52 for the SWC and 2.69 for the LWC,
which corresponds to a spatial resolution of, respectively, 6.5 and 11.5 km at the
pericentre (Giuranna et al., 2021). Most of the data are in nadir observation ge-
ometry, even if there is a consistent number of limb observation and spot tracking
measurements.

Every PFS observational session contains a number of spectra, from some dozens
to hundreds, each identi ed by a number named SCET which identi es the seconds
elapsed from a reference time. Every spectrum comes with its geometrical pa-
rameters (incidence angle, emission angle, phase angle, solar longitude, local time,
longitude and latitude) and has a quality ag which indicates the quality of the
interferogram from which the spectrum is obtained. There are also other instru-
mental information, such as the temperature of the laser diode and the position of
the zero optical path di erence inside the interferogram.
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4.3 NOMAD

NOMAD (Nadir and Occultation for MArs Discovery) is a spectrometer suite on-
board the ExoMars’ Trace Gas Orbiter (TGO). It is equipped with two infrared
channels (SO and LNO) coupled to a ultraviolet-visible channel (UVIS). TGO is
a nadir tracking spacecraft, meaning that its -Y axis is always pointing perpen-
dicularly toward the surface of Mars. Each Channel of NOMAD can point in the
solar direction with an angle of 67.07 . LNO and UVIS can also point in nadir and
limb directions. Table 4.2 reports main nominal (before launch) characteristics of
NOMAD channels.

Table 4.2. Main characteristics of NOMAD channels. From Vandaele et al. (2015)

SO LNO UVIS
Detector 2D HgCdTe 2D HgCdTe 320x256 2D 1024x256 pixel

320x256 pixel FPA  pixel FPA CCD
Detector T (K) 88 88 N/A
LoS sSun Sun/Nadir Sun/Nadir
Spectral range ( m) 23-43 2.3-38 0.2-0.65
Resolving power res. 20000 0.15-0.22 10000 0.3-0.5 1-2 nm

cm-1 cm-1
FOV (spectral x spatial, 2 x 30 4 x 150 2 (SO)
arcmin) 43 (Nadir)
Spatial res. Inst. 1 ( zatlimb) 1 ( zatlimb) 1 ( zatlimb)
footprint (km) 0.5 x 17 5 x 5 (Nadir)
Vertical sampling (km) 0.18-1 0.18-1 <0.3

Its science purposes are (Vandaele et al., 2015):

1. Increse our knowledge of the chemical composition of the Martian
atmosphere

Atmospheric composition and isotopologues detection of the molecules
which have spectral features in the NOMAD spectral range: CO, (*3CO»,
7oco, 8oco, ct0,), co (*3co, c80), H,0 (HDO), NO3, N,0,
O3, CH4 (**CHy4, CH3D), CyHj, CoHs, CoHg, H,CO, HCN, OCS,
SOy, HCL, HO3, H5S;

Atmospheric escape processes, marked for example by water isotopo-
logues;

Methane chemistry and related geophysical/biogenic activity;

The presence of active outgassing vents or other volcanic activity prod-
ucts;

Climatology of the upper atmosphere.

2. Better quantify and characterise the Martian climatology and sea-
sonal cycles;

Extend existing atmospheric climatologies, temperatures and total den-
sities for CO,, CO, H,0 and other trace gases;

Improve UV and O3 climatology;

Dust and clouds climatology.
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3. Characterise the sources and sinks of trace gases in the Martian
atmosphere.

Atmospheric production and loss mechanisms;
Localization of sources.

4.3.1 Instrument description

Solar Occultation channel (SO) and Limb, Nadir and Occultation channel (LNO)
are two infrared channels built after the success of SOIR on-board Venus Express
(e.g. Mahieux et al., 2008). Indeed, SO is a copy of SOIR, and LNO is its improved
version, more suitable for faint light sources. In particular, LNO has a larger en-
trance slit than SOIR, increasing the amount of light entering the optics, and a
more advanced acousto-optical Iter which maximise throughput. The Ultraviolet
and Visible channel (UVIS) has been initially developed for the ExoMars lander
(which was then cancelled) and hence used on TGO. UVIS let the spectral range of
NOMAD to be extended in the ultraviolet and visible region.

IR channels

LNO and SO channels share the same design (Figure 4.6, Neefs et al., 2015). Since
the detection of methane is one of the main goal of NOMAD, the instruments are
optimised close the its absorption line around 3000 cm . Both instruments works
in the (2.3, 4.3) m or (2320, 4550) cm ! range, even if LNO upper limit is reduced
to 3.8 m or 2630 cm ! in order to reduce the impact of thermal noise when
looking at nadir. They use a high dispersion echelle grating with a groove density
of approximatively 4 lines/mm in a near Littrow con guration in combination with
an Acousto-Optical Tunable Filter (AOTF). This Iter allows to select di raction
orders reducing their overlapping.

B

Figure 4.6. Schematics of the SO and LNO channels: (1) the entrance optics, (2) the
AOTF Iter, (3) the spectrometer entrance slit, (4 and 6) folding mirrors, (5) the
echelle grating, (7) the detector. From Vandaele et al. (2015).

During nadir observations, the signal is 10° weaker than in solar occultations,
and then is more important to increase the signal-to-noise ratio (SNR). The focal
ratio (f=x) of the optics de nes the amount of light collected and hence the signal
intensity. A good matching between the f=x of the optics and the detector is
advantageous for the SNR. In SO there is a mismatch (f/5.12 for the optics, f/3.936
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for the detector) and hence the detector sees also part of the walls. In LNO the f=4
of the optics is equalized to f/3.936 in order to avoid the mismatch. The slits of the
spectrometers are rectangular with a dimension of 2'x30’ for SO and of 4’x150’ for
LNO. In this way, the height of the slit is increased to cover the full etendue of the
system, and the slit of LNO is wider to increase SNR.

The signal is also in uenced by the bandwidth and the di raction e ciency of
the AOTF (see next Paragraph), which are respectively higher and lower for LNO
than for SO. For LNO the bandwidth is indeed 24 cm ! and the di ractione ciency
with an RF power up to 2 W is 62%. For SO these numbers are 22 cm ! and 86%.
Another factor which impacts the signal is the transmission e ciency of the grating,
which varies from pixel to pixel and from order to order. The SNR can be up to
4 times lower at the edges of the free spectral range compared to the central pixel.
Table 4.3 reports the main characteristics of the NOMAD IR channels.

AOTF Acousto-Optical Tunable Filters are optoelectronic devices which allows
to drive spectral orders selection. Filters of this type rely on a birefringent crystal
whose optical properties vary upon interaction with an acoustic wave due to Bragg
di raction. Part of the nonpolarized light entering the crystal travels to the exit
of the AOTF without di raction, part is di racted at a small angle to either side
of the undi racted beam. Both the undi racted and di racted light beams contain
an ordinary and an extraordinary polarization component, which exit the AOTF
under slightly di erent angles. In NOMAD only the ordinary polarization of the
incoming light is used.

AOTFs are useful for their quickness in the selection of spectral orders. There
is no need for moving mechanical parts and AOTFs can be used as optical shutters
without using any mechanical shutter. On NOMAD, acoustic waves are induced
through a transducer bonded to a long side face of the crystal. A radio frequency
is applied to the transducer and converted into acoustic power. There is a univocal
relation between the radio frequency applied to the crystal and the central wave-
length of the resulting passband Iter. This relation is known as the tuning curve,
and is given by:

w n9
A= sin *+sin2 ;2 4.7)

c

where A is the applied frequency, w is the acoustic velocity, n is the crystal
birifrengence, . is the central wavelength of the passband Iter, and ; is the
incidence angle.

An important characteristic of AOTFs is that the FWHM of their spectral band
is more or less constant over the complete wavelength range. Typically FWHM val-
ues are about 22-25 cm 1, and this means that the passband can be easily matched
to the free spectral range of the gratings. For NOMAD, the width of the selected
spectral windows varies from 20 to 35 cm ! depending on the selected di raction
order. Transducer are in an apodised con guration to keep the AOTF’s sidelobes
as small as possible. AOTF entrance and exit optics are slightly di erent in SO and
LNO regarding size of the clear apertures, curvatures and focal lengths.
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Echelle gratings An echelle grating is a di raction grating characterised by a low
groove density and a groove shape optimised for high incidence angles. This mean
that higher di raction orders can be analysed and also that dispersion of spectral
features at the detector is increased. In addition, the use of echelle gratings has
the advantage that the full height of the detector can be used to register spectral
lines, allowing to improve the signal-to-noise ratio by column binning. If the blaze
angle of the grating is chosen so that incidence and di raction angles are equal, the
grating is said in Littrow con guration, and
m C:25in B :sin +sin (4.8)
g g
where m is the di raction order, . is its central wavelength, g is the groove density,
g is the blaze angle, and and are incidence and di raction angle, respectively.
The echelle gratings in the infrared channels of NOMAD are used in a near-Littrow
con guration. To separate the incident and di racted beam, the gratings are slightly
tilted such that both beams make a small angle  with the plane perpendicular to
the grooves. In addition, there is also a small deviation i of the angle of incidence
from the blaze angle in the same plane. Relation 4.2 became:

m .= 2sin g €oSiCOS (4.9)
g
The spectrometer design of the NOMAD channels is such that the . of each order
falls in the centre of the detector. Hence, the free spectral range is ﬁ and the
wavelengths at its edge are ﬁ For a di racted beam at wavelength , making
an angle with , the ray that de nes the optical axis of the imager:

sin( g +i)+sin( g +i+ )cos
m .= ( B ) ( B ) (4.10)
g
The spectral sampling interval on the detector is de ned by the grating character-
istics. . falls at the centre of the detector, but falls at a distance D from it so
that:

d cos®> cos(g i  )cos
— = 4.11
D Timagermg ( )

o

Detector A parabolic mirror forms an image of the spectrometer slit and projects
it on the detector. The detector (Table 4.2) is a MARS-MW K508HSM integrated
detector Dewar cooler assembly, which is a photovoltaic mercury cadmium telluride
focal plane array. It is made up of 320 pixels along the spectral axis and 256 rows.
Every pixel size is 30x30 m?. The Focal Plane Array is located in a vacuum Dewar
with a customized 1 mm thick silica (refractive index 3.4) with an antire ective
coating. The material of the window de nes the cut-on wavelength (around 2 m
at 50% of maximum response). The cut-o wavelength (Figure 4.7) is instead
de ned by the composition of the array in the SO detector (around 4.2 m at 50%
of maximum response). In the LNO channel detector, there is a 0.3 mm thick
germanium cold Iter (refractive index 4) to cut-o the wavelength range around
3.9 m at 50% of maximum response. Before an occultation starts, the detector
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is cooled down to a temperature of about 88 K using a K508HSM rotative Stirling
cooler. During the ten minutes before an occultation starts, the detector is cooled
down to a temperature of about 88 K (it is lodged in a vacuum Dewar with a
customized 1 mm thick silica front windows with n=3.4, and it has an antire ective
coating).

(a) Simulation SO channel

Spectral Response
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(b) Simulation LNO channel
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Figure 4.7. Spectral response simulation for SO (a) and for LNO (b). From Neefs et al.
(2015).

Among the 256 rows of the detector, the image of the spectrometer entrance
slit is projected on 24 rows in solar occultation mode and on 144 rows in nadir
mode. However, due to data rate limitations, during one cycle of observation only
24 detector spectra can be processed and transmitted to Earth. Therefore, 144
LNO rows are reduced to 24 "super-rows" through binning by 6. Due to this data
rate limitation, when 6 di erent wavelength intervals are recorded only 4 spectra
per interval can be downloaded. Every spectrum can be derived from

4 single rows (or super-rows)

8 rows (or super-rows) binned by 2
12 rows (or super-rows) binned by 3
16 rows (or super-rows) binned by 4
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20 rows (or super-rows) binned by 5
24 rows (or super-rows) binned by 6

The instantaneous eld of view of each of these spectra corresponding to one bin
varies from 0.5 km (single rows) to 3 km (24 rows binned by 6). Binning 2 rows into
one spectrum for download ensures then the 1 km resolution promised by NOMAD.

Readout electronics Back of the detector array there is a CMOS readout inte-
grated circuit to which the 320x256 pixels are individually coupled. When photons
with wavelength below the cut-o impinges on the senstitive area, electron-hole
pairs are created and separated by the electical eld of the photovoltaic diodes.
During integration time, the capacitors stores the charge of the electrons from the
pixels through direct injection, then all the charges are converted to voltages and
multiplexed into an analog video signal at the output of the readout circuit. Due
to direct injection the linearity of the readout is not guaranteed for low and near-
saturation signals. Two additional diodes are used as temperature sensors to avoid
temperature increasing over 130 K, which could be harmful for the detector.

Table 4.3. Detector and Cooler Characteristics for the SO and LNO channel. From Neefs
et al. (2015)

Parameter SO LNO
Number of pixels per column 256 256
Number of pixels per row 320 320
Pixel size ( m?) 30x30 30x30
Cold shield aperture (f /#) f/3.936 f/3.936
Integration capacitor (gain 0/gain 1, pF) 0.7/72.1 0.7/72.1
Maximum charge (gain 0/gain 1, e ) 12.0/37.010°  12.0/37.010°
Video output range (V) 16 44 1.6 4.4
Video dynamic range (V) 2.8 2.8
Minimum integration time ( s) 3 3
Wavelength range (50% of response, m) 2.0-4.2 2.0-3.9
Typical quantum e ciency at 3.5 m (e /photon) 0.74 0.75
Linearity (charge 7% to 97% of pixel saturation, %) 95 95
Readout speed for single video output (MHz) 1 1
Typical focal plane temperature (K) 90 90
Cool down power consumption (273 to 90 K, W) 10.6 10.6
Regulated temperature power consumption (at 90 K, W) 3.8 35
Cool-down time (273 to 90 K, s) 261 266

UVIS channel

UVIS operates in the 200-650 nm with a spectral resolution <2 nm and 1 km of
vertical resolution (Patel et al., 2017). UVIS is a single spectrometer unit which can
receive light from two telescopes which allows it to observe both in nadir and in solar
occultation geometry. A system of optical bers coupled to a selector mechanism
brings the light through one of the two telescopes to the spectrometer. Occultation
uses a single optical ber, while nadir uses a bundle of 19 bers, each 100 m in
diameter. Light is dispersed using a di ractive optics and then read by a CCD
detector. Table 4.4 reports the main characteristics for the UVIS channel.
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Figure 4.8. Schematics of the UVIS instrument: the entrance slit (Slit), the aperture (A),
the collimating mirror (M1), the di raction grating (G), the focusing mirror (M2), the
2"d order Iter (F) and the detector (CCD). From Vandaele et al. (2015).

Table 4.4. Main nominal characteristics for the UVIS channel. From Patel et al. (2017)

Characteristic Value

General

Wavelength 200 650 nm

Spectral resolution 2 nm

Mass 950 g

Dimensions (without periscope) 125 165 95 mm°®
SO

Circular FoV 2 arcmin

Vertical sampling 1 km

Entrance aperture diameter 20.5 mm

SNR (230 450 nm) 1000

SNR (450 650 nm) 500

Nadir

Circular FoV 43 arcmin

Entrance aperture diameter 26 mm

Footprint (400 km orbit) 60 5arcmin, 80 5 km
SNR (230 450 nm) 500

SNR (450 650 nm) 250

Nadir telescope is a single o -axis parabolic mirror with a high-re ection metallic
coating, and its components are designed to maximise the signal-to-noise ratio, since
nadir signal is very low. The occultation telescope is instead designed to observe
directly at the Sun, and hence the input light must be attenuated by a factor >2000
to avoid saturation, in particular when there is no attenuation by the atmosphere.

4.3.2 Measurement types and Dataset

NOMAD can operate in three modes: safe mode, power o , and observing mode.
During observing mode, electronics and at least one channel are on, but LNO and
SO cannot be on together: NOMAD performs solar occultation, nadir, calibration
and alignment observations. In safe mode, channels are o , but electronics are on,

whilst during power o everything is o .
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Regular calibration session of dark sky and Sun are performed (Vandaele et al.,
2015): in the full Sun mode, the 3 channels point toward the centre of the Sun
(outside the atmosphere) in order to determine the optimum detector integration
time at di erent wavelengths, characterize the AOTF and the spectral range, and
calibrate radiometrically all channels (see next session). SO and LNO perform a
frequency stepping scan over the whole spectral range and the full solar spectrum
serves as wavelength calibration reference. Dark sky (or AOTF-shutted measure-
ments for SO and LNO) measurements are used to verify the thermal background
and the non-signal related noise sources. A series of spectra is recorded for SO and
LNO, with stepping of the di erent parameters (frequency, integration time, num-
ber of accumulations), thus allowing the characterization of the thermal background
of the instrument and the detector dark current.

Before starting measurements, the detectors are cooled down to their operat-
ing temperature of about 90 K by sending a command packet to the instrument.
After precooling, another command packet with observation parameters is sent to
begin science observation. Typically, integration times for nadir is 15 s, for solar
occultations is 1 s.

During one IR measurement, up to six consecutive measurements can be per-
formed, each with di erent parameters (hopping mode) and AOTF frequencies step-
ping parameters from one measurement to the next (stepping mode). Usually, one
domain is dedicated to a dark measurement with the AOTF switched o . It is
also possible to switch from a set of 6 initial subdomains to 6 totally di erent sub-
domains in the second half of the observation, and this is particularly useful for
SO observation where atmosphere characteristics change rapidly with altitude. For
the SO and LNO channels the time combination of integration times, processing
times, number of accumulations, and number of subdomains must stay within the
sampling time.

Regarding UVIS, the choice of initial parameters is simpler, since it always
measures a full spectrum, so just the optical bre, integration time and pixel binning
are to be selected. UVIS can perform observations with an integration time of 50
ms to 15 ms and, in order to create higher signal-to-noise spectra, they can be
accumulated on board reducing data rate necessities.

There are a number of observation-measurement couples which can be adopted
using NOMAD. Table 4.5 reports the possible observation types, Table 4.6 the
possible measurement types.

Data les receive a de ning letter which uniquely identify the observation-
measurement type given in Tables 4.5 and 4.6. These letters can be:

I = Ingress solar occultation: NOMAD line of sight points toward the cen-
tre of the Sun, beginning some minutes before entering the atmosphere. The

rst measurements are full Sun reference spectra and measurement continues
some minutes after line of sight crosses the Martian disk, taking some dark
spectra. A small selection of di raction orders are cycled through repeatedly.

E = Egress solar occultation: NOMAD line of sight points toward the
centre of the Sun, beginning some minutes before exiting from the Martian
disk. The rst measurements are dark spectra from the surface and last
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Table 4.5. Possible Observation Types, from NOMAD o cial documentation.

Observation Description

Types

Ingress solar Normal solar occultation starting when the line of sight is above the atmosphere
occultation and ending when sun is blocked by the surface.

Egress solar Normal solar occultation starting when the line of sight to the sun is blocked
occultation by the surface and ending when it is above the atmosphere.

Merged solar Double solar occultation, consisting of an ingress, starting above atmosphere, and
occultation an egress, ending above atmosphere. These occur when there is insu cient time

between the ingress and egress to cool down the infrared detector for the second
measurement, and are split into normal ingress and egress occultations.

Grazing solar Solar occultation where, due to orbital geometry, the sun is never blocked by the
occultation surface. Starting above the atmosphere, the line of sight passes through
the atmosphere to a minimum altitude, then increases to end above the atmosphere.

Dayside Nadir Nadir measurement on the illuminated side of the planet. Observations can be
of variable length, beginning and ending near the nightside terminator to
cover the whole dayside, or shorter and centred on the subsolar latitude.

Can also be split into 3 separate measurements.

Nightside Nadir Nadir measurement on the nightside of the planet.

Limb Measurement of the illuminated limb of the planet.

Calibration Many types e.g. sun pointing, solar line scan, etc.

measurements are Sun reference spectra. A small selection of di raction orders
are cycled through repeatedly.

G = Grazing solar occultation: NOMAD line of sight is pointed toward
the centre of the Sun, but it never intersects the planet’s surface due to the
Sun-Mars-satellite geometry. The observation begins above the atmosphere
and ends above the atmosphere. There are no dark spectra from the Martian
surface in this case, and these observation do not pass through the standard
data calibration pipeline.

S = Fullscan solar occultation: a normal Ingress or Egress observation
has to be sacri ced, or the fullscan has to be combined with the Ingress or
Egress observation. SO (or LNO in solar occultation mode) channel perform
a sweep over complete spectral range, one di raction order at a time. UVIS
can observe in normal Ingress or Egress mode during this time.

F = Fullscan nadir: a normal dayside or nightside nadir observation has
to be sacri ced. LNO performs a sweep over complete spectral range, one
di raction order at a time. UVIS can observe in normal nadir mode during
this time.

D = Dayside nadir: LNO line of sight is almost perpendicular to the surface,
which is illuminated by the Sun. A small selection of di raction orders are
cycled through repeatedly.

N = Nightside nadir: LNO line of sight is almost perpendicular to the
surface, which is not illuminated by the Sun. A small selection of di raction
orders are cycled through repeatedly.
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Table 4.6. Possible Measurement Types, from NOMAD o cial documentation.
Types Description
SO/LNO

Solar occultation
(50km switch)

5 di raction orders + 1 dark per second. When the line of sight reaches 50km,
the combination of di raction orders being measured is changed.
No onboard background subtraction.

Solar occultation
(250km switch)

5 di raction orders + 1 dark per second, same order selection throughout.
No onboard background subtraction.

Solar occultation
(50km switch,
dark subtraction

6 di raction orders per second, di raction order selection changed at 50km.
Dark frames subtracted onboard.

Solar occultation
(250km switch,
dark subtraction

6 di raction orders per second, same order selection throughout.
Dark frames subtracted onboard.

Nadir

Nadir measurement of 2 to 6 di raction orders per 15 seconds, dark subtracted onboard.

Limb

Limb measurement of 2 di raction orders per 15 seconds, dark subtracted onboard.

ACS Boresight
Limb

Special limb measurement of 2+ di raction orders, measured during an ACS/MIR
or ACS/TIRVIM solar occultation where line of sight is pointed close to the sun but not
directly at the solar disk. Onboard dark subtraction.

Fullscan Nadir, limb or occultation di raction order stepping over any range/number of orders,
(slow) dark subtracted onboard.
Fullscan Solar occultation order stepping over any range/number of orders at a high cadence rate,
(fast) dark subtracted onboard.
Calibration Many types e.g. line of sight, solar fullscan, solar miniscan, integration time stepping, etc.
UVvIS
Solar occultation Detector pixel values are vertically binned onboard. 3 full or partial spectra are
(binned) recorded per second. No dark subtraction is made onboard.
Solar occultation Each pixel value is stored individually. Full or partial spectra can be transmitted
unbinned to Earth at a variety of cadence rates. No dark subtraction is made onboard.
Nadir Detector pixel values are vertically binned onboard. Full or partial spectra can be
(binned) transmitted to Earth at a variety of cadence rates. Occasional dark frames

are taken and transmitted to Earth
Nadir Each pixel value is stored individually. Full or partial spectra can be transmitted
(unbinned) to Earth at a variety of cadence rates. Occasional dark frames are

taken and transmitted to Earth.
Calibration Many types e.g. line of sight, integration time tests, etc.

L = Limb: one or more NOMAD channels are pointed towards the limb of
Mars by rotating the spacecraft, so that the nadir face of the spacecraft is
pointed to the limb, or by using the occultation channels.

C = Calibration:

Pointing calibrations, line or raster scan around a target (typically
the Sun). From these measurements the misalignment can be calculated
between the spacecraft pointing axis and the NOMAD boresights and to
correct the spacecraft pointing vector.

Fullscans, when the line of sight does not pass through the atmosphere,
the spacecraft will point toward the centre of the Sun. SO and/or LNO
channels perform a sweep over their complete spectral range.
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Miniscans, when the line of sight does not pass through the atmosphere,
the spacecraft will point toward the centre of the Sun. SO and/or LNO
channels perform a sweep over a fraction of their spectral range.

Integration time stepping, when the integration time is gradually
increased so that the saturation time can be determined. Channels may
be pointed towards any target (Sun, Mars or dark sky).

Among possible observation-measurement couples, there are some types which
compose the vast majority of the dataset: SO Ingress/Egress/Merged (Ingress+Egress)
using 5-6 di raction orders for 0-250 km, 0-50 km or 50-250 km; LNO/UVIS Dayside
Nadir; UVIS Ingress/Egress/Merged (Ingress+Egress) for 0-250 km altitude range.
UVIS measurements can be horizontally binned or unbinned. LNO Dayside Nadir
observations use 1-6 di raction orders. Table 4.6 shows the main used di raction
orders for LNO and SO observations.

Table 4.7. Commonly used di raction orders, from NOMAD o cial documentation.

Particles Orders
HDO/CO2 (<60km) 119, 120, 121, 122, 123
CH4/H20 (<60km) 130, 131, 132, 133, 134, 135, 136

CO2 (60-100km) 146, 147, 148, 149, 150
CO2 (>100km) 163, 164, 165, 166

H20 (>60km) 167, 168, 169, 170, 171

CO (<60km) 186, 187, 188, 189, 190, 191, 192

Nadir dust/surface 193, 194, 195, 196, 197, 198

Data Calibration

Radiometrically calibrated data of NOMAD are obtained through a series of step
(Figure 4.9 shows the calibration pipeline).

SO/LNO spectral calibration is complicated by the presence of the AOTF and
di raction grating, the transmittance of which would ideally be a boxcar function
of width equal to the spectral range, but actually it is similar to a sinc? function
which overlaps adjacent di raction orders. In addition, wavelength is T-dependent
since NOMAD temperature varies, causing expansion and contraction of the metal
di raction grating. AOTF shape coe cients and spectral resolution vary by di rac-
tion order. The current published coe cients (Table 4.8) can be found in NOMAD
o cial documentation.

Spectral calibration:

= Fom + F1m(p + po) + Fam(p + po)® (4.12)
= Qom+ Q1 p+Qz (4.13)

where , is the wavenumber in cm L of pixel p in di raction order m and Fo,
F1 and F, the coe cients of a second order polynomial derived from ground
and in- ight spectral calibration. Temperature wavelength-shift is taken into
account by modifying p value in the previous equation. Pixell = Py +P4T is
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Figure 4.9. Data processing pipeline. From NOMAD o cial documentation.
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the eld for the rst value, calculated from the NOMAD temperature at the
beginning of the observation. p values are Pixell, Pixell + 1, Pixell + 2...
to Pixel1+319. Pixell is currently constant throughout an entire observation.

Blaze function: the blaze function corresponds to the e ciency of the echelle
grating as a function of the incident angle to the blaze angle. SO and LNO
gratings are more e cient in di raction radiation towards the centre of a
di raction order rather than at the edges. It is modelled as a sinc?:
in(_(P_Po)y2
[S'n(Tpo)]

2

Folaze(P; Po; Wp) = Wj (4.14)

2(p po)?
wp = Hg + Him + Hpym? (4.15)
po(m) = lo + I1m (4.16)

where p is the pixel number (0-319), po is the centre of the function in pixel
units (which varies linearly by di raction order), and wp, is the width of Fpjaze,
m is the di raction order. The spectral resolution, dependent on the slit width,
is:

Ss=Rpg+Rim (4.17)

AOTF Calibration: from the AOTF frequency (AOT F¢req, in kHz), the
di raction order number (m, integer) is calculated as:

m = Eo + E1AOT Freq + E2AOT Ffg, (4.18)

AOT Feentre is the central wavenumber in cm 1 for a given AOT Freq:

AOT Feentre = Go + G1AOT Freq + G2AOT Ff (4.19)

Also it has been found a AOT Fghift that describes the shifting of AOT Feentre
with temperature:

AOT Fczopt_centre AOT I:new_center

Shift = AOT From comtre (4.20)
T = AOT FeentreTAOTF (4.21)
AOTF sinc-width, in cm 1:
AOT Fyigth = Wo + W1AOT Feenter + W2AOT Feenter (4.22)
AOTF sidelobe ratio:
AOT Fsigelobe = Xo + X1AOT Feenter + X2A0T Feenter (4.23)

AOTF baseline o set (for calculation using 2 orders):

AOT Fpaseline = Yo + Y1AOT Feenter + Y2AOT Feenter (4.24)
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ILS: the instrumental line shape is given by

2

X A5
+A
2As 48P A,

2
ils = Ajexp

(4.25)

where x is the wavenumber relative to the pixel centre, typically in the range
-1.0 to 1.0 cm 1. The output ILS is given in relative wavenumber, as X. The
Resolving Power is given by:

I LS = ZO + Z]_AOT Fcenter + ZZAOT Fcenter (426)
whilist for the spectral resolution for LNO:

Sr =srp+nug (Sry+nug srp) 4.27)

where AOTF Temperature is taken from Housekeeping/AOTFtemperature, US-
ing a mean of the 10t to 30t values.

SO/UVIS occultation transmittance calibration is performed using three meth-
ods.

1. First method is the one from Trompet et al. 2016. Each solar occultation
spectrum is splitted into the ve regions shown in Figure 4.11. S is the solar
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Figure 4.10. S (solar reference), R, E, U (umbra - no signal), and T (atmosphere) regions
in which the solar occultation spectra are splitted, corresponding to a given tangent
altitude range. From NOMAD o cial documentation.
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reference region, taken above the top of the atmosphere and used to calcu-
late a linear regression which is also extrapolated into the region E where
there are atmospheric absorptions. Transmittances are calculated by dividing
the spectra measured in the T region by the extrapolated line. The stan-
dard deviation of the signal in the U and S regions is scaled to the value of
the transmittance in the T region and YError, the transmittance noise which
includes both sytematic and random noise, is calculated for all pixels of all
spectra in the T region. YErrorNorm is calculated by normalising the spectra
in the S region before making the standard deviation. In this way the vari-
ability due to systematics is removed. SNRNorm and SNR are calculated by
dividing Y by YErrorNorm or by YError, respectively. The linear regression
accounts for the change in brightness of the Sun during the occultation, and
the transmittance is always very close to unity at the top of the atmosphere.
On the other hand, this regression is calculated pixel-by-pixel, and hence its
calculation is complicated by solar lines shifts due for example to changes of
the grating temperature.

2. A second method is thought to account for this solar lines shifts. The gradient
of each regression is tted using a polynomial, so that anomalous values due
to solar line shifts are not modi ed. After that, transmittance YFit, YError
and YErrorNorm are found in the same way as in the Trompet et al. (2016)
method.

3. The third method is a simple mean: each spectrum in the T region is divided
by a mean of the spectra at the top of the atmosphere. The transmittance
may not be equal to unity at the top of the atmosphere. YErrorMean and
YErrorMeanNorm are calculated in the same way as in the Trompet et al.
(2016) method but with YMean instead of Y.

LNO nadir/limb radiance calibration is performed using a look-up tables
from ground calibrations. These tables contains radiance-to-counts conversion val-
ues for all pixels in all di raction orders. Higher orders (165 - 190) have a higher
sensitivity and minimum sensitivity occurs around order 150. The error is calibrated
directly from the data using the rst 50 pixels of the rst uncalibrated spectrum of
the observation. A polynomial is plotted and it is subtracted from the data to re-
move the continuum shape. A standard deviation is calculated as a single value for
the whole observation and converted into radiance for every pixel using the look-up
table.

The most comprehensive published work on NOMAD IR data calibration is the
one by Liuzzi et al. (2019) which was focused in methane detection in the at-
mosphere of Mars. They used a semi-empirical approach to data calibration, using
about 70 well known solar lines (from Hase et al., 2010) in order to calibrate SO and
LNO data spectrally and radiometrically exploiting orders 99-211 for SO and 108-
210 for LNO. They used SO and LNO spectra obtained during First Mars Capture
Orbit, between 22t and 27" November 2016. During that orbit the instruments
were pointing directly to the Sun with an integration time 1-4 ms (to avoid satu-
ration) and 64-86 accumulation per measurement. These observations were mainly
miniscans or fullscans, the latter of which were used to characterise the thermal
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Figure 4.11. Main HITRAN parameters with an assumed Lorentzian pro le. The dotted
line refers to a transition at zero pressure with a negative pressure shift, ).

e ect on the spectral calibration. Recent calibration are also reported in Thomas
et al. (2022) and Mermy et al. (2022).

4.4  Ancillary data

441 HITRAN database

HITRAN is a molecular spectroscopic database widely used in the study of plan-
etary atmospheres. It is the standard database of the spectroscopic parameters
of molecules for use in calculating the radiative transfer in planetary atmospheres,
including that of Earth. It includes information from radiofrequency to near ultra-
violet, with individual line properties. HITRAN also includes infrared absorption
cross sections for some molecules with spectra that are too dense to calculate on a
line-by-line basis, ultraviolet and visible cross sections for atmospherically impor-
tant molecules, aerosol indices of refraction and collision-induced absorption data.
Tables of partition sums permit calculations of intensities from 70 to 3000 K.

What follows is based on documentation provided by HITRAN 2016 edition
(Gordon et al., 2017). HITRAN parameters are given in cgs units. The following
values for radiation constants are provided:

Planck Constant: h=6.62606957 10 27 ergs

Light speed in vacuum: ¢=2.99792458 10'° cm/s
Boltzmann Constant kg =1.3806488 10 erg/K

Second radiation constant c; = hc/kg = 1.4387770 cm K

In the HITRAN database the user can nd and download the following param-
eters:
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Mol: the molecular species identi cation (ID) number, which goes from 1 to
47, and it is a sequentianl number chronologically assigned to molecules.

Iso: the isotopologue ID number which can be local if it is a number inversely
proportional to terrestrial abundance (1 is the most abundant) from P. De
Bitvre et al. (1984), or global if it is a number speci c for every species.

ij. the wavenumber of the spectral line transition (cm 1) in vacuum. The
transition between lower and upper states i and j is accompanied by the emis-
sion or absorption of a photon of energy E =E; Ej = jj(cm 1). Other
designations use double primes and primes ( and ’) for lower and upper states,
respectively. International de nition also calls for a tilde over the to denote
wavenumber.

Sij: the spectral line intensity (cm =(molecule=cm?)) at Trer = 296K. The
intensity is de ned here for a single molecule, per unit volume. The units have
been shown in this form (unreduced to cm=molecule) in order to emphasize
that the intensity can be thought of as wavenumbers per column density, as
commonly used in atmospheric transmission and radiance codes. It can be
visualized as a shaded area under the line contour in Fig. 4.12. The spectral
line intensity of the transition between two rovibronic states is given as

L A gle T e 2 uT)
“8c?2 Q(T)

Sjj = (4.28)

where Ajj(s 1) is the Einstein coe cient for spontaneous emission, g’ is the
upper state statistical weight, and E¥ = E; is the lower state energy (cm 1)
(see discussion of these parameters below). The total internal partition sum,

Q(T), is given by
coE
QM) = ke T (4.29)
It should be emphasized that S;; is weighted according to the natural terres-
trial isotopic abundances, I, given here and in the le molparam.txt. Q(T)

can be found on isotopologues information page on hitran.org.

Aij: the Einstein-A coe cient (s 1) of a transition. The majority of the tran-
sitions in HITRAN are produced by electric dipole. However, there are some
transitions that are magnetic-dipole (oxygen) and also electric quadrupole (ni-
trogen and some oxygen transitions). The Einstein coe cient, A;j is related
to Rjj for electric dipole transitions by

64 4 gUO
Ajj = - EJERU- 10 % (4.30)
air: the air-broadened half width at half maximum (HWHM) (cm !/atm) at
Tref = 296K and reference pressure preg = latm. In HITRAN 2016 there are
also other parameters for some molecules (e.g. co,, which can eventually be
integrated with data from literature (e.g. Brown et al., 2007; Gamache et al.
2016).
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self: the self-broadened half width at half maximum (HWHM) (cm /atm)
at Trer = 296K and reference pressure preg = latm.

E": The lower-state energy of the transition (cm 1). The HITRAN database
(HITRAN2012 and most earlier editions) used an integer value of minus one
(-1) as a ag for some unidenti ed transitions whose lower-state energy is
unknown, but where con dence in the intensity at 296 K is achieved.

Nair: the coe cient of the temperature dependence of the air-broadened half
width. In HITRAN 2016 there are also other parameters for some molecules
(e.g. nco,, which can eventually be integrated with data from literature (e.g.
Brown et al. 2007; Gamache et al. 2016).

air: The pressure shift (cm 1/atm) at Trer = 296K and pres = latm of the

line position with respect to the vacuum transition wavenumber jj. Shifts
can be both negative and positive depending on the transition. Up until the
HITRAN2012 database, only shifts due to air were provided; however self
shifts, H, , He and CO, induced shifts are now also being provided for
some species. In addition, a 4 is provided for some molecules, and it is
the temperature shift (cm 1/T) at Tyef = 296K and prer = latm of the line
position with respect to the vacuum transition wavenumber ;.

g”: g% The lower and upper state statistical weights.

In order to calculate the intensity at temperatures di erent from the HITRAN
reference temperature of 296 K, one uses the following expression:

Q(Trer exp(_ CE"=T) 1 exp( cz ij=T)
Q(T) EXp( CZEOO:Tref)l exp( C2 ijoref
Note that going well above 296K may cause errors due to missing hot bands in

HITRAN that become signi cant at higher temperatures.
When one works with the database, the Voigt line shape is usually assumed,

Sij(T) = Sij(Trer) (4.31)

which is a convolution of a Gaussian (Doppler-broadened) pro le, fs( ), and Lorentzian

(pressure-broadened) pro le, fi( ). The half-width at half-maximum (HWHM) of
the Doppler-broadened component is given by

s
i ZNAkT In2

Ty=_4 =A% 7'< 4.32

oM =1 =" (4.32)

where M is the molar mass of the isotopologue in grams and Npa is the Avogadro

constant. The Lorentzian (pressure-broadened) HWHM, (p;T) for a gas at pres-

sure p (atm), temperature T (K) and partial pressure pseie (atm) is calculated as:

T .
(;T)= (%f)na.r( air(Pref; Tref)(P Pseif) + seif (Pref; Tref)Pseif) (4.33)

In the absence of other data, the coe cient of temperature dependence of the self-
broadened half width is usually assumed to be equal to that of the air-broadened
half width.



4.4 Ancillary data 61

The pressure shift, , of the transition wavenumber leads to a shifted position
ij given by
ij = ij + (Pref)p (4.34)
The pressure shift should also include a temperature dependence, but that e ect
was not included in HITRAN until now. In fact, the availability of shift values
is still sparse, and the experimental values have high uncertainties associated with
them.

Absorption coe cient In the atmosphere, a spectral line is broadened about
the transition wavenumber jj, the spread being represented by the normalised line
shape function f_( ; ij;p; T)(1=cm D). In the lower atmosphere, pressure broad-
ening of spectral lines dominates and if a Lorentz pro le can be assumed,

1 (P;T)
T2+ Cij+ (prer)P)I?

In the low-pressure environment of the upper atmosphere Doppler-broadening dom-

inates the line shape and a Gaussian pro le can be assumed:
s

In2 i)?In2

fo(  5iT)= aexp( W2

D

fL(; ii:Tip) = (4.35)

) (4.36)
D

Note that the line shape function for many applications is much more complex.
Transmission and radiance codes may apply the Voigt function, which is a convolu-
tion of a Lorentzian function (valid at the surface of the Earth and easily calculated
using the parameters within HITRAN) and a Gaussian function (accounting for the
Doppler broadening and valid at very high altitudes; its HWHM is easily calculated
knowing the temperature and mass of the molecule). More sophisticated line shape
functions can also be applied (e.g. Tennyson et al., 2014; Ngo et al., 2013) to account
for details in the collisions that give rise to the line shape. HITRAN has started to
include these e ects but using the Voigt pro le is still the most conservative way to
compute line shapes.

HITRAN documentation reports that the monochromatic absorption coe cient
kij( ;T;p)(1=molecule=cm 2) at wavenumber (cm 1) due to this transition is
given by

kij( ;T;p) =Sij(T)F(C; ij;T;p) (4.37)
The dimensionless optical depth ;( ;T;p) is formed by multiplying the absorp-
tion coe cient by the column number density of absorbing molecules, u (molecules
cm 2), such that

ij(;T;p) = ukij( ;T;p) (4.38)
The column number density is the integral of the volume nlémber density, [X] of
the absorbing molecules, X, along the path of interest: u = |[X]dl. In particular

if [X] is constant along the path of interest, then u = [X]I.

Actually what is de ned as kijj on HITRAN website is usually de ned as cross-
section jj and jj is usually de ned as absorption coe cient kjj (usually using
volume number density, and hence k has the dimension of the inverse of a length).
Optical depth is then de ned as the absorption coe cient integrated over the optical
path.
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4.4.2 BDM

BDM is a code for the retrieval of the Martian atmospheric environment from PFS
data developed by the PFS team (Grassi et al. 2005). It is a series of algorithms
which retrieve temperature pro les, surface temperature and suspended ice and dust
opacities using PFS LWC data.

Initially the LWC data is taken, using the a priori values for surface pressure,
dust, ice and water vapour from general circultation model. Surface temperature,
column density of dust and water ice, and the vertical atmospheric temperature
pro le are retrieved sequentially from the LWC. These retrievals are inside an it-
erative cycle which test the self-consistency of results. The iterations are stopped
when expected and synthetic spectra match within the level of the NER using a 2
test. Dust opacity is retrieved at 1075 cm 1, ice opacity is retrieved at 825 cm 1.

For every spectrum in the PFS dataset, a related BDM retrieval le is present,
containing information on the retrieved quantities.

443 MCD

The Martian Climate Database is a database of meteorological elds derived from
General Circulation Model (GCM) numerical simulations of the Martian atmosphere
using available state of the art data. The version used in this work (5.3) is described
by Forget et al. (2017).

The GCM computes three-dimensional atmospheric circulation taking into ac-
count radiative transfer through the atmosphere made up known chemical species
and aerosols (dust and ice), including CO, ice condensation and sublimation on the
ground and in the atmosphere as clouds, the water cycle, the cloud microphysics,
the dust multisize particle transport.

The model used to compile the statistics from which the variables are extracted
tries to represent the current knowledge of the Martian atmosphere. It has been
validated using available observational data and it is freely available at request.

By choosing the subsolar longitude, latitude, longitude, local time and dust
scenario, one can extract key atmospheric variables for a vertical coordinate vector
(pressure or altitude). This variables are surface pressure and temperature, aerosol
optical depth, abundance and properties, column abundance and mixing ratios of
relevant chemical species, CO5 ice cover.

Combination of di erent dust and solar scenarios are provided because these
scenarios are highly variable from year to year. Solar scenario describe the solar
activity and hence the variations in the extreme ultraviolet input which control the
heating of the atmosphere above 120 km. The dust scenario describe instead the
distribution of suspended dust, which is the main forcing of the Martian atmosphere.

Variables in the database are stored on a regular equispaced horizontal 64 x 49
grid in East longitude x latitude, thus longitude varies in the [-180 , 174.375 ] range
with a spacing of 5.625 and latitudes in the [90 , -90 ] with a spacing of 3.75 . The
vertical grid extends over 49 pressure levels given by:

P () = aps(l) +bps(l) Ps (4.39)

where Py is surface pressure, aps(l) is the hybrid pressure level, bps(l) is the hybrid
sigma level, P () is pressure at the level I. aps(l) and bps(l) are xed parameters
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so that near the surface levels are essentially terrain-following sigma coordinates,
whereas at high altitude the vertical levels are pressure levels. From a temporal
point of views, the grid is a 12 martian months grid with a span of 30 in subsolar
longitude (varying from 46 to 66 Sols due to orbital eccentricity). Data are stored
every 2 martian hours, where every Martian hour is 1/24th of a Sol.

The needed variables are interpolated from this grid.

4.4.4 Omega Albedo map

Audouard et al. (2017) published an emissivity map of the surface of Mars at
5.03 m (2000 cm 1) using the data from the instrument Observatoire pour la
Mingralogie, I'Eau, les Glaces et I’Activitd (OMEGA) onboard Mars Express. In
this work this value has been used to extrapolate the albedo input value for the
retrievals using

I n=1: 5 m (4.40)

where 1 is the albedo and is the surface emissivity.

OMEGA is an imaging spectrometer working in the (0.4, 5.1) m spectral range
with three channels: VIS (0.4-1 m), C (1-2.7 m) and L (2.6-5.1 m). The L
channel has been used by Audouard et al. (2017) to retrieve the information about
the surface emissivity.

The resuting emissivity map is 7200x14400 grid with longitude and latitude
step of 0.025 . From this map, an interpolation is performed to obtain the value of
emissivity at the current location and then the albedo is computed using Equation
4.40. The emissivity map is downloadable from the Planetary Surface Portal of the
Observatoire de Lyon (Poulet et al., 2018).
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Chapter 5

Methods

In this Chapter, a detailed description of the methods developed and used to pursue
the goals of this work is given. Section 5.1 de nes the inverse problems and describes
the retrieval algorithms from a theoretical point of view, Section 5.2 describes the
computation of absorption coe cients. The last two sections describe the details
on the water vapour and carbon monoxide retrievals from PFS data (Section 5.3)
and from NOMAD data (Section 5.4). Section 5.5 describes the joint NOMAD-PFS
retrievals.

5.1 Retrieval algorithms

Remote sensing measurements are, by de nition, always indirect, that is to say we
almost always measure a quantity which is a function of the variable we want to
retrieve. Retrieving that variable values is then an inverse problem, since it is a
matter of inverting the process of measurement. The spectral radiance measured
by the spectrometers is a highly complicated nonlinear function of several variables.
The inverse problem is ill-posed in this case, since its solution is non-unique and
there can be di erent combinations of the parameters which give rise to the same
measured discretised radiance. Hence, the inverse problem consists in nding the
best representation of the required parameter for a given measurement together
with any a priori information about the system and the measuring process.

Generally we can de ne the state vector, which is an ensemble of the variables
which in uence the radiative transfer

X = (X1; 5 Xn) (5.1)
and the measurement vector
y = (Y15 Ym) (5.2)
which contains the quantity we actually measure, for example a radiance as a func-
tion of wavenumber, so that
y =f(x) (5.3)

T (Xx) describes the physics of the measurement process, but in pratice this function
is always approximated and it is coupled to the unavoidable experimental error, so
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that Equation 5.3 should be written as
y=F(Xx)+ (5.4)

where F (x) is the forward model, that is to say a model which describes the physics
of the problem, and s its error in describing the reality.

A key concept in retrieval algorithms is the information content. The amount of
information related to each parameter depends on the characteristics of the measure-
ment process, on the instrument and on the spectral range used. Trivially speaking,
it is not possible, for example, to retrieve an atmospheric component which does
not have spectral features in the spectral range under analysis. In that case, the
parameters associated with that component (e.g. its abundance) should not be part
of the retrieval or should be xed to some reasonable value. For this reason, the
parameters in the state vector should be solely the ones which are needed for the
retrieval process and which can actually be retrieved.

Usually the information content of a measurement is measured by linearising
the forward model about some reference state Xg:

y F(xo)= (X Xo)+ =K(X Xxo)+ (5.5)
where K is the m n weighting function matrix, the elements of which are the
partial derivatives of the forward model elements with respect to the state vector
elements.

The state vector in Equation 5.1 de nes a n-dimensional space, the state space,
which contains any possible state vector. Any possible state is represented by a point
in the state space. Equivalently, the measurement vector in Equation 5.2 de nes the
m-dimensional measurement space which contains any possible measurement. The
act of measurement f(x) is then a map from the state space into the measurement
space, and the inverse problem consists in nding an inverse mapping between
these two spaces. K represents the forward mapping, and its rows k; are state
space vectors so that measurement y; are given by the vector product of x and kK;.
This provides the mapping from the state space to the measurement space except
for the measurement error ;.

The rows of K, denoted by k;, de nes a subspace of the state space which has
dimensions equal to p  m, where p is the rank of K. p is equal to m only if
the k; vectors are linearly independent. This subspace is called the row space of
K. The column space of K is instead a subspace of the measurement space. Only
the components of the state vector which lie in the row space will contribute to
the measurement vector, while the other components are orthogonal to it and will
give no contribution to the measurement. These components de ne the (n p)-
dimensional null space of K. If p < n a null space exists and the solution is
non-unique because there are elements of the state vector which can assume any
value without modifying the measurement vector. Table 5.1 reports any possible
combination of p, n and m, and hence any possible type of inverse problem.

There are many ways to practically deal with the retrieval problems. The one
used here is the optimal estimation method (OEM) described by Rodgers (2000)
using ARS as forward model (Ignatiev et al., 2005), except for water vapour retrieval
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Table 5.1. Possible types of inverse problems. From Rodgers (2000).

p=m=n | Well posed:
number of unknowns = number of measurements, all independent

p<m=n | Both underconstrained and overconstrained:

number of unknowns = number of measurements, but not independent
measurements could be inconsistent, information is less than unknowns

p=m < n | Underconstrained:
unknowns > measurements, measurements are all independent

p<m <n | Both underconstrained and overconstrained:
unknowns > measurements, measurements are not independent

p n<m | Overconstrained:

measurements > unknowns, they could be inconsistent, information is complete

p <n<m | Both underconstrained and overconstrained:

from the PFS Long-Wavelength Channel. In this case, the Levenberg-Marquardt
best- tting approach is found to be more suitable (Section 5.3.1 will give more
details about this choice). Section 5.1.1 and 5.1.2 will give a theoretical overview of
both the Levenberg-Marquardt and Optimal Estimation method. Section 5.1.3 will
describe the forward model.

5.1.1 Levenberg-Marquardt Method

The Levenberg-Marquardt is a classic algorithm for nonlinear least squares curve-
tting problems (Madsen et al., 2004). Developed by Levenberg (1944) and modi-
ed by Marquardt (1963), it is also known as the Damped Gauss-Newton Method.

Like similar algorithms, the Levenberg-Marquardt algorithm iteratively reduces the

sum of the squares of the errors between the model function and the measurement

vector through a sequence of updates of the state vector. Actually, the Levenberg-

Marquardt is a combination of the Gauss-Newton method and of the gradient de-

scent method (Gavin, 2019).

The Gauss-Newton method is a linear approximation of f(x) in the neighbour-
hood of X, reducing the sum of the squared errors assuming that the model function
is locally quadratic. From an initial input state vector Xo, the function is computed
for every iteration i as

Xi+1 = Xj + h;j (5.6)

where the increment h; is computed by solving
@isIphi= JI's(y F(x) (5.7)

where Jj is the Jacobian of the measurement vector with respect to the state vector
at iteration i, S is the covariance matrix of y and F(X;) is the model computed
with the state X;.

The gradient descent method minimises the sum of the squared errors by up-
dating the parameter values with the negative of the gradient, hence going towards

measurements > unknowns, they could be inconsistent, information is uncomplete
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a minimum of the function. The step is de ned by
hi= J'S(y F() (5.8)

where the positive scalar determines the length of the step.
In the Levenberg-Marquardt Method, Equation 5.7 is slightly modi ed with a
damping parameter

(s Ji+ idiag(Js J)hi= IS (y F(xi)) (5.9)

Starting from an arbitrary value, the damping parameter must be updated at every
iteration, in uencing both the direction and the size of the step. If 2 increases as
a result of a step, ; must be increased, x; remains equal to x; 1 and the increment
hj+1 must be computed with the new 1. If 2 decreases as a result of a step, X;
must be updated and ; must be decreased. This iteration scheme must be repeated
until some convergence criterion is respected.

By reducing the value of the damping parameter the update becomes more
similar to the Gauss-Newton, whilst increasing the value of the damping parameter
the update becomes more similar to the gradient descent method. In this way, when
near the solution the update accelerates to the local minimum, because the Gauss-
Newton is faster than the gradient descent. Indeed, the gradient descent is slow
but robust, the Gauss-Newton is fast but the input state must be near the solution
in order to converge. Hence, the Levenberg-Marquardt algorithm is a standard for
non-linear problems, since it is a compromise between the robustness of the gradient
descent and the rapidity of the Gauss-Newton (Lourakis, 2005).

5.1.2 Optimal Estimation Method

Optimal Estimation Method is an inversion method based on the Bayes theorem,
which states that

P (xjy) = P (yix)P (x) (5.10)

that is to say, the conditional probability of x after y is given by the product of the
probability of y after x and the probability of x (Figure 5.1).

From Equation 5.4, we know that even though F(X) is a deterministic mapping,
the error make the map fuzzy into a region of the measurement space determined
by the probability density function of the error. Then, for a given y, the inverse map
is also described by a probability density function. Any prior information about the
state, also described by a probability density function, can partially constrain the
solution.

Applied to the case of inverse problems, the Bayes theorem states that the
probabilty density function of the state vector X once the measurement y is given,
is equal to the probability density function for the measurement y once the state
vector X is given times the probability density function of the state vector x. In
this case, the left-hand side of Equation 5.10 is the posterior probability density
function of the state and we want use it to update the prior knowledge of the state
probability P (x). Eventually right-hand side can be normalised using P (y), the
probability density function of the measurement.
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Figure 5.1. A two-dimensional (x and y are scalar) illustration of the Bayes’ theorem.
From Rodgers (2000).

In the Bayesian approach to inverse problems, the forward model is never in-
verted, since this is a method to update the prior information of the state using the
information given by the measurement. Usually, Equation 5.10 is solved assuming
a Gaussian form for P (yjx). In this way, it becomes

InP (yjx) = %[y FOOI'S 'y F()1+C (5.11)
where C is an integration constant and S is the covariance matrix given by
S =E[ly FO)(y FO)T] (5.12)
Assuming that also the P (x) is Gaussian:
InP (xjy) = %[x Xal'S,l[x Xa]+C (5.13)
where the subscript a states for a priori. Combining these two results:
2inP(xjy) =ly FOII'S Yy FOQl+[x Xal'Sp'x xa]+C (5.14)
and then, to estimate x:
dPy) _ (5.15)

dx
Hence, the zeroes of the cost function g(x) (Equation 5.14) are found by

ry 2InP(xjy)]=0= JTS [y FX)]+S, Y x xa (5.16)
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or
JTS Yy FX)]+S,tx xal=0 (5.17)

which is the equation to solve. If the problem is not too non-linear with the param-
eters in the state vector, the Gauss-Newton method can be applied and

Xie1 =X [Fxg(<i)] 119(xi) (5.18)
or, neglecting the second order terms,

Xi+s1 = Xi +[Sa T+ I06) TS LIx)] Ix)TS My Fx) Sa'lxi Xal
(5.19)
If the cost function is exactly quadratic in X, the Gauss-Newton method will
nd the minimum in one step, and it will get close if it is nearly quadratic. Also
in the Optimal Estimation Method it is possible to use the Levenberg-Marquardt
method, but with a great increase in computational time in the retrievals of this
work (see next sections). Assuming that the a priori parameters are not too far
from the solutions (which is a good assumptions in this case), the Gauss-Newton
will rapidly bring to convergence considering the problem not too much non-linear.

The covariance matrix at the nal iteration Xs is given by

St =S¢+Sm+ St (5.20)

where Sg is the covariance related to the smoothing error, Sy, is the covariance
related to the measurement error, and Ss is the covariance related to the forward
model parameters. These source of errors are described in the following.

Rather than an estimate of the true state, the retrieved state is a state which is
smoothed by the averaging kernel matrix, which is the sensitivity of the retrieved
state to the true state, so that:

— @Xtrue

@x

where G is the Gain matrix. The smoothing error covariance is then

A =@Ts 13+s,;Y) 10Ts Ly=aGy (5.21)

Ss=(A DSa(A DT (5.22)

where | is the identity matrix.
The measurement error is the error due to the propagation of the instrumental
noise so that
m=GSGT (5.23)

The forward model parameters error (usually included in S ) is the propagation
of the error due to the errors on the not-retrieved parameters, that is to say the
parameters b in the forward model that are assumed at xed values. It is given by

St = GyJpSpJp Gy (5.24)

where J, and Sy, are respectively the Jacobian matrix and the covariance matrix
related to those parameters.
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To these quantities the Forward model error, that is to say the di erence between
F(x) and f(x) at the true state, should be added. Evaluating this component is very
hard since the very true physics of the radiative transfer should be known. Anyway,
this component should be negligibile if the problem is not much nonlinear, which
is a basic assumption to use the Gauss-Newton method (otherwise the algorithm
won’t converge).

Usually the sequent formula is used when the forward parameters error can be
neglected (which is usually the case since measurement error dominates):

ST =[Syt +I(xr)TS TI(x)] * (5.25)

which is given by the straightforward sum of Sg and Sp,.

The covariance matrices S; and S are usually taken as diagonal matrices which
contains the variances of the elements of x5 and y. In principle o -diagonal elements
should exist and describe the correlation between other elements, but usually these
correlations are not known and are negligible with respect to the diagonal elements.
The variances of X, are usually not known, and they have to be interpreted as an
estimate of the degree of con dence we have on any a priori parameter.

The variances of the retrieved parameters are the diagonal elements of S+, and
hence the errors with respect to the true state are given by their square-roots.

5.1.3 The Forward Model

The forward model used here is the one provided by the radiative transfer software
ARS, developed by Ignatiev et al. (2005).

ARS is not a distributed software, since it was developed for internal use by the
PFS team speci cally to analyse PFS spectra. It is a set of fortran routines written
to calculate gaseous and aerosol opacity, atmospheric transmittance and radiance
spectra in Local Thermal Equilibrium conditions (see Chapter 3).

ARS is aimed at simulating a high-resolution planetary spectrum in a broad
spectral region with a computational cost similar to two-stream algorithms and a
precision similar to the exact methods. These features make the program particu-
larly suitable both for temperature pro les and for high-sensitive trace gas retrievals
without being too much time-consuming. Moreover, since NOMAD’s LNO spectral
range is within that of PFS, there is no problem in using ARS also for NOMAD
nadir retrievals.

Reporting equations from Chapter 3, the intensity of radiation is described by:

Moy s (5.26)
where | is the intensity, is the wavenumber, is the optical depth, is a function
of the azimuth angle and the cosine of the zenith angle, and S is the source function:
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where ! is the single scattering albedo, Fq is the solar ux at the top of the at-
mosphere in the direction o, P is the scattering phase function, B is the Planck
function for a black body at temperature T.

The raw matter to numerically solve this problem is then the gaseous absorption
(Section 5.2), the atmosphere model (pressure-temperature pro le), Fg, and o,
the surface albedo, the gas abundance, the aerosol properties and abundances, and
the decomposition of P in Legendre polynomials.

ARS is able to compute the absorption coe cients, but this process has an
enormous computational time cost and in principle it should be repeated for every
spectrum in every iteration of the tting process and for every spectrum in the
dataset. In addition, absorption must be computed for every atmospheric layer
of the model used. As suggested by Ignatiev et al. (2005) after Titov and Haus
(1997), a di erent approach has then be used to avoid this cost. The absorption
coe cients have been computed only once in order to build a database for fast
interpolation (more details are given in the next Section). ARS then opens the
database only once at the launch and reads only the needed pressure-temperature
nodes to interpolate the current absorption. Ignatiev et al. (2005) estimate that
the error in this interpolation is well below 1% in the absorption continuum, and
usually below 0.1%. The details on absorption coe cients computation is given in
Section 5.2.

The general scheme for the radiative transfer algorithm of ARS is the following.
Solar and thermal sources are separated and, if it is needed, the spectral range
is subdived into subintervals in which the computation is made separately. The
computational time of ARS is highly dependent on the size of subintervals. Smaller
subintervals mean longer computational time but more precision in the computation.

The solar ux is initially set to unity and lg( ) is fastly computed in strong ap-
proximation using a method similar to MODTRAN (lsaacs et al., 1987). Downward
and upward uxes are computed at every atmospheric layer using the same approx-
imations used by Isaacs et al. (1987) for the solar source, and the TWOSTR code
used by Kylling et al. (1995) for the Planck source. Then the multiple scattering
source function is computed and Equation 5.27 is integrated.

The spectrum lo( ) is then subdivided into bins [I}, Ié“] which correspond to
the representative wavenumbers J. 1( ) is then computed with a more precise
method using the radiative transfer code DISORT by Stamnes et al. (1988) which
also adopt a multiple scattering approach.

The correction 1(lg) = 1( 3) 1o( ) is computed as a function of the rst
approximation and the nal spectrum is computed as 11( ) = lo( )+ (lo( ))
I( ). Finally, jumps at the boundaries of the subintervals, if present, are removed,
the solar part is multiplied by the real Fg and summed to the thermal component.

This method enhances the e ciency of the computation from days to minutes
(at the time of its publishing, in 2005) bringing only negligible errors with respect
to the exact solution. With current computational possibilities and with the op-
tions selected for the retrievals described in the next sections, the time needed to
synthetize a spectrum over about 200 cm ! is below 20 seconds.

Despite other possibilities with features similar to ARS do exist (e.g. ARTS in
Buehler et al., 2018), the choice of using ARS has been done because it has been
developed and optimised speci cally to analyse PFS spectra, and because it allowed
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to exploit the consolidated know-how of the team in which this work has been carried
out leaving more space for the analysis of the data and methods necessary to achieve
the objectives of the work.

5.2 The computation of Absorption Coe cients

Absorption coe cients are one of the main raw matter for any radiative transfer
model which involves gaseous absorption (see Chapter 3). The problem of their
computation can be addressed with di erent approaches and approximations. The
approach used here, which is the most widely used standard for atmospheric spec-
troscopy, is the line-by-line one. Using the parameters which describe the line
broadening for a given molecular absorption line, it is possible to compute the ab-
sorption spectrum for any given molecule at any given temperature-pressure using
the next equations.

The monochromatic absorption cross-section for the i-th molecule at wavenum-
ber , temperature T and pressure p due to the j-th absorption line centred at j;
is:

hij( s T;p) =Sii(T) (5 ii;Tip) (5.28)
Where S;j(T) is the line intensity and ( ; ij;T;p) is the line shape. The cross
section is an area per molecule and can be converted into a dimensionless absorption
coe cient by simply multiplying it for the column density n; of the species (molecule
per unit area). Hence, the absorption coe cient is:

kij( ;T:p) = nihij( ;T;p) (5.29)

By adding together the contribution due to every absorption line on the spectral
range under examination it is possible to compute an absorption spectrum for any
molecule at a given temperature-pressure couple. The issue is then to measure
Sij(T) and to have a good description for ( ; jj;T;p). The reference parameters
used here are the one published in the HITRAN database (see Chapter 4) partially
modi ed to account for di erences which do exist between our atmosphere and the
Martian atmosphere.

HITRAN reports line intensity and any other relevant parameter for a standard
Earth atmosphere. Temperature Ty is 296 K, pressure prer is 1 atm and intensity
values are scaled for the relative isotopologue abundance. For example, for water
vapour, H»®0 line intensities are multiplied by 0.997 and those for H,20 are
multiplied by 0.002 since these are the relative abundances of the two main water
isotopologues.

Given the reference intensity, it is possible to compute the intensity at temper-
ature T and pressure p using:

Q(Tref) exp C'ZrE00 1 exp C'T' 4
Q(T) exp—2E- 1 exp 24

ref

Sij(T) = Sij(Trer) (5.30)

where E¥ is the lower-state energy of the transition (in cm 1) and cy, equal
to 1.4387770 cm K, is the speed of light (2.99792458 10°%cms ') times the ra-
tio of the Planck constant (6.62606957 10 2’ergs) and the Boltzmann constant
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(1.3806488 10 %erg K 1). Q(T) is the total partition sum, which is given on HI-
TRAN for T between 1 K and 7500 K with a resolution of 1 K. Here, Q(T) is
linearly interpolated within the two nearest temperature values.

Since also line centres positions depend on pressure and temperature, they
should be slightly corrected with respect to the values found in HITRAN (in cm 1):

et = i+ p(orer) P+ T(Trer) T (5.31)

Anyway, the temperature dependence is not included on HITRAN since 1(T)
values are sparse and with large uncertainties. In addition, since on Mars pressure
values are always little with respect to the Earth, the pressure-shift e ect is almost
always negligible (but not neglected here).

No line is actually monochromatic. Due to broadening e ects, absorption asso-
ciated to every lines ideally covers the entire spectrum. As described in Chapter 3,
the collisional broadening dominates and the line shape is described by the Lorentz
function when the pressure is stronger, whilst the Doppler-broadening dominates
and the line shape is described by the Gaussian function when we are in low pres-
sure regime. The two cases can be can be coupled with a Voigt function, which is
a convolution of a Lorentzian function and a Gaussian function.

The Voigt function (Rybicki & Lightman, 1979) is computed as:

Rya exp y2dy
(a;u) = Py (5.32)
G
where u = —% a = L and | and ¢ are the Lorentzian and Gaussian

broadening factorsG(haIf-width of the functions).
The Gaussian broadening factor depends on the temperature and on the mass
of the chemical species and can be simply evaluated as:
s
_ ij 2RT

=_4 5.33
Y (5.33)

where c is the speed of light, M is the molecular weigth in grams/mole, T is the
temperature and R is the universal gas constant equal to the Avogadro number
(6.02214129 10%°mol 1) times the Boltzmann constant.

The collisional broadening factor depends on both temperature and pressure
and, as other parameters, it is found on HITRAN for a standard atmosphere (pref
=1 atm and T,ef = 296 K). It is possible to compute it for actual temperature and
pressure using ajr, Which is the collisional broadening factor due to the collisions
between the particles which originates the spectral line and all the other species, and

self, Which is the collisional broadening factor due to the collisions with particles
of the same species which originates the spectral line:

1 7T )
p(P;T) = ( air(Pref; Trer)(P  Pp) + self(pref;Tref)pp)pif(%f)na'r (5.34)
re

where ngjr is the exponent of the ratio of the reference temperature and the
actual temperature, and py is the partial pressure of the chemical species.
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Anyway, on Mars, the atmosphere is almost completely made up of carbon
dioxide, hence the partial pressure of any species that is not carbon dioxide is
substantially negligible and p  pco,. Equation 5.34 is then reduced to

T .
DMIT) = sere(prori Tror) S0 (5.35)
re
for CO5, and to
T .
DMIT) = air(Preri Trer) s ()" (5.36)
re

for any other species.

In any case, HITRAN parameters are basically measured for an Earth-like at-
mospheric mixture, and the parameters ajr, Nair, and pair (Equation 5.31) must
be corrected for the Martian atmosphere.

Latest versions of HITRAN reports these parameters for some chemical species
in an atmosphere made up of CO, speci cally for planetary sciences usage. These
parameters, co,, Nco,, and p.co,, are available for CO but not for H,O. Also for
CO, there is the e, but not the ngeie and gei¢. In this work, nair and the i
have been used for CO,. Anyway, as already said, the pressure shift in Equation
5.31 is actually negligible on Mars, and since the ratio temperature is generally a
value not really far from unity, the usage of ngjr instead of nco, should have a
minor impact on the broadening factors.

Gamache et al. (2016) measured the co,, Nco,, and p,co, for water vapour
in the 1100-4100 cm * spectral region. Brown et al., (2007) made the same for the
most intense (line intensity larger than 10 26 cm 1/molecule/cm 2) lines in the 200-
900 cm ! spectral region. These regions cover the needed NOMAD spectral range
(see Section 5.4) and the needed PFS spectral range (see Section 5.3), respectively.
Gamache et al. work is based on HITRAN 2012, Brown et al. work is based on
HITRAN 2004, whilst in this work HITRAN 2016 has been used. Even if these
versions do not di er much at least in the main transitions (Gordon et al., 2017),
there are thousands of transitions without parameters for a CO, atmosphere.

In this work the coe cients from Gamache et al. and Brown et al. have been
used when available. The transitions which have the same central wavenumbers
values in HITRAN 2016 and HITRAN 2012 are 40439, those which have the same
central wavenumbers values in HITRAN 2016 and HITRAN 2004 are 904. For any
other transition the three parameters are computed as

W&o, = FX WK, (5.37)

where WK is , n, or , and FK is a factor computed as the mean ratio of the
parameters for a CO, atmosphere from Gamache et al. (2016) or Brown et al.
(2007) and the same parameters for terrestrial air. The factors computed in this
way from Brown et al. (2007) are 1.51, 1.52, and 6.08 for , n, and , respectively,
and are applied to the lines that fall before 1100 cm 1. The factors computed
from Gamache et al. (2016) are 1.77, 1.13, and -0.58 and are applied to the lines
that fall after 1100 cm . The lines from Gamache et al. (2016) used for the
computation of the factors are only those with line intensities larger than 10 26
cm 1/molecule/cm 2 for a matter of homogeneity with the line selection made by
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Brown et al. (2007), and because weaker lines often appear to have higher factors
values but are negligible in the applications of this work. Including them in the
means would bring to F¥ less representative of the lines under examination.

Another approximation is made in Equation 5.32. The integral in the Voigt
function should in principle be calculated in an in nite range, but this should mean
computing the e ects of the whole set of lines in HITRAN on the whole spectral
range under examination. This operation would be uselessly time-consuming since
the broadened line wings become negligible after few cm * from the line centre with
respect to the absorption of other spectral lines. Here every line is computed within
(ij 2000 G; jj +2000 ). In addition also the lines of which the centres
fall within 2000 ¢ from the edges of the spectral range are considered. Using ¢
is useful because it is wavenumber-dependent and hence more energetic transitions
contribute more to the absorption continuum.

Finally, the absorption coe cient due to every line of every molecule should be
in principle calculated for every pressure-temperature couple of every atmospheric
layer in every observation to t. Since this would require a huge amount of time,
a di erent approach have been used: the coe cients have been computed for a set
of 15 temperature-pressure pro les with 12 layers (Figure 5.2) which include any
possible atmospheric condition one could expect on Mars. An absorption coe cient
database is then built and used by the radiative transfer software to interpolate
absorption at the actual temperature-pressure pro le of the measurement.
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Figure 5.2. The 15 pressure-temperature pro les built for the absorption coe cient
database.

The absorption spectra in the database have been computed on a 0.001 cm *?
spaced spectral grid between 200 cm * and 9000 cm *. This spectral range contains
the whole spectral range of PFS and NOMAD, and the spectral resolution is much
more than the spectral resolutions of the instruments in order to simulate in nite
resolution spectra.



5.3 Retrievals from PFS data 77

5.3 Retrievals from PFS data

Both water vapour and carbon monoxide have been retrieved for the whole dataset
of PFS. Since the orbit insertion of Mars Express in December 2003, PFS measured
about 4 million spectra with its two channels. The Short Wavelength Channel
(SWC) works in the spectral range 1700-8200 cm ! (1.2-5.9 m) whilst the Long
Wavelength Channel (LWC) operates in the range 250-1700 cm * (5.9-40 m). The
majority of the spectra are in a Nadir (or near-Nadir) geometry. The calibration
pipeline of the SWC is described in Giuranna et al. (2005b), while that of the LWC
is described in Giuranna et al. (2005a). More details on the instrument have been
given in Chapter 4.

The algorithms are written in Interactive Data Language (IDL, version 8.7) and
the computation is performed using using a Rack Server at the Istituto di Astro sica
e Planetologia Spaziali (IAPS) of the Italian National Institute of Astrophysics with
8 Intel Xeon Gold processors running at 2.4 GHz with a total of 144 cores and 288
threads fully dedicated to the retrievals. To optimise the consumption of time, the
retrievals are set to run with a parallelization scheme which take advantage of the
whole set of available cores.

5.3.1 Water retrievals from Long-Wavelength Channel

Water vapour has been retrieved as an integrated column abundance using the
LWC. The spectral range used is 310.4-500.0 cm * (20-32.21 m) where there is a
set of water vapour rotational lines (Gordon et al., 2017).

First, LWC calibrated data have been Itered to avoid time wasting in tting too
noisy spectra and to avoid spurious results in the retrieval dataset. Speci cally, spec-
tra with a maximum absolute value over a selected threshold (200 erg/cm?/s/sr/cm 1)
and spectra with saturated spikes (= 30000 DN) have been excluded, as well as the
spectra whose interferogram central peak is outside the interferogram range. This
has been done using the quality ag included in the PFS calibrated les (see Chapter
4). Also o -nadir (emission angle 50 ) spectra have been excluded.

Input atmospheric conditions (temperature-pressure pro les, surface tempera-
ture, dust and ice integrated opacity) are taken from BDM retrievals (Grassi et al.,
2005; Giuranna et al., 2021; see Chapter 4). Input geometric conditions (latitude,
longitude, incidence angle, emission angle, phase angle, observation altitude, Sun-
Mars distance, local time and subsolar longitude) are contained in the PFS dataset.
Measurement noise is estimated using the Noise Equivalent Radiance (NER) from
Giuranna et al. (2005b), which varies between 0.66 and 1.95 erg/cm?/s/sr/cm 1
in the selected range (Signal-to-Noise ratio 50-150 in a mid-latitude daytime spec-
trum).

Also the single-scattering quantities (e.g. single scattering albedo, extinction
cross-section, etc.) of suspended ice and dust must be given as input for ARS. For
water ice the optical constants is the one from Hansen et al. (1997), and the size
distribution is from Wol & Clancy (2003). For dust, the optical constants are
from Hansen (2003) and the size distribution is from Clancy et al. (2003). Also, the
high-resolution solar spectrum by Fiorenza and Formisano (2004) has been used in
this analysis.
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ARS is set to work in a multiple scattering regime. Thermal uxes are evalu-
ated with TWOSTR code and the solar uxes are implemented with adding layers
procedure (see Section 5.1.3). The phase function is computed using 48 Legendre
polynomial decomposition terms. This is a combination of options who proved to
be suitable for Mars (Ignatiev et al., 2005).

Every LWC data le corresponds to a PFS observation session (there can be more
than one observation in a single Mars Express orbit) and every observation consists
of 300 measurements on average. PFS spectra are too noisy to allow accurate
retrieval of water vapour abundance. Therefore, measurements are grouped eight-
by-eight and in every group all the PFS spectra which have not been Itered away
are averaged to increase the SNR by a factor pn?p, where ngp 8 is the number of
averaged spectra. For the ngp spectra, the corresponding mygm  Nsp good quality
BDM retrievals are used to obtain average input parameters (temperature-pressure
pro les, surface temperature, dust and ice integrated opacity). If no good quality
BDM retrieval exists for all the ng, spectra of a group, the whole group is discarded.
However, BDM retrievals are usually bad quality when the relative PFS spectra are
bad quality spectra, so in principle no good data should be discarded in this way. If
the number of spectra in the orbit is not an integer multiple of 8, last r < 8 spectra
are added to the previous group, so that the last group will be composed of 8 +r
measurements.

Once the averages are performed, the mean chemical composition of the atmo-
sphere is extracted from the Mars Climate Database (see Chapter 4). Since in the
selected spectral range there are only water vapour and carbon dioxide spectral fea-
tures, only the mixing ratio of these two molecules is considered. This means that
the absorption of the other species is not computed, but the overall mixing ratio is
not modi ed, i.e. the sum of the mixing ratios of H,O and CO; is less than unity.
Mixing ratios are extracted as vertical pro les (height vs volume mixing ratio), and
the absorption coe cients are computed as described in the previous Section.

The whole retrieval is performed once using a uniform mixing ratio pro le for
water in which the ground level VMR extracted from MCD is used for every altitude
point. At the beginning of the retrieval process of every group the saturation pro le
is computed using the approximation from Marti and Mauersberger (1993):

A
10919 Psat = T +B (5.38)

where A = 2663:5 and B = 12:537, T is in kelvin and P in pascal. Inverting
this equation and considering that by de nition Pn,0 =V MRp,0 P, the volume
mixing ratio saturation pro le is

1
VMReat = 107+B (5.39)

At every iteration of the retrieval the V MR is compared to the V M Rgy and, if
the saturation is reached at least once, the group is agged as saturated . A second
retrieval of the whole dataset is then performed using only the groups with this ag.
At any iteration, the uniform pro le is multiplied by the retrieval factor and modi ed
for saturation at every height where the mixing ratio is greater than the saturation
mixing ratio. Hence we obtained two retrieval datasets: one with uniform pro les



5.3 Retrievals from PFS data 79

and the other which, starting from the uniform pro les, also consider saturation
every time it is reached.

In this work, the Hamming apodisation function is applied to PFS interfero-
grams. It is common practice in Fourier transform spectroscopy to multiply the
measured interferogram by an apodising function in order to reduce the amount of
ringing present in the resulting instrumental line shape (Davis, 2001). This reduces
the spectral resolution from 1.3 cm 1 to 1.8 cm 1 in the case of PFS, but also
reduces the instrumental noise and the magnitude of the side-lobes in the instru-
mental line shape, which are a direct result of the nite maximum optical di erence
in the measured interferograms (Naylor and Tahic, 2007). The Hamming function
H isde nedasH( =L) = 0:54+0:46cos =L, where is the optical path di erence
out to a maximum value of L. The PFS instrumental line shape (ILS) for nominal
PFS conditions is shown in Giuranna et al. (2005b), both for the apodised and
un-apodised case. The latter has been recently re ned in Giuranna et al. (2019)
(Figure 5.3).
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Figure 5.3. The improved PFS apodised ILS (orange) is compared to the original ILS
measured in the laboratory (black dashed) and with the expected theoretical apodised
sinc function for PFS (blue). From Giuranna et al. (2019)

The pendulum of PFS oscillates in two directions: forward and reverse (see
Chapter 4). The zero optical path di erence (ZOPD) of the interferogram is aver-
aged separately for forward and reverse spectra within a group. For both forward
and reverse directions the interferogram is simulated to build the correct instumen-
tal line shape for that measurement. This is done in the following way
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. The wavelength | of the laser diode is computed using

L =2:68793 10 ° T, +1:20171 (5.40)

PFS sample the interferogram when the sine value is 0, so that only the
external signal is obtained. Optical path di erence is then given by | =2.

. Maximum optical path di erence L is computed as

L= Nsamples=2 (5.41)

Where nsamples iS 16384-

. A spectral grid ¢ with an amplitude of 12 cm ! is build to compute the

instrumental line shape.

. A high peaked monochromatic signal is simulated at any point of the grid. For

every simulated peak, the interferogram is computed by using the equation
given by Hanel et al. (2003):

Z 2
i()= Il cos2 d (5.42)

1

where i( ) is the interferometer amplitude at mirror position , I is the radi-
ance of the object under investigation. The interferogram at mirror position

is the summation over all wavenumbers of the modulated net ux at the
detector. Since PFS samples the signal every 1.02 cm 1, using only one peak
position would bring to an undersampled ILS. Using multiple peak position
will instead bring to a very dense function that fully de nes the instrumental
line shape. The interferogram is then apodised with the Hamming apodisa-
tion function (Weisstein, 2002) and converted to radiation through a Fourier
transform. The nal instrumental line shape is nally build for the speci ¢
value of ZOPD of every measurement.

In this retrieval, the spectra generated by ARS are computed on a spectral grid

which is much more dense than the one of PFS. Every synthetic spectrum is then
convoluted once to the forward direction ILS and once to the reverse direction ILS.
Then the nal model spectrum is computed as:

Nrev I:rev(x) + wad I:fwd (X)
Nrev + wad

F(x) = (5.43)

where Nyey and Ngwg are the number of spectra Frey(X) and Fayg(X) in the group
respectively obtained in the reverse and forward direction of the pendulum.

The retrieval follows the following algorithm:

1. For a given orbit, all the spectra and parameters are averaged in groups as

already described. The retrieval is performed group by group.
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2. Using the input parameters, a rst synthetic spectrum F(Xg) is produced.
The state vector is actually a scalar, since the only variable is a factor which
multiplies the water vapour mixing ratio pro le. The input state is then
Xo = 1, meaning that the input mixing ratio is that of the model. All the
input parameters are xed since they have been already retrieved from the
same channel by BDM so they are very near the solution. Albedo is set to
0 (i.e. the surface is considered as a blackbody with emissivity equal to 1),
since the spectrum in this spectral range is almost purely thermal.

3. To keep into account of slight di erences in the continuum between the PFS
spectrum Y and the synthetic spectrum F due to the e ect of the real albedo
and of the di erence in real and retrieved temperature, the continuum of the
synthetic spectrum outside the water vapour spectral features is forced to be
equal to the measured one. Since we are interested only in the water vapour
amount, and since the input parameters should be very near the solution,
this continuum forcing will not bias the results and it works like a classical
continuum removal method.

4. After perturbing the H,O pro le by a x equal to 1%, a second synthetic
spectrum is created to compute the rst numerical derivative as

dF(X) _ F(xo+ x) F(xo)
d(x) X

(5.44)

5. New state is computed using the Levenberg-Marquardt equations (Equation
5.9) with an inital damping factor equal to 10.

6. A new state is computed using a damping factor multiplied by 10° if the 2

is increased as a result of the step, and a damping factor divided by 10 if the

2 is reduced as a result of the step. This choice means that the steps are

strongly gradient descent-like when going in the wrong direction so that the

robustness of the algorithm is increased reducing the speed of convergence
(see Section 5.1). The derivative is computed as:

dF(xi) _ F(xi) F(Xi 1)
dx X X1

(5.45)

This derivative, computed at the i-th iteration, is used to compute the state
for the iteration i + 1 only when the 2 is reduced as a result of the step.
Only in that case the direction of the derivative is the one needed to reach the
convergence. In principle, the state should be perturbed at every step and one
more spectrum should be generated at every iteration to use Equation 5.44
for iteration i, but with Equation 5.45 it is possible to avoid this passage by
simply using two consecutive synthetic spectra. This is possible only because
the variation of the state at every iteration is slow and hence it is perturbation-
like.

7. Step 6 is repeated until convergence is reached. This happens when after an
iteration the 2 is reduced and

2 2. 2 103 (5.46)
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If the convergence is not reached within 10 iterations, the measurement is
agged as not converged .

The chi-squared is computed using the formula:

2_ n i FiP
= {o5———— 5.47
I_le;i (m n) ( )
where Y is the NER, m is the number of elements of the measurement vector and
n is the number of elements in the state vector (equal to 1 in this case).
The result is given in integrated column abundance measured in precipitable
microns (pr- m, equivalent to 1 gram of water per square meter):
Z 1oA
Mu,0 P (h)
h) ——=dh 5.48
where T OA is the Top Of the Atmosphere (the highest level in the height pro les
in this case), My,o is the molar mass of water vapour equal to 18.01528 grams per
mole, is the volume mixing ratio of water vapour, h is the height and R is the
gas constant equal to 8.31446 joule per mole per kelvin.
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Figure 5.4. An example of t from PFS. Black line is the observed spectrum, orange line
is the synthetic spectrum computed with the input parameters and red spectrum is the
synthetic spectrum with retrieved parameters (and after continuum forcing outside the
water spectral features). The region between 340 cm ! and 360 cm 1 is not part of the

t due to instrumental systematic e ects.

A total computation time of about one month is requested for the whole dataset
(' 14000 orbits) to be processed. Levenberg-Marquardt algorithm has been chosen
instead of the Optimal Estimation Method (OEM) described for the other retrievals
of this work for a simple issue of computation time. Since the retrieval has been
performed with a single parameter in the state vector, the computation of Jacobians
in the OEM would increase computational time. Anyway, OEM has been applied
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to a subset of sample orbits, proving that the result is substantially the same. As
an example, Figure 5.5 shows the water vapour abundance versus latitude for the
sample orbits 1023 and 1032. These orbits are chosen to have a great latitudinal
and quality variability of spectra.

In addition, the computation of the sample orbit with the bayesian approach
have also allowed to make a rough estimate of the error in the water retrieval
through Equation 5.25. The error on the factor is always around 0.05-0.10 for good
retrievals, and this corresponds to a range of 0.5-6 pr- m with a mean of 2 pr- m.
The di erence between the retrieval performed with the OEM and that performed
with the Levenberg-Marquardt is always of the order of 1-2 pr- m, which is exactly
of the same magnitude of the error estimated with the OEM. Also Fouchet et al.
(2007), when retrieving water vapour abundance using the LWC, estimated that
the measurement noise contribution to the uncertainty on retrieved abundance is
1-2 pr- m, which in strict accordance with the current estimation. Hence, we can
consider that the retrieval is able to obtain the water integrated abundance with
an error up to 10%, which is a reasonable estimate. Fouchet et al. (2007) also
estimated another 1 pr- m due to the e ect of inverted atmospheric temperature,
and another 1 pr- m due to the fact that he neglects the aerosol opacity. We
do not neglect this, hence we also consider a systematic error of 1 pr- m to be
added to the 10% of the measurement. Anyway, since there can be other source of
uncertainty due to the input atmosphere (H, T, P pro les, dust and ice opacities)
which can have an impact on the abundance of water vapour, a total uncertainty

15% on every measurement is conservatively considered.

5.3.2 Carbon Monoxide retrievals from Short-Wavelength Channel

The retrieval of carbon monoxide abundance is more complicated than the retrieval
of water vapour abundance described in the previous Section. The retrieval is
performed in the spectral range 2000.0-2220.0 cm ! (4.51-5 m). Here, both the
radiation emitted and re ected by the surface, the atmosphere and the aerosols
play a non-negligible role in the radiative budget. In this spectral region, both the
P-branch and R-branch of the CO (1-0) fundamental vibrational band (centred at
2143 cm 1) are observed in PFS SWC spectra. The PFS SWC also measures the
2-0 vibrational band of CO located at 4235 cm ® (Sindoni et al., 2011). However,
PFS has some calibration issues in this spectral region (Sindoni et al., 2011) and
the 2-0 band is much weaker than the 1-0 (Gordon et al., 2017). For the above
reasons, the CO 2-0 band is not considered in this work.

As for LWC, also for SWC the data have been selected to avoid time wasting
and spurious results. First, spectra with a maximum absolute value larger than a
selected threshold (5 erg/cm2/s/sr/cm 1) and smaller than another threshold (0.4
erg/cm?/s/sr/cm 1) have been excluded, as well as interferograms with saturated
spikes (> 30000 DN) and ZOPD positions outside the range (1000, 15500). O -
nadir (emission angle 50 ) and night-side spectra (incidence angle 90 ) have
also been excluded.

The management of the input atmospheric conditions and geometric conditions
is identical to that described in the previous section for LWC: input atmospheric
conditions are extracted from BDM retrievals, geometric conditions are contained
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Figure 5.5. Water vapour integrated abundance versus latitude for orbits 1023 (top)
and 1032 (bottom). The dashed line is the Mars Climate Database abundance, the
solid one is the abundance retrieved through the Levenberg-Marquardt method and
the dot-dashed one is the abundance retrieved through the optimal estimation method.
Di erence between the two tting algorithm is usually less than 2 pr- m and less than
1 pr- m in most cases.

in the PFS dataset, and measurement noise is estimated using the Noise Equivalent
Radiance (NER) from Giuranna et al. (2005b). NER varies between 0.014 and 0.057
erg/cm?/s/sr/cm 1 in the selected spectral range and the Signal-to-Noise ratio is
10-50 for a mid-latitude daytime spectrum.
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The single-scattering quantities properties of the aerosols, the solar spectrum,
the averaging process in eight-by-eight groups, and the con guration of ARS are
identical to the ones described for LWC. The Albedo is not set to 0, since the spectral
region used is not purely thermal, and it is extracted from the measurements of
OMEGA onboard Mars Express (Poulet et al., 2018). The map of OMEGA is an
emissivity () map at 2000 cm ! with a resolution of 0.025 in both latitude and
longitude (7200x14400 pixels). Albedo !, is computed as 1 . Once a group of
spectra is selected, the albedo is computed for every spectrum before the averaging
process: for the coordinates of every measurement there are 4 nearest points in the
OMEGA map which are used to perform a grid interpolation. OMEGA map is not
complete, there are a number of gaps in the map where albedo measurements are
not available. Hence, for the group of measurements to be averaged, the average
albedo is computed as a mean of the available ones. In the rare case in which no
albedo value is found within the group, input albedo is set to 0.15.

As for water vapour, once the averages are performed, the mean chemical com-
position of the atmosphere is extracted from the Mars Climate Database considering
only carbon monoxide and carbon dioxide mixing ratios. Mixing ratios are extracted
as vertical pro les (height vs volume mixing ratio), and the absorption coe cients
are computed as described in Section 5.2.

The evaluation of the continuum through an estimate of surface temperature
and albedo is crucial in this spectral range. Surface temperatures extracted from
BDM are not necessarily in good agreement to those which describes the thermal
continuum in the SWC since they are extracted from the LWC. In addition, the
mean albedo extracted from OMEGA is not necessarily representative of the albedo
of the average spectrum, and there is also a potential spectral dependence of the
albedo to be considered. For these reasons, the model spectrum generated by ARS
with the input parameters, is usually not so similar to the measurement spectrum
as it was for the water vapour retrievals. In addition, there are not unambiguous
points which can be used to force the continuum as in the LWC spectral range.
Hence, a continuum forcing is not possible nor desiderable in this case. The state
vector is then

x = (CT; K™ A;B) (5.49)

where CT is the factor to be multiplied to the CO volume mixing ratio pro le
(initially set to 1), KT is the factor to be multiplied to the surface temperature
(initially set to 1), and A and B are the slope and the coe cient to the y-intercept
of the linear albedo, so that

1I()=A +B I, (5.50)

A is initially set to 0, and B is initially set to 1.

Hence, the a priori state vector is set to X5 = (1;1;0; 1) and the error on the a
priori is (0:5;10=T4;5 10 °;0:1=1,), where T, is the a priori surface temperature (the
one retrieved by BDM). Since the error on the a priori is an estimate of the expected
variability of the parameters, these values correspond to a high uncertainity in the
knowledge of the CO factor (50%), an uncertainity of 10 K on surface temperature,
an uncertainity of 0.1 on the Omega albedo (actually, only when A = 0), and an
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uncertainity of 10 ° to the slope of the linear albedo (so that, when B = 0, the
uncertainity of the albedo at 2000 cm ! is 0.1).

The instrumental line shape for the SWC is computed as in the LWC. The spec-
tra generated by ARS are monochromatic spectra. Every monochromatic spectrum
is convoluted once to the forward direction ILS and once to the reverse direction
ILS. Then the nal model spectrum is computed as:

Nrev Frev(x) + wad I:fwd (X)
Nrev + wad

F(x) = (5.51)
where Nrey and Ngwg are the number of spectra in the group respectively obtained
in the reverse and forward direction of the pendulum.

The retrieval follows the following algorithm:

1. For a given orbit, all the spectra and parameters are averaged in groups as
already described. The retrieval is performed group by group.

2. Using the input parameters, a rst synthetic spectrum F(Xg) is produced.
The state vector is a 4 elements vector as in Equation 5.49 and input values
are X = (1;1;0;1) with a priori error (0:5;10=T5;5 10 5;0:1=!a).

3. The rst Jacobian is computed by computing the numerical derivatives as in
Equation 5.44 with a perturbation vector x = (10 2;10 2;10 °;10 2).

4. Then, the iterations for the Optimal Estimation Method (see Section 5.1.2)
begin. At every iteration, the new state is computed using the following
equation:

Xiv1 = Xi +[S, 1 +37S 131 1[3Ts Y Fxi)] S,lxi xa] (5.52)

where Jj = J(Xj). Then a new spectrum is computed using the new state,
and a new Jacobian is computed by perturbing the new state with Xx. The
Jacobian is not always computed explicitly. As long as the 2 is reduced as a
result of a step, the new Jacobian is approximated with the Broyden rank-I
formula (Broyden, 1965):

LFOG) Faa) Jia (G Xi1)

i X )T Xi 1)
This choice makes the procedure extremely faster, since for every explicit
Jacobian 4 synthetic spectra have to be generated. Conversely, in this way
the code continues to approximate the J; until it continues to go towards the
minimum, and only when the 2 changes direction the Jacobian is e ectively
recomputed. The Broyden rank-1 formula has also another advantage: by
using the di erence between two consecutive states, the Jacobian is always
approximated with a variation of the state which is proportionate to the step
to be done. Conversely, the perturbation vector X, which is xed for the
whole retrieval procedure, sometimes may bring to skip the minimum of the
cost function, nding a t but not a best- t. Other ways can be thought to
change X at every iteration, but the approximation of the Broyden rank-I
formula proved to work well and fast.

Ji=Ji1 xi X 1)" (5.53)
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5. Since the solution to the problem is de nitely non-univoque, even if a local
minimum for the cost function is found it is likely that it is not a global
minimum. To reduce the occurrence of this eventuality, after a minimum of
the 2 is found, 5 more iterations are performed. If another minimum which
is deeper than the rst one is found, other 5 iterations are performed after
that. The algorithm is stopped when no other minima are found in the 5
iterations following the best minimum, or when no minima are found within
15 iterations. At the last iteration, the error is estimated using

St=[S,t+3fs 1] 1 (5.54)

The 2 is computed with Equation 5.47 also in this case. Usually, this is not a
good way to compute the 2 for the Optimal Estimation Method (Rodgers, 2000),
but the convergence criterion used in this work is a relative criterion and not an
absolute one. The convergence is indeed reached when a minimum of 2 is reached
and the selection of good and bad ts is left for the analysis of the output, hence
whatever criterion to measure the minimum distance between F and Y can be used.
Figure 5.6 shows an example of SWC spectrum tting.
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Figure 5.6. An example of t from PFS. Black line is the observed spectrum, orange line
is the synthetic spectrum computed with the input parameters and red spectrum is the
synthetic spectrum with retrieved parameters.

The results are given as volume mixing ratios. Column density is computed as:

Z70A 3 P (h)
= — h) —~dh .
Cco o ke co(h) T(h)d (5.55)
where TOA is the Top Of the Atmosphere (the highest level in the height pro les in
this case), co is the volume mixing ratio of carbon monoxide, and h is the height.
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The volume mixing ratio of the column is then

CHzO

VMR = (5.56)

total

R . .
where Crotal = o % & %dh is the total column density.

5.4 Retrievals from NOMAD data

The retrieval of water vapour and carbon monoxide from NOMAD data follows
substantially the same logic of that of carbon monoxide from PFS data, but of
course they di er in some details. NOMAD acquired millions of spectra since the
beginning of its science phase in 2008, but its dataset contains UVIS, SO and LNO
spectra, and in addition, due to AOTF orders selection, only a few number of
these can be used to obtain the desired quantities. Here, the retrievals have been
performed using LNO data and speci cally the orders 167, 168 and 169 for water
vapour, and orders 189 and 190 for carbon monoxide. The LNO measurements
in the water vapour related orders are more than 900,000. Those in the carbon
monoxide orders are more than 400,000.

The algorithm used is the Optical Estimation Method described in Section 5.1.2
with the same logic of PFS carbon monoxide retrievals described in Section 5.3.2
but using di erent parameters for the state vector. Before the retrieval of the whole
dataset, a preliminary retrieval is performed with a 10 parameters state vector:

X =

(CH KK A B BLAZE!. \ :BLAZES irei 1™ (5.57)

ice’

T . L
AOT I:CENT RE? AOT Fwidth)

where CT is the factor to be multiplied to the initial H,O or CO mixing ratio
pro le; K&, and Kgust are the factors to be multiplied to the initial ice and dust
opacity. Input mixing ratio pro les and dust and ice opacity are extracted from
MCD, as described in Section 4.4.3. The absorption coe cients are the same as used
for PFS, described in Section 5.2. Also the single-scattering quantities properties
of the aerosols, the solar spectrum and the con guration of ARS are identical to
the ones described for LWC and SWC of PFS. A and B are two coe cients which

describes the linear albedo so that
I()=A +B 1!, (5.58)

1, is the albedo extracted from the OMEGA map, as described in Section 4.4.4:
since the albedo is computed at 2000 cm 1, the input albedo !, is extracted from
the map and then multiplied for the ratio of the central wavenumber of the order
and 2000 cm 1. This is equivalent to say that the albedo is linear with wavenumber,
which is not exactly true but it proved to be a better input value for this variable
which in any case will be retrieved throught the Optimal Estimation Method. The
other parameters describe the instrument: BLAZ E\fvidth and BLAZ chentre are the
factors for the width (FWHM) and centre in cm ! of the Blaze function described
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as a sinc?. Actually BLAZ Efentre is a factor for the squared term in the polynomial
from which the real BLAZEcentre is computed, so that Equation 4.15 becomes:

Wp = Hg + Him + BLAZEL,ireH2m? (5.59)

AOT va,idth and AOTF X e are the factors for the width (FWHM) and the
centre in cm 1 of the AOTF function described as a sinc?. rf is a factor to the
spectral resolution of the instrument. All the elements of the state vector are initially
set to 1 with the exception of A which is set to 0, and this means that all the retrieved
qguantities are initially set as they are found in the sources of input.

The retrievals have been performed with this state vector for a subset of orbits
with the goal to retrieve BLAZEiqtn and r. Once this has been done, these
two variables have been removed from the state vector and the true retrieval is
performed. Indeed, the values for BLAZEigth and r are not properly characterised
in the NOMAD dataset but there is no physical reasons for these quantities to vary
from one measurement to the other.

5.4.1 Water vapour retrieval

Water vapour abundance has been retrieved using LNO’s orders 167, 168, and 169
which corresponds respectively to the (3752.96, 3782.91), (3775.89, 3806.03), and
(3797.90, 3828.20) cm ! spectral intervals. In these intervals, some rotovibrational
lines of H,O are present (Gordon et al., 2017). NOMAD spectra have been grouped
and averaged eight-by-eight in order to increase the signal-to-noise ratio. Nomad
dataset has been Itered excluding spectra for which the maximum value is lower
than the threshold level of 0.1 erg/cm?/s/sr/cm * and those with incidence angles
larger than 60 to avoid too-low SNR spectra.
The retrieval follows the following algorithm:

1. For a given orbit, all the spectra and parameters are averaged in groups as
already described. The retrieval is performed group by group.

2. Using the input parameters, a rst synthetic spectrum F(Xg) is produced.
The state vector is a 10 (then 8) elements vector as in Equation 5.57 and
input values are

Xa=1(1;1;1;0;1;1;1;1;1;1) (5.60)

with a priori error

Xaerr =
(0:5; 0:2=Kce:0; 0:2=Kgyst:0; 0:000025; 0:1=1 5;
5=BLAZE,igth:0; 0:1=H2; 0:5; 5=A0T FcenTrE; 5=A0T Fuidth)
(5.61)

where the lack of the apex T indicates that they are the absolute values in
order to obtain a normalization of the errors, e.g. 5=AO0T Fyiqth IS an error
on the factor AOT vavidth (Equation 5.57) which corresponds to a variation of
5cm L.
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3. A spectral grid correction is applied exploiting the position of the strongest
spectral feature of every order.

4. The rst Jacobian is computed by computing the numerical derivatives as in
Equation 5.44 with a perturbation vector

x = (10 %;10 ;10 %;10 %;10 2,10 %;10 2;10 %10 510 )  (5.62)

5. Then, the iterations for the Optimal Estimation Method (see Section 5.1.2)
begin. At every iteration, the new state is computed using the following
equation:

Xie1 = X +[Sa T+ IS 1] IS Y Fxi)l Satlxi Xal (5.63)

where J;j = J(X;). Then a new spectrum is computed using the new state, and
then a new Jacobian is computed by perturbing the new state with Xx. Here,
as for SWC, the Jacobian is not always computed explicitly. As long as the

2 is reduced as a result of a step, the new Jacobian is approximated with the
Broyden rank-1 formula (Broyden, 1965):

LFOG) Faa) Jia (G Xio1)

Ji=Jdia i Xi )T X 1)

xi Xi )7 (5.64)

This choice makes the procedure extremely faster, since for every explicit Ja-
cobian 10 (or 8) synthetic spectra have to be generated. Conversely, in this
way the code continues to approximate the Jj until it continues to go towards
the minimum, and only when the 2 changes direction the Jacobian is e ec-
tively recomputed. The Broyden rank-1 formula has also another advantadge:
by using the di erence between two consecutive states, the Jacobian is always
approximated with a variation of the state which is proportionate to the step
to be done. Conversely, the perturbation vector X, which is xed for the
whole retrieval procedure, sometimes may bring to skip the minimum of the
cost function, nding a t but not a best- t. Other way can be thought to
change X at every iteration, but the approximation of the Broyden rank-I
formula proved to work well and fast.

6. After the rst iteration, at every iteration i:
(a) both synthetic spectrum F(X;) and observed spectrum Y are smoothed

with a boxcar average of 3 points into Fj and Y;

(b) aset of order-dependent spectral ranges x}‘eat which contain the shoulders
of the spectral features under examination is selected (every spectral
feature has two XK _,);

(c) Forevery xK_, in both Fj and Y the maximum is selected as the shoulder
of the spectral band;

(d) Fjand Y are modi ed so that in correspondence of every spectral feature,
a linear interpolation is performed within the shoulders;

(e) the ratio Y/F; is computed and multiplied by F(X;);
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This procedure is applied because the sinc? used to model the AOTF and
Blaze function are theoretical and do not precisely t the real shape of these
two functions. Hence, since the Gauss-Newton algorithm should be near con-
vergence after the rst step (for a linear function Gauss-Newton converges in
one step), F(x;) and Y are very similar yet. The ratio of the smoothed and
feature-removed spectra is then very similar to the ratio of the continua of
the two spectra and the whole method works as a classical continuum removal
method.

7. Since the solution to the problem is de nitely non-univoque, even if a local
minimum for the cost function is found it is likely that it is not a global min-
imum. As for the SWC, in order to reduce the occurrence of this eventuality,
after a minimum of the 2 is found, 5 more iterations are performed. If an-
other minimum is found which is deeper than the rst one, other 5 iterations
are performed after that. The algorithm is stopped when no other minima are
found within the 5 iterations following the best minimum, or when no minima
are found within 15 iterations. At the last iteration, the error is estimated
using

St=[St+3fs it (5.65)

NOMAD su ers of order superposition, hence the radiation seen in every order is
given by the central order and the nearby orders. To take into account of this issue,
the synthetic spectra are made also for the nearby 2 orders and the nal spectrum
is computed in this way (Liuzzi et al., 2019):

R(A; m)= 5, ™ AOTF(A; j) BLAZEG; j) RG; j) (5.66)
where AOTF (A; j) is the AOTF function at the AOTF frequency A, calculated
on the spectralgrid j of the di raction order j, BLAZE(]; j) is the blaze function
of the di raction order j, R(A; m) is the nal spectrum for the order m on the
spectralgrid m, and R(J; j) is the spectrum for order j. Figure 5.7 shows an
example respectively of the AOTF and Blaze functions for order 168, giving an idea
of what is the contribution of the nearby orders to the nal detected radiation.

_— - ok
505 3810 315 3820 Sezs e .
Wavenumber (cm-1 3500 5905

3810 ED
Wavenumber (cm-1)

Figure 5.7. Right: the contribution to the AOTF function due to the di erent spectral
orders, computed for order 168.. Left: the contribution to the Blaze function due to
the di erent spectral orders, computed for order 168.

Figure 5.8, 5.9 and 5.10 show random examples of best- ts for orders 167, 168,
and 169. The orange function is the synthetic spectrum created with the a-priori
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state vector, the red one is the synthetic spectrum of convergence, with the retrieved
state vector. The rst retrieval with 10 parameters has been made on a subset of
71 orbits randomly chosen between orders 167, 168, and 169 after accurately having
Itered away bad orbits: all the chosen orbits have good quality spectra and high
abundance of water vapour. The retrieved value of BLAZ Eyigin is 16.2 cm 1 and
that of r is 0.38 cm 1. These values have been xed and removed from the state
vector, which then is composed by the other 8 elements de ned in Equation 5.57.

5.4.2 Carbon Monoxide retrieval

Carbon Monoxide abundance retrievals have been made on LNO’s orders 189 and
190 which corresponds respectively to the (4247.77, 4281.67), and (4270.17, 4304.26)
cm ! spectral intervals. In these orders there are some rotovibrational bands of CO
(Gordon et al., 2017). NOMAD spectra have been grouped twelve-by-twelve in
order to obtain a good signal-to-noise ratio to perform the retrieval. A selection has
been made, excluding spectra for which the maxima are under the threshold level
of 0.4 erg/cm?/s/sr/cm 1 and those with incidence angles less than 60 to avoid
too-low SNR spectra.

Figure 5.11 and 5.12 show random examples of best- ts for orders 189 and 190.
The orange function is the synthetic spectrum created with the a-priori state vector,
the red one is the synthetic spectrum of convergence, with the retrieved state vector.
The procedure is exactly the one already described for water vapour but with some
di erences.

As previously said, since AOTF and Blaze functions are not precisely described
by a sinc? function, a continuum forcing is applied after the rst optimal estimation
step, when the state vector should be already very near to the solution. This
is surely true for H,O, where the forcing compensates only for a little di erence
between actual and modelled continuum shape (Figure 5.13), but it can be severe
for CO, where the shape is de nitely not the theoretical one (Figure 5.14). The
orders used for CO are indeed near the edges of the LNO spectral grid (2630, 4550)
cm 1, where the spectral response of the instrument drops (Figure 4.7). Hence the
continuum forcing for CO-related orders is performed from rst iteration on. Before
that, in order to minimise the di erence between observed and synthetic spectra, the
initial albedo and ice opacity are optimised. These choices has been done because
even after performing the rst retrieval with 10 parameters on a subset of 62 orbits
(from which BLAZ Eyigin Was xed to 16.00 cm ®and r to 0.41 cm 1), there was no
way to t the observed continuum by modifying the other 8 parameters. The albedo
and ice opacity are optimised by modifying them until the integral of the observed
and synthetised spectra are very similar (they di er less than 1%). Working in this
way, retrieving the other parameters becomes meaningless. Hence the state vector
for CO retrievals contains only the factor for the mixing ratio (CT in Equation
5.57), and the retrieval becomes a single parameter one with a continuum removal
method.
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Figure 5.8. An example of retrieval of H,O with order 167.
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Figure 5.9. An example of retrieval of H,O with order 168.
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Figure 5.10. An example of retrieval of H,O with order 169.
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5.5 Joint PFS-NOMAD retrievals

One of the focus of this work is to exploit simultaneous PFS and NOMAD obser-
vations for the rst time. This has been done in order to obtain cross-information
about the abundance of trace gases and to cross-validate the retrievals. Indeed,
comparing the results obtained through the two instruments during simultaneous
observations is a way to understand how much the retrieved quantities are reliable.
Being almost simultaneous, they are ideally expected to retrieve almost the same
abundances of water vapour and carbon monoxide in these observations. Hence,
any di erence in the obtained quantities should be due to the di erences between
the instruments and between the details of the retrievals.

The rst step is to nd which observations can be de ned as simultaneous.
There is a list of PFS orbits which contain observations which are simultaneous
to NOMAD (Cardes n-Moinelo et al., 2021) and includes about 400 orbits selected
using the following criteria:

Date of the measurement is within 24 hours
Latitude is within 5

Longitude is within 5

Local Time is within 1 hour

Solar incidence angle is within 1

So, for every PFS orbit in the list, a search for LNO observations which ful I
these criteria and contain data of the orders under examination (for CO or H,0) is
performed. When match is found, the following is done:

1. The PFS results for the orbit are taken from the PFS retrieval dataset. Inside
it, a number of average spectra are present.

2. For every average, the nearest LNO measurement is found and an average of
9 spectra and relative parameters about that measurement is performed.

3. The retrieval of LNO is performed as in the whole-dataset retrieval, with these
two possibilities:

(a) For every average spectrum, the initial H,O and CO mixing ratio pro les
are those retrieved with PFS (Section 5.3), and the altitude-temperature-
pressure pro le is that retrieved with PFS using BDM (Section 4.4.2).
Surface pressure and CO, pro les are extracted from MCD (Section
4.4.3).

(b) Everything is extracted from MCD.

The retrieval is performed once using the input parameters from option (a) and
once from option (b). It is important to highlight that when option (b) is used,
only the input used for the retrieval changes with respect to (a), but the averaged
spectra are the same. In this way we can quantify and compare di erences in the
retrieved quantities using PFS and MCD inputs.
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Chapter 6

Results

In this chapter, the results obtained through the algorithms described in Chapter
5 will be shown. The rst section is dedicated to the results from the PFS dataset
whilst the second one is dedicated to the results from NOMAD. Finally, the last
section is dedicated to the joint observations of the two instruments.

Since the datasets are really big (about 400,000 mean spectra for both molecules
from PFS dataset, 14,000 for CO and 44,000 for H,O from NOMAD dataset) it
is crucial to set up a way to select only good retrievals, and discard bad ones.
When performing climatological means, a little number of bad data won’t a ect
the climatological results, but too many bad data can bias them if they are not
randomly distributed. For PFS dataset, the mean absolute percentage error Z is
computed for every mean spectrum:

Yo

Yr i) 100 (6.1)
Yo

Z = MEANj

where Y, is the observed spectrum (that of PFS) and Y¢ is the best- t spectrum.
The mean in Equation 6.1 is done over all the spectral points. Z proved to be an
e ective way to estimate the relative quality of the ts.

Spectra with Z above a threshold are then discarded from the climatological
results. After visual inspection of several hundreds of spectra, spanning all seasons,
latitudes and Martian years, the threshold has been xed to a value of 2, which
means that in the PFS retrievals the synthetic spectra can di er from the observed
spectra up to 2% on average. This is a very strong Iter, but it has been chosen to
be sure that no biases due to the quality of the ts are introduced in the analyses
of the results. After selection, 200,000 spectra for water vapour and 125,000 for
carbon monoxide are left.

For NOMAD data, no Iters have been applied to the results, since the data

Itering based on incidence angle (<60 ) and on signal level (see Section 5.4) proved
to be su cient to exclude bias patterns in the climatology.

6.1 PFS results

This section is subdivided in two parts: the rst one is about the results related
to the water vapour retrieval, whilst the second one is dedicated to the carbon
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monoxide. For both molecules the seasonal and average variability is provided,
together with a comparison with the results obtained by other instruments and
studies.
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Figure 6.1. The nal product of PFS retrievals in a zonally-averaged spatial-temporal
plot. First three panels show atmospheric temperature at 0.6 mbar reference level, dust
and ice opacities retrieved using BDM at 1075 cm * and 825 cm 1, which have been
used as input parameters for the retrieval algorithms. Bottom panels show H,O and
CO abundance retrieved in this work. H,O is represented as an integrated abundance
in precipitable microns. Carbon monoxide is represented as a volume mixing ratio in
ppmv. Horizontal axes range is from MY 26 (Ls = 270 ) to MY 35 (Ls = 270 ).

Figure 6.1 represents the very nal product of the retrieval from PFS data.
The two panels at the bottom show the whole dataset of water vapour and carbon
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monoxide as retrieved in this work. The other three panels show instead atmospheric
temperature at 0.6 mbar, dust opacity at 1075 cm ® and ice opacity at 825 cm !
as retrieved by BDM (Giuranna et al., 2021). The plots show spatial (zonally-
averaged, latitude) versus time (solar longitude) retrieved abundance (colour scale)
of these quantities over about 10 Martian years, from MY 26 to MY 35.

6.1.1 Water vapour from PFS LWC

From the general retrieval in Figure 6.1 we can identify some interesting features
of the Martian atmosphere. First, it is evident the existence of the so-called dusty
seasons, which are enhancements of the dust opacity in the atmosphere on a regional
or global (MY 28 and MY 34) scale. The presence of dust causes an increase in
atmospheric temperatures and a reduction of surface temperatures (Haberle et al.,
1982). Springs and summers are instead mainly dust-free and the atmospheric
temperatures are cooler. When dust opacity is high, the atmosphere is usually
water depleted, but the correlation is not always clear, especially at the poles.
Counterwise, we can clearly see an anticorrelation between water vapour abundance
and ice opacity: this is not surprising since water vapour is more abundant when
the atmosphere is warm and water ice is more abundant when the atmosphere is
cold. So the majority of water ice is present during polar winter and spring, whilst
the water vapour is more abundant during polar summer and autumn. In Figure
6.2 the water vapour is averaged on a yearly basis. The colour scale quanti es the
abundance of H,O in precipitable microns.
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Figure 6.2. Water vapour climatology. The data are presented as a function of season and
latitude by bins of 2 in Ls and 2 in latitude. The colours identify the abundance (deep
red more water, deep blue no water) in terms of precipitable microns. Single-retrieval
uncertainty is  15% (see Section 5.3.1).

Water vapour is substantially absent in the polar regions during both northern
and southern winter, reaching values very near to 0 pr- m, whilst it peaks during
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polar summer. The driest period is in the solar longitude interval (330, 50) , when
most of the water is condensed in both polar caps. In this period, the maximum of
water vapour is found at low northern latitudes, where it reaches values of about
5-10 pr- m. This is the tail of the equatorward transport of water vapour from the
northern polar cap (Fouchet et al., 2007), as described below.

Northern summer reaches peak abundances of up to 64 9.6 precipitable mi-
crons poleward of 80 N at solar longitudes around 80-120 . Southern polar summer
abudance reaches about a half of northern summer peak ( 30 pr- m). Around so-
lar longitude 120 there is an evident transport of water vapour from the northern
polar regions towards the equator which is more intense than the specular feature
at 240 . In Figure 6.1 there is a clear increase in ice opacity during the aphelion
season, which is related to the formation of the aphelion cloud belt (Section 2.2.4).
These features are related since the aphelion cloud belt (Section 2.2.4) weakens
the transport of water vapour via the Hadley circulation (Maltagliati et al., 2011,
Montmessin et al., 2004). Hence, the complicated interaction of the topographi-
cally induced asymmetry of the meridional circulation and the di erent regimes of
water condensation during aphelion and perihelion seasons leads to a decrease of
the e ciency of the cross-equatorial transport of H,O to the south (e.g., Fedorova
et al., 2004). Moreover, the northward transport of water vapour during perihelion
season is thus more e cient than the southward transport during aphelion season.
As a consequence, H,O is more abundant in the northern hemisphere with a long
persistance at midlatitudes all over the year whilst it is substantially negligible in
the southern hemisphere during the Ls = 0-120 season. In addition, countrary to
the Northern Polar Cap, the bulk water of the southern one is always covered by
a layer of CO, which prevents the underlying water ice to sublimate (Titov, 2002).
At midlatitudes, the water abundance is always in the range 5-10 pr- m.

As discussed in the previous Chapter, the total error on individual H,O retrievals
is on average around 15%. It is worth to stress that this value does not represents
the error on the average H,O column in Figure 6.2, which is expected to be lower
given the large number of spectra averaged together (the random part of the total
uncertainty decreases as the square root of the number of spectra averaged together).

In Figure 6.3 the results for H,O are compared to those of other instruments
which have been used for similar retrievals. These instruments are the Thermal
Emission Spectrometer onboard Mars Global Surveyor (Smith, 2004), the Com-
pact Reconnaissance Imaging Spectrometer for Mars onboard Mars Reconnaissance
Orbiter (Smith et al., 2018), and the Spectroscopy for the Investigation of the Char-
acteristics of the Atmosphere of Mars onboard Mars Express itself (Trokhimovskiy
et al., 2015). The rst column reports the latitude-Ls plot for PFS (same as in
Figure 6.2) and then the equivalent plots for TES, CRISM, SPICAM, and for the
model MCD v5.3. The second column of the panel reports the absolute di erence
between PFS and the other instruments, the third column reports the relative dif-
ference, and nally the last column reports the TES, CRISM, and SPICAM plots

Itered for low-dust conditions (Dust opacity at 1075 cm ! is less than 0.2). We
tested the impact of two di erent assumptions on H,O vertical distribution ( rst
line in Figure 6.3): uniform pro les with and without saturation to the retrieved
water abundance. The di erence is always negligible except in the high northern
latitudes at Ls = 60-180 , during Northern summer and spring, when the saturation
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altitude is the lowest compared to other seasons (Figure 6.5). The water sublimated
from the Northern polar cap is located in the lowermost 5-10 km. In other seasons
and regions the results coincide within 3 pr-um.
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Figure 6.3. Plot in gure 6.2 compared to the results obtained by other instruments.
From top to bottom: PFS (this work), TES (Smith, 2004), CRISM (Smith et al., 2018),
SPICAM (Trokhimovskiy et al., 2015), and MCD (Section 4.4.3). Central column shows
the comparison in terms of water vapour di erence, right column shows the comparison
in term of relative water vapour di erence. The data are presented as a function of
season and latitude by bins of 2 in Ls and 2 in latitude.

Generally we can say that the climatological results for water vapour integrated
abundance reported in this work are qualitatively strongly consistent with the other
instruments, which found similar trends and comparable water vapour abundances
all over the year. Nevertheless, some di erences do exist. In particular, the peak
abundance at northern polar summer is what di er more from one retrieval to the
other and from one model to the other, when absolute di erences are considered.
The value of 64 9.6 pr- m is very consistent with what found by Trokhimowskiy
et al. (2015) using SPICAM ( 70 pr- m) and about 10 pr- m larger than that
found by Smith et al. (2018) using CRISM. An important result is the similarity
with TES abundances, which are very similar all over the year, always well within
the estimated uncertainty. TES retrievals are performed in the same spectral range
of PFS, and hence the fact that both PFS and TES obtain very similar results
is a way to cross-validate both the datasets. The peak in the di erence between
PFS and TES is reached in the second half of the northern winter, at latitudes
between 0 N and 40 N. Anyway, Itering out the data where the dust opacity at
1075 cm 1 is higher than 0.2 (last column of Figure 6.3), this feature disappears,
suggesting that the di erence between the two instruments in that time of the year
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(dusty season) is related to a di erent treatment of multiple scattering in the two
datasets. A similar e ect in the same place and season is also found in the CRISM
dataset. The peak of the di erence between PFS and SPICAM is instead reached in
circumpolar regions at the end of northern autumn, where it is 100% or more. But,
anyway, a 100% at those latitudes and period of the year means less than 10 pr-

m in the transition region between polar minimum ( 0 pr- m) and midlatitudes
typical water abundance ( 10 pr- m), meaning that the two instruments di er
only for some degrees in the extension of the polar minimum region. This can be
related, for example, to a di erent treatment of ground ice which can eventually be
present at those latitudes and season, in uencing the radiative transfer and hence
the retrieved water vapour abundance. Moreover, the feature observed by SPICAM
at that time of the year is peculiar and not observed by any other instrument.

One key feature we can observe in these plots is that over the summer northern
polar cap, the water vapour extracted from MCD is quite more than that obtained
with all the instruments. In MCD, peak abundance in northern polar summer
sees an increase up to 90 m which is much larger than any other instrument.
Anyway, the di erence is not so high in the remainder of the year, meaning that it
is a problem related only to the northern polar region in the rst half of the year.

Figure 6.4 shows the spatial maps of water vapour integrated abundance for PFS
(this work), CRISM (Smith et al., 2018), SPICAM (Trokhimovskiy et al., 2015),
and TES (Smith, 2004). Every plot in the panel corresponds to an average of in-
tegrated column abundance over 45 solar longitude (half a season). The spatial
maps are normalized to the mean Martian surface pressure (6.1 mbar; Smith, 2002),
so that the e ects of surface topography are removed. If this scaling process is not
performed, these maps would be strongly biased by the topography, showing much
more water in Hellas Basin or in Vastitas Borealis, and less water vapour on ele-
vated regions like Tharsis. But we are interested in spatial variations unrelated from
topography variations, which can be mainly attributed to atmospheric circulation
and dynamics, as well as to condensation/sublimation processes. It is interesting to
see that the areas of Tharsis and Arabia Terra present always a regional enhance-
ment of water vapour abundance, which is considered to be the result of the e ects
of atmospheric dynamics or potential release from the subsurface (Fouchet et al.,
2007). This result is observable also in the CRISM and SPICAM data, but it is not
visible in the results from TES. Since all the other instruments see this feature, its
absence in the TES data should be further investigated.

Another interesting result is reported in Figure 6.5. It shows the saturation al-
titude obtained from PFS retrievals in comparison to SPICAM retrievals and MCD
v5.3. The saturation altitude is the point where the saturation pro le given by
Equation 5.39 crosses the uniform pro le: from that altitude above, the retrieved
pro le has to be equal to the saturation pro le, i.e. condensation occurs and clouds
may form. Water vapour saturates above about 5-10 km during northern spring
and summer, whilst this value can increase up to 70 km in the other seasons. These
results are in accordance with previous literature: for example Clancy et al. (1996)
found saturation altitudes about 10 km during the aphelion season. About Ls 320
and latitude southwards than 50 S, PFS retrieves a higher temperature than MCD,
and this is re ected also into a higher saturation altitude. This feature is related
to the type-C dust storm (Kass et al., 2016), which is not predicted by the model.
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Figure 6.4. Seasonal spatial plots of integrated water vapour abundance as retrieved by
PFS (top left), CRISM (top right; Smith et al., 2018), SPICAM (bottom left; Trokhi-
movskiy et al., 2015), and TES (bottom right; Smith, 2004). Every plot shows the
abundance in every latitude and longitude as an average of 45 solar longitude.

Also SPICAM, which uses the temperature pro les extracted by MCD, does not
show this feature. This fact underlines the strong correlation between atmospheric
temperature and saturation altitude and hence the importance of using retrieved
instead modelled temperature pro les when the goal is to study atmospheric con-
densation and saturation.

6.1.2 Carbon monoxide from PFS SWC

The climatology of carbon monoxide, as retrieved by PFS, is shown in Figure 6.6.
As previously said (Section 2.2.8), the relative abundance of CO is strictly related
to that of CO,. Carbon monoxide is a non-condensable gas, hence the variation of
relative abundance seen in the plot is expected and related to the variation of the
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Figure 6.5. Saturation altitude and atmospheric temperature retrieved from PFS (left
column), saturation altitude retrieved from SPICAM (centre-right plot) and extracted
from MCD v5.3 (top right and bottom right plots).

CO;, (Montmessin et al., 2017). During cold seasons, the atmospheric temperature
is reduced down to the condensation temperature of CO, and the latter is deposited
at high latitudes. Therefore, the CO volume mixing ratio increases at high latitudes
during cold seasons. Conversely, during spring and summer the CO- sublimes and
then the volume mixing ratio of CO decreases at high latitudes.

As soon as the polar vortex breaks, by the end of the Southern summer, the
general circulation transports the CO-enriched atmosphere from the south pole
to lower latitudes and into the northern hemisphere, causing a strong seasonal
enrichment of CO mixing ratio at all latitudes, and particularly in the seasonal
range 140-220 Ls. The dark red points in the south polar region in Figure 6.6
represent the rst direct observation of the CO enrichment in the winter polar
regions predicted by the models. A similar process is observed by the end of the
Northern winter, where there is a southward transport of the CO-rich atmosphere
from the north pole to lower latitudes and into the Southern hemisphere. This
begins about solar longitude 345 . These transports de ne the position of the
maxima of CO mixing ratio at about 180 (northern autumn equinox) and 360
(northern spring equinox) and work as a proxy for the sublimation/condensation
rate of CO,. The CO volume mixing ratio reaches an abundance of up to 1010

152 ppmv at Ls 175 and of 850 127 ppmv at Ls  345. The two seasonal
minima of CO mixing ratio are observed during polar summer, at high latitudes and
for Ls (220, 320) and Ls (40-100) , reaching values down to 375 56 ppmv in
the south and down to 600 90 ppmv in the north. The uncertainty for the single
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Figure 6.6. The zonally averaged CO volume mixing ratio in a latitude versus solar
longitude plot. The data are presented as a function of season and latitude by bins of
2 inLsand 2 in latitude.

retirevals is 15%. Again, this value does not represents the error on the average
CO mixing ratio presented in Figure 6.6, which is expected to be lower given the
large number of results averaged together.

Figure 6.7 shows the seasonal-spatial maps for CO. The maps were made using
bin sizes of 3 latitude, 5 longitude, 45 Ls, and data collected from all observed
Martian years. We can see that there are generally strong seasonal and spatial
gradients which are not correlated with topography (CO is expected to have a
uniform vertical distribution and as such, its column-averaged mixing ratio is not
in uenced by local topography).

The deepest depletion in CO abundance is observed during the northern spring
(panels A, B, and C in Figure 6.7) and southern spring/summer (panels F and
G), but generally the depletion is stronger in the south than in the north. In
the southern latitudes the longitudinal variation is very weak during that season
(panels F and G), whilst it is stronger in the northern hemisphere (panels A, B, and
C). In particular, the region of Utopia planitia exhibits greater CO mixing ratio
than Acidalia planitia. In addition, the depletion in the northern hemisphere is
latitudinally more extended than in the southern hemisphere. In the south, the CO
depletion is con ned between 60 S and the pole, whilst in the north it extends
down to 30 N.

The CO maxima appear in late northern summer/early northern autumn (panels
D and E in Figure 6.7) and in late northern winter (panel H). The higher maxi-
mum is observed during late northern summer (panel D), the lower maximum is in
late northern winter (panel H). As already said, in northern summer/autumn, the
transport of CO-rich air from the southern to northern hemisphere due to the subli-
mation of the south polar cap and condensation of the north polar cap takes place.
The secondary seasonal CO enhancement is instead due to a southward transport
of CO-rich atmosphere from the north pole.

In gure 6.8 the obtained relative abundances are compared to those of MCD
which have been used as input for the retrieval. Second and third column of the
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Figure 6.7. Seasonal-spatial maps for CO. Every plot shows the abundance in every
latitude and longitude as an average of 45 solar longitude.

rst line in the gure show the absolute and relative uncertainty of the retrieval.
The model seems to underestimate the secondary CO volume mixing ratio enhance-
ment as observed by PFS in late winter/early spring seasons. The overall agreement
between PFS and MCD is qualitatively good (Figure 6.9) but there are some quan-
titive di erences. The CO volume mixing ratio observed by PFS during the maxima
is 15-30% larger than that predicted by the model. An interesting feature clearly
seen in Figure 6.9 is that the CO peak is observed about 15 solar longitude later
in PFS with respect to MCD. This suggests a slower physical mixing of air masses
than predicted by the models.

With respect to water vapour, the validation of the results through instruments
comparison is more complex for CO since there is not an extensive literature about
this topic. Ground-based (Clancy et al., 1990; Krasnopolsky, 2007) and spacecraft-
based (Encrenaz et al., 2006; Billebaud et al., 2009) observations have produced
limited information about the seasonal and spatial variations. The only instrument
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Figure 6.8. Comparison between PFS results and MCD.

Figure 6.9. Comparison between PFS results and MCD in an average year. Model data
are shifted lower by 200 ppm for comparison.

which extensively retrieved carbon monoxide is CRISM (Smith et al., 2018) which
covered more than 5 Martian years from 28 (Ls = 113 ) to 33 (Ls =286 ). CRISM
retrievals are performed in the (3700, 5200) cm 1 spectral range. Figure 6.10 reports
a seasonal and spatial comparison between PFS and CRISM results. Every plot is
an average over 45 in solar longitude, that is to say every plot is an average over half
a season. Generally there is a good agreement between PFS and CRISM results.
The abundance reaches values down to 300 ppmv poleward of 70 S and down to 500
ppmv in the north in Smith et al. (2018) retrievals. Also, in the CRISM dataset at
low latitudes the CO mixing ratio varies between about 725-825 ppmv at Ls = 0
to about 1000 ppmv in the season around Ls = 180 . All these values are in very
good agreement with PFS results. Nevertheless, CRISM observed larger seasonal
and spatial variations. As said, the depletion is stronger in the southern summer
polar region, but it extends more latitudinally in the north, both for PFS and
CRISM. In addition, the CO depletion shows a smaller longitudinal variation in the
south, and a greater longitudal variability in the north, where the CO mixing ratio
is greater in the Utopia Planitia region than in Acidalia. This variability is stronger
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in the retrieval from CRISM than in those from PFS. In the winter hemispheres,
the CO mixing ratio is greater in regions with low-lying topography, especially in
Hellas basin. In general, the regions north of Hellas and the Margaritifer Terra
region tend to have higher CO mixing ratios than other low-latitude regions.

Figure 6.10. Comparison between PFS and CRISM results in seasonal-spatial plots.
Every plot shows the abundance in every latitude and longitude as an average of 45
solar longitude..

Finally, Figure 6.11 reports an interesting comparison between PFS and the
results from Curiosity Mars Science Laboratory (Trainer et al., 2019). The results
from Curiosity are obtained only in Gale crater and at ground level, but qualitatively
the trends of CO and the position of the peak agree with the trends and peak
obtained from PFS, about 15 later than the model in solar longitude. This is
an additional validation of the result, reinforcing the suggestion that the rate of
latitudinal transport of air as well as that of the physical mixing of air masses of
CO, may need to be tuned in the model.

Figure 6.11. Comparison between PFS and MSL results (Trainer et al., 2019).
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6.2 NOMAD results

We shall discuss here the results obtained from the NOMAD dataset. Section 6.2.1
reports the results for water vapour, Section 6.2.2 reports the results for carbon
monoxide. For both molecules, the seasonal and average variability is provided,
together with some comparisons with the results obtained by PFS and other instru-
ments.

The uncertainties on the reported quantities are estimated as the mean error
computed with the Optimal Estimation Method. Usual values are of the order of
5-15%, with a global mean 10%. To this, systematic uncertainties due to the
input atmosphere (H, T, P pro les, dust and ice opacities) must be added. These
uncertainties can account up to another 10% (Crismani et al., 2021), bringing to
a total uncertainty up to 20% on every measurement. This uncertainty is higher
than that estimated for PFS measurements (15%), since the input pro les and
aerosol opacities used for PFS retrievals are retrieved from PFS itself, whilst for
LNO retrievals the inputs are extracted from the model.

6.2.1 Water vapour from LNO

Water vapour retrievals are obtained from orders 167, 168, and 169 of the LNO.
These correspond to (3752.96, 3782.91), (3775.89, 3806.03), and (3797.90, 3828.20)
cm ! spectral intervals, which are very di erent from that used for the retrievals
from PFS (310.40, 500.00) cm 1. Apart from this, the two instruments are very
di erent one from each other. Hence, if the results obtained by the two instruments
show climatologies which are qualitatively and quantitatively similar, this is a way to
cross-validate both the retrievals. This is particularly true for the joint observations,
which are separately discussed in Section 6.3. The NOMAD dataset covers less than
2 Martian Years, from MY 34 (Ls = 149 ) to MY 36 (Ls = 54 ). On Earth, this
would not be a climatological scale dataset, for which at least a decade is needed,
but since interannual variation in the Martian atmosphere is usually very little, it
is reasonable to discuss climatological features also with less than 2 Martian Years.
On the other hand, the limit of this discussion is that no potential interannual
variation can be explored.

The zonally-averaged water abundance retrieved from the whole NOMAD dataset
is shown in Figure 6.12. The data were binned in 2 Ls by 2 latitude bins.

Figure 6.12. The water vapour retrieval from LNO/NOMAD dataset in a latitude versus
solar longitude map. The horizontal axis ranges from MY 34 (Ls = 149 ) to MY 36 (Ls
= 54 ). The data were binned in 2 Ls by 2 latitude bins.
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As can be seen in the gure, a wide gap in the period from Ls = 185 to Ls =
225 of MY 34 is shown. This corresponds to the Global Dust Storm occured in
that year (Guzewich et al., 2019). First percursor of the GDS appeared at Ls =
181 (May 2018) across Acidalia Planitia and it is termed global by Ls = 193 . Dust
storm began the decaying phase at Ls = 205 and it was completely ended at Ls =
250 , when dust level returned to climatologically typical levels for the perihelion
season (Guzewich et al., 2019). As discussed in Chapter 5, due to the continuum
forcing the retrieval is able to retrieve only the water vapour abundance con dently,
hence dust is not considered a delivery of this work. Nevertheless, dust abundance
plays a role in the radiative transfer, especially during the dust storm where dust
opacity increases a lot, strongly exceeding unity (for comparison, normal conditions
values are less than 0.3). Then, the water abundances retrieved during the in the
heart of the global dust storm of MY 34 (Ls = 185 to Ls = 225 of MY 34) are
considered unreliable and are excluded from the retrievals.

Anyway, the Ls = (185, 225) period is covered in MY 35. Figure 6.13 reports
the zonally averaged water vapour retrieval in a latitude versus solar longitude
map. The thin gaps at Ls 100, 125, 145, 180, 230 are related to the

Itering of high incidence angle data (=60 , as discussed in Section 5.4.1). This Iter
also excluded winter polar regions where, nonetheless, very low water abundance
is expected. The data gap at Ls 70 is instead due to missing data in MY 35.
These gaps will eventually be lled by future NOMAD observations, but since they
are very small, a nearly complete climatological discussion is still possible.

Figure 6.13. The zonally averaged water vapour retrieval from LNO/NOMAD dataset in
a latitude versus solar longitude map. The data are presented as a function of season
and latitude by bins of 2 in Ls and 2 in latitude.

Figure 6.14 makes use of the data in Figure 6.13, but the three NOMAD orders
used for the analysis (167, 168, and 169) are shown separately. No signi cant
di erence is found between the results from the three orders, and this is a sort of
cross-validation, since they are in three di erents spectral ranges and with di erent
number (6 for orders 167 and 168, and 8 for order 169) and intensity of absorption
bands.

Latitude is always in the (-75, 75) range due to the orbit of the spacecraft,



6.2 NOMAD results 111

Figure 6.14. The zonally averaged water vapour retrieval from LNO/NOMAD dataset
in a latitude versus solar longitude map subdivided for the three orders used for water
vapour (167, 168, and 169). The data are presented as a function of season and latitude
by bins of 2 in Ls and 2 in latitude.

but the main climatological features, already discussed with the PFS results in
Section 6.1 are clearly visible. Midlatitudes abundance is 10 2 pr- m on average.
Driest period is in the Ls = (320, 40) range, when most of the global water vapour
abundance is condensed in both polar caps. Peak abundances during polar summers
are 67 13 pr- m in the north and 33 7 pr- m in the south. It is important
to highlight that since the latitude of the measurement is always less than 75 ,
and since the northern polar peak falls within the gap around Ls 100 , the true
polar maxima are likely not directly observed. Considering that PFS retrieves up
to 64 9.6 pr- m in the northern peak and 30 4.5 pr- m in the southern peak,
and considering that we do not expect very steep variations between the visible
and the non-visible region of the pole in the plot from LNO data, we can conclude
that LNO retrieves a peak water abundace which is strongly consistent with that
found by PFS (Figure 6.15). This is anyway in strongly accordance also with what
retrieved by Trokhimowskiy et al. (2015) using SPICAM, which retrieved up to 70
pr- m in the northern peak as well as with TES results (Smith et al., 2004), which
retrieved 60 pr- m.

For other latitudes and seasons, the global behaviour is generally the same as
found with PFS and other instruments. The southward transport of water from
the north polar cap at the end of the summer is clearly visible, and the same is
true for the northern hemisphere enchancement of abundance throughout the year.
But from a quantitative point of view, LNO retrievals show a little enhancement in
water vapour in the southward transport feature, which carries up to 9-10 pr- m
more water vapour than in PFS results. PFS-LNO comparison does not change
subtantially when using only the superimposed seasons to compute the average
climatologies (bottom panels in Figure 6.15).

Figure 6.16 reports the spatial maps for the LNO dataset, like Figure 6.4 does for
PFS, SPICAM, CRISM, and TES. Every plot is an average of 45 solar longitude,
hence half a season. The water vapour abundance is scaled for surface pressure,
normalizing it at 6 mbar in order to remove topographic e ects. The water vapour
enhancement in Arabia Terra and Tharsis is present also in the LNO results, but it
not as evident as it was in PFS retrievals, especially in the last two panels (north-
ern winter). The water vapour abundance in the northern polar region strongly
increases already from the second half of the spring (Ls 45-90 ), whilst for PFS
(Figure 6.4) the strong increase began in the rst half of summer (Ls 90-135 ). This
result resembles what happens in the CRISM dataset (Smith et al., 2018). In LNO
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Figure 6.15. A comparison between PFS and NOMAD water vapour climatologies. Mid
panels show the absolute (left) and relative (right) di erence between the average cli-
matologies from the two datasets. Bottom panels show the same quantities as in the
mid panels but using only the superimposed seasons, i.e. PFS average climatology is
computed only for MY 34 and MY 35.

the southward transport appears slower than that of PFS, beginning earlier and
nishing later.

As said, there is another work which retrieved water vapour abundance with
LNO (Crismani et al., 2021). They used the same orders (167, 168, and 169) and
the same incidence angle Iter (<60 ), but the dataset is shorter than ours, since
it covers the period from the beginning of the NOMAD science operations in MY
34 until January 2020, before the end of MY 35. By scaling the water vapour
abundance with surface pressure at 6 mbar, Crismani et al. (2021) found peak
values of 30 6 pr- m during northern summer. This value is considerably lower
than our 67 12 pr- m which, once scaled, is 55 pr- m. The values found by
Crismani et al. (2021) are consistent with CRISM water vapour columns (Smith
et al., 2018), whilst they are not consistent with TES observations (Smith, 2002)
nor with PFS results neither with SPICAM results (Trokhimowskiy et al., 2015).
As reported in the paper, the di erence is quantitative and not qualitative, hence
it can be related to some interannual variability, to di erences in calibration and
data processing techniques, or any combination of these factors.
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Figure 6.16. Seasonal spatial plots of integrated water vapour abundance as retrieved by
LNO. Every plot shows the abundance in every latitude and longitude as an average of
45 solar longitude. The water abundance is normalized for pressure at 6 mbar.

6.2.2 Carbon monoxide from LNO

Carbon monoxide retrievals are obtained from orders 189 and 190 of the NO-
MAD LNO channel which corresponds respectively to the (4247.77, 4281.67), and
(4270.17, 4304.26) cm ! spectral intervals (the retrievals from PFS data have been
performed using (2000.0, 2220.0) cm ! interval). Also in this case, the comparison
of the results obtained by the two instruments is a way to cross-validate both the
retrievals.

Figure 6.17 shows the volume mixing ratio of the carbon monoxide as retrieved
by LNO, and Figure 6.18 shows the zonally averaged climatology. As for water
vapour, the dataset covers the period that goes from MY 34 (Ls = 149 ) to MY 36
(Ls = 54 ) and the wide gap at Ls = (185, 225) of MY 34 is due to the exclusion
of the global dust storm event, whilst the thinner gaps all along the dataset are
due to the exclusion of data with incidence angles greater than 55 . The data are
presented as a function of season and latitude by bins of 2 in Ls and 2 in latitude.
As for water vapour, the uncertainty is estimated to a value of 20%.

The highest relative abundances are reached when the CO, abundance in the
atmosphere is lower, during cold seasons. The CO volume mixing ratio reaches an
abundance up to 1054 210 ppmv when Ls 150 in correspondence of the late
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Figure 6.17. Carbon monoxide retrieval from LNO/NOMAD dataset in a latitude versus
solar longitude map. Time goes from MY 34 (Ls = 149 ) to MY 36 (Ls = 54 ). The
data are presented as a function of season and latitude by bins of 2 Ls and 2 latitude.

northern summer main peak and about 858 172 ppmv when Ls 340 in the late
northern winter secondary peak. The two seasonal minima are observed during
polar summer pressure peaks, at high latitudes and Ls (220, 320) and Ls (50-
70) , reaching values of about 400 80 ppmv in the south and 660 132 ppmv.
The North summer polar region is poorly covered due to the lack of measurements
above 75 , but the general trend resembles the expected one. PFS retrieved 1010

152 ppmv in the main equatorial peak, 850 127 ppmv in the secondary equatorial
peak, 375 56 ppmv in the southern seasonal minimum and 600 90 ppmv in
the northern one. These values are in agreement with LNO results presented here,
well within the error bar of LNO. This result is a strong cross validation of both
PFS and LNO carbon monoxide retrievals.  As said in Section 6.1.2, the only

Figure 6.18. The zonally averaged carbon monoxide retrieval from LNO/NOMAD dataset
in a latitude versus solar longitude map. The data are presented as a function of season
and latitude by bins of 2 in Ls and 2 in latitude.

other instrument which extensively retrieved carbon monoxide is CRISM (Smith
et al., 2018), which covered more than 5 Martian years from 28 (Ls = 113 ) to
33 (Ls =286 ). CRISM retrievals are performed in the (3700, 5200) cm ! spectral
range, which is the same used by NOMAD. The values found by CRISM are in good
agreement to those found by PFS and hence to those found by LNO. CRISM found
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Figure 6.19. The zonally averaged carbon monoxide retrieval from LNO/NOMAD dataset
in a latitude versus solar longitude map subdivided for the two orders used for water
vapour (189 and 190). The data are presented as a function of season and latitude by
bins of 2 in Ls and 2 in latitude.

values down to 300 ppmv poleward of 70 S and down to 500 ppmv in the north. At
low latitudes CO mixing ratio varies between an annual minimum of about 725-825
ppmv at Ls = 0 to about 1000 ppmv in the season around Ls = 180 .

Figure 6.19 reports the same plot as in Figure 6.18, but the retrievals are sep-
arated for the LNO orders 189 and 190. No signi cant di erence is found between
the results from the two orders, providing a sort of internal cross-calibration, since
they are in three di erents spectral ranges and with di erent number and intensity
of absorption bands.

Figure 6.20 reports the spatial maps for the LNO dataset, as Figure 6.10 does for
PFS and CRISM. Every plot is an average of 45 solar longitude, hence half a season.
At the beginning of northern spring (Ls = 0-45 ), the CO abundance is constantly

800 ppmv all over the planet, then it begins to reduce in Vastitas Borealis due
to the sublimation of the North polar cap in late spring (Ls = 45-90 ). During
early northern summer (Ls = 90-135 ) the equatorial maximum begins to form over
Arabia Terra, reaching its peak all over the equatorial belt in late summer (Ls =
135-180 ) and persisting also in early autumn (Ls = 180-225 ). In late northern
autumn (Ls = 225-270 ) the equatorial maximum has completely disappeared, and
the southern minimum reaches its deepest value with small longitudinal variation.
The minimum remains visible also in early southern summer (Ls = 270-315 ).

The general spatial agreement between PFS and LNO is good, but there are some
di erences. In the second half of spring, the decrease of CO mixing ratio observed
by PFS at polar latitudes extends down to 30 latitude in Vastitas Borealis, whilst
it is con ned to higher latitudes in LNO observations. Speci cally, LNO observes
larger mixing ratio (about 50 ppmv) over Vastitas Borealis compared to PFS.
LNO also observes an equatorial peak which is higher in latitude compared to PFS.
PFS’ main peak is situated at 10 S latitude, north of Hellas Basin and south of
Arabia Terra (Figure 6.10). In LNO the largest mixing ratio is instead observed
near the equator mainly over Tharsis region. Finally, in the last panel of Figure
6.20 (Ls = 315-360 ), a local maximum is observed in Vastitas Borealis, at about
60 N latitude, which has also been observed by CRISM (Figure 6.10).

Figure 6.21 shows a comparison between PFS results and MCD v5.3 for a se-
lection of latitudinal ranges. LNO latitudinal trends clearly show that the peak
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Figure 6.20. Seasonal spatial plots of carbon monoxide volume mixing ratio as retrieved
by LNO. Every plot shows the VMR in every latitude and longitude as an average of
45 solar longitude. The water abundance is normalized for pressure at 6 mbar.

abundance in the model occurs about 15 of Ls earlier than in LNO observations
(red and light blue lines). This is an additional con rmation that the rate of lati-
tudinal transport of air as well as that of the physical mixing of air masses of CO,
may need to be tuned in the model

6.3 Joint results

In this section, the results of the joint retrievals are analysed. The goal of these
retrievals is to obtain cross-information from the almost simultaneous observations
performed by PFS and NOMAD. Being almost simultaneous, they are ideally ex-
pected to provide very similar abundances of water vapour and carbon monoxide.
Hence, any di erence in the obtained quantities should be related to di erences
between the instruments and in the retrievals. The main aim of this analysis is the
cross-validation of the retrieval schemes described in Chapter 5.

The simultaneity criteria are described in Section 5.5 (Latitude 5, Longitude

5, Local Time 1 hour). Among the about 400 simultaneous orbits in the list
by Cardes n-Moinelo et al. (2021), only a few of them contains useful information
for our purposes, since we are interested only in the PFS observations which have
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Figure 6.21. Comparison between PFS results and MCD v5.3 in an average year. Model
data are shifted lower by 200 ppm for comparison.

related NOMAD observations obtained with the LNO channel and speci cally in
the CO (189, 190) and H,O (167, 168, 169) orders. In addition to this, not every
simultaneous measurement contains good quality PFS or LNO spectra. Hence, once
data have been selected and bad quality spectra have been accurately Itered away,
184 measurements for H,O-related orders and 33 for CO-related orders are left.

As described in Section 5.5, the retrievals are performed with two di erent
choices of the input parameters. Once the input H,O or CO pro les are those
obtained with PFS retrievals, as well as the altitude-temperature-pressure pro les
(retrieved with BDM, as described in Section 4.4.2. The surface pressure and the
CO; are extracted from MCD (Section 4.4.3) in order to be more representative
of the actual surface pressure and CO, pro le. Then the retrievals are repeated
extracting everything from MCD. In both cases, the NOMAD average spectra are
the same. Hence, we can quantify and compare what changes in the retrieved quan-
tities by using PFS or MCD input parameters. In what follows, the two options
are labelled as ‘PFS input’ and ‘MCD input’, respectively. Except for the input
parameters, the retrieval algorithm is identical to that used for the NOMAD whole
dataset in any other detail.

Figure 6.22 shows the position of the joint measurement for both molecules in
a latitude versus solar longitude plot. The reported quantities are those retrieved
with ‘MCD input’, but actually the aim of this plot is only to show where the
measurement are placed in the climatologies shown in Figure 6.13 and Figure 6.18.
All the joint measurement are at midlatitudes, so for water vapour the expected
abundances are 10 pr- m. For carbon monoxide, the observations are obtained
during both main and secondary equatorial peaks.

6.3.1 Water vapour from LNO and LWC

Figure 6.23 shows the abundances retrieved by PFS (yellow), LNO with MCD input
(black), and LNO with PFS input (red). The solid lines show the trends obtained
by smoothing the points with a boxcar Iter over 5 points, useful to have a view
on the general behaviour of the abundances obtained with the three datasets. Even
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Figure 6.22. Water vapour (left) and carbon monoxide (right) abundances in a latitude
versus solar longitude plot.

if for some point the abundance obtained with PFS is comparable or a bit higher
than that obtained with LNO, we can easily conclude that in most cases PFS
retrieves less water vapour than LNO. The inverse trend appears almost only when
the water vapour is lower (5 pr- m) and more susceptible of uctuations due to
the instrumental noise. The general comparison between LNO and PFS shown in
Figure 6.15 shows di erences between 0 and 6 pr- m in the area where the joint
measurements are located (Figure 6.22), and this is consistent with the di erences
found in the joint observations.

Figure 6.23. The absolute water vapour abundance found in the joint retrievals using
MCD and PFS input parameters. The data have been smoothed with a boxcar Iter
over 5 points in order to show them more clearly (solid lines).

These conclusions holds using either PFS or MCD input, meaning that the fact
that PFS retrieves less water is at least qualitatively not related to the choice of
the input parameters. Also, as expected since the measurement are almost contem-
porary and shares nearly the same location, the di erences between LNO and PFS
retrievals do not show any signi cant trend related to the di erences in Local Time,
Latitude or Longitude, as for con rmation can be seen in Figure 6.24. Indeed, the
atmosphere tends to mix up very rapidly if any changes occur, and hence we do not
expect strong variations in the retrieved quantities due to little spatial or temporal
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di erences in the time frame of joint observations.

Figure 6.24. The di erence between retrieved water abundance in LNO and PFS joint ob-
servations, versus local time di erence (left), latitude di erence (centre), and longitude
di erence (right). Red symbols are the retrievals obtained with PFS input parameters,
the black ones are the retrievals obtained with MCD input parameters.

From a quantitative point of view, the choice of the input parameters have a
slight but non-negligible impact in the obtained abundance, since the results with
the MCD input results in a little enhancement with respect to PFS input. Figure
6.25 reports the di erences between LNO and PFS using MCD input (upper left)
and PFS input (upper right). The mean di erence found with MCD input is 2.96
pr- m, whilst the mean di erence found with PFS input is 2.08 pr- m. This plot
brings two quantitative information: (1) most of the values are less than 1, and
hence MCD input brings on average to higher di erences with PFS, and (2) it is
nearly at with most of the values concentrating 0.85, meaning that using PFS
input the di erences with PFS are usually 15% lower than using MCD input.
These results con rm what appears visually in plot 6.23 also from a quantitative
point of view. The ratio between the absolute retrieved abundance obtained with
PFS input and MCD input is 1.08 on average, meaning that the two retrievals di er
by 8% on average, which is well within the 20% average estimated error.

Left plot in Figure 6.26 shows the behaviour of the di erence between LNO and
PFS abundances as a function of the LNO retrieved abundance. It clearly shows
an almost linear trend with the di erence increasing as the absolute abundance
increases, and this means that the di erence is due to a multiplicative factor rather
than to a systematic summation term. Right plot in the same Figure shows that this
factor is 20%. This is true for both MCD input and PFS input, even if with PFS
input it is a bit lower. Finally, Figure 6.27 shows the joint retrieval datasets with
LNO error bars. PFS abundances (yellow line) are usually within the error bars.
Over 184 joint measurements, 72 PFS abundances are outside the LNO uncertainty
when the input comes from MCD, and 65 when the input comes from PFS. Anyway,
for most of these points the distance outside the error bar is 1-2 pr- m which is
well within the PFS estimated error (15%).

However, even if it is within the error bar, since the LNO PFS di erence
is systematic, it can a ect the resulting climatology in a small but non negligible
way. The general dataset has been retrieved using MCD input, and as can be seen
in Figure 6.25, this brings to a systematically increase by 3 pr- m with respect
to PFS, on average. This does not a ect the general nor the local conclusions of
the results reported in Section 6.2 but can at least partially explain the di erences
between the PFS and LNO climatologies (Figure 6.15). In particular, the trend
shown in Figure 6.26 can explain the highest LNO abundance region over the north
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Figure 6.25. Upper plots show the di erence between retrieved water abundance in LNO
and PFS joint observations, using MCD (top left) and PFS (top right) input parameters.
Orange dot-dashed lines represent the mean value of the respective curves. Bottom plot
shows the absolute ratio between these two di erences. The red line is 0.85.

pole summer peak and the southward transport.

These di erences can be due to a plenty of things in the retrieval process or can
be related to the di erences between the two instruments. Since by using the same
input used for PFS the di erence is lowered by a 15% but it does not disappear
(Figure 6.25), the responsible of this di erence should not be related to the choice
of the input atmosphere. Also, since as described in Chapter 5, no signi cant
di erence have been found in the retrieved water abundance applying the OEM
or the Levenberg-Marquardt method to the PFS dataset, the responsible should
neither be the retrieval method.

The main di erence between LNO and PFS retrievals is related to the spec-
tral range, since PFS retrievals have been performed in the thermal infrared region
(310.4-500 cm 1) and LNO retrievals are performed in the near infrared region
(3752.96-3828.20 cm 1). Di erent spectral regions may bring to di erent sensibili-
ties to the water vapour at di erent altitudes (Trokhimovskiy et al., 2015), so that
LNO may be more sensible to water variations at lower altitudes with respect to
PFS. Moreover, the corrections of the absorption coe cients due to the CO, atmo-
sphere in the LNO retrieval is based on the parameters computed by Gamache et
al. (2016), whilst the PFS retrieval is based on the parameters computed by Brown
et al. (2007). Since the two works report data for di erent spectral regions without
superposition, a direct comparison is not possible. The absorption coe cients have
a very strong and direct e ect on the retrieved abundances, and hence a di erent
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Figure 6.26. Left: the di erence between LNO and PFS results versus the LNO retrieved
abundance, red symbols are the retrievals obtained with PFS input parameters, the
black ones are the retrievals obtained with MCD input parameters. Right: the di erence
between LNO and PFS is normalized with the LNO abundance.

Figure 6.27. LNO retrieved values (solid black line) with error bars (red). PFS results
are shown in yellow and blue dots highlights the out of the error bars values.

experimental approach to the computation of these corrections to the HITRAN
database can be the responsible of the observed di erence.

In any case, as said, these di erences do not impact the general nor the local
conclusions for the two datasets Hence, PFS and LNO retrieval datasets should be
considered in good agreement within the experimental uncertainties.

6.3.2 Carbon monoxide from LNO and SWC

Figure 6.28 shows the carbon monoxide relative abundances (volume mixing ratio)
retrieved by PFS (yellow), LNO with MCD input (black), and LNO with PFS input
(red). Due to low number of data (33), the solid lines are not obtained through
a smoothing process as in Figure 6.23. On average the carbon monoxide obtained
with PFS input appears larger than both PFS and LNO with MCD input. But due
to the very low number of CO-related joint measurements, this conclusion is not so
clear and can be di erent with a larger number of points. The di erences between
the measurements are always between 10 and 100 ppmv.

As expected since the measurement are almost contemporary and shares nearly
the same location, the di erences between LNO and PFS retrievals do not show any
signi cant trend related to the di erences in Local Time, Latitude or Longitude, as
can be seen in Figure 6.29.

From a quantitative point of view, the choice of the input parameters have a
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Figure 6.28. The relative carbon monoxide abundance found in the joint retrievals using
MCD and PFS input parameters.

Figure 6.29. The di erence between retrieved carbon monoxide abundance in LNO and
PFS joint observations, versus local time di erence (left), latitude di erence (centre),
and longitude di erence (right). Red symbols are the retrievals obtained with PFS input
parameters, the black ones are the retrievals obtained with MCD input parameters.

very slight impact in the obtained abundance, and as suggested by Figure 6.28, on
average PFS input results in a little enhancement in the carbon monoxide retrieved
abundance with respect to MCD input. Figure 6.30 reports the di erences between
LNO and PFS using MCD input (upper left) and PFS input (upper right). The
mean di erence found with MCD input is 32.34 ppmv, whilst the mean di erence
found with PFS input is 62.71 ppmv. The mean ratio between the di erences
obtained using PFS or MCD input is 1.16 (bottom plot in Figure 6.30). This value
brings two information: (1) it is more than 1, and hence PFS input brings on average
to higher retrieved abundances, and (2) its mean value 1.16, meaning that using
PFS input the di erence with PFS data is on average 16% higher with respect to
PFS input. But, again, this mean value can easily be biased by the low number of
elements and hence it should not be considered diagnostic of a systematic trend.

The ratio between the absolute retrieved abundance obtained with PFS input
and MCD input oscillates between 1.05 and 0.90, with a mean value of 0.97.
Hence, the two retrievals di er by 3% on average, with maxima up to 10%, which
is well within the 20% average estimated error.

Figure 6.31 shows the behaviour of the di erence between LNO and PFS abun-
dances as a function of the LNO retrieved abundance. Countrary to what happened
for water vapour, this plot does not suggest any trend with total abundance, and
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Figure 6.30. Upper plots show the di erence between retrieved carbon monoxide abun-
dance in LNO and PFS joint observations, using MCD (top left) and PFS (top right)
input parameters. Orange dot-dashed lines represent the mean value of the respective
curves. Bottom plot shows the absolute ratio between these two di erences. The mean
ratio is 1.16 (red line).

this is true for both MCD input and PFS input

Finally, Figure 6.32 shows the joint retrieval datasets with LNO error bars.
PFS abundances (yellow line) are always well within the error bars, meaning that
no signi cant nor systematic bias is found using the 33 joint measurements.

As already repeated, 33 is a very low number of measurements to be a repre-
sentative sample for the CO retrievals. Anyway, contextualising this partial result
in the whole dataset retrieval, it can be seen as an additional con rmation of the
very good agreement between the PFS and LNO results described in Section 6.2.
So, even if any conclusion related to the CO joint measurements should wait con-

rmation with more future joint observations, we can conclude that PFS and LNO
retrieval datasets are in very good agreement.
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Figure 6.31. The di erence between LNO and PFS results versus the LNO retrieved
abundance, red symbols are the retrievals obtained with PFS input parameters, the
black ones are the retrievals obtained with MCD input parameters.

Figure 6.32. LNO retrieved values (solid black line) with error bars (red). PFS results
are shown in yellow.
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Chapter 7

Summary and Conclusions

This nal Chapter summarises the methods, the results and the conclusions obtained
in this work, underlining the importance of these results in the context of the
Martian information network. The aim of this work was to retrieve the abundances
of trace gases of climatological interest in the Martian atmosphere, which are the
water vapour and the carbon monoxide, using the Planetary Fourier Spectrometer
onboard Mars Express and the NOMAD spectrometer onboard Trace Gas Orbiter.

Water vapour abundance is highly variable throughout the Martian year since
it is highly condensable into clouds and ice. Atmospheric concentration of water
vapour is controlled by saturation and condensation, and hence it varies seasonally
and daily in a water cycle. We know that there is a water cycle on Mars since
the monitoring of water vapour by the Viking missions which found out a repeated
pattern during Martian years 12 and 13 (Jakosky and Farmer, 1982). From the
modelling and observation a general consensus view of the Mars water cycle has
emerged. The Martian water cycle is related to the seasonal exchanges of water
between the reservoirs, but these exchanges are not always well characterised from
a quantitative point of view. The main issues are related to the balance in the
sources and sinks in the water cycle (Montmessin et al., 2017). Water is today
stored as ice in the north polar cap and in its surrounding layered terrains, in
layered terrains around the South Pole, and as ice, hydrated minerals, or adsorbed
water in regolith (Thomas et al., 2000). The atmospheric water reservoir is not
the most relevant one, but it is surely the most studied one (e.g. Smith, 2004;
Smith et al., 2018; Trokhimovskiy et al., 2015). Water is found as both vapour
and condensed into clouds (Cantor et al., 2010; Smith et al., 2013; Moores et al.,
2011) in the atmosphere of Mars. The water vapour abundance in the Martian
atmosphere is on average 10 ° metres deep equivalent global ocean (Barlow, 2008)
with a maximum measurement about 75-100 precipitable microns over north polar
summer (Smith, 2004), whilst in the southern polar summer it is usually a half
(about 35 precipitable microns). Polar ice caps retain a water amount equivalent to
a 16-21 metres deep global ocean (Smith et al., 2001), which is about 10° more times
than the atmospheric reservoir. Northern permanent polar cap is mainly composed
of water ice, since the temperatures of frost-covered areas are incompatible with
CO; ice (Kie er et al., 1977), whilst in the South the permanent H,O ice cap is
covered by a layer of CO, ice which is 8 metres thick (Byrne and Ingersoll, 2003).
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This prevents the water vapour to sublimate (Titov, 2002) and, together with the
hemispheric asymmetry in Mars’ seasons (Richardson & Wilson, 2002), and the
ine cient north-south transport (Fedorova et al., 2004) due to the formation of
the aphelion cloud belt (Maltagliati et al., 2011, Montmessin et al., 2004), this
explains the asymmetry in water distribution. Water cycle trends are substantially
identical year-by-year (Montmessin et al., 2017), even if some details in the spatial
distribution can undergo interannual modest variations, especially due to the dust
activity. For example, Smith (2004) using the Thermal Emission Spectrometer
onboard Mars Global Surveyor found about 20% more water vapour in the southern
polar summer for MY 24 with respect to MY 25 and MY 26. Water also seems to
have diurnal variations up to a factor 3 (about 10 precipitable microns) with highest
abundances around noon and with low abundances in the late afternoon (Sprague et
al., 2003), but the measurements are too sparse to have de nite conclusions about
this. In addition, there is not a strong scienti c consensus on the vertical distribution
of water vapour from a climatological point of view, on the radiative forcing due
to Martian water ice clouds (e.g. Navarro et al., 2014) and on the interaction
between water vapour and dust, especially during dust storms (e.g. Vandaele et
al., 2019). Hence, it is necessary to continue observations, and to increase their
accuracy in order to better quantify the inter-annual variability on a climatological
scale, because water vapour is of particular climatological interest. Indeed, if water
vapour by itself has no sensible contribution to the radiative budget of the Martian
atmosphere, when in form of frost or clouds, it can be relevant in the thermal
structure by a ecting visible re ectivity and infrared emission (Montmessin et al.,
2017). Hence the radiative forcing due to Martian water ice clouds is an active
topic of research (e.g. Navarro et al., 2014). Water ice clouds can also interact with
suspended dust particles which can act as the nucleation elements for the cloud
formation and understanding the details of these interaction is another active topic
of research. Hence, even if the water is a trace gas in the Martian atmosphere,
the understanding of its climatic role and its monitoring is fundamental in the
understanding of the Martian climate.

Also carbon monoxide is a very interesting trace gas, since it plays a major
role in the photochemical cycle of CO,, and hence understanding its climatology
is a key step in understanding the condensation/sublimation processes of the main
component of the Martian atmosphere. The Martian photochemistry is essentially
the photolysis of the CO, and H,O molecules due to the ultraviolet radiation,
and the interactions between their products (Leftvre et al., 2017). CO is involved
in the so-called stability problem of the Martian atmosphere: due to the CO,
dissociation by photolysis, the whole atmosphere should be destroyed in about 6000
years. Nevertheless, the odd-Hydrogen species, namely H, OH, and HO-, which are
produced by the photolysis of the H,O, can act as catalysts for the conversion of
CO into CO, (McElroy and Donahue, 1972), converting about 85% of the carbon
monoxide into dioxide (Krasnopolsky, 2010). The carbon monoxide distribution is
also largely determined by the dynamical state of the atmosphere and therefore
can be used as a tracer of the middle atmosphere dynamics (Holmes et al., 2019).
Although spatio-temporal constraints of the carbon monoxide abundance are then
fundamental in understanding multiple aspects of the Martian atmospheric system,
not many extensive and climatological-scale study of the carbon monoxide have
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been conducted to date (Smith et al., 2018; Trainer et al., 2019).

As already said, in order to quantify the abundance of water vapour and carbon
monoxide in the Martian atmosphere, two instruments have been used in this work.
The rst one is the Planetary Fourier Spectrometer (PFS) onboard the Esa’s Mars
Express space probe. The other is the Nadir and Occultation for MArs Discovery
(NOMAD) onboard the Esa’s Exomars Trace Gas Orbiter.

PFS is an infrared spectrometer optimised for the study of the Martian atmo-
sphere (Formisano et al., 2005) composed by two channels: the Long Wavelength
Channel (LWC), which works in the (5.5, 45) m or (250, 1700) cm ! range, and
the Short Wavelength Channel (SWC), which works in the (1.2, 5.7) m or (1700,
8200) cm 1! range. The spectral resolution is 1.3 cm * over the entire spectral range.
The main objectives of PFS are the study of vertical temperature pro le, the re-
trieval of dust and ice in the atmosphere and the monitoring of the abundance of
water vapour and carbon monoxide in a climatological framework. PFS is a double
pendulum interferometer in which a dichroic mirror separates the incoming radia-
tion between the two channels and the rotation of the double pendulums introduce
the optical path di erence between the two branches of the interferometers. The
calibration pipeline of PFS has been described in two papers by Giuranna et al.
(2005a; 2005b). From January 2004 to October 2021 Mars Express performed more
than 22.000 orbits over nearly ten Martian years, from the end of MY26 to the
mid MY36. In these years, PFS obtained more than 4 million nadir spectra over

14,000 observations for both SWC and LWC. Mars Express orbits Mars in a polar
orbit having an inclination of 87 , a pericentre altitude of about 240 km and an
orbital period of about 7.5 hours. The instantaneous eld of view is about 1.52 for
the SWC and 2.69 for the LWC, which corresponds to a spatial resolution of re-
spectively 6.5 and 11.5 km at the pericentre (Giuranna et al., 2021). Water vapour
has been retrieved as an integrated column abundance using the Long-Wavelength
Channel (LWC) in the 310.4-500.0 cm ® (20-32.21 m) spectral range, where there
is a set of water vapour rotational lines (Gordon et al., 2017). The carbon monox-
ide retrieval is instead performed in the 2000.0-2220.0 cm ! (4.51-5 m) spectral
range, where there is the vibrational 1-0 band of CO centred at 2143 cm ! (Sindoni
et al., 2011) in the right wing of the Planck function which describes the thermal
emission in the wavenumber space. The retrieval of the whole PFS dataset took
about one month for both molecules using a Rack Server with 8 Intel Xeon Gold
processors running at 2.4 GHz with a total of 144 cores and 288 threads fully ded-
icated to the retrievals. To optimise the consumption of time, the retrievals ran
with a parallelization scheme which take advantage of the whole set of available
cores. To increase Signal-To-Noise Ratio (SNR), retrievals are performed on av-
erages of 8 spectra. To avoid spectra with a low SNR, spectra with a maximum
absolute value over a selected threshold (200 erg/cm?/s/sr/cm * for H,O spectral
range and 5 erg/cm?/s/sr/cm 1 for CO spectral range) and interferograms with
saturated spikes (>30000 DN) have been excluded, as well as the spectra whose
interferogram central peak is outside the interferogram range. Water vapour has
been retrieved using the Levenberg-Marquardt (LM) algorithm (Levenberg, 1944;
Marquardt, 1963; Madsen et al., 2004), whilst for carbon monoxide the Optimal
Estimation Method (OEM) has been used (Rodgers, 2000). The LM has been cho-
sen for water vapour instead of the OEM for a reason of computational time, after
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proving on a subset of sample orbits that the OEM provides substantially identical
results, with di erences of the order of 1-2 pr- m. The retrieval is able to obtain
the water integrated abundance and carbon monoxide volume mixing ratio with an
error up to 15%. The ts have been selected on a quality-basis, leaving 200,000
spectra for water vapour and 125,000 spectra for carbon monoxide.

NOMAD is a spectrometer suite equipped with two infrared channels (Solar Oc-
cultation channel or SO, and Limb, Nadir and Occultation channel or LNO) coupled
to a ultraviolet-visible channel (Ultraviolet and VISible channel, or UVIS). TGO is
a nadir tracking spacecraft, and whilst each NOMAD channel can point in the solar
direction with an angle of 67.07 , LNO and UVIS can also point in nadir and limb
directions. LNO and SO channels share the same design (Neefs et al., 2015), using a
high dispersion echelle grating with a groove density of approximatively 4 lines/mm
in a near Littrow con guration in combination with an Acousto-Optical Tunable
Filter (AOTF; Nevejans et al., 2006). This Iter allows to select di raction orders
reducing their overlapping. The detection of methane (e.g. Giuranna et al., 2019)
is one of the main goal of NOMAD, and hence the channels are optimised close its
absorption line around 3000 cm 1. Nevertheless, since both channels works in the
(2.3, 4.3) m (2320, 4550) cm ! range, even if actually LNO upper limit is reduced
to 3.8 m (2630 cm 1), they are also suitable for the retrievals of water vapour and
carbon monoxide abundances. Indeed, orders 167 (3752.96 cm 1, 3782.91 cm 1),
168 (3775.89 cm 1, 3806.03 cm 1), and 169 (3797.90 cm !, 3828.20 cm 1) con-
tain water vapour rotovibrational bands, whilst orders 189 (4247.77 cm 1, 4281.67
cm 1) and 190 (4270.17 cm 1, 4304.26 cm 1) contain carbon monoxide rotovibra-
tional bands (Gordon et al., 2017). Between 26th March 2018 (end of MY 34) and
6th March 2021 (beginning of MY 36), LNO acquired more than 400 thousand mea-
surements for CO-related orders, and about 900 thousand for H,O-related orders.
The retrieval of the whole LNO dataset took about 6 days for H,O and less than
one day for CO using the same machine used for PFS and a similar parallelization
scheme. To increase SNR, the retrievals are performed on averages of 8 spectra for
H»O orders and 12 spectra for CO orders. To avoid spectra with a low SNR, spectra
with a maximum absolute value under a selected threshold (0.1 erg/cm?/s/sr/cm 1
for H,O spectral range and 0.4 erg/cm?/s/sr/cm ' for CO spectral range) and
spectra obtained with solar incidence angles less than 60 or emission angles greater
than 50 have been excluded. Also, the spectra obtained during the MY 34 Global
Dust Storm (Ls = 185-225 ) have been excluded. After the selection process, 14,000
mean spectra remained for for CO-related orders and 44,000 for H,O-related orders.
Both water vapour and carbon monoxide have been retrieved from LNO data using
the OEM. The uncertainties of the retrieved abundaces are estimated as 20% on ev-
ery measurement, which is larger than that estimated for PFS measurements (15%)
because the input pro les and the aerosol opacities for PFS are retrieved from PFS
itself, whilst for LNO they are extracted from the model.

For both LNO and PFS the absorption coe cients have been computed using the
line-by-line approach with HITRAN 2016 database (Gordon et al., 2017) taking also
advantage of the coe cients corrected for a CO, atmosphere by Brown et al. (2007)
and Gamache et al. (2016) for LNO and PFS, respectively. The forward model
used is provided by the radiative transfer software ARS, developed by Ignatiev et
al. (2005). ARS is a set of FORTRAN routines aimed at simulating high-resolution
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planetary spectra in a broad spectral region with a computational cost similar to
two-stream algorithms and a precision similar to the exact methods. It is based
on DISORT by Stamnes et al. (1988) and on MODTRAN by Isaacs et al. (1987).
In this work, ARS is set to work in a multiple scattering regime. Thermal uxes
are evaluated with TWOSTR code (Kylling et al., 1995) and the solar uxes are
implemented with adding layers procedure. The phase function is computed using
48 Legendre polynomial decomposition terms. This is a combination of options who
proved to be suitable for Mars (Ignatiev et al., 2005). The optical constants of the
suspended water ice is the one from Hansen et al. (1997), and the size distribution
is from Wol & Clancy (2003). For dust, the optical constants are from Hansen
(2003) and the size distribution is from Clancy et al. (2003). The high-resolution
solar spectrum by Fiorenza and Formisano (2004) has been used in this analysis.
Input atmospheric conditions (Temperature-Pressure pro les, surface temperature,
dust and ice integrated opacity) as well as the mean chemical composition of the
atmosphere are extracted from the Mars Climate Database v5.3 (Forget et al., 2017)
for LNO and retrieved using BDM for PFS (Giuranna et al., 2019). The surface
albedo is extracted from the map obtained by Audouard et al. (2017) using OMEGA
onboard Mars Express.

Finally, a subset of data from both PFS and NOMAD have been exploited in
order to obtain cross-information from the almost simultaneous observations of PFS
and NOMAD instruments. The simultaneity criteria are Latitude and longitude
within 5 , and Local Time within 1 hour (Cardes n-Moinelo et al., 2021). Once bad
quality spectra have been accurately Itered away, 184 measurements for H,O and
33 for CO have been selected and analysed. The joint retrievals are performed once
using H,O, CO, altitude-temperature-pressure pro les from PFS retrievals, and
surface pressure and CO; extracted from MCD. Then the retrievals are repeated
when everything is extracted from MCD. In both cases, both the PFS and the
NOMAD average spectra are the same. Hence, we can quantify and compare what
changes in the retrieved quantities using PFS or MCD input parameters. Except
for the input parameters, the retrieval algorithm is absolutely identical to that used
for the NOMAD whole dataset in any other detail.

7.1 Results

In this section, a summary of the results and the conclusions obtained through both
instruments and from their joint observations is given. The two molecules have been
treated separately in two subsections, one for the water vapour results and the other
for the carbon monoxide results. Figure 7.1 shows the resulting climatologies for
reference in the following discussion, but much more details are given in the previous
Chapter.

7.1.1 Water vapour

Generally, water vapour is substantially absent in the polar regions during both
northern and southern winter, reaching values 0 pr- m, whilst it has its maxima
during polar summer. The globally driest period is in the solar longitude interval
(330, 50) , when most of the water is condensed in both polar caps. In this period,
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Figure 7.1. The climatologies of water vapour and carbon monoxide as retrieved with
PFS and LNO.

the maximum of water vapour is found at low northern latitudes, where it is 10
pr- m with both instruments. For PFS, northern summer reaches peak abundances
upto64 9.6 pr- m poleward of 80 N at solar longitudes 80-120 , whilst southern
polar summer abudance reaches about a half of northern summer peak ( 30 pr- m).
LNO found peak abundance of 67 13 pr- m in the north and 33 7 pr- m in
the south, but since NOMAD sees only (-75,75) in latitude, the true polar maxima
are likely not directly observed.

About Ls = 120 , both for PFS and LNO, there is a transport of water vapour
from northern polar latitudes towards the equator which is more intense than the
specular feature at 240 . This is the tail of the summer peak, which is transported
southwards due to Hadley circulation (Maltagliati et al., 2011, Montmessin et al.,
2004). But this circulation is weakened by the formation of the aphelion cloud belt
and by the di erent regimes of water condensation during aphelion and perihelion
season. Hence, the e ciency of the cross-equatorial transport of H,O is asymmetric
between the north and the south (e.g., Fedorova et al., 2004) and H,O is more
abundant in the northern hemisphere with a long persistance at midlatitudes all
over the year whilst it is substantially negligible in the southern hemisphere during
the Ls = 0-120 season. This feature is present both in PFS and LNO data, but
from a quantitative point of view, LNO retrievals show a little water increase with
respect to PFS retrievals, up to 10 pr- m in some points. The di erence is not
evident at midlatitudes, where the mean water abundance is always 10 1.5 pr- m
when retrieved with PFS and 10 2 pr- m when retrieved with LNO.

The comparison between PFS and LNO results has been further investigated
using the 184 joint measurements of the two instruments. All the joint measure-
ments are at midlatitudes, so for water vapour the expected abundances are of the
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order of 10 pr- m. In the joint observations usually PFS retrieves slight less wa-
ter vapour than LNO by about 2-3 pr- m on average. This di erence, which is
systematic and non negligible regardless of the input used for the LNO retrievals
(MCD or PFS itself) shows a trend, with the di erence increasing as the absolute
LNO abundance increases. This means that the di erence is due to a multiplicative
factor of 20% rather than to a systematic summation term. These di erences can
be due to many causes in the retrieval process and in the di erences between the two
instruments. Since by using the same input used for PFS the di erence is lowered
by a 15% but it does not disappear, the responsible of this di erence should not be
related to the choice of the input atmosphere. The main di erence between LNO
and PFS retrievals is related to the spectral range, since PFS retrievals have been
performed in the thermal infrared region (310.4-500 cm ') and LNO retrievals are
performed in the near infrared region (3752.96-3828.20 cm !). Di erent spectral
regions may bring to di erent sensibilities to the water vapour at di erent altitudes
(Trokhimovskiy et al., 2015), so that LNO may be more sensible to water variations
at lower altitudes with respect to PFS. Moreover, the corrections of the absorption
coe cients due to the CO; atmosphere in the LNO retrieval is based on the param-
eters computed by Gamache et al. (2016), whilst the PFS retrieval is based on the
parameters computed by Brown et al. (2007). Since the two works report data for
di erent spectral regions without superposition, a direct comparison is not possi-
ble. The absorption coe cients have a very strong and direct e ect on the retrieved
abundances, and hence a di erent experimental approach to the computation of
these corrections to the HITRAN database can be the responsible of the observed
di erence. In any case, these di erences are su ciently low that they do not impact
the general nor the local conclusions for the two datasets. Hence, PFS and LNO
retrieval datasets should be considered in good agreement within the experimental
uncertainties, both from a qualitative and quantitative point of view.

The results have been compared to those obtained by other instruments, which
are the Thermal Emission Spectrometer onboard Mars Global Surveyor (Smith,
2004), the Compact Reconnaissance Imaging Spectrometer for Mars onboard Mars
Reconnaissance Orbiter (Smith et al., 2018), and the Spectroscopy for the Inves-
tigation of the Characteristics of the Atmosphere of Mars onboard Mars Express
(Trokhimovskiy et al., 2015). Generally we can say that all the instruments found
similar trends and comparable water vapour abundances all over the year. Never-
theless, some di erences do exist. In particular, the peak abundance at northern
polar summer is what di er more from one retrieval to the other and from one
model to the other. The value of 64 9.6 pr- m found by PFS and that of 67 13
pr- m found by LNO are very consistent with what found by Trokhimowskiy et al.
(2015) using SPICAM ( 70 pr- m) and about 10 pr- m more than what found
by Smith et al. (2018) using CRISM. They are also compatible with TES results
which retrieved 60 pr- m. An important result is the global similarity between
PFS and TES results, which are very similar all over the year, always well within
the estimated uncertainty. TES retrievals are performed in the same spectral range
of PFS, and hence the fact that the two instruments obtain very similar results is
a way to cross-validate their datasets. The peak in the di erence between PFS and
TES is reached in the second half of the northern winter, at latitudes between 0 N
and 40 N. Anyway, Itering out the data where the dust opacity at 1075 cm 1 is
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larger than 0.2 this feature disappear, suggesting that it is related to a di erent
treatment of multiple scattering in the two datasets. In any case and for every
instrument, the water vapour at the northern summer peak extracted from MCD
is quite more than that retrieved. Indeed, modelled peak abundance in northern
polar summer sees an increase up to 90 pr- m which is much larger than any
other instrument.

An additional interesting result is about the saturation altitude obtained from
PFS retrievals in comparison to SPICAM retrievals and MCD v5.3. Water vapour
saturates above about 5-10 km during northern spring and summer, whilst this
value can increase up to 70 km in the other seasons. These results are in accordance
with previous literature: for example Clancy et al. (1996) found saturation altitudes
about 10 km during the aphelion season. About Ls=320 and latitude southwards
than 50 S, PFS retrieves a higher temperature than MCD, and this is re ected also
into a higher saturation altitude. This feature is related to the type-C dust storm
(Kass et al., 2016), which is not predicted by the model. As a result, also SPICAM,
which uses the temperature pro les extracted by MCD, does not show this feature.
This fact underlines the strong correlation between atmospheric temperature and
saturation altitude and hence the importance of using retrieved instead modelled
temperature pro les.

Finally, in PFS results, the areas of Tharsis and Arabia Terra present always
an abundance of water vapour larger than the remainder of the planet (excluding
polar regions) which is considered to be the result of the e ects of atmospheric
dynamics or potential release from the subsurface (Fouchet et al., 2007). This
result is observable also in the CRISM and SPICAM data, but it is not visible in
the results from TES. It is also visible in LNO data, excluding the northern winter
where it is no more clearly visible. Since all the other instruments see this feature,
its absence in the TES data should be further investigated.

The peak abundance found with LNO have also been compared to the results
obtained by Crismani et al., 2021 using the same data. By scaling the water vapour
abundance with surface pressure at 6 mbar, Crismani et al. (2021) found peak
values of 30 6 pr- m during northern summer. This value is considerably lower
than our 67 12 pr- m which, once scaled, is 55 pr- m. The values found by
Crismani et al. (2021) are consistent with CRISM water vapour columns (Smith
et al., 2018), whilst they are not consistent with TES observations (Smith, 2002)
nor with PFS results neither with SPICAM results (Trokhimowskiy et al., 2015).
As reported in the paper, the di erence is quantitative and not qualitative, hence
it can be related to some interannual variability, to di erences in calibration and
data processing techniques, or any combination of these factors.

7.1.2 Carbon Monoxide

The abundance of CO is strictly related to that of CO,. Carbon monoxide is a
non-condensable gas, hence the variation of relative abundance seen in Figure 7.1
is expected and related to the variation of the CO, (Montmessin et al., 2017).
During cold seasons, the atmospheric temperature is reduced down to the con-
densation temperature of CO, and hence it is deposited at high latitudes. Therefore,
the CO volume mixing ratio increases at high latitudes during cold seasons. Con-
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versely, during spring and summer the CO, sublimes and then the volume mixing
ratio of CO decreases at high latitudes. As soon as the polar vortex breaks, by the
end of the Southern summer, the general circulation transports the CO-enriched at-
mosphere from the south pole to lower latitudes and into the northern hemisphere,
causing a strong seasonal enrichment of CO mixing ratio at all latitudes, and par-
ticularly in the seasonal range 140-220 Ls. In this work, there is the rst direct
observation of this polar maximum, which have been directly observed for the rst
time in the PFS dataset, but is not visible in the LNO dataset due to its latitudinal
cuto at 75 N and 75 S. A similar process is observed by the end of the Northern
winter, where there is a southward transport of the CO-rich atmosphere from the
north pole to lower latitudes and into the Southern hemisphere. This begins about
solar longitude 345 . These transports de ne the position of the maxima of CO
mixing ratio at about 180 (northern autumn equinox) and 360 (northern spring
equinox) and work as a proxy for the sublimation/condensation rate of CO, from
the polar caps. In the main equatorial peak at Ls 175, the CO volume mixing
ratio reaches an abundance up to 1010 152 ppmv with PFS and up to 1054
210 ppmv with LNO. In the secondary peak at Ls 345, CO is up to 850 127
ppmv with PFS and up to 858 172 ppmv with LNO. These values are in very
good accordance between the two instruments, and the same can be said also for
the two polar summer minima. In the northern minimum at Ls  (40-100) , the
CO abundance is 600 90 ppmv when using PFS and 660 132 ppmv when using
LNO. In the southern minimum at Ls (220, 320) , PFS sees an abundance equal
to 375 56 ppmv whilst LNO sees an abundance down to 400 80 ppmv. These
values are in full agreement, well within the respective error bars. This result is a
strong cross-validation for the carbon monoxide retrievals. The agreement is con-

rmed also by the joint observations, where PFS abundances are always well within
the LNO error bars, with di erences between 10 and 100 ppmv and an average
ratio of only 3% (and maxima up to 10%) between the abundances obtained using
MCD or PFS input. Hence no signi cant bias is found using the 33 joint measure-
ments. Nevertheless, it has to be reminded that 33 measurements is a very low
number from a statistical point of view, and it can be a non-representative sample.
Anyway, contextualising this partial result in the whole dataset retrieval, it can be
seen as an additional con rmation of the very good agreement between the PFS
and LNO results. So, even if any conclusion related to the CO joint measurements
should wait con rmation with more future joint observations, we can conclude that
PFS and LNO retrieval datasets are in very good agreement.

Comparing CO with the results obtained with other instrument is more com-
plex than for water vapour since there is not an extensive literature about this
topic. Ground-based (Clancy et al., 1990; Krasnopolsky, 2007) and spacecraft-
based (Encrenaz et al., 2006; Billebaud et al., 2009) observations have produced
limited information about the seasonal and spatial variations. The only instrument
which retrieved carbon monoxide extensively is CRISM (Smith et al., 2018) which
covered more than 5 Martian years from 28 (Ls = 113 ) to 33 (Ls =286 ) retrieving
in the (3700,5200) cm ! spectral range. Generally there is a good agreement be-
tween PFS, LNO, and CRISM results. The abundance retrieved by CRISM reaches
values down to 300 ppmv poleward of 70 S and down to 500 ppmv in the north.
Also, at low latitudes CO mixing ratio varies between about 725-825 ppmv at Ls =
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0 to about 1000 ppmv in the season around Ls = 180 .

The general spatial agreement between PFS and LNO is good, but there are
some di erences. Generally both instruments see strong seasonal and spatial gra-
dients which are not correlated with topography. With both the deepest depletion
in CO abundance is in northern spring and southern spring/summer, but generally
the depletion is stronger in the south than in the north, and at southern latitudes
the longitudinal variation is very weak during that season, whilst it is stronger in
the northern hemisphere. There is an increase in CO volume mixing ratio on Utopia
planitia with respect to Acidalia planitia. The depletion in the northern hemisphere
is latitudinally more spread than in the southern hemisphere, but the two instru-
ments do not see the same extension. Using PFS the southern CO depletion is
con ned between 60 S and the pole, whilst in the north it extends down to 30 N in
Vastitas borealis. With LNO the depletion is con ned to higher latitudes, and LNO
observes larger mixing ratio (about 50 ppmv) over Vastitas Borealis compared to
PFS.LNO also observes an equatorial peak which is higher in latitude compared
to PFS. PFS’ main peak is situated at 10 S latitude, north of Hellas Basin and
south of Arabia Terra. In LNO the largest mixing ratio is instead observed near the
equator mainly over Tharsis region. At Ls 315-360 , a local maximum appears in
Vastitas Borealis, at about 60 N latitude, which has also been observed by CRISM.
Generally CRISM observed larger seasonal and spatial variations than both PFS
and LNO.

The model MCD v5.3 underestimate the secondary CO volume mixing ratio en-
hancement as observed by PFS and LNO in late winter/early spring seasons. Gen-
erally the agreement between the model and the measurements is qualitatively good
but there are some quantitive di erences. The CO volume mixing ratio observed by
both PFS and LNO during the maxima appears 15-30% larger than predicted by
the model. An interesting feature is that the CO peak is observed about 15 solar
longitude later in PFS and LNO with respect to MCD. This suggests a slower phys-
ical mixing of air masses than predicted by the models. An additional comparison
between PFS and the results from Mars Science Laboratory (Trainer et al., 2019),
con rmed this results, showing a similar trend for CO. Even if MSL results are ob-
tained only in Gale crater and only at low altitudes, this is an additional validation
of the result, reinforcing the suggestion that the rate of latitudinal transport of air
as well as that of the physical mixing of air masses of CO, may need to be tuned
in the model.

7.2 Future Prospects

There are many ways in which the work pursued in this work can be extended
and further deepened. The rst and most straightforward way is to extend the
datasets. This can be done by waiting for new data coming from the probes in
the years to come, and by periodically repeating the retrievals on new spectra.
As widely said in the previous chapters, PFS has already collected data for about
20 years. So, provided this long dataset and the low interannual variability of
the Martian atmosphere, in the case of PFS the conclusions on the analysis of
its data are not expected to vary much. The same, of course, cannot be said for
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the NOMAD dataset, which as previously said covers less than two Martian years.
For this instrument the longer dataset that will be provided by new observation
is crucial to monitor and con rm the conclusions obtained in this work. This is
particularly true for the joint observations, which especially for CO-related orders
are available in a very low number. By adding more joint information with new data,
the agreement between the LNO and PFS dataset can be further investigated and
a stronger cross-validation can be provided. This is particularly important because
PFS is an old instrument which is likely to be near the end of its mission, and hence
the agreement with LNO results can be crucial to continue the monitoring of the
Martian atmosphere without interruptions.

Another way to continue the work is to analyse the already available and future
joint observations in other ways, for example by exploiting di erent observational
geometries or by changing the degree of synergy. The di erent geometries, which
can be exploited by using PFS in combination with the Solar Occultation channel
of NOMAD, can provide very useful information not only on the total water col-
umn, but also on the vertical pro les of the chemical species. In particular, the
SO can provide information on the highest atmospheric layers, on which PFS is
almost completely blind. It is not excluded that SO information can be added to
the information obtained with joint PFS and LNO observations, but this oppor-
tunity should be further investigated. The degree of synergy can be changed by
exploiting the synergies in other ways. For example, the whole retrieval could be
repeated by adding the information provided by PFS and those provided by LNO
simultaneosly in the state vector of the Optimal Estimation Method. In this way
the retrieved quantities would be those that describes better the observations of the
two instruments at the same time.

Whilst this work has been focused on the main trace chemical species of clima-
tological interest, which are CO and H,O, the whole analysis can be repeated also
in order to study other chemical species which have features in the NOMAD and
PFS spectral range. For example NOMAD has also been thought to study methane
in particulare, which has also been observed by PFS, so this molecule can be a
possible target for next analyses.

Finally, the calibration of the LNO channel could be further investigated to nd
other ways to improve the modelled spectra and hence, maybe, the results obtained
from the retrievals.
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