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Abstract

Numerous lines of geomorphological and mineralogical evidence suggest that liquid water
was once abundant on Mars’ surface, which might also be indicative of a more hospitable
environment for life to grow. The presence of large amounts of liquid water on the surface
require climatic conditions very different from those enabled by the dry and thin atmosphere
Mars has today. In fact, it is still not well understood how the past Martian atmosphere
was able to produce sufficient greenhouse warming to sustain liquid water on the surface,
nor what drove the transition of the climate to the one we observe today. Enrichment in
the heavy isotopes of atmospheric species such as hydrogen, nitrogen or the noble gases with
respect to Earth suggest that this transition was driven by the escape of a large portion of
the atmosphere to space. Isotope ratios can provide constraints on the amount of atmosphere
that existed in the past, but require a very detailed knowledge of the present day isotopic
ratios and the relative rates by which the different isotopologues of each species escape to

space.

To this aim, we monitor the isotopic composition of H, C and O in carbon dioxide and wa-
ter vapour using sensitive infrared solar occultation measurements made by the mid-infrared
channel of the Atmospheric Chemistry Suite (ACS MIR) onboard the ExoMars Trace Gas
Orbiter (TGO), which makes measurement in a spectral range between 2.3 and 4.2 pm. The
modelling and inversion of the spectral data is performed using the NEMESIS radiative trans-
fer and retrieval algorithm, which is adapted to model the particularities of the measurements
of ACS MIR, and retrieve the isotopic ratios along with other atmospheric parameters such

as the pressure and temperature profiles.

The developed retrieval scheme is applied in three instances to constrain different aspects
of the isotopic composition of the Martian atmosphere. First of all, eight solar occultation
observations made during the first months of operations of the ExoMars TGO are used to
measure, for the first time, the vertical distribution of the oxygen isotope ratios in HoO
(80 /160 and 170 /160). These results show that the O isotope ratios in HoO are enriched with
respect to their primordial sources, which is consistent with fractionation during the escape

of the Martian atmosphere into space throughout history. In the second place, more than a
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full Martian Year of observations are used to understand the variability of D/H and 80 /160
in water and estimate how its dissociation products are fractionated. These measurements
show that while the variations of the D/H ratio in HoO are mainly driven by condensation-
induced fractionation, the differential photolysis of HDO and H5O is a more important factor
in determining the isotopic composition of the dissociation products (OH and H). Finally,
observations encompassing strong absorption bands of carbon dioxide are used to measure the
carbon and oxygen isotopic composition (*C/12C, 180 /10 and 70 /160) of carbon dioxide
at high altitudes aiming to understand how the isotope ratios in the upper atmosphere relate
to those measured on the surface. This analysis shows that the C and O isotopic ratios are
on average consistent with those found on Earth. The vertical distribution of the C and O
isotope ratios shows a decrease above the homopause which is consistent with the expectations
from diffusive separation, although some orbits also show an increase in the O isotopic ratios

in the lower thermosphere which we conclude may be due to photochemical fractionation.

The measurements of the isotopic ratios presented in this thesis, as well as their interpreta-
tion in context with other atmospheric parameters, provide a significant contribution to our
understanding of the isotopic composition of the Martian atmosphere, which in turn allow a

better understanding of the history and evolution of the atmosphere of Mars.
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Chapter 1

Introduction

Mars, named after the Roman God of War, is the fourth planet in its distance to the Sun,
and the closest to the Earth. Observed as a red dot in the night sky, Mars has always
drawn attention throughout history, even before telescopes were ever invented. The occasional
retrograde motion of Mars in the sky helped our ancestors to realise planets were orbiting
around the Sun, and not around the Earth as it was previously thought. The use of telescopes
allowed a more detailed analysis of the Red Planet, allowing the observation of features like
the seasonal polar caps, or changes in the atmosphere attributed to clouds. Nowadays, Mars
remains one of the main targets of the space exploration, being observed by ground-based

telescopes, spacecraft orbiting around it, or even rovers taking in situ measurements.

Mars is not only the closest planet to the Earth in terms of distance, but it is also the one
that most closely resembles it. The rotation rate of Mars leads to a 24h 37m day, comparable
to the 23h 56m one of the Earth. In addition, the obliquity of Mars, of approximately 25° with
respect to the ecliptic, makes the planet experience four seasons, as the Earth does. On the
other hand, the greater distance from the Sun, the smaller size, and the different atmospheric
conditions (see Table 1.1), make Mars experience a different environment than the Earth, but
with some similarities that make scientists wonder about the past and present habitability of

the planet.

Life, as we know it from Earth, appears to be closely related to the presence of an essential
ingredient, liquid water. Mars’ thin atmosphere is characterised by a low surface pressure, of

approximately 6.3 mbar, and low temperatures, of about -58°C. In this range of temperatures



Table 1.1: Planetary parameters for FEarth and Mars

Earth Mars

Distance from Sun (AU) 0.98 - 1.02 1.38 - 1.67
Orbital eccentricity 0.017 0.093
Planetary obliquity (°) 23.93 25.19
Solar day, sol (hours) 24 24.66
Year length (Earth days) 365.24 686.98
Equatorial radius (km) 6378 3396
Polar radius (km) 6357 3376
Surface gravity (m s=2) 9.81 3.72

and pressures, water on the surface can just be found as ice or vapour, but not liquid, which
makes present atmospheric conditions to be inhospitable for life to grow. However, numerous
lines of evidence suggest that liquid water might have been flowing on the Martian surface

four billion years ago. These lines of evidence include:

e Geomorphological evidence. In the past decades, several spacecraft have provided
high-resolution images of the Martian surface, revealing the presence of river valleys
and lake basins in many areas, which require liquid fluid to have flown on the surface
in the past (Carr and Clow, 1981; Baker et al., 1991; Head et al., 1999). Several studies
explored the possibility of different fluids to have caused these surface features, such as
erosion by lava (Carr, 1974), liquid hydrocarbons (Yung and Pinto, 1978) or liquid CO,
(Sagan et al., 1973), although the most plausible candidate appears to be liquid water
(Carr and Clow, 1981; Carr, 1995).

e Mineralogical evidence. The Martian surface is predominatly made of basalt, which,
if reacting with liquid water, can produce a number of so-called "aqueous minerals"
such as carbonates, hydrated silica, phyllosilicates or sulfates, among others (Haberle
et al., 2017). These minerals have been detected on the Martian surface by means of
spacecraft or surface landers (Murchie et al., 2009), and are therefore indicative of the

presence of liquid water on the Martian surface.

e Isotopic evidence. The isotopic composition of the Martian atmosphere in species
such as Ar, H, Xe or N is enriched in the heavier isotope with respect to that on Earth.
This enrichment in the heavier isotopes is understood as indirect evidence of the escape

of the atmosphere into space, which leaves the remaining atmosphere enriched in the
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heavier isotope (e.g., Jakosky (1991)). The implication for the climate of early Mars is
that the atmosphere was thicker than it is today, and perhaps thick enough to create

the required conditions for sustaining liquid water on the surface.

Although all this evidence suggests the presence of liquid water on Mars in the past, it is
still not clear what climatic conditions permitted it, especially since the luminosity of the Sun
was approximately 25% less four billion years ago than it is today (Gough, 1981). Attempts
to reconcile the presence of liquid water on the Martian surface with the "faint young Sun"
usually invoke atmospheres with a composition and mass different from the present one, in
order to provide enough greenhouse warming. For instance, Pollack et al. (1987) suggested
that the greenhouse warming produced by a 5 bar CO9 atmosphere was sufficient to sustain
the required temperatures, but later work by Kasting (1991) realised that much of the COq
in such an atmosphere would condense into clouds, and then precipitate. The clouds would
increase the planetary albedo, causing the surface to cool, and eventually leading the COs to
accumulate on the surface, and decreasing the total pressure of the atmosphere. Other theories
have also been suggested, invoking the presence of other gases which nowadays are present
just in trace quantities, but which might have been much more abundant in the past, when an
increased volcanic activity was expected (e.g., Johnson et al. (2008)). One interesting theory
is the one proposed by Wordsworth et al. (2013), which does not require sustained global
warming, but only episodic events of volcanism, impacts or spin axis/orbital perturbations to

generate enough liquid water to erode the valleys.

Methods for estimating the climate of early Mars and its evolution rely on constraints
imposed by measurements of the isotope ratios. In particular, as the atmosphere escapes
to space, it is expected to leave the remaining fraction enriched in the heavier isotopes, as

described by the Rayleigh distillation equation

Ri(t) = Ri(t = 0) - x(t)/ 71, (1.0.1)

where R; is the atmospheric isotope ratio, x is the fraction of remaining fluid, and f is
the fractionation factor relating the efficiency of escape of the heavy isotope with respect to
that of the lighter one. Therefore, with estimations of the past and present isotopic ratios

representative of the Martian atmosphere (i.e., R;(t) and R;(t = 0)) and the fractionation

3



factor f, one can estimate the fraction of atmosphere that has escaped to space from time

t = 0 to time t. However, some difficulties may arise when estimating these input values:

e The isotopic composition of the present-day atmosphere can be constrained using re-
mote sensing techniques (e.g., Owen et al. (1988); Villanueva et al. (2015)), or in situ
measurements (e.g., Nier et al. (1976); Webster et al. (2013)). However, it must be noted
that the isotope ratios inferred from localised measurements are subject to climatolog-
ical processes that might affect the isotopic composition of the sample. Therefore, in
order to estimate the isotopic ratios representative of the Martian atmospheric reservoir
outside of any fractionating processes (i.e., R; in equation 1.0.1), one must understand
the several processes that might fractionate the isotope ratios, to what extent, and how
they vary. It must be noted that indeed the present-day Martian atmospheric reservoir
is fractionated relative to their primordial sources. However, unless explicitly stated,
the term non-fractionated in this thesis will refer to the isotopic ratios representative of

the Martian atmospheric reservoir at present.

e The fractionation factor f describes the relative efficiency of escape between the heavier

and lighter isotopes. It is defined as

_ ¢i1 /¢Z2

f Fro (1.0.2)

where ¢;, and ¢;, are the fluxes of escaping atoms of the two isotopologues, and R; g
represents the isotopic ratio representative of the near-surface atmospheric reservoir
(Yung et al., 1989). As previously stated, this factor represents the efficiency of escape
of the heavy isotope with respect to the light one. If the ratio of escaping fluxes in the
upper atmosphere is the same as the ratio representative of the near-surface atmospheric
reservoir, then f = 1, meaning that the atmospheric isotopic ratio will not evolve with
time as the atmosphere escapes. On the other hand, when the heavy isotope has a low
efficiency of escape with respect to the lighter one (f — 0) the atmospheric isotope
ratios will largely increase as the atmosphere escapes into space (Cangi et al., 2020).
In order to estimate the ratio of escaping fluxes, one must understand the physical and
chemical pathways by which the near-surface atmospheric reservoir is decomposed and

transported to the upper atmosphere, where escape occurs, and how these processes
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might fractionate the isotopic ratios.

Using this approach, based on measurements of the 13C/*2C ratio in CO,, Jakosky (2019)
estimates that 1-2 bars of COy escaped to space, although this estimate is a lower limit,
since other processes like the formation of carbonates or the condensation onto a permanent
polar cap deplete the atmosphere in the heavier isotope. Similarly, using measurements of
the D/H ratio, Alsaeed and Jakosky (2019) estimate that the ancient reservoir of water on
Mars was 40 to 170-m water global equivalent layer (I-m GEL = 1.45 x 10'7 kg of water),
which, combining the 5 to 100-m GEL outgassed and 20 to 220-m GEL lost to space, lead to
the current water reservoir of 20 to 50-m GEL. Therefore, these calculations allow to get an
insight of the climate of early Mars and to better understand if our neighbouring planet was

hospitable for life to grow.

In this project, we use sensitive infrared solar occultation observations made with the
Atmospheric Chemistry Suite (ACS) onboard the ExoMars Trace Gas Orbiter (TGO) to
constrain the vertical structure of the isotope ratios in HoO and COs. In particular, we aim

to answer the following questions from the data:

e What is the non-fractionated isotope composition of HoO and COs in the Martian

atmosphere?

e Does the isotopic composition of atmospheric HoO and COy vary? If so, what are the

main drivers of variation, and to what extent do the isotope ratios fractionate?

e Are the different isotopes in HoO and COs fractionated as they are decomposed into

lighter species, affecting the escape fractionation factor f?

The rest of this chapter is devoted to provide a detailed introduction of the Martian atmo-
sphere, focusing on the behaviour of COs and H2O. Then, we review the current knowledge
about the isotope composition of these species, including the results from previous measure-

ments, as well as the expectations from several fractionation processes.




1.1. MARS ATMOSPHERE

1.1 Mars atmosphere

1.1.1 Thermal structure and composition

In the last decades, several orbiting spacecraft, surface landers and modelling efforts have
provided an in-depth understanding of the Martian atmosphere, showing how it is perhaps
the closest to Earth in terms of weather and climate, and how some of its characteristics are

best explained in comparison with Earth.

On Earth, the atmosphere is typically divided in several layers: the lowest layer is the
troposphere, where the atmosphere is efficiently mixed by turbulence and temperature de-
creases with altitude following an adiabatic behaviour; above the troposphere, separated by
the tropopause at approximately 13 km, lies the stratosphere, where temperature increases
due to the absorption of ultraviolet (UV) sunlight in the ozone layer; higher up, in the meso-
sphere, at approximately 50-60 km, temperature decreases again due to the absence of ozone,
until it increases again in the thermosphere (~80-100 km), where the extreme UV radiation
is absorbed; above the thermosphere, at approximately 600 km, lies the exosphere, where the
atmosphere meets the interplanetary space. On Mars, the atmosphere is instead divided into
the "lower", "middle" and "upper" atmospheres. The lower atmosphere expands from the
surface to approximately 50 km, where temperatures decrease with height. The middle at-
mosphere expands from approximately 50 to 100 km, and is characterised by high variability
of temperatures driven by the influence of tides and waves. Above 100 km lies the upper
atmosphere, in which the temperature increases with height due to the absorption of extreme
UV sunlight. It must be noted that Mars does not have a stratosphere, as the Earth does,

due to the absence of an ozone layer (e.g., Read et al. (2015); Smith et al. (2017)).

The variations of the thermal structure in the lower Martian atmosphere also present several
similarities with those on Earth, given the similar obliquity of the rotation axis with respect
to the ecliptic (see Table 1.1). However, in addition to the summer and winter seasons caused
by the obliquity of the planet, Mars’ seasonal variations are also influence by the orbital
eccentricity, which makes the distance to the Sun 20% smaller at perihelion than at aphelion,
receiving approximately 40% greater solar insolation during the perihelion season. Currently,

perihelion occurs at a solar longitude (i.e., angular distance of Mars around the Sun, with
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0° defined at the vernal equinox in the northern hemisphere) of Lg = 251°, and the closer
distance to the Sun increases the radiative heating of the atmosphere during this season, which

reinforces the heating of the summer season in the southern hemisphere (see Figure 1.1).
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Figure 1.1: Zonal average temperatures in the lower and middle atmosphere measured by the Mars
Climate Sounder onboard the Mars Reconnaissance Orbiter (MCS/MRO) during MY29. The black
contours indicate the COy frost point. Figure from McCleese et al. (2010).

Apart from the seasonal and latitudinal variations caused by the eccentricity of the orbit and
the obliquity of the planet, which establish the solar insolation of the atmosphere, the thermal
structure of the Martian atmosphere cannot be properly understood without the presence of
dust particles suspended in the atmosphere (Gierasch and Goody, 1972; Madeleine et al.,
2011). Figure 1.2 shows the climatology of zonal average temperatures at 0.5 mbar, as well as
the dust and water ice opacities as observed by the Planetary Fourier Spectrometer onboard
Mars Express (PFS/MEx) from Martian Year (MY) 26 to MY33. As shown in the Figure,
dust storms are common in Mars, occurring usually at high southern latitudes between Lg
210 and 270°, and affecting the atmospheric radiative forcing and circulation (e.g., Smith
et al. (2001); Giuranna et al. (2019)). In 2018 (MY34), almost coinciding with the start of
the science operations of the ExoMars TGO, there was a Global Dust Storm (GDS) starting
in the northern hemisphere at Lg = 184.9° (Sanchez-Lavega et al., 2019). This is the first
case of a GDS starting in the northern hemisphere, and at a time unusual for most GDSs.

The evolution of the MY34 GDS was recorded by several instruments, reporting its influence
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in the atmospheric structure and composition (e.g., Smith (2019); Fedorova et al. (2020b);
Gkouvelis et al. (2020)).

MY 26 | My 27 | My 28 | MY 29 | MY 30 | MY 31 |  My32 | MY 33

PFS DustOpacity

FS Ice Opacity

e
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Figure 1.2: Climatology of temperature at 0.5 mbar (top), dust opacity (middle) and water ice opacity
(bottom) as observed by the Planetary Fourier Spectrometer onboard Mars Express (PFS/MEx) from
MY26 to MY33. Figure from Giuranna et al. (2019).

One of the main differences between the Earth’s and Mars’ atmospheres lies in regards
of their composition. While Earth’s atmosphere is primarily a mixture of Ny and O, the
majority of the Martian atmosphere is in the form of COy (96%), with smaller amounts of Ng
(1.9%) and Ar (1.9%) (e.g., (Mahaffy et al., 2013)). Of the gases that build up the composition
of the Martian atmosphere (see Table 1.2), CO2 and H2O are the only condensible species.
However, as carbon dioxide condenses onto the polar caps, it drives large seasonal variations
in the atmospheric pressure and density, driving variations of the volume mixing ratio of the
non-condensible species. Apart from the measured species shown in Table 1.2, there are other

gases which have not yet been detected in the atmosphere, but whose presence is expected
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from models. These gases are expected to be present in very low abundances, created by the
dissociation of the major species (C, O, H, N) and in posterior chemical reactions (e.g., HO,,
C.H,, NO,).

Table 1.2: Composition of the Martian atmosphere. Adapted from Smith et al. (2017).

Gaseous species Average abundance Reference

CO2 0.9513 Owen et al. (1977)
N 0.027 Owen et al. (1977)
2 0.019 Mabhaffy et al. (2013)
Ar 0.016 Owen et al. (1977)
0.019 Mabhaffy et al. (2013)
O2 0.0014 Hartogh et al. (2010)
CcO 800 ppmv Smith et al. (2009)
H,0O 15-1500 ppmv Smith (2004)
Ho 15 ppmv Krasnopolsky and Feldman (2001)
Ne 2.5 ppmv Owen et al. (1977)
Kr 0.3 ppmv Owen et al. (1977)
Xe 0.08 ppmv Owen et al. (1977)
O3 10 - 350 ppbv Perrier et al. (2006)
Hy09 10 - 40 ppbv Encrenaz et al. (2004)
CHy 0-40 ppbv Mumma et al. (2004)
HCI1 1- 4 ppbv Korablev et al. (2021)

1.1.2 The H;0 cycle

The role of water in the present Martian climate is not as negligible as one may think based
on the low abundances in which it is found in the atmosphere. Observations show that
water follows a seasonal cycle, in which water variations are controlled by exchanges with
the different reservoirs (e.g., Jakosky and Farmer (1982); Smith (2002)). The three main
reservoirs of water on Mars are the atmosphere, the surface and the subsurface. Current
estimations suggest that if these reservoirs were to be condensed or melted, they would form
a layer of 20-50 m along the whole Martian surface (Lasue et al., 2013; Alsaeed and Jakosky,
2019).

The pattern followed by the atmospheric reservoir has been studied during several consecu-
tive Martian years, with the use of observations from the different Mars missions (e.g., Smith
et al. (2018); Sindoni et al. (2011); Trokhimovskiy et al. (2015)). Figure 1.3 shows the averaged
water column between Martian years 27 to 31, as a function of latitude and solar longitude,

as observed by the SPICAM instrument on Mars Express (Trokhimovskiy et al., 2015). The
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atmospheric water content in the Martian atmosphere varies with season, due mainly to the
sublimation and condensation of the polar caps. The annual maximum of water content in
the atmosphere is found in the early summer northern hemisphere (Lg = 120° - 130°), after
the sublimation of the northern polar cap. After this season the abundance in the northern
polar cap rapidly decreases, balanced by transport to the equatorial region, which has a peak
at approximately Lg = 150° at 30°N, and the condensation of the atmospheric water vapour
on the polar cap. Similarly, the maximum water column density in the southern hemisphere
occurs during the southern summer, but in this case the peak value is twice as weak as for the
northern maximum. This asymmetry is in part caused by the formation of water ice clouds
at low latitudes (~10°S-30°N), which prevents water vapour from being transported to the
southern hemisphere. In turn, the warmer conditions of the southern hemisphere summer do
not favour the formation of water ice clouds, resulting in a positive net flux of water vapour

from the southern to the northern hemisphere (Montmessin et al., 2004).
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Figure 1.8: Water column in pr. um (1 pr. um = 3.34 x 10'® cm~2) averaged over Martian years
27 to 31, as observed by SPICAM. Figure from Trokhimouskiy et al. (2015).

The vertical distribution of the water vapour is also important for understanding phenomena
such as mixing of the atmosphere, atmosphere-surface interactions, cloud formation and escape
processes. One of the major factors controlling the vertical distribution of water vapour is the
saturation. At the altitude at which saturation level reaches one, known as the hygropause,
water vapour can be transformed into the solid state, and therefore cloud formation is enabled.

At the hygropause, water vapour condenses, and the volume mixing ratio suddenly drops with
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altitude, making most of the water content to be confined below this altitude. The altitude of
the hygropause is controlled by the thermal structure of the atmosphere: during the northern
hemisphere spring, the planet is close to aphelion, and average temperatures reach the annual
minimum, which sets low altitudes for the condensation level of H2O, of approximately 10 km.
On the other hand, during the southern hemisphere spring, the planet is close to perihelion,
and the warmer temperatures raise the hygropause upwards to higher altitudes, of about 40-
60 km (Clancy et al., 1996). Maltagliati et al. (2011) reported the presence of supersaturated
water vapour, using observations by SPICAM onboard Mars Express. This was attributed to
the absence of dust particles acting as condensation nuclei, as the threshold saturation ratio for
homogeneous nucleation on Mars exceeds 1000 (Montmessin, 2002). However, Fedorova et al.
(2020b) recently confirmed the high levels of supersaturation on Mars even in the presence
of dust and ice crystals, which is speculated to be due to a longer timescale for condensation

compared with rapid drops in temperature and/or rises in water concentration.

The most sensitive observations of the vertical distribution of water vapour have been
reported using observations by the NOMAD and ACS instruments onboard the ExoMars
TGO (Aoki et al., 2019; Fedorova et al., 2020b). Figure 1.4 shows the vertical distribution
of temperature, water vapour, saturation ratio, and aerosols as observed by ACS (Fedorova
et al., 2020b). The observations show that dust storms (GDS between Lg = 193-220° and
regional dust storm between Lg = 320-335°) increase the atmospheric temperature, rising the
hygropause up to high altitudes. In addition, high altitude water is also observed around
the perihelion season. Unlike the effect of dust storms, whose effect on rising the altitude of
the hygropause is sporadic, upwelling of water vapour in the perihelion season is recurrent
every year, and has likely governed the escape of water to space over geological time scales

(Fedorova et al., 2020b).

Water vapour condenses to form water ice clouds in the Mars’ atmosphere. Cloud formation
also appears to have distinctive seasonal variations, following two major patterns. The Aphe-
lion Cloud Belt forms at low latitudes (~10°S-30°N) during northern spring and summer, as
a result of the north-south circulation. As previously mentioned, this condensation near the
equator has consequences on the general transport of water vapour in the atmosphere during

this season, as this process prevents some of the water vapour from reaching the southern
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Figure 1.4: Atmospheric properties during the dusty season of MY3/ as measured by ACS NIR onboard
ExoMars TGO. Each panel shows the data value in colour, plotted as functions of Lg and altitude,
with the northern hemisphere on the left and the southern hemisphere on the right. A) Distribution of
solar occultation measurements. B) Atmospheric temperature. C) Water vapour volume mizing ratio.
C) Saturation ratio of water vapour. D) Water ice and dust aerosol extinctions. Figure from Fedorova
et al. (20200).
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hemisphere (Clancy et al., 1996). During southern spring and summer this equatorial cloud
belt does not form, as it is slightly warmer on average (Read et al., 2015). The second major
pattern in which water ice is observed in the Martian atmosphere is in the so-called Polar
Hoods, which form over both poles during autumn and winter seasons (Benson et al., 2010,

2011).

Surface ice represents the major reservoir of water on Mars. In particular, most of the
surface water ice is stored in the permanent northern polar cap, which extends asymmetrically
until 80°N-85°N, with a thickness up to a few km (Zuber, 1998). In contrast, the southern
polar cap is mostly composed by COs ice, with an amount of perennial water ice approximately
20 times lower than the perennial water ice in the north (Bibring et al., 2004). This asymmetry
in the polar caps explains the north-south asymmetry found in the atmospheric water content.
In the north polar cap, the ice is directly exposed to sunlight, while at high-southern latitudes
the water ice is protected by the COs seasonal ice until very late in summer. Polar layer
deposits, observed as horizontal layers of ice and dust at both poles, are attributed to the
different deposition during climate cycles driven by variations on the obliquity of Mars orbit

(Milkovich and Head, 2005).

Subsurface ice has also been shown to be present on Mars, holding information about past
Martian climates. These subsurface deposits are expected to be produced by two main sources:
direct deposition of ice throughout Martian history that was subsequently consolidated, and
deposition on the subsurface on the present from the vapour phase, that travels through the
voids between soil grains (Schorghofer and Forget, 2012). The water content in the Martian
subsurface has been primarily determined from neutron detectors on orbital spacecraft, that
take advantage of the interaction of cosmic rays with hydrogen. The hydrogen-rich regions
inferred from these observations are correlated with regions where ice is predicted to be
stable, and therefore suggesting that the hydrogen is hosted by subsurface ice (Boynton et al.,
2002; Feldman et al., 2002). The polar regions host high water abundances (20-100% water-
equivalent hydrogen), that extend up to 50° in latitude. The deposits at low latitudes range
between 2 and 10% in water content, with two localized maximums near the Arabia Terra

region, situated at 25°N latitude (Feldman et al., 2004).
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1.1.3 The CO; cycle

Like water vapour, carbon dioxide acts as a volatile species in the Martian atmosphere, in-
volving cyclic interactions between the atmosphere and surface. Approximately 25-30% of
the atmospheric COy is sublimed and refrozen from the seasonal ice deposits every year (e.g.,
Tillman et al. (1993); Kelly et al. (2007)), although a perennial carbon dioxide deposit ex-
ists in the southern hemisphere (Kieffer, 1979). As CO; represents approximately 95% of
the Martian atmosphere (see Table 1.2), these seasonal patterns generate large variations in
the overall surface pressure, as measured by several landers (Hess et al., 1977; Harri et al.,
2014). Numerous studies have demonstrated that the global climate of Mars is controlled by
the optical properties (i.e., albedo and emissivity) of solid COg2, but in turn these properties
depend on a number of parameters, such as contamination by dust and H2O ice, solar phase

or atmospheric circulation (Haberle et al., 2008; Piqueux et al., 2015).

In the atmosphere, carbon dioxide can also be found in its solid state, mainly in low-
altitude clouds in the polar regions, and high-altitude mesospheric clouds (Clancy and Sandor,
1998; Montmessin et al., 2006a; Clancy et al., 2007). The clouds in the polar regions have
been historically difficult to observe, as they usually form in the darkness of the polar night,
and nadir-viewing infrared observations struggle to differentiate the clouds from surface frost
(Forget et al., 1995). The polar COq ice clouds appear in the lower atmosphere, during the
winter nights in both poles, with particle sizes of several tens or hundreds of micrometers
(Pettengill and Ford, 2000; Colaprete and Toon, 2002; Hayne et al., 2012). These COg ice
particles precipitate and are deposited on the surface, contributing between 3% and 20% by
mass to the seasonal deposits at high latitudes (Hayne et al., 2014). The mesospheric clouds
have been observed by several instruments in different missions (e.g., McConnochie et al.
(2010); Vincendon et al. (2011); Montmessin et al. (2006a); Aoki et al. (2018)). These types
of clouds appear at low latitudes (£30°), in mainly two different circumstances: daytime
clouds form between 60 and 85 km, with particle sizes of 0.5-3 um (Montmessin et al., 2007;
Maééttanen et al., 2010); night-time clouds form between 80 and 100 km with particle sizes

around 0.1 gm (Montmessin et al., 2006a; Jiang et al., 2019).
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The vertical distribution of CO2 gas is mainly controlled by the dissociation of carbon diox-
ide by UV photons, which break the CO2 molecules apart to form CO and O. This process
produces a decrease of the CO2 volume mixing ratio in the upper atmosphere, while in the
lower altitudes the atmosphere is approximately well-mixed (see Figure 1.5). The altitude
above which the COy volume mixing ratio decreases is driven by the solar UV flux, the at-
mospheric column above and the solar zenith angle (SZA). For instance, close to perihelion,
the solar insolation is about 40% higher than close to aphelion, which would lead to UV
photons penetrating to lower altitudes. However, the increase of the surface pressure (i.e.,
atmospheric column density) due to the sublimation of the southern polar cap, and the in-
crease atmospheric mixing due to the intensified Hadley circulation make the atmosphere to
be well-mixed up to high altitudes, while during aphelion (Lg = 71°) there is a sharp de-
crease of the CO5y mixing ratio at approximately 75-100 km. In the near-surface atmosphere,
some variations of the CO5 abundance occur due to the condensation and sublimation of the

seasonal polar caps.
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Figure 1.5: Evolution of the volume mizing ratio of carbon diozide in the Martian atmosphere at noon
as predicted by the Mars Climate Database (Forget et al., 1999) as a function of altitude, latitude and
solar longitude.

For a long time, the stability of carbon dioxide in the Martian atmosphere remained a
puzzle, since the rate of dissociation of COs molecules into CO and O was much faster than
the recombination by the inverse reaction, which is spin-forbidden. This process should in
principle lead to a large buildup of CO and O in the Martian atmosphere, rather than a
COg2-dominated atmosphere (Lefévre and Krasnopolsky, 2017). In turn, the stability of COq
in the Martian atmosphere appears to be controlled by the "odd-hydrogen" species (H, OH,

HO3), which are produced in the photodissociation of water vapour. These odd-hydrogen
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species, although found in the atmosphere in just trace amounts, can catalytically convert
CO into CO2 at a much faster rate than the inverse reaction of COs2 dissociation (McElroy
and Donahue, 1972; Parkinson and Hunten, 1972). As a by-product of this catalysis, molecular

hydrogen is also formed and stabilised in the atmosphere.

1.1.4 Atmospheric escape

Atmospheric escape into space is one of the key processes for understanding the evolution
of the Martian atmosphere throughout history. In this section, we introduce the current
knowledge describing the physical and chemical pathways by which H, C and O are lost from

the Martian atmosphere.

H escape

The escape of hydrogen in the Martian atmosphere is thought to occur mainly in the form
of thermal escape of atomic hydrogen (Jakosky et al., 2018). Traditionally, the main source
of escaping H atoms in the Martian atmosphere was thought to be molecular hydrogen: HyO
molecules, confined to the lowest altitudes due to the natural barrier created by the formation
of water ice clouds, are photodissociated in the atmosphere giving rise to odd-hydrogen species
(e.g., OH, HO3), which catalyse the recombination of COg, forming stable Hy as a by-product
(McElroy and Donahue, 1972; Lefévre et al., 2004). The Hs molecules are allowed to migrate
to the upper atmosphere, where they can recombine with COéF , giving rise to HCO;’ and
H. These H atoms in the upper atmosphere have velocities following a Maxwell-Boltzmann
distribution, which depends on the mass of the atoms and the temperature. At typical
temperatures in the exobase, the atoms in the tail of the Boltzmann distribution will have
velocities exceeding the escape velocity, and will escape the gravitational bound of the planet

due to the absence of sufficient collisions in the exosphere (Jakosky et al., 2018).

Ultraviolet observations of the Martian atmosphere made with the Hubble Space Telescope
and Mars Express revealed an unexpected variability in the density of atomic hydrogen, which
was found to peak during the perihelion season (Chaffin et al., 2014; Bhattacharyya et al.,
2015; Halekas, 2017). These sudden seasonal variations were found not to be consistent with
the supply from long-lived Hs, which gives rise a steady production of hydrogen throughout

the year. Using simulations from a photochemical model, Chaffin et al. (2017) showed that
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these seasonal variations in the upper-atmospheric H density could be explained by the pres-
ence of HoO molecules between 40-100 km, which can be readily photolysed, giving rise to
enhancements of the atomic hydrogen abundance and its escape rate in a timescale of weeks,
providing an explanation for the observed variations. Using observations from MCS/MRO,
Heavens et al. (2018) showed that not only the density of atomic hydrogen increases during
the perihelion season, but also correlates with the presence of dust storms, which raise the
level of the hygropause to 80 km above the Martian surface and enabling the direct production
of atomic hydrogen. Recent photochemical models have also suggested another mechanism
for the seasonal production of atomic hydrogen in the Martian atmosphere (Krasnopolsky,
2019; Stone et al., 2020). Instead of being the direct photolysis of HoO the main source for
the production of H, these models suggest that it is the dissociation of HoO by ions producing

the observed variations of atomic hydrogen.

O escape

As opposed to the case of atomic hydrogen, the escape of oxygen from the Martian atmosphere
is not dominated by thermal escape. Instead, the escape of O is dominated by non-thermal
processes involving reactions with ions. The mechanisms governing the escape of oxygen

escape can be classified in three types:

e Dissociative recombination, by which ions produced by solar UV photons recombine
with an electron and are rapidly dissociated into neutral molecules which might have
sufficient energy to overcome the Martian gravity. In principle, this type of escape
mechanism occurs in a variety of oxygen-containing ions, such us O;’ , CO;r , COT or
NOT, but the most important of these appears to be the dissociative recombination of

o5

e lon escape, by which ionospheric ions are accelerated by an electric field with enough
kinetic energy to overcome the gravity of Mars and ultimately escape to space. The
electric field may be produced by different processes, such as by the moving magnetic
field of the solar wind or plasma pressure gradients in the ionosphere (e.g., Jakosky et al.

(2018)).

e Sputtering, reaction by which the ions in the ionosphere are accelerated by the solar
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wind electric field and, instead of escaping the planet, impact with other neutrals in the
atmosphere and eject them into space. This loss mechanism is believed to be dominant
in the removal of heavy and inert gases such as Ar (Jakosky et al., 2017), but can eject

atoms of any species.

The relevance of each of these mechanisms to the overall loss of oxygen from the Martian
atmosphere was estimated by Jakosky et al. (2018) using a combination of observations from
several instruments on the MAVEN spacecraft. Their estimations suggest that the most
important mechanism for the escape of oxygen is dissociative recombination, followed by ion

1

escape and sputtering, with present-day loss rates of 5 x 10%°, 5 x 10?4 and 3 x 10%* s71,

respectively.

C escape

The mechanisms governing the escape of carbon from the Martian atmosphere and their re-
spective rates still remain unclear, mainly because they have not yet been constrained with
measurements from the MAVEN spacecraft (Jakosky, 2019). Therefore, the pathways by
which carbon escapes from the Martian atmosphere are mainly constrained using photochem-
ical models (e.g., Groller et al. (2014); Lo et al. (2020)). These models suggest that, while
carbon can be lost from the Martian atmosphere in different ways, such as CO; ion escape
and sputtering or CO sputtering (Barabash et al., 2007; Leblanc, 2002), their contribution to
the total amount of carbon lost to space appears to be much lower than the loss of hot atomic

carbon (Groller et al., 2014; Cui et al., 2019; Lo et al., 2020).

The loss of atomic C from the Martian atmosphere can in turn be produced by several
mechanisms. Early studies suggested that the main source of escaping carbon was the dis-
sociative recombination of CO™ (COt + e~ — C + O) (McElroy, 1972), although further
analyses revealed that it was indeed the photodissociation of CO molecules that is the domi-
nant process in the production of atomic C (Fox and Bakalian, 2001; Groller et al., 2014; Cui
et al., 2019). Recently, Lo et al. (2020) have incorporated a series of new measurements of the
photodissociation cross sections of COs and CO into a 1-D photochemical model to produce
the latest estimations of the production rates of atomic C in the Martian atmosphere. These

new measurements include the photodissociation cross sections of COg into C + Og (Lu et al.,
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2014), a reaction that was not incorporated in previous models, which predicted CO2 + hy —
CO + O. Figure 1.6 shows the major mechanisms governing the production and destruction
of atomic carbon in the Martian atmosphere, which are dominated by the direct production

of atomic C from the photolysis of CO2 and the recombination of these products (C + O3),

respectively.
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Figure 1.6: Magjor production (solid lines) and loss (dashed lines) mechanisms of atomic C when using
high and low Hs O density profiles. PD stands for photodissociation, DR for dissociative recombination
and CE for charge exchange. Figure from Lo et al. (2020).

However, it must be noted that the study of Lo et al. (2020) focuses on the overall production
of atomic C in the Martian atmosphere, rather than on the production of hot atomic carbon
(i.e., production of C atoms with sufficient kinetic energy to overcome the gravity of Mars).
Therefore, while the photolysis of CO5 appears to be the major mechanism for the production
of C in the atmosphere, it might not be as relevant as the photodissociation of CO and the

dissociative recombination of CO™ for the escape of carbon from the Martian atmosphere.

1.1.5 Isotope composition

Isotope ratios provide important constraints on the evolution of planetary atmospheres. In
the atmosphere of Mars, several measurements have revealed the enrichment in the heavier
isotopes of several species with respect to those on Earth, which is thought to be an indirect
evidence of the atmospheric escape throughout the Martian history and the presence of a
much denser atmosphere four billion years ago. Isotopic enrichments were first measured at
Mars using mass spectrometers on the Viking landers, measuring ratios of >N /4N = 1.7 and

40Ar/36Ar = 10.3 with respect to Earth (Owen et al., 1977). Mahaffy et al. (2013) reported
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a ratio of Ar/36Ar = 6.5 as compared to Earth, using the Quadrupole Mass Spectrometer
(QMS) on the Curiosity Rover. This value, even if considerably smaller than the measurement
performed with the Viking Lander, shows a large enrichment with respect to the telluric ratio.
Using measurements of the upper atmospheric 3*Ar /36 Ar ratio with the Neutral Gas and Ion
Mass Spectrometer (NGIMS) onboard the Mars Atmosphere and Volatile Evolution (MAVEN)

spacecraft, Jakosky et al. (2017) estimated that 66% of atmospheric argon was lost to space.

Enrichment of the heavier isotope has also been observed in the isotopologues of HoO and
COa, providing more evidence of the importance of atmospheric escape in the evolution of the
Martian atmosphere. Not only the isotope ratios show the importance of atmospheric escape,
but also measurements of the isotope ratios in different species allow to constrain the size of
the ancient reservoir of each species, providing clues on the composition of the past climate
of Mars. For instance, based on measurements of the 13C/12C ratio in COs2, Jakosky (2019)
estimate that 1-2 bars of COg escaped to space. Similarly, measurements of the D /H ratio have
been used to constrain the size of the ancient water reservoir on Mars (e.g., Kurokawa et al.
(2014); Alsaeed and Jakosky (2019)). However, the isotopic composition does not only vary
in geologic timescales, but also gets fractionated in processes happening in the present-day
climate. Therefore, in order to understand the evolution of the Martian atmosphere from its
isotopic composition, one must first understand the variations of the isotope ratios in today’s
atmosphere, in order to disentangle the isotopic composition of the bulk of the atmosphere,

and that measured in localised measurements.

In the literature, isotopic ratios are usually expressed as a factor of the measured ratio R
with respect to a standard ratio Ry representative of the Earth (e.g., 180/160, D/H), or as a
deviation of the measured ratio with respect to the standard (e.g., §'80, éD) in units of %o,
given by %0 = (R/R, - 1) x 1000. Table 1.3 presents the standard ratios for the H, O and
C isotopes. From now on, unless explicitly mentioned, the isotope ratios will be given with

respect to the standards, either as a factor or deviation.

In this section, we review the current knowledge of the isotope composition of HoO and CO4
in the Mars’ atmosphere, including the results from past measurements, and the processes

that might fractionate them in short and long timescales. This information provides a context
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Table 1.3: Standard isotope ratios of the H, O and C isotopes measured in this thesis, as given by the
Vienna Standard Mean Ocean Water (VSMOW) and the Vienna Pee Dee Belemnite (VPDB).

Isotope ratio Standard Value
D/H VSMOW 1.558 x 1074
180 /160 VSMOW 2.005 x 1073
170160 VSMOW 3.799 x 1074
Bo/2c VPDB 1.124 x 1072

for the results of this thesis, allowing the comparison and validation with past measurements,

and understanding the potential sources of variation in the measured isotope ratios.

1.1.5.1 Previous measurements
H isotopes

The first measurement of the D/H ratio in the present Martian atmosphere was reported by
Owen et al. (1988), using the Fourier transform spectrometer at the Canada-France-Hawaii
3.6-meter telescope, and observing an enrichment in the heavier isotope of a factor of 6 +
3, with respect to VSMOW. In the following years, different means of Earth-based spec-
troscopy allowed the measurement of the D/H ratio (5.2 £+ 0.2, Bjoraker et al. (1989); 5.5
+ 2, Krasnopolsky et al. (1997)), which were consistent with that reported by Owen et al.
(1988).

The first indication of variability in the D/H ratio was reported in a conference abstract by
Mumma et al. (2003), in which they measured the latitudinal distribution of HoO and HDO
using the CSHELL mapping spectrometer at the NASA Infrared Telescope Facility (IRTF).
After that, variations of the D/H ratio have been measured using different observatories on

Earth. The most relevant measurements of the atmospheric D/H ratio in HoO are:

e Using the same observational setup as Mumma et al. (2003), Novak et al. (2011) mea-
sured latitudinal maps of the D/H ratio during mid-spring in the northern hemisphere
(Ls = 50°), observing peak values of 6.9 4 0.2 near the subsolar point, decreasing to

3.8 £ 0.3 towards the polar regions.

e The first in situ measurements of the Martian D/H ratio were reported by Webster

et al. (2013) using the Sample Analysis at Mars (SAM)’s tunable laser spectrometer
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(TLS) on the Curiosity Rover. They measured an enrichment in deuterium of a factor
of 6 £ 1 VSMOW over the first 100 days of operations. These localised measurements
are representative of that specific location and time, but the contribution from expected

seasonal cycling is unknown.

Krasnopolsky (2015) reported measurements of the spatially-resolved D /H ratio on Mars
using CSHELL at the NASA IRTF in eight observing sessions from 2007 to 2014. In
these observations, Mars was at a solar longitude of Lg = 110°, 42°, 20°, 70°, 60°,
110°, 89° and 145°. The global mean observed D/H ratio was 4.6 £ 0.7. In four of
these observing sessions, Krasnopolsky (2015) found mild variations of the D/H ratio.
However, in two other sessions, strong variations in the latitudinal distribution of D/H
were found, and they appeared strongly correlated with the temperature. Krasnopolsky
(2015) argues that the correlation with temperature is consistent with the temperature
dependence of HDO/H20O fractionation between water vapour and ice, which could be

indicative of the source of the variations in the isotope ratio.

Aoki et al. (2015) used coordinated observations from the Infrared Camera and Spec-
trograph (IRCS) of the Subaru telescope and PFS on Mars Express to determine the
latitude distribution of D/H at the middle of northern spring (Lg = 52°) and beginning
of northern summer (Lg = 96°) of MY31. They found a significant variation of the
D/H ratio between these two observing sessions in the polar region (70-80°N), from 2.4
+ 0.6 at Lg = 52° to 5.1 £ 0.7 at Lg = 96°, which is consistent with the expectations
from condensation/sublimation processes (see section 1.1.5.2). However, the latitudinal
mean values did not show any evidence of significant variation (D/H = 4.1 £ 1.4 at Lg

= 52°and D/H = 4.4 £ 1.0 at Lg = 96°).

Villanueva et al. (2015) created maps of the atmospheric D/H using several ground-
based high-resolution spectrographs (CRIRES at the Very Large Telescope, CSHELL
at NASA IRTF, and NIRSPEC at the Keck telescope) between 2008 and 2014 (see
Figure 1.7). These maps show great variability of atmospheric D/H with latitude and
season. In addition, the observations show a strong correlation with topography, show-
ing large values of the D/H ratio (>7) over orographic depressions, whereas much lower

values (1 to 3) are found in high-altitude regions. The observed latitudinal variability
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is in general consistent with the predictions from condensation/sublimation processes
accounted in the model of Montmessin et al. (2005). However, the strong local vari-
ations observed across the planet require a more realistic model that includes more

fractionating processes.

e Encrenaz et al. (2016) created maps of the D/H ratio during the northern hemisphere
summer (Lg = 113°) in 2014, using the Echelle Cross Echelle Spectrograph (EXES)
instrument aboard the Stratospheric Observatory for Infrared Astronomy (SOFIA) fa-
cility. They observe a disk-integrated D/H value of 4.4 (+1, -0.6), with a significant
enhancement from 3.5 in the southern hemisphere to 6 in the northern latitudes, which is
consistent with the predicted variations by the model of Montmessin et al. (2005). Later
on, Encrenaz et al. (2018) used the same observational setup as in 2016 and 2017 to cre-
ate similar maps as in 2014, when Mars was at solar longitudes of Lg = 127° and Lg =
304°, respectively. The disk-integrated values they observed were 4 (40.8, -0.6) and 4.5
(4+0.7, -0.6), respectively, consistent with the measurements of Encrenaz et al. (2016).
Nevertheless, in these occassions, there was not evidence of strong local variations in the
D/H ratio nor for seasonal variations in the global D/H ratio between northern summer
and southern summer, which is in contrast with the latitudinal variability observed by

Encrenaz et al. (2016) during the northern hemisphere summer.

e Khayat et al. (2019) used CSHELL at the NASA IRTF to measure the D/H during the
northern summer (Lg = 126°) in 2016, at a similar time than the observations made by
Encrenaz et al. (2018). In this case, Khayat et al. (2019) find a significant increase in
the D/H ratio from southern to northern latitudes, similar to the one observed during
this season by Encrenaz et al. (2016), but in contrast with the results of Encrenaz et al.
(2018). However, globally, the D/H measurements presented by Khayat et al. (2019)
are consistent with those reported by Encrenaz et al. (2016, 2018), Aoki et al. (2015)
and Krasnopolsky (2015), but lower than those reported by Novak et al. (2011) and

Villanueva et al. (2015).

Apart from the D/H ratio in water vapour, the isotope ratio has been estimated by look-
ing at the Lyman-« emission of atomic hydrogen and deuterium. These measurements have

important implications to our understanding of the escape of H and D, and therefore to
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Figure 1.7: Deuterium/hydrogen maps obtained from ground-based telescope observations of Ha O and
HDO from March 2008 to January 2014. The units of the D/H ratio are expressed as a factor relative
to the Earth’s ocean water, represented by the Vienna Standard Mean Ocean Water (VSMOW). Figure
from Villanueva et al. (2015).

relate the measurements of the present-day HDO/H20O to the water reservoir in the past.
Krasnopolsky et al. (1998) detected the Lyman-c« emission of deuterium in the upper atmo-
sphere of Mars using the Goddard high-resolution spectrograph (GHRS) onboard the Hubble
Space Telescope (HST). Using photochemical models, they estimated that the isotope ratio
in molecular hydrogen (HD/Hjy) was approximately a factor of 2.5 lower than that in water

vapour (Krasnopolsky, 2002).

In addition, the Lyman-«a emission of H and D has been frequently measured by the Imaging
Ultraviolet Spectrograph (IUVS) instrument onboard the Mars Atmosphere Volatile Evolu-
tioN (MAVEN) spacecraft (Clarke et al., 2017; Mayyasi et al., 2019). Clarke et al. (2017)
measured the variations of the brightness of the Lyman-a emission over the course of a mar-
tian year. Although they did not provide actual values of the D/H ratio, they observed large
variations of the brightness, which require variations of the number densities of both H and
D by an order of magnitude, and not always in sync with each other (Clarke et al., 2017).
Mayyasi et al. (2019) reported the seasonal variability of deuterium in the upper atmosphere,
which appears to have pronounced variations of the number density of D, increasing with
Mars’ proximity to the Sun and peaking near southern summer solstice, during the dusty sea-
son. These results suggest that the number density of D (and H) increase when water vapour

is provided to the upper atmosphere during the perihelion and dusty seasons (Mayyasi et al.,
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2019; Fedorova et al., 2020b).

C and O isotopes

In contrast to the large volume of measurements constraining the variations of the D/H ratio
in HoO, there is little information about variability of the C and O isotope composition of
the Martian atmosphere. The first measurements of the isotope composition of the Martian
atmosphere were obtained from ground-based observations by Connes et al. (1969), providing
measurements of the 13C/12C and 80/'0 isotope ratios in CO2 (Young, 1971) and CO
(Kaplan et al., 1969), which were found to be terrestrial within an uncertainty of 15%. Later
on, Nier and McElroy (1977) reported measurements of the isotope composition of C and O in
COao, using upper atmospheric measurements from the mass spectrometers on the Viking entry
probes. These measurements showed an isotopic composition of C and O indistinguishable
from the terrestrial one within the 5% measurement uncertainty (§13C = 0 + 50%0 and 420
= 0 £ 50%0). For the oxygen isotopic composition, Nier and McElroy (1977) actually derive
a value of 6180 = 20%o, but conclude that it is essentially terrestrial within the measured
uncertainties (Jakosky, 1991). These measurements posed some challenges for interpreting
the history of the Martian atmosphere, given the measured enrichment in the heavy isotopes
in N or Ar, which was absent in the isotopologues of CO5. This was interpreted to be due
to the presence of a large reservoir that mitigates the effect of escape of oxygen and carbon

atoms into space (Jakosky, 1997).

Early ground-based high resolution spectroscopic measurements revealed a depletion of the
ratios in CO9 with respect to Earth (6'3C = -73 4+ 58 %o; 6180 = -40 + 130 %o, Schrey et al.
(1986); 613C = -73 4 58 %o; 680 = -130 + 80 %o, Krasnopolsky et al. (1996)) but more
recent observations showed only marginal deviations with respect to the standard (6'3C = 0
+ 110 %o, Encrenaz et al. (2005); 613C = -22 4 20 %o; 60 = 18 £ 18 %o, Krasnopolsky et al.
(2007)). In addition, in a conference abstract Bjoraker et al. (1989) reported depletion of the
heavier isotopes of HoO (60 = -100 £ 30 %o and 670 = -50 & 10 %), using observations

made with the Fourier Transform Spectrometer on the Kuiper Airborne Observatory.

The most precise measurements of the C and O isotope composition in the Martian atmo-

sphere were made by the Phoenix Lander and Curiosity Rover, but observing non-overlapping
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values within the measured uncertainties. Niles et al. (2010) found carbon dioxide to be en-
riched in 180 but not 13C (613C = -2.5 £ 4.3 %o; 880 = 31 & 5.7 %0) using measurements
with the Thermal Evolved Gas Analyzer (TEGA) mass spectrometer on the Phoenix Lander.
However, reconsideration of these data suggest that the lack of measured enrichment in '3C
may be a measurement artifact (Livengood et al., 2020). On the other hand, Webster et al.
(2013) reported similarly enriched 3C and 10 with respect to telluric values (§2C = 46 +
4 %o; 8180 = 48 £ 5 %0) using measurements made with SAM/TLS on the Curiosity Rover.
Webster et al. (2013) also measure an enrichment in the 70 /160 isotope ratio (6170 = 24
+ 5 %), consistent with the expectations from mass-dependent fractionation (6170 ~ 0.53
x §180). In addition, Webster et al. (2013) also measured the isotope composition of 80
in HyO (680 = 84 + 10 %), which appears to be more enriched than that in COo, which
suggests that the oxygen in atmospheric water vapour is not in equilibrium with the crust

(Urey, 1947; Jakosky, 1991).

The only evidence of variability in 680 was reported by Livengood et al. (2020), using
ground-based heterodyne spectroscopic observations from the NASA Infrared Telescope Fa-
cility (IRTF). Looking at different longitudes at the subsolar latitude, representative of the
local time, diurnal variations of 680 in COy were measured, varying from §'%0 = -92 + 23
%0 to 6180 = 71 % 18 %o, over a temperature increase from 266.9 to 275.4 K, suggesting a
correlation between the isotopic fractionation and the surface temperature (see Figure 1.8). In
addition, Livengood et al. (2020) re-analysed the measurements from the TEGA instrument
on the Phoenix Lander, comparing the measured 6'¥0 against §'3C, finding a positive corre-
lation between both ratios (6180 = 1.3 x §'3C), and suggesting that the observed dispersion

of the measurements was indeed variability of the isotopic ratios.

1.1.5.2 Fractionation processes
Condensation/sublimation processes

Isotopic fractionation during condensation and sublimation processes occurs due to the slight
differences between the vapour pressures of the different isotopologues, with the heavy iso-
tope generally having a lower vapour pressure (Fouchet and Lellouch, 2000). In Mars, these

processes are expected to have an effect in two ways: the condensation and sublimation of
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Figure 1.8: Measured deviations of 680 in CO,. The orange dots correspond to measurements on
the subsolar point, while the yellow ones correspond to the subsolar latitude, but with a shift of 20°
towards the planetary east, which corresponds to 1.88 hours of local time. Figure from Livengood et al.
(2020).

the polar caps, and the condensation onto ice clouds.

Bertaux and Montmessin (2001) studied the Vapour Pressure Isotopic Effect (VPIE) in
water ice cloud formation for Hi*O and HD'®O in order to explain the lower value of the
D/H ratio in the upper atmosphere of Mars, compared to the lower altitudes, as measured by
Krasnopolsky et al. (1998). They suggested that at the level of the hygropause, if icy grains
are formed, these will be enriched in HD'O compared to H6O. Then, when the icy grains
fall and resublimate at lower altitudes, they will preferentially transport HD'6O downwards,
leaving the atmosphere enriched in the lighter isotope at higher altitudes, where photochemical
reactions can occur. This process provides an efficient mechanism for the atmosphere to retain
D over H close to the surface. If the hygropause is located below the photolysis region, then

this process will deplete the products of HoO photodissociation in deuterium.

Montmessin et al. (2005) studied the behavior of the D /H ratio in HyO using a 3-D General
Circulation Model (GCM) for the Martian atmosphere. Figure 1.9 shows the calculated
latitudinal and seasonal distribution of the D /H ratio from the model, which predicts a relative
enrichment of the heavy isotope during the sublimation of the polar caps (northern cap at Lg =
90° and southern polar cap at Lg = 270°), and a relative depletion of the heavy isotope in the
atmosphere during the condensation of the polar caps (southern at Lg = 90° and northern at
Lg = 270°), following closely the seasonal behaviour of atmospheric water vapour. The model

of Montmessin et al. (2005) predicts the general latitudinal and seasonal trends observed by
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ground-based telescopes (see section 1.1.5.1), although some of the observed strong variations

are not well described by the model (Villanueva et al., 2015; Krasnopolsky, 2015).
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Figure 1.9: Latitudinal and seasonal distribution of the D/H ratio, as predicted from the model of
Montmessin et al. (2005).

Although these models have not been applied to study the effect of the VPIE in the oxygen
isotope ratios in water vapour in the Martian atmosphere, we can provide some constraints
on the expected variability, as compared to the variability in the D/H ratio, from the isotopic
studies performed on Earth. Laboratory studies about the isotope fractionation from the
condensation of water vapour onto ice were performed mainly in the 70s. Merlivat and Nief
(1967) measured the equilibrium fractionation factor of the D /H ratio during the condensation
of water vapour onto water ice, between 230 K and 273 K. On Mars, temperatures relevant
to the condensation of water vapour onto ice are lower, and the expression of Merlivat and
Nief (1967) is usually extrapolated. In order to expand the range of temperatures of the
measurements, Lamb et al. (2017) measured the equilibrium fractionation between vapour
and ice from 190 K to 230 K, which is more relevant to Martian temperatures, but showing
just small discrepancies with respect to the results of Merlivat and Nief (1967). The expression
of the fractionation factor ap derived from the measurements by Lamb et al. (2017) is given

by

28



CHAPTER 1. INTRODUCTION
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where T is the temperature in K. Similarly, Majoube (1970) measured the equilibrium frac-
tionation factor for the 80 /00 ratios in HoO, which is given by

11.83
a1 (H20) = exp (T —28.224 x 10_3> . (1.1.2)

To first order, and ignoring the temperature effect, the relation between 6D and §'%0
during condensation follows the meteoric line (6D = 8 x §'¥0, Dansgaard (1964)), and the
deuterium excess is only very slightly modified (d-excess — 6D - 8 6'%0). Nevertheless, given
the different temperature dependence of the fractionation factor for the **0 /160 and D/H ra-
tios, the slope of the 6D - 6'¥0 relation increases as temperature decreases (Majoube, 1971),
leading to the existence of a d-excess (see Figure 1.10a). In addition to the effect of tem-
perature at which condensation occurs, laboratory measurements enabled to observe strong
departures from the relation expected for isotopic fractionation at equilibrium conditions,
which depicted the presence of kinetic effects occurring due to the different diffusivities of the
isotopologues while condensing (Jouzel and Merlivat, 1984). Although there is a rather large
discrepancy in the estimations of the diffusion coefficients of different water isotopes in air
(Merlivat, 1978; Cappa et al., 2003; Luz et al., 2009), the effect of kinetic fractionation lowers
the slope of the 6D - 6*¥0 relation (see Figure 1.10a). In particular, the kinetic effects are of
the same order of magnitude for both 6D and 6'80. However, as the equilibrium fractionation
factor is much larger for 0D, the relative importance of kinetic effects in isotopic fractionation

of water ice clouds is greater for 5180 (Casado et al., 2016).

Similarly as there is an equilibrium line in the 6D - §'80 relation, there is too for 5170 -
5180, which is given by In(6'70 4 1) = 0.528 In(6'80 + 1) (Barkan and Luz, 2005; Landais
et al., 2008). Nevertheless, unlike for the d-excess, temperature does not appear to have a
strong effect on the equilibrium 170-excess (170-excess = In(§170 + 1) - 0.528 In(6'80 + 1))
(Van Hook, 1968). Although temperature does not have an effect on the relative equilibrium
fractionation factors between 670 and §'%0, kinetic effects will lower the slope of the 670
- 6180 relation, creating a '"O-excess, which is larger as the kinetics effects become more

important (Casado et al., 2016).

29



1.1. MARS ATMOSPHERE

(@) A 1000 x 6D , (b) A In (670 +1)

4 Kinetic

Kinetic

Condensate Kinetic .~ Condensate

Equilibrium
at - 20°C

4
Meteoric i’ ! Meteoric /,’ 7
water Iing ’ 1 water ling 7,7
, ! 1000 x 6**0 P In (6**0+1)
. > . >

Figure 1.10: a) Theoretical evolutions of D and §'® O during condensation of water vapour onto water
ice at different temperatures, and showing the effects of kinetic fractionation. b) Theoretical evolutions
of 6170 and 5*® O during condensation of water vapour onto water ice at different temperatures, and
showing the effects of kinetic fractionation. Figure from Casado et al. (2016).

With this information, one can make some estimations for the predicted variability of
the water isotope ratios in the Martian atmosphere in condensation processes. Considering
the expressions for the equilibrium fractionation factors of Merlivat and Nief (1967) and Ma-
joube (1970) for 6D and 6'¥0 respectively, and considering that condensation occurs following
Rayleigh distillation, the 6D - §'%0 relation varies with temperature as shown in Figure 1.11.
With these assumptions, one may expect variations in 520 to be approximately a factor of
15 lower than in §D. However, it must be noted that this estimation is subject to the relative
importance of kinetic effects in the Martian atmosphere, that might be relevant given the cold
temperatures and high levels of supersaturation observed in the atmosphere (Fedorova et al.,
2020b; Casado et al., 2016). Regarding the potential variations of §7O, as the relation of
5170 and 630 in equilibrium does not appear to vary with temperature, one might expect
variations following the meteoric line. However, kinetic effects might also be important in

shaping the oxygen isotope composition during condensation.

Carbon dioxide also acts as a volatile species in the Martian atmosphere, and can therefore
get fractionated during condensation on COs ice clouds or on the polar caps. The isotopic
fractionation during the condensation of carbon dioxide into ice was measured by Eiler et al.
(2000), looking at the ¥0/10 and 3C/*2C ratios. They concluded that while the C iso-
tope ratio did not show any significant fractionation, the oxygen isotope fractionation factor

followed the relation
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Figure 1.11: Estimated relation between the equilibrium fractionation of 6D and §'®*O during con-
densation at different temperatures, as estimated using the fractionation factors of Merlivat and Nief
(1967) and Majoube (1970), and assuming Rayleigh distillation.

a1s5(CO2) = exp <2§3136 —14.5 x 10_3> . (1.1.3)

where T is the temperature in K. Eiler et al. (2000) estimate that the atmospheric volumes
subject to high extents of condensation may have variations of 680 in COs up to tens of per

mil.

Gas adsorption in the regolith

The regolith is an important reservoir of volatiles on Mars, storing substantial amounts of
Hs0 and CO9 adhered by physical adsorption (Fanale and Cannon, 1974). Adsorption and
desorption of the regolith is mainly driven by solar insolation, which creates large variations
of the surface temperature that strongly affect the adsorption coefficient of the gases. There-
fore, adsorption is expected to vary in a diurnal basis, although it also experiences seasonal

variability (e.g., Zent et al. (1993)).

Isotopic fractionation in adsorption is caused by the different adsorption diffusivities of
the different isotopologues (Moores et al., 2011). Hu (2019) modelled the diurnal variation
of the D/H ratio caused by atmospheric exchange with the regolith. Their model predicts

the diurnal variations to show a drop of the near-surface atmospheric D/H ratio in the early
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morning (~6 am), then an increase that yields the peak D/H value during the daytime (~
12-14 pm), and finally another decrease during the late afternoon and evening (see Figure
1.12). The model predicts diurnal variations of 300-1400 %o near the surface. However, it also
predicts these variations to be approximately a factor of 5 smaller at 100 m above the surface
(Hu, 2019). Similarly, the oxygen isotopes in HoO might experience fractionation during the
adsorption process, but the extent of it is unknown, since there have not been laboratory

studies measuring the fractionation factors.
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Figure 1.12: Diurnal variation of the D/H ratio predicted by the model of Hu (2019) at the equator
and mid-latitudes, as a function of solar longitude.

Apart from water, the Martian regolith exchanges substantial amounts of COs, and can
therefore fractionate its isotopic composition. Rahn and Eiler (2001) investigated the isotope
fractionation of COs adsorption on mineral surfaces relevant to Mars. They found that
adsorption can actually enrich the atmosphere in *C relative to '2C, which is in contrast to
the common expectation that the condensed phase should be enriched in the heavy isotopes.
In the case of the 80 /160 ratio, the atmosphere is depleted in the heavy isotope due to
the adsorption process, but just to a modest extent, being approximately a factor of four

lower than the fractionation due to condensation (Eiler et al., 2000; Rahn and Eiler, 2001).
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Livengood et al. (2020) measured substantial variations in the 180 /60 ratio (see Figure 1.8),
being correlated with the surface temperature. This correlation with temperature could be
indicative of fractionation due to the adsorption and desorption of COs. However, Livengood
et al. (2020) note that a large fraction of the atmospheric COy would have to be trapped on
the regolith at night to produce these large variations, given the experimental constraints of

Rahn and Eiler (2001).

It must be noted that, although the adsorption and desorption of CO2 on the Martian
regolith can produce variations of the isotope composition of HoO and COs, these processes
occur at the surface, while the lowest altitude above the surface observed in solar occulta-
tions is typically about 5 km, depending on the dust abundance (see Figure 1.4). Although
convective motions rapidly mix the atmosphere vertically from the surface to the top of the
planetary boundary layer, which is usually located at an altitude between 6 and 10 km in the
daytime (Korablev et al., 2019; Temel et al., 2019), it is unlikely that at the altitude range

sampled in solar occultations we find diurnal variations representative of adsorption processes.

Photochemical reactions

Fractionation in photo-induced reactions occurs due to the small difference in the zero point
energy (ZPE) between the different isotopologues and the contraction of the wave function of
the system due to the substitution of a light atom with a heavier one. These differences create
a difference in the reaction cross section and can therefore fractionate the isotopes (Liang et al.,
2004). In addition, isotopic fractionation can also occur in some chemical reactions, due to

the different reaction rate constants.

The photo-induced fractionation effect (PHIFE) has important implications in the connec-
tion between the D/H ratio in water vapour and in hydrogen. Cheng et al. (1999) measured
the absorption cross sections of HoO, HDO and D20, and observed that they showed some
significant variations (see Figure 1.13a). In addition, they computed the photolysis rates of
H50O using the photochemical model of Nair et al. (1994). In order to highlight the difference
of the PHIFE, they re-computed the dissociations rates of HoO, but now using instead the
cross sections of HDO (see Figure 1.13b). On a per-molecules basis, at high altitudes, the

photolysis rates of HoO and HDO are about the same, as most of the photons at these alti-
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tudes are absorbed near 170 nm. However, at low altitudes the photolysis of HDO is about
2-3 times less efficient than that of HoO, because most of the absorption takes place near 190
nm, due to the UV shielding by COs. Krasnopolsky et al. (1998) measured the D/H ratio
in Hy to be approximately 2.5 times lower than in HoO, which appears to be explained by

a combination of the PHIFE and the VPIE (Cheng et al., 1999; Bertaux and Montmessin,
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Figure 1.13: A) Laboratory measurements of the cross sections of Hy O, HDO and D2 O. B) Comparison
of the photolysis rates of Ho O and the relative rate of HDO in the atmosphere of Mars based on the
model of Nair et al. (1994). Figure from Cheng et al. (1999).

The photolysis cross sections of the oxygen isotopologues of water vapour have not been
measured in the laboratory. Miller and Yung (2000) presented a theoretical method for the
analysis of the PHIFE, computing the absorption cross sections for the different isotopologues
of water vapour. Figure 1.14 shows the difference in the absorption cross sections of several
isotopologues of water vapour with respect to that of H%O (e.g., (e(\) = (cmpo(N)/or20()\)
- 1) - 100)). The results of Cheng et al. (1999) showed that a factor of 2-3 was expected due
to the difference in the absorption cross sections in the long-wave tail near 190 nm (v = 52630
ecm™!). At these wavelengths, the D/H, 80/'0 and 70/'60 all have lower cross sections
than H%O. However, while the difference in the cross section with HDO reach values of about
60%, these differences are only of the order of 2.5 and 1.5% for H*O and H37O, respectively.
Therefore, the fractionation for the oxygen isotopes (680 and 6'70) is expected to be lower

than that of the D/H ratio.

As with water vapour, the photodissociation of CO4 fractionates the isotopic composition
of the parent molecule and the products (CO and O). The first evidence of fractionation due

to the photodissociation of CO9 molecules was investigated in a series of experiments, showing
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Figure 1.14: a) Percentual difference of the photodissociation cross sections of HDO and Dy O with
respect to H3® O, as measured by Cheng et al. (1999). b) Percentual difference of the photodissociation

cross sections of Hy® O and HY" O with respect to Hy O, as predicted by the ZPE-method of Miller and
Yung (2000). Figure from Miller and Yung (2000).

that 170'2C160 was anomalously enriched in the dissociation products at A = 184.9 nm, not
following a mass-dependent fractionation, which was attributed to a spin-forbidden process
(Bhattacharya et al., 2000; Mahata and Bhattacharya, 2009b,a). However, Schmidt et al.
(2013) challenged these results, suggesting they could be the result of an experimental bias.
Schmidt et al. (2013) calculated the absorption cross sections for the different isotopologues
of carbon dioxide, as shown in Figure 1.15. The results of Schmidt et al. (2013) predict that
the 12C1504 molecules are preferentially photolysed with respect to the heavier isotopologues,
producing a relative enrichment in §'3C, §'80 and 6'70 in the remaining CO,. Similarly, one
might expect the isotope fractionation of the products to be depleted in the heavy isotopes,

consistent with observations in the Earth’s atmosphere (Beale et al., 2016).
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Figure 1.15: Difference in the absorption cross sections of 2C'® Oy and 3 C' Oy (black), ¥ 0*2C*° O
(red) and 17O C'C O (blue), as predicted by Schmidt et al. (2013). The red dashed line represents the

different in absorption cross section predicted by the ZPE-method of Miller and Yung (2000). Figure
from Schmidt et al. (2013).
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1.1. MARS ATMOSPHERE

Apart from the fractionation associated with the photodissociation of HoO and CO4 molecules,
the isotope composition of these two species might also be affected by fractionation in reactions
of the H, C and O chemistry in other species, which then transfer this fractionation when
recombined to form HyO and COs. For instance, stratospheric ozone on Earth is greatly
enriched in heavy oxygen (~400%o) in a mass-independent way, with approximately equal
5180 and 6170 enrichments (Thiemens, 1999). Similarly, stratospheric CO5 also shows mass-
independent fractionation, which could be related to the isotopic exchange between carbon
dioxide and ozone (Yung et al., 1991). Understanding the fractionation of HoO and COs in

the atmosphere can therefore be subject to several reactions and processes.

Atmospheric escape

Fractionation during atmospheric escape into space might occur due to the greater ease of
the lighter isotopes to escape relative to the heavier ones. In principle, the mechanisms
governing the escape of the different isotopologues are the same. However, these mechanisms
may not affect all isotopologues at the same rates due to their slightly different properties,
which gives rise to isotopic fractionation as the atmosphere escapes into space. It must be
noted that, unlike the other fractionating processes introduced in this section, atmospheric
escape does not produce variations measurable in the present-day atmosphere, but instead
changes the isotope composition of the atmospheric reservoir over long timescales. Therefore,
understanding the role of fractionation during atmospheric escape is essential to understand

the evolution of the Martian atmosphere.

The escape of deuterium, as it is for hydrogen, is dominated by thermal escape (see section
1.1.4). However, due to the heavier mass of D with respect to H, the escape rates of the two

atoms will be different, mainly because of two effects:

e At the homopause, the atmosphere transitions from a state of strong turbulence and
mixing to a molecular-diffusion-dominated one above it, where the scale heights of the
different isotopologues are different, leading to the diffusive separation of the isotopes.
Taking into account that escape processes occur at the exobase, which is above the
homopause, diffusive separation between the homopause and exobase will lead to a lower

density of the heavy isotopes. Therefore, diffusive separation will lead to a fractionation
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given by

f = exp (—AmgAZ>

—r (1.1.4)

where Am is the mass difference between the two isotopologues (1 amu for D/H, 13C/12C
or 170 /160, and 2 amu for 80 /160), g is the gravity, Az is the altitude difference be-
tween the homopause and exobase, kg is Boltzmann’s constant, and 7" is the temperature

(see Figure 1.16a).

e Thermal escape occurs due to the presence of atoms with a thermal velocity greater than
the escape velocity of Mars (e.g., Chaffin et al. (2014)). The velocity distribution of the
atoms at a given temperature follows the Maxwell-Boltzmann distribution functions,

which is given by

3/2 2
B m - —mv*
f(v)dv = <27rkBT> 4v - exp <2kBT> dv (1.1.5)

where m is the mass of the particle. The escape velocity is given by

Ve = ,/(ZGJ%), (1.1.6)

where G is the gravitational constant (G = 6.67 x 107! m3 kg=! s72), M is the mass

of Mars (M = 6.4171 x 10® kg), R is the radius of Mars (R = 3389.5 km) and z is
the altitude above the surface. Considering an exobase altitude of 200 km, the escape
velocity of Mars is 4.8 km/s. Figure 1.16b shows the velocity distributions of H and D
atoms assuming an exospheric temperature of 220 K (Forbes et al., 2008). Because of
the mass difference between D and H atoms, while the probability of a H atom to have
a velocity greater than the escape velocity is py = 0.0044, the probability for D atoms

is only pp = 8.66 x 1076,

These processes reveal a greater ease of H atoms to escape as compared to D atoms.
Therefore, as the atmosphere escapes into space, the remaining gas bound to Mars is expected
to get enriched in the heavy isotope, following the Rayleigh fractionation law (Jakosky et al.,

1994). In particular, diffusive separation between both species yields a fractionation factor of
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1.1. MARS ATMOSPHERE

D/H of f = 0.83, which implies that almost the totality of water was lost from the Martian
atmosphere to leave the remaining atmosphere with a D/H ratio of 5 with respect to the
primordial isotopic ratios (see Figure 1.16¢). However, it must be noted that the fractionation
by diffusive separation occurs on top of any other fractionating processes that might influence
the efficiency of H and D-bearing species to be converted into atomic H and D atoms. Indeed,
estimations of the fraction of water reservoir lost to space require the definition of a net escape
fractionation factor f that encompasses the effects of all fractionating processes from the start

as HoO and HDO molecules, until they are lost in the form of H and D atoms (see equation

1.0.2).
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Figure 1.16: A) Vertical variations of the isotope ratios due to diffusive separation above the ho-
mopause. The homopause is considered to be at 100 km, with an upper-atmospheric temperature of T
= 220 K. B) Estimated velocity distributions of H and D atoms assuming an exospheric temperature
of 220 K. The red-dashed line indicates the escape velocity at 200 km above the surface. C) Factor
of enrichment in the isotopic ratio of the remaining bulk abundance, as a function of the fraction of
fluid that remains bound to the planet, considering different values of the escape fractionation factor
f- The blue and orange lines indicate the fractionation factor associated with diffusive separation. The
purple and red lines are calculated using the estimated values by Yung et al. (1988) and Krasnopolsky
(2002).

Estimations of this escape fractionation factor have been mainly performed using photo-
chemical models which treat the H and D-bearing species independently, allowing to estimate
the relative efficiency of escape between H and D atoms. In this way, Yung et al. (1988)

estimated a fractionation factor of f = 0.32, suggesting a lower efficiency of D atoms to reach
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the upper atmosphere. Krasnopolsky (2002) estimated the fractionation factor taking into
account both thermal and non-thermal escape mechanisms, considering several scenarios for
the solar activity, and derived values ranging from 0.055 to 0.167. Recently, Cangi et al.
(2020) explored the sensitivity of the fractionation factor f with respect to other atmospheric
parameters, such as the water vapour abundance or the atmospheric temperature. Their re-
sults yielded values of f ranging from 10~! to 10~ when considering only thermal escape.
However, although they do not fully model the fractionation in non-thermal escape processes,
they estimated that the fractionation factor when including both thermal and non-thermal

processes ranges from 0.03 to 0.1 instead (see Figure 1.17).
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Figure 1.17: Net escape fractionation factors of the D/H ratio estimated from the models of Yung
et al. (1988), Krasnopolsky (2000), Krasnopolsky (2002), Clarke et al. (2019) and Cangi et al. (2020).
Figure from Cangi et al. (2020).

In the case of oxygen, the mechanism dominating its escape into space is the dissociative
recombination of O ions (see section 1.1.4). Fox and Haé¢ (2010) modelled the isotope effect
inherent in this mechanism using Monte Carlo simulations. They derive a ratio of the escape
probability of O to that of 10 of approximately 0.4, and therefore predict an enrichment of
180 relative to 190 as the atmosphere escapes. Another important source of escape of oxygen

from the Martian atmosphere is ion sputtering (see section 1.1.4). In this case, the accelerated
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1.1. MARS ATMOSPHERE

ions provide enough energy to eject any isotopologue from the atmosphere, regardless of their
mass. However, as this process is most effective above the exobase, the fractionation factor will
be given by the diffusive separation of the isotopes between the homopause and the exobase
(f ~ 0.7 for 80/160 and f ~ 0.83 for 70 /100), as shown in Figure 1.16 (Jakosky, 2019).
However, it must be noted that, as discussed for the D/H ratio, estimations of the amount
of gas lost to space require the definition of a escape fractionation factor that includes all
processes from the start as Hi0 and H1%O until they finally escape. Besides, unlike hydrogen,
whose main source comes from the Martian water reservoir, the oxygen atoms in water vapour
are expected to interact with those from the COq reservoir and minerals in the crust, which

make the estimations of the escape fractionation factor more complex.

Finally, in the case of carbon, the relevance of each mechanism for its overall escape remains
unclear. The isotope effect inherent in some of the mechanisms discussed in section 1.1.4 can

be estimated as:

e Fox and Ha¢ (1999) used Monte Carlo simulations to calculate the velocity distributions
of 12C and '3C produced by the dissociative recombination of CO*. They estimated
that the fraction of >C atoms with velocities greater than the escape velocity was 0.62-
0.66, while from '3C the fraction is only 0.47-0.48. These results suggest that the isotope

fractionation factor from this mechanism lies in the range 0.72-0.77.

e As discussed for the case of oxygen, sputtering itself does not fractionate the isotope
composition of the atmosphere, but it depends on the relative abundance of each iso-
topologue near the exobase, which can be estimated using the expectations from diffusive
separation between the homopause and the exobase. This estimation is approximately
f ~ 0.83 in the case of the 13C/!2C isotopic ratio, as shown in Figure 1.16 (Jakosky,

2019) (see Figure ).

e Hu et al. (2015) estimated the isotope fractionation factor associated with the pho-
todissociation of CO taking into account the velocity distributions of the dissociation

products (C + O), yielding a fractionation factor of approximately 0.6.

It must be noted that, unlike for the D/H ratio, there have not been any modelling

attempts to characterise the net escape fractionation factor for the C and O isotopic ratios,
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including all processes from their start as COs and HyO molecules, until they escape into
space. Therefore, although an enrichment in the heavy isotopes is expected from atmospheric
escape, the total amount of atmospheric loss for the O and C reservoirs remains uncertain.
In addition, it must be noted that, although the overall enrichment in heavy isotopes in the
atmosphere provides indirect evidence of atmospheric escape, other processes could also have

impacted the isotope composition of the Martian atmosphere over long timescales, including:

e Condensation of HoO and CO2 on permanent polar caps could have depleted the atmo-
sphere in the heavy isotopes, given their preferential condensation onto ice, as given by

equations 1.1.1, 1.1.2 and 1.1.3 (Jakosky, 2019; Krasnopolsky, 2015).

e Volcanic out gassing throughout the Martian history would partially reset the atmo-
spheric isotopic ratios with their primordial values (Greeley and Schneid, 1991; Grott
et al., 2011; Alsaeed and Jakosky, 2019; Jakosky, 2019).

e Atmospheric escape by impact ejection could have ejected part of the atmosphere to
space. However, this process is expected to leave the isotopic composition of the re-

maining atmosphere untouched.

e Impacting objects during accretion and up through a possible late heavy bombardment
(LHB) can supply volatiles to Mars, mixing the isotope composition of the Martian
atmosphere with that of the impacting objects (Bogard et al., 2001; Fox and Ha¢,
2010).

1.2 Summary

This chapter has summarised key aspects about the Martian atmosphere relevant to under-
stand the isotopic composition of HoO and COs in the atmosphere, as well as its potential
variability. In particular, we have provided a detailed overview of the COg and HoO atmo-
spheric cycles, explaining how they exchange with other reservoirs on the surface and sub-
surface and how they escape to space. In addition, we have provided an extensive overview
of the previous measurements that have been made to constrain the isotopic composition of
CO4 and H5O in the atmosphere of Mars, as well as the expectations of isotopic fractionation

in the several processes that might affect HoO and COs in the atmosphere. This information
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is relevant to understand the results derived from the ACS measurements and relate them to

our original research questions stated at the beginning of this chapter.

In Chapter 2, we provide a brief introduction to the ExoMars programme, and then a more
detailed description of the ACS instrument and the data. Chapter 3 explains the physics
behind the observations made with ACS, what information these spectra can provide about
the isotopic composition of Mars’ atmosphere, and how it can be inverted using the NEMESIS
radiative transfer and retrieval algorithm to obtain the vertical profiles of the isotope ratios.
Chapters 4, 5 and 6 present the main results of the thesis, presenting the first vertical profiles
of the isotope ratios in HoO and COag, as well as their variations with season, latitude and
local time. Finally, chapter 7 summarises the main points of the thesis, addressing our original

research questions and provides some research lines for future work.
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Chapter 2

ACS onboard the ExoMars TGO

The ExoMars programme emerged as a collaboration between the European Space Agency
(ESA) and the Russian Space Agency (Roscosmos). This programme, apart from the demon-
stration of a number of flight and in situ technologies, has a number of scientific objectives
to better understand the Martian environment, which include the search for signs of past
and present life, the characterisation of trace gases in the atmosphere, and the investigation
of the variations of the water and geochemical environment. ExoMars will accomplish these

objectives with a two-stage mission, launching in 2016 and 2022 (Vago et al., 2015).

The first stage of the programme comprises a Trace Gas Orbiter (TGO) and an Entry, De-
scent and Landing Demonstrator Module (EDM) known as Schiaparelli. Both were launched
on March 2016, arriving to Mars seven months later on October 2016. Schiaparelli, whose
main objective was to test the technology for a controlled and successful landing on the surface
of Mars, was ejected from TGO on October 16, descending into the Martian atmosphere. Dur-
ing the descent, an anomaly in the navigation system made the deceleration systems operate
as if Schiaparelli had already landed, while it was at an altitude of 3.7 km, leading ultimately
to the crash of the lander. TGO was inserted into a high-elliptical orbit around Mars. After
a different set of manoeuvres and an aerobraking phase, TGO lowered its altitude into the

final 400 km circular orbit on March 2018, starting the science operation phase.

The second part of ExoMars will most likely launch in 2022, arriving to Mars on 2023,
and comprises the Rosalind Franklin Rover and the Kazachok Surface Platform. The main

objective of the rover will be the search of biosignatures. As the atmosphere of Mars offers
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little protection to radiation and photochemistry at the surface, the ExoMars rover is equipped
with a drill, which will enable the search for biomarkers down to a maximum depth of 2 m.
On the other hand, the Kazachok surface platform will analyse the environment and surface

of the landing site, allowing for a long-term monitoring of the climate.

The Trace Gas Orbiter is the most important part of the mission for the goals of this
project. Since March 2018, it has been orbiting Mars in an almost circular orbit, with a mean
altitude of 400 km, but with altitude variations between 380 and 432 km. The orbital plane
lies at an angle of 74° with respect to the equator, and the orbital period is approximately
two hours, which implies about 12 revolutions in 1 Martian sol (see Figure 2.1). The scientific
payload onboard of TGO performs observations in both nadir and solar occultation modes.
The ground track of TGO covers latitudes +74°, as constrained by the inclination of the orbit.
For consecutive orbits, the observed latitude advances about 30°, and after 7 sols the planet
is completely mapped (Korablev et al., 2018). Regarding the solar occultation coverage, the
2-hour orbit implies approximately 24 solar occultations per day, 12 at ingress and 12 at

egress.

The payload of the ExoMars TGO comprises four different instruments for the accomplish-

ment of the scientific goals:

e ACS (Atmospheric Chemistry Suite) consists of three different infrared spectrometers,
covering a wavelength range between 0.7 and 17 um. ACS operates in both nadir
and solar occultation modes, enabling the detection of trace species in the Martian
atmosphere, the characterisation of high vertical resolution profiles of already detected

species, and the continuous monitoring of the Martian climate (Korablev et al., 2018).

e The NOMAD (Nadir and Occultation for MArs Discovery) instrument is a spectrometer
suite with three different channels, two covering the infrared (2.2-4.3 pm) for solar oc-
cultation and nadir-viewing observations, and the other covering the ultraviolet-visible
(UVIS 0.2-0.65 pm). NOMAD complements ACS on the search for trace gases in the
infrared, and also allows the detection of other gases such as ozone, and the characteri-

zation of aerosols with the UVIS channel (Vandaele et al., 2018).

e (CaSSIS (Colour and Stereo Surface Imaging System) is a high-resolution colour and
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Figure 2.1: TGO ground track for 1 sol (top) and for 7 sols (bottom). The red lines indicate dayside
passes, while the blue color indicates nightside passes. Yellow lines represent occultation events, with
the projection of the tangent height ranging from 0 to 200 km. Source: (Korablev et al., 2018)
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stereo camera, with a pixel resolution of approximately 5 m at the surface of Mars.
CaSSIS allows the construction of accurate digital elevation models of the surface, as well
as the investigation of interesting geological formations, providing context for sources
and sinks of trace gases potentially measured by ACS and NOMAD (Thomas et al.,
2017). In addition, CaSSIS provided context for the selection of the ExoMars 2022

landing site, which was decided to be Oxia Planum.

e FREND (Fine Resolution Epithermal Neutron Detector) is a neutron detector that
allows the detection of hydrogen in the form of water or water-containing minerals from
the Martian surface up to a metre down. This investigation follows that initiated by
NASA’s Mars Odyssey mission, but providing a higher spatial resolution, thanks to
the introduction of a collimation module that limits the field of view of the detector

(Mitrofanov et al., 2018).

In this chapter, an in-depth description of the ACS instrument is provided, focusing on the
mid-infrared channel, which is the most relevant for the purposes of this work. In particular,
the following sections describe the design of the instrument, as well as the measurements it

makes, in context with the operational constraints of the spacecraft.

2.1 ACS Design

The Atmospheric Chemistry Suite is one of the Russian contributions to the scientific payload
of the ExoMars TGO, and was built by the Space Research Institute (IKI) in Moscow, Russia.
ACS consists of four main blocks (see Figure 2.2A), three of which are infrared spectrometers
designed to establish a detailed inventory of the trace gases in the Martian atmosphere: a
spectrometer combining an acousto-optic tunable filter (AOTF) with an echelle grating in the
near infrared (NIR), an echelle cross-dispersion spectrometer in the middle infrared (MIR),
and a Fourier Transform spectrometer for the thermal infrared (TIRVIM), covering a total

wavelength range from 0.7 to 17 pum (Korablev et al., 2018).

The NIR channel is designed as a combination of an echelle spectrometer with an AOTF
for the selection of diffraction orders within a total wavelength range of 0.73 to 1.6 pm. This

concept was initially proposed for measurements in the terrestrial atmosphere (Korablev et al.,
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TIRVIM

A)

MIR

Figure 2.2: (A) ACS architecture design, showing the four blocks it consists of: the NIR, MIR and
TIRVIM channels, and the block of electronics (BE). (B) Optical design of ACS MIR. The numbers
indicate the different elements of the instrument, standing for: 1,3,5 - Folding mirrors; 2 - Blocking
filter; 4 - Entry telescope; 6 - Slit; 7,8 Primary and secondary collimator mirrors; 9 - Echelle diffraction
grating; 10 - Folding convex mirror; 11 - Collimator of the secondary grating; 12 - Steerable secondary
grating; 13,14 - Focusing lenses; 15 - Cold filter; 16 - Detector array. Source: (Korablev et al., 2018)

2002), and has been used for other space missions such as SPICAV on Venus Express (Nevejans
et al., 2006) and SPICAM-IR on Mars Express (Korablev et al., 2006). The wavelength
range covered by the NIR channel encompasses absorption bands of COs, HoO, CO and Os.
Fedorova et al. (2020b) used NIR’s solar occultation observations to measure the climatology
of pressure, temperature, and water vapour, monitoring the effects of the Global Dust Storm
(GDS) in the atmospheric state and composition, observing high levels of supersaturation
in water vapour, and depicting the perihelion season as an enhancing mechanism for the

transport of water vapour to the upper atmosphere.

TIRVIM is a double-pendulum Fourier-transform spectrometer (FTS) that operates in a
wavelength range between 1.7 and 17 pm, with a spectral resolution finer than 1 cm™!. The
capabilities of the design of TIRVIM are confirmed from several Fourier-transform spectrome-
ters designed at IKI (Formisano et al., 1993; Korablev et al., 2009). TIRVIM can also operate
both in nadir and solar occultation modes. The role of TIRVIM’s nadir mode is to characterise
the main climatic parameters in space and time, such as the vertical profiles of temperature
from the CO5 band at 15 pum, dust and ice opacity. This role follows the continuous mon-
itoring developed by other instruments such as the Thermal Emission Spectrometer on the
Mars Global Surveyor (TES/MGS, Smith et al. (2004)), the Mars Climate Sounder on the
Mars Reconnaissance Orbiter (MCS/MRO, Kleinbohl et al. (2009)), or the Planetary Fourier

Spectrometer onboard Mars Express (PFS/MEx, Giuranna et al. (2019)). On the solar occul-
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tation mode, TIRVIM’s wide spectral range makes it especially suitable to study the vertical
distribution of aerosol density and particle size, for both dust silicates and water ice clouds

(Luginin et al., 2020).

Lastly, the MIR channel, which is the most relevant for the purposes of this project, is an
echelle cross-dispersion spectrometer operating in a wavelength range between 2.3 and 4.2
pm (2380 - 4347 cm™!). The MIR channel is a new concept designed for obtaining high
spectral resolution (A/AMX ~ 30000-50000) in a reasonably wide instantaneous spectral range
(0.09-0.27 pm), as opposed to the narrow instantaneous spectral range provided by echelle-
AOTF spectrometers (e.g., ~0.016 pm for NIR), allowing the simultaneous detection and
mapping of several atmospheric species. To date, ACS MIR has proved its capabilities in
characterising the atmospheric composition of the Martian atmosphere. First results from
the MIR channel reported the non detection of methane in the Martian atmosphere, setting
upper limits as low as 0.012 ppbv (Korablev et al., 2019), which is orders of magnitude below
the background methane detections by the Curiosity Rover (Webster et al., 2018). ACS MIR
also measured the isotopic composition of HoO (Vandaele et al., 2019), and the effect of the
GDS in the vertical distribution of CO (Olsen et al., 2021). Later on, further refinement
of the calibration pipeline depicted fine spectroscopic features in the spectral range where
methane absorbs, including the detection of a previously unknown magnetic dipole CO9 band
(Trokhimovskiy et al., 2020), and a faint infrared signature of Os never detected on Mars
before (Olsen et al., 2020). Finally, Korablev et al. (2021) reported the first detection of HCI1
in the Martian atmosphere, whose abundance appears to be correlated with the onset of the

GDS.

2.1.1 ACS MIR Optical Design

The optical design of the MIR channel is sketched in Figure 2.2B. The beam of light enters
the instrument through the periscope, and is then directed to the telescope through the entry
optics, which comprise a blocking filter and the folding mirrors. The telescope projects the
image on to the slit, whose size determines the field-of-view (FOV) of the instrument, which
is 0.3 x 4.1 mrad (1 x 14 arc min), partially covering the apparent size of the solar disk
(20 arc min). The light beam then reaches the echelle grating, which splits the beam into

several diffraction orders. The main difference of ACS MIR with other spectrometers is that
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the diffraction orders are then directed into a secondary movable grating, which allows the
selection of the diffraction orders. This secondary grating consists actually of two diffraction
gratings of 361 and 180 grooves per mm respectively, mounted back-to-back, and connected
to a motor that allows different positions of the system. Depending on relative angle of the
secondary grating, from 7 to 17 diffraction orders can be selected for simultaneous recording

on to a 512 x 640 pixel detector.

The steerable motor can change the angle of the secondary grating in 1.8° steps, and also
allows a fast 180° turn to switch between the echelle gratings. The wavenumber range covered
for each of the secondary positions is shown in Table 2.1. In addition, the motor is able to
switch between contiguous positions with a characteristic time of approximately 0.1 seconds,
allowing the possibility to perform a broader spectral scan in the observations. However,
occultations with more than one secondary grating position have not yet been performed due
to the complexity of the calibration of these observations.

Table 2.1: Wavenumber coverage of ACS MIR as a function of the secondary grating position.

Echelle grating Position Relative angle Diffraction orders Wavenumber range (cm™!)

1 (361) 3 7.5° 206 - 214 3453 - 3601
1 (361) 4 5.7° 216 - 225 3604 - 3769
1 (361) 5 3.9° 226 - 237 3789 - 3987
1 (361) 6 2.1° 238 - 251 3990 - 4222
1 (361) 7 0.3° 250 - 265 4191 - 4456
2 (180) 9 -3.3° 141- 152 2362 - 2560
2 (180) 10 -5.1° 151 - 164 2529 - 2761
2 (180) 11 -6.9° 162 - 178 2713 - 2996
2 (180) 12 -8.7° 174 - 194 2915 - 3265
2 (180) 13 -10.5° 188 -213 3149 - 3585

Once the light is diffracted on the secondary grating, it is projected onto the detector, such
that the x-axis represents the spectral dimension, while the selected diffraction orders are
split along the y-axis. The width of each diffraction order along the y-axis is determined by
the projection of the slit’s FOV on the detector, each row representing a given tangent height
above the Martian surface. Figure 2.3 shows observations of the clear Sun made with ACS
MIR during the Mid-Cruise Check-up (MCC) campaigns on June 2016. These measurements
are indicative of the behaviour of the signal-to-noise ratio (SNR) on the detector frame, which

peaks close to the center, and decreases towards the edges.
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ACS MIR on-board software was designed to be as versatile as possible, and allows the
selection of specific rows on the detector frame (i.e., diffraction orders). Partial framing on
ACS MIR observations is not only used to reduce the downlink volume, but also to increase
the number of measured frames in a given occultation and consequently increase the ver-
tical resolution, always complying with data volume constraints imposed by the spacecraft

(Korablev et al., 2018).
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Figure 2.83: Example of two ACS MIR frames (Position 9 - diffraction orders 141 to 152; Position 11
- diffraction orders 162 to 178) obtained from a Sun observation during the MCC campaigns on June
2016. The lower figures represent a vertical cut across the detector, showing the spacing between the
different diffraction orders in the detector. Source: Korablev et al. (2018).

2.1.2 ACS Boresight alignment

The boresight pointing of the spectrometers on ACS during solar occultation observations
was selected such that the three channels could operate simultaneously, taking advantage of
their combined capabilities. Figure 2.4A shows the boresight FOV of the NOMAD and ACS
instruments for an ACS-driven solar occultation. MIR’s slit is oriented perpendicularly to the
Martian surface, and is just partially illuminated by the Sun. The partial illumination of the

slit not only allows the simultaneous observations by ACS NIR, whose FOV also intersects
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with the Sun, but also avoids overlapping of the diffraction orders in the detector frame, which
is undesirable for calibration purposes (see Figure 2.4B). In solar occultations, TIRVIM’s FOV
encompasses the whole disk of the Sun, and can therefore operate simultaneously with the

other two channels.

Figure 2.4A shows that during solar occultation observations, the slits of the NOMAD
instrument and ACS MIR cannot be simultaneously illuminated due to the apparent size
of the Sun being smaller than the separation of the two boresight directions, which means
they cannot operate at the same time. Therefore, solar occultations need to be either ACS
or NOMAD-driven, although it must be noted that the NIR and TIRVIM channels on ACS
can also operate during NOMAD-driven observations. A compromise between the ponting of
both instruments was agreed, such that 10 occultations per day are ACS-driven, while the

remaining 14 occultations are performed using NOMAD’s optimal pointing.

The geometrical parameters of the measurement in each acquisition made by ACS MIR
during one occultation are calculated using the SPICE kernels provided by ESA’s Science
Operations Centre (SOC) (Costa, 2018). These kernels are processed at the Space Research
Institute (IKI), generating three ASCII files with the geometry of the observation correspond-
ing to the line-of-sight at the slit edges and centre. For each acquisition, these parameters
include the latitude, longitude and local time of the tangent point, as well as the tangent
altitude above the Martian surface. On ACS MIR’s detector frame, the slit is projected over
10-20 pixels along the y-axis, visible as several stripes corresponding to the several diffraction
orders (see Figure 2.4). Interpolation of the observational parameters in the three files allows

the computation of the geometry for each spectrum recorded in the different detector rows.

2.2 ACS MIR Measurements

2.2.1 ACS MIR solar occultations

From a spacecraft orbiting around a planet such as the ExoMars TGO, one can potentially
look at the nadir, at the limb, or at an external source of light, such as the Sun or other stars.
Nadir-viewing observations have the advantage of providing a good horizontal resolution,

but they can provide just a limited amount of information about the vertical structure. On
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Figure 2.4: A) TGO solar occultation boresight alignment for an ACS-driven observation. B) Projec-
tion of the partially-illuminated slit on MIR’s detector. Credit: Alexander Trokhimouvkiy.
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the other hand, limb-viewing observations provide precise vertical constraints. However, the
line-of-sight covers a large range of latitudes and longitudes, and therefore provides poorer

horizontal resolution.

The MIR channel on ACS operates in solar occultation mode. Geometrically, solar oc-
cultation observations are comparable to limb-viewing observations, in the sense that a long
path along a large range of latitudes and longitudes is observed. However, the pointing in
this case is directed to the Sun, or other stars in the case of star occultations. Solar occulta-
tion observations are especially suitable for the measurement of trace gases due to the great
brightness of the Sun, which results in high signal-to-noise ratio (SNR) spectra, and the long
observed path length, which results in an observed air mass about 10 times greater than when

observing the nadir.

Figure 2.5 shows a sketch of the observational setup of ACS MIR solar occultations. ACS
MIR observes the Sun from 0 to 270 km above the Martian surface within 3-6 min. In each
individual acquisition, 200 consecutive frames are stacked together on-board. The integration
time of a single frame is 3 or 6 ms, depending on the selected secondary grating position, but
each of the 200 readouts from the detector takes approximately 10 ms, with one acquisition
lasting 2.1 s. In each occultation, the uppermost heights are averaged to obtain a reference
solar spectrum, which is then used to generate the transmission spectra. The reference height
for calculating the reference solar spectrum is somewhat arbitrary, depending on the observed
spectral range, but must be high enough so that there is no atmospheric contamination. On
the other hand, a dark signal, combination of the detector dark current and the surrounding
thermal background emission, is estimated from the lowermost observations, where the Sun
is completely concealed by the Martian surface, and refined in dedicated observations of
open space. The spectral calibration of the measurement is performed using solar lines and
comparing them to the ACE-FTS solar atlas (Hase et al., 2010). Then, it is further refined

using observed atmospheric absorption lines of COy and H»O.

2.2.2 ACS MIR observation coverage

The 2-hour orbital period of the ExoMars TGO allows 24 solar occultations observations per

day (12 ingresses and 12 egresses), 10 of which are made using ACS’ optimal boresight align-
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Figure 2.5: Sketch of the observational setup during a solar occultation observation.

ment, in which all three channels on ACS can simultaneously operate, and the remaining 14
observations are NOMAD-driven, in which ACS MIR does not operate. Other constraints for
the observations include limitations in the downlink volume, and the unavailability of occul-
tations due to geometric constraints. Available downlink volume is variable throughout the
science mission, as it depends on the availability of ground stations, as well as on the distance
between the Farth and Mars. In order to comply with the downlink volume limitations, MIR
observations are made either using partial framing, in which only the most interesting diffrac-
tion orders for each secondary grating position are selected and sent to Earth, or decreasing
the vertical resolution of the observation. The unavailability of solar occultations for the
ExoMars TGO is best described by the S-angle, which is defined as the angle between the
orbit plane and the Sun direction vector. The S-angle varies throughout the science operation
phase in cycles of approximately seven weeks. When 5 > 63°, the Sun is not concealed by

the body of Mars, and full occultations therefore do not occur (Geiger et al., 2018).

TGO science operations started in March 2018, when Mars was at Lg = 163° in Martian
Year 34 (MY34). Up to February 2021, ACS MIR has made 4506 observations, probing
the atmosphere for more than a full Martian year, at a broad range of locations and local
times (see Figure 2.6). The latitudinal coverage of ACS observations spans a broad range
of latitudes between 90°S and 88°N. During a single day, the occultation tangent points are

evenly distributed in longitude, at fixed latitudes in the northern and southern hemisphere,
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as indicated with yellow dots in Figure 2.1.
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Figure 2.6: ACS MIR solar occultation coverage as a function of latitude and solar longitude, from
March 2018 to March 2020. The colorbar represents the local time of the observations.

It can be observed in Figure 2.6 that there are occultation-free periods approximately every
50° of solar longitude, which correspond to periods in which the [-angle is greater than
63°. The B-angle not only affects the availability of occultations, but also the characteristics
of the occultations. For instance, occultations with 5 < 60° from 200 km to the surface
typically occur within 2-4 minutes, while an occultation with § = 61 ° takes approximately
8 minutes (Korablev et al., 2018). Long-lasting occultations are characterised by a denser
vertical resolution, but the tangent point moves in latitude during the course of an occultation,
which can affect the analysis of the measurements if there is horizontal variability in the

atmosphere.
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2.2. ACS MIR MEASUREMENTS

2.2.3 ACS MIR double image

Early on after the start of the ExoMars TGO’s nominal science phase, comparison between
the measured and modelled transmission spectra revealed a doubling of the absorption lines.
Indeed, further investigation of this feature made it clear that it was the whole detector
image being doubled, with an offset of approximately 5 and 2 pixels in the vertical and
horizontal directions respectively. The cause of this doubled-image is unknown, although it
is presumably the result of a partial fracture in one of the lenses broken during launch. An
accurate understanding of the doubled-image is essential for understanding the sensitivity of
the ACS MIR spectra and carefully disentangling the impact of the atmospheric parameters

from the instrumental effects.

The nature and magnitude of the doubled image is complex, varying throughout the detector
array, and making a potential rectification of the fault difficult. Figure 2.7 illustrates the
behaviour of the doubled image for the upper and lower portions of the detector frame, by
comparing images of the same diffraction order, but observed in different positions of the
secondary grating. In particular, diffraction order 250 is observed both when using secondary
grating positions 6 and 7 (see Table 2.1), but while this order is situated in the lower part of the
detector in position 6, it is situated in the upper portion in position 7. While the transmission
image for this diffraction order is neat in position 6 (panel D), the same diffraction order is

blurred in position 7 (panel E), caused by the superposition of two doubled images.

Variations of the magnitude of the doubled image are observed not only in different parts
of the detector, but also in different rows within a diffraction order. Figure 2.8 shows the
spectra measured in the rows corresponding to the slit edge and centre in diffraction orders
217 and 225, when using secondary grating position 4. In diffraction order 217, the spectrum
measured at the slit centre shows absorption lines with two peaks, caused by the doubling of
the image. At the slit edge, the spectrum shows single peaks for each absorption line instead.
In addition, as previously illustrated in Figure 2.7, the magnitude of the doubled image varies
in different parts of the detector. While the measured spectra shows clear differences between
the doubling at the slit centre and edge in diffraction 217, these differences are milder for

diffraction order 223, which is situated at the bottom part of the detector frame. All the
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Figure 2.7: Illustration of doubled image in an ACS MIR detector frame. a) schematic representing
two offset and overlapping images, b) the lower-portion of a position 6 detector image of intensity
featuring order 250, c) the upper-portion of a position 7 intensity image featuring order 250, d) the
lower-portion of a position 6 transmission image with order 250, e) the upper-portion of a position 7
transmission image with order 250. Figure from Olsen et al. (2021).

variability of the doubled image impedes the correction of the detector images. Instead, the
doubling of the absorption lines needs to be accounted for in the radiative transfer model (see

Section 3.4.4).

2.3 Summary

In the previous chapter, we introduced the key aspects of the Martian atmosphere relevant
to understand the measurements of the isotope ratios in CO9 and H5O. In this chapter, we
have provided a detailed overview of the ExoMars mission, the Trace Gas Orbiter, and in
particular of the middle infrared channel of the Atmospheric Chemistry Suite, which is the
one we use to measure the isotopic ratios. ACS MIR has the primary goal of providing a
detailed inventory of the trace gases present in the Martian atmosphere. In order to achieve
the highest sensitivity to the trace gases, ACS MIR combines an advanced optical design
that allows high spectral resolution measurements (A/AX ~ 30000-50000), with the enhanced
sensitivity to trace gases achieved with solar occultation observations. ACS MIR’s optical
design is characterised by the use of two echelle gratings, one of which can rotate to separate

the diffraction orders. Depending on which of the twelve positions the secondary grating is
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Figure 2.8: ACS MIR spectra measured using secondary grating position 4. The two panels on the left
show the measured detector frames, highlighting the rows corresponding to the slit edge and centre in
diffraction orders 217 and 223, whose corresponding spectrum is shown in the righthand panels.

rotated to, the instrument can access different spectral ranges within the total spectral range

of the instrument (2.3 - 4.2 ym or 2380 - 4347 cm™1).

In the next chapter, we explain how the ACS MIR measurements are modelled based on

the atmospheric vertical profiles and discuss the most suitable spectral ranges and secondary

grating positions to study the isotopic composition of COs and HO in the atmosphere of

Mars with ACS MIR spectra. In the following chapters, we then apply these methods to

derive the isotope ratios from the ACS MIR solar occultation observations.
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Chapter 3

Atmospheric retrievals in ACS MIR

solar occultations

Apart from in situ atmospheric measurements, the best way to analyse planetary atmospheres
is to observe their electromagnetic spectra, which incorporates the absorption, emission and
reflection of light. In particular, the infrared part of the spectrum is especially interesting as

it allows us to constrain temperatures, gas and aerosol abundances.

In order to obtain information about the structure and composition of an atmosphere
from its spectrum, we need a radiative transfer forward model that relates the atmospheric
parameters to the observed spectrum. A retrieval tool is then used in order to solve the inverse
problem, in which the properties of the atmosphere are retrieved from the comparison of the

model and the measurement.

In this project, we use the Non-linear Optimal Estimator for MultivariatEl Spectral analySIS
(NEMESIS) code, developed by Irwin et al. (2008). The code was initially developed to
analyse spectra from the Cassini spacecraft, but constructed to be generally applicable to
any planetary atmosphere and observation geometry. NEMESIS has been already applied to
many different atmospheres from ground-based telescope and spacecraft, in both nadir and
limb-viewing observations (e.g., Irwin et al. (2008); Sefton-Nash et al. (2013)). In this case,

we will apply it to solar occultation measurements for the first time.
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3.1. RADIATIVE TRANSFER IN SOLAR OCCULTATION OBSERVATIONS

In this chapter, we explain the main equations describing the radiative transfer model and
the retrieval tool. We then give an overview of the the isotope studies that can be performed
using ACS MIR, and finally explain the specific retrieval scheme adopted for ACS MIR solar

occultation observations.

3.1 Radiative transfer in solar occultation observations

The main purpose of any radiative transfer code is to calculate a synthetic spectrum for a
given atmosphere, which is computed solving the radiative transfer equation. This equation
states that the propagation of radiation is affected by emission, absorption and scattering.
For the purposes of these project, given the spectral range observed with ACS MIR and the
range of temperatures on Mars, thermal emission is negligible. In addition, given the small
field of view of the instrument and the fact that we are looking directly at the Sun, we assume
that the contribution by scattering will also be negligible and thus do not account for it.

Therefore, in this context the radiative transfer equation simplifies to

dl,

o = —I,k,(s)n(s), (3.1.1)

where [, is the spectral intensity of the radiation beam, k, is the absorption coefficient

2

in cm?, n is the number density in cm™ and s is the distance along the path in cm. Upon

integration equation 3.1.1 gives

L=1,-¢™ (3.1.2)

where 7, is the optical depth defined as 7, = [ k,(s)n(s)ds. The absorption coefficient and
the density are continuous functions of the path length s, whose integration is not analytically
solvable in a general case. Therefore, the optical depth is computed numerically, discretising
the atmosphere into a finite number of layers. In the case of solar occultation observations,
the observed intensity I, is usually normalised with the out-of-atmosphere measured solar

intensity I,,, in order to obtain a transmission spectrum 7.

Absorption of photons from the solar flux in the Martian atmosphere will be caused by

either gases or aerosols. In the case of the gaseous absorption, the monochromatic absorption
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CHAPTER 3. ATMOSPHERIC RETRIEVALS IN ACS MIR SOLAR OCCULTATIONS

coefficient k, for a given transition is given by

kv, T) = S(T)u(p. T), (3.1.3)

where S is the line strength of the transition and ¢ is the function describing the broadening
of the line. The strength at a reference temperature (7 = 296 K) of the line transitions of
the various gases in the Martian atmosphere are tabulated in spectroscopic line databases,
such as the 2016 edition of the HITRAN database (Gordon et al., 2017). Then, the intensity

at any other temperature is calculated by

Q(TO) e—th”/kBT (1 — ehev/kpT)
Q(T) e—hCE”/k;BT() (1 _ ehCV/k‘BT())

S(T) = S(Ty) (3.1.4)

where Q(T) is the partition function at temperature T', h is the Planck constant, ¢ is
the speed of light, kg is the Boltzmann constant and E” is the lower state energy, which is
also tabulated in the HITRAN database. The internal partition function, which describes the
statistical properties of a gas in thermodynamic equilibrium, are computed using the 2017

edition of the TIPS database created by Gamache et al. (2017).

The spectral lines are not totally monochromatic, but they rather occur over a finite range
of wavenumbers. Various physical processes can give rise to the broadening of a spectral line,
such as natural broadening, Doppler broadening and pressure broadening, with the last two
being dominant in the majority of planetary atmospheres. Doppler broadening, as its name
suggests, is produced by the Doppler effect from the thermal motion of the molecules in a
gas. In local thermodynamic equilibrium (LTE), the velocity distribution is given by the
Maxwell-Boltzmann distribution, and the broadening of the line is described by a Gaussian

profile, with a half-width at half-maximum (HWHM) given by

I40) QNAkBTln(Q)
N -/ 1.
ap c M (3 5)

where 1 is the central wavenumber of the transition, N4 is the Avogadro constant and M

is the molar mass of the molecule.

Pressure broadening is related to the effect of collisions in the characteristic lifetime of

the emission or absorption process. This type of broadening is described by a Lorentzian
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profile and its width is related to the frequency of the collisions. The HWHM + of this profile
is usually tabulated in spectroscopic databases at a reference pressure (pg = 1 atm) and a
reference temperature (7" = 296 K) in the cases for self-broadening and air-broadening, and

can be calculated at any other pressure and temperature using

v(p, T) = Yair (P0, T0) (P = Pgas) + Vsety (Po; To)Pgas <To>n

- - (3.1.6)

where pyqs indicates the partial pressure of the emitting or absorbing gas and n is the

temperature exponent coefficient, also tabulated in the database.

Traditionally, the temperature dependence of the pressure-broadening coefficient v has been
modelled using an exponential function as described in equation 3.1.6. Recently, Gamache and
Vispoel (2018) developed a new expression that correctly models the temperature dependence

of v over a large range of temperatures, using a Double Power Law (DPL) given by

V(p, T) = p% : [Cl (?)m + e <§°)n2] (3.1.7)

where c1, c9, n1 and no are coefficients tabulated in the spectroscopic line databases.
Gamache and Vispoel (2018) compared the performance of equations 3.1.6 and 3.1.7 in more
than 100 thousand transitions, and in all cases the DPL gave better results than the stan-
dard power law. Currently, the HITRAN database provides the relevant parameters for the
standard power law, but it is foreseen that the spectroscopic databases will start tabulating

the parameters relevant to the DPL in the near future.

The values for 74 tabulated in the HITRAN database are representative of Earth-like
atmospheres (i.e., No combined with O3). However, the Martian atmosphere is dominated
by COs, and both the pressure broadening coefficient 74, and the temperature exponent n
depend on the gas environment. In the past years, great modelling and laboratory efforts
have been made in order to estimate the pressure broadening coefficients for COg-dominated
atmospheres, and there are public results for some gases such as SO2, NHs, HF, HCl, OCS
and CoHg (Wilzewski et al., 2016).
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In the case of water vapour, previous studies on Mars have often applied a constant scaling
of 1.67 with respect to the air-broadened coefficients in an Earth-like atmosphere (Ng +
O2) derived by Brown et al. (2007) to simulate the effect of a COg-dominated atmosphere.
Nevertheless, Brown et al. (2007) point out that the measured ratio of COg2 to air-broadened
coefficients shows large variability around the mean value of 1.67 (0.95-3.07), and therefore
the “simple scaling of the coefficients for N9 broadening does not provide a reliable set for CO2
broadening of water” (Brown et al., 2007). Gamache et al. (2016) published a spectral line
list for the water isotopologues, which simulates the line shape parameters using the Modified
Complex Robert—-Bonamy formalism (MCRB), which in general yields to average uncertainties
of ~5% and should provide a more accurate representation than a constant scaling factor.
This spectroscopic linelist for HoO in a COs-dominated atmosphere was improved by Devi
et al. (2017b,c,a) for HD'®O using laboratory measurements. More recently, Régalia et al.
(2019) made laboratory measurements using a COq gas cell to constrain the line parameters
for the three first oxygen isotopologues of water vapour (H60, H30, H170), in combination
with MCRB calculcations. Régalia et al. (2019) point out that while their MCRB calculations
and measurements are in good agreement in the 2.7pum-band, they are not in such a good
agreement with the calculations of Gamache et al. (2016), due the effects of neglecting the
vibrational dependence for the line widths. In addition, Régalia et al. (2019) use the DPL
parameterisation of Gamache and Vispoel (2018) for the characterisation of the temperature
dependence of the COs-broadening coefficients, which should yield more accurate results. In
conclusion, for the purpose of this project, the spectroscopic linelist of Régalia et al. (2019)
is used for the three main oxygen isotopologues (H3¢O, H¥O, Hi7O), while the laboratory

measurements of Devi et al. (2017b,c,a) are used to constrain the abundances of HD'6O.

Another source of removal of photons from the solar intensity is the extinction by aerosols
suspended in the atmosphere. NEMESIS calculates the extinction coefficient of the aerosols
using Mie Theory, which models the particles as dielectric spheres with a uniform refractive
index. The main aerosol population in the Martian atmosphere are silicate mineral dust
particles, which are modelled using the complex refractive indices of Wolff et al. (2006).
Water and COg ice clouds may also form under the right atmospheric conditions, which can
be modelled using the refractive indices of Warren and Brandt (2008) and Hansen (1997),

respectively.
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In order to calculate the opacity along the line of sight for a given measurement, the
absorption coefficients of the aerosols and gases must be combined with the information
about the reference atmospheric profiles and the geometry of the observation. The path
length along the line of sight in each of the layers is calculated using the cosine rule in
a spherically symmetric atmosphere, as shown in Figure 3.1. Once the geometry of each
layer has been determined, the line-of-sight column densities are computed by integrating the
number density of each layer along the path. In addition, effective temperatures and pressures
for each of the layers are also computed for an accurate representation of the spectroscopic
parameters (e.g., equation 3.1.7). To perform this calculation, each layer is split into 101
points along the path, and the effective temperatures and pressures are calculated by means
of a weighted average, where the weights are given by the density in each of the points. Once
the line-of-sight column densities and effective temperatures and pressures are calculated, one

can compute the opacity and transmission along the path (see equation 3.1.2).

Figure 3.1: Sketch describing the calculations of the path lengths in each of the layers for a solar

occultation measurement. In the figure, R represents the radius of Mars, h; is the bottom altitude of
the layer, and s; represents the path length along each of the layers.
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Another important aspect to consider in the radiative transfer analysis of solar occultation
measurements involves the sensitivity of the spectra along the path. In general, the line-of-
sight opacity peaks at the tangent point due to the exponential decrease of the atmospheric
density with altitude. Therefore, the sensitivity of the spectrum typically peaks at the tangent
point. However, when the absorption lines are strong, they can saturate before the light

beam reaches this point. In this case, the sensitivity of the spectrum peaks at an altitude
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level different from that of the tangent point. Figure 3.2 shows an example of how the
transmission varies along the path in a wavelength range covering the centre and edge of
a strong band of COg. It is shown that while for the highest wavenumbers (i.e., weaker
absorption lines), the transmission level decreases rapidly at the tangent point, this transition
occurs at a point further from the observer for the stronger lines. This varying sensitivity of
the spectra along the line of sight might pose some challenges in the interpretation of retrieved
gaseous abundances, especially if there are strong horizontal gradients along the line of sight,

where the assumption of a spherically symmetric atmosphere breaks down.
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Figure 3.2: A) Sketch of the sensitivity of solar occultation measurements along the line of sight.
B) Synthetic transmission spectrum of COs in the atmosphere of Mars at a tangent altitude of 10
km. C) Evolution of the transmission along the path, where 50% represents the tangent point of the
observation.

3.2 Isotopic studies using ACS MIR

The radiative transfer model allows us to generate synthetic spectra for a given input set of
atmospheric parameters. In this section, we generate synthetic spectra to provide an overview
of the isotope studies that can be performed using ACS MIR, and which spectral ranges and
secondary grating positions are more suitable to do so. For the purpose of this project, we
provide an overview for HoO and COs. Nevertheless, it must be noted that ACS MIR also
allows the characterisation of the chlorine isotopic composition of HCI (Trokhimovskiy et al.,
2021) from secondary grating positions 11 and 12, and the carbon and oxygen composition of

CO from positions 6 and 7 (Olsen et al., 2021).
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3.2.1 H,O0 isotopes

Figure 3.3 shows a synthetic spectrum covering the full spectral range of ACS MIR (2360 to
4460 cm~1), using a Gaussian instrument lineshape with a FWHM of 0.15 cm™!, and at a
tangent height of 10 km using the temperature and pressure profiles from the Mars Climate
Database (Forget et al., 1999) at noon at 0°N and 0°W at Lg = 0°. In this section, these
same atmospheric profiles are used for generating all the spectra unless otherwise stated. The
spectrum in Figure 3.3 shows the contribution from CO9, as well as from the four main water
vapour isotopologues (H360, H¥O, Hi7O, HD'60), using a constant HoO volume mixing ratio
of 100 ppmv, the standard Earth-like fractionation for the oxygen isotopologues, and a value
of 5 with respect to Earth for the D/H ratio. The main aspects describing the suitability of

each grating position to constrain the isotope composition of water vapour are:

e Secondary grating positions 7 and 9 do not include any absorption features of water

vapour, and are therefore not suitable for retrieving the isotope composition of HoO.

e Secondary grating positions 6, 12 and 13 show measurable absorption of H6O, but lack

of any measurable absorption lines of any other isotopologue.

e Secondary grating positions 10 and 11 show measurable absorption of HD'O. The
absorption lines in these positions are very suitable for the retrieval of vertical profiles
of HD'6O, since they are not contaminated by the absorption of other species. However,
position 10 lacks of absorption lines of H3%O, required to determine the D/H ratio, and
position 11 only includes few weak lines of H3O, which are not observable as high as
the HD'6O ones (see Figure 3.4). In this cases, in order to constrain the D/H ratio, one

may use vertical profiles of H60 from the ACS NIR channel (Fedorova et al., 2020b).

e Secondary grating position 3 shows measurable lines of HO, but only weak ones for
the rest of the isotopologues. In addition, this position includes a strong band of CO»
which masks the weaker absorption of the HoO isotopologues, which makes this position

not optimal for isotope studies.

e Secondary grating position 4 includes some of the strongest lines of the four main iso-
topologues of HoO. Unfortunately, as shown in Figures 3.3 and 3.4, most of these ab-

sorption lines are completely masked by very strong CO2 bands. However, the spectral
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range covered by diffraction order 224 lies outside the COq absorption band, and includes

absorption lines of several water isotopologues.

e Secondary grating position 5 includes measurable absorption lines for all four main
isotopologues of HoO. In the case of the oxygen isotopes (H*O and H17O), these are
the strongest lines observed within the spectral range of ACS MIR. In the case of
HD'60, although the lines are not as strong as in secondary grating position 4, they can
be measured in at least diffraction orders 226 and 227, which allows the simultaneous

measurement of the three isotope ratios (D/H, 180/10 and 170/%0).

In summary, secondary grating positions 4 and 5 are found to be the most suitable to
constrain the isotope composition of HoO, as all isotope ratios can be simultaneously mea-
sured. Secondary grating positions 10 and 11 include very clean absorption lines of HD'6O,
but lack of strong enough H60 lines, which would require to use vertical profiles from ACS

NIR instead.

In the first Martian year of operations, no measurements have been made that include the
combination of several grating positions. In the case these measurements are made in the
future, the optimal setup for measuring the D/H ratio would be to combine secondary grating
positions 11 and 12, which include many absorption lines of similar optical depth. In the case
of the oxygen isotope ratios, secondary grating position 5 alone provides the best selection of

absorption lines.
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Figure 8.3: Synthetic spectrum relevant for Martian conditions, covering the full spectral range of ACS
MIR, with an instrument lineshape described by a Gaussian function with a FWHM of 0.15 cm™'.
The contribution from COs and the Hy O isotopes is shown, following the colours in the legend.

In this thesis, we first use data from secondary grating position 5 to constrain, for the

first time, the vertical profiles of the O isotopic ratios in HoO. Then, the analysis of the
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Secondary grating position 4

D.0.219 D.0. 220 D.0.221
i i
s 1 ' i
] 1 1 1
£ | : |
206 | 1 1
° 1 i i
= 1 1 1
i ' '
i i i
0.4 ! ! ! — H¥*0
| i i
[ ! ! — HD0
0.2 L L L
3620 3640 3660 3680 3700 3720 3740 3760
Wavenumber (cm~1)
Secondary grating position 5
T T T T T T T T
D.0.226 ! D0.227 | DO0.228 | DO0.229 | D0.230 | DO0.231 | DO0.232 | DO0.233 D.0.234 | D.0.235 D.0.236 D.0. 237
1.0 —'Tl-”[n ” ““ "Iu 1
0.8
c
S
@
2
&
206
e
= Co,
— HI%0
0.4 — H¥*0
HY’0
— HD0
0.2
3800 3825 3850 3875 3900 3925 3950 3975
Wavenumber (cm~1)
Secondary grating position 11
11
D.0.160 ; D.0.161 j D.0.162 | D.0.163 | D.0.164 ; D.0.165 | D.0.166 ; D.0.167 ; D.0.168 j D.0.169 ; D.0.170 ; D.0.171} D.0.172 } D.0.173 } D.0.174 | D.0.175
LML 1 1L L A A A S B
c
S09
8
£
&
5
gos8 co;
— HIf0
0.7 — Hl0
HY70
—— HD¥*0
0.6 X

2700 2750 2800 2850 2900
Wavenumber (cm~?)
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isotopic composition of HoO is extended to more than a full Martian year of observations

using secondary grating position 4 to constrain the variability of the D/H and 0 /60 ratios.

3.2.2 CO, isotopes

Figure 3.5 shows an analogue synthetic spectrum to the one shown in Figure 3.3, but in
this case highlighting the contribution from the main four isotopologues of COg (}2C160,,
13C160,, 18012C160, 17012C160), assuming they follow the same isotope fractionation as on
Earth. The main aspects describing the suitability of each grating position to constrain the

isotope composition of carbon dioxide are:

e Secondary grating position 9 includes measurable absorption bands of the three main
oxygen isotopes of COs. In addition, in the lowest wavenumber range, it includes
a strong band of 2C'60,, which allows us to constrain the COgy absorption up to
approximately 200 km. In this part of the spectral range, there is also a strong band of
17012C160. Nevertheless, retrievals of the 17O /160 ratio using these strong bands are

complicated, as the absorption lines of the main isotopologue mask those of 17O2C60.

e Secondary grating positions 10 and 11 include weak bands of ¥O™2C!0 and '"O'2C'0,

but not of 2C16Q,,.

e Secondary grating position 12 includes weak bands of 12C160,, 13C1604 and 0O12C160,

which allow the retrieval of the isotope ratios in the lower atmosphere.

e Secondary grating position 13 includes weak and strong bands for all main four isotopo-
logues (see Figure 3.6). Note that the spectral ranges in Figure 3.5 are approximate,
since the ranges covered by different grating positions partially overlap (see Table 2.1).
The weak bands may be used to constrain the ratios at low altitudes, where the strong
lines saturate. At high altitudes, where the weak bands disappear, one may use the
strong absorption bands to generate vertical profiles of the isotope ratios from the lower

to the upper atmosphere.

e Secondary grating positions 3 and 4 include strong bands for all main four isotopologues
(see Figure 3.6). Indeed, the strong bands in secondary grating position 3 are the same

as those observed in secondary grating position 13, as the spectral ranges acquired with
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the two positions overlap. These bands allow the measurement of the isotope ratios up

to altitudes of approximately 120 km.

e Secondary grating positions 5 and 6 include weak bands of the three main oxygen
isotopes of COq (see Figure 3.6). Secondary grating position 5 includes two absorption
bands to constrain the *0Q /00 ratio, situated in different parts of the spectral range.
The redundancy of these bands is convenient, since they are projected in different parts
of the detector frame, and may be used to cross-validate the results, since the calibration

of the data might be slightly different in different parts of the detector.

e Secondary grating position 7 only includes a weak band of 2C'605, and is therefore not

suitable for isotope studies.

In summary, secondary grating position 13 is found to be the most suitable for retrieving
the isotope composition of COs, as it includes both weak and strong absorption bands for
all main four isotopologues, which allows the simultaneous characterisation of the 13C/12C,
180 /160 and 70/'0 isotope ratios, from the lower to the upper atmosphere. However, in
practice, in the fist Martian year of operations, secondary grating position 13 calibrated data
has not been released. This is because of the large number of diffraction orders acquired with
this position, which are not sufficiently separated on the detector frame, partially overlapping,
and complicating the calibration procedure. Therefore, in this thesis, we use ACS MIR
observations made with secondary grating position 4 to constrain the C and O isotopic ratios

in COs.
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Figure 3.5: Synthetic spectrum relevant for Martian conditions, covering the full spectral range of ACS
MIR, with an instrument lineshape described by a Gaussian function with a FWHM of 0.15 ¢cm™".
The contribution from the COy isotopes is shown, following the colours in the legend.
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3.3 NEMESIS retrieval algorithm

The main purpose of any retrieval algorithm is to solve the inverse problem, which consists in
calculating the set of atmospheric parameters that provides the best fit to the observational
data, in our case the transmission spectra. NEMESIS uses the non-linear optimal estimator
formalism, which minimises the difference between the modelled and measured spectra, sub-
ject to a minimum departure from an a priori state of the atmosphere, by minimizing the

cost function

o= (Ym - Yn)TSE_I(Ym - Yn) + (Xn — Xo)TSI_I(Xn — Xo) (3.3.1)

where y,,, is the measured spectrum, y, is the synthetic spectrum calculated using the
forward model, x, is the state vector, which includes the atmospheric parameters to be
retrieved, S, is the measurement covariance matrix, Xg is the a priori state vector and S, is

the a priori covariance matrix.

For atmospheric sounding in the Earth’s atmosphere, climatology provides good statistics
about the a priori state vector and covariance matrix. However, for planetary atmospheres no
such statistical record exists, and in that case the diagonal elements of the a priori covariance
matrix are set to the square of the estimated errors in the a priori state vector. In the case
of retrieving continuous vertical profiles, the values at different altitudes are assumed to be

correlated, and the off-diagonal terms of S, are then set to follow

Sy = /S8y -exp (221 (332)

where p; represents the pressure at the ith level and L. is the correlation length, equivalent
to the number of scale heights over which the continuous profile is assumed to be correlated

(Rodgers, 2000).

The retrieval procedure NEMESIS applies to minimise the cost function in equation 3.3.1

is to calculate the state vector in the next iteration as

Xpi1 = X0 + So KL (K, S, KL +S) ™ Hym — yn — Kn(x0 — X)) (3.3.3)
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where K, is the Jacobian matrix at the nth iteration, which represents the derivatives of
transmission spectra at each wavenumber with respect to each of the elements in the state
vector. However, the convergence of the retrieval using equation 3.3.3 can be unstable due
to the great variability of K,, over iterations. Instead, NEMESIS uses a scheme based on the
Marquardt—Levenberg principal, in which the state vector at the next iteration is modified so
that it follows
Xn+1 — Xp

/

il reduces the cost function

where A is initially set to 1. If the spectrum calculated using x
in equation 3.3.1, then x, ; is used as x,, in the next iteration, and A is multiplied by 0.3. In
the opposite case, in which x], | actually increases the cost function, then x,, is kept and the

value of X is multiplied by 10. As the code converges, A\ — 0 and x,, tends to the optimal

estimate.

The error in the optimal estimate is estimated to be the result of two main contributions.
The first contribution is the smoothing error S, which can be regarded as the effect in which
the observing system smooths the profile. In such a case, the retrieval can be regarded as an
estimate of the smoothed state rather than an estimate of the true state, or what is equivalent,
an estimate of the true state, but with an error contribution due to smoothing (Rodgers, 2000).

This contribution to the retrieved error can be calculated as:

S, = (KT'S7 'K +8,;1) !, (KTS 'K + 8, 1)1 (3.3.5)

The second contribution to the retrieved uncertainty comes from the propagation of the
measurement error to the state vector. The covariance matrix of the retrieval noise can be

calculated as

Sy = (KT'S7'K 4+ 8, ) 'KTS'K(KTS 'K + S, 1)~ (3.3.6)

In NEMESIS, the measurement error covariance matrix S, is assumed diagonal, with
each of the diagonal elements corresponding to the measured instrument noise equivalent

transmission units. In addition, NEMESIS also allows the introduction of a forward modelling
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error (e.g., can be used to incorporate uncertainties in the line databases) to the measurement

error covariance matrix, to set how well we think we can fit the spectra.

These two main contributions form the total retrieved uncertainty in the state vector, which

is given by

S; =S +8Ss=(K'S'K+8;1). (3.3.7)

3.4 Retrieval scheme for ACS MIR observations

Previous sections have dealt with the theory of radiative transfer in solar occultations and the
optimal estimation formalism, as well as an overview of the most suitable grating positions
of the ACS MIR spectrometer to perform isotope studies. In this section, we talk about the

specific retrieval scheme applied to ACS MIR solar occultation measurements.

In principle, isotope ratios can be constrained by measuring the equivalent width of an
absorption line for each isotopologue, and calculating the ratio, taking into account the line
strengths of each of the lines. This approach is convenient because of a number of reasons:
it requires more simple calculations than a full radiative transfer computation; the equivalent
width is not influenced by inaccurate estimations of the line broadening parameters (e.g.
Doppler and pressure broadening), and the instrument line shape. However, in practice, this
approach is difficult to implement because of two main reasons: lack of a substantial amount
of absorption lines not coincident with lines of other species; accurate calculations of the
equivalent width require an accurate estimation of the temperature field, as the line strength
of any absorption line depends on temperature (see equation 3.1.4), which requires a full

retrieval algorithm.

In this project, we use a full radiative transfer algorithm and a two-step retrieval scheme,
first retrieving the pressure and temperature vertical profiles, and then the volume mixing
ratio profiles for the different isotopologues, which allow the calculation of the isotope ra-
tios. In addition, the instrument lineshape is also retrieved, due to the need of a complex
parameterisation required to model the doubling of the absorption lines (see section 2.2).

In this section, we first explain in detail the parameterisation of all variables retrieved from
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the spectra, which are applicable to any ACS MIR retrieval. Finally, we discuss the error

quantification in section 3.4.5.

3.4.1 Retrievals of pressure and temperature profiles

Retrieving vertical profiles of atmospheric temperature and pressure is not only important for
our purposes to understand how the isotopic ratios vary in context with other parameters, but
also it is essential to retrieve accurately the gaseous number densities, given that the strength
of some absorption lines is very dependent on the temperature (see equation 3.1.4). Retrieving
vertical profiles of temperature in the atmosphere from solar occultation measurements is
not straightforward, especially considering that at the spectral region covered by ACS MIR,
atmospheric thermal emission is not observed. For this purpose, there are two main approaches

that can be applied.

The first approach exploits the dependence with temperature of the absorption lines within a
rotational band of CO4. In a rotational band, each absorption line corresponds to a rotational
transition J, and the line strength is dependent on the temperature, as expressed in equation
3.1.4. In particular, if the temperature of the gas changes, the maximum absorption in
the rotational bands will be shifted. Therefore, evaluating the relative absorption of the
lines within a rotational band might allow us to simultaneously retrieve temperature and gas
density. Mahieux et al. (2010) applied this approach for the retrieval of high-altitude (70 to
170 km) temperature profiles in the Venusian atmosphere using the SOIR instrument on Venus
Express. However, this approach did not get the retrieval to converge due to the modulation
that the AOTF bandpass function created on the measured spectrum, which obscured the

dependency of the absorption at different lines on temperature (Mahieux et al., 2012).

The second approach, which is the one we establish for our retrieval scheme, is based on the
assumption of a well-known COs mixing ratio, and the hydrostatic relation between density
and pressure. This technique was applied in stellar occultation observations using SPICAM
on Mars Express (Quémerais et al., 2006; Montmessin et al., 2006b; Forget et al., 2009). In
those analyses, the CO5 absorption is used to retrieve a vertical profile of CO5 partial number
density nco,(z). Then, assuming a known profile of COg2 volume mixing ratio VMRco, (2)

the pressure and temperature can be estimated using

75



3.4. RETRIEVAL SCHEME FOR ACS MIR OBSERVATIONS

n(z) = nco,(Z)/VMRco,(2) (3.4.1)

dP(z) = —p(2) - g(2) -dz = —n(z) - M(z) - g(2) - d= (3.4.2)

P(2) = P(2mas) + / T E) M) - g(3) - d (3.4.3)
_ P(2)

1) = o (3.4.4)

where P is the pressure, T is the temperature, kp is the Boltzmann constant (kp =
1.3806 x 10723 J/K) and M is the molecular mass of the atmosphere, which is estimated from

the Mars Climate Database (MCD).

NEMESIS does not allow direct retrievals on number density, but it rather calculates the
densities from the pressure and temperature using the ideal gas law in equation 3.4.4. Instead,
the retrieval scheme we adopt is to retrieve a continuous profile of temperature T'(z), and the
pressure at a given tangent height P(z,). Then the pressure levels at all heights P(z) are

computed assuming hydrostatic equilibrium using

P(2) = P(2) - exp (- / %dz) . (3.4.5)

This retrieval scheme has the advantage of updating the temperature field in each iteration
as opposed to the methods used for SPICAM (e.g. Quémerais et al. (2006); Montmessin et al.
(2006b)), which do not change the temperature field during the retrieval, and which might
yield systematic correlations between the assumed temperature and the retrieved densities. In
addition, the retrieval of temperature and pressure profiles from the hydrostatic equilibrium
assumption has the advantage of requiring fewer spectral points than the retrieval from the
temperature dependence of the absorption lines, which require the analysis of several absorp-
tion lines. On the other hand, the adopted approach has the disadvantage of requiring a good
knowledge of the CO2 volume mixing ratio profile. While in the lower atmosphere the volume
mixing ratio of COgq is accurately estimated by models, like the Mars Climate Database, at
high altitudes the CO2 mixing ratio decreases as the molecules are photodissociated by UV

photons, which might produce variations not captured by the average climatology estimated
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with models (see Figure 1.5).

The convergence of this retrieval parameterisation was tested using synthetic retrievals.
Forward models were generated for different scenarios of pressure and temperature, using a
set of random parameters from the MCD, and random noise were added to the spectra con-
sidering a signal-to-noise ratio (SNR) of 1000. Then, these synthetic spectra were retrieved
using the same a priori state vector. The results from these tests were satisfactory, showing
good convergence within five iterations, and retrieving the vertical profiles used to generate
the synthetic spectra. In addition, a validation of the retrieved temperature and pressure
profiles from ACS MIR spectra has been performed by comparing them with those simulta-
neously retrieved by Fedorova et al. (2020b) using measurements by ACS NIR, although this

comparison is presented in Chapter 5.

3.4.2 Retrievals of gaseous volume mixing ratios profiles

The second step of the retrieval scheme we adopt is to retrieve the gas abundances once the
temperature and pressure have been fixed, and therefore the total number density n(z) is
assumed to be known. The absorption in each line allows the retrieval of vertical profiles of
number density for each gas ngqs(2), which in turn allows the retrieval of the volume mixing

ratio profiles using

Ngas(2) .

n(z)

Similarly as performed for the retrieval of pressure and temperature profiles, the conver-

VMRyqs(2) = (3.4.6)

gence of the retrieval of volume mixing ratio profiles was verified using synthetic spectra,
generated using random input parameters for HoO and CHy vertical profiles. Although the
convergence was tested for these two gases, the retrieval scheme is analogous for other gases,
and the results are therefore applicable for the retrieval of other trace gases or isotopologues

in the Martian atmosphere.

Once the VMR profiles from different isotopologues are retrieved, the isotope ratios in HoO
and CO2 may be derived considering the total number of isotopes in the species. For example,

the D/H and '80/°0 isotopic ratios in water vapour can be calculated as
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D from HD'6O [HD6Q| [HD!O]
D/H = 16 6 16 6y 60’ (3.4.7)
H from HD"O + H from H;°0O  [HD*°O| 4 2|H5°0]  2[H5°O]
18 f H18 H18 H18
180/160 _ O from Hy"O [H3°0| - [H3°O] (3.4.8)

160 from HiO + 10 from HLO - [Hi2O] + [H1O] - [Hi50]

where [ X| represents the isotopologues’ volume mixing ratio. The isotopic ratios in carbon
dioxide can be calculated analogously, taking into account the number of each of the atoms
within the molecule. The corresponding uncertainties in the measured isotopic ratios can be
calculated taking into account the uncertainties of each of the retrieved isotopologues. For

example, the uncertainty of the D/H ratio can estimated as

2 2
OHD!°0] I[Hye0)
=D/H- _ 3.4.9
oo/ =D/ \/([HD16OJ> * ([Hm) ’ (3.49)

where O[HD6Q) and Oaiso) are the uncertainties associated with the measurements of

HD!0 and H50 respectively. The procedure by which these uncertainties are calculated is

explained in detail in section 3.4.5.

3.4.3 Retrievals of the aerosol opacity

Apart from the absorption of the gaseous species, which allows the retrieval of the pressure,
temperature and gaseous mixing ratio profiles, aerosols suspended in the Martian atmosphere
will also contribute to the removal of photons from the light beam. NEMESIS allows the
calculation of aerosol extinction coefficients using Mie Theory, which requires information
about the complex refractive indices as an input. Figure 3.7 shows the line-of-sight opacity
of dust and water ice particles assuming the opacity is 7 = 1 at 3500 cm™!, and using
the refractive indices of Wolff et al. (2006) and Warren and Brandt (2008) for dust and
water ice particles, respectively. The analysis of the spectra obtained with secondary grating
positions 12, 13 and 3 allows the retrieval of and differentiation between water ice and dust
particles (Stcherbinine et al., 2020). However, the analysis of aerosol populations is much
better constrained using TIRVIM, which provides measurements with lower spectral resolution

than MIR, but in a much broader spectral range (1.7 - 17 um) (Luginin et al., 2020).
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Figure 3.7: Dust (top) and water ice (bottom) line-of-sight opacity within the spectral range covered
by ACS MIR assuming the dust opacity at 3500 cm™' is 7 = 1. The different colours represent

the opacity of different particle size distributions, modelled using a log-normal distribution f(r) =

— 1% exp (—%) , with 02 = 0.25 and u given by the numbers in the legend (ro). The spectral

range covered by each of ACS MIR’s secondary grating positions is also highlighted.

In principle, NEMESIS allows the retrieval of vertical profiles of aerosol density as well
as the particle size distributions. However, such a study is out of the scope of this thesis,
and we use a much simpler parameterisation of the aerosol contribution instead. The aerosol
extinction in this thesis is retrieved by fitting the aerosol line-of-sight opacity at a given

wavenumber 7(1p) and assuming a linear relation with the wavenumbers given by

T(v) =7(vo) +b- (v —w), (3.4.10)

where b is the slope of the function. The linear relation between the aerosol opacity at
different wavenumbers is valid as long as the spectral range of the measurement is narrow
enough not to include non-linear spectral features by particles. In the specific case of this
thesis, all spectral windows used to retrieve the isotopic composition of COs and HsO from
ACS MIR spectra only cover a few wavenumbers (<10 cm~!) and can therefore be accurately

modelled using this parameterisation.
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3.4.4 Retrievals of the instrument line shape

Apart from the retrieval of the atmospheric parameters, which are of most interest for the
purposes of this thesis, the instrument line shape (ILS) is also retrieved in order to compensate
for the doubling of the absorption lines, as explained in section 2.2. In this work the spectra are
fitted using an ILS consisting of a superposition of two Gaussian functions in order to model
the doubling of the absorption lines. The relative depth of the two Gaussians varies depending
on the selected row on the detector frame, with wavenumber, and in different observations.
For each occultation and spectral window, the parameters describing the ILS are fitted using
the following assumptions. First of all, the full width at half maximum (FWHM) of the two
Gaussians is the same, and is constant in wavelength units. Secondly, the relative offset of the
centre of the two Gaussians does not vary with wavenumber. In the third place, the relative
depth of the two Gaussians is linearly varying with wavenumber. Lastly, the same parameters

apply to all acquisitions during one solar occultation.

Figure 3.8 shows an example of the results from the ILS fit in one ACS MIR solar occultation
observation made with secondary grating position 4. In particular, we show the results from
the best fits obtained when using the spectra from the detector rows corresponding to the slit
centre and slit edge. It is shown that the parameterisation used to model the ILS provides
good convergence, allowing to perform an accurate fit of the measured data. In particular,
this approach provides accurate fits of the data for every row within the detector frame, from
the slit centre, where the best fit is obtained with a double-Gaussian ILS with nearly equal

amplitudes, to the slit edge, where the second Gaussian is just about 10% of the main one.

In principle, one could investigate a parameterisation to describe the behaviour of the
spectral resolution and doubling throughout the detector frame, in order to not fit the ILS
in every occultation, but fix it prior to the retrieval instead. However, this is not possible
due to the varying behaviour of the ILS with time. Figure 3.9 shows the evolution of the
fitted ILS FWHM from the start of the science phase in March 2018 to October 2020. It is
shown that the spectral resolution of the instrument has been slightly worsening with time,
with the FWHM of approximately 0.16 cm™ (A/AX ~ 23500) at the start of the science

phase increasing towards 0.18 cm™! (A/AX ~ 21000) in the observations made in October
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Figure 3.8: ACS MIR transmission spectrum for diffraction order 217 measured in the solar occultation
made using secondary grating position 4 in orbit 1849. Panels A and B show the measured transmission
spectra and best fit to the data when using the detector rows corresponding to the slit centre (A) and
slit edge (B). The rest of the panels show the ILS function fitted at the first (1), middle (2) and last
(8) spectral points of the measurement, for both the slit centre and edge.
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2020. This varying behaviour of the ILS requires a fitting approach that enables an accurate

description of the instrument function for any given observation.
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Figure 8.9: Evolution of the FWHM of the ACS MIR instrument function from the start of the science
operations in March 2018 until October 2020. The different colours show the results of the fitted ILS
FWHM for the spectral windows in diffraction orders 218, 219, 228 and 224 in secondary grating
position 4, binned into points with 10° of solar longitude.

3.4.5 Error analysis

The optimal estimation formalism works on the basis of finding a solution that replicates the
measured spectrum with a solution that is closest to an a priori state of the atmosphere.
The a priori state vector is accompanied with its covariance matrix S,, which represents the
uncertainty in the system prior to the retrieval. The retrieved uncertainties are expressed on

the basis of this matrix, given by

S; = (KT's/'K +s; 1), (3.4.11)

where S; is the retrieved covariance matrix, S, is the measurement covariance matrix,
representing the uncertainty in the spectra, and K is the Jacobian matrix (i.e., the rate of
change of the transmission spectra with respect to each element in the state vector). The
noise in the transmission spectra is adjusted, after a first retrieval, to be consistent with
the magnitude of the observed residuals (the difference between the observed and modelled

spectra). Then, the retrieval is repeated using this adjusted measurement uncertainty.

In the case in which there is no information contained in the spectra for some element of

the state vector (i.e., KT'S-'K = 0), then the retrieved uncertainty would be equal to the
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a priori. This approach might be misleading in some cases. If, for example, one specifies a
20% uncertainty in the a priori profile, then the retrieved profile will have an uncertainty of
20% even at altitudes where the observation provides no constraint. One solution would be
to increase the uncertainties in the a priori. However, when not enough constraint is applied
in the a priori, the retrieval might get ill-conditioned, leading to highly unrealistic vertical

oscillations in the retrieved profiles (Irwin et al., 2008).

In order to mitigate the effect of the a priori uncertainty in the retrieval errors, we introduce

a correcting factor. This factor, applied before by Irwin et al. (2019), is given by

o(i) = (3.4.12)

\/ 11 ’
Si(i,1)  Sz(i,17)

where o(7) is the corrected uncertainty of the ith element of the state vector. On the basis
of retrievals on synthetic spectra, this approach is found to provide a more reliable estimation
of the uncertainties (i.e., those that reflect the true uncertainty with respect to the state
vector used to generate the synthetic spectra), and provides a reliable representation of where

the retrieval is sensitive to the observation.

This approach provides a reliable representation of the impact of random errors in the
retrieved profiles. However, it must be noted that some of the uncertainties in the system
might be systematic (e.g., spectroscopy or doubling of the absorption lines). Systematic
uncertainties are generally more difficult to characterise than random errors, and can drive
the retrieved estimate away from the true solution always in the same direction, as opposed
to random errors, which generate discrepancies around the true value. For example, if a
retrieval is performed looking at a single absorption line, and the line strength of the line is
overestimated in the spectroscopic database, the inversion of the spectra will always yield a
lower atmospheric abundance than there actually is, leading to an unrealistic solution which

is not accurately represented in the retrieved covariance matrix.

In order to mitigate the effect of the systematic uncertainties, we opt for combining mul-
tiple retrievals performed independently in different spectral windows spreading in different

diffraction orders, if possible, and in different rows from the detector frame. The use of several
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spectral windows allows the use of different absorption lines for the different species, minimis-
ing the impact of spectroscopic uncertainties. The use of several rows from the detector frame
for a given spectral window allows the characterisation of the uncertainty in the ILS and the
doubling of the absorption lines, which vary from the slit centre to the slit edge (see Figure

3.8).

The retrieved vertical profiles from each of the spectral windows or detector rows can be
combined using a weighted average, in which the weights are given by the inverse of the
variance at each altitude (o(z)~2), which is calculated using equation 3.4.12. Figure 3.10
shows an example of the retrieved H%GO volume mixing ratio vertical profiles in different
spectral windows from an ACS MIR solar occultation observation made with secondary grating
position 5 in orbit 2520. Standard error propagation of the retrieved uncertainties in the
averaged vertical profile (see panel A in Figure 3.10) does not appear to reflect the true
uncertainty of the retrieval, as it is smaller than the variation of the retrieved profiles in each
spectral window. In contrast, the uncertainty shown in panel B is calculated as the weighted
standard deviation of all profiles. This approach appears to give a better representation of the
retrieved uncertainty. Nevertheless, it underestimates the uncertainties in regions where there
is no information in the spectra, as they all tend to the a priori state. Error bars shown in
panel C show the combination of the two previous approaches, selecting the one that provides
a higher value. This approach may be analogously applied for the combination of retrieved
profiles from different detector rows. We consider this method to provide a more accurate
representation of the true uncertainty of the retrieval, reflecting the systematic uncertainties
from the variation of the several spectral windows, as well as the lack information in the

spectra.

3.5 Summary

In the previous chapter, we introduced the main characteristics of ACS MIR, explaining the
observational characteristics of the solar occultation observations as well as the main features
of the optical design of the instrument. The optical scheme of ACS MIR was designed to
obtain high spectral-resolution measurements in a portion of the spectral range accessed by

the instrument.
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Figure 3.10: Retrieved H O vertical profiles from different spectral windows (blue lines) in the obser-
vation performed using secondary grating position 5 during orbit 2520, as well as the weighted-averaged
profile (orange line). Uncertainties in the averaged profile in panel A are derived from the propagation
of errors from each retrieved profile. Uncertainties in panel B are calculated as the weighted standard
deviation from all the profiles. Panel C shows the combination of the two previous panels, selecting
the larger of the two methods.

In this chapter, we have provided a detailed explanation of the radiative transfer calcu-
lations required to model the ACS MIR measurements. Using the NEMESIS algorithm, we
have determined which ACS MIR secondary grating positions are most suitable for the char-
acterisation of the isotopic ratios in HoO and COs. In particular, secondary grating positions
4, 5 and 11 are found to be best for retrieving the isotopic ratios in HoO, while grating po-
sitions 4 and 13 are best for the retrieval of the COy isotope ratios. In addition, we have
introduced the optimal estimation retrieval framework utilised by the NEMESIS algorithm,
which is used to solve the inverse problem and estimate the atmospheric parameters from
the spectral measurements. In particular, we have explained how the NEMESIS algorithm
has been adapted for the retrieval of temperature, pressure, gaseous mixing ratios, aerosol

line-of-sight opacity, and the instrument line shape from the ACS MIR spectra.

In the next chapters, we explain how this retrieval scheme is applied to the ACS MIR
measurements to characterise the isotopic composition of CO2 and H2O. Chapter 4 describes
an initial analysis of observations made using secondary grating position 5 to constrain, for
the first time, the O isotope ratios in H2O. In order to extend the analysis of the isotopic
composition of HoO to a climatological study and to include the D/H ratio in the retrievals,

the analysis of the data in Chapter 5 is switched to secondary grating position 4, which allows
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us to constrain the variability of D/H and ¥0 /160 for more than a full Martian year. Finally,
a climatological study of the C and O isotopic ratios in COs is presented in Chapter 6 using

observations from secondary grating position 4.
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Chapter 4

Oxygen isotopic ratios in HoO from

grating position 5

Unlike the D/H ratio, which has been the subject of a large number of observing campaigns,
the isotopic composition of oxygen in water vapour has only been constrained at the surface
with the Curiosity Rover (6180 = 84 + 10 %o; Webster et al. (2013)). Although the preci-
sion of the observation is good, the contribution from seasonal cycling to this measurement
is unknown. Therefore, the measured value might be subject to climatological isotopic frac-
tionation which may occur, for instance, during condensation onto water ice or adsorption
and desorption processes on the regolith (see Section 1.1.5.2). The 70/*0 isotopic ratio of
water vapour in the Martian atmosphere has not been determined to date. Together, both
oxygen isotope ratios provide important constraints about the evolution of the oxygen reser-
voirs on Mars. In particular, the distinct isotopic signature that the different processes leave
in the atmospheric reservoir might reveal the nature of the mechanisms that have affected it

throughout history (see Section 1.1.5).

In addition, while the present-day D/H ratio is about five times more enriched in deuterium
with respect to that of ancient Mars (Usui et al., 2012), evidence of the atmospheric escape
into space, the oxygen isotope ratios in both CO2 and HoO show a milder enrichment in the
heavy isotope. Oxygen, as hydrogen does, escapes from the Martian atmosphere to space,
and it is expected to leave the remaining atmosphere enriched in the heavy isotope (Jakosky

et al., 2018; Fox and Haé¢, 2010). This mild enrichment in the oxygen isotopic composition
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of the Martian atmosphere is interpreted to be due to the presence of a large reservoir that

mitigates the effect of escape of oxygen atoms into space (Jakosky, 1997).

In the present chapter we measure, for the first time, the vertical distribution of the oxygen
isotopic composition in water vapour, aiming to confirm the measurements of Webster et al.
(2013) of the O /100 isotopic ratio, and understand how it relates to '70/'60, which has
never been measured before. We perform this analysis by applying the methodology presented
in Chapter 3, which was developed to be applicable for the retrieval of the atmospheric
abundance of any gas in the Martian atmosphere, to ACS MIR solar occultation observations,
which were introduced in Chapter 2. In particular, we use the observations made using ACS

MIR secondary grating position 5, which cover a spectral range between 3789-3987 cm™!.

In the following sections, we explain how the previously introduced measurements and
methods are applied to constrain the oxygen isotopic composition of HoO in the Martian
atmosphere. In section 4.1 we provide a detailed overview of the ACS MIR measurements
made secondary grating position 5. In section 4.2, we explain how the methods presented in
Chapter 3 are applied to the analysis of these data. Finally, in section 4.3 we present the
main results of the study and discuss about their implications to our understanding of the

evolution of the Martian atmosphere.

The analysis described in this chapter of the thesis has been peer-reviewed and published in
Astronomy & Astrophysics (Alday et al., 2019). Although that publication has a number of
coauthors, all work presented in this chapter was performed by me, except for the calibration
of the ACS MIR transmission spectra, which was performed by Lucio Baggio at LATMOS

and Alexander Trokhimovskiy at the Space Research Institute (IKI).

4.1 ACS MIR observational dataset

The dataset used in this study is assembled using ACS MIR observations made with secondary
grating position 5 during the first months of operations. In particular, eight solar occultation
observations are selected from the dataset because of the clarity of the absorption lines of
the minor oxygen isotopologues (H3*O and H170O), which allows a careful validation of the

retrieved profiles and the spectral fits. These observations were made during the first three
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months of operations, expanding approximately 50° in Lg and sampling both northern and
southern hemispheres, as well as the morning and evening terminators, as shown in Figure
4.1. In addition, Table 4.1 also shows the orbital characteristics of the observations used in

this study.
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Figure 4.1: Observational coverage of the ACS MIR measurements made with secondary grating po-
sition 5 used to constrain the oxygen isotopic composition of water vapour. The two panels show
the tangent point of the solar occultations on top of a map of Mars, with the colour of the points
representing the solar longitude (left) and local time (right) of the observations.

Table 4.1: Orbital parameters for the ACS MIR observations selected for the analysis of the isotopic
composition of Ho O from secondary grating position 5.

Orbit  Ingress/Egress Date (UTC) Latitude (°) Longitude (°) Ls (°) Local time

1917 Ingress 2018-04-29 -52 -139 167 17
1924 Ingress 2018-04-29 -50 21 167 18
1961 Ingress 2018-05-02 -37 42 169 18
2233 Egress 2018-05-24 -25 -33 181 6
2502 Ingress 2018-06-15 62 -11 194 17
2520 Ingress 2018-06-17 59 -167 195 17
2929 Egress 2018-07-20 53 -157 215 7
2984 Egress 2018-07-25 61 75 218 8

The data from secondary grating position 5 includes twelve diffraction orders (226-237)
expanding over a wavenumber range between 3789 and 3987 cm™!. Absorption lines of the
main isotopologue of water vapour are observed in all orders, but the clearest lines of the minor
oxygen ones are just observed in the uppermost portion of the detector, which corresponds
to diffraction orders 226 to 229 (see Section 3.2). Diffraction order 226 includes some of
the clearest absorption lines for the minor isotopologues, as well as lines from the main
isotopologue of COs, which are used for the derivation of the pressure and temperature profiles.

Unfortunately, this diffraction order is in the uppermost part of the detector, and part of the
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slit for this diffraction order is projected just outside the detector frame (see Figure 4.2)
and the full spectral range cannot be accessed for some detector rows. Because of this, the
analysis of the data from secondary grating position 5 is performed in the row corresponding
to the slit edge, which apart from minimising the effect of the doubled-image, allows the use

of diffraction order 226 in the retrieval scheme.
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Figure 4.2: Example of the uppermost portion of an ACS MIR detector frame made using secondary
grating position 5. The left panel shows an example of the uppermost part of the detector frame made
with grating position 5, corresponding to diffraction orders 226 to 229. The right panel shows the
measured spectra recorded at the detector rows of diffraction order 226 corresponding to the slit edge
and slit centre.

In order to perform the retrievals, seven spectral windows expanding from diffraction orders
226 to 231 are selected, which include absorption lines of the three main oxygen isotopologues
in water vapour (H360, H180 and H17O) and carbon dioxide (see Figure 4.3). Isotopic signa-
tures in carbon dioxide can also be measured using this secondary grating position, but the
profiling of these species is not performed in this chapter, but using observations made with

secondary grating position 4 (see Chapter 6).

4.2 Retrieval scheme

The retrieval of the atmospheric parameters from the ACS MIR solar occultation spectral
measurements is performed using the scheme presented in Section 3.4 with the NEMESIS
retrieval algorithm (Irwin et al., 2008). In particular, the retrieval of the isotopic ratios is
performed in two steps. First of all, the volume mixing ratio of the several water isotopologues
along with the pressure and temperature profiles are retrieved from the spectral windows in
diffraction orders 226, 227 and 228, which include absorption lines of 12C'605 (see Table
4.2). In the second step, the retrieved pressure and temperature profiles are fixed in the

reference atmosphere, and the volume mixing ratio profiles of the water vapour isotopologues
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Figure 4.3: ACS MIR normalised transmission spectra obtained at tangent height of 16.8 km above
martian ellipsoid in the observation made in orbit 2233, using spectral windows from diffraction orders
226-231. The green line is the best fit to the data, while the coloured lines represent the contribution
to the absorption from each gas. The contribution from each gas is shifted by 0.2 for the clarity of the

figure.

91



4.2. RETRIEVAL SCHEME

are retrieved using all spectral windows, including those used in the first step. However, in
this case, instead of using profiles from the Mars Climate Database as the a priori estimate
of the water abundance, the previously retrieved profile of Hi®O in the first step is used,
and scaled for the minor isotopologues using the Earth-like fractionation (i.e., *0 /160 and

170/%60 = 1 VSMOW) at all altitudes.

Table 4.2: Summary of the spectral windows and retrieval scheme used to derive the pressure, temper-
ature and water vapour isotope ratio profiles from secondary grating position 5.

Spectral Window Diffraction Order Wavenumber range (cm~!) Retrieved Parameters

D, T (1201602)

1 226 3791.5 - 3798.7 ibo. o, 1o
2 227 3805.4 - 3817.7 H;};Oqj %8% (})12520
3 228 3820.3 - 3826.2 b Eﬁgf?{;%z)

4 229 3835.3 - 3840.5 H3°0, Hy"O

5 229 3842.9 - 3851.2 Hy"0

6 230 3851.0 - 3858.5 H,°0

7 231 3868.7 - 3875.6 H3°0

This approach, in which the a priori estimates of the volume mixing ratio of the different
water isotopologues are updated after the first step, has been chosen to minimise errors in the
derivation of the isotopic ratios given the nature of the optimal estimation formalism. In this
retrieval framework, the algorithm tries to find the parameters that while fitting the data, are
closest to the a priori estimate (see equation 3.3.1). Water vapour in the Martian atmosphere
is highly variable and it might show large departures from model predictions, especially in
the presence of dust storms. If the sensitivity of the spectra to different isotopes is very
different, the effect of the a priori estimate for the retrieval of different species might also be
impacted, giving rise to systematic errors in the derivation of the isotope ratios. However,
variations of the isotopic ratios in the atmosphere are much milder than those in the water
vapour abundance. When updating the a priori estimate with the previously retrieved H%GO
abundance, which provides the highest sensitivity of all water isotopes, and consider the minor

isotopologues follow Earth-like fractionation, the effect of the a priori estimate on the retrieval
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is mitigated.

The atmospheric vertical profiles are retrieved from each spectral window along with the
parameters defining the instrument lineshape (ILS), following the double Gaussian parame-
terisation presented in Section 3.4.4. In the particular case of these retrievals, given that the
spectra are taken close to the slit edge, where the impact of the doubled-image is minimised,
the strength of the second Gaussian function does not typically exceed 25% of the main one
(see Figure 4.4). Typical values of the ILS FWHM range from 0.12-0.15 cm™!, which cor-
respond to a spectral power in the range of A/AX = 25000-32000. The application of the
double Gaussian parameterisation to define the ILS of ACS MIR was first published in this
study (Alday et al., 2019), and has been later applied to other analyses of the ACS MIR

observations (e.g., Olsen et al. (2020); Trokhimovskiy et al. (2020)).
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Figure 4.4: ACS MIR transmission spectrum for diffraction order 227 obtained at tangent height of
11.4 km above the martian ellipsoid in the observation made in orbit 2520. (A) Measurement and
best fit to the data. (B) Contribution from each gas to the spectrum. (C), (D) and (E) show the ILS
function used at the first, middle, and last spectral point of the spectrum.

Once the atmospheric vertical profiles are independently retrieved from each spectral win-
dow, they are combined using the procedure presented in Section 3.4.5 (see Figures 4.5 and
3.10). This approach provides a good representation of the true uncertainty of the retrieval,
since it not only includes the random uncertainties propagated from the spectra, but also
the differences between the retrieved profiles from different spectral windows. Indeed, these

differences are in certain instances larger than the uncertainties associated with each of the
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individual profiles derived from the measurements errors, suggesting the presence of system-
atic biases. The source of these systematic uncertainties is unknown, but could be related to
imperfections in the calibration pipeline, in the spectroscopic parameters used to model the
absorption lines, or uncertainties rising from the simultaneous derivation of the parameters
defining the ILS and the atmospheric profiles. We take the dispersion between the indepen-
dent retrievals as being representative of the systematic uncertainties and providing a realistic

estimation of the true uncertainty of the retrieval.
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Figure 4.5: Retrieved vertical profiles of temperature and volume mizing ratios of H®O, H}¥O and
HL7 0, for the observations made in orbits 1924 (A) and 2929 (B). The retrieved profiles from several
spectral windows are shown, as well as the derived averaged profile.

4.3 Results

The retrieval scheme introduced in Section 4.2 is applied to the eight observations made
with secondary grating position 5 selected for the characterisation of the oxygen isotopic

composition of water vapour in the Martian atmosphere (see Table 4.1). In order to validate
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the measurements and methods, the retrieved temperature profiles are compared to those
retrieved from the NIR channel on ACS, which performs simultaneous measurements with
ACS MIR. The NIR profiles are measured exploiting the temperature dependence of the
CO2 rotational band at 1.57 pym (Fedorova et al., 2020b), which is a different method than
the one applied in this work, which exploits the assumption of hydrostatic equilibrium (see
Section 3.4.1). In addition, we search for collocated observations made with the Mars Climate
Sounder (MCS) onboard Mars Reconnaissance Orbiter (MRO), applying criteria on location
(£1° latitude and longitude), local time (£2 hours), and solar longitude (£0.5°). We find one
MCS observation (Latitude = 64°; Longitude = 12°W; Lg = 194°; Local time = 15 h) fulfilling
the criteria as compared to ACS MIR observation made in orbit 2502 (see Table 4.1). Figure
4.6 shows the comparison between the NIR, MIR and MCS pressure-temperature profiles,
exhibiting a good agreement between the different datasets, and increasing the confidence of

the measurements and methods.
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Figure 4.6: Retrieved temperature and pressure profiles measured by the MIR and NIR channels in
the solar occultation observations performed in orbits 2502 (A), 2520 (B) and 2984 (C). Panel A
also shows the retrieved temperature and pressure profile from one MCS observation made in similar
conditions as in ACS orbit 2502 (see text).

The volume mixing ratio profiles of the different isotopologues allow the derivation of the
oxygen isotope ratios, which are calculated using R(*O) = [HZO]/[H160], where *O stands
for 0 and 70, and then normalised using Earth’s standard isotopic fractionation (see Table
1.3). Figure 4.7 shows the retrieved profiles for all observations in Table 4.1 as well as the
resulting isotopic ratios in HoO. The oxygen isotope composition of water vapour in the

Martian atmosphere is generally enriched in the heavy isotope with respect to Earth. Despite
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the rather different conditions found in the atmosphere in terms of water abundance and
temperature in these eight observations, the retrieved profiles of the oxygen isotope ratios do

not appear to show differences greater than the level of uncertainties.
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Figure 4.7: Retrieved vertical profiles obtained for each of the processed ACS MIR secondary grat-
ing position 5 observations listed in Table 4.1. The isotopic ratios are in units of VSMOW, which
represents Farth-like isotopic fractionation.

Spatial, seasonal and vertical variations of the O isotopic ratios in water vapour due to
evaporation and condensation processes are expected to follow similar trends as predicted
for the D/H ratio, but with a smaller amplitude (Merlivat and Nief, 1967; Majoube, 1970).
The amplitude of the variations of the 80/'0O ratio with respect to D/H depend on the

temperature at which condensation occurs and the impact of kinetic fractionation, but one
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may expect these variations not to exceed approximately ~0.1 VSMOW (see Section 1.1.5.2).
Given that condensation-induced fractionation for the oxygen isotopes is mass-dependent,
these variations would not exceed ~0.05 VSMOW for the 17O /!0 ratio. The magnitude of
the observed uncertainties is larger than the expected variations, and therefore does not rule
out the possibility of variations due to condensation processes. The largest variations of the
isotope ratios are expected to occur during the condensation of the polar caps during the
winter season. However, in that case it might be challenging to obtain reliable measurements
of the isotope ratios, since the water abundance drops by orders of magnitude during this

season, which directly impacts the retrieved uncertainties.

In order to reduce the retrieved uncertainties and get an insight of the overall trends of the
ratios, we express all vertical profiles in the same altitude grid, and calculate the weighted
average over all analysed observations, as shown in Figure 4.8. Both the '*0 /160 and 70 /160
ratios appear to be relatively constant in the altitude range where ACS MIR. is most sensitive.
The 0 /160 ratio might show a slight enrichment with altitude, but this is within the order
of the uncertainties. Assuming the isotope ratios are well mixed, it is possible to calculate
an average value for all altitudes, which is 80/60 = 1.20 VSMOW and 7O/'0 = 1.23
VSMOW.
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Figure 4.8: Weighted-averaged vertical profiles of the oxygen isotopic ratios in water vapour, with
respect to the VSMOW. The shaded areas represent the uncertainties associated to the average profiles,
which are calculated using the propagation of errors from the different profiles. Altitudes are defined
with respect to the Martian ellipsoid.

97



4.3. RESULTS

In the publication where the work described in this chapter of the thesis was presented
(Alday et al., 2019), the uncertainties associated with the averaged values were calculated to
be 180/160 = 1.20 4+ 0.08 VSMOW and 70 /160 = 1.23 + 0.11 VSMOW, which correspond
to the errorbars derived at the most constrained altitude in Figure 4.8. However, in order to
be consistent with the methodology applied in Chapters 5 and 6, the uncertainties associated
with the average isotopic ratios are here revised. Figure 4.9 shows a histogram of the measured
180/160 and 170 /1°0 isotopic ratios in all observations, as well as the associated uncertainties.
Most derived uncertainties of the 80 /100 ratio lie within 0.2-0.3 VSMOW, while most of
the corresponding ones for the 170/'0 ratio lie within 0.25-0.55 VSMOW. We calculate
the uncertainties associated with the average isotopic ratios to be 80 /160 = 1.20 + 0.20
VSMOW and "0 /160 = 1.23 4+ 0.25 VSMOW, which correspond to the lower bound of the

typical measured uncertainties.
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Figure 4.9: Histogram of the measured 18 0/%0 and 70 /*® O isotopic ratios (top) and the associated
retrieved uncertainties (bottom). The red dashed lines in the top panels represent the average isotopic
ratios. The colour of the points on the plots in the bottom panels represents the density of measured
points.

The derived value of the 180 /160 isotope ratio in water vapour is more enriched in the heavy
isotope than that measured by the Curiosity Rover (130/100 = 1.08 + 0.01 VSMOW; Webster
et al. (2013)), although both measurements are consistent within the reported uncertainties.

The nature of this difference is unknown, although it might be related to climatological frac-
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tionation due to condensation and adsorption/desorption processes, which will be enhanced

near the surface, where Curiosity makes its measurements (see section 1.1.5.2).

We find both oxygen isotope ratios in water vapour to be enriched in the heavy isotope,
which might be indicative of atmospheric loss to space throughout the Martian history, which
preferentially enriches the remaining atmosphere bound to the planet in the heavy isotope
(e.g., Jakosky (1991)). While the enrichment in the heavy isotopes might be indicative of
atmospheric loss, estimating the amount of oxygen lost throughout history is not straightfor-
ward, since it requires accurate knowledge about the escape fractionation factor f (see equa-
tion 1.0.2). Fox and Ha¢ (2010) estimate that the fractionation factor inherent in the escape
mechanism by dissociative recombination of O; is approximately 0.4 for ¥0 /60, meaning
that the remaining atmosphere is efficiently enriched in 80O as oxygen escapes. However, this
factor just represents the fractionation inherent in that particular mechanism, but does not
include the fractionation factor of the mechanisms by which the oxygen atoms in the different
reservoirs are transformed into O . In addition, unlike hydrogen, whose main reservoir is
Martian water, oxygen atoms in HoO are expected to interact with those from CO9 and min-
erals on the surface, which complicates the connection between water escape and enrichment

in the heavy isotopes of oxygen in water vapour.

Interestingly, the enrichment in the heavy isotope of both oxygen isotope ratios with respect
to Earth is found to be similar (i.e., 6'¥0 ~ §'70). Most terrestrial and lunar materials (e.g.,
clouds and rain, tropospheric COg and Oz, bulk of silicates on Earth) follow mass-dependent
oxygen fractionation, by which 6'*0O ~ 0.52 - 67O (Thiemens, 1999). Mauersberger (1981)
measured an enrichment of §180 = 6170 = 400 %o in stratospheric ozone, confirming previous
indications that ozone might be formed in a mass-independent process from molecular oxygen
(Thiemens and Heidenreich, 1983). Later on, more atmospheric species were found to be
enriched in a mass-independent way (e.g., stratospheric COx, nitrates, sulfates), in particular
those reacting with ozone in the atmosphere (Brinjikji and Lyons, 2021). The measurement of
mass-independent oxygen fractionation in Martian water vapour might therefore be indicative

of photochemical reactions with other oxygen-bearing species.
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4.4 Summary

In the previous chapters, we provided a detailed overview of the ACS MIR measurements and
the methods by which these can be modelled and analysed. In this chapter, we have applied
these retrieval techniques to eight solar occultation observations made during the first months
of operations using secondary grating position 5 in order to constrain, for the first time, the

vertical distribution of the 0 /60 and 70 /160 isotopic ratios in water vapour.

We have found that the oxygen isotopic composition of water vapour is enriched in the
heavy isotopes with respect to Earth, which might be indicative of atmospheric loss to space.
In addition, we have found that both isotope ratios are indeed similarly enriched with respect
to Earth and do not follow the expectations from mass-dependent fractionation, which might
be indicative of interactions of the water vapour isotopologues with those from other oxygen-

bearing species through photochemical reactions.

Despite the rather different conditions found in the atmosphere in terms of pressure, tem-
perature and atmospheric water content in the eight observations analysed in this chapter,
the retrieved profiles for the oxygen ratios do not appear to show differences greater than
the level of uncertainties. In order to look for variability in the isotopic composition of water
vapour, in Chapter 5 we extend the analysis of the ACS MIR solar occultations to a climato-
logical study encompassing more than a Martian Year of observations. However, in order to
include simultaneous profiles of the D /H ratio, this climatological analysis applies the retrieval

techniques to ACS MIR measurements made with secondary grating position 4.
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Chapter 5

Isotopic composition of HoO from

grating position 4

In the previous chapter, we explained how we used a reduced number of observations from
ACS MIR secondary grating position 5 to constrain, for the first time, the oxygen isotopic
composition of HoO in the Martian atmosphere. In this chapter, we use a similar approach
but now aiming to characterise the variations of the H2O isotope ratios in space and time.
Variations of the D/H ratio are expected to be larger than those of the O isotopologues and
therefore easier to characterise from the measurements. Although secondary grating position
5 includes some absorption lines of HD'O, these are weaker than those in secondary grating
position 4. Therefore, in order to include the D/H ratio in the analysis of the variations of the
isotope ratios, we use ACS MIR observations made with secondary grating position 4, which
allow us to study the evolution of the vertical profiles of both D/H and ¥0/160. In addition,
aiming to understand how the water isotopologues are fractionated as they are decomposed
into lighter species, we combine the ACS measurements with calculations of the photolysis
rates of HoO and HDO, which provides an insight of the isotopic fractionation in the process

that ultimately leads to the escape of the different isotopologues.

In sections 5.1 and 5.2 we present the measurements and methods used to measure the
climatology of the D/H and #0 /160 from secondary grating position 4. The results are then
presented in section 5.3. We describe the observed variations of the isotope ratios in HoO

in section 5.3.1. In section 5.3.2, we explain how we estimate the average non-fractionated
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values of the isotope ratios using the global statistics of the measurements from the whole
dataset. Finally, in section 5.3.3 we explain how we estimate the isotopic ratio of the photolysis
products of water vapour (OH and H) using a combination of the ACS measurements and the

photolysis rates of HoO and HDO.

The analysis described in this chapter of the thesis has been peer-reviewed and published
in Nature Astronomy (Alday et al., 2021a). Although that publication has a number of
coauthors, all work presented in this chapter was performed by me except for the calibration
of the ACS MIR transmission spectra, which was performed by Alexander Trokhimovskiy at
the Space Research Institute (IKI), and the calculation of the photolysis cross-sections of HoO
and HDO, which were calculated by Franck Lefévre at LATMOS.

5.1 ACS MIR observational dataset

The dataset assembled for this study comprises all available secondary grating position 4 ob-
servations from the start of the science operations in March 2018 to the observations made
in February 2021. These include 627 secondary grating position 4 solar occultation measure-
ments, which account for approximately 14% of all available ACS MIR observations, covering
more than a full Martian year of measurements and including more than half of Martian Year
34 (MY34) (Ls = 160-360°) and most of MY35 (Ls = 0-356°), as shown in Figure 5.1. In
solar occultation measurements, the Sun is observed during the sunrise and sunset at a given
location on Mars, so that the local time of the observation varies given the latitude of the
tangent point, the solar longitude of Mars around the Sun, and whether it is the morning or
evening terminator that is observed (see top panel in Figure 5.1). Given the orbit of the Ex-
oMars TGO, the majority of the solar occultations take place at high northern and southern
latitudes between approximately 40 and 80°, although some occultations occur close to the

equator (see bottom panel in Figure 5.1).

The data from secondary grating position 4 includes ten diffraction orders (215-224) expand-
ing over a wavenumber range between 3604 and 3769 cm™!. This spectral range encompasses
absorption bands of several isotopologues of HoO and COs2 observed across several diffraction

orders (see Figure 3.4 and Figure 3.6). However, absorption by COs in this spectral region is
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Figure 5.1: Observational coverage of ACS MIR secondary grating position 4 solar occultation obser-
vation. Top) Evolution of the latitude of the observations as a function of solar longitude. The grey
dots represent all ACS MIR solar occultation observations, while the coloured dots are those made
using secondary grating position 4. The colour of the dots represents the local time of the observation.
Bottom) Latitude and longitude of the tangent point of all available grating position 4 observations.
The colour of the dots represents the density of occultations.
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so strong that it masks the much weaker absorption lines of the HyO isotopes across most of
the diffraction orders, impeding the achievement of high sensitive measurements of the iso-
topic ratios in water vapour (see Figure 5.2). Diffraction order 224 lies just outside the strong
absorption band of COg, enabling a better characterisation of the water vapour absorption
lines, and the derivation of the isotope ratios. It must be noted that, although the strong
absorption by COs complicates the analysis of the isotope ratios, it allows the derivation of
pressure and temperature vertical profiles from the near-surface up to 180 km, demonstrating

the unprecedented capabilities of the ACS instrument.
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Figure 5.2: Top) Synthetic spectrum for the wavelength range covered by ACS MIR secondary grating
position 4, showing the contribution from COs isotopologues and HyO to the spectrum. Bottom)
ACS MIR secondary grating position 4 measurement at a tangent height of 30 km made in the solar
occultation during orbit 1849. The vertical dashed lines indicate the spectral range encompassed by
each of the diffraction orders acquired in this grating position.

The analysis of this chapter is therefore based on the spectra measured with diffraction
orders 223 and 224. These two orders are situated in the lowermost part of the detector
frame, where the effect of the doubled-image is minimised (see Section 2.2.3). In particular,

two spectral windows are selected within these orders, used to sample both absorption by
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CO2 and the isotopes of HyO (see Figure 5.2). The spectral window in diffraction order 223
samples the edge of the strong COo band centered at 3715 cm™!, with lines strong enough
to be cover the altitude range in which water lines are visible, and therefore allowing the
derivation of gaseous volume mixing ratios that otherwise would not be reliable. The spectral
window in diffraction order 224 includes several absorption lines of H%0O, some of which can
be measured up to 120 km in certain instances. This spectral window also includes some
absorption lines of HD'6O, and one absorption line of H*O and Hi7O. The absorption line
of HI8O (~3865 cm™1) is clear and not contaminated by other species, which allows greater
sensitivity for the derivation of the 0 /60 isotopic ratio. On the other hand, the observable
absorption line of H3"O (~3862.3 cm™!) coincides with absorption by Hi%0O, which impedes

the derivation of valuable vertical profiles of the 7O /160 ratio.
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Figure 5.83: ACS MIR spectra measured during orbit 4124 within the spectral windows in diffraction
orders 223 (left) and 224 (right) selected for the derivation of the pressure, temperature and HsO
isotopic ratio profiles at three different tangent heights. The black dots represent the measured spectra,
while the red line shows the best fit to the data. The contribution from the different absorbing species
18 shown and shifted for the clarity of the figure, with the colours representing each of the species
following the legend on top.

5.2 Retrieval scheme

The retrieval scheme adopted for this work follows the same logic as that used for the char-
acterisation of the oxygen isotope ratios from secondary grating position 5 (see Chapter 4).
However, while the analysis of grating position 5 spectra exploited the availability of absorp-
tion lines of the gaseous species in different diffraction orders to derive reliable quantities and
uncertainties, spectra from secondary grating position 4 allows us to measure only a limited

number of absorption lines, and a slightly different approach must be used. In this case, we
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exploit the capabilities of the ACS MIR observations by combining several rows from the

detector frame.

The analysis of the data is performed with a two-step scheme, which is summarised in
Figure 5.4. First of all, vertical profiles of pressure and temperature are retrieved from CO9
absorption in diffraction order 223, along with the vertical distribution of the Hi%O volume
mixing ratio from diffraction order 224. Secondly, the retrieved pressure and temperature
profiles are fixed, and the H%ﬁO volume mixing ratio is used as an a prior:i estimate to retrieve
from diffraction order 224 the volume mixing ratios of Hi°O, Hi#O and HD'60O, assuming an
a priori isotopic composition of 0 /160 = 1 and D/H = 5 with respect to VSMOW, and

using a spectral window suitable for the derivation of the isotopic ratios.
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Figure 5.4: FExample of ACS MIR spectra and summary of the retrieval scheme. ACS MIR spectra
shown in this figure was obtained in orbit 4409 (A) (Latitude = 42°S, Lg = 291°, Local time = 19h).
In step 1 of the retrieval scheme, pressure and temperature based on the absorption of COy (B), and
H% O volume mizing ratio profiles are retrieved from one detector row in diffraction orders 223 and
224 (A). In step 2, spectra from five different detector rows (C) are independently used to retrieve the
volume mizing ratios of H®O, HX¥O and HD'O (D) from the spectral window in diffraction order
224, which allow the derivation of the D/H and 80/ O isotope ratios (E).
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The retrieval of the pressure and temperature profiles is performed using the scheme intro-
duced in section 3.4.1 and applied for the analysis of secondary grating position 5 spectra. In
this case, the profiles are retrieved using the spectral window in diffraction order 223 taken
from the row corresponding to the stripe centre, where the signal intensity is maximum, and
which therefore yields the highest signal-to-noise ratio (SNR). The initial retrieval of the ver-
tical distribution of H%O volume mixing ratio is also performed using the maximum-intensity
row, but now in the spectral window of diffraction order 224 (see Figures 5.3 and 5.4). Com-
parison of the retrieved Hi®O profiles with those derived from simultaneous measurements by
ACS NIR in the 1.38-um band (Fedorova et al., 2020b) revealed a bias between the retrieved
water vapour abundance using both datasets when observing high water vapour densities (see
Figure 5.5). This bias is presumably related to the saturation of the water vapour absorption
lines, which impact the sensitivity of the line along the line-of-sight. In order to reconcile
the retrievals from both datasets, we select a smaller spectral window (3763-3765.4 cm™!)
including weaker absorption lines of Hi%0. In this case, the retrievals are in good agreement

with those retrieved from ACS NIR spectra at low altitudes (see Figure 5.5).

The retrieval of the D/H and 80 /160 isotope ratios is performed using the spectral window
between 3763 and 3765.4 cm ™! in diffraction order 224. However, in this case, given the smaller
number and strength of the absorption lines, five different rows from the detector frame are
independently retrieved and later combined, increasing the effective vertical resolution of the
measurements, as well as the confidence of the retrievals. The combination of the retrieved
profiles and the uncertainty estimation from the different detector rows is performed using
the same method as was described in section 3.4.5 and later applied for the analysis of grating
position 5 data (see section 4.2). However, in this case, instead of combining profiles from
different spectral windows, it is the profiles from the same spectral window in different detector

rows that are combined (see Figure 5.6).

The combination of the different detector rows is essential for the reliability of the results as
it would otherwise be very complicated to differentiate between real variations in the retrieved
profiles and oscillations caused by spurious signatures in the ACS MIR data. These spurious
signatures appear in some observations and generally have low amplitude, but their impact

might be important when the actual absorption lines are weak. In some cases, if one of these
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Figure 5.5: Characterising biases in the retrievals by comparing with simultaneous ACS NIR measure-
ments. The top panel shows an ACS MIR transmission spectrum (black dots), the best fit to the data
(red line), as well as the contribution from different gases to the spectra, following the different colours
shown on the legend. The lower three panels show the retrieved profiles from ACS NIR spectra (black
dashed lines - Fedorova et al. (2020b)), as well as the retrieved profiles from ACS MIR when using
the whole spectral window shown in the top panel (blue lines) and the spectral range shown between
the black dashed lines in the top panel (orange lines). The three observations shown here correspond
to the observations made during orbits 3418 (Lat = 50°N, Ls = 240°, Local time = 16h), 4124 (Lat
= 49N, Ls = 276°, Local time = 8h) and 4517 (Lat = 55°N, Ls = 296°, Local time = 8h).
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Figure 5.6: Calculation of the averaged profiles and uncertainties in the combination from several
detector rows. The different panels show the vertical profiles of H%0, H3O and HD'O retrieved
independently from several detector rows. The uncertainties in the weighted-averaged profiles (black
lines) are calculated using the mazimum between the propagation of errors from the different profiles
and the dispersion from the independent profiles from the mean. The profiles on the top panels corre-
spond to the observation made in orbit 4124 (Lat = 49°N, Ls = 276°, Local time = 8h) and the ones
at the bottom to the observation made in orbit 8856 (Lat = 66°N, Ls = 108°, Local time = 0h).
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spurious signatures coincides with the position of an absorption line, the retrieval algorithm
will try to fit the spurious artifact with an actual gaseous contribution, producing unreal
oscillations in the retrieved profiles, as shown in the profiles above 70 km in Figure 5.7. In
this analysis, where few absorption lines are used, this effect can have a strong impact on the
retrieved profiles and it is therefore essential to identify them and include their impact on
the retrieved uncertainties. The combination of several rows from the detector proves to be
a good approach for overcoming this effect, as the retrieved profiles from each of these rows
agree when lines are clear, but clearly differ when spurious signatures are present on the data.
Therefore, this approach provides reliable results, with associated errorbars representative of

the true uncertainty of the retrieval.
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Figure 5.7: Comparison of the retrieved profiles of the Ha O isotope volume mixing ratio profiles when
using different rows from the detector frame. The left panel shows the measured data (black dots) and
best fit (red lines) in three different acquisitions obtained from different detector rows in the observation
made during orbit 2593. The three right panels show the retrieved profiles of Hy0 O, H® O and HD® O
obtained from the different detector rows.

In order to test the reliability of the retrieval scheme and the accuracy of the results,
the retrieved profiles are compared with vertical profiles retrieved from the ACS NIR channel,
which makes simultaneous observations of the Martian atmosphere sampling the CO5 band at
1.57 pm and the H2O band at 1.38 pum (Fedorova et al., 2020b). As shown in Figure 5.8, both
analyses are found to follow the same altitude trends in different seasons and locations. In
Figure 5.9 we make a comparison of all the retrieved values with uncertainties less than 50%
from both channels in the observations made during MY34. We calculate that the differences

are on average 18.3% for the retrieved HoO number density, and 7.5 K for the retrieved
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temperature. Assuming both instruments are similarly sensitive to these parameters (on7r
= opmIR), We estimate a 12.9% uncertainty in the HoO density and an uncertainty of 5.3 K

in the temperature field (onrr = opmrR = O’diff/\/i).
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Figure 5.8: Validation of the retrieved vertical profiles of temperature and water vapour mizing ratio
from ACS MIR and ACS NIR. The different panels show the retrieved profiles of temperature and
water vapour volume mizing ratio from simultaneous observations made by ACS MIR (solid lines -
this study) and ACS NIR (dashed lines - Fedorova et al. (20200)) in different latitudes and seasons.

Unfortunately, the ACS NIR channel does not include any absorption bands of the minor
water isotopologues (i.e., H1¥0 and HD'60), and the retrievals of the isotope ratios cannot be
validated with simultaneous measurements. In order to validate these, we perform retrievals
of the D/H ratio using secondary grating position 11, using the pressure and temperature
fields retrieved by ACS NIR. In particular, we retrieve the H%0 and HD!O mixing ratios
from diffraction orders 175 and 162 (see Figure 3.4), using spectral windows between 2932
and 2938 cm ™!, and 2719 and 2725 cm ™!, respectively. Even though the observations made
with secondary grating positions 4 and 11 are not simultaneous, the derived vertical profiles of
D/H ratio from both spectral ranges show similar behaviours when observing similar seasons,

confirming the retrievals derived from secondary grating position 4 (see Figure 5.10).
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Figure 5.9: Validation of the retrieved vertical profiles of temperature and water vapour mixing ratio
from ACS MIR and ACS NIR. The panels on the left show the retrieved temperature and Ho O density
using ACS MIR against those retrieved by ACS NIR (Fedorova et al., 2020b) for all the observations
made during MY3/. The black dashed line in these panels indicates the expected trend if the retrievals
from both channels were equal. The panels on the right show the differences in the retrieved parameters
from both channels as a function of altitude.
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Figure 5.10: Validation of the retrieved vertical profiles of D/H using ACS MIR observations with
secondary grating positions 4 and 11. The different panels show the retrieved profiles of water vapour
mixing ratio and D/H ratio for observations taken during the perihelion season of MY34 and the
aphelion season of MY35 when observing with secondary grating positions 4 (green) and 11 (purple).
The observations made with position 11 were performed during orbits 3550, 3553, 8358 and 8381. The

observations made with position 4 were performed during orbits 3564, 3576, 8355 and 8401.
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5.3 Results

The retrieval scheme developed for the analysis of ACS MIR secondary grating position 4 data
was applied to all available observations from the start of the science operations in March 2018
to February 2021, corresponding to 627 solar occultation observations spanning 1.55 Martian
years, as described in section 5.1. This analysis allows the monitoring of the vertical profiles
of pressure, temperature, and volume mixing ratio of Hi0, H¥O and HD'®O, which in turn
allow the derivation of the D/H and 0 /160 isotope ratios. In addition, the simultaneous
characterisation of the pressure, temperature, and HoO density fields allows the calculation

of the water vapour saturation ratio following

§="Lw (5.3.1)
DPsat
where p,, is the partial pressure of water vapour, and ps.; is the water vapour saturation

vapour pressure over ice, which can be calculated at a given temperature using the Goff-Gratch

equation given by

273.16

log1(Psat) = —9.09718 - (T — 1) — 3.56654 - log <

273.16
) (5.3.2)

+0.876793 - (1 > +1og((6.1071),

©273.16

where the temperature T is given in K and psq; is in hPa.

The results derived from the analysis of the ACS MIR secondary grating position 4 data
are summarised in Figure 5.11, which shows the evolution or climatology of the retrieved
atmospheric parameters. In the following subsections, these results are classified and displayed
to highlight the aspects of the data most relevant for the purposes of this thesis, aiming to
constrain the initial research questions stated in Chapter 1. In section 5.3.1, we analyse
the seasonal evolution of the retrieved atmospheric parameters, focusing on the variations of
the isotopic ratios. Section 5.3.2 deals with the estimation of the average non-fractionated
isotopic ratios representative of the Martian atmosphere, which must be accurately measured
for making reliable estimations of the evolution of water vapour on Mars. Finally, section
5.3.3 aims to constrain the relation between the isotope ratios in HoO and the dissociation

species, which is relevant for understanding the relative escape of the several isotopes.
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Figure 5.11: Climatology of the retrieved atmospheric parameters. The panels show the values of the
retrieved parameters as a function of altitude and solar longitude for the northern (left) and southern
(right) hemispheres. A) Distribution of ACS MIR solar occultation observations, with the local time

represented by the colour bar. B) Atmospheric temperature.

C) Water vapour volume mizing ratio.

D) Saturation ratio of water vapour, with black representing all the values <1, and the values >1
following the colour bar E) D/H ratio in water vapour with uncertainties lower than 1 VSMOW. F)
80 /160 ratio in water vapour with uncertainties lower than 0.2 VSMOW.
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5.3.1 Climatology of the retrieved atmospheric parameters

The evolution of the retrieved parameters in Figure 5.11 shows large variations as a function
of time. Due to the nature of the Sun-synchronous near-polar orbit of the ExoMars TGO,
the latitudinal coverage of the ACS solar occultation observations varies with time, as shown
in the top panels of Figure 5.11. Therefore, it must be noted that some of the variations

observed in the climatology are related to latitude changes rather than seasonal ones.

During the observed period, both temperature and HoO volume mixing ratio profiles show
drastic seasonal and latitudinal changes. During the Southern Hemisphere (SH) spring and
summer seasons (Lg = 180° and Lg = 270°) in both MY34 and MY35, Mars is close to
perihelion (Lg = 251°), and the greater dust heating and proximity to the Sun intensify the
Hadley circulation, allowing warmer temperatures to expand to the middle atmosphere in both
the northern and southern hemispheres. These greater temperatures move the hygropause
(i.e., level at which water vapour saturates) upwards to higher altitudes, allowing water vapour
to migrate to the middle and upper atmospheres, and reaching values greater than 50 ppmv
as high as 100 km. The ascension of water vapour to the middle atmosphere also occurs
during the Global Dust Storm (GDS) in MY34 (Lg = 190-220°), when the hygropause is
moved to approximately 80 km in both hemispheres. This behaviour is not observed during
the same period in MY35, when the altitude of the hygropause is set around 40-50 km at
mid-latitudes (see Figure 5.11). This difference shows the impact of dust storms, which
increase the dust heating and prevent the condensation of water vapour (Neary et al., 2020).
During the Northern Hemisphere (NH) spring and summer seasons (Lg = 0° and Lg = 90°),
although high water vapour abundances (> 150 ppmv) are observed in the NH, these are
confined to altitudes below ~20 km. At high southern latitudes (> 60°S), during this time,
very low water vapour abundances (< 1 ppmv) and temperatures (< 150 K) are observed.
These seasonal trends are in agreement with other observations (Aoki et al., 2019; Fedorova
et al., 2020b,a) and with the expectations from the simulations of a General Circulation Model

(GCM) (Montmessin et al., 2004).

The evolution of the D/H ratio is closely linked to that of the HoO abundance, showing some

strong differences between the summer seasons in the northern and southern hemispheres (see
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Figures 5.11 and 5.12). During the SH summer in MY34 and MY35, the intensified Hadley
circulation raised the hygropause to higher altitudes, allowing water vapour and its minor
isotopologues to expand into the middle atmosphere until they reach the saturation level
where the volume mixing ratio starts decreasing. During this period, the D/H ratio in the
NH lies within 4-5 VSMOW up to 30-40 km, where it starts decaying towards 2-4 VSMOW
in the 40-50 km range, in agreement with the expectations based on condensation-induced
fractionation, which predict a preferential condensation of HD*®O over H%O (Bertaux and
Montmessin, 2001; Montmessin et al., 2005). A similar behaviour is observed in the SH
during this period, with values of 5-6 VSMOW up to 50-60 km, where they decrease down
to 2-4 VSMOW at 60-70 km. During the NH summer, the presence of isotopic fractionation
in condensation processes is even clearer, showing a steady decrease of the D/H ratio from
4-5 VSMOW at 10 km down to 2-3 VSMOW at 20-30 km, due to a lower altitude of the
hygropause. During this period, the water vapour content in the SH is very low, and only a few
observations yield low uncertainties in the D/H ratio, which indicate values of approximately

2 VSMOW between 10 and 30 km.

The variations observed in the water vapour D/H ratio appear to be consistent with the
expectations from condensation-induced fractionation, which were modelled by Montmessin
et al. (2005) using a GCM. Recently, the team from the Laboratoire Atmosphéres, Obser-
vations Spatiales (LATMOS) has generated a data product with the GCM results using the
same observational constraints as ACS solar occultations, allowing a comparison between
the observed and modelled variations of the D/H ratio (see Figures 5.11, 5.12 and 5.13)
(Montmessin et al., 2005; Rossi et al., 2021). The modelled vertical profiles, as well as the
measured ones, show a decrease of the D/H ratio above the hygropause. In addition, during
the winter seasons in both the northern and southern hemispheres (Lg ~ 270° and Lg ~
90°), both the model and the measurements reveal low values of the D/H ratio below 15 km,
which correspond to the condensation of water on the polar caps. Therefore, to first order,
the observed variability of the D/H ratio agrees with the predictions from the GCM, which
is consistent with the hypothesis that the main driver of isotopic fractionation in Martian
water vapour is condensation-induced fractionation. In the future, a more quantitative com-
parison is required for obtaining an in-depth understanding of the fractionation mechanism

and to understand, for example, the effects of supersaturation and kinetic fractionation in the

117



5.3. RESULTS

N.H. Summer MY35 (60°- 120°) S.H. Summer MY35 (240°-300°)
80 80 —
70 70 4
60 4
g ,g *g 501
3 < <
<] 3 S 40
2 2 2
K S 2 304
20 4
10 A
0 . . . . . r 0 r . .
101 10° 10t 102 103 101 10° 10! 102 103 1071 10° 10! 102 103
H,0 (ppmv) H20 (ppmv) H20 (ppmv)
80 80 80
70 A 70 A 70 A
60 60 60 1
'g 50 A g 50 1 'g 501
B3 < <
S 401 S 401 8 401
2 2 2
< 30 1 < 30 - < 30
20 A 20 A 20 A
10 A 10 A 10 A
0 : . . 0 . : : 0 : . .
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
D/H (VSMOW) D/H (VSMOW) D/H (VSMOW)
80 80 80
70 A 70 A 70 A
60 60 60 1
'g 50 1 g 50 4 E 501
3 < <
S 401 S 401 8 40
< 30 1 < 30 - < 301
20 A 20 A 20 A
10 A 10 A 10
0 . : : 0 : . . 0 . . :
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
180/160 (VSMOW) 180/160 (VSMOW) 180260 (VSMOW)
-80 -60 -40 -20 0 20 40 60 80

Latitude (deg)

Figure 5.12: Evolution of the water vapour mizing ratio and the D/H and ® 0/'6 O isotopic ratios
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differentiation between HoO and HDO during the formation of water ice clouds (see Section
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Figure 5.13: GCM climatology of the atmospheric parameters displayed simulating the same observa-
tional coverage as ACS solar occultation observations (Rossi et al., 2021). The panels show the values
of the atmospheric parameters as a function of altitude and solar longitude for the northern (left)
and southern (right) hemispheres. A) Distribution of ACS MIR solar occultation observations, with
the local time represented by the colour bar. B) Atmospheric temperature. C) Water vapour volume
mixing ratio. D) D/H ratio in water vapour.

Recently, Villanueva et al. (2021) measured the climatology of the HoO abundance and the
D/H ratio from solar occultation observations made by NOMAD during MY34. Although
the observations made by NOMAD and ACS MIR are not simultaneous (see section 2.1), the
observational coverage of both instruments is similar, as well as their sensitivity to HoO and
HDO. To first order, the variations of the water vapour mixing ratio and the D /H ratio follow
similar trends. However, while the average D/H ratio measured by NOMAD lies within 6-7
VSMOW, our measurements typically reveal values of D/H of approximately 5 VSMOW. The
source of this difference is currently unknown, although an in-depth cross comparison of the

measurements made by both instruments will be performed in the future.
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In the case of the evolution of the 180 /00 isotope ratio, variations appear to be milder than
those found in the D/H ratio. During the SH summer, the 80 /60 isotope ratio lies within
values of 1.1-1.3 VSMOW up to approximately 60 km. In MY35, the *¥0 /'O ratio appears to
decrease towards lower values (0.5-1 VSMOW) above 30-40 km and 50-60 km altitude ranges
for the northern and southern hemispheres, respectively, which resembles the behaviour of the
D/H ratio above the hygropause. However, these points have larger uncertainties than those
found below the hygropause. During the NH summer, the observations of the 0 /160 ratio
indicate values ranging from 1-1.2 VSMOW, showing no evidence of strong fractionation, as
opposed to the steady decrease observed in the D/H ratio. In the following section, we provide
a more detailed analysis of the measurement error to estimate the statistical significance of

the variations measured in the ¥ /10 isotope ratio.

5.3.2 Estimation of the non-fractionated isotopic ratios

Understanding the variability of the isotopic ratios is essential to disentangle the values in-
ferred from localised measurements, which are subject to climatological fractionating processes
and the non-fractionated isotopic ratio representative of the whole atmospheric reservoir,
which is important for understanding Mars’ evolution. Figure 5.14 shows a histogram of the
measured isotope ratios at all altitudes. The observed values of the D/H ratio show a large
range of variability, varying from values as low as 1-2 to 5-6 VSMOW, while the variations in
the 80 /160 are smaller, ranging from approximately 0.9 to 1.3 VSMOW. Typical uncertain-
ties of the D/H ratio lie within 0.3-0.5 VSMOW, while those on the *0 /!0 isotopic ratio
range between 0.08 and 0.12 VSMOW.

In order to understand the nature of the observed variations in the isotopic ratios, their
dependence on atmospheric temperature and water abundance is also shown in Figure 5.14.
The variations in the D/H ratio are found to be positively correlated with those in the water
vapour volume mixing ratio, with a Pearson correlation coefficient of 0.7 between D/H and
log,3(H20). A logarithmic relation between D/H and water vapour abundance is predicted
by the isotope fractionation during condensation (Montmessin et al., 2005), which appears
therefore responsible for the observed variations. Similarly, the observed variations of the
D/H ratio appear to be related to the atmospheric temperature: while the higher values of

the D/H ratio (>4 VSMOW) are found in a wide range of temperatures (170-210 K), low
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values of D/H (<3 VSMOW) are only measured for T<180 K. This correlation corroborates
the hypothesis of the prominent role of condensation-induced fractionation, which is predicted
to increase with decreasing temperatures (Krasnopolsky, 2015; Merlivat and Nief, 1967; Lamb
et al., 2017).
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Figure 5.14: Histogram of the measured D/H and 180/ O isotope ratios, as well as their relation
with the water vapour mixing ratio and temperature. Only the points with uncertainties of D/H < 1
VSMOW and 80/50 < 0.13 VSMOW are shown. The black dashed lines on the histogram plots
represent typical measurement uncertainties, centred at D/H = 4.9 + 0.4 VSMOW and **0/*°0
= 1.14 + 0.10 VSMOW. The colour of the points on the plots in the middle and right columns
represents the density of measured points. The red cross in the temperature panels represents the most
frequently measured value of the isotope ratios at temperatures >180 K, which we take as the average
non-fractionated isotope ratios in the Martian atmosphere.

The estimation of the D/H ratio representative of the present-day Martian atmosphere re-
quires the subtraction of climatological effects that impact the isotopic composition at certain
times and locations. Climatological fractionation effects are expected to be minimum when
observing high temperatures and water vapour abundances, when water is fully vaporised

and free from condensation (Villanueva et al., 2015). Under these conditions, most of the
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observations yield D/H ratios between 4 and 5 VSMOW. Larger values of the D/H ratio (5-6
VSMOW) are observed in certain instances. However, considering the typical statistical un-
certainty of the measurements (o ~ 0.4 VSMOW), which is highlighted in the histogram plot
in Figure 5.14, it is not possible to determine whether the values of D/H > 5 VSMOW are real
or an artefact due to the intrinsic measurement uncertainty. Considering the measurements
with T > 180 K, the most frequently measured value is D/H = 4.9 £+ 0.4 VSMOW, which we

take as the average non-fractionated isotope ratio in the Martian atmosphere.

In the case of the *¥0 /160, the range of observed variability is close to the uncertainty level
in the measurements, which makes it impossible to disentangle potential variations of the
180 /160 isotope ratio in the Martian atmosphere from the statistical noise of the instrument.
This is also highlighted in the histogram plot in Figure 5.14. In contrast to the measurements
of the D/H ratio, no apparent correlation is found between the 0 /0O isotopic ratio, water
abundance and temperature (see Figure 5.14). We do not observe either any correlation
between the observed variations in D/H and those in the 180 /160 ratio (see Figure 5.15). A
relation between the fractionation of these two isotope ratios is expected during condensation
onto water ice clouds, typically following 6D = 8 x 60 on Earth (meteoric line), although
the slope of this relation varies as a function of temperature, and also depending on the role
of kinetic effects and supersaturation, as reviewed in section 1.1.5.2. Trendlines following
different slopes are superimposed on the data in Figure 5.15. However, while expectations
from condensation-induced fractionation predict a correlation between these parameters, this
dependence cannot be robustly seen in the data because of the uncertainty exhibited by the
measurement of the O isotope ratios being at least as large as any variation seen in the

atmosphere.

From the measured 80 /190 isotope ratios throughout more than one Martian year, we
estimate the *0 /150 isotope ratio representative of the Martian atmosphere to be 1.14 +
0.08 VSMOW, where the uncertainty corresponds to the lower bound of the typical measured
uncertainties. Within the observed variations, our results are consistent with the measurement
made with the Sample Analysis at Mars (SAM) instrument on the Curiosity Rover, which
revealed an enrichment of the 180 /60 isotope ratio of 1.08 + 0.01 VSMOW (Webster et al.,

2013). In addition, the results derived from the ACS MIR measurements made with secondary
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Figure 5.15: Left) Relation between the measured values of the D/H and 80/ 0 isotope ratios in
HyO in units of VSMOW. Right) Relation between the measured values of the D/H and *0/*°0
isotope ratios in Hy O normalised using D/H = 4.9 and 80/*°0 = 1.14/ VSMOW. The coloured
straight lines represent the expected relation from condensation-induced fractionation with various
slopes representing various cases of temperature and impact of kinetic fractionation.

grating position 4 can be compared with those derived from secondary grating position 5,
which were described in the previous chapter. Both analyses yield mean ¥0 /160 values of
1.14 4+ 0.08 and 1.20 + 0.20 VSMOW, and are therefore consistent within the errorbars.
Nevertheless, it must be noted that while the value derived from position 5 data relied on the
analysis of eight solar occultation observations, the value derived in this chapter is obtained

using more than 500 observations, and is therefore considered more accurate.

5.3.3 Implications to isotopic fractionation during atmospheric escape

Accurate estimations of the total amount of water vapour lost throughout Martian history
from isotopic measurements require an understanding of the relative efficiency of the different
isotopologues to escape into space, which is represented by the escape fractionation factor f
(see equation 1.0.2). The first part of the escaping process of water into space starts with
the photolysis of HoO, giving rise to OH and H (see section 1.1.4). The isotopic ratio of
the photolysis products can be estimated taking into account the isotopic ratio of the parent
molecules (H20O) and the relative photolysis rates of the different isotopes. From now on,
the calculations regarding the isotopic ratios are going to be made for D/H, but it must be
noted that they are analogous for the **O /160 ratio. The D/H ratio of the photodissociation

products can therefore be estimated using
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(D/H)product(z) = (D/H)parent(z) : iiDg (Z) (5.3.3)

where (D/H)parent represents the D/H ratio of the parent HoO molecules and Jypo and
Ji,0 are the photolysis rates of HDO and HyO in s, respectively. Note that the D/H ratio
of the parent molecules being photolysed might be different from the average D/H ratio of the
bulk atmosphere if water vapour is fractionated in the lower atmosphere, leading to a localised
enrichment or depletion with respect to the average lower atmosphere value. Therefore, the
fractionation factor R relating the isotopic composition of the photolysis products and that
of the bulk atmosphere can be calculated as

(D/H)product _ (D/H)parent(z) Jupo

R(z) = O/Wpue (D/H)puin JH,0 =) (5:3.4)

Therefore, the fractionation factor between the D/H ratio of the photolysis products and

that representative of the bulk of the atmosphere is the combination of two factors:

e The fractionation between the D/H ratio of the atmospheric bulk representative of the
Martian lower atmosphere, and the D /H ratio of the parent HoO molecules, which might
be subject to climatological fractionation processes occurring in the atmosphere. Given
that the observed variations in the D/H ratio in HoO appear to be consistent with the
expectations from condensation-induced fractionation, this factor represents the effect
that condensation processes have in fractionating the isotopic composition between the

near-surface atmospheric reservoir and the photolysis products, and is given by

(D/H)parent(z)'

Re(z) = (D/H)buik

(5.3.5)

e The fractionation inherent in the photolysis of HoO, which differentiates between the
H>0 and HDO because of their different ultraviolet cross sections (Cheng et al., 1999)
(see Figure 5.16). Therefore, the fractionation factor inherent in the photolysis mecha-

nism is given by
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Ry(2) = ‘511{{]3;) (). (5.3.6)

In order to estimate the efficiency of these processes to fractionate the isotopes during
their photodissociation, the absorption cross-sections of HoO and HDO are implemented in
the photolysis model of the LMD-GCM (Cheng et al., 1999; Lefévre et al., 2004). The middle
panel in Figure 5.16 shows the photolysis rates of HoO and HDO calculated for four different
solar zenith angles (SZA = 0°, 30°, 60°, 85°), and at a Sun-Mars distance of 1.52 astronomical
units (AU). As it was introduced in Chapter 1, the photolysis rates of HDO and HyO at high
altitudes are dominated by the absorption at wavelengths A < 180 nm, which exhibit similar
cross-sections, leading to little fractionation. At lower altitudes, the absorption by COq
becomes important, impeding photons with A < 180 nm to penetrate to the lower altitudes.
Instead, the photolysis of HoO and HDO at lower altitudes is driven by photons with A >
180 nm, which yield lower photolysis rates due the lower absorption cross-section at these

wavelengths, but higher fractionation between the two isotopologues.
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Figure 5.16: Calculation of the HyO and HDO photolysis rates with the photolysis code of the LMD-
GCM (Lefevre et al., 2004). Left) UV absorption cross-sections of HyO and HDO from Cheng et al.
(1999); Chung et al. (2001); Mota et al. (2005). The cross-section of HDO is assumed to be the
same as that of HyO for wavelengths smaller than 125 nm, as there are mo available cross-sections
of HDO at these wavelengths. Middle) Photolysis rates Ju,o (solid) and Jypo (dashed) in s=' at
different solar zenith angles (SZA), calculated at a Sun-Mars distance of 1.52 AU. Right) Ratio of the
H>O/HDO photolysis rates as a function of SZA.

In order to get an insight into the importance of seasonal effects on the photolysis of
water and its isotopic fractionation, the photolysis rates from the model at SZA = 60°,
are scaled to the relevant Sun-Mars distance, and multiplied by the water vapour number
densities retrieved from the ACS MIR spectra during the summer seasons in the southern

and northern hemispheres (see Figure 5.17A). These estimated dissociation rates show very
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different seasonal behaviours. During the SH summer, the stronger Hadley circulation allows
water to rise into the middle atmosphere in both hemispheres, where photolysis increases,
reaching a maximum of HoO dissociation rates at approximately 50-60 km in the SH (10%-
10° cm ™2 s7!) and at about 40-50 km in the NH (103-10* cm =2 s7!). On the other hand,
during the NH summer the lower altitude of the hygropause confines water vapour to the
near-surface, where photolysis is very inefficient, yielding maximum dissociation rates at 10
km (~10% cm™3 s71). During this period, in the southern hemisphere, the photolysis rates
are very low at all altitudes (<10? cm™2 s7!) due to the low abundance of water vapour in

the atmosphere, which condenses on the polar cap.
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Figure 5.17: Comparison of the estimated impact of fractionation during photolysis for the perihelion
and aphelion seasons during MY34 and MY35. The top panels show the estimated Ho O dissociation
rates, with the colour of the lines representing the latitude of the observations. The bottom panels
show the fractionation factor for the cases of photolysis-induced fractionation R, (black line) and
condensation-induced fractionation R, (colour-coded lines).
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Similarly, we calculate the fractionation factor R relating the D/H ratio in the photolysis
products with respect to the mean D /H ratio representative of water in the lower atmosphere
(see equation 5.3.3), taking into account the impact of both photolysis-induced fractionation
R, and condensation-induced fractionation R, (see Figure 5.17). Our calculations show that
during perihelion, at the altitudes at which photolysis is more efficient (40-60 km), while water
vapour is still not affected by condensation (R. ~ 1), the photolysis-induced fractionation
factor is expected to be about R, ~ 0.4-0.5. During aphelion, the role of condensation-induced
fractionation increases with respect to perihelion (R, ~ 0.5-0.7), as the decrease of the D/H
ratio above the hygropause occurs at low altitudes. However, the role of photolysis-induced
fractionation also increases during this period (R, ~ 0.3-0.4), as the bulk of photolysis peaks
closer to the surface, where the differences between the photolysis rates of HoO and HDO are

highest.

In order to estimate the total production of OH and H at the observed locations and times,
we integrate the calculated photolysis rates shown in Figure 5.17 over the observed column.
Figure 5.18 shows the evolution of the column-integrated photolysis rates for more than a
full Martian year, revealing the perihelion season to be dominant in the photodissociation of
water vapour, with rates approximately 100 times greater than those found close to aphelion.
Photochemical models predict atomic H to quickly recombine in the lower atmosphere, while
its chemical lifetime increases exponentially with altitude (Gonzélez-Galindo et al., 2005). In
fact, Chaffin et al. (2017) predicts that an increase of the water abundance of 80 ppmv at
60 km yields approximately an increase in the H escape flux of a factor of five in a timescale
of days to weeks. In order to take into account the effect of the altitude at which photolysis
occurs in the escape rates, we calculate the photolysis rates below and above 60 km, as it is
shown in Figure 5.18c. Our calculations suggest that while the photolysis rates above 60 km
are very low during aphelion (10%-10% cm~2 s~!), they would increase by approximately three
orders of magnitude (10°-10* ¢cm~2 s=1) during perihelion. This increase in the photolysis
rates during perihelion together with the intensified atmospheric circulation during this period
can potentially transport substantial amounts of H to the upper atmosphere (Shaposhnikov
et al., 2019; Neary et al., 2020). This result is consistent with measurements of the H and
D Lyman-« brightness, representative of upper-atmospheric atomic H and D densities, which

show peak values around perihelion (Bhattacharyya et al., 2015; Halekas, 2017; Clarke et al.,
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2017).

Similarly, we calculate the column-integrated fractionation factors of D/H, as shown in
Figure 5.18d. However, while the calculation of the photolysis-induced column-integrated
fractionation factor can be performed using all observed altitudes, the condensation-induced
fractionation factor can just be calculated using the altitudes at which the measurements are
sensitive to HDO, and missing part of the observed column. Therefore, the condensation-
induced fractionation factor is just shown when the atmospheric column density where the
measurements are sensitive to HDO is at least 75% of the column density calculated using all
observed altitudes. Our calculations show higher fractionation during the aphelion season (R
~ 0.2) as compared to perihelion (R ~ 0.4). However, while the most fractionating period
appears to be the aphelion season, its contribution to the annual average is expected to be
negligible, since the photolysis rates during this period are about 100 times lower than those

during perihelion.

When calculating the relative contribution of photolysis-induced and condensation-induced
fractionation, we observe that the former dominates the fractionation between water vapour
and its dissociation products. During the aphelion season, the role of condensation-induced
fractionation (R, ~ 0.4-0.6) increases with respect to perihelion (R, ~ 0.8-1.0), but so does
the role of photolysis-induced fractionation, which is more fractionating in the aphelion sea-
son (R, ~ 0.3-0.5) as compared to perihelion (R, ~ 0.4-0.6). Besides, as was mentioned
before, the contribution of the aphelion season to the annual average is expected to be mi-
nor, which strengthens the prevalent role of photolysis-induced fractionation in shaping the

isotopic composition of the dissociation products.

It must be noted that the calculations of the fractionation factor R are representative of
photolysis below ~60 km, where the ACS MIR measurements are sensitive to HDO. At these
altitudes, the formed H and D will not participate in the direct escape of these species in
the upper atmosphere. Instead, most formed OH and H will ultimately recombine into Hg
and contribute to escape at much longer timescales (see section 1.1.4). Our calculations
are consistent with the measurement of D/H in molecular hydrogen in the upper atmosphere,

which was found to be approximately 2.5 times smaller than the D/H ratio in water (R = 0.4)
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Figure 5.18: Evolution of the water vapour photolysis rates and D/H fractionation factor. A) Latitu-

dinal coverage of the ACS MIR observations, with the colour of the points representing the column-
integrated photolysis rate of HyO. B) Column-integrated photolysis rate of HyO. C) Column-integrated
photolysis rates of Hy O above (green dots) and below (yellow dots) 60 km. D) Column-integrated frac-

tionation factor R for the cases of photolysis-induced (blue dots) and condensation-induced (yellow

dots) fractionation, as well as the combination of the two (red dots).
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(Krasnopolsky, 2002). Further calculations will be needed to determine the relative impact of
condensation and photolysis-induced fractionation above 60 km, where the direct photolysis
of water can contribute to escape at short timescales. Our results provide new insights for
resolving the old paradigm regarding the role of the different mechanisms in fractionating the
D/H ratio of water vapour in the lower atmosphere and its dissociation products, leading to

the enrichment of D/H in the atmosphere as it escapes into space.

Similarly, as for HDO, the H}*O molecules are expected to have a different UV absorption
cross-section than the H%O ones, which can impact the isotope composition of the dissociation
products of water vapour and the efficiency of '¥0 to escape into space. To our knowledge,
there are no available cross-sections for H%SO. However, we can make some estimations on the
relative fractionation of 180 /190 relative to D/H based on theoretical expectations. Miller
and Yung (2000) predict most noticeable differences in the absorption cross-sections of Hi3O
and Hi%0 for wavelengths A > 180 nm, similar to the HoO-HDO dichotomies, as shown in
Figures 1.14 and 5.16. However, while the enrichment function of the cross sections of HD'O
over H3%0 (e(\) = (cmpo/cm20 - 1) - 100) is about € = -60% for A > 180 nm, it is only about

€ = -2.5% in the case of Hi*O. With this information, we can estimate that

(‘THDO - 1) 100 = —60 — ZHDO _ g4 (5.3.7)
O'H%GO O-H%GO
01718 01718
< Lo 1) 100 = —2.5 — 29— 0.975 (5.3.8)
O'H%GO O'H%GO

If considering that most of the dissociation of water occurs during the perihelion, when
the photolysis-induced fractionation factor for D/H is R,(D/H) ~ 0.4, then we can estimate
that this factor will just be R,(180/10) ~ 0.975 for 180/160. These calculations reveal a
much higher efficiency of of 180 to be transferred to the dissociation products (OH and H)

with respect to D.

The different relative efficiency of the isotopologues to be transferred to the photolysis
products might explain the dichotomy between the large enrichment in the heavy isotope
of the D/H ratio with respect to the primordial values (~4.9 VSMOW) as opposed to the

mild enrichment in the #0 /160 ratio (~1.14 VSMOW): while 180 is efficiently transferred
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to the photolysis products of water vapour, HDO molecules are less efficiently photolysed,
decreasing the D /H ratio of the lighter species that ultimately the escape to space. Potentially,
this difference will make the escape fractionation factor of D/H lower than that of 0 /160.
Therefore, as H and O escape from the Martian atmosphere, they will enrich more efficiently
the D/H ratio than the 80/'0 ratio. Nevertheless, it must also be noted that, while the
O isotopic composition of the atmosphere may be buffered by interactions with the O in
the surface, atmospheric-surface interactions are expected to have a lower influence on the H
isotopic composition of the atmosphere (Jakosky, 1991; Fox and Haé¢, 2010; Jakosky et al.,
1994).

5.4 Summary

In the previous chapter, we analysed several ACS MIR observations made using secondary
grating position 5 to constrain, for the first time, the vertical distribution of the oxygen
isotopic composition of HoO in the atmosphere of Mars. In this chapter, we have extended
this analysis to more than a full Martian year of observations in order to understand how the
isotopic composition of HoO varies with altitude, season and location. However, in order to
include D/H in our analysis, we have applied the retrieval scheme to ACS MIR observations
made with secondary grating position 4, which allow the monitoring of the D/H and 80 /160

isotopic ratios.

Our retrievals have revealed a very different behaviour of the temperature and water cycles
during the year. During the SH summer (Lg = 270°), which roughly coincides with perihelion
(Lg = 251°), the greater heating by dust and proximity to the Sun increases the Hadley
circulation, allowing warmer temperatures to expand to the middle atmosphere in both the
northern and southern hemispheres. The warmer temperatures raise the hygropause level,
allowing water vapour to migrate to the middle and upper atmospheres, reaching values
greater than 50 ppmv as high as 100 km. In contrast, during the NH summer (Lg = 90°),
which is closer to aphelion (Lg = 71°), water vapour is confined to the lowest scale heights,

and the hygropause is set at an altitude of approximately 20 km.
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We also found a very dynamic behaviour of the D/H ratio, varying from 1 to 6 VSMOW,
with an average non-fractionated isotopic ratio of 4.9 £ 0.4 VSMOW. These variations in
the D/H ratio are found to be correlated with those in the temperature and water vapour
abundance fields, which reveal condensation-induced fractionation to be the main source of
variations of D/H in the Martian atmosphere. In particular, we observe a decrease of the
D/H ratio above the hygropause, which is predicted by the preferential condensation of HDO
over HoO during the formation of water ice cloud, and low values of D/H in the lowest
observed altitudes during the winter seasons, which is also consistent with the expectations

of condensation-induced fractionation onto the polar caps.

From the measured 20 /160 isotope ratios throughout more than one Martian year, we have
estimated that the value representative of the Martian atmosphere is 1.14 + 0.08 VSMOW.
The observations show variations in the 0/!60 isotope ratio with a smaller amplitude
than those found in D/H. However, these variations are close to the uncertainty level of the
measurements, which means we cannot determine if the variations are real or just an artefact

of the observations.

In order to get an insight of the role of water vapour in the production of atomic hydrogen
and its relevance to hydrogen escape, we combined the retrieved ACS MIR vertical profiles
with calculations of the photodissociation rates of HyO calculated with the photolysis code
of the LMD-GCM (Lefévre et al., 2004). Our calculations reveal the perihelion season to
be dominant in the dissociation of water vapour, with rates approximately 100 times greater
than those found close to aphelion. In particular, the photolysis rates above 60 km increase
by approximately three orders of magnitude with respect to aphelion, and could participate

in the escape of hydrogen from the Martian atmosphere in short timescales.

We also calculated the fractionation factor R relating the average isotopic ratio of water in
the lower atmosphere and the isotopic ratio of its photolysis products (OH and H). Our calcu-
lations suggest that while condensation-induced fractionation is the main driver of variations
of D/H in water vapour, the differential photolysis of HDO and HO is a more important
factor in determining the isotopic composition of the dissociation products. In particular, we

estimated that the D/H ratio of the photolysis products would be approximately 2.0-2.5 times
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lower than that of water in the lower atmosphere (D/H = 4.9 + 0.4 VSMOW).

Similarly, we made some estimations of the corresponding ¥O /160 isotope ratio in the
dissociation products. Our calculations suggest that 80 /160 in the dissociation products is
approximately 1.025 times smaller than that of water in the lower atmosphere (*¥0 /60 =
1.14 £ 0.08 VSMOW). This higher efficiency of *¥O to be transferred to the lighter species,
as compared to D, can have implications for understanding the rates at which both 0 /160

and D/H in the atmosphere get enriched when these species escape into space.

In the next chapter, we also perform retrievals of ACS MIR observations made with sec-
ondary grating position 4, but using a spectral range suitable for the derivation of the isotopic

ratios in COs.
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Chapter 6

Isotopic composition of COy from

grating position 4

In the previous chapter, we explained how we used the ACS MIR measurements from sec-
ondary grating position 4 to constrain the variations of the D/H and 0 /'O isotopic ratios
in water vapour, as well as their average non-fractionated values, which are relevant for the
understanding of the evolution of water on Mars. In this chapter, we use a similar approach to
characterise the isotopic composition of oxygen (*¥0 /00 and 170 /160) and carbon (}3C/!2C)
in COg2 in the Martian atmosphere. Precise measurements of the average isotopic ratios in
CO2 can help us understand the evolution of the Martian atmosphere. In addition, moni-
toring the variations of the isotopic ratios in COy can provide an insight about the different
processes that affect COo at present. In order to perform this analysis, we also use ACS
MIR measurements from secondary grating position 4, but now focusing in a spectral range

between 3635 and 3682 cm L.

In section 6.1, we introduce the dataset selected for the retrieval of the isotope ratios of
COa, focusing on the availability of observations that cover the desired spectral range. In
section 6.2, we initially explain how the methodology presented in section 3.4 is applied
to this dataset. However, due to some systematic behaviours in the retrievals, a slightly
different approach employing simpler radiative transfer calculations is applied to these data.
Section 6.3 presents the main results of the study, focusing the analysis on the identification of

variations in the isotopic ratios of COs in the atmosphere, the derivation of the average non-
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fractionated isotope ratios representative of the Martian atmosphere, and the implications of
the measurements on our understanding of the escape of carbon dioxide over history. Finally,

in section 6.4 we summarise the findings derived from this analysis of the measurements.

The analysis described in this chapter of the thesis has been peer-reviewed and published
in Journal of Geophysical Research: Planets (Alday et al., 2021b). Although that publication
has a number of coauthors, all work presented in this chapter was performed by me, except
for the calibration of the ACS MIR transmission spectra, which was performed by Alexander

Trokhimovskiy at the Space Research Institute (IKI).

6.1 ACS MIR observational dataset

The observational dataset assembled for this study is similar to that used for the derivation
of the isotopic ratios in water vapour (see Chapter 5), which includes ACS MIR observations
made with secondary grating position 4. The data from this position includes ten diffraction
orders (215-224) expanding over a wavenumber range between 3604 and 3769 cm~!. This
spectral range encompasses strong absorption by several isotopologues of CO2 (see Figures
3.6 and 5.2). In particular, there are two very strong absorption bands of 12C*005 centered at
3615 and 3715 cm ™!, respectively. Between these two absorption bands, in a spectral range
from approximately 3640 to 3680 cm™!, there is a spectral window in which absorption by
13C160,, 18012C160 and "O'2C00 is not contaminated by the much stronger absorption of
the main isotopologue, which coincides with the spectral range sampled in diffraction orders
217, 218 and 219. Indeed, in this spectral region, the optical depth of the lines of the minor
isotopologues is similar to that of the main isotopologue, as it is the edges of the strong

absorption bands of 2C'60, that are sampled (see Figure 6.1).

The analysis of the data for the derivation of the CO5 isotopic ratios is therefore based on
spectra measured with diffraction orders 217, 218 and 219. In particular, five different spectral
windows are selected within these diffraction orders, encompassing measurable absorption
lines by the four main isotopologues of carbon dioxide (2C'60,, 13C60,, 8012C0 and
17012C160). These diffraction orders are situated in the mid-to-upper parts of the detector

frame in which the doubled image is perceived as two-peak absorption lines when using the
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row corresponding to the centre of the stripe. In the case of using the slit edge this effect
is minimised, at the expense of achieving a lower signal-to-noise ratio (see section 2.2.3). In
this chapter, similar to how we derived H2O isotopic ratios from secondary grating position
4, several rows from the detector frame are combined in order to increase the accuracy of the

retrieved profiles and their associated uncertainties.
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Figure 6.1: Example of an ACS MIR solar occultation in secondary grating position 4. The black lines
show the measured spectra at five different tangent heights made during orbit 1849. The coloured and
shifted lines represent synthetic spectra showing the contribution from different COy isotopes to the
spectrum.

We perform the analysis of the isotope ratios in COs using all available secondary grating
position 4 observations from the start of the science operations in March 2018 to the observa-
tions made in February 2021. However, during a substantial part of the science operations in
this period, observations were made using partial framing, by which only the lower part of the
detector frame was recorded and sent to Earth. While diffraction orders 223 and 224, used

for the derivation of the HoO isotope ratios, were situated in the lower part of the detector
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and were available in all observations, diffraction orders 217, 218 and 219, which are more
relevant to the analysis of the isotopic ratios of COs, were excluded when using partial fram-
ing. Figure 6.2 shows the evolution of the tangent latitude of the secondary grating position
4 solar occultations, highlighting the observations made using full and partial framing. The
full-frame observations, required for the derivation of the CO» isotope ratios, are therefore
divided in two periods, one covering the range Lg = 164-219° in MY 34, and the second one
covering the range Lg = 141-356° in MY 35.
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Figure 6.2: Observational coverage of ACS MIR full frame secondary grating position 4 solar occul-
tation observations. The grey points show all available ACS MIR observations up to October 2020.
The black points show ACS MIR grating position 4 observations made using partial framing, while the
points following the colourbar, which indicates the local time of the occultation, are the points in which
full frames were recorded.

6.2 Retrieval scheme

In this section, we present two different approaches used to derive the isotopic composition of
CO4 from ACS MIR secondary grating position 4 spectra. In the first method, we apply the
full radiative transfer code presented in section 3.1, which was later applied for the analysis of
ACS MIR spectra from secondary grating positions 4 and 5. After analysing the results, some
systematic patterns observed in the results led to the development of the second method, which
utilises simpler radiative transfer calculations, but can provide a more accurate understanding

of the results.

6.2.1 Full radiative transfer approach

The retrieval scheme adopted for the derivation of the isotope ratios of carbon dioxide follows

the same philosophy as that used for the characterisation of the isotopic composition of water
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vapour from secondary grating positions 4 and 5 (see chapters 4 and 5). The analysis of
the data is performed in two steps. First of all, vertical profiles of pressure and temperature
are derived from '2C'60, absorption in two spectral windows within diffraction orders 217
and 219 (see Table 6.1). Secondly, the pressure and temperature profiles are fixed, and
the vertical profiles of the volume mixing ratio of the four main isotopologues of CO4y are
retrieved independently from all windows, using an a priori 2C'0, volume mixing ratio
from the Mars Climate Database (Forget et al., 1999) and the telluric isotope composition
(13C/12C = 1 VPDB; 80 /160 = 1 VSMOW; 170 /160 = 1 VSMOW). The rest of the minor
isotopologues of carbon dioxide are also fixed and assumed to follow Earth-like fractionation.

Table 6.1: Summary of the spectral windows and retrieval scheme used to derive the pressure, temper-
ature and carbon dioxide isotopic ratio profiles from secondary grating position /.

Spectral Window Diffraction Order Wavenumber range (cm~!) Retrieved Parameters

D, T (12C1602)

1 9217 3634.5 - 3646.0 1301160y
2

12cl6o2
2 217 3646.0 - 3654.0 1BC160,
18012cl60

13cl602
3 218 3652.5 - 3662.5 18O12C160
170120160

18012cl6o

4 218 3662.5 - 3672.0 170120116y

b, T (1201602)
5 219 3672.0 - 3682.0 18p12¢16(
17012cl60

Figure 6.3 shows an example of the spectral fitting performed using this method during
one solar occultation observation. The agreement between the measured spectra and the
modelled one is very good, observing isotopic signatures up to approximately 120 km. The
vertical profiles retrieved from each of the spectral windows are then combined using the pro-
cedure introduced in section 3.4.5. We find that, despite the good agreement found between
the measurement and the retrieval best fit, the retrieved profiles from each of the spectral
windows show some significant discrepancies, larger than the derived uncertainties (see Figure

6.4). In principle, the uncertainties associated to the averaged profiles include these discrep-
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Figure 6.3: Measured spectra (black dots) and best fit to the data (green) at 30 (bottom), 70 (middle)
and 110 (top) km for the ACS MIR grating position 4 observation made during orbit 1849. Residuals
between the measured and modelled spectra, and the contribution from each gas to the spectra are also
shown, including an offset for the clarity of the figure
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ancies between spectral windows, which is desirable for the creation of data products with
rigorous and reliable uncertainties. However, these large uncertainties impede the derivation

of meaningful measurements of the isotopic ratios in COa.
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Figure 6.4: Retrieved vertical profiles of temperature and volume mizing ratios of 12 C'6 Oy, 13C'6 0y,
BORC0 and 17O C 0, for the observations made in orbits 1954 (top) and 2982 (bottom). The
retrieved profiles from several spectral windows are shown following the colour code in the legends. The
black dashed line represents the a priori estimate, and the black solid line and shaded areas represent
the averaged profiles and their uncertainties.

Analysing the results from the entire retrieved dataset, instead of focusing the results
from each solar occultation observation independently, revealed that the discrepancies found
between the different spectral windows are very similar in different observations, providing
evidence of the clear systematic behaviour driving the retrievals (see Figure 6.5). This be-
haviour is especially interesting in the case of the C'Q, retrievals, which are performed in
two spectral windows which belong to the same diffraction order and yet show discrepancies

of approximately 40% at 60 km. The systematic behaviour of the retrievals is a sign that one
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or more parameters are not being properly accounted for, and impedes the reliability of the
results: if instead of having taken these spectral windows, we had chosen slightly different

ones, the results would have changed drastically.

Altitude (km)
Altitude (km)
Altitude (km)
Altitude (km)

—— D.0.218(1) §
—— D.0.218(2) §
—— D.0.219

D.0. 217(1) —— D.0.217(1)
D.0. 219 —— D.0.217(2) 7

0 T r T ; T v y T T T v T T T r v T
-20 -10 0 10 20 -4  -20 0 20 40 -40  -20 0 20 40 -40  -20 0 20 40
12¢160, difference (%) 13¢160, difference (%) 18012€160 difference (%) 17012160 difference (%)

Figure 6.5: Difference between averaged profiles of 2 C*6 O,, 13C'6 0y, 1802 CY 0 and 1" 02 C'% O and
the retrieved profiles from each of the spectral windows in units of percent.

With the purpose of understanding the systematic behaviour of the retrievals, a scheme
employing simpler radiative transfer calculations was developed, which is explained in the

next subsection.

6.2.2 Slant path approach

The radiative transfer calculations involved in the modelling of an atmosphere are complex,
which makes it sometimes difficult to discern the impact of some of the assumptions involved
in the calculations of the spectra. Aiming to identify the parameters sourcing the systematic
behaviour of the retrievals, a simplified scheme was developed. This simplified scheme models
the measured transmission spectra considering the absorption of a homogeneous path with
constant pressure and temperature and a certain gaseous composition. The transmission
spectrum forward model is calculated using the formulation presented in section 3.1, in which
the tuning parameters are the pressure, temperature, line-of-sight density and volume mixing
ratio of the different gases. Once computed, the modelled transmission spectrum is then
convoluted with the ILS using the double Gaussian parameterisation for ACS MIR (see section

3.4.4).

Although the simplicity of this method is useful for getting an in-depth understanding of
the sensitivity of the spectra to the atmospheric parameters, one must also understand its

limitations. For example, considering a constant pressure and temperature along the line-of-
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sight is unrealistic, as the path actually samples different atmospheric layers with different
temperature and pressure. When assuming a constant pressure and temperature along the
path, we are assuming that all absorption occurs at the tangent point, with no contribution
from the other atmospheric layers. While it is true that most of the absorption occurs at
the tangent point at a given tangent height due to the exponentially decreasing atmospheric
density with altitude for weak lines, the sensitivity of the spectrum along the line-of-sight
can be impacted when absorption lines are saturated (see section 3.1). As the absorption of
carbon dioxide sampled by ACS MIR when using secondary grating position 4 is very strong,
we only apply the slant path method at high altitudes. In addition, as the aim of this chapter

is to retrieve isotope ratios, some of these assumptions will tend to average out.

In the next subsections, we present some tests aiming to understand and accurately model
the radiative transfer calculations involved for the retrieval of the isotopic ratios of COq from

secondary grating position 4 spectra using the simplified slant path approach.

6.2.2.1 Sensitivity to temperature and pressure

In order to get an insight on the impact of some of the assumptions made in the calculations
to the spectra, we first analyse the spectroscopic parameters of the absorption lines from
the 2016 edition of the HITRAN database (Gordon et al., 2017). Figure 6.6 shows the line
strengths of the four main isotopes of carbon dioxide within the spectral range covered by
ACS MIR secondary grating position 4 at different temperatures. It must be noted that
the line strengths in the HITRAN database are multiplied with the Earth’s average isotopic
abundance for each of the isotopologues. In this spectral range, we are essentially sampling
the same energy transitions, but the change of one isotope by another shifts the wavenumber
at which these transitions occur, so that the absorption band of 2C'604 centred at 3715 cm ™!
moves to 3635, 3675 and 3695 cm ™! for the 3C00,, BO12C160 and 17O'2C60 isotopologues,
respectively. In these, the absorption lines in the edges of the band show a strong dependence
with temperature, while those close to the centre show a much milder dependence. In our
region of interest for the derivation of the isotopic ratios in COq (black dashed lines in Figure

6.6), the absorption lines of 12C'60, in particular show a change of about two orders of

magnitude in the line strengths over a temperature change of 100 K.
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Figure 6.6: Line strength of the absorption lines at 100, 150, 200 and 250 K of the four main isotopo-
logues of COs within the spectral range covered by ACS MIR secondary grating position 4. The region
between the black dashed lines shows the spectral region of interest for the derivation of the isotopic
ratios in carbon dioxide.

In order to evaluate the effect of the temperature dependence of the absorption lines on
the derived isotopic ratios, we perform a retrieval on a single ACS MIR spectrum using
the slant path approach. In particular, we select the ACS MIR spectrum measured at an
altitude of 100 km during orbit 1849, and we retrieve the fitting parameters (i.e., line-of-sight
density, volume mixing ratio of 12C160s, 13C160,, 18012C100 and 1"02C60, and parameters
defining the ILS) using a grid of fixed temperatures and pressures, varying between 100-225
K and 107°-107!! atm, respectively. These retrievals are performed independently using
the spectral windows presented in Table 6.1. Figure 6.7 summarises the main results of this
test, showing the good convergence that can be achieved between the modelled spectrum and
the measurement using the slant path approach, and the strong dependence of the retrieved
parameters with temperature. The retrieval of the 2C'60, line-of-sight density, as could be
anticipated from the analysis of Figure 6.6, shows a very strong dependence on the assumed
temperature, suggesting that a small temperature bias will lead to a drastic change in the
12C160Q, density. In fact, the temperature dependence of 12C'%0, in the spectral windows
in diffraction orders 217 and 219 is very similar, indicating that this bias would impact both
windows similarly. In the case of the *C'604 and '80'2C160 retrievals of line-of-sight density,
these show in general a milder dependence with temperature, but this dependence is different
in the several spectral windows. If there is a bias in temperature, the various spectral windows
will be impacted differently, providing different results of the retrieved parameters. These

results resemble the discrepancies observed in the retrieved profiles from the different spectral
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windows when using the full radiative transfer calculations (see Figure 6.5), which might be

caused by a small bias in the temperature field.
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Figure 6.7: Top) ACS MIR measured spectrum at 100 km made during orbit 1849 (black dots) and
best fit to the data, with each colour highlighting the spectral window used for each of the independent
retrievals. The residuals between the best fit and the measured spectrum are also shown. Bottom)
Retrieved line-of-sight densities of 12C'% 0y, 13C* 0y and BO2C'® 0 as a function of assumed tem-
perature along the homogeneous path with each colour corresponding to the retrieval performed in a
specific spectral window. For each species, there are several lines of the same colour, which correspond
to the different cases of assumed pressure.

In principle, the different temperature dependence of each of the spectral windows shows
that the correct temperature is such that the densities retrieved from each of these are equal.
Therefore, one may be able to retrieve the temperature in each individual spectrum making use
of this behaviour. In order to evaluate this possibility, we perform the same retrieval as before,
but now including the simultaneous fit of all spectral windows. In particular, we retrieve the
atmospheric parameters (i.e., line-of-sight density, volume mixing ratio of 12C160,, 13C60,,
18012C160 and "O'2C!%0) and the parameters defining the ILS, which are specific for each
spectral window, over a grid of fixed temperatures and pressures varying between 100-225 K
and 107°-10~!! atm, respectively. The results, summarised in Figure 6.8, show that there
is a clear minimum of y? between 130 and 140 K, showing that the measurement is best
modelled when using a homogeneous path with a temperature in this range. On the other

hand, changing the pressure over several orders of magnitude does not influence the level of
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agreement between the model and the measurement, nor the other retrieved parameters. It
is also observed in Figure 6.8 that the retrieved isotopic ratios are highly sensitive to the
temperature of the homogeneous path, meaning that a small discrepancy in the temperature
field will yield a strong bias in the derived ratios.
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Figure 6.8: Results from the simultaneous retrieval of several spectral windows using the slant path
approach. Left) Reduced x* achieved for the different cases of pressure and temperature. Right)
Derived isotopic ratios as a function of assumed temperature and pressure.

The dependence of the x? as a function of the assumed temperature indicates that this
parameter can be constrained from the data independently of the other retrieved atmospheric
parameters. This method for retrieving the temperature field, which was already introduced
in section 3.4.1, has its own advantages and disadvantages compared with the method used in
the rest of this thesis (see Chapters 4, 5 and section 6.2.1), which relies on the assumption of
hydrostatic equilibrium. In particular, while the hydrostatic method requires the simultaneous
retrieval of the spectra measured all altitudes, the retrieval of the temperature from the
partition functions can be performed independently at each tangent height. In addition, the
hydrostatic method requires the assumption of a known COg2 volume mixing ratio, which might
not be accurately captured, especially at high altitudes, by the average climatology estimated
with models (see sections 3.4.1 and 1.1.3). The main disadvantage of the temperature retrieval
presented in this section is that it requires the analysis of many spectral lines in order to

capture the full temperature dependence of the partition functions.

For the particular case of the retrievals of the COy isotopes from secondary grating position
4, the retrievals using several spectral windows from different diffraction orders simultaneously
are better behaved than those combining the parameters independently retrieved from each

spectral window. One could implement this technique, together with the retrieval of the
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temperature field from the partition functions, to the NEMESIS algorithm employing the
full radiative transfer calculations. However, these retrievals cannot be easily implemented in
practice due to the large number of spectral points that need to be simultaneously computed
in each iteration, which is limited by the computational resources. Because of this reason, and
given that at every tangent height all parameters can be accurately constrained, we perform
the retrievals of the isotopic ratios in CO» using the slant path approach, which is described
and validated in the next subsection. In addition, in Chapter 7.3, we provide some suggestions
for future work that could allow the implementation of this technique to the full radiative

transfer calculations.

6.2.2.2 Retrieval of vertical profiles

The experiments performed in the previous subsection reveal that the assumed temperature
field has a strong impact on the retrieved parameters, and is possibly the source of systematic
patterns found when using the full radiative transfer calculations (see section 6.2.1). However,
these tests also reveal that when using all spectral windows at once, the retrievals are better
behaved and the atmospheric temperature might be tuned to obtain the best agreement be-
tween the measurement and the modelled spectrum, which essentially means that temperature
is a parameter that can be simultaneously constrained along with the line-of-sight densities of
the different COs isotopologues. In light of the results from these experiments, a new retrieval
scheme was developed using the radiative transfer calculations in a homogeneous path, which
simultaneously constrains the temperature, the line-of-sight density of 12C160,, the 13C/2C,
180 /160 and 70 /160 isotopic ratios, and the parameters defining the ILS for each of the

spectral windows included.

This retrieval scheme is also performed using the optimal estimation framework (Rodgers,
2000), but instead of including all tangent heights simultaneously, the measurement acquisi-
tions are retrieved one at a time. Once the retrievals are performed, one can access the re-
trieved parameters and corresponding uncertainties from the state vector x,, and the retrieved
covariance matrix S; (see equations 3.3.3 and 3.3.7). Usually, the retrieved uncertainties of
each of the parameters are given by the elements of the diagonal of the covariance matrix,
which represent the propagation of errors from the measurement to the retrieved parameters,

assuming no correlation between the several parameters. In this specific case, given the strong
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impact that temperature has on the retrieved gaseous densities (see Figure 6.8), this assump-
tion is not very accurate, and one must take into account the error in the derived isotopic
ratios resulting from the uncertainties in the temperature field. Mathematically, this can be

expressed as

OR
02 = 0% + (8T) o% (6.2.1)

where the first term represents the propagation of errors from the measurement to the
retrieved isotope ratio R, given by the diagonal elements of the covariance matrix, and the
second term represents the uncertainty in the ratios due to the uncertainty in the temperature
field. One may assume that the relation between the retrieved temperature and isotopic ratios
varies linearly for small changes in the temperature, so that
OR

R(T)=A+B-T — 5= = B. (6.2.2)

The slope of this relation B is related to the Pearson correlation coefficient 7, using

B=rpp- 8. (6.2.3)
or

The Pearson correlation coefficient is in turn related to the elements of the covariance

matrix following

rap = —8L_ (6.2.4)
OROT

where orr is the covariance between the temperature and the isotopic ratio. Therefore,
one may include this source of uncertainty in the isotopic ratios using
2 2 | O
02 = o + 4L, (6.2.5)

2
or

In a more general definition, the error of any retrieved parameter, including its correlation

with other variables, can be calculated following

H

Ny 2
Z ig (6.2.6)
j J

zséj
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where N, represents the number of elements in the state vector.

This retrieval scheme is applied individually to all acquisitions above 70 km in each solar
occultation observation. The retrieved parameters from each individual acquisition are then
merged together in order to build up the atmospheric vertical profiles. Figure 6.9 shows an
example of the retrieved profiles using the slant path approach from the ACS MIR observation
made during orbit 1849. This example shows that, despite the fact that all tangent heights are
processed independently and no correlation is assumed between the parameters at different
altitudes, the retrieved vertical profiles of temperature and the isotopic ratios show smooth

variations, which is a sign of the good convergence and applicability of the approach.
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Figure 6.9: Summary of the retrieval of vertical profiles using the slant path approach. The left panels
show the measured (black dots) and best fit spectrum (coloured lines) at three different altitudes, with the
different colours representing the spectral windows that are chosen for optimising the ILS parameters.
The panels on the right show the retrieved vertical profiles of the different isotopic ratios, as well as
the temperature field.

In order to evaluate the impact of the row selection in the retrieved parameters, the retrievals
are performed using six different spectral rows from the detector, which are later combined
following the approach explained in section 3.4.5. Similarly as discussed for the retrieval of
the HoO isotopes from this grating position, the combination of different spectral rows from
the detector is essential for the reliability of the results. Figure 6.10 shows three examples of
how these profiles are combined, aiming to highlight the variability of cases that are found in
these retrievals. In the first case, the retrieved profiles from the two detector rows look very
much alike, yielding low uncertainties in the averaged profile. In the second case, while the

temperature and isotope ratio profiles derived from the two rows follow similar trends, they
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show differences greater than the estimated uncertainties, indicating the presence of systematic
errors that are not accounted for in the retrievals. In the third example, the vertical profiles
retrieved from the two detector rows show vast differences, which are too large to derive
any conclusive information from them. These examples show that while the retrievals might
have some unpredictable behaviours in some cases, the combination of different rows from the

detector proves to be a reliable method for estimating the true uncertainty of the retrievals.
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Figure 6.10: Combination of the retrieved vertical profiles from two different detector rows in secondary
grating position 4. The three sets of panels show the retrieved vertical profiles of temperature (left),
COy line-of-sight density (middle) and the isotopic ratios (right) derived from six different detector
rows (narrow lines), for the observations made during orbits 1849 (A), 2304 (B) and 10748 (C). The
panels also show the averaged profiles and their corresponding uncertainties (thick lines) .
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Finally, in order to validate retrievals made using the slant path approach, we compare the
retrieved temperature profiles in this study with those retrieved from diffraction order 223 for
the derivation of the isotopic ratios in HoO, which relied on the assumption of the hydrostatic
equilibrium equation (see Chapter 5). Figure 6.11 shows a comparison between the retrievals
made with the two approaches, indicating a good agreement between the two. In particular,
when calculating the differences derived from the whole dataset, we observe that they are of
the order of 4 K. We take this small differences as proof of the good convergence achieved with
both approaches. However, although this level of uncertainty is acceptable for most purposes,
it can have a substantial impact in the measurement of the isotopic ratios of COy from this
spectral range. In particular, we estimate from the analysis shown in Figure 6.8 that a bias
of 4 K in the temperature field would yield a systematic uncertainty of ~20% in the isotopic
ratios. It must be noted that the impact of temperature biases on the measurements of the
isotope ratios made using the slant path approach is accounted for while calculating their
uncertainties (see equation 6.2.6). Therefore, the retrieval scheme developed using the slant
path approach can provide a good estimate of the temperature field at each altitude, as well

as a realistic estimate of the uncertainties of the derived isotopic ratios in COs.
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Figure 6.11: Comparison between the temperature retrievals made with the slant path approach in
diffraction orders 217-219, and those made with the hydrostatic equilibrium approach from diffraction
order 223. The three left panels show a comparison of the retrieved profiles in three different orbits
during MY84 and MY35. The right panel shows the difference between the two approaches in the
altitude region these retrievals overlap for all observations in the dataset. The standard deviation
of the difference between the two approaches is 4.2 K. Assuming both approaches provide similar
sensitivity, the uncertainty of each approach would be 3 K.
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6.3 Results

The retrieval scheme based on the slant path approach is applied to all available solar oc-
cultation observations made with secondary grating position 4 in which the full frames were
recorded, from the start of the science operations in March 2018 to February 2021 (see section
6.1). These retrievals allow the monitoring of the vertical profiles of temperature, line-of-sight
COy density and the isotopic ratios in COy (13C/12C, 80/160 and 70 /160) between 70 and
130 km. The results derived from the analysis of the ACS MIR secondary grating position 4
data are summarised in Figure 6.12, which shows the evolution or climatology of the retrieved
atmospheric parameters. In the following subsections, these results are displayed in different
manners to highlight the aspects of the data most relevant for the purposes of this thesis. In
section 6.3.1, we analyse the evolution of the isotopic composition of CO4 focusing on the un-
derstanding of the observed variations. Section 6.3.2 deals with the estimation of the average
non-fractionated isotope ratios representative of COs in the atmosphere of Mars, which must
be accurately constrained to provide a meaningful understanding of evolution of the Martian
atmosphere. Finally, in section 6.3.3 we discuss the importance of these measurements and
findings to our understanding of the escape fractionation factor and the enrichment of the

isotope ratios as the atmosphere escapes into space.

6.3.1 Variations of the isotope ratios in carbon dioxide

The evolution of the retrieved parameters in Figure 6.12 shows variations above the level of
measured uncertainties, suggesting that these variations are not caused by the statistical error
of the measurements, but by real processes in the atmosphere. To first order, the variations do
not appear to follow any distinguishable patterns as a function of solar longitude or latitude,

but they show repeatable patterns as a function of altitude.

Figure 6.13 shows the retrieved vertical profiles of the isotopic ratios of CO5 from the whole
dataset, as well as the average from these, which represents the altitude trends of the measured
isotopic ratios. These trends indicate that above approximately 100 km, the *C/!2C and
180/160 ratios show a steady decrease as a function of altitude. Below this altitude, the
isotope ratios are approximately constant and consistent with Earth-like fractionation. In the

case of the 170 /100 ratio, while the measurements below 100 km also show a consistent value
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Figure 6.12: Climatology of the retrieved atmospheric parameters. The panels show the values of the
retrieved parameters as a function of altitude and solar longitude for the northern (left) and southern
(right) hemispheres. A) Distribution of ACS MIR solar occultation observations, with the local time
represented by the colour bar. B) Atmospheric temperature. C) **C/*2C ratio in carbon dioxide with
uncertainties lower than 0.15 VPDB. D) 0/ 0 ratio in carbon dioxide with uncertainties lower
than 0.15 VSMOW. E) 7 0/*5 0 ratio in carbon diozide with uncertainties lower than 0.15 VSMOW.
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with respect to Earth, the large uncertainties above this altitude impede to conclude if this
isotope ratio also decreases with altitude. Such a decrease of the isotopic ratios with altitude
is consistent with the expectations from the diffusive separation of the different isotopologues,
which predict the density of each of these to decrease according to their own mass-dependent
scale heights above the homopause (see equation 1.1.4). Slipski et al. (2018) constrained the
altitude of the homopause in different seasons, local times and locations using the ratio of No
to Ar densities measured by NGIMS onboard MAVEN. These results show that the homopause
is typically set at altitudes between 90 and 110 km, which agrees with the altitude at which

we observe the decrease of the isotopic ratios.

Fractionation due to diffusive separation occurs because of the slightly different mass of
the several isotopologues, which requires the variations of the isotope ratios to follow the
expectations from mass-dependent fractionation (i.e., §'3C ~ 0.5 x §'¥0). Panel D in Figure
6.13 shows the values of the 13C/12C and *O/1°0 isotope ratios measured above 100 km,
which show a positive linear correlation with a Pearson correlation coefficient of 0.8. In order
to calculate the slope of the correlation we perform a linear regression which suggests that
the measurements follow fractionation given by §'3C = 0.54 x §'%0, which is therefore in
agreement with the expectations from mass-dependent fractionation. Therefore, we conclude
that the decrease of the isotope ratios with altitude is most likely caused by the diffusive

separation above the homopause.

A different pattern of variations of the isotopic ratios as a function of altitude is observed
during the observations made in MY34 (see Figure 6.14). These observations, made shortly
after the Autumn equinox in the northern hemisphere, show a significant increase of the oxygen
isotope ratios (¥ /10 and 170/10) of carbon dioxide from 0.9-1.0 VSMOW at 80 km, to
1.1-1.2 VSMOW at 95-105 km. This increase appears not to be followed, at least to the same
extent, by the carbon isotopic ratio. This distinctive pattern in the oxygen isotopic ratios
also appears in other occasions, although the retrieved profiles in these other periods look
more scattered than those measured during MY34 (see Figure 6.12). In order to analyse the
relative fractionation of the different isotopologues in these occasions, the measured isotope
ratios in carbon dioxide are plotted against each other (see Panels D and E in Figure 6.14).

This shows that, while the relation between *0 /0 and 3C/12C follows to first order the
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Figure 6.13: Altitude trends of the observed isotopic ratios. The blue lines represent all measured
vertical profiles of 3C/*2C (A), 180/*°0 (B), and 1" 0/*° O (C) with uncertainties lower than 0.075
VPDB and VSMOW. The solid black line is the averaged profile from all the observed profiles, which
represents the altitude trends of the isotopic ratios. The red dashed line represents the expectations
from diffusive separation assuming a constant temperature of 100 K and a homopause altitude of 100
km. (D) Correlation plot between the observed 13 C/*2C and 80/ O isotopic ratios above 100 km,
where the colour of the points represents the density of points. The black dashed line represents the
best fit to this correlation using linear regression, showing that both isotopic ratios vary following
approzimately the expectations from mass-dependent fractionation (5130 ~ 0.5 x §*¥0).

expectations from mass-dependent fractionation (6'3C ~ 0.5 x §'%0), both oxygen isotopic

ratios appear to be equally enriched with respect to the standard (680 ~ §170).

With this information, and without modelling constraints, it is difficult to attribute the ob-
served fractionation to a specific atmospheric process. The ultraviolet photolysis cross-sections
of the heavy isotopes of carbon dioxide are smaller than those of the main isotopologue, which
would therefore deplete the photolysis products in the heavy isotopes, leaving the unphotol-
ysed COq relatively enriched in these (see section 1.1.5.2). However, based on the calculations
of the cross-sections reported by Schmidt et al. (2013), photolysis would preferentially frac-
tionate the 3C/'2C ratio over both oxygen ratios, which would require §'3C/6'¥0 > 1. In
addition, these calculations predict the oxygen ratios to follow mass-dependent fractionation,

while the observed relation is close to unity (620 ~ §'70).

Oxygen isotope ratios in carbon dioxide in the Earth’s stratosphere show a significant
enrichment in the heavy isotopes (680 ~ 50 %o) and not following the expectations from

mass-dependent fractionation (Thiemens et al., 1995). The data measured by Thiemens et al.
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Figure 6.14: Altitude variations of the isotopic ratios in COs during the observations made in MY34.
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show that while the O isotopic ratios increase in the 90-110 km region with the same magnitude (680
~ 6170), this increase is not followed by the 13 C/*? C isotopic ratio (§3C < §'80).

(1995) suggest a relation between both isotope ratios to follow 6170 = 1.16 x §'80, although
later studies have suggested that the slope could be even steeper, reaching values as high as
2.22 (Ladmmerzahl et al., 2002; Wiegel et al., 2013). The mass-independent fractionation of
stratospheric CO4 appears to be a result of its interaction with other oxygen-bearing species
(O2 and Os3), and its relative enrichment depends on the relative mixing ratios of these
(Shaheen et al., 2007; Wiegel et al., 2013). It must be noted that while O3 and Oy are very
abundant in the Earth’s stratosphere relative to CO2, which can effectively enrich the isotopic
ratios in COs, carbon dioxide is the major species in the atmosphere of Mars. Therefore, it
seems implausible that these reactions are responsible for the observed increase in the isotopic

ratios of COs.

6.3.2 Estimation of the non-fractionated isotope ratios

Estimations of the average non-fractionated isotopic ratios are essential for our understanding
of the evolution of the atmosphere of Mars. In order to constrain these values, it is essential
to understand how these relate to the isotopic ratios inferred from the measurements, which
might be subject to fractionation processes in the atmosphere. Figure 6.15 shows a histogram
of the isotope ratios in carbon dioxide and the corresponding uncertainties measured in the

whole dataset, showing the points with uncertainties lower than 0.1 VPDB in the case of the
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13¢/12C, and 0.1 VSMOW in the case of 180/160 and 170 /160.
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Figure 6.15: Histogram of the measured 3C/*?C, 180/ 0 and 17 0/*° O isotopic ratios (top) and the
retrieved uncertainties (middle). The bottom panel shows the relation between the measured values
and the associated uncertainties, where the colour of the points represents the density of measured
points. The black dashed lines in the bottom panels represent the value of the isotope ratios measured
by Webster et al. (2013), while the red ones represent the values derived from the ACS dataset.

The observed values of the ¥C/12C ratio show variations from approximately 0.7 to 1.2
VPDB. These variations are larger than the derived uncertainties, which most typically lie
within 0.020 and 0.04 VPDB. The distribution of measured values resembles a Gaussian
function centered at 1 VPDB, although a more quantitative analysis reveals that the observed
distribution is not completely symmetrical, but slightly more populated in values *C/'2C <
1 VPDB. Averaging the observed distribution yields a mean value of 1*C/12C = 0.973 VPDB.
While this value is representative of the average of our observations, it does not necessarily

mean this is the average value of the isotopic ratio in the Martian atmosphere. Indeed, this
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is most likely lower than the isotope ratio inferred for the lower atmosphere of Mars, since
it includes the measurements made above the homopause, where the isotopic ratio starts
to decrease due to diffusive separation (see Figure 6.13). Instead, we consider that a more
accurate estimation of the isotopic ratio representative of the Martian atmosphere from the
ACS MIR measurements is given by the mode of the distribution, which represents the most
frequent measured value. In this case, we derive an isotopic ratio of 13C/2C = 0.997 & 0.037
VPDB, where the error corresponds to the average of the measured uncertainties (see Figure

6.15).

A similar analysis can be carried out to estimate the average oxygen isotopic composition
of carbon dioxide in the Martian atmosphere. The observed values of the 180 /60 ratio range
from approximately 0.6 to 1.3 VSMOW, with an average ratio of **O /160 = 0.979 VSMOW.
However, these values will also be influenced by fractionation processes, either enriching or
depleting them in the heavy isotope with respect to the average (see Figures 6.13 and 6.14). If
we again consider the mode of the distribution of measurements and uncertainties as a more
reliable estimate of the average non-fractionated isotopic ratio, we derive 120 /160 = 0.971 +
0.038 VSMOW. In this case, the mode of the distribution is lower than the average, opposite
to the case of the 13C/2C ratio, due to the presence of highly enriching fractionation affecting

mostly the 180 /160 and 70/160 isotope ratios, but much more mildly the '3C/2C one.

Finally, the distribution of measured values of the 17O /160 ratio also appears to be asym-
metrical, being more populated in values '7O/1%0 > 1 VSMOW, due to the presence of
isotopic fractionation (see Figure 6.14). The range of observed variability in this case expands
from approximately 0.75 to 1.35 VSMOW, with an average value of 1.018 VSMOW. The mode
of the distribution in this case is given by 70/60 = 0.989 4 0.041 VSMOW, which does
not show any evidence of enrichment or depletion in the heavy isotope with respect to the

standard.

The derived non-fractionated isotope ratios representative of the Martian atmosphere may
be compared to those reported in other studies (see Table 6.2). In particular, special attention
is given to the comparison with the measurements from the SAM-TLS instrument on the

Curiosity Rover (Webster et al., 2013), which show the lowest uncertainties and are often used
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as the isotopic ratios representative of the present-day atmospheric reservoir in evolutionary
models (Hu et al., 2015; Jakosky, 2019). These measurements were made on various occasions
(~5 sols) during the first months of the mission operations, collecting gas samples in the late
afternoon through shortly after midnight. The measurements revealed an enrichment in the
heavy isotopes of carbon dioxide (*C/!2C = 1.046 + 0.004 VPDB; 0 /160 = 1.048 £ 0.005
VSMOW; 170/'60 = 1.024 + 0.005 VSMOW). While these results are nominally consistent
with our measurements, our derived non-fractionated values do not show any evidence of
enrichment in the heavy isotopes with respect to Earth. We suggest two possible scenarios to

reconcile the measurements by the Curiosity Rover and those in this study:

e First of all, it must be noted that the measurements presented in this study are made
at high altitudes (70-130 km), while those from the Curiosity Rover are made on the
surface. The lower values of the isotope ratios observed with ACS MIR might be indica-
tive of fractionation of the COs isotopes between the lower and the upper atmospheres.
However, it is not clear which processes could generate such depletion in the isotopic
ratios. Condensation of COs into ice clouds would preferentially deplete the atmosphere
in the heavy isotopes, but this is expected to be very mild, especially for the carbon
isotopes (Eiler et al., 2000). In addition, while formation of COz ice clouds occurs spo-
radically in the Martian atmosphere (see section 1.1.3), the isotope ratios measured with
ACS MIR are monitored for more than half of a Martian year, which makes unlikely the
possibility of this mechanism to continuously fractionate the isotopes. Another mecha-
nism potentially depleting the isotope ratios with altitude is due to diffusive separation
above the homopause. The altitude at which the homopause is located is highly variable
with season, latitude and local time, but typical values range close to 100 km (Slipski
et al., 2018). In order to estimate the role of this mechanism in our derived averaged
values, we calculate the mode of the distribution, but using only the measurements from
70 and 90 km. We find that the derived values do not change significantly, which means
that diffusive separation cannot explain the discrepancy between the measurements of

the Curiosity Rover and those presented in this study.

e Secondly, it must be noted that while measurements reveal the isotopic composition at
a given location and time, these values are not necessarily representative of the atmo-

sphere as a whole, since they might be fractionated by climatological processes. We
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believe the continuous monitoring of the atmosphere included in our dataset, which
allows averaging over hundreds of measurements spanning many locations and seasons,
enables the derivation of the non-fractionated values. In that sense, although the mea-
surements made by the Curiosity Rover are more precise, they are always made in the
same location, at approximately the same local times, and covering only about 10% of
a full Martian year. The contribution from seasonal cycling to these measurements is
unknown, and so they might therefore not be representative of the whole atmosphere.
Indeed, the measurements of Livengood et al. (2020) revealed high variability of the
180 /160 isotopic ratio, varying from 680 = -92 4 23 %o to 6180 = 71 4 18 %o over a
surface temperature increase from 266.9 to 275.4 K, which is most likely caused by an
interaction between the surface and the atmosphere. This hypothesis is also supported
by the values derived from different studies (see Table 6.2). Especially noticeable is
the comparison between the measurements made by Phoenix (Niles et al., 2010) and
Curiosity (Webster et al., 2013): while they provide similar uncertainties, the derived
isotope ratios do not overlap, which might be indicative of isotopic fractionation in the

atmosphere.

Table 6.2: Measured isotope ratios in COs compared to previous studies, expressed as a deviation with
respect to the VPDB and VSMOW standards, which are representative of Earth-like fractionation.

Reference Method 013C (%0) 080 (%0) 67O (%o)
Schrey et al. (1986) Earth-based -73 £ 58  -37 £ 121 -
Owen (1982) Viking Lander  -11 & 55 -2 £ 50 -
Krasnopolsky et al. (1996) Earth-based -60 + 150  -130 4+ 80 -
Encrenaz et al. (2005) Earth-based 0+ 110 - -
Krasnopolsky et al. (2007) Earth-based -22 £ 20 18 £18 -
Niles et al. (2010) Phoenix Lander -2.5+4.3 31.0&%5.7 -

Webster et al. (2013) Curiosity Rover 46 + 4 48 £5 24+ 5

Livengood et al. (2020) Earth-based - 9+ 14 -

This study ExoMars TGO -3 £ 37 -29 £+ 38 -11 + 41

Another interesting feature to examine is the comparison between the average oxygen iso-
topic ratios in carbon dioxide and water vapour, which have been continuously monitored
using secondary grating position 4, and yielding values of 30 /160 (H20) = 1.140 4 0.080
VSMOW and 0/10 (CO3) = 0.971 + 0.038 VSMOW. Fractionation between the isotopic
composition of these two species will occur if oxygen is exchanging between them. Based on

the equilibrium fractionation of 10 between COs and H2O derived by Urey (1947) from the
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different binding energies, Jakosky (1991) suggests that the **O /160 in COs in the Martian
atmosphere should be approximately 8% higher than that in HoO. This equilibrium could be
reached if for example liquid water was present in the near-surface layer, where CO2 would
be dissolved and would quickly exchange oxygen isotopes with the water. With the liquid
water then exchanging with the gases in the atmosphere, the different oxygen-bearing species
in the atmosphere would also reflect this equilibrium fractionation. Although liquid water is
unstable under the present Martian conditions, it can be present occasionally as a transient
phase (Martin-Torres et al., 2015). However, based on the measured isotope composition in
both species, this type of equilibrium does not appear to be dominant on the Martian atmo-
sphere. On the other hand, both species might find a photochemical equilibrium instead, in
which oxygen isotopes are exchanged by the photochemical reactions occurring in the Martian
atmosphere and which may ultimately lead to the preferential transfer of certain isotopes to
a given species. For example, we estimated in Chapter 5 that the 80 /160 isotopic ratio in
OH would be approximately 1.025 times smaller than that of HoO, as a consequence of the
preferential photodissociation of Hi®O over H}®O. Later on, this odd-hydrogen will recom-
bine with CO to form COy (McElroy and Donahue, 1972), which might result in the transfer
of oxygen depleted in the heavy isotope from HoO to COs. Although this example is most
likely an oversimplification, the isotope ratios in different species might be used as tracers of
photochemical reactions and might provide new insights about the chemistry of the Martian

atmosphere.

6.3.3 Implications to isotopic fractionation during atmospheric escape

Accurate estimations of the amounts of oxygen and carbon lost to space throughout the Mar-
tian history require a very detailed understanding of the chemical and physical pathways by
which these escape and how the several escape mechanisms differentiate between the differ-
ent isotopologues. While this fractionation factor f (see equation 1.0.2) has been extensively
studied for the case of water escape and the D/H ratio (e.g., Krasnopolsky (2002); Cangi
et al. (2020)), there is much less information in the literature regarding the overall escape

fractionation factor of the carbon and oxygen isotopologues (see section 1.1.5.2).

From our measurements, we estimate that the average isotopic ratios are 3C/12C = 0.997

+ 0.037 VPDB, #0/10 = 0.971 4 0.038 VSMOW and "0 /160 = 0.989 + 0.041 VSMOW.
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These isotopic ratios are lower than those measured at the surface by the Curiosity Rover. As
discussed in the previous section, one possibility is that the measurements made by Curiosity
are not representative of the overall atmosphere, but characteristic of the atmosphere at a
particular time and location instead. However, if it is the case that the bulk atmosphere
follows the isotopic composition measured by Curiosity, then our results depict fractionation
between the isotopic composition of COs in the lower and upper atmospheres, in which the

fractionation factor would be given by

(13C/12C)ypper _ 0.997 £ 0.037

13 12 — _ 0 Lo a1
R("™C/HC) (5C/2C) e~ 1,046 £ 0,004 0.953 + 0.036, (6.3.1)
R(%0/1%0) = (*80/160)ypper  0.971 +0.038 0,096 4 0,037 652)

" (180/160)ower  1.048 £0.005 Mol 0
(170/%60) ypper ~ 0.989 == 0.041
R('70/1°0) = per — 0.966 £ 0.041. (6.3.3)

(170/160)1wer ~ 1.024 £ 0.005

These derived values suggest a higher fractionation for 180 /160 compared to *C/*2C and
170 /160, which could be the consequence of mass-dependent fractionation. However, in that
case, the fractionation factor of the *C/2C and 70 /160 ratios should be R = 0.963, which

indeed agrees for the 13C/12C and 170/!00 ratios within the uncertainties.

It must be noted that this derived fractionation factor would represent just the first part
of the overall escape fractionation factor, which takes into account all fractionating processes
from the lower atmosphere until the isotopes escape into space (see equation 1.0.2). For
example, if the main source of escape of carbon was the sputtering of CO9 molecules at the
exobase, which fractionate the atmosphere given the diffusive separation between the different
isotopologues (R ~ 0.83), then the net escape fractionation factor would be given by f = 0.953
x 0.830 = 0.791. Given this factor, considering the isotopic ratio measured by Webster et al.
(2013), and considering a primordial isotopic ratio representative of the Martian mantle of
(BC/2C) mantle = 0.975 VPDB (Wright et al., 1986), then we can estimate that at least
30% of the carbon atmospheric reservoir has been lost to space throughout Martian history,

following equation 1.0.1.
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However, it must be noted that this ideal scenario is probably far from reality. Firstly, based
on the discussion in the previous section, it is not clear whether the atmospheric reservoir
is enriched on average in the heavy isotopes, as our measurements reveal non-fractionated
isotopic ratios essentially consistent with the standards. In addition, the escape of carbon
from the Martian atmosphere appears not to be dominated by sputtering, but by the pho-
todissociation of CO and COg instead (see section 1.1.4), which would yield different escape
fractionation factors, and therefore different estimates of the amount of the initial carbon
reservoir. In conclusion, more measurements of the isotope ratios and a better theoretical
understanding of the escape fractionation factor are required to derive accurate estimations

of the amount of carbon and oxygen lost to space throughout Martian history.

6.4 Summary

In the previous chapter, all ACS MIR observations made with secondary grating position 4
were analysed in order to constrain the isotopic composition of water vapour in the atmosphere
of Mars. In this chapter, we have used the same observations made with secondary grating
position 4, but now to monitor the isotopic composition of COs in order to constrain the
non-fractionated values of the isotope ratios as well as their seasonal and spatial variations.
The dataset assembled for this study includes all observations made with secondary grating
position 4 in which the full detector frames were recorded. This dataset includes 190 solar
occultation observations divided in two time periods, one covering the range between Lg =

164-219° in MY 34, and the second one covering the range Lg = 141-356° in MY35.

The spectral range sampled in these observations includes absorption lines of the different
isotopologues of CO2 which are very sensitive to the temperature field. In order to retrieve
the temperature with very high accuracy in this spectral range, different spectral windows
from several diffraction orders were combined, exploiting the temperature dependence of the
absorption lines for the retrieval, rather than the assumption of hydrostatic equilibrium,
which was exploited in the two previous chapters. The temperature profiles retrieved with
this technique have been validated against those retrieved with the hydrostatic approach
in Chapter 5, and showing an average difference of 4 K. In order to introduce these new

requirements in the retrieval scheme a new formulation of the radiative transfer calculations
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was implemented, which models each acquisition independently treating the absorption as
if it occurs in a homogeneous path with constant pressure and temperature. Due to the
simplicity of these calculations, this scheme can just be applied when the absorption lines are
not saturated, which limits the vertical extent of its applicability. Therefore, the retrievals are

just performed for the acquisitions made between 70 and 130 km above the Martian surface.

The measurements indicate variations of the isotope ratios of COo above the level of the
measured uncertainties, suggesting the variations are indeed caused by real fractionation pro-
cesses in the atmosphere. In particular, two patterns are discerned from the observations.
The first pattern observed is a steady decrease of the 13C/'2C and 80 /160 isotopic ratios
above approximately 100 km. Based on the altitude range at which the decrease occurs, and
the fact that the carbon and oxygen isotope ratios vary following the expectations from mass-
dependent fractionation (§13C ~ 0.5 x §'80), we conclude that these variations are the result
of the diffusive separation of the different isotopologues above the homopause. On the other
hand, the second pattern seen at other times is a substantial increase of the oxygen isotopic
ratios from approximately 1 VSMOW at 70-80 km to 1.2 VSMOW at 90-110 km, which is
not followed, at least to the same extent, by the 3C/!2C isotopic ratio. Interestingly, the
variations in both oxygen isotope ratios do not follow the expectations from mass-dependent
fractionation (6170 ~ §'¥0), which might be indicative of the nature of these. However, with
no modelling input, we were not able to reach any conclusions about the nature of the process

sourcing the observed fractionation.

Using the results from the whole measured dataset we derived the average non-fractionated
values of the isotope ratios in COs to be 13C/12C = 0.997 & 0.037 VPDB, 80/160 = 0.971 +
0.038 VSMOW and 7O /160 = 0.989 + 0.041 VSMOW, which are lower than those measured
at the surface by the Curiosity Rover. We suggest two possible scenarios to reconcile both
datasets. The first possibility is that the reported values of the isotope ratios in these two
datasets might not be representative of the whole atmosphere, but characteristic of the isotopic
composition of the atmosphere at a particular time and location. Based on the monitoring
of the atmosphere we achieve with the ACS MIR measurements, which spans many locations
and seasons, we consider our derived values to be representative of the whole atmospheric

reservoir, at least in the altitude range between 70 and 130 km. However, the measurements
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made by the Curiosity Rover are much constrained in terms of location, season, and local
time sampling, which may therefore just represent the isotopic composition in those particular
circumstances. The second possibility is that both datasets are indeed representative of the
average atmosphere, but in different altitude ranges. In that case, both datasets would reveal
a depletion of the isotopic ratios in the heavy isotopes from the near-surface to the upper
atmosphere. This fractionation factor should therefore be taken into account when estimating
the amount of atmosphere lost to space, including in addition all other processes that might

fractionate them until they escape into space.
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Chapter 7

Conclusions and future work

7.1 Overview and summary

Atmospheric isotope ratios in species such as H, O and C provide important constraints on
the history of the Martian volatile system, revealing the impact of several processes that
might fractionate them. In particular, the atmosphere of Mars is enriched in the heavy
isotopes of several species with respect to Earth, which is understood as an evidence of
atmospheric escape into space, suggesting that billion years ago Mars’ atmosphere was much
denser and warmer than it is today. This dense and warm atmosphere might have been able
to sustain liquid water on the surface, which carved the Martian terrains and formed "aqueous
minerals" on the surface that we observe today. Although all these clues point to the much
more hospitable climate that Mars had in its history compared to present, it is still not
well understood what the atmosphere was made of to generate sufficient greenhouse warming
to sustain liquid water on the surface, especially since the Sun was less powerful than it is
today. A thorough understanding of the isotope ratios in each species can help understand
the evolution of the different reservoirs on Mars and get an insight of how its climate was in
the past. However, understanding the history of atmospheric escape through the atmospheric
isotopic composition not only requires very precise measurements at present, but also a very

good understanding of how the escape rates differ for different isotopologues.

To this purpose, we monitor the isotope composition of water vapour and carbon dioxide
in the Martian atmosphere using sensitive infrared measurements made by the Atmospheric

Chemistry Suite (ACS) onboard the ExoMars Trace Gas Orbiter (TGO) (see Chapter 2). The
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mid-infrared channel of ACS (MIR) is a cross-dispersion spectrometer designed to achieve
high spectral resolution (A/AX ~ 30000-50000) in a portion of the spectral range (~0.15
pm) between 2.3 and 4.2 pm (2380 - 4347 cm~1). ACS MIR probes the Martian atmosphere
using solar occultation measurements in which the Sun is observed along the TGO’s orbit
during egresses or ingresses, allowing a sampling of the vertical dimension of the atmosphere.
Solar occultations are especially suitable for the measurement of trace gases due to the high
intensity of the light source (i.e., the Sun), which yields high signal-to-noise ratio, and the
long optical path length, which results in an observed air mass about 10 times greater than

when observing the nadir.

In this project, the NEMESIS radiative transfer and retrieval algorithm has been adapted to
analyse the solar occultation observations made by ACS MIR (see Chapter 3). In particular,
a retrieval scheme was developed to be applicable for the retrieval of any gaseous species,
as well as the retrieval of pressure and temperature vertical profiles from the absorption of
carbon dioxide. The simultaneous retrieval of the pressure and temperature profiles allows
not only a precise modelling of the radiative transfer calculations, but also to understand how
the isotopic ratios vary in context with other atmospheric parameters. The conceived scheme
was also developed to model some of the particularities of the ACS MIR data, such as the

instrument line shape, which has been modelled using a varying double Gaussian function.

The developed retrieval scheme has then been applied to analyse ACS MIR solar occulta-
tions observations aiming to constrain and understand the isotope ratios in HoO and CO9 and
their potential variations. In Chapter 4, retrievals of eight secondary grating position 5 obser-
vations (3789 - 3987 cm~!) made during the first months of operations revealed the vertical
distribution of the oxygen isotopic composition of water vapour (*¥0/10 and 70/160) for
the first time. In Chapter 5, observations made using secondary grating position 4 for more
than a full Martian Year (MY) were analysed to understand the variability of the D/H and
180 /160 isotopic ratios in water vapour, as well as to constrain how these isotope ratios are
fractionated during the photolysis of water vapour. Finally, Chapter 6 dealt with the analysis
of secondary grating position 4 observations to constrain the oxygen and carbon isotopic com-
position of carbon dioxide (13C/12C, 180/'%0 and '7O/160) in the upper atmosphere, aiming

to understand if there is any isotopic fractionation between the lower and upper atmospheres.
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In the next section, we summarise the main outcomes of our analysis of these data and
relate them to the original scientific goals that were outlined at the beginning of this thesis
(Chapter 1). Finally, in section 7.3, some suggestions for future work are outlined, focusing
on the study of isotope ratios in the Martian atmosphere and suggestions for improvements

in the retrieval techniques used for the analysis of the spectral measurements.

7.2 Conclusions

At the beginning of Chapter 1 of this thesis, we asked several research questions that we will

now address based on the results presented in this thesis:

1) What is the non-fractionated isotope composition of HoO and CO;3 in the

Martian atmosphere?

Detailed knowledge of the isotope ratios in the present-day atmosphere is essential for our
understanding of the evolution of the atmosphere of Mars, which requires very precise values
of these quantities to estimate the amount of atmosphere that escaped to space throughout
history. Isotope ratios inferred from localised measurements are subject to fractionation pro-
cesses occurring in the present-day atmosphere. Therefore, in order to estimate the value of
the isotope ratios representative of the Martian atmospheric reservoir outside of any fraction-
ation processes, it is important to measure the isotope ratios in different instances. It must
be noted that in this thesis the term non-fractionated isotopic ratios refers to the potential
isotopic fractionation occurring in the present-day atmosphere, not to the fractionation of the

present-day isotopic ratios relative to their primordial sources.

The isotopic composition of water vapour was constrained using observations from sec-
ondary grating positions 4 and 5. In the case of secondary grating position 4, the D/H and
180 /160 isotope ratios were monitored for more than a full Martian year (MY). A statistical
analysis based on the continuous monitoring over different seasons, latitudes and time found
the observed ratios to be consistent with fractionation from a source reservoir isotopic ratio
of D/H = 4.9 4+ 0.4 and ¥0/10 = 1.14 + 0.08 with respect to VSMOW. These values
are generally in agreement with other observations made by ground-based or in situ means,

consistent with the hypothesis that indeed a large amount of water escaped from the Martian
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atmosphere throughout its history.

Observations made with secondary grating position 5 were used to constrain the oxygen
isotopic ratios in water vapour, revealing '#0 /60 = 1.20 4 0.20 and 'O /10 = 1.23 + 0.25
with respect to VSMOW. However, one must note that while more than 500 observations
were used to derive the isotope ratios from grating position 4, only eight observations were
used for the analysis of secondary grating position 5. Therefore, we take the value of the
180 /160 isotope ratio from secondary grating position 4 as a more reliable estimate of the
isotopic ratio of the Martian atmospheric reservoir. An interesting result inferred from the
analysis of grating position 5 data is that both oxygen isotope ratios are similarly enriched
in the heavy isotope with respect to the standard, being nominally not consistent with the
expectations from mass-dependent fractionation. This similar enrichment in both the **0 /160
and 170 /00 isotope ratios might therefore be indicative of the role of photochemical reactions

with other oxygen-bearing species in the atmosphere.

The isotopic composition of carbon dioxide was constrained using ACS MIR, observations
from secondary grating position 4 between 70 and 130 km of altitude. These measurements
reveal that the isotope composition of carbon dioxide shows much milder deviations with
respect to Earth than the isotope ratios in water vapour (*C/2C = 0.997 + 0.037 VPDB,
180 /160 = 0.971 £ 0.038 VSMOW and '7O/0 = 0.989 + 0.041 VSMOW). The derived
isotopic ratios are lower than those measured at the surface by the Curiosity Rover, which are
usually used as a reference for the average isotopic composition of the Martian atmosphere
(Webster et al., 2013). These differences might be explained by two possible scenarios. On
one hand, these datasets might not be representative of the whole Martian atmosphere, but
characteristic of the atmosphere at particular times and locations instead. In this sense,
while our derived values are based on a continuous monitoring of the atmosphere for more
than half Martian Year, the measurements by the Curiosity Rover are much more limited in
terms of location, season and local time coverage, and might be impacted by fractionation
processes at those particular times and locations. On the other hand, both datasets might
be representative of the average atmosphere but at different altitude ranges. In that case,
the difference between the two measurements of the isotopic ratios might reveal fractionation

between the lower and upper atmospheres.
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Interestingly, the oxygen isotopic composition of water vapour (130/!0 (H,0) = 1.14
VSMOW) is more enriched in the heavy isotope than that of carbon dioxide (*¥0 /160 (CO,) =
0.971 VSMOW), which might be indicative of the means by which these two species exchange
oxygen between them. The relative enrichment of the isotopic ratio in water with respect to
that in carbon dioxide might depict a photochemical equilibrium between these species, in
which the different oxygen isotopes are subject to the photochemical reactions in the Martian
atmosphere, and may ultimately lead to the preferential transfer of a certain isotope to a
given species. For example, our estimations of the fractionation factor between HoO and OH
revealed the 80 /160 ratio in OH to be approximately 10% lower than that in HO. If this
OH population later recombines with CO to form COg, the newly formed CO2 molecules
would be depleted in the 80 /0 ratio with respect to HoO. Although the oxygen isotope
equilibrium in the Martian atmosphere is most likely much more complex than this, this
example highlights the possibility of the isotopic composition of different species to be used

as tracers to get new insights about the chemistry of the Martian atmosphere.

2) Does the isotopic composition of atmospheric H,O and COy vary? If so, what

are the main drivers of variation?

Understanding the variations in the isotope composition of the atmosphere is not only im-
portant in order to infer what the values of the isotopic ratios outside of any fractionation
processes are, but also to use these as tracers of the interaction between different reservoirs

or atmospheric processes occurring in the present-day atmosphere.

Variations in the isotopic composition of water vapour were measured using the ACS MIR
secondary grating position 4 observations covering more than half of MY34 (Lg = 160-360°)
and of MY35 (Lg = 0-356°), encompassing two perihelion and one aphelion seasons. The
D/H ratio was observed to vary in a range between 1 and 6 VSMOW in correlation with
the temperature and water abundance in the atmosphere, consistent with the expectations
from condensation-induced fractionation. In particular, one of the main features observed
in the variations of the D/H ratio is its decrease above the level of the hygropause, which
confines most water and high values of the D/H in the atmospheric layers below the saturation
level. It is observed that while high water vapour and D/H ratios expand up to 50-60 km

during the perihelion season, these are confined in the lowest 20 km during aphelion, which
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is consistent with the variations of the hygropause level in these seasons as a consequence of
the eccentricity of Mars’ orbit around the Sun and the intensified Hadley circulation during
perihelion. All these clues (i.e., correlation between D/H, temperature and water mixing
ratio, and the decrease of the D/H above the hygropause level) suggest that the main driver
of variability of D/H in the atmosphere of Mars is the condensation of water onto ice in the

polar caps and in clouds.

The 0 /160 isotope ratio in water vapour was observed to vary from 0.9 to 1.3 VSMOW.
However, these variations are close to the uncertainty level of the measurement, which means
it is not possible to conclude whether the variations are real or just statistical noise from the
measurements. Variations caused by condensation-induced fractionation predict the 0 /60
ratio to follow similar trends as the D/H ratio but with a smaller amplitude. It is difficult
to accurately predict how the variations in the two isotopic ratios are connected, since this
factor not only depends on the temperature at which condensation occurs, but also on the
impact of supersaturation and kinetic effects. However, one may expect the variations in
180 /160 to be approximately 4-15 times smaller, depending on the factors above mentioned
(section 1.1.5.2). Similarly, variations of the 70 /10 isotopic ratio caused from condensation
processes are expected to be approximately half of those in 20 /160, although this factor
might be larger depending on the impact of kinetic effects. Given that the uncertainties in
the O isotope ratios derived from the ACS MIR measurements are larger than the level of
variations expected from these processes, the non-detection of variations in the O isotopic

ratios does not disprove the hypothesis that these fractionation processes are occurring.

The variations of the isotopic ratios of CO9 were also measured using ACS MIR solar occul-
tations from secondary grating position 4 between 70 and 130 km above the Martian surface.
In this case, we discerned two main types of variation in the vertical structure of the COg
isotope ratios. Firstly, we observe a steady decrease of the isotopic ratios with altitude above
approximately 100 km. Based on the altitudes at which the decrease occurs and the fact that
these variations follow the expectations from mass-dependent fractionation (613C ~ 0.5 x
§180) (section 1.1.5.2), we conclude that the observed decrease with altitude corresponds to
fractionation above the homopause due to diffusive separation of the different isotopologues.

The second discerned pattern of variations from the observations reveals an increase of the
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oxygen isotope composition of COy from ~1 VSMOW at 70-80 km to ~1.2 VSMOW at 90-110
km, which is not followed by an increase, at least of the same magnitude, of the *C/12C iso-
topic ratio. The variations in the oxygen isotopic ratios are approximately of equal amplitude
(6170 ~ §'8C), while the fractionation of the carbon isotope ratio approximately follows the
expectations from mass-dependent fractionation (§'3C ~ 0.5 x §'%0). Based solely on this in-
formation, it is not clear which process may be the source of the variations. Photolysis of CO2
molecules is expected to leave the remaining CO2 population enriched in the heavy isotopes,
but it would preferentially enrich the 3C/12C isotopic ratio and the oxygen isotopic ratios
would be expected to be fractionated following mass-dependent fractionation (Schmidt et al.,
2013). In the Earth’s stratosphere, the oxygen isotope ratios of COg9 also show variations not
following the mass-dependent relation, which are caused by the isotope exchange with other
oxygen-bearing species such as Oy and O3 (e.g., Wiegel et al. (2013)). However, while COq
is just a trace gas on Earth, it is the main constituent of the Martian atmosphere, and it is
implausible that isotopic exchange with Os and Os can produce such large variations of the

oxygen isotopic ratios of COs.

3) Are the different isotopes in HoO and COs fractionated as they are decomposed

into lighter species, affecting the escape fractionation factor f7?

Accurate estimates of the evolution and escape of the Martian atmosphere into space rely
not only on a precise description of the present-day isotopic ratios, but also on the escape
fractionation factor, which essentially determines the rate at which the isotope ratios are
enriched in the heavy isotope as the atmosphere escapes into space. The escape fractionation
factor relates the isotopic ratio of the escaping species (e.g., D/H of the escaping hydrogen flux)
with that representative of the Martian atmospheric reservoir (e.g., average non-fractionated
D/H of water vapour), and therefore takes into account any fractionation processes that might

influence this ratio.

In the case of hydrogen, it mostly escapes the Martian atmosphere by means of thermal
escape in the form of atomic hydrogen. Therefore, the first part of the escaping mechanism
comprises the chemical and physical pathways by which hydrogen in water vapour is trans-
formed into atomic hydrogen. In order to estimate how the D/H ratio is fractionated during

this transformation, the retrieved water vapour and D/H profiles from secondary grating po-
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sition 4 were combined with calculations of the photolysis rates of HoO and HDO, enabling
the estimation of the fractionation factor R between the D/H ratio of the photolysis prod-
ucts of water vapour (D/H in OH and H) and that representative of water vapour in the
lower atmosphere (D/H = 4.9 + 0.4 VSMOW). Our calculations revealed that the photodis-
sociation of water vapour molecules is the most important mechanism for the production of
atomic hydrogen, which showed very strong seasonal variations. In particular, the perihelion
season was observed to be dominant in the annual production of atomic hydrogen, with rates
being approximately 100 times higher than those found during aphelion. In addition, our
calculations also suggested that the D/H fractionation between the photolysis products and
water also varied with season. In particular, we estimated that while the photolysis products
would be depleted in D/H by a factor of 2-2.5 during the perihelion (R ~ 0.4-0.5), this factor
would increase up to 5-6 during the aphelion season (R ~ 0.2). However, as the photolysis
of water vapour was found to be much more efficient during perihelion, the annual average
of the fractionation factor is expected to be approximately R ~ 0.4-0.5. It must be noted
that any other fractionation factors affecting the isotope ratios of the escaping hydrogen and
deuterium must be accounted for (e.g., diffusive separation) in order to calculate the net es-
cape fractionation factor. Our results provide new insights for resolving the old paradigm
regarding the role of the different mechanisms to fractionate the D/H ratio of water vapour
in the lower atmosphere and that of its dissociation products, leading to the enrichment of

D/H in the atmosphere as it escapes into space.

In the case of oxygen, although the reactions by which it escapes from the Martian at-
mosphere are known, it is not clear whether the oxygen atoms that escape come primarily
from COs or HoO, or some combination of both. Therefore, it is difficult to estimate how
the oxygen isotopic ratios are fractionated from their main reservoirs (COg and H2O) until
they escape the Martian atmosphere, mainly by the dissociative recombination of O; In the

scenario that escaping oxygen comes only from one of these species:

e [f the main source of escaping oxygen comes from H»O, it is likely the escaping pathway
encompasses the photolysis of HoO. Similarly as was performed with the D/H ratio,
we estimated that the ¥ /160 isotopic ratio of OH would be depleted by a factor of

1.025 with respect to the isotopic ratio representative of water vapour in the atmosphere
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(180/10 = 1.14 4+ 0.08 VSMOW), which is equivalent to a fractionation factor of R
= 0.975. The escape fractionation factor would then need to account for all subsequent

reactions occurring after the photodissociation of HoO.

e On the other hand, if the main source of oxygen comes from COs, one would need
to account for the potential fractionation of CO9 isotopes between the lower and upper
atmospheres (R = 0.926 + 0.037) if both measurements by the Curiosity Rover and ACS
MIR are representative of the average atmosphere at different altitudes, as discussed
earlier in this section. The calculation of the escape fractionation factor would then
require the inclusion of any other fractionation occurring on top of this. As well as for
the HoO scenario, it is likely the escape pathways of oxygen encompass the photolysis of
CO9 molecules. The fractionation factor inherent in this mechanism was not calculated
in this thesis, but is expected to be R < 1 based on the cross-sections calculated by

Schmidt et al. (2013).

In the case of carbon, the derivation of the escape fractionation factor is not currently
possible due to the absence of measurements constraining the role of the different mechanisms
controlling its escape. If the escape of carbon was dominated by the sputtering of COsg
molecules, the fractionation factor would be f = 0.791, the product of the fractionation factors
relating the 13C/12C isotope ratios in the lower and upper atmospheres (R = 0.953) and the
fractionation factor due to the diffusive separation between the different isotopologues (R =
0.83). In this scenario, we calculated that given the current isotopic ratio of the atmospheric
reservoir and the primordial isotope ratio of the Martian mantle, at least 30% of the carbon
atmospheric reservoir has been lost to space throughout Martian history. If the escape of
carbon was dominated by the photodissociation of CO instead, the escape fractionation factor
should account for the fractionation factor between the lower and upper atmospheres, the
fractionation occurring due to the difference in cross-section between the '2C'604 and 3C'60,
isotopologues, and the fractionation inherent in this escape mechanism (R = 0.6; Hu et al.
(2015)). However, the most plausible scenario is that escape is driven by a combination of

several mechanisms.
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7.3 Future work

In this thesis, we have developed a retrieval scheme applicable to the retrieval of vertical
profiles from solar occultation observations, which we have applied to study the isotopic
composition of water vapour and carbon dioxide in the Martian atmosphere. However, there
is still plenty of room for improvement on the techniques we use to retrieve the solar occultation
measurements and there is still a long way to go before we fully understand the processes that
shape the isotopic composition of the atmosphere. In this section, we provide some examples

that could improve our understanding of these two topics.

7.3.1 Retrieval techniques

In the future, one might expect the different sources of data from planetary missions and
ground-based observatories to improve over time in terms of data volume and resolution.
In order to process the increased amount of observations, retrieval algorithms must improve
accordingly in terms of retrieval speed and the use of computational resources. Here, we
provide some examples of improvements that can be performed in the NEMESIS algorithm

to improve its efficiency.

Increasing the retrieval speed

ACS MIR performs about ten solar occultations per day. Up to February 2021, ACS MIR
made approximately 4500 solar occultations observations using several secondary grating po-
sitions. In this thesis, just a small part of the dataset has been processed. In order to be
able to process this continuously-growing dataset, the retrieval algorithm must be as fast as
possible. One way to increase the speed of the radiative transfer calculations and the retrieval

algorithm is to parallelise the calculations.

One part of the code which could be optimised for increasing the speed of the algorithm is
during the calculation of the Jacobian matrix K, which represents the derivatives of trans-
mission spectra at each wavenumber with respect to each of the elements in the state vector.
For some parameters in the state vector, this derivative can be calculated analytically (e.g.,
volume mixing ratio of a certain gas), while others have to be calculated numerically (e.g.,

pressure and temperature from hydrostatic assumption or parameters describing the instru-
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ment lineshape), but essentially all these calculations are independent from each other. In
this thesis, a new scheme was implemented on the NEMESIS algorithm that allowed the cal-
culation of the different derivatives defining the Jacobian matrix in parallel. This update of
the code increased the speed of the code vastly, essentially by a factor given by the number
of processors that could be used in parallel. However, the use of the computational resources
can be further improved taking advantage of the analytical calculation of the derivative too,
especially since most of the calculations can be calculated this way. This could be easily im-
plemented in the NEMESIS algorithm by introducing a flag indicating whether the calculation
of the derivative of that specific parameter of the state vector can be calculated analytically

or numerically.

Secondly, the speed of the NEMESIS algorithm could be greatly improved if performing
some of the radiative transfer calculations (forward model) in parallel. In particular, a major
improvement of the algorithm may be achieved if parallelising the calculation of each of the
spectral points. Currently, the calculation of the forward model is performed as follows:
first, the wavenumbers at which the spectrum has to be computed are calculated; secondly,
the radiance is calculated independently and in series for each of the wavenumbers; lastly,
the spectrum is convolved with the instrument lineshape to model the characteristics of the
instrument. Therefore, if the calculations of the spectrum are performed in parallel, the
computational time to calculate the forward model would be reduced by a factor given by the

number of processors that could be used in parallel.

Increasing the efficiency of memory usage

Another issue that was faced during the analysis of the ACS MIR solar occultation obser-
vations was related to the memory allocation of the retrievals. NEMESIS was developed to
be applicable for the retrieval of any kind of observation (e.g., ground-based observations,
solar occultations, exoplanet transits, etc.), which often have different computational require-
ments. In order to be applicable to any of these cases, NEMESIS was developed to be able
to perform very diverse radiative transfer calculations (e.g., single and multiple scattering,
absorption and emission, line-by-line, correlated-k, etc.). All these calculations are performed
on arrays which are currently defined statically, which means that the program will allocate

some memory to each array based on its maximum size defined prior to the compilation of
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the code. If these sizes are very large for all arrays, then NEMESIS will not compile due to

an overshoot of the allocatable memory.

For solar occultations, although some of these array sizes could be decreased, memory
issues were faced due to the large number of spectral points that needed to be calculated
in each occultation, as these observations essentially combine a large number of spectra at
different tangent heights to build up the high-vertical-resolution profiles. In that sense, one
of the implemented options was to select optimised spectral windows to reduce the number
of spectral points in each tangent height. However, for certain purposes, like the retrieval of
the temperature field from the temperature dependence of the absorption lines presented in

Chapter 6, a large number of spectral points is required.

One way to optimise the memory usage of the algorithm and solve some of these problems
is to define the array sizes dynamically, which means that the memory of the arrays will not
be allocated when compiling the code, but when using the arrays instead. Therefore, if for
example we do not require scattering calculations for our analysis, the arrays used for that
part of the code will not be allocated any memory, leaving that memory for the usage of other
arrays. In addition, dynamic arrays can also be deallocated if they are no longer required in

the calculations, which provides further improvement of the efficiency of the memory usage.

7.3.2 Isotopic studies of the Martian atmosphere
D/H ratio

The relation of the D/H ratio and the escape of water throughout history needs to be fur-
ther understood to provide reliable estimates of the size of the water reservoir on early Mars.
In particular, it is important to properly understand the pathways by which hydrogen es-
capes, and how these fractionate the D/H ratio. Currently, the IUVS instrument onboard the
MAVEN spacecraft monitors the Lyman-« brightness of atomic hydrogen and deuterium. To
date, the analyses of these observations have only reported ratios of the Lyman-« emission
of these two species due to the difference in optical thickness of the two, but a more detailed
analysis can reveal the isotopic composition of the escaping hydrogen (Clarke et al., 2017;
Mayyasi et al., 2019). This, in combination with the value of the non-fractionated D/H ratio

in HoO, can provide the direct sampling of the escape fractionation factor at present. Al-
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though these measurements would greatly advance our understanding of the escape of water
from the Martian atmosphere, they must be accompanied by models that can reproduce them
and that can be able to extrapolate the escape fractionation factor to earlier epochs, when

the processes governing the escape of hydrogen might have been different.

The isotopic ratios in water vapour may also be used to better understand the water cycle
on Mars. In particular, our analysis of the ACS MIR measurements has shown that to first
order, the variations observed in the D/H ratio in HoO are caused by condensation-induced
fractionation during the formation of water ice clouds and during the condensation onto the
ice caps. A more detailed study of the condensation-induced fractionation of the D/H ratio
can provide information about the microphysics governing the formation of water ice clouds
on Mars. This analysis could provide new insights about our understanding of the high levels
of supersaturation observed in the atmosphere even in the presence of clouds (Fedorova et al.,
2020b). In addition, with improved accuracy in the measurements, this analysis could be
further improved including simultaneous information of the 0 /0 isotopic ratio, which is
more affected by the presence of kinetic fractionation effects and the supersaturation levels

at which condensation occurs.

C and O isotope ratios

The relation of the isotopic ratios with the escape of carbon and oxygen is generally much

more poorly understood than that of D/H and the escape of hydrogen.

First of all, it is crucial for our understanding of the evolution of the Martian atmosphere to
accurately measure the non-fractionated values of the carbon and oxygen isotopic ratios rep-
resentative of the present-day atmospheric reservoir. These measurements can be performed
with the SAM-TLS instrument on the Curiosity Rover, and should aim to cover a broader
seasonal and local time sampling in order to disentangle the values derived in localised mea-
surements from the average non-fractionated value representative of the Martian atmosphere.
In addition, the measurement of the non-fractionated values can be improved with measure-
ments from the the ExoMars 2022 Surface Platform (Kazachok) to sample the atmosphere in

different locations (Rodin et al., 2020).
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Calculations of the carbon and oxygen escape fractionation factors still require a better
understanding of the pathways and mechanisms by which these escape to space. In the case
of carbon, models suggest that the photodissociation of CO is the one of the main processes
governing its escape. The fractionation effect inherent in this mechanism was estimated by
Hu et al. (2015), but CO was assumed to have the same isotopic composition as COgz in
the near-surface atmosphere. ACS MIR measurements from secondary grating positions 6
and 7 encompass absorption lines of 2C60, 13C'0 and 2C'80, which therefore allow the
measurement of the 3C/'2C and 80 /60 isotope ratios in CO. Using the carbon isotopic
ratios from CO and COs, and taking into account the fractionation factor inherent in the
photodissociation of CO, one can estimate the net escape fractionation factor for carbon
at present. However, as was mentioned for the D/H ratio, these measurements should be
accompanied by modelling efforts to fully understand the relation between the isotopic ratios

and escape in earlier epochs.

In addition, measurements by the NGIMS instrument onboard the MAVEN spacecraft
have provided information about the isotopic composition of Ar from the Martian upper at-
mosphere (Jakosky et al., 2017). In principle, this instrument can also provide measurements
of the isotopic ratios in COs, which can be used to validate our analysis of the ACS MIR
measurements and better understand the fractionation between the lower and upper atmo-
spheres. To our knowledge, this analysis of the isotope ratios has not been yet reported in

the literature.

We believe these lines of future work will improve our understanding of the isotope compo-
sition of the atmosphere of Mars, its evolution throughout history, and ultimately about the

habitability of the Red Planet in the past.
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