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Abstract

This thesis presents ground-based wind velocity measurements of Mars during the 2018 global dust
storm using Doppler velocimetry based on observations made with the Ultraviolet and Visual Echelle
Spectrograph (UVES) at the European Southern Observatory’s Very Large Telescope (VLT) facility in
Chile. This instrument’s high resolution (R ~ 100, 000) allows for the dust cloud velocity to be mea-
sured, by computing the Doppler shift induced in the Fraunhofer lines (in the A = 420 — 1100nm) in
the solar radiation that is backscattered in the dust, by the motion of that same dust, with an error of
approximately 5ms~!. This allows us to sound Mars middle atmosphere during a global dust storm and
obtain latitudinal wind profiles under the assumption that the non-zonal wind is negligible.

The purpose of this research project is to successfully apply and validate a new approach to inves-
tigate Mars’ middle atmosphere wind velocities from ground-based observations. This is the first time
that a Doppler velocimetry method based on observations made in the visible and ultraviolet wavelength
range is employed to study the Martian atmosphere.

Global dust storms are complex stochastic events that can drastically alter the atmospheric dynam-
ics. During such events dust can be lifted to heights above 50km across all latitudes and longitudes,
increasing the optical depth for months and consequently the heating rates. The increased heating rates
strengthen the Martian circulation. The processes that allow for the development of global dust storms
are poorly understood. Furthermore, the cut-off mechanisms that spur the end of these storms are also
without consensus and may even vary from storm to storm. These storms usually develop in the southern
hemisphere during southern Summer and Spring (Ls ~ 180° — 360°), however, the 2018 storm started
developing in the northern hemisphere on L, ~ 185°.

The relative Doppler velocities were retrieved using the Doppler velocimetry technique, fine-tuned
by our solar system group to the case of Venus (Machado, Luz, Widemann, Lellouch, & Witasse, 2012;
Machado, 2014; Machado, Widemann, Luz, & Peralta, 2014; Machado et al., 2017) and adapted by me
to the case of Mars. These velocities are measured relative to the reference pixel which we chose to
be the one closest to the half phase angle point. This allows us to obtain the spatial and temporal wind
variations.

The raw data was treated and reduced to apply our method. This included the computation of the
master bias and master flat and the de-biasing and flat field the data images. Furthermore, a dispersion
relation is constructed based on the Thorium-Argon lamp exposure to perform a very accurate wavelength
calibration, essential for our method to be feasible. Lastly, the data was corrected to account for the
curvature of the slit. This allowed the retrieval of the 1D-spectra from the raw echellogramme.

I adapted the MATLAB scripts from the pipeline, used for the case of Venus atmospheric studies, to
the case of Mars. This includes the reduction of the active window of the slit and the adaptation of the
different geometry of our observations. Spherical geometry was used to locate the observation within the
planet and compute the de-projection factors for each point of the slit for each exposure to de-project the
radial Doppler velocities from the observer’s (Earth) line-of-sight.

The rotation velocity’s contribution to the overall Doppler shift was removed by computing and sub-
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tracting the rotation velocity at each point of the slit for all the positions. Furthermore, the contributions
made to the total shift by the Young effect was evaluated and deemed negligible under the specific ge-
ometry of our observations.

The final velocities were computed and presented.

The next steps in this research project are to further improve the subtraction the planetary rotation
contribution to the Doppler shifts, use radiative transfer models to better constrain the altitude that was
being sounded and remove bad pixels creating unwanted effects on the observations.

Keywords: Mars, Dust Storms, Winds, Doppler Velocimetry, Planetary Atmospheres

iii



Resumo

O projeto de investigacdo desenvolvido e aqui apresentado, foca-se numa tentativa de caracterizagdo
da baixa/média atmosfera durante uma tempestade de poeira global em Marte. Esta tese de mestrado
foi realizado sob a orientagdo do Doutor Pedro Mota Machado, investigador do Instituto de Astrofisica
e Ciéncias do Espaco (IA). O proposito deste trabalho de investigacdo € aplicar e validar uma nova
abordagem que permite sondar as velocidades de vento na atmosfera de Marte a partir de observagdes
terrestres. Esta é a primeira vez que uma técnica de velocimetria de Doppler, baseada em observacgdes
realizadas nos comprimentos de onda ultravioleta e visivel, € aplicada ao estudo dos ventos em Marte.
Esta técnica tem o potencial de providenciar uma nova forma de investigar este tipo de eventos em Marte
e complementar estudos feitos com observacdes efetuadas a partir de sondas em érbita do planeta ou de
rovers na superficie.

A tese apresenta medicdes de velocidades Doppler de ventos zonais na atmosfera de Marte, durante a
tempestade de poeira global de 2018, obtidas através de velocimetria de Doppler a partir de observagdes
efetuadas com o espectrémetro de alta resolucdo Ultraviolet and Visual Echelle Spectrograph (UVES)
do Very Large Telescope (VLT) situada nas instalagcdes do ESO no Chile.

A alta resolucdo do instrumento (R ~ 100, 000) permite-nos medir a velocidade a que as nuvens
de poeira se movem ao medirmos o desvio de Doppler induzido nas linhas Fraunhofer (no intervalo
de comprimentos de onda A ~ 42071100nm), da radiacdo solar que € dispersa na poeira suspensa na
atmosfera, pelo movimento da poeira. Isto permite-nos investigar a atmosfera de Marte durante uma
tempestade de poeira global e obter perfis latitudinais de ventos zonais sob a suposicio de que o vento
nao zonal € desprezavel.

As tempestades de poeira global sdo eventos complexos e estocdsticos que fazem parte do ciclo de
poeira presente em Marte. Sao capazes de provocar alteracdes drdsticas das propriedades e dindmicas
atmosféricas. A poeira é elevada da superficie por acdo do vento e pode atingir alturas acima dos 50km
durante estes eventos, aumentando a profundidade dtica ao longo das vérias latitudes e longitudes. A
poeira é extremamente absorvente no infravermelho, o que aumenta as taxas de aquecimento e conse-
quentemente fortalece a circulagdo, criando um ciclo de feedback positivo. Os processos que permitem
o desenvolvimento

de tempestades de poeira global de 3 em 3 anos (R. Zurek & J. Martin, 1993) permanecem mal
compreendidos. Além do mais, também ndo existe consenso relativamente aos mecanismos de cessacio
destas tempestades. Estes eventos geralmente desenvolvem-se no hemisfério do sul durante a Primavera
e Verdo (no hemisfério do sul - L, ~ 180° — 360° - periodo de Afélio) no entanto, esta desenvolveu-se
no hemisfério do norte durante o equindcio de Primavera do hemisfério do sul (Ls ~ 185°).

A primeira confirmacdo de uma observagdo de uma tempestade de poeira global foi efectuada pela
sonda Mariner 4 aquando da sua chegada a Marte em 1964. Desde entdo foram reunidas provas sufi-
cientes para a confirmacdo de outras 8 tempestades. Ao longo das tltimas décadas varias missdes foram
desenvolvidas para estudar estes fendémenos e o seu efeito na atmosfera de Marte. No entanto o custo
destas missdes € extremamente elevado quando comparado com o custo de realizacdo de observacgdes
telescdpicas a partir da Terra.
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As observagdes utilizadas neste trabalho de investigacdo foram efectuadas a 25 de Junho de 2018,
com o braco vermelho do UVES/VLT, no Chile ao longo de 2 horas. A data das observacdes foi escolhida
de modo a maximizar o didmetro angular de Marte e minimizar o angulo de fase. Com o objectivo de
cobrir uma gama considerdvel de latitudes e longitudes foi utilizada uma configuracdo de fenda longa (0.3
segundos de arco de largura e 12 segundos de arco de comprimento). Foram efectuadas 80 exposicdes
em duas configuracdes predefinidas (fenda espectroscépica alinhada perpendicularmente e paralelamente
ao eixo de rotacdo do planeta) com 5 exposicdes por posicdo ao longo de varias posi¢des. A resolugdo
espacial obtida no centro do disco planetério é de aproximadamente 63km.

Neste trabalho utilizou-se um método de medi¢do directa dos ventos baseada em espectroscopia
de alta resolug@o na gama de cumprimentos de onda do visivel. Esta técnica é baseada no método de
velocimetria de Doppler que foi aperfeicoada para espectroscopia de fenda longa de grandes objectos
alvo (Machado et al., 2012; Machado, 2014; Machado et al., 2014, 2017) e adaptada por mim para
o caso de Marte. As velocidades neste método sdo medidas relativamente ao pixel de referéncia que
escolhemos ser o pixel mais proximo do ponto de meio angulo de fase. Isto permite-nos obter variagdes
espaciais e temporais do vento.

O tratamento e a reducido dos dados provenientes do UVES foram efectuados com recurso a um
pacote de scripts MATLAB fornecido pelo Doutor Pedro Machado que os havia adaptado para o caso de
Vénus. Isto inclui a computagdo do master bias e master flat e o seguinte processo de “de-bias” e “flat-
field” das imagens. Além disso a relacdo de dispersdo é construida com base na exposi¢do a lampada
de Tério-Argon de forma a calibrar os comprimentos de onda de forma muito precisa. Por fim os dados
foram corrigidos de forma a contar com a curvatura da fenda. Este processo permite que se obtenham os
espectros de alta resolucdo 1-D a partir dos echellogrammes brutos.

Efectuei a reprogramacao dos scripts usados para os estudos atmosféricos de Vénus com vista a sua
adaptacdo para o caso de Marte. Em primeiro lugar a reducdo da janela activa na fenda, em segundo
lugar a utiliza¢do de geometria esférica para localizar todos os pontos das nossas observacdes dentro do
globo e computar os factores de de projec¢do para cada um desses pontos. Isto permitiu de projectar as
velocidades da linha de visdo terrestre.

Para remover os efeitos da rotagdo planetdria dos desvios de Doppler foi computado e removido a
contribui¢cdo desta, para Doppler total, em cada ponto da slit, para todas as posicdes da slit. Foi ainda
avaliada a possivel contribui¢do do efeito de Young para os desvios Doppler medidos e considerada
desprezavel na geometria especifica das observagdes efectuadas.

Foi calculada e apresentada, para cada pixel ao longo da fenda espectroscépica, as velocidades me-
didas. H& que ter em atenc¢do que os detectores cobrem gamas de comprimento de onda diferentes e
sondam diferentes profundidades 6pticas.

Os resultados obtidos revelam o potencial desta técnica pioneira no estudo de velocidades de ventos
a partir de observagdes terrestres, e em particular na investigagdo de eventos desta natureza em Marte.
Esta técnica poderd permitir a caracterizagdo do vento em funcdo da latitude e hora local e o estudo da
sua variabilidade espacial a temporal.

No seguimento de este projecto de investigacdo contemplam-se vdarios futuros desenvolvimentos.



Neste processo estd incluido a melhor subtrac¢do das contribuicdes da rotacio planetdria para os desvios
de Doppler, utilizar modelos de transferéncia radiactiva para melhor restringir a altura que as nossas
observagdes estdo a sondar e remover pixeis defeituosos que criam efeitos indesejados nas nossas obser-
vagoes.

Palavras-Chave: Marte, Tempestades de Poeira, Ventos, Velocimetria de Doppler, Atmosferas Plan-
etdrias
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1 Introduction

Mars, because it can be seen by the naked eye (at least once every 2 years or so) was one of the first ce-
lestial objects to be identified as a planet and consequently observed and studied by ancient astronomers.
In 1610 Galileo Galilei used a telescope (that he had built himself) to see a magnified image of Mars
for the first time in history. Today there have been eight successful landings on the Martian surface and
several more spacecraft successfully put into orbit. Each of these amazing accomplishments is a small
(or not so much) part of a much larger endeavor - the study and exploration of the planet Mars.

The European Space Agency’s (ESA) mission Mars Express, a mission that has been active for over
fifteen years, had an estimated total cost of approximately 300 million Euro which included spacecraft,
payload, launch, and operations costs (ESA, 2017). NASA’s Curiosity rover which integrates the Mars
Science Laboratory mission has had an estimated cost of more than 2 billion US Dollars (NASA Mars
Science Laboratory Landing Press Kit, 2012). The number of hours spent by researchers preparing,
analyzing and studying the data from these two missions alone is beyond counting. Why is it worth to
spend all these resources studying a planet that distances millions of kilometers from Earth? Why should
all this time and money be spent studying Mars and, in particular, its atmosphere?

Mars has a terrestrial atmosphere meaning that a better understanding of the Martian atmosphere can
potentially improve our comprehension of both our atmosphere and planetary atmospheres in general.
This is incredibly valuable in the field of exoplanetary research, where the characterization of atmo-
spheres with limited data is essential to identify potentially habitable planets. Furthermore, a precise and
extensive characterization of Mars’ atmosphere is an essential pre-requisite for any mission (manned or
not) to Mars. Additionally since plaque tectonics, which constantly and continuously destroys ancient
rock records that contain invaluable data about the history of our planet, is thought to barely exist on
Mars, such record would be preserved and might provide us with important geological data. This is one
(among others) excellent motivator for the exploration of this planet Mars.

1.1 Scientific Context

In February 1971 Charles F. Chapen, (a famous astronomer at the time employed at the Lowell Ob-
servatory’s Planetary Research Center) made the following prediction regarding Mars and the Mariner
missions in particular (Sheehan, 1996a):

If a bright yellow cloud again develops in the Hellespontus region [as was the case in 1956],
.. it will likely do so after opposition. A vast atmospheric disturbance could interfere with
... the first Mariner or biter spacecraft mission, which is planned to begin reconnaissance of
the planet in November.

Mariner 9 was launched on the 30*" of May 1971 (shortly after the launch failure of Mariner 8)
and arrived on Mars in early November of the same year. Upon its arrival, it found the whole planet
indistinguishably covered by suspended dust - a global dust storm which obscured the whole planet was



occurring, the first ever to be confirmed. If not for the versatility and adaptability of the mission’s plan,
a large part of the planned data collection and the bulk of the mission’s objectives would have gone
unfulfilled.

Global dust storms are unique to Mars and are, perhaps, the most spectacular atmospheric event tak-
ing place anywhere in the Solar System (see Figure 1.1). These storms induce thermodynamic responses
throughout the whole atmosphere however, their occurrence is unpredictable and shows inter-annual
variability and despite the massive development our understanding of Mars has suffered over the last
50 years, these storms are still viewed as stochastic events and the issue of their year-to-year variability

remains largely unresolved.

Figure 1.1: High resolution stereo camera (HRSC) on board ESA’s Mars Express captured image of an up-welling front of dust
clouds — visible in the right half of the frame — near the north polar ice cap of Mars in April, 2018. Source: Space in Images .

Global dust storms do strengthen the circulation, however, due to the low mass of the Martian at-
mosphere, the winds carry little momentum and pose little threat to man-made structures. Their charac-
terization is, nonetheless crucial, as they are critical to the Martian climate and can pose other dangers.
These storms can lift enough dust into suspension to dramatically increase the opacity of the atmosphere
for several months. A consequence example is the recent ’"demise’ of NASAs Opportunity Rover - which
was solar-powered and did not survive the 2018 global dust storm. These storms are also believed to
be electrically charged, which can pose a serious threat to any operational electronic devices. Further-
more, recent findings suggest that such storms may have played an important role in Mars’ loss of water
(Vandaele et al., 2019).

With the planning of further exploration - including manned missions - in the next decade or so,
the interest in the study of such phenomenon and its effects on the atmosphere has grown substantially

among the astrophysics scientific community.

1.2 Objectives

The scope of this work is to study the behavior of Mars’ middle atmosphere during a global dust storm
using ground-based observations made with VLT-UVES and Doppler velocimetry techniques, for the first
time, to complement observations of orbiter instruments. The success and validation of the application



of this method to the atmosphere of Mars may provide a new, unique way to investigate the Martian

atmosphere during global dust storms.

The intent is to contribute to a better understanding of the circulation during planet-encircling dust
events. We measured the wind velocity and its spatial and temporal variability, through high resolution
spectroscopy and Doppler velocimetry. The observations were made with the high-resolution spectro-
graph UVES with ESO’s Very Large Telescope (VLT) in the visible wavelength range.

The main goal of this research line is therefore, to provide direct instantaneous (the velocities re-
trieved for each pixel sounding the planet are obtained simultaneously) wind measurements using visible
Fraunhofer lines scattered at Mars’ dust hazes, which allows spatial wind variability studies and will
make possible to obtain a latitudinal profile of the wind.

1.3 Structure

The thesis is arranged as follows:

— Section 2 gives an introductory description of Mars atmosphere’s most relevant features along with
a history of its exploration (focused on the last century).

— Section 3 describes the Ultraviolet and Visual Echelle Spectrograph instrument at the Very Large
Telescope facility and the observations (including the circumstances in which they were made) and
provides a global picture of the onset and decay of the 2018 global dust event.

— Section 4 depicts in detail the Doppler velocimetry method used in this work, including the data
reduction and the corrections made. Additionally, it presents and succinctly describes the Doppler

velocities retrieved.

— Section 5 summarily discusses the results while giving an outlook on possible future work.



2 Mars

Mars and Earth formed through similar processes in regions of similar distance to the center of the proto-
planetary disk. However Earth and Mars share more than just an origin, Table 2.1 and Table 2.2 list some
of the parameters for Mars and Earth. It is noteworthy that Mars’ rotation period is remarkably similar
to Earth’s and in clear weather conditions, both atmospheres are transparent at visible wavelengths.

Since both planets are heated by radiative and convective exchanges with the surface the global
circulation is extremely alike. Even though Earth and Mars equatorial radius differ by a factor of ~ 0.5
they have similar values of total land area. Furthermore, just like Earth, Mars’ rotation also has a tilt
(=~ 25.19 on Mars and ~ 23.44 on Earth; see Table 2.2) meaning that both planets have seasonal cycles.
It is even possible that Mars had a more Earth-like environment in the past, and there even have been
suggestions that life may have once existed on Mars.

Table 2.1: Parameters for Mars and Earth. Source: Compiled from Wilson (2003) and NASA Space Science Data Coordinated
Archive (Williams, 2018a).

Parameters Mars Earth
Mass (10%kg) 0.64171 5.9724
Volume (10'%km?) 16.318 108.321
Equatorial Radius (km) 3396.2 6378.1
Polar Radius (km) 3376.2 6356.8
Mean Density (kg/m?) 3933 5514
Surface Gravity (m/s?) 3.71 9.80
Surface Pressure (mbar) 500 — 800 101300
Surface Area (km?) 1.4437 5.1006
Surface Area without oceans (km?) 1.4437 1.4894
Number of Natural Satellites 2 1
Topographic Range (km) 30 20
Visible Atmospheric Optical Depth 0.1 —-10 0.2 —100
Average Temperature (K) 210 288

Table 2.2: Orbital parameters for Mars and Earth. Source: Compiled from NASA Space Science Data Coordinated Archive
(Williams, 2018a).

Parameters Mars Earth
Semi-major Axis (10°km) 227.92  149.6
Sidereal Orbit (days) 686.980 365.256
Perihelion (105km) 206.62  147.09
Aphelion (10%km) 249.23  152.10
Synodic Period (days) 779.94 —

Maximum Orbital Velocity (km/s)  26.50 30.29
Minimum Orbital Velocity (km/s)  21.97 29.29

Orbital Eccentricity 0.0935  0.0167
Orbital Inclination (deg) 1.850 0.000
Sidereal Rotation Period (hrs) 24.6229 23.9345
Obliquity to Orbit (deg) 25.19 23.44




The similarities are remarkable, Sir William Herschel acknowledged this resemblance in Herschel,
1784 (as cited in Sheehan, 1996b):

The analogy between Mars and the earth is, perhaps, by far the greatest in the whole solar
system. The diurnal motion is nearly the same; the obliquity of their respective ecliptics, on
which the seasons depend, not very different; of all the superior planets the distance of Mars
from the sun is by far the nearest alike to that of the earth: nor will the length of the mar-
tial year appear very different from that which we enjoy, when compared to the surprising
duration of the years of Jupiter, Saturn, and the Georgium Sidus [Uranus]. If, then, we find
that the globe we inhabit has its polar regions frozen and covered with mountains of ice and
snow, that only partly melt when alternately exposed to the sun, I may well be permitted to
surmise that the same causes may probably have the same effect on the globe of Mars, that
the bright polar spots are owing to the vivid reflection of light from frozen regions, and that
the reduction of those spots is to be ascribed to their being exposed to the sun.

Nevertheless, there are still substantial differences between both atmospheres, and these can have
profound implications on the atmospheric conditions and overall climate. Mars orbit is not as circular
as Earth’s, at perihelion (L &~ 251°) Mars is 20% closer to the Sun that at Aphelion (L = 70°). This
means that in addition to having seasons caused by the obliquity of its rotation (analogously to Earth),
Mars also has seasons due to the eccentricity of its orbit.

The atmosphere is smaller in mass and composed primarily of carbon dioxide. Driven by the seasons,
CO, follows an annual cycle of condensation and deposition of CO, ice on the poles and consequent
sublimation. Through the course of this cycle, the total mass of the atmosphere varies and since the CO,

is the main component, mixing ratios of less abundant molecules change significantly.

The CO, cycle is not the only that greatly influences atmospheric dynamics. The Martian atmosphere
has a permanent layer of suspended dust which is mainly composed of silicon dioxide (SiO,). This dust
layer has an optical depth of 7 ~ 0.3 — 0.5 in the clearest seasons but can reach much greater values
during dust storms. Such storms are ubiquitous on Mars (particularly in southern summer and spring) and
can reach planet-encircling scales. Consequently, the global and local circulation can vary significantly,
since dust injected into the atmosphere can affect the solar heating rates, the temperature, and the pressure
field.

Both H,O and dust also follow annual cycles and are at some point present in the form of clouds (or
hazes). Both these aerosols absorb visible and ultraviolet radiation considerably heating the atmosphere,
therefore, changing the thermal structure and changing the dynamics of the atmosphere. These cycles

have as much influence on the climate as they do on one another.

Despite being transparent to the solar visible radiation, the light that passes through the atmosphere is
absorbed by the surface and re-emitted in the infra-red. Consequently, the CO,, which is very absorbent
in that wavelength range, absorbs the light, increasing the atmospheric temperature. As opposed to the
case of Earth, Mars does not have a stratosphere-like layer where solar heating from the ozone layer
happens instead, it is usually divided (thermodynamically) into three layers. The average temperature is
approximately 210K however, a much greater thermal amplitude (on both short and long time-scales)



is present. These amplitudes are enhanced by the low thermal inertia caused by the lack of oceans, by
the superimposition of the southern summer solstice (Ls = 270°) and perihelion and by the increased

presence of dust storms during this season.
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Figure 2.1: Zonally averaged topography. Data from Mars Orbiter Laser Altimeter (Mars Global Surveyor) Source: Read and
Lewis (2006).

Just like Earth, Mars’ global circulation is dominated by a Hadley circulation, but its latitudinal
extent is much larger (in part due to the planet’s small size). At a local near-surface scale, topography
dominates the dynamics. This can create dichotomies between both hemispheres since the northern
hemisphere has a much lower mean elevation (Smith et al., 1999). Additionally, the northern hemisphere
is much smother (see Figure 2.1), this indicates that the surface of the northern hemisphere is more recent
which means that at some point Mars was probably geologically active and could have even had a strong

magnetic field.

The greatest difference between the study of both atmospheres resides in the observation and data
collection. We do not have a complete spatial and temporal coverage on Mars, as we do on Earth,
for most observed properties. It is extremely hard to understand a complex system like the Martian
atmosphere with limited data. Nevertheless, each observation is useful, as it can be used to constrain
general circulation models (GCMs) which are detrimental in the understanding and interpretation of the
global processes that rule the Martian climate.

2.1 Composition

The Martian atmosphere is light compared to Earth’s (it contains ~ 9 times less mass) which leads
to a surface atmospheric pressure of approximately 8 mbar (~ 0.5% of Earth’s surface atmospheric
pressure). However, Mars’ surface pressure is not constant, it varies greatly at several time-scales:

— Annual: CO,, which makes up ~ 95% of the atmosphere (see Table 2.3), follows a annual cycle



in which it condensates on to the seasonal cap in the winter pole and sublimates from the seasonal
cap in the summer pole, varying it total atmospheric abundance by ~ 30%. This variation alters the
total mass of the atmosphere and consequently, it changes the surface pressure in a cyclic fashion
(see Figure 2.2).

— Diurnal: The low thermal inertia of the surface combined with the lack of oceans and the varying
solar isolation (throughout the day) creates sun-synchronous diurnal thermal tides. These tides
heat (during the day) and cool (during the night) the atmosphere, expanding and contracting it
respectfully, altering the surface pressure daily (see Figure 2.3).

— Semi-Diurnal: Semi-diurnal (last half a day) tidal components have been observed since the
Viking missions. This semi-diurnal temperature variation increases with dust loading (Wilson
& Richardson, 2000).

Mars’ atmosphere is composed mainly of carbon dioxide (=~ 95%) with minor amounts of Argon
(~ 0.2%) and nitrogen (=~ 0.2%) and trace amounts of other elements, like oxygen, water, hydrogen,
ozone and methane (see Table 2.3).

CO, and H,O follow seasonal cycles as well and can both condensate to form ice clouds. Thus
both their abundances show temporal variability. Other non-condensible elements do not alter their
absolute abundances but they do, however, change their relative abundance as a consequence of the
varying absolute abundance of other elements (Smith, Bougher, Encrenaz, Forget, & Kleinbohl, 2017).

Dissociation of the carbon dioxide by ultraviolet sunlight (see Table 2.4 - R2) produces both carbon
monoxide and atomic oxygen. The inverse reaction (see Table 2.4 - R3) however, is spin forbidden and
too slow. The competing reaction, the formation of molecular oxygen, (see Table 2.4 - R15) has a rate
constant a few orders higher. This mean the abundance of dissociation products like CO, O,, O; and O
should be greater and the amount of the CO, in the atmosphere should not be as stable (Yung & DeMore,
1998).

[ Viking Lander 2

Surface Pressure (mbar)

Figure 2.2: Daily averages of surface pressure (mbar) as recorded by the two Viking Lander spacecraft. The shift between both
curves results from elevation differences in both landing sites. Source: Smith (2008).
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Figure 2.3: Daily variation of surface pressure as recorded by Viking Lander 1 (on the left) and by Viking Lander 2 (on the
right). Source: Leovy and Zurek (1979).

Despite being present in small quantities water vapor plays a pivotal role in the photochemical sta-
bility of the CO, rich Martian atmosphere. The photolysis of H,O by absorption of ultraviolet radiation
(see Table 2.4 - R1) provides hydrogen radicals (HO and H). Reactions R4, R6 and R9 (see Table 2.4)
form a cycle where CO, is formed and HO is used as a catalyst. This cycle rate constant is several orders
of magnitude higher than R3 (see Table 2.4) and accounts for the removal of oxygen bellow ~ 25km
(McElroy & Donahue, 1972) and for ~ 85% of the recycling of CO into CO, (Krasnopolsky, 2010). It
is noteworthy that the HO molecules are not consumed in this cycle and therefore, very few of them are
required for this process to be effective (Yung & DeMore, 1998).

Table 2.3: The abundance of the major gases that make up the Mars’ atmosphere. Source: (Smith et al., 2017).

Gaseous Species Average Abundance Reference

CO, 0.9532 Owen et al. (1977)
N, 0.027 Owen et al. (1977)
0.019 Mahaffy et al. (2013)
Ar 0.16 Owen et al. (1977)
0.19 Mahaffy et al. (2013)
0O, 0.0014 Hartogh et al. (2010)
CO 800ppm Smith et al. (2009)
H,0 1571500ppm Smith (2004)
H, 15ppm Krasnopolsky and Feldman (2001)
Ne 2.5ppm Owen et al. (1977)
Kr 0.3ppm Owen et al. (1977)
Xe 0.08ppm Owen et al. (1977)
O; 107350ppb Perrier et al. (2006)
H,0, 10740ppb Encrenaz et al. (2004)
CH, 0740ppb Mumma et al. (2009)
0.7 7ppb Webster et al. (2015)
13718ppb Giuranna et al. (2019)




Table 2.4: Relevant reactions with their rate constants. For two-body reactions the units are cm®s™!, and for three-body
reactions the units are cm®s™'. M represents the background gas (usually CO,). Source: Adapted from (Atreya & Gu, 1995).

N, Reactions Rate Constants Reference

R1 H,O + hv — OH +H Thompson et al. (1963)
R2 CO,+hv — CO+0 Atreya and Gu (1994)
R3 CO+0+M — CO,+M 9.8-10733 . e~ 7 Slanger et al. (1972)
R4 H+0,+M — HO,+M 5.7-1073% . (555) 16 DeMore et al. (1992)
R5 HO, + HO, — H,0, + 0, 2.3-10713 . 1 DeMore et al. (1992)
R6 O +HO, — OH + O, 2910711 . 1 Atkinson et al. (1989)
R7 H,0, + hv — OH Okabe (1978)

RS HO, + hv — OH+O Okabe (1978)

RO  CO+OH — CO,+H 435 1074, (L)L o7 Larson et al. (1988)
R10 H + HO, — 20H 7.2-1071 Atkinson et al. (1989)
R11 H+HO, — H, + 0, 5.6- 10712 Atkinson et al. (1989)
RI12 H+ HO, — H,0+ 0 2.4-1071 Atkinson et al. (1989)
RI3  H+0; — OH+O, 1.4-10710. 71" DeMore et al. (1992)
R14 O+0OH — O,+H 2.2.107 1. 7 DeMore et al. (1992)
RI5 O+0+M — 0,+M 5.21-1073 . 1 Tsang and Hampson (1986)
RI66 O+0,+M — O;+M 6.0-10734. (%)—2.3 DeMore et al. (1992)
R17 OH+HO, — H,0 + 0, 48-1071 . 7 Keyset (1988)
R18 H,0,+ OH — HO, + H,0 2.9-10712. 71" DeMore et al. (1992)
RI9 O;+hr — 0,+0('D) WMO (1985)
R20 O+ hv — 0,+ OCP) WMO (1985)
R21 O,+hyr — 20 Watanabe et al. (1953)

At high altitudes, where the HO, abundance is very small there is an alternative cycle that also uses
OH as a catalyst. R13, R16 and R9 (see Table 2.4) form a similar cycle that uses O5 instead of O, to
restore the HO, (McElroy & Donahue, 1972; Atreya & Gu, 1995). Ozone is also removed by photolysis
(see Table 2.4 - R19, R20).

Hydrogen peroxide is a indirect product of H,O photolysis, it forms via RS (see Table 2.4). This
is an important species because, like H,O, it suffers photolysis (see Table 2.4 - R7) and provides the
atmosphere with hydrogen radicals. This creates a new variant of the CO, production cycle (see Table 2.4
- 2R9, 2R4, R5 and R7) where once again OH acts like a catalyst (Yung & DeMore, 1998). Furthermore
H,O0, is also believed to be responsible for the oxidation of the Martian surface and therefore its reddish

color.

We have seen that due to the presence of water in the middle and low atmosphere, hydrogen radicals
are also present at these altitudes. Reaction R14 (see Table 2.4) is the primary source (= 90%) of O,
on Mars (Lefevre & Krasnopolsky, 2017). The loss of oxygen occurs by R4 (see Table 2.4) but this
reaction does not break the O—O bond and the O, is immediately returned by reaction R6 (see Table
2.4). Around 80% of the breaking of the O—O bond is accounted for by the photolysis of oxygen
(R21), hydro-peroxyl (R8), hydrogen peroxide (R7) and by reaction R10 (see Table 2.4) (Lefevre &
Krasnopolsky, 2017). However most of the odd oxygen (O('D), O and 0O;) produced comes not from



any of the above-mentioned reactions (that depend on species whose abundance is minimal) but from
the photolysis of carbon dioxide (see Table 2.4 - R2). At high altitudes, these atoms are only lost by
reaction R15 (see Table 2.4) which is very slow and yields enough photochemical lifetime to allow the
Hadley circulation to transport it to lower altitudes and high latitudes. At these altitudes, in the polar
night, oxygen atoms are removed via the formation of ozone (see Table 2.4 - R16) while in the sunlit part
of the atmosphere Oj suffers photolysis (see Table 2.4 - R19 and R20) (Lefévre & Krasnopolsky, 2017).
However, the low abundance of ozone (see Table 2.3) means that it does not offer protection (like Earth
does) against ultraviolet radiation.

Nitrogen is the second most abundant molecule on the Martian atmosphere (see Table 2.3). The
strong N—N bond keeps this molecule uncreative but it can be broken by absorption of extreme ultraviolet
solar radiation or photoelectrons in the ionosphere. A part of the subsequent production of odd nitrogen
(N and NO) survives long enough to be transported to the lower atmosphere where they will contribute
to the formation of higher oxides of nitrogen (which, as we have seen, are crucial to the stability of the
atmosphere) (Lefevre & Krasnopolsky, 2017).

Hydrogen is produced as result of the dissociation of H,O (see Table 2.4 - 2R11, 2R1, R9, R2, R14
and 2R4). While most of the hydrogen produced will be removed by reacting with hydroxide or oxygen
atoms, ~ 20% will be transported to the upper atmosphere. Once in the ionosphere H, is decomposed
by ionospheric reactions and can escape thermally from the atmosphere (Yung & DeMore, 1998). It also
takes part in one of three photochemical cycles responsible for the production of CO, (=~ 5 — 10%). As
a consequence oxygen atoms are produced which, in turn, contributes to the production of ozone.

Argon is one of the most abundant molecules after carbon dioxide (see Table 2.3) and it is crucial in
the understanding of the evolution of the Martian atmosphere. As Ar does not react with anything else
on the atmosphere of Mars, it can only be lost to space by sputtering. Fractionation of Argon occurs as a
consequence of sputtering and the ratio of *®Ar/*’Ar is a good monitor of those atmospheric losses. It is
currently believed that Mars actually evolved from a more earth-like climate to the current dry and cold
atmosphere primarily through loss of atmosphere (Jakosky et al., 2017).

Methane is perhaps the most debated molecule present in the Martian atmosphere. It has been re-
ported to be present (and missing) several times, with overall differences in abundances and, until very
recently, without independent confirmation. The origin is also highly debated as a biogenic origin could
be a signature of life (even if long ago). The most recent developments suggest that methane is being
freed by faults within the ice which release the underlying trapped gases (Giuranna et al., 2019).

2.2 Structure

Mars’ atmosphere’s thermal structure shares many aspects with Earth’s. Like Earth, Mars’ atmospheric
temperatures generally decrease with height but unlike it, there is no ozone layer to absorb ultraviolet
radiation. Mars globally averaged surface temperature is around 200K but the thermal tides (see Section
2.1) insure a high thermodynamic variability, particularly close to the surface.

The Martian atmosphere is thermally divided into 3 layers (see Figure 2.4): the lower, the middle
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and the upper atmosphere.

The lower atmosphere extends from the surface to ~ 50km of altitude (= 2Pa). Its analog on Earth is
the troposphere and identically, it is dominated by heat exchanges with the surface. The surface’s albedo,
thermal inertia, slope, and the atmospheric opacity contribute to the local atmospheric temperature but
on a global scale, it is mostly controlled by solar insolation (Smith et al., 2017).

Mars’ solar insolation seasonal variation is about 30% and so the temperatures of the lower atmo-
sphere are highly dependent on the season. At high latitudes obliquity seasons dominate (temperatures
are hotter at Summer solstice and cooler at Winter solstice) and despite having some relevance near
the surface at low latitudes, orbital seasons tend to control the lower atmosphere’s temperature at low
latitudes (Smith et al., 2017).

The summer hemisphere’s pole has the highest insolation values and consequently has higher surface
temperatures but it has a relatively low-temperature gradient. In the winter hemisphere temperatures are
very cold but the Hadley circulation present at that season transports warm air to high latitudes creating
an inversion layer above the poles (McCleese et al., 2008; McCleese et al., 2010). During equinoxes
the roughly symmetric Hadley circulation ensures the highest temperatures are found at tropical latitudes
near the surface, decreasing towards the poles for altitudes bellow 30km (Smith, 2008; McCleese et al.,
2010).

Identically to Earth’s troposphere, the Martian lower atmosphere temperature is highest close to the
ground and drops with height, having a relatively low lapse rate (=~ 2.5Kkm~') due to the constant
presence of suspended dust particles which absorb radiation and release latent heat (R. Haberle, 2015;
Smith et al., 2017). Ice clouds also play a role in regulating temperatures as they warm the atmosphere
at low latitudes during the aphelion season (Clancy et al., 2017).
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Figure 2.4: Overview of Mars atmosphere thermal structure, defining the “lower”, “middle”, and “upper” atmosphere. The
temperature profiles shown are inferred from accelerometer observations during the descent through the atmosphere of landed
spacecraft. Source: (Smith et al., 2017).

In the part of the atmosphere closest to the surface (the planetary boundary layer) a daily cycle
controls the temperature (Smith et al., 2017): just before sunrise the atmosphere is cooled and stratified;
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the sun heats the surface which heats the atmosphere from bellow creating a temperature gradient (super-
adiabatic in the lowest 100m), turbulent convections starts and remains until the afternoon, as the solar
insolation decreases so does the surface temperature, eventually it becomes cooler than the air above it
(turning off the convection) and the temperature gradient is reversed. This inversion layers grow through
the night and can reach altitudes of ~ 1km (Smith, 2008).

Similarly to Earth’s mesosphere, the middle atmosphere is a bounded layer (=~ 50 — 100km) where
temperature generally decreases with altitude. This part of the atmosphere is plagued by traveling waves
associated with the thermal tides, which at great heights (low densities) have increased amplitudes (and
can create super adiabatic lapse rates) which can act as powerful drivers of the atmospheric dynamics
(Smith et al., 2017). One effect is the amplification of dowelling which can strengthen a Hadley circula-
tion and increase the adiabatic heating of the poles.

The upper atmosphere starts at the end of the middle atmosphere (= 100km) and ends at the base
of the exosphere (= 150 — 200km). It includes the Martian homopause at around 125km of altitude.
Equivalently to Earth’s thermosphere, it is thermally controlled by the absorption of solar far and extreme
ultraviolet radiation which creates a positive lapse rate in this layer.

Several factors contribute to the energy balance of Mars’ thermosphere. Heating due to absorption
of ultraviolet and extreme ultraviolet radiation at high altitudes creates a positive temperature gradient.
Molecular conduction (downwards) mitigates the thermal amplitude and CO, 15um emission cooling
occurs. Heat transport and redistribution by the action of global winds is also a relevant mechanism.
These winds maintain the temperature stable but have some variability, particularly due to gravity waves,
thermal tides and dust storms (Bougher et al., 2017).

2.3 Clouds

Clouds are relatively common on Mars but due to the very low temperature and pressure (as compared
to earth) they are made of water ice instead of liquid. These atmospheric conditions are at their most
extreme during the polar night and can even lead to the formation of CO, ice clouds. The Martian
water clouds are associated with larger circulations and as such usually display a cirrus form. While
H,O clouds’ latent heat release is negligible for the convective forcing, its radiative effects can alter the
thermal structure. CO, clouds’ latent heat release, on the other hand, is relevant since combined with its
radiative effects it acts to mitigate the temperature difference between the winter pole and the rest of the
atmosphere.

The scheme above (see Figure 2.5) was used by several authors to try to unambiguously classify
every cloud feature from Mariner 9 or the Viking Orbiters (French et al., 1981; Kahn, 1983). It allows
for a clear classification of Martian clouds based on observable properties.

Lee waves are composed of several ridges of cloud (see Figure 2.6 (a)) that occur on the lee side
of elevated topographic features at altitudes of approximately 10 — 20km. They are most common in
the southern hemisphere during the aphelion season. Wave clouds are formed by linear clouds in a row
(see Figure 2.6 (d)) at altitudes of around 5 — 15km. Their incidence is greatest in the aphelion season
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Figure 2.5: Cloud keying scheme. Source: French et al. (1981).

in middle to high latitudes and the Tharsis region. Cloud streets contain row cumulus-like clouds with
double periodicity. They occur mostly on the north pole during aphelion season and over Tharsis and
Syria Planum regions throughout the late aphelion season. Plumes are stretched out clouds that spread
in a certain direction indicating rising material (probable dust) (see Figure 2.6 (b)). They favor the
southern hemisphere during the perihelion season. Streaky clouds have well defined streaked features
(see Figure 2.6), occur at approximately 10 — 30km and are less common in the early perihelion season.
Fog involves all clouds that do not have a form (see Figure 2.6) and is common in depressed topographic
features (= 0 — 5km of altitude).

The global distribution of water ice clouds has been relatively well studied and there are some im-
portant annually recurrent cloud occurrences. The aphelion/tropical cloud belt is a mostly continuous
row of several types of clouds that occurs roughly in the tropical region during the aphelion season at
altitudes of 10 — 40km. The polar hoods are the collection of mostly cirrus clouds that form at high
latitudes during the hemisphere’s winter when the temperatures are very cold.

The tropical cloud belt is composed of mostly optically thin clouds but it also contains a small portion
of orographic clouds (7,55 = 0.5 on average) which, as opposed to the rest of the clouds, does not
dissipate in the southern summer. It forms as a result of low (below 10km) water vapor saturation altitude
due to lack of dust and cold temperatures (a consequence of the orbital season) which couples with the
northern summer "Hadley" circulation to create this cloud belt (Clancy et al., 1996). This belt is not
symmetrical as it extends from around 10° S to 20° — 30° N, which may result from the cloud formation
being stronger in the upward advection regions of the "Hadley" circulation (Clancy et al., 2017);

Polar hoods (north and south) form around the winter seasons as a result of very cold atmospheric
temperatures and generally associated with storm systems, streak clouds, and lee clouds. While these are
binary features and do have similarities, they are not symmetrical.

The north polar hood (NPH) is more prominent than the south polar hood (SPH) due to the greater
availability of water vapor. The NPH starts forming at approximately L, = 150° and starts dissipating
at around Ly = 30°, generally having a stationary wave number two pattern. Local and regional dust
storms and subsequent dust clouds are also common in the late northern summer at mid-to-high latitudes.
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Figure 2.6: Examples of cloud types: (a) Lee waves, streak clouds, and thin and moderate haze in northern high latitudes during
late summer and early autumn (Viking Orbiter picture 840A16). (b) Plume (Viking Orbiter picture 211B24). (c) Cloud streets
and moderate haze in high northern latitudes during midsummer (Viking Orbiter picture 062B53. (d) Wave clouds (Viking
Orbiter picture 201B61). Source: Compilation from French et al. (1981); Kahn (1983).

The lower atmospheric temperature during night-time increases condensation rates and allows the NPH
to extend further south (can reach ~ 25° N) than during the day and at times this can even lead to a
greater visible optical depth (Clancy et al., 2017).

The SPH starts to form around Ly = 340° and is present until approximately L; = 70° and again
between Ls ~ 100° — 200°. It has the form of an annulus for most of the time that it is present and it
is divided into an upper layer who’s altitude (25 — 35km) is controlled by the condensation temperature
altitude (which varies with the diurnal tides) and a low lying layer (= 10km).

Figure 2.7 shows the Martian water ice cloud latitudinal and seasonal distribution for several Mars
years. There is very little interannual variability of water ice clouds on Mars. Most of the variation that
does happen occurs as a consequence of increased dust loading due to the occurrence of regional-to-
global dust storms. This is strongly related to the remarkable repeatability of the tropical cloud belt as
the dust opacity is very stable in the aphelion season (Kloos, Moores, Whiteway, & Aggarwal, 2018).
The polar hood clouds are influenced by these dust events, this subject will be further discussed in section
24.4.

The condensation of the main constituent of an atmosphere to form clouds is an almost unique (in
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Figure 2.7: The global (zonally averaged) distribution of 12pm cloud absorption optical depth is presented versus latitude
and L, for multiple Mars years, corresponding to the 1999-2011 period. The period MY 26 is expanded for better viewing
of a typical annual behavior. The period MY 24-26 incorporates MGS TES measurements (Smith, 2004), whereas the period
MY 27-31 incorporates MO THEMIS measurements (Smith, 2009). The aphelion cloud belt and polar hood cloud structures
apparent in this figure exhibit modest inter-annual variations. Source: Clancy et al. (2017).

the solar system) atmospheric feature that is found on Mars. CO, ice clouds are present in the polar
winter and the tropics at mesospheric altitudes (> 50km) where temperatures can reach sufficiently
low values to freeze CO,. Mesospheric clouds form essentially by homogeneous nucleation while polar
clouds may also form by condensing onto thin dust particles or water (heterogeneous nucleation). The
mesospheric clouds are spatially restricted within tropical latitudes (= 15°S — 20°/N) and the longitude
range —100°F — 23°FE and seasonally bound to the early-to-mid aphelion season (9° — 135°) (Aoki et
al., 2016).

The water ice clouds are composed of particles of R.rr =~ 1 — 2pum and do contribute to the thermal
balance of the atmosphere. By absorbing thermal infra-red radiation (emitted by the surface during the
night) and re-emitting it they can warm the atmosphere and create inversion layers in the tropics or cool
it, in the poles, by emitting to space. Thus ice water clouds contribute to a smaller temperature gradient
between the polar and equatorial regions. While the effect of latent heat release from H,O ice clouds is
negligible they may have a relevant role in the redistribution of aerosols like water and dust (Colaprete
& Toon, 2000). CO, clouds’ latent heat release, on the other hand, is important in counterbalancing the
radiative cooling of the atmosphere in the polar night.

15



2.4 Climate

Mars’ climate is a consequence of the coupling of three important cycles, of water, carbon dioxide
and dust, with radiative and dynamical processes. These cycles use atmospheric processes to exchange
material in between reservoirs. While CO, is the primary driver of the Martian climate, all three cycles
are interconnected and can have a remarkable influence on each other.

2.4.1 Carbon Dioxide Cycle

Carbon dioxide on Mars follows a cycle of condensation and sublimation at the winter and summer poles,
respectively, which is primarily controlled by isolation - that can vary by ~ 40% between aphelion and
perihelion (R. W. Zurek, 2017). The exchange between these two reservoirs, caps and atmosphere, results
in the growth and recession of the winter and summer polar caps respectively and the variation of the total
atmospheric mass by &~ 30%. The surface pressure also varies (a consequence of the atmospheric mass
variation) as we’ve seen in Figure 2.2. This variation is semi-annual as the cycle evolves in an opposite
fashion, meaning that as the northern polar cap is advancing, in the northern winter, the southern polar
cap is receding and vice versa.

This cycle is distinctively asymmetrical as Mars’ orbital eccentricity confers distinct durations for
equivalent seasons in opposite hemispheres (southern summer is longer than the northern summer). This
results in the conditions for condensation prolonging themselves in time during the northern winter which
results in more CO, being condensed.

At the heart of the CO, annual cycle is the energy balance at the poles, and it is that balance that
determines the polar condensation and sublimation rates. A simple but elucidative model is presented in
Paige and Ingersoll (1985):

F7+FHOT+FCOnd:SAtm+SC02 (2.1)

Here F, represents the net flux of solar and infra-red radiation at the top of the atmosphere, F,;- is
the net horizontal heat flux at the boundaries, F(~,,q is the net vertical heat conduction, S 4¢,, is the rate
of total potential energy stored in the regional atmospheric columns and Sco, is the rate of latent heat
storage in condensing or sublimating CO, condensates in the region.

This equation rests on the importance of the CO, heat storage term:

dMco,
dt

Sco, = —Lco, (2.2)

. . dMco, . . .
Lco, is the CO, latent heat sublimation term, and dfOZ is the net rate of solid CO, accumulation

within the region of study.
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Seasonal CO, Ice

Figure 2.8: Polar energy balance cartoon. The thin black arrows are the solar energy, which is either absorbed or reflected (thin
gray arrows) back into space. The two thick open arrows pointing up are the radiative heat loss to space. The thick open arrows
in the regolith are the heat conduction and the release of the stored solar heat back into surface ice. The sideways arrow is the
heat transported by the atmosphere. Source: Titus et al. (2017).

dMco, 1
dt  Lco,

eaT* — (1 — Ap) Foplar (2.3)

Here, A, represents the planetary albedo, € is the surface ice emissivity and 7" is the temperature.
eoT* represents the outward flux of emitted radiation at the top of the atmosphere.

Figure 2.8 represents this model. The surface ice emissivity and the planetary albedo, which can be
modified by clouds and dust (aerosols), affect how CO, ice accumulates. Hence it becomes clear the
crucial role of both parameters on the deposition and removal of dry ice in the poles. There are, however,
several other properties that influence this cycle.

The surface albedo and surface ice emissivity, in particular, have crucial roles as the albedo controls
the sublimation rate and emissivity regulates the condensation rate (Paige & Ingersoll, 1985; Kahre &
Haberle, 2010). Both these properties are affected by the presence of dust both on the surface, which
increases the emissivity and decreases the albedo, and airborne which can act to increase the atmospheric
condensation and subsequent deposition of ice through snowfall (Pollack, Haberle, Schaeffer, & Lee,
1990) which also acts as an atmospheric dust removal mechanism. Furthermore, both the albedo and the
emissivity are highly dependent on composition and grain size.

There are two phases of each poles’ annual cycle: The waning and the waxing.
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The polar night is the least well understood polar period as it is both faced away from the sun and
covered by a seasonal H,O polar hood which limits our observational ability. Nevertheless, it is an im-
portant part of the cycle as it is during this period that atmospheric conditions allow for the condensation
of CO, to occur and subsequent waxing of the polar cap. This cap growth occurs both by direct conden-
sation onto the surface and atmospheric condensation followed by snowfall. The low pressure caused
by the loss of CO, creates a polar vortex that restricts meridional atmospheric transport in the lower
atmosphere (Titus et al., 2017). In the southern polar regions, this significantly increases the abundance
of non-condensible gases. Above the lower atmosphere, latitudinal transport is no longer inhibited by
the polar vortex which allows for dust (arising from global dust storms) to reach the poles. Airborne dust
may be important at the poles in providing nuclei for heterogeneous nucleation.

In the summer season, the caps recede as a direct response to solar insolation. One of the global
consequences of this comes from the conservation of angular momentum which demands the increase
of the planetary rotation speed. In the north pole the whole CO, cap, which is tracked in its edges by a
water annulus, sublimates leaving behind an underlying water ice cap (the northern residual cap). This
residual cap will then interact with the atmosphere in the annual water cycle. The southern residual cap,
on the other hand, is composed of CO, ice (Haberle, Clancy, Forget, Smith, & Zurek, 2017).

Table 2.5: CO, reservoirs and the relative size of the reservoir compared to the current size of the atmosphere. Source: (Titus
et al., 2017).

Reservoir Amount (%) Reference

Seasonal caps ~ 25 Leighton R. and Murray B. (1966),
Tillman J. et al. (1993), Kelly E. (2006)

South polar residual cap ~ 3 Byrne S. and Ingersoll I. (2003), Bibring J. et
al. (2004), Thomas P. et al. (2009)

Buried south polar CO, ice ~ 80 Phillips R. et al. (2011)

Adsorbed within regolith ~ 100 — 1000 Fanale F. and J. Salvail (1994), Manning C. et
al. (2006)

Clathrates in polar layered deposits ~ 0 Mellon M. (1996), Nye J. et al. (2000)

Carbonates

The structure of the poles is quite complex. Both polar caps sit on layered deposits which are com-
posed of layers of a mix of dust (lest than =~ 5% according to Grima et al. (2009)) and water ice (several
kilometers in depth). Between this deposit and the southern residual caps, there is a thin water-ice layer
which stands on top of a CO, deposit with a volume of ~ 9500 — 12, 500km? and a thickness of a few
hundred meters which would correspond to ~ 80% of the current atmosphere (Phillips et al., 2011).

This recently found buried deposit is one of the several relevant carbon dioxide reservoirs that are
thought to exist (see Table 2.5). While the southern caps interact with the atmosphere on shorter time-
scales, Mars’ obliquity variation allows for different reservoirs to interact with the atmosphere on longer
time-scales. The buried CO, deposit is thought to have interacted with the atmosphere somewhere in the
past 600, 000 years (Phillips et al., 2011). Carbonates are present in surface rocks but their contribution
to the current cycle is negligible. Apart from these, there are two unconfirmed reservoirs: it is possible
that a large amount of CO, has been absorbed by regolith grains and CO, clathrates could have been
stored in the polar layered deposits in a minimal amount (Titus et al., 2017).
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The southern residual cap is the few meters thick layers of a high albedo CO, ice that persists through-
out the summer after the retreat of the seasonal cap and contains ~ 3% of the current atmosphere. It
distances around 200km from the pole as it sits on the topographically highest point of the south pole. It
is only able to survive during the southern summer by maintaining a high albedo throughout the season.
This does not always happen as lower albedo regions can occur (particularly at the edges), defrosting
the ice and revealing the underlying water ice layer. The exposure of lower layers can be critical as
stored heat can reduce the condensation in winter and ensure the defrosting of the CO, on the following
summer. It remains unclear whether the cap has significant interannual variability but it is possible that
it is disappearing, maybe even in a cyclic fashion (Titus et al., 2017).

2.4.2 Water Cycle

The Martian northern summer is characterized by the waning of the CO, cap at the pole, leaving behind
a perennial water ice cap that is then able to interact with the atmosphere. Sublimation of the perennial
cap sets off the year-long Martian hydrological cycle. The water cycle is perhaps the least understood of
all three (dust, water, and carbon dioxide) but it is nothing more than a sequence of exchanges between
different water reservoirs, each with its consequences and effects on the global climate. These reservoirs

fall into three different categories: atmospheric, surface, and subsurface.

The atmospheric reservoir contains both water ice clouds (=~ 15%) and water vapor (=~ 85%). The
surface holds most of the water on Mars, its main deposits include the perennial polar caps (=~ 67% of
Martian global inventory of water), the polar layered deposits and some southern (winter) mid-latitude
deposits mostly associated with topography. Water is stored underground first and foremost as ground
ice (believed to be ubiquitous at middle to high latitudes), vapor and liquid.
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Figure 2.9: Schematic diagram showing the different reservoirs of exchangeable water in the atmosphere and shallow subsurface
as well as the fluxes between them. Source: Tokano (2005).

19



The surface reservoir includes both perennial polar caps however these are non-identical. While the
northern water ice perennial cap becomes largely exposed during summer after the sublimation of the
CO, seasonal cap, the southern perennial cap remains predominately covered by a thin layer (< 3m)
of carbon dioxide ice for almost its entire summer season which prevents it from efficiently interacting
with the atmosphere (Montmessin, Smith, Langevin, Mellon, & Fedorova, 2017). Furthermore, the
southern cap is much smaller in areal extent. It is then no surprise that the dominant contribution to the
hydrological cycle comes from the northern cap.

It is worth noting that there are some water ice deposits in the CO, dominated southern cap which are
thought to be associated with subsurface water ice. Furthermore, recent radar observations have found a
shallow lying stable liquid water body under the south polar layered deposit (Orosei et al., 2018).

Due to the cold temperatures, the top few kilometers of the Martian surface have frozen, having
temperatures well under 0°C. Subsurface water can be trapped in the pores (in the solid or gaseous
form), adsorbed by coating individual grains soil (the negatively charged mineral grains attract dipolar
water molecules) or chemically bound within minerals. Despite having the lower relative abundance of
the three phases, the vapor is detrimental in diffusing into the top meters of the regolith and collect as
adsorbate or ground ice (Mellon & Jakosky, 1993). The ground ice is geologically young (< 500kyr)
and is located where stability conditions are or have been met, being present from middle latitudes to the
pole with increasing depth (Mellon, Feldman, & Prettyman, 2004).
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Figure 2.10: An overview of TES atmospheric daytime observations showing the seasonal and latitudinal variation of water
vapor column abundance in precipitable microns. Source: (Smith, 2008).

The cyclic manner in which the atmospheric water behaves on Mars stands out in Figure 2.10. There
is little inter-annual variability on both the distribution of water vapor and on the water cycle itself.
Seasonally, according to Smith (2002), the cycle evolves in the following fashion: from L ~ 40° to
Ls ~ 110° — 120° the north polar water cap sublimates leading to the highest annual atmospheric water
abundance; from Lg ~ 120° — 170° the vapor is transported to equatorial latitudes creating a monotonic
decrease in the abundance in the northern pole and gradually increasing the southern hemisphere water
content; the southern hemisphere’s water content increases until maximum abundance occurs at the pole
around Ly = 290° (early southern summer); After L ~ 300° the southern hemisphere starts losing
water to the northern and shortly after condensation at the pole begins, leading to a global decrease in
abundance, this situation endures until L; /~ 40° when sublimation of the northern cap restarts.
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It is noteworthy the evident asymmetry between hemispheres that Figure 2.10 shows. First of all
the southern hemisphere has a much lower annual mean atmospheric water abundance, secondly, the
maximum abundances for both hemispheres differ by a factor of ~ 2 and thirdly the southern hemisphere
shows a lower minimum. Furthermore, we’ve already seen that the southern water cap is much smaller
as a consequence of the orbital configuration of Mars which does not favor the stability of a summer
exposed water ice cap (Richardson & Wilson, 2002). All these act to further enhance the hemispheric
dichotomy.
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Figure 2.11: Chart describing the principal events affecting the Martian water cycle over the course of a year. NPCS stands for
North Polar Cap Sublimation; SCR stands for Seasonal Cap Recession. Source: (Montmessin et al., 2004).

The water cycle has two important features that are worthy of further characterization: the sublima-

tion of the caps and water transport.

The sublimation of the caps is a reaction to polar isolation, which is the primary driver of the water
cycle. Thus waning starts to occur in late winter and lasts through early spring on both hemispheres.
Through fall and winter, the circulation at the poles is dominated by a vortex. The recession occurs
through successive sublimation, transport to higher latitudes and re-condensation (Houben, Haberle,
Young, & Zent, 1997) which is possible by the polar vortex ability to allow intrusions of H,O vapor
rich air. This is how high southern latitudes achieve high water abundances without actually having a
significant water reservoir. An observable consequence of the sublimation-condensation process is the
ice annulus that surrounds the retreat of the season north polar cap (that grows in thickness until the
“ultimate’ sublimation event) along with the elevated atmospheric abundance of water over the edges of
the cap (Khayat, Smith, & Guzewich, 2019). This annulus has no parallel in the waning of the southern

seasonal cap.
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The latter mechanism means that when the recession phase is concluded most of the sublimated water
will be at very high latitudes. The transport of water from the pole to lower latitudes is accomplished by
several mechanisms. First and foremost the wave-3 polar circulation that develops in summer forced by
both topography and thermal inertia variation allows meridional/longitudinal mixing in the three-wave
regions (where transient eddy activity is enhanced). The pressure gradient created by the waning of the
seasonal CO, cap induces a transport flux towards lower latitudes. Finally, a sea breeze circulation that
develops near the edge of the cap also contributes to the equator-ward transport of water. It is worth
noting that around this period in the north, a transient eddy located at mid-latitudes returns some of the
sublimed water to the pole, restricting water transport to the south.

Further restriction of water transport to the southern hemisphere comes as a consequence of the
effect described by Clancy et al. (1996): aphelion conditions place the water saturation level bellow the
southward branch of the single-cell Hadley circulation that dominates in the summer. Above this level the
water vapor condenses into clouds, creating the aphelion cloud belt described in the cloud section. Water
ice clouds are essential, as they represent the main form in which water is transported across equatorial
latitudes.

Nearly all mechanisms and effects we’ve discussed contribute to the hemisphere asymmetry. The
global circulation allied with atmospheric conditions clearly favors tracer transport to the north. Fur-
thermore, the perihelion conditions are much warmer (than aphelion) and ensure all exposed water ice
sublimates and consequently has a better chance of getting transported elsewhere. All these factors result
in an overall water abundance bias towards the northern hemisphere.

2.4.3 General Circulation

Our current understanding of Mars’ global circulation comes mainly from global circulation models
(GCM’s). Its primary drivers of the Martian circulation are heat and momentum transfers between the
atmosphere and surface. These exchanges are largely determined by three surface properties: albedo,

thermal inertia, and topography.

Thermal forcing is essential to Mars’ climate. The albedo determines how much radiation is ab-
sorbed by the surface while the thermal inertia defines how fast the energy is lost and both regulate the
temperature of the surface. Sensible heat exchange between the surface and the atmosphere induced by
turbulence contributes to the forcing of the lower atmosphere. Latent heat release from CO, is relevant,
particularly at the poles where carbon dioxide condenses and sublimates.

However, it is radiative forcing that dominates on a global scale (Barnes et al., 2017). Globally the
Martian atmosphere can be thought of as in radiative equilibrium since its radiative relaxation time is
very short (= 1day). The ~ 95% CO, composed atmosphere is approximately transparent to visible
radiation however allowing the radiation to reach and be absorbed by the surface which re-emits it in
the thermal infrared. Carbon dioxide absorbs well in that range so the atmosphere is heated from below.
Further radiative forcing occurs when aerosols like dust (highly absorbent in both the visible and the
infra-red ranges) or water vapor are present in significant amounts. Since dust loading is considerably
increased during the perihelion season (as is insolation), the southern summer atmosphere circulation is
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stronger than its northern counterpart.

Topography has a significant influence on the circulation as well. Both surface wind stress and moun-
tain torque are common mechanisms of momentum transfer on Mars. Furthermore, some topographic
features can even create gravity waves. The topography differences between hemispheres (see Figure
2.2) contribute to further increase the hemispheric contrast of the summer circulation.
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Figure 2.12: Mean daytime (= 02 : 00pm local-time) zonal wind speed as a function of latitude and pressure (or height above
the surface) as observed by TES (Thermal Emission Spectrometer instrument aboard the Mars Global Surveyor spacecraft)
using the gradient wind approximation. Wind speeds are given in meters per second, with positive values indicating a wind
blowing from west to east. Source: Smith (2008).

The global data set of measured winds on Mars is partial at best. Direct measurements of Martian
winds are few and lack spatial, temporal and altitude coverage. There have been mainly four types of
direct wind measurements performed until now:

— In-Situ Measurements: Wind measurements performed by landers like Viking Landers 1 and 2,
Pathfinder, Phoenix and Mars Science Laboratory (Hess, Henry, Leovy, Ryan, & Tillman, 1977,
Holstein-Rathlou et al., 2010; Schofield et al., 1997; Viudez-Moreiras et al., 2019). Although they
allow for continuous temporal coverage, they are limited to fixed locations. Furthermore, these
measurements are restricted to near-surface winds which are largely determined by topography
and surface properties and therefore may not reflect the global circulation pattern.

— Cloud Tracking: By using orbiting telescopes like the Hubble Space Telescope (Mischna, Bell,
James, & Crisp, 1998; Kaydash et al., 2006) or instruments aboard orbiters (Wang & Ingersoll,
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2003; Maiittidnen et al., 2010; McConnochie et al., 2010) to track cloud features we can mea-
sure wind velocities and directions. These provide us with the synoptic-scale general circulation
pattern. They suffer from problems affecting all earth and orbiter based observations like, re-
spectively, bias towards observations during opposition and lack of either local time coverage
(sun-synchronous orbit) or daily global coverage. Additionally, the sparse cloud coverage and
the difficulty associated with the determination of the altitude of the observed clouds add further
complexity to this method.

— Heterodyne Doppler Measurements: By using carbon monoxide transition lines from ground-
based telescopes (Lellouch, Goldstein, Bougher, Paubert, & Rosenqvist, 1991; Clancy, Sandor,
Moriarty-Schieven, & Smith, 2006; Sonnabend, Sornig, Krétz, Schieder, & Fast, 2006; Cavalié et
al., 2008; Moreno et al., 2009; Sonnabend, Sornig, Kroetz, & Stupar, 2012) we can obtain wind
velocities at certain pressure levels. Once again these observations are seasonally biased as they
require high resolution and consequently are taken close to the opposition. Also, they are limited
to the middle atmosphere and therefore lack altitude coverage.

Despite all the limitations and complexity associated with direct wind measurements, these are ex-
tremely useful as they provide constraints for global circulation models which give us an overall picture
of the Martian circulation. It is worth noting that there several other proxies for determining the wind
fields like geological features’ orientation (Kahn, 1983) or aero-braking measurements (Baird, 2006).

It is possible to derive wind speeds by considering some approximations. By considering a gradient
wind which assumes the force excreted by the pressure gradient is in balance with both the Coriolis force
and the centrifugal force. This, however, requires a boundary condition on the zonal wind speed which
is assumed to be negligible at the surface. Using thermal data we can then estimate the zonal mean zonal
winds (Figure 2.12).

The zonally averaged meridional circulation is, for most of the year, characterized by single-cell
Hadley (~ 90° in extension) circulation that reverses itself around the equinoxes. Any Hadley circula-
tion is driven by temperature gradients - low lying warm air rises and cold air drops creating pressure
gradients which then move the air masses latitudinally - but Mars’ low thermal inertia ensures the lower
atmosphere maximum temperature is always found near sub solar latitudes (see Figure 2.14). This fea-
ture is responsible for the existence of opposite circulations during summer and winter (see Figure 2.13).
Both Hadley cells are generally restricted to altitudes above 4km (see Figure2.13). The southern summer
(perihelion L ~ 270°) cell is the strongest (see Figure 2.13) as a consequence of the greater thermal
gradient (see Figure 2.14) caused by the increase in insolation. Very close to the equinoxes the zonal
mean meridional winds assume an earth-like form with a weaker double Hadley cell circulation (see
Figure 2.13).

The lower level of the Hadley circulation is not longitudinally uniform as is the upper branch. There
are preferred cross-equatorial winds corridors - forced largely by topography - that are called western
boundary currents.

The zonal circulation is composed by approximately gradient winds. Strong westerly jets - caused
by the latitudinal temperature gradient between the warm air transported by the Hadley cell to middle-to-
high latitudes and the cold polar night air - of > 100ms—! (Haberle et al., 1993; Smith, Pearl, Conrath,
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Figure 2.13: Zonally averaged meridional wind (meters per seconds) retrieved from LMD’s (Laboratoire de Météorologie
Dynamique) Mars Climate Database as a function of latitude (degrees) and height (meters) using the solar average climatology
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Figure 2.14: Zonally averaged temperature (Kelvin) night side retrievals of MY 29 for L, = 0°, L, = 45°, Ly = 90°,

s = 135° L, = 180°, Ly = 225°, Ly = 270° and Ls = 315°. Contours are every 5 K. The black contour indicates the CO2
frost point. Source: McCleese et al. (2010).

& Christensen, 2001; Smith, 2008) at middle and high latitudes are typical in the winter season in
both hemispheres while weaker easterly jets of ~ 60ms—! (Haberle et al., 1993; Smith et al., 2001)
characterize the summer hemisphere. The equator, however, is characterized by both westerly winds at
lower altitudes and easterly at higher ones. The jets are stronger in the perihelion season. In equinoctial

25



seasons (Ls ~ 0°,180°) weaker westerly jets form in both hemispheres.

Mars has a flow caused by the seasonal polar condensation and sublimation of CO, which is forced
by the increase of the pressure gradient between the poles and lower latitudes. This flow contributes to
the meridional wind a vertically averaged strength of < 1ms~—! (Chow, Xiao, Chan, & Wong, 2019).
However, through the action of the Coriolis force, the contribution of this flow to the zonal wind can
reach values of ~ 10 — 15ms~ ' (Haberle et al., 1993).

Eddy activity is also present on Mars. It is significant in the lower atmosphere and has a more
important role in the forcing of the circulation when the Hadley cell is at its weakest (Haberle et al.,
1993). At Ly = 180° transient eddy activity intensifies as a consequence of the baroclinic instability
driven by the thermal gradient between polar and lower latitudes. This creates a low lying Ferrel cell
circulation. Furthermore, there are also stationary eddies present that are essentially forced by the terrain
properties as topography, thermal inertia or albedo.

2.44 Dust Cycle

Mars’ atmosphere has a permanent layer of suspended dust. This dust is primarily composed of silicates
such as gioclase, feldspar, and zeolite mixed with a much smaller portion of magnetic materials (Perko,
Nelson, & Green, 2002). Figure 2.15 shows the dust optical depth and temperature for almost four
Martian years. The recurrence of non-dusty (Ls = 0° — 135°) and dusty periods (Ls = 135° — 360°) in
all Martian years is at the core of the dust cycle.

The martian atmosphere is extremely sensitive to the amount of dust in the atmosphere (Gierasch &
Goody, 1972). Some of the consequences that increased dust loading imposes on the thermal state of the
atmosphere are observable represented in Figure 2.15, the increase in temperature is a consequence of
the increased dust optical depth. Airborne dust absorbs and scatters visible radiation which acts to heat
itself and its surroundings. Furthermore, the heating of the atmosphere creates pressure gradients which
in turn lead to winds. The dusty season on Mars has a much more vigorous circulation - the mass flux of
the Hadley circulation can even double (Haberle et al., 1993).

The dust cycle has a strong impact on the water and carbon dioxide cycle. Airborne dust provides
nuclei for heterogeneous nucleation, enhancing polar condensation. Furthermore, the deposition of dust
on the polar caps dramatically changes the cap’s emissivity and albedo, properties upon which the CO,
sublimation and condensation rates are highly dependent (Pollack et al., 1990). These rates control
the changes of the mass of the atmosphere which affect the atmosphere-surface momentum exchanges
that lead to dust lifting. Similarly to what happens with CO,, water particles use dust as seed nuclei
in condensation (Brown, Wolff, & Scargle, 2015). Additionally, the presence of dust in the water ice
particles significantly alters their radiative properties which affects the thermal and dynamical state of
the atmosphere.

The exchange of dust between different accessible reservoirs is the mechanism that allows for the
transition between different atmospheric dust loading levels. In the short-medium term, these exchanges
happen, predominantly, between two reservoirs: the surface and the atmosphere. Most of the dust is
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Figure 2.15: THEMIS retrieved aerosol optical depth and Band 10 temperature over ~ 3.5 martian years. Shown is the zonal
average of each quantity as a function of solar longitude (L) and latitude. (Top) Dust optical depth at 1075 cm-1 scaled
to an equivalent 6.1-mbar pressure surface to remove the effect of topography. (Bottom ) THEMIS Band 10 temperature,
representative of a wide range of heights centred at about 0.5 mbar. Source: Smith (2009).

deposited in the surface in three separate regions: Tharsis (20°S — 50°N, 60° — 190°W), Arabia (5°S —
30°N, 300° — 360°W), Elysium (10°N — 30°N, 210° — 225°W) (Christensen, 1986). A great amount of
the Martian dust may have its origin in deflation and abrasion processes in the Medusae Fossae Formation
(Ojha, Lewis, Karunatillake, & Schmidt, 2018). The exchanges from the surface to the atmosphere
happen, fundamentally, through two dust lifting mechanisms: convective vortices (dust devils) and wind
stress (Mackwell, Simon-Miller, Harder, & Bullock, 2013).

Since surface winds are generally too weak to lift dust particles, sand particles saltation is the chief
contributor to the suspension of dust. By being greater in size these particles are easier to lift, however
when lifted they tend to saltate and upon their return to the surface, they impart additional momentum
onto the dust, allowing for its lifting (Mackwell et al., 2013). Direct suspension may also play a role,
particularly in locations where sand is not abundant (Kahre et al., 2017).

Dust devils are ubiquitous on Mars, they form as a consequence of surface heating. The rising of
warm air can produce an initial rotation that leads to a vertical stretching and an intensification of the
rotation forming a convective vortex which is referred to as a dust devil when it incorporates dust into
its form. Dust devil dust lifting is dominated by the suction, existent, as a consequence of the pressure
gradient, inside the vortex (Neakrase & Greeley, 2010), however, the strong tangential winds can provide
sufficient wind stress to lift relevant amounts of dust (Kahre et al., 2017). Dust devils are thought to be
responsible for the background haze that is present outside the increased dust loading seasons.

The dust cycle is composed of yearly repeatable periods of higher and lower dust loading. The
non-dusty season (Ls; ~ 0° — 135°) occurs in the northern spring and summer (aphelion season) when
Mars is furthest from the Sun. This period is characterized by decreased column dust opacity (see
Table 2.15) and the absence of large scale dust events (Montabone et al., 2015). The dusty season is
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Figure 2.16: Seasonal distribution of dust storm sequences observed in MGS MOC (Mars years 24-28) and MRO MARCI
(Mars years 28-30) Mars Daily Global Maps (MDGM). Periods with data but without any dust storm sequences are indicated
by orange bars. Each identified sequence is indicated by a left bracket with the vertical line corresponding to the beginning and
the other two sloped lines corresponding to the duration of the sequence. Each dust storm sequence is also indicated by a filled
bar color-coded according to its origination hemisphere. Northern hemisphere originated sequences are in black and southern
hemisphere originated sequences are in green. Source: Wang and Richardson (2015).

much more complex. It is distinguished by several different types of local-to-global dust events and
a related increased overall dust loading. There are four different discernible periods - based on dust
loading and dust event occurrence - within this season (Kahre et al., 2017): The Ly ~ 135° — 180°
period is characterized by an increase in the frequency of dust storm occurrence (see Figure 2.16) -
mostly in the southern hemisphere - and consequently an increase in dust loading (see Figure 2.17).
The Ly ~ 180° — 236° period in which the dust loading increases further - and increases the most
(Montabone et al., 2015) - as a result of the increase in dust storm activity in both hemispheres (see
Figure 2.16 and Figure 2.17)) - southern storms generally lead to increased global levels of dust loading
as a consequence of the type of Hadley circulation that is present throughout this season (see Section
2.4.3). The Ly ~ 250° — 300°, throughout which the dust loading globally decreases except for the
south pole where the dust optical depth increases. The Ls ~ 308° — 336° period where the last yearly
peak in atmospheric dust loading occurs (see Figure 2.17), as a consequence of the occurrence of several
southern and cross-equatorial dust storms (see Figure 2.16). Despite being repeatable year-to-year there
is some inter-annual variation mainly in strength and duration of these seasons (Kahre et al., 2017).
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Figure 2.17: Plot of equatorial (5°S~5°N) 9.3 um absorption column dust optical depth normalized to 610Pa (7) as a function
of solar longitude for all eight martian years, extracted from the gridded maps. Source: Montabone et al. (2015).

The dust vertical distribution is also relevant as the atmosphere’s ability to transport dust upwards
directly influences its ability to transport it horizontally and is, therefore, a key factor in both its spa-
tial distribution (Kahre et al., 2017) and the adiabatic heating rates (Smith, Wolff, Clancy, Kleinbohl, &
Murchie, 2013). At lower altitudes (10 — 20km) the dust is well-mixed (Lemmon et al., 2015), partic-
ularly in the low-to-middle latitudes. The vertical extent of the dust is highly variable with the season
reaching altitudes of ~ 50km at low latitudes during perihelion (Smith et al., 2013) but being confined
near the surface during the non-dusty season (Kahre et al., 2017).

Historically two types of dust lifting events on Mars have been distinguished: dust devils and dust
storms. Despite being ubiquitous and potentially vital in the maintenance of the background haze (Kahre,
Murphy, & Haberle, 2006), dust devils are local-scale events, very much comparable to their terrestrial
counterparts. On the other hand, dust storms are larger events that usually have optically thick clouds
associated with them.

Dust storms are classified into three categories: local, regional and global dust storms. A regional
dust storm has an areal extent of more than 1.6 x 10%km? and a temporal extent of more than 2 days
(Cantor, James, Caplinger, & Wolff, 2001). The term "global dust storm" remains without an unambigu-
ous definition however, many authors consider a storm to be global if it extends for an area greater than
5 x 107km? (Gichu & Ogohara, 2019).

Local dust storms are very frequent - more than 2000 per year (R. Haberle, 2015) - have shorter
lifetimes and can occur in both hemispheres across all seasons despite having statistically favoured lo-
cations and periods (Cantor, 2007). Figure 2.18 shows the latitudinal and seasonal distribution of dust
storm occurrence on Mars for three Martian years. These local storms tend to develop near the waxing
and waning polar caps due to increased surface wind stress - particularly in the receding cap (Kahre et
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al., 2006) - consequence of the horizontal thermal gradient (see Figure 2.18). Local dust storm activity
reaches a maximum around L; ~ 10° — 20° and L; ~ 135° — 140° in the northern hemisphere and
Ls =~ 205° — 250° and Lg = 0° — 40° in the southern hemisphere (Kahre et al., 2017). Additionally
local storms also develop in middle latitudes in both hemisphere peaking around Ls ~ 200° — 235° and
L¢ ~ 310° — 340° in the northern hemisphere and L ~ 20° —45° and Ls ~ 135° — 179° in the southern
hemisphere (Kahre et al., 2017).
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Figure 2.18: Latitudinal distribution of dust storms as a function of the areocentric longitude of the Sun (L = 0° corresponds to
the spring equinox) from L, = 170°7270° during the first three Mars years: (top) mapping mission (1999), (middle) extended
mission (2001), and (bottom) relay mapping mission (2003). The central curve in each plot corresponds to the sub-solar latitude.
The top and bottom curves in each plot are the average latitude of the northern and southern polar cap/polar hood edge. Source:
Kahre et al. (2017).

Regional dust events are far less common - few tens of occurrences per Martian year (Cantor, 2003)
- but induce a much more significant atmospheric response. They occur throughout the whole year but
have increased frequency in the dusty season (Ls ~ 135° — 360°; see Figure 2.16). Many regional dust
storms are a product of the mergers of local storms (Cantor et al., 2001). Some develop from local storms
associated with frontal weather activity (Wang, Zurek, & Richardson, 2005). Such are abundant at high
northern latitudes - during L ~ 320° — 130° - as they are related to the northern hemisphere’s westerly
jets (see Section 2.4.3; Kahre et al. (2017)). Some regional storms can propagate southward and cross the
equator and even ignite other dust lifting events if under appropriate conditions (see Wang and Ingersoll
(2003) for further details). Recently it has been proposed that Martian dust storms may have a threshold
size and duration that if achieved can sufficiently thermodynamically perturb the atmosphere to induce a
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positive feedback mechanism that allows the event to change size categories (Toigo, Richardson, Wang,
Guzewich, & Newman, 2018).

Global dust storms are the more complex and least-understood events in what appertains to the dust
cycle and perhaps even the whole climate. These events cover large fractions of the planet with optically
thick dust (7,500 = 3) and can even envelop the entire planet. Global storms are rare and stochastic in
nature - occurring in one out of three years (R. Zurek & J. Martin, 1993) - as their interannual variability is
poorly understood (R. M. Haberle, 1986). There have been eight confirmed global dust storms observed
(1956, 1971-1972, 1973, 1977, 2001, 2007, 2009 and 2018; Kahre et al. (2017); R. Haberle (2015);
Sénchez-Lavega, del Rio-Gaztelurrutia, Herndndez-Bernal, and Delcroix (2019)). All of these events
initiated during the aphelion season (southern spring and summer) when the insolation is near peak
values and the circulation is most vigorous (see Section 2.4.3).

Our understanding of both the initiation and decline of global dust storms in only marginal, nev-
ertheless we do know that such events probably originate from the superimposition of three circulation
components: the Hadley cell, thermal tides, and topographically controlled circulations. This mechanism
was suggested by Leovy, Zurek, and Pollack (1973) and relies on the seasonally increased insolation and
dust loading coupled with the above-mentioned components to allow certain storms to become global in
scale. The decay of dust storm is even more obscure as the cause for the halting of the dust lifting hasn’t
been unambiguously unidentified. Either the depletion of surface dust available for lifting shuts off the
lifting events (which requires replenishment of the surface dust sources) or the decrease in intensity of
the various components allows for the surface wind stress to drop below the required threshold for dust
lifting (Kahre et al., 2017; Pollack et al., 1979).

2.5 History of Exploration

It was in the eastern Mediterranean region that the first civilizations to notice Mars as a planet (not a
star) rose. However, despite Egyptians, Babylonians and Greeks sharing this accomplishment it was
in Britain, more than a thousand years later (in the 18"
Friedrich Wilhelm Herschel - discovered that Mars had an atmosphere (Herschel (1784) as cited in

Sheehan (1996b)).

century), that Sir William Hershel - originally

The modern exploration of Mars did not start until the 20" century. Boosted both by Percival Low-
ell’s claims of evidence for intelligent life (Lowell, 1906) and by the on-going space race prompted by
the cold war between the Soviet Union and the United States, several unsuccessful flyby attempts were
made in the early 1960s (Table 2.6). It wasn’t until 1965 that a successful flyby was accomplished by
the Mariner 4 spacecraft, taking the first close-up photographs of Mars (figure 2.19) and marking the
beginning of the space exploration of Mars.

This landmark success allowed for the following successes of several spacecraft - of the Mariner
and Mars programs - in the late 1960s and early 1970s. The collection of data made by these programs
allowed for the confirmation that Mars’ polar caps were composed of CO, and buffered the atmosphere
(Leighton and Murray (1966) as cited in James, Christensen, Clancy, Lemmon, and Withers (2017)),
discovered the presence of O;, the absence of an intrinsic magnetic field, among many other things
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Figure 2.19: Mariner 4 image, the first close-up image ever taken of Mars. This shows an area about 330 km across by 1200
km from limb to bottom of frame, centred at 37 N, 187 W. Source: NASA Space Science Data Coordinated Archive (Williams,
2018a).

(Sheehan, 1996b). Mariner 9 was the first spacecraft to be put into an orbit of Mars and comprehensively
characterize its surface properties - by obtaining 7239 images - and map out some of its more relevant
geological features.

The current basis for the general understanding of the Martian global climate and atmosphere came
from the Viking program data. The Viking missions consisted of two orbiters and two landers with the
primary objective of obtaining high-resolution images of the Martian surface, characterize the structure
and composition of the atmosphere and surface, and search for evidence of life (Williams, 2018b). The
Viking Orbiters were able to detect dust and condensate clouds and map atmospheric temperatures and
water vapor column abundances (James et al., 2017), having been considered two extraordinarily suc-
cessful missions. A few weeks after reaching orbit both landers detached from the orbiters and proceed
to land on the northern hemisphere becoming the second and third man-made objects to perform a soft
landing on Mars (see Table 2.6). The landers were detrimental in detecting and retrieving chemical
species abundances and ratios. Furthermore they provided continuous in sifu pressure measurements
(see Figure 2.2) which confirmed the existence of a carbon dioxide cycle (James et al., 2017).

As the 1990s and early 2000s progressed the focus of the Mars’ missions shifted from obtaining more
complete datasets of atmospheric and surface properties (Mars Observer, Mars Global Surveyor, Nozomi
and Mars Climate Orbiter - see Table 2.6 and 2.7) to the investigation of the surface and sub-surface -
particularly for signs of present or past water activity - and of the possible habitability of Mars (Mars
Pathfinder, Sojourner, Deep Space 2, Mars Odyssey, Mars Express, Spirit, Opportunity, and Phoenix -
see Table 2.7).

Instruments other than space probes have been used to study the Martian atmosphere. Ground-based
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spectrographs have been extensively used to study the chemical composition and abundance of the atmo-
sphere since the late 1960s. More recently they have also been used to perform middle atmosphere wind
measurements (Lellouch et al., 1991; Clancy et al., 2006; Sonnabend et al., 2006; Cavalié et al., 2008;
Moreno et al., 2009; Sonnabend et al., 2012). Other imaging instruments like the Hubble Space Tele-
scope have also been able to measure winds and upper atmosphere chemical abundance measurements
(James et al., 2017).

The exploration of the red planet has never been more exciting. There are currently seven mis-
sions being developed to be launched until 2024 including landers, orbiters, rovers and even a helicopter
(Biswal M & Annavarapu, 2019). The primary scientific objectives for these missions include the search
for past life, surface morphology characterization, composition determination (namely methane) and
preparation for human exploration. Furthermore, there is a proposal for the human exploration of Mars
in the next decade which would be a landmark achievement of the space exploration age.
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Table 2.6: Comprehensive Summary of Planetary Missions to Mars. Source: Adapted from Biswal M and Annavarapu (2019).

Spacecraft Type Launch Country Mission Program Outcome
1M No.1 Flyby 1960 USSR Flight testing Failure
1M No.2 Flyby 1960 USSR Explore Mars from trajectory Failure
2 MV-4 No 1 Flyby 1962 USSR Study Mars from trajectory Failure
2 MV-4 No 4 Flyby 1962 USSR Photographing Mars Failure
2MV-3No 1 Lander 1962 USSR Descend on the surface of Mars Failure
Mariner 3 Flyby 1964 USA Examine Mars from trajectory Failure
Mariner 4 Flyby 1964 USA Examine Mars from trajectory Success
Zond 2 Flyby 1964 USSR Survey of Mars from flight path Failure
Mariner 6 Flyby 1969 USA Study and Imaging of Mars Success
2M No 521 Orbiter 1969 USSR Study Mars from Orbit Failure
Mariner 7 Flyby 1969 USA Study the surface and atmosphere Success
2M No 522 Orbiter 1969 USSR Imaging Martian Surface Failure
Mariner 8 Orbiter 1971 USA Study Mars from Orbit Failure
Cosmos 419 Orbiter 1971 USSR Overtake US Mars probes Failure
Mars 2 Orbiter 1971 USSR Imaging Martian surface and clouds Success
Mars 2 Lander 1971 USSR Landing attempt on Mars Failure
Mars 3 Orbiter 1971 USSR Study topography of soil Success
Mars 3 Lander 1971 USSR Landing attempt on Mars Failure
Prop-M Rover Rover 1971 USSR To determine soil density Failure
Mariner 9 Orbiter 1971 USA Study Mars atmosphere Success
Mars 4 Orbiter 1973 USSR Study Mars from orbit Failure
Mars 5 Orbiter 1973 USSR Study Mars from orbit Partial Suc-
cess
Mars 6 Flyby 1973 USSR Study Mars from orbit Success
Mars 6 Lander 1973 USSR Landing attempt on Mars Failure
Mars 7 Flyby 1973 USSR Study Mars from orbit Success
Mars 7 Lander 1973 USSR Landing attempt on Mars Failure
Viking 1 Orbiter 1975 USA Investigate Mars and search for life  Success
Viking 1 Lander 1975 USA Search for life Success
Viking 2 Orbiter 1975 USA Investigate Mars and search for life  Success
Viking 2 Lander 1975 USA Search for life Success
Phobos 1 Orbiter 1988 USSR Study the interplanetary environ- Failure
ment
Phobos 1 Lander 1988 USSR Study composition of Martian satel-  Failure
lite
Phobos 2 Orbiter 1988 USSR Study the interplanetary environ- Success
ment
Phobos 2 Lander 1988 USSR Study the composition of Phobos Failure
Mars Observer ~ Orbiter 1992 USA Study the Martian magnetic field Failure
Mars  Global Orbiter 1996 USA Monitoring atmospheric and sur- Success
Surveyor face features
Mars 96 Orbiter 1996 USSR Study the evolution of Mars Failure
Mars 96 Lander 1996 USSR Study the evolution of Mars Failure
Mars 96 Penetratot 996 USSR Surface Soil Penetration Failure
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Table 2.7: (Continued) Comprehensive Summary of Planetary Missions to Mars. Source: Adapted from Biswal M and An-

navarapu (2019).
Spacecraft Type Launch Country Mission Program Outcome
Mars Pathfinder Lander 1996 USA Investigate surface of Mars Success
Sojourner Rover 1996 USA Roving the surface of Mars Success
Nozomi Orbiter 1998 Japan Study the upper atmosphere of Mars  Failure
Mars Climate Orbiter 1998 USA Study the Martian climate Failure
Orbiter
Mars Polar Lan- Lander 1999 USA Landing attempt on Mars Failure
der
Deep Space 2 Penetratot999 USA Soil Analysis by Penetrating Failure
Mars Odyssey Orbiter 2001 USA Determine Mars Habitability Operational
Mars Express Orbiter 2003 Europe Search for sub-surface water Operational
Beagle 2 Orbiter 2003 Europe Search for sub-surface water Partial Suc-
cess
Spirit Rover 2003 USA Search in possible evidence of past Success
water activity
Opportunity Rover 2003 USA Search in possible evidence of past Operational
water activity
Rosetta Gravity 2004 Europe Study the origin of solar system and Success
Assist cometary matter
Mars Re- Orbiter 2005 USA Characterize climate on Mars Operational
connaissance
Orbiter
Phoenix Lander 2007 USA Search for Habitable zones Success
Dawn Gravity 2007 USA Characterize conditions of early so- Success
Assist lar system
Fobos-Grunt Orbiter 2011 USSR Study Mars from orbit Failure
Fobos-Grunt Sample 2011 USSR Sample return to Earth Failure
Re-
turn
Yinguo-1 Orbiter 2011 China Investigate plasma environment Failure
Curiosity Rover 2011 USA Exploring Mars Habitability Operational
Mangalyaan Orbiter 2013 India Explore Mars and Surface Operational
Mars Atmo- Orbiter 2013 USA Study the history of loss of Mars at-  Operational
sphere and mosphere
Volatile Evolu-
tion
ExoMars Trace Orbiter 2016 Europe Measure the abundance of Methane Operational
Gas Orbiter and other gases
Schiaparelli De- Lander 2016 Europe Validate and demonstrate EDL for Partial Suc-
scent and Land- ExoMars 2020 cess
ing Demonstra-
tor Module
InSight Lander 2018 USA Study planets early geological evo- Operational

lution
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2.5.1 Mars Express

The Mars Express mission is a European Space Agency mission to Mars - which includes the Mars
Express orbiter and the Beagle 2 lander - launched in the 2"¢ of June 2003. It entered the Martian
orbit on December 2003 intending to study the Martian atmosphere and climate, the planet’s structure,
mineralogy and geology, and to search for traces of water. It has completed more than 5000 orbits in its
eccentric polar trajectory (250 — 300km at pericentre and 10.000 — 12.000km at apocentre).
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Figure 2.20: From up and left to the right and down: Mars Express spacecraft schematic, SPICAM (Ultraviolet and Infrared At-
mospheric Spectrometer), HRCS (High Resolution Stereo Camera) and OMEGA (Visible and Infrared Mineralogical Mapping
Spectrometer). Source: Mars Express European Space Agency Page (ESA, 2017).

Mars Express is equipped with eight different instruments on-board:

— SPICAM (SPectroscopy for the Investigation of the Characteristics of the Atmosphere of
Mars): SPICAM consists of two spectrometers - ultraviolet and infrared - aimed at the investi-
gation of the atmospheric chemical stability, atmospheric escape, surface/atmosphere interaction,
wave activity in the middle atmosphere and the impact of aerosols on the climate (Bertaux et al.,
2004).

— ASPERA-3 (Analyser of Space Plasmas and Energetic Ions for Mars Express): ASPERA
consists of four sensors - two energetic neutral atom sensors, electron spectrometer, and ion spec-
trometer - designed to study the interaction between the solar wind and the Martian atmosphere,
the impact of plasma processes on atmospheric evolution and global plasma and neutral gas distri-
butions in the near-Mars environment (Barabash et al., 2004).

— PFS (Planetary Fourier Spectrometer): The PFS covers the infrared range (1.2 — 45.m) in two
channels - and performs real-time on-board Fast Fourier Transform - to study primarily the atmo-
spheric temperature, its coupling with the surface and chemical species abundance (Formisano et
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al., 2004).

— OMEGA (Observatoire pour la Minéralogie, ’Eau, les Glaces et I’Activité): OMEGA is a
near-infrared and visible spectrometer aimed at the study of the surface mineralogical and molecu-
lar composition and spatial and temporal distribution of some atmospheric constituents and aerosols
(Bibring, 2004).

— HRSC (High Resolution Stereo Camera): HRSC is an imaging instrument aimed at geological
investigation (through high-resolution mapping of the surface structure and morphology), atmo-
spheric phenomena characterization and support for exobiological studies (Neukum & Jaumann,
2004).

— MARSIS (Mars Advanced Radar for Subsurface and Ionosphere Sounding): MARSIS is a
radar developed to use long-wavelength wide-band pulses to detect and map subsurface structures
(particularly in the search for solid and liquid water reservoirs) and surface topographic features
and properties along with ionospheric studies (Picardi et al., 2004).

— MaRS (Mars Radio Science): MaRs is a radio emitter that uses the effects that the propaga-
tion of the signals through different mediums have on its properties to investigate the ionosphere,
atmosphere, surface, and interior (Patzold et al., 2004).

— VMC (Visual Monitoring Camera): VMC is an engineering camera used to confirm the Beagle-2
lander separation that got reactivated for outreach purposes (in 2007) and re-purposed to comple-
ment both HRSC and OMEGA instruments (in 2016) by using it to monitor aerosols and charac-
terize surface features.

The Mars Express mission - named after the expeditious manner in which it was assembled - was
originally intended to last 1 Martian year (= 687 Earth days) with another of extension possible but it has
now been active for more than 15 years. Throughout all these years it kept collecting data and enabling
incredible discoveries and advancements: evidence for the existence of liquid water, detection of methane
in the atmosphere, atmospheric escape rate estimation or unambiguously detecting CO, clouds. It is the
second-longest surviving spacecraft orbiting around a planet other than Earth and is generally regarded
as one of the most successful missions ever.
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3 VLT Observations

3.1 UVES Description

Figure 3.1: ESO VLT facility in Chile. Source: ESO images.

UVES is an Ultraviolet and Visual Echelle Spectrograph (Dekker, D’Odorico, Kaufer, Delabre, &
Kotzlowski, 2000) which is mounted at the Nasmyth B focus of the Unit Telescope 2 (also known as
Kueyen) of the ESO’s (European Southern Observatory) VLT (Very Large Telescope) facility located in
the Atacama Desert in Cerro Paranal, Chile. It has been operational since 1999 and was built with the
following scientific objectives (Dekker et al., 2000):

— Study the structure, physical conditions and abundances of interstellar and intergalactic gas at early
epochs from the absorption spectra of high red-shift Quasi Stellar Objects.

— Study the kinematics of gas and stars in galactic nuclei.
— Study the kinematics and mass distribution of star clusters.

— Study the position, kinematics and physical conditions of the interstellar medium in the galaxy and
nearby systems.

— Study of the chemical composition and atmospheric models of galactic and extragalactic stars.

— Study of sub-stellar companions of nearby stars (high-precision radial velocity studies over long
time scales).

— Study of stellar oscillations.
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At its construction date, UVES echelle grating was the largest monolithic diffraction device de-
veloped. The importance of this technological development resided in the possibility to increase the
spectrograph spectral resolution to resolve stellar absorption lines. In 2002, the high-precision HARPS
(High Accuracy Radial Velocity Planetary Search object) spectrograph became operational at La Silla
(Chile), to find extrasolar planets, it uses an echelle of the same kind that had been chosen for UVES.
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Figure 3.2: UVES schematic. Source: Sbordone and Ledoux (2017).
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Figure 3.3: The two CCD detectors in UVES. Source: Dorn et al. (2000).

The spectral resolution (nominal) designed for this unit, with an 1” slit was 40,000 (D’Odorico et al.,
2000). Echelle spectrographs are very important instruments in projects involving large telescopes since
high-resolution spectroscopy is one of the observation modes that can most benefit from a large light-
collecting area. This makes the telescope resolve the absorption lines and helps to detect the chemical
species present in the atmospheres, allowing them to map its composition with high detail.

UVES is a cross dispersed echelle spectrograph that produces an order separation higher than 10”
which allows semi-long slit spectroscopy of compact objects such as Mars ((Sbordone & Ledoux, 2017)).
This is relevant because this separation allows for a good sampling of the sky’s scattered light at red
wavelengths, enabling a fairly accurate estimation of the background radiation at spectral inter-orders. To
maximize efficiency it is equipped with two arms: the blue arm (covers the wavelength range A = 300 —
500nm) and the red arm (A = 420 — 1100nm). Furthermore, the versatility of this instrument allows
the use of either arm individually or both in parallel through the application of a dichroic beam splitter
which separates the light into both wavelength ranges. The maximum resolution that can be attained is
~ 80,000 in the blue wavelength range (using a 0.4” slit) and ~ 110,000 in the red wavelength range
(using a 0.3" slit). In this case, the numerical resolution of the instrument is of 2 pixels.

When the light enters the telescope (see Figure 3.2) it is split by the diachronic prism, it then follows
an identical path on both arms: First, it passes through collimator mirrors designed to align the beam
perpendicular to the echelle. Then it goes through the echelle gratings (21 x 84cm) which separate the
light beam into several orders. These orders, however, overlap and need to be separated by two cross
dispersers (CD#1 and CD#2 in the blue arm and CD#3 and CD#4 in the red arm) and then the light beam
is ready to be directed towards the CCD (Charge-Coupled Device) detectors (see Figure 3.3).

UVES’s blue arm is equipped with single 2K x 4K, 15um pixel EEV CCD-44 detector while the red
arm is equipped with a mosaic of two CCD’s - a EEV CCD-44 (identical to the one used for the blue
arm) and a MIT/LL CCD-20 chip (see Figure 3.3). The readout noise is less than 3 electrons for the
MIT-LL detector and less than 2 for the EEV (for slow readout with high gain) (see Table 3.1). While
the EEV CCD has a capacity for 225.000 electrons and high quantum efficiency at ultraviolet ranges the
MIT type CCD has a capacity for 130.000 electrons and high efficiency in the near infra-red (see Table
3.1). The first 50 pixels, at each CCD output gate, are assigned to pre-scan operations. To minimize the
dark current noise the CCD’s are kept in a vacuum chamber cooled by liquid nitrogen until a temperature
of ~ 130°K (Machado, 2014). This cryostat unit has an autonomy range of approximately 2 weeks
allowing for continuous thermal stability through long periods (< 1° C according to Machado (2014))
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Table 3.1: Measured properties of UVES scientific CCD’s. Source: Adapted from Sbordone and Ledoux (2017).

Blue, EEV Red, Mosaic

Quantum efficiency 49% at 320nm 89% at 450nm (EEV)
56% at 350nm 89% at 600nm (EEV)
82% at 400nm 84% at 800nm (MIT-LL)
88% at 500nm 64% at 3900nm (MIT-LL)

18% at 1000nm (MIT-LL)

Number of pixels 2048 x 3000 4096 x 4096
(2048 x 4096, used in win- (2048 x 4096 2 x 1 mosaic)
dowed readout)

Pixel size 15um 15um

Gain low: 1.84 e=/ADU low: 1.5 (1.4) e~ /ADU

(MIT-LL values in brack- high: 0.54 e~ /ADU high: 0.52 (0.46) e~ /ADU

ets)

Read-out noise 4.1 (2.1) e~ rms EEV 4.2 (2.8) e~ rms

fast read-out, low gain MIT 3.7 (2.1) e~ rms

(slow read-out, high gain) EEV 43 e~ rms

Ultrafast readout, low MIT 4.7 e~ rms

gain

Dark current levels 0.4 e~ /pix/h at 120°C EEV 0.5, MIT 1.5 e™/pix/h at
120°C

Charge transfer effi- > 0.99993 > 0.99995

ciency

which may be required for extended observations. Additionally, the blue arm has an optical field of
30.7 x 30.7mm while the red arm has one of 61,4 x 61, 4mm. Since most of the CCD pixels are going
to receive radiation they must act in the readout mode.

The pivotal parameters in assessing the instrument overall efficiency are the detection efficiency
and the spectral range that is covered by a single exposure. UVES has two basic configurations: The
first covers 90nm in the blue arm (centred on Acepnter = 346nm) and covering 200nm in the red arm
(centred on A.enter = 580) and the second covers 100nm in the blue arm (centred on Acepter = 437TnM)
and covering 860nm in the red arm (centred on Acepzer = 580) for a single exposure. Except for a
5 — 10nm loss in between the CCDs in the red arm (for the first and second configuration respectively),
there is no wavelength loss as the wavelength ranges overlap (Sbordone & Ledoux, 2017).

UVES has a calibration unit that contains, among other things, a wavelength calibration lamp - of
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Thorium-Argon or Deuterium - and an Iodine cell that allow a dense - well known and referenced -
absorption line rich range superimposed on the spectrum which can be an inconvenience. The lodine
cell absorption features only cover the wavelength range 490 — 640nm while the lamps have more
comprehensive ranges. Furthermore, the Iodine cell may absorb up to 50% of the incoming radiation
which excludes its use when observing weak targets (Machado, 2014).

It also contains a slit unit which consists of two aluminum blades whose separation is defined as the
slit width (can be adjusted within the range 0.15” — 20”) while the slit length can vary up to 30”. The
acquisition and tracking of targets is done using the slit viewer which is a camera that sees through the
slit blades and thus provides images of the slit on the target (Sbordone & Ledoux, 2017).

There are several other additional relevant features that may be required for the telescope to operate
effectively. First of all, the image slicers allow to obtain high resolution with unfavorable seeing con-
ditions, secondly the optical derotator can be used to provide compensation for the field rotation and
thirdly the atmospheric dispersion corrector (ADC) unit inserts two counter-rotating prisms in order to
correct for the atmospheric dispersion up to zenith angles of ~ 65°. Additionally, the Depolarizer can
insert a rotating plate to cancel the intrinsic polarization that might be affecting the signal. UVES also
contains a pre-slit wheel with 16 positions, 15 of which correspond to filters (either neutral density or
Johnson broad-band filters) (Dekker et al., 2000).

The instrument is separated into two sections. The first, containing the calibration system the image
slicers, and the derotator is mounted on the rotor, remaining stationary, while the telescope adapter moves
to track the target in the sky. The second section consists of the echelle and the cross-disperser arms.
For the purposes of minimizing the perturbations, the only moving parts in the optical path are the slit
blades, the cross-disperser, and the cameras (Sbordone & Ledoux, 2017).

The signal-to-noise ratio increases with the square of the diameter of the telescope, thus choosing
a large telescope as is the VLT was important for these observations to be successful. Even in the case
where very bright sources are used, large telescopes are preferred as they enable us to achieve high
signal-to-noise ratios in short integration times.

The correct use of all of UVES features, combined with our Doppler velocimetry method and our
investigation group’s expertise on the matter, allows us to retrieve planetary wind velocities with in-
credible precision. The combination between comprehensive wavelength coverage, large collecting area
(approximately 8 m) and small pixel size - which allow for high-velocity measurement precision, good
signal-to-noise ratio and good spatial resolution - make UVES an optimal spectrograph for Doppler
velocity measurements (Machado, 2014).
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3.2 The 2018 global dust storm

15 June 2018 - MY 34, Ls=193.3°

IR absorption CDOD normalized to the reference pressure of 610 Pa (Pa/Pa)

| ] .
.20 0.27 0.33 0.40 0.47 0.53 0.60 0.67 0.73 0.80

Data Min = 0.02, Max = 1,33, Mean = 0.45

Figure 3.4: Map of dust opacity retrieved from Mars Climate Sounder infrared observations on 11" June 2018 (+/-1 day),
showing the dust storm under development on Mars, in the Martian Year (MY) 34, started at L, = 185° (30 May 2018).
Credits: Luca Montabone.

On the 30" of May of 2018 (L, ~ 185° of the Martian Year 34) a frontal-like local dust storm was
noticed on Mars centred around 35°/N — 12°W - in the Acidalia Planitia. It covered an area of approx-
imately 1.4 + 0.3 x 10°km? but in one day this value almost quadrupled to reach 5.1 & 0.3 x 10°km?
(Sanchez-Lavega et al., 2019). Over the next few weeks (during the growth stage) the storm expanded to
cover most of the northern hemisphere and propagated southward, crossing the equator at one of the three
proffered longitudinal corridors - the Acidalia corridor - activating independent dust lifting events in the
southern hemisphere (which later merged with the global dust storm). It reached a planet-encircling
stage on June, 17" (L, ~ 195°) ending its growth phase shortly after (Kass et al., 2019). The Curiosity
rover measured an atmospheric optical opacity of 8.5 around L, ~ 196° (Guzewich et al., 2019). The
growth pattern followed by this storm fits well on the described pattern of other non-global storms that
developed in the same region (Sanchez-Lavega et al., 2019; Wang & Richardson, 2015). It is visible in
Figure 3.4 that the opacity values across the storm show variability.

Despite having some "well behaved" traits, the 2018 Martian global dust storm had some very ex-
traordinary aspects as well. The onset of the storm (Ls; ~ 185°) was, along with the 2001 event, the
earliest on record (Sdnchez-Lavega et al., 2019; Wang & Ingersoll, 2003). Despite being a common
ground for the initiation of regional storms, never has a global dust storm been observed to initiate in the
Acidalia Planitia nor in the Northern Hemisphere (Sanchez-Lavega et al., 2019; Kahre et al., 2017).
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Figure 3.5: Image (a) shows the region free of storms (12 May, 20:51 UT, T. Olivetti) and (b) shows a precursor storm (arrow)
centred at 346.7°W and 56°N (27 May, 05:42 UT, G. Grassmann). Images (c)-(1) show the onset and initial daily expansion
phase of the GDS2018 (the arrows identify the area of the expanding storm). (c) 30 May, 7:25 UT, E. Morales; (d) 31 May,
08:55 UT, J. Rueck; (e) 1 June, 09:24 UT, E. Morales; (f) 2 June, 09:29 UT, J. Rueck; (g) 3 June, 11:02 UT, P. Maxon; (h) 4
June, 11:49 UT, K. Beverage; (i) 4 June, 16:57.9 UT, D. Millika and Nicholas; (j) 5 June, 11:13.4 UT, D. Peach; (k) 6 June,
15:05 UT, A. Casely; (1) 8 June, 07:55.9 UT,D. Peach. The Central Meridian (CM) is given in the west longitude system below
each image. Source: (Sdnchez-Lavega et al., 2019).

Like the 2001 global dust storm, this storm was equinoctial, meaning it formed in non-dusty con-
ditions when the Hadley circulation is roughly symmetric around the equator and is at its weakest. As
a consequence Sanchez-Lavega et al. (2019) argues that the onset of the storm was more likely due to
interference between different nodes of the thermal tides. Simulations using NASA Ames Mars GCM
confirm that the coupling of thermal tides and the Hadley circulation could produce enough dust transport
to explain its onset and early expansion (Bertrand, Wilson, & Kahre, 2019).
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Figure 3.6: Daytime tropical zonal mean dust column opacity (top) and 50 Pa ( 25 km) temperatures (bottom) during MCS and
TES years. Source: Kass et al. (2019).

The storm reached its decay phase at L ~ 213° (Kass et al., 2019). Figure 3.6 (a) shows the
dust column opacity during the day for several Mars years. The Martian year 25 (2001 global dust
storm) and 34 (2018 global dust storm) show similar overall behavior, particularly in the growth and
decay phase. The dust opacity decline measured from the Curiosity rover was also similar to previous
observations (Guzewich et al., 2019). Furthermore, GCMs simulating the storm indicate that surface
stress increases in many locations during the decay phase, suggesting that the surface dust supply may
be limited (Bertrand et al., 2019).

3.3 Our observations

As the global dust storm started developing on Mars (May of 2018) - L ~ 185° of the Martian year 34 -
our team submitted a last-minute proposal to observe Mars during this event. The final objective was to
retrieve wind velocities, in the middle atmosphere, with our Doppler velocimetry method developed and
fine-tuned by Machado et al. (2012) to the case of Venus.

Unlike Venus, Mars’ atmosphere is very transparent in the visible and ultraviolet ranges and the ra-
diation in those wavelength ranges that is back-scattered in the atmosphere is negligible which precludes
the application of our method. However, during global dust storms, the opacity of the atmosphere in-
creases and allows for the scattering of enough light in the suspended dust in the middle atmosphere for
the application of our method to be feasible.
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Table 3.2: North Pole position angle, apparent size of Mars, latitude of sub-solar point and phase angle at the date of the
observation (25", June, 2018). Source: NASA Jet Propulsion Laboratory’s (JPL) HORIZONS web-interface system.

Position Angle Apparent Radius Sub-solar Latitude Phase Angle
3.03° 19.77" —8.25° 24.6°

The preparation and submission of the observation proposal was done by the principal investigator
Pedro Machado (Instituto de Astrofisica e Ciéncias do Espaco) along with Emmanuel Lellouch (Ob-
servatoire de Paris), Luca Montabone (Space Science Institute), Alejandro Cardesin-Moinelo (European
Space Agency), Gabriella Gilli (Instituto de Astrofisica e Ciéncias do Espaco), Thomas Widemann (Ob-
servatoire de Paris), Olivier Vitasse (European Space Agency), José Silva (Instituto de Astrofisica e
Ciéncias do Espaco) and Ruben Gongalves (Instituto de Astrofisica e Ciéncias do Espaco).

The exposure time was calculated by providing UVES Exposure Time Calculator (Version P102.5)
with highly accurate ephemerides data which approximated Mars’ flux as a continuum of 4.24magnitude

arcsec™2,

The observations were made using UVES’ red arm’s CD#3 cross disperser with a central
wavelength of 580nm along with a 12" long and 0.3"” wide slit (Sbordone & Ledoux, 2017). 16 sets of
5 exposures of 15 seconds each - with an estimated signal-to-noise ratio of 100 — 120 - were requested
for a total run time of ~ 2 hours. Additionally, we required exposures of the Thorium-Argon (Th-Ar)
lamp for precise wavelength calibration required for the velocity precisions we intended to obtain, so any

instrumental drift during the measurement process will equally affect the Th-Ar lamp spectra.
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Figure 3.7: Scheme with the slit positions of the observations in relation to Mars.

The observations were carried out on the 25! of June of 2018 using the UVES instrument at the
ESO’s Very Large Telescope facility in Chile - in service mode - for approximately 2 hours (~ 5-7 a.m.
local time). The conditions were optimal for observations as the seeing was ~ 0.7 — 1.1, the sky was
clear, the planet’s elevation was &~ 60° — 80° and its angular size was approximately 19.8”. A long
and narrow slit (12” x 0.3"”) was used, along with the derotator - to obtain 2 different observational
configurations - one with the slit aligned perpendicularly (PP) to the rotation axis and another with the
slit aligned in parallel with the same axis (PL). In the PP configuration the slit was moved along the
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rotation axis (from the equator to the north-most latitudes and the south-most latitudes) at intervals of
~ 2.5" — 3" (see Figure 3.7). We observed Mars on 15 different latitudinal offsets and 1 longitudinal (see
Figure 3.7), obtaining 5 sets of observations at each position. Table 3.3 summarizes the circumstances

of these observations.

Table 3.3: Summary of the geometry and circumstances of the observations. The cases PL and PP correspond to slit orientations
parallel and perpendicular to Mars’ rotation axis, respectively. The offset number represents a position on the disk, N is the
number of exposures taken for each offset and the times are given at the start of the first exposure. The integration time for all
exposures was 15 seconds. Lat and Long are the coordinates of the slit’s central point on the disk for each offset. The latitude
and longitude values given are affected by the VLT/UVES nominal pointing and offset uncertainty, with a total uncertainty
~ 0.14".

Slit  Offset Time UT N Lat(°) Long(°) Airmass Seeing(”)
PP 1 05:06 5 147S 489W 1.163 0.79
PP 2 05:12 5 87S 420W 1.148 0.79
PP 3 05:17 5 26S 397W 1.135 0.75
PP 4 05:23 5 36N 38.6W 1.122 0.82
PP 5 05:28 5 10.IN 39.0W 1.110 0.89
PP 6 05:34 5 169N 41.1W 1.099 0.79
PP 7 05:39 5 243N 41.1W 1.088 0.77
PP 8 05:45 5 147S 41.1W 1.078 0.72
PP 9 05:50 5 208S 41.1W 1.069 1.00
PP 10 05:56 5 269S 41.1W 1.061 1.09
PP 11 06:01 5 331S 411W 1.053 0.91
PP 12 06:06 5 396S 41.1W 1.046 0.81
PP 13 06:12 5 464S 41.1W 1.039 0.94
PP 14 06:17 5 538S 41.1W 1.033 0.89
PP 15 06:23 5 147S 411W 1.028 0.76
PL 1 06:44 5 - 0 1.012 0.74

VLT pointing and UVES offset uncertainties are both equal to 0.1” (nominal value) and we consider

the global positioning error of the slit to be oyp1q; = \/ U;%ointin g T 03 Frset = 0.14”. The detector pixel
dimension is 15um and the pixel scale in our observations is 0.182, this corresponds to a ground-based
spatial resolution of ~ 63km on the planetary surface at disk center.

The narrow slit and the pixel projected field of view (relative to the apparent size of the planet) is
essential to achieve high spatial resolution. Since instantaneous spatial information is preserved along
the slit, a latitudinal and longitudinal set of spectra is acquired. This will allow for latitudinal and

longitudinal profiles of the winds.
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4 Doppler Velocimetry Method

There are systematic problems with the measurement of absolute wavelengths and Doppler shifts using
a grating spectrograph because maintaining a stable velocity reference is a challenge. This is so because
the best accuracies achievable when considering the dispersion law and instrumental uncertainties for
single line shifts, are of the order of 100ms~! while the wind amplitude variations we intend to sound
are considerably smaller.

One solution lies in the measurement of relative Doppler shifts between two sets of absorption lines.
This technique is fundamentally based on the measuring and weighting of Doppler shifts between the so-
lar Fraunhofer lines of two spectra - of solar radiation backscattered in the middle atmosphere - obtained
simultaneously at different points of the slit. The results are relative line-of-sight velocities between
different pixels of the slit (points of the disk).

The Doppler velocimetry method used in this work was adapted - to the case of Mars - from the
method fine-tuned by Machado et al. (2012), used to derive wind velocities on Venus. This method is
based on a technique originally designed for absolute stellar accelerometry by Connes (1985). This work
is preceded by several successful applications of this method (Civeit et al., 2005; Luz et al., 2005, 2006;
Widemann, Lellouch, & Campargue, 2007; Widemann, Lellouch, & Donati, 2008; Machado et al., 2012;
Machado, 2014; Machado et al., 2014, 2017).

For purposes of data treatment and analysis, I used and adapted a software package developed by our
investigation unit (in Matlab programming language) used to retrieve wind velocities on Venus (Machado
et al., 2012; Machado, 2014; Machado et al., 2014, 2017). This algorithm is composed of essentially
three stages: Data reduction, Doppler measurements and Corrections, and coordinate determination.

I adapted the method to the case of long-slit Mars’ observations and to perform several corrections,
in particular:

— By introducing a geo-referencing correspondence between pixel location and geographic coordi-
nates

To change the size of the active sounding window of the slit.
— To evaluate for the systematic shift known as the Young effect.
— To correct for the specific geometry of the observations.

— To remove the planetary rotation contribution to the overall Doppler shift.

4.1 Data Reduction

The first step in any method which uses observations is the data reduction process - in which we transform
the raw data into a corrected, ordered and simplified form - that allows the application of our Doppler
velocimetry method. The end product of this stage is the corrected and calibrated spectrum.
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VLT/UVES’ raw data files are produced in FITS format (Flexible Image Transport System). In
addition to the science type files, there are calibration files - bias frames, flat frames, order definition
frames and lamp format check frames - and viewer files that confirm the slit’s position on the target.

Figure 4.1 shows one of the science files (echellogram of Mars).
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Figure 4.1: Example of one of the echellograms of Mars that we obtained using VLT/UVES. The dark stripes indicate absorption
features.

The calibration files include (Sbordone & Ledoux, 2017; Clayton, 1996):

— Bias (Type = BIAS): 5 zero-second exposure frames taken, every night the telescope is opera-
tional, with no light entering the instrument to be subtracted to the science frame. This addresses
the problem of removing the detector status bias level by removing effects associated with the

pixel-to-pixel variations of the offset level and the read-out-noise.

— Flat (Type = FLAT): 5 frames taken with a uniform light source - from 4 lamps - to measure the
pixel relative sensitivity to the incoming light and ultimately account for it in the spectrum. These
act to remove several effects: certain dark features that arise from the presence of dust particles on
the CCD chips or on the filter, vignetting effects (likely caused by out of focus objects in the light
path), fringing interference (that arise from the use of narrow filter and the wave-like nature of
waves that create patterns of multiple reflections within the CCD chip or filter), slit function effect
(consequence of small variations of the slit’s width) and the echelle blaze function (characteristic
efficiency along an order).

— Order Definition Flat (Type = LAMP,ORDERDEF): Frame taken with a short slit and a con-
tinuum flat lamp to identify the central positions of each echelle order and of the inter-order back-
ground.

— Format Check (Type = LAMP,FMTCHK): Frame taken with a Thorium-Argon lamp exposure
which guarantees the presence of a few hundred well separated and well-known lines. This allows

for very accurate and precise wavelength calibration.
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Figure 4.2: Steps for obtaining spectra from a UVES echellogram (example). (a) Raw echellogram showing the spectral orders
for one of the detectors. (b) Magnification of part of one order, where absorption lines (dark vertical bands) are visible. From
each order, a stack of 53 spectra are extracted (the active window of the slit). (c) Set of 53 spectra, with each one corresponding
to one pixel in the slit’s active window. (d) Each spectrum is divided into 16 orders in the MIT detector and 23 orders in the
EEV detector. The plot shows an example of the 16 components of an MIT spectrum, each coming from one spectral order. (e)
Example spectrum from one order and one location in the Martian disk.

The first step of this algorithm is to construct both the Mater bias and Master Flat, by computing the
median of the 5 files of each type. The de-biasing is done intermediately upon reading the science file.

The next stage is the mapping of the orders. This is done by using the order definitions files that
allow us to find the central position of each order and then estimate the slope at its center. Then the
cross-order profile is centered along the order and a polynomial fit is performed.

Next, the data is flat fielded (divided by the Master flat) and the spectra (science) are extracted.
The extraction was performed by a piecewise cubic Hermitian polynomial interpolation. Spectra from
different spectral orders are extracted separately. Additionally, since there is a 10nm gap between the
EEV and MIT detector, each detector spectra is also extracted and treated separately so that the final
spectrum shows no discontinuities (Machado, 2014). Some of the bad pixels are identified and removed
in this stage, using a pre-prepared-mask. The slit’s window was restricted to 53 pixels. The primary steps
of the spectrum extraction process are shown in Figure 4.2.

Finally, wavelength calibrations are performed by using the Thorium-Argon exposure (format check
file). These files’ spectra are extracted similarly to the science files. Additionally, a dispersion relation
is obtained - through an interpolating process and a polynomial fit to identify the Thorium-Argon line
positions - to produce a very accurate correspondence between each pixel in the echellogram and its
respective wavelength.
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A final correction is required for the image curvature. In echelle spectroscopy we require that the
dispersion and spatial direction be perpendicular, this facilitates immeasurably the processing of the
data as is shown in figure 4.2. But due to the different optical path taken by the light at each point of
the (long) slit, the lines have a non-negligible curvature along the spatial direction. This curvature can
induce relevant errors in our precise Doppler measurements and as such, it is corrected for.

4.2 Doppler Shifts

This section will list and explain the various steps required for the application of the Doppler velocimetry
wind retrieval method.

As mentioned above, this technique relies on the measurement of Doppler shifts between absorption
lines of simultaneously obtained spectra, so we are measuring relative velocities. This is so because
absolute Doppler measurements require a stable velocity reference during acquisition with a grating
spectrograph such as UVES, we cannot achieve the required accuracies (Machado et al., 2017).

A

Figure 4.3: Algorithm for obtaining the radial velocity using only a single spectral line shift. Source: Machado (2014).

Assuming the Doppler shifts were retrieved based on one line’s Doppler deviation, the basic Doppler
shift equation is:

EALE 4.1

where dV,, is the Doppler velocity between the shifted and reference line, c is the speed of light in
vacuum and A is the wavelength of the deviated line. Since the shift [,, — I - where I,, is the location of
the shifted line and I the position of the same line in the reference spectrum - is much smaller than the
line width we can take Taylor’s first-order approximation:

L, —I=—9 4.2
O\ A (42)
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Combining equation 4.1 and 4.2 yields the relative velocity between the reference and shifted line:

SR (4.3)

Since the Doppler shifts are relative - obtained between two spectra retrieved at the same time at
different pixels of the slit - it is convenient to express the above result (4.3) as a function of the slit’s
pixels:

(4.4)

A7) &(810

50, c oy I)(Z) — I,(7)
oA )A=A(i)

[

The 7 index refers to the pixel of the shifted spectrum along the slit, o refers to the reference pixel.
All the Doppler measurements in this work were made using the 39%" pixel/spectrum as the reference
pixel/spectrum. This pixel corresponds to the closest position of the slit to the half phase angle point

(®/2).

The procedure described above can retrieve relative velocities by measuring the Doppler shift of one
absorption line. However with single line fitting, for the velocities that we are trying to measure (of the
order of 10ms~1) we would require a spectral resolution of approximately 10° to obtain the appropriate
accuracies of the measured velocities.

The solution is the application of this procedure to a set of absorption lines (the Fraunhofer lines)
over the wavelength ranges 480 — 570nm (blue region) and 580 — 680nm (red region) instead of a single
line. The visible solar spectrum contains approximately 4400 solar lines.

The various measured single-line Doppler shifts are then averaged:

YIAr
o = iV (4.5)
> wi
Where the weights w; are are the inverse of each individual line velocity contribution variance:
1
_ 4.6

We must assume that the noise is only of photogenic origin (due to the poissonian nature of photons)
so the we can determinate each line’s velocity variance contribution o (dv;). We can then calculate the
overall uncertainty of the Doppler velocity determination - comes mainly from the dispersion relation
uncertainty - to be:

o(60;) = ——x 4.7)



For each exposure, the velocity profile has been measured as a weighted average of shifts for the
various spectral orders. Hence, through this procedure, we can determine the Doppler velocity due to
shifts of lines between different points of the disk. These Doppler shifts do not, however, represent wind
velocities as there are several effects and observational biases that need to be accounted for and corrected.

4.3 De-projection and Removal of Spurious Doppler Shifts

Doppler shifts are measured between different spectra, however, these still have to be corrected and
localized within the planet in order to provide useful information about relative wind speeds. As wind
Doppler measurements on Mars in the visible wavelength range have never been done before we relied
on the experience of the Solar System’s group in applying this method to other planets (Machado, 2014;
Silva et al., 2018).

There are two major observational biases that need to be taken into account: the geometric de-
projection factor and the Young effect. The geometric de-projection factor originates from the geometry
of the observations as the Doppler velocity that we measure is a projection of the real velocity. The
Young effect is a bias that arises from the fact that the Sun has a finite angular size when seen from
almost any planet (including Mars) combined with the rotation velocity of the Sun (~ 2kms~! at the
equator). This means that the points we observe along the Martian disk may not be equally illuminated
since the approaching and receding sides of the solar disk do not illuminate in an equal fashion (Gabsi,
Bertaux, Hauchecorne, Schmitt, & Guibert, 2008).

The spectrum absorption lines are shifted by processes other than wind. The velocity between the
Earth and Mars (orbital motion), the rotational velocity of the planet (=~ 240ms~!) and the motion of the
dust (wind) all contribute to the line-of-sight Doppler shift:

AV =F-(WS+RS)+Y +0S (4.8)

Equation 4.8 shows the Doppler shift measured along the line of sight at any point of the slit. AV
is the total measured Doppler shift, F' is the geometric de-projection factor, W.S' is the shift caused by
relative motion of the dust, RS is the shift due to the planetary rotation, Y is the shift due to the Young
effect and OS is the shift that arises from the relative motion between Mars and Earth. However the
orbital shift - which is induced by the relative motion between Mars and Earth - is the same for any
two spectra that were obtained simultaneously. Consequently, it needs no correction as it is canceled out
when measuring relative Doppler shifts.

The Young effect was first reported in Young (1975) as he noticed that points near the terminator of
Venus were affected by a systematic effect as a consequence of not being equally illuminated by both the
approaching and receding side of the Sun. Gabsi et al. (2008) approximated this effect empirically by:

Y ~ (4.9)
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Where V,, is the solar equatorial velocity, D, is the solar angular diameter and 6 the angular distance

between the point being observed and the terminator (centered on the center of Mars).

For our observations of Mars, the smallest angular distance between the point being observed and
the terminator was of approximately 60°. For these (# = 60° — 90°) values I computed equation 4.9
and estimated the Young effect affecting our Doppler shifts. The Young effect affecting the observations
is always less than 1m/s and therefore can be considered negligible for the purposes of this work and

warrants no correction.
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Figure 4.4: Raw Doppler velocities (MIT) retrieved using the Doppler velocimetry method as a function of pixel.

In this point of the algorithm, we have isolated the projected velocities which include the wind and

rotation velocities and require de-projection (see Figure 4.4).

The Doppler shifts are computed between two points of the same slit (the chosen pixel and the
reference pixel). However, due to the spherical geometry of Mars, points belonging to the same slit will
fall on different latitudes. A direct consequence of this is that every pixel has a different rotation velocity
and therefore contributes differently to the total shift. Thus this effect is not canceled when measuring
the shift between spectra obtained simultaneously on different points of the slit and requires correction.

The approach used to remove the rotation velocity was one of the statistical nature. The first step was
to perform a linear regression of the Doppler velocities to find the straight line that best fits the data and
to estimate the rotation velocity. Through this process we computed the wind velocity for each pixel.

This was completed for each of the exposures.

Additionally, we computed the rotation velocity, under the assumption of rigid body rotation and sub-
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tracted them to the Doppler shift. The resulting velocities were in general agreement with our previously

obtained results, validating our approach.

As we are trying to measure Doppler shifts induced by the motion of dust particles in the middle
atmosphere of Mars. By assuming the single scattering approximation and considering the scattering
process as a sequence of absorption and re-emission by dust particles in the upper dust cloud deck we
can compute a correction factor as a function of longitude.

As a simplification, we assume, as a first approximation, that the motion is parallel to the equator
and a 90° phase angle, two extreme cases can be considered (see Figure 4.5). One, at the sub-solar
point, where there is no Doppler shift in the absorption (null incidence angle) but there is a blue-shift in
re-emission towards Earth. The other, at the sub-terrestrial point, is the converse situation where there
is a red-shift at absorption (90° incidence angle), but no shift in the emission towards the Earth (in the
direction normal to the surface).

Figure 4.5: Schematics of the Doppler effect in the single scattering approximation. The dotted arrow at the sub terrestrial
point indicates a red-shift in the absorption of solar radiation by the atmospheric aerosols in this region, due to the atmosphere’s
retrograde rotation. The dashed arrow at the sub-solar point indicates a blue-shift in the solar radiation scattered towards the
observer. Thin arrows indicate the direction of the zonal wind.

According to Machado (2014); Gabsi et al. (2008), the exact geometric de-projection factor affecting
the Doppler shift can be calculated by using the bisector theorem (see Equation 4.10). The line-of-sight
Doppler shift is proportional to the projection of wind velocity on the bisector phase angle:

F=2. cos(%)sin(qﬁ — %)cos(ﬁ) (4.10)

Where @ is the phase angle at the time of the observation, ¢ is the longitude of the point being
measured, 3 is the latitude of the sub-terrestrial point. The line of sight Doppler shifts are proportional
to the projection of the wind on the bisector of the phase angle. The phase angle ® and the subterrestrial
longitude 3 were retrieved from highly accurate ephemerides using NASA Jet Propulsion Laboratory’s
(JPL) HORIZONS web-interface system.
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Figure 4.6: Representation of the determination of the longitude of our observations.

Each pixel’s longitude (relative to the sub-earth point) was determined geometrically. Figure 4.6
shows a schematic of the geometry of the observation to determine the longitude of the observed points.
Mars’ angular radius on the night of the observation was ~ 9.9” (see Table 3.2) and the our observations’
pixel scale is 0.182. Assuming a radius of » = 3396.19 £ 0.1 (Archinal et al., 2018) and using linear
proportionality we can derive the distance between pixels (points observed) projected onto to a line
tangent to the sub-terrestrial point to be d ~ 62.5km. The longitude - represented by « on Figure 4.6 -
can then be determined using Tales theorem: o = arcsin(d/r).

For each observation and each pixel we computed the geometric de-projection factor and divided the
line-of-sight Doppler shifts to obtain the true shifts (under the assumptions made). An example of the
resulting velocities is shown in Figure 4.7. Next using the longitudes calculated following the scheme in

Figure 4.6, we present the results as a function of longitude (see Figure 4.8).
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Figure 4.7: Example of measured Doppler wind velocities (MIT and EEV average) for one exposure as a function of the slit’s
pixel.
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Figure 4.8: Example of measured Doppler wind velocities (MIT and EEV average) for one exposure as a function of sub-
terrestrial longitude.
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4.4 Results

This section is dedicated to the presentation of the wind velocity results that the aforementioned proce-
dure has as an outcome.

The results presented are the average of the Doppler wind velocities retrieved through five consecu-
tive exposures for the same positioning of the slit on the planetary disk (see Figure 4.9 (a), Figure 4.10
(a) and Figure 4.11 (a)). Furthermore, we present, along with the wind velocities, the positioning of the
slit on the planetary disk for the 15 positions observed (see Figure 4.9 (b), Figure 4.10 (b) and Figure
4.11 (b)). Note that for reasons of space efficiency we present only three results in these sections and the
remainder of the results in the Appendix A.

In general, the data shows internal consistency, as the velocities retrieved from each of the 5 ob-
servations made in the same position are consistent with each other. On the equatorial and subtropical

latitudes, the wind velocities average around 1ms~!

increasing in magnitude towards higher latitudes
in the northern hemisphere. This shows that there is some inter-latitudinal variability, this could be a
consequence of the geometry of the observations (since the sub-terrestrial latitude was —14.74°). Fur-
thermore, there is also a variation of magnitude and direction with longitude, implying some degree
of local hour variability. This could be related to some residual planetary rotation contribution to the

measured Doppler shift.

For the most part, the retrieved velocities lie in the range 10 - 30ms~! however, the maximum
velocity measured (in absolute value) was 116ms~'. However, it is likely that such elevated values are
due to instrumental problems rather than actual wind.

On the equatorial and northern latitudes, the errors average approximately 2ms~! however they
increase substantially in the measurements made over the southern latitudes.

There is an identifiable structure to the Doppler velocities, showing similarities between closely
positioned observations. This structure becomes increasingly erratic towards the southern latitudes.
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Figure 4.9: (a) Wind velocities along the slit position 1 (Lat = —14.74°). (b) Slit’s position scheme on the planetary disk.
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Figure 4.10: (a) Wind velocities along the slit position 2 (Lat = 8.81°). (b) Slit’s position scheme on the planetary disk.
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Figure 4.11: (a) Wind velocities along the slit position 3 (Lat = —2.61°). (b) Slit’s position scheme on the planetary disk.
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5 Conclusions and Prospects

For the first time a Doppler velocimetry method, based on ground-based long-slit high-resolution spec-
troscopy in the visible wavelength range, was applied to the study of the Martian atmosphere. We made
the first attempt, ever, to measure instantaneous winds across an array of latitudes and longitudes with
the intent of finding latitudinal and local time variability during a Martian global dust storm.

For this purpose we made use of the high-resolution spectrograph UVES at the VLT to perform our
observations with the required resolution for this method to be effective (= 100, 000). Our results are
consistent with previous model results (Gilli et al., 2011) and show the potential this technique has, to
improve and facilitate the study of global dust events on Mars. This is particularly significant since these
events are still poorly understood in many aspects and are hard to investigate without using models, since
the Mars’ cloud coverage is sparse. However, it is important to note these results could be improved upon
to be considered true accurate wind velocities.

The presented results shows some variability in the error’s magnitude and the general structure of
the wind velocities, particularly towards the southern latitudes. We have seen that the storm started and
developed in the northern hemisphere, the opacity of the atmosphere was much greater than it was in
the south. This could mean that there was insufficient suspended dust in the atmosphere for the light
to effectively scatter. Therefore an increment in the error values and velocity structural variations may
result from this.

The future work on this project contemplates several enhancements. A first priority is to use radiative
transfer models to further constrain the altitude that we are sounding. Additionally, I will improve the
subtraction of the planetary rotation’s contribution to the total Doppler shifts.

In the next steps, I will pursue the identification and removal of pixels that have shown to be suffering
from systematic problems. I also intend to seek the identification of the observations that are sounding
different altitude (pressure) levels, this could add an additional dimension of data that can provide very
valuable information. When all these steps are complete, our results will be prepared to be published and
compared with global circulation models data.
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A Appendix A - Data Results
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Figure A.1: (a) Wind velocities along the slit position 1 (Lat = —14.74°). (b) Slit’s position scheme on the planetary disk.
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Figure A.2: (a) Wind velocities along the slit position 2 (Lat = 8.81°). (b) Slit’s position scheme on the planetary disk.
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Figure A.3: (a)Wind velocities along the slit position 3 (Lat = —2.61°). (b) Slit’s position scheme on the planetary disk.
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Figure A.4: (a)Wind velocities along the slit position 4 (Lat = 3.63°). (b) Slit’s position scheme on the planetary disk.
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Figure A.5: (a) Wind velocities along the slit position 5 (Lat = 10.12°). (b) Slit’s position scheme on the planetary disk.
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Figure A.6: (a) Wind velocities along the slit position 6 (Lat = 16.95°). (b) Slit’s position scheme on the planetary disk.
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Figure A.7: (a) Wind velocities along the slit position 7 (Lat = 24.33°). (b) Slit’s position scheme on the planetary disk.
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Figure A.8: (a) Wind velocities along the slit position 8 (Lat = —14.74°). (b) Slit’s position scheme on the planetary disk.
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Figure A.9: (a)Wind velocities along the slit position 9 (Lat = —20.77°). (b) Slit’s position scheme on the planetary disk.
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Figure A.10: (a) Wind velocities along the slit position 10 (Lat = —26.87°). (b) Slit’s position scheme on the planetary disk.
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Figure A.11: (a) Wind velocities along the slit position 11 (Lat = —33.11°). (b) Slit’s position scheme on the planetary disk.
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Figure A.12: (a) Wind velocities along the slit position 12 (Lat = —39.59°). (b) Slit’s position scheme on the planetary disk.
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Figure A.13: (a) Wind velocities along the slit position 13 (Lat = —46.43°). (b) Slit’s position scheme on the planetary disk.
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Figure A.14: (a) Wind velocities along the slit position 14 (Lat = —53.81°). (b) Slit’s position scheme on the planetary disk.
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Figure A.15: (a) Wind velocities along the slit position 15 (Lat = —14.74°). (b) Slit’s position scheme on the planetary disk.
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