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Summary
We have analysed the behaviour of atmospheric water vapour on Mars using the observations by the OMEGA mapping spectrometer onboard Mars Express. OMEGA allows
an unprecedented comprehensive study of the Martian water cycle, because it can retrieve
information both on its global behaviour and on specific regions of the planet with high
spatial resolution. The latter point, in particular, has been covered only by one instrument
up to now, the ISM spectrometer onboard Phobos-2, which had a much more limited
coverage, both in space and in time. Such kinds of observations are thus much needed.
While the annual survey confirms the main results from both previous missions and
from simultaneous observations by the other Mars Express spectrometers, it also adds
some new information to the global picture of the water cycle. The main reservoir for the
atmospheric water is the northern polar cap, through its sublimation during late northern
spring – early summer. The corresponding effect for the southern cap, instead, produces
a much less structured vapour maximum, but we cannot exclude a greater influence by
aerosol effects during the southern summer. The global circulation helps to shape the
features that indicate a redistribution of the H2 O coming from the polar caps, even if, for
example, the equatorward drift during northern summer is less prominent than in previous observations (MGS/TES in particular). The regolith contribution, instead, seems to
have a minor or even negligible influence on the global cycle. The lack of clear surfaceatmosphere signatures and the absence of a significant diurnal variation point at this conclusion.
Local effects, however, can play a strong role in water vapour behaviour. This is evident from all the regions we studied in detail, thanks to OMEGA mapping capability and
high spatial resolution. The difference in the comparison between OMEGA and in-situ
results on the Spirit and Opportunity landing sites can be explained only by considering
some peculiar local phenomena on Valles Meridiani. Similarly, both the enrichment on
the Tharsis volcanoes and the regional differentiation in H2 O behaviour on the Hellas
region can be explained only through some local effects. In all these cases, the most probable trigger is atmospheric circulation. Regarding the volcanoes, the extreme topography
can generate vigorous upslope winds that act as a “pump”, transporting atmospheric material – water vapour included – from the nearby plains to the summit of the mountains.
In Hellas, the presence of the Basin itself acts on the circulation patterns, isolating the
region north of it. The southern area is instead connected to Hellas Planitia, at least for
water vapour, by the common presence of the seasonal polar cap during local autumn
and winter, which influences the subsequent evolution. Regolith-atmosphere exchanges
cannot be ruled out, but they do not seem necessary to explain the observed features.
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Introduction
Observations of water in all its states (solid, liquid, gaseous) have always been a prime
objective of ground- and space-based missions towards Mars, due to the crucial role of
water for the habitability of a planet. The idea of a dry but Earth-like Mars, hosting its
own life forms or suitable for human colonization, fell with the first detection of water
vapour, which turned out to be much less than expected (Spinrad et al. 1963), and the
first photos from Mariner 4 in 1964. The new Martian paradigm of a dead, Moon-like
planet lasted for all the 1960s, but it changed again after the Mariner 9 spacecraft (1971)
demonstrated the presence of a thin but active atmosphere with its own climate. Such a
scenario for Mars has been confirmed and refined in the last forty years of observations.
Water vapour is an important part of this scenario. The two milestone missions of
Viking orbiter in the late seventies (with the Mars Atmospheric Water Detector (MAWD),
Farmer and Laporte 1972), and Mars Global Surveyor (MGS), which survived for eight
Earth years between 1997 and 2006 (Albee et al. 1998), established that water vapour
is just a trace gas, with abundances of some hundreds of parts-per-million on average,
but exhibits a distinct cycle with clear seasonal features. Indeed, water vapour is the
most variable trace gas in the atmosphere, which implies that it is involved in a variety of
physical and chemical processes. The understanding of the physical drivers of the water
cycle thus would give key information on the whole Martian climate, and ultimately on the
planet itself. This is the main motivation behind the study of the behaviour of atmospheric
water vapour on Mars.
Even if the MAWD and Thermal Emission Spectrometer (TES, onboard MGS) observations form a consistent picture of the water cycle (Jakosky and Farmer 1982; Smith
2002), there are still several obscure points. For example, even the relative importance
of the main physical mechanisms that rule water behaviour is not known. The significance of possible surface-atmosphere interactions, mainly from the regolith layer, is also
questioned, and the role of subsurface reservoirs is still to be analysed. Moreover, while
the seasonal trend of water vapour is quite well known, other characteristics were only
sparsely observed, and only tentative conclusions could be sketched. Examples are the
H2 O diurnal variations, of which we have contrasting indications, and its vertical distribution in the atmosphere, especially in the lower atmospheric layers which are important
to study for their implications on surface-atmosphere exchange of water. Finally, the focus of water vapour research has always been on global scale behaviour, due to the lack
of high spatial resolution instruments. Up to now, only the Infrared SpectroMeter (ISM)
onboard Phobos-2 (Bibring et al. 1989) studied few regions of Mars in more detail, but
only for a very limited period of time due to the early failure of the mission.
The aim of this thesis is to contribute to the understanding of these open points. This
is achieved through the study of water vapour behaviour, both at a global and at a re11
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gional scale, for a full Martian year. For this purpose we analyse data from the OMEGA
(Observatoire pour la Minéralogie, l’Eau, les Glaces, et l’Activité) spectrometer onboard
the ESA mission Mars Express. Indeed Mars Express, which has been observing the
planet from orbit since January 2004, is the first spacecraft that provides simultaneous
water observations by three instruments with different and complementary characteristics. OMEGA’s main strength is the combination of high spatial resolution and mapping
capability, which allows to retrieve detailed maps of water vapour on Mars. The dataset
spans the whole first Martian year of Mars Express, with two gaps corresponding to the
late northern spring and the northern autumn. The observations cover different times of
the day, between 8:00 and 17:00, and almost the whole surface at good spatial resolution.
All the global properties of the water cycle have been retrieved and analysed. Another
part of the work presented in this thesis consists in the detailed study of some specific
regions of Mars, through the investigation of the high resolution H2 O maps. We selected
those areas that are relevant for Mars topography and interesting for atmospheric characteristics. Thus, we focused on the four Tharsis mountains and the Hellas basin. A
coordinated study between in-situ and orbital observations on the two Mars Exploration
Rovers landing sites was also performed.
The structure of this dissertation is as follows: in the first two chapters we delineate
the physical and observational framework of the thesis. Chapter 1 describes the climate
of Mars, its atmosphere, and the most important features of the physics of water, while
Chapter 2 traces the current state of knowledge of the water cycle and its physical drivers.
Then, Chapter 3 describes the Mars Express spacecraft and OMEGA in more detail. We
also focus on the OMEGA spectrum and on the band we are using for vapour retrieval,
and we explain the reasons for this choice. The retrieval method we employ is presented
in Chapter 4, with a careful analysis of the related uncertainties. The results are shown
in Chapters 5 and 6. The former covers the global trend, while the latter presents the
discoveries on the specific regions we selected. To conclude, Chapter 7 wraps up the
main findings of this work and traces an outlook for potential future developments.

12

1 The climate of Mars and its
atmosphere
1.1 An overview of Martian climate
A complete overview of the planet Mars certainly exceeds the limits of a thesis introduction. For this reason, this chapter focuses specifically on the description of Martian
climate. In this way we provide a basis for the understanding of the physical drivers of
the Martian water cycle, which is presented in detail in Chapter 2 and which is the subject
of the present work. We start from few basic data, from which we can extract the fundamental parameters that define the climate of a planet. We then present the characteristics
of the atmosphere, and finally we focus on the main features of water physics.
Mars is the fourth planet of the solar system, our outer neighbour. Figure 1.1 shows the
map of the planet, on which we can notice several characterizing structures and reliefs.
The altitude difference between the lowest and the highest point of Mars (respectively

Figure 1.1: Altimetry map of the surface of Mars, from the laser altimeter onboard Mars
Global Surveyor (MOLA).
13

1 The climate of Mars and its atmosphere
Parameter
semimajor axis
eccentricity
yearly averaged solar constant
orbital period
axial tilt
rotation period
mean radius
mean density
surface gravity
magnetic field

value
2.28 1011 m
0.0934
589 W m−2
687 Earth days
25.19◦
24.62 h
3.39 106 m
3.93 103 kg m−3
3.69 m s−2
residual only

Mars/Earth ratio
1.52
5.59
0.431
1.88
1.067
1.026
0.532
0.713
0.376

Table 1.1: Main parameters of Mars. The first four are orbital characteristics, while the
rest are intrinsic to the body of the planet itself.

Hellas Planitia, the basin centered around 70◦ E - 40◦ S, and Olympus Mons, at ∼ −140◦
E, 20◦ N), is actually higher than the colour scale suggests, being around 30 km compared
with the ∼ 20 km of the Earth. Table 1.1 summarizes the main physical and orbital data.
These values depict a small planet whose composition is dominated by lighter elements
than Earth. The dimensions and composition of Mars played a crucial role in defining
its climate. In fact, its size caused a faster cooling of the interior compared to Earth and
the consequent shutting of the dynamo, which is the driver of the planetary magnetic
field, and of its plate tectonics and volcanism (an important factor in the evolution of an
atmosphere). The lack of a magnetic field, together with the reduced gravity, allowed in
turn a greater erosion rate of the atmosphere, especially in the early age of the solar system
when the EUV flux from the Sun was several units stronger than today (Chassefière et al.
2007).
Nevertheless, the main driver of a planet’s climate is its orbital characterization. Some
parameters of Mars exhibit a remarkable similarity to Earth. The axial inclination and
the length of the day show that Mars has an Earth-like seasonal and circadian cycle.
However, the further distance from the Sun implies a reduced solar irradiance on the
surface, less than a half of Earth. Moreover, Mars has a highly eccentric orbit. This
implies that the Martian solar constant varies significantly during a year, going from 490
W m−2 at aphelion (happening at L s = 72◦1 , at the end of northern spring), to 720 W m−2
at perihelion (L s = 251◦ , end of northern autumn). This implies that Mars has actually
two distinct climates with completely different characteristics, creating a strong seasonal
asymmetry that has many consequences for the annual water cycle and for the climate in
general (Clancy et al. 1996).
The first effect can be noticed in temperature, possibly the most important parameter
which defines a climate. Figure 1.2 shows the yearly variation of the atmospheric nearsurface temperature with latitude during the night and the day. The plots were created
using the climatic model which will be described in detail in Section 4.2.1, with a step
of 0.5◦ both in latitude and in L s . Mars has an average temperature of ≈ 218 K during
1
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The definition of L s , or solar longitude, is in Appendix A.

1.2 The atmosphere of Mars
Component
CO2
N2
Ar
O2
CO
H2 O
Ne
Kr
Xe
O3
CH4

volume mixing ratio
0.9532
0.027
0.016
1300 ppm
700 ppm
200 ppm
2.5 ppm
0.3 ppm
0.08 ppm
0.04 – 0.2 ppm
∼ 10 ppb

Table 1.2: Abundance of the main atmospheric components on Mars. The value for water
vapour is merely indicative, given its strong seasonal and spatial variations.

the day, around 80 K less than the Earth, and of approximately 180 K during the night.
A mean value is however not particularly representative, because temperature fluctuates
strongly both during the year and between day and night. The actual difference can be
even more than Figure 1.2, representing only average values, suggests. It is known that
during southern summer temperature can reach up to 293 K (20 ◦ C). The annual temperature variations mark very clearly also the climatic dichotomy due to orbital eccentricity.
It is interesting to remark that Mars’ orbit has a quasi-chaotic nature, mainly due to
the tidal influence of Jupiter and the absence of a large moon which can act as stabilizer2 .
This means that the orbital parameters undergo strong secular fluctuations (Figure 1.3).
The eccentricity varies between an almost circular orbit to 12%, acting on the annual
distribution of insolation and reducing or enhancing the asymmetric behaviour of the
climate during the year. The oscillation of the rotational axis is even more pronounced,
going from 15◦ to 45◦ (and theoretical models predict that in earlier times it was even
bigger, between 0◦ – 60◦ ). The axial tilt influences the latitudinal distribution of insolation
and the cycle of seasons, which thus are not always Earth-like as in the current times.
The complete range of implications on the climate are complex and difficult to grasp,
also because the nature of Mars’ orbit does not allow a complete reconstruction of its
parameters before 10 – 20 My ago. Some consequences of the orbital variations on the
water cycle are discussed in Section 2.7.

1.2 The atmosphere of Mars
Mars’ atmosphere is predominantly made up of carbon dioxide molecules (Table 1.2).
All other components can be considered trace gases compared to CO2 , including water
vapour, the subject of this thesis. It must be noted that water vapour actually undergoes
strong annual variations, and mixing ratios from almost zero to a few thousands ppm can
2

Mars has two satellites (Phobos and Deimos), but they are very small bodies, and contrary to the EarthMoon system they had and have no influence on the evolution of the planet.

15

1 The climate of Mars and its atmosphere

Figure 1.2: Atmospheric temperature distribution at the surface over the year (expressed
in L s , x axis) and latitude (y axis) for the middle of the night (2:00, top) and of the day
(14:00, bottom).

16

1.2 The atmosphere of Mars

Figure 1.3: Model reconstruction of variation in eccentricity, axial tilt, and insolation for
the past 10 Million years (adapted from Laskar et al. 2002).
be observed in few places, so the value of 200 ppm in the table is just a very approximate
average value. Mars has a relatively thin atmosphere, as can be noticed looking at the
values of surface pressure (i.e. from Viking data, Figure 1.4), which are in the order
of some mbar. Given the large topographic excursion, pressure varies on the planet by
around an order of magnitude, from 0.9 mbar at the top of Olympus Mons to around 10
mbar at the lowest point, the bottom of Hellas Planitia. The surface pressure is used also
to define the equivalent of the “sea-level” on Mars, called Zero Datum. By convention,
this is set at the elevation where the atmospheric pressure is 6.12 mbar, corresponding to
the triple point of water.
Figure 1.4 shows also that during the year there are significant fluctuations in surface
pressure (∼ 25%), with the minimum at L s = 150◦ and the maximum at L s ∼ 270◦ . A
secondary minimum is also present at the end of northern winter, at L s = 0◦ . The two
curves exhibit the same trend, which means this is not due to a local effect. The cause is a
phenomenon exclusive to Mars, and it can be understood looking at the temperature maps
of Figure 1.2. During the polar night, especially in the aphelion season, the temperature
reaches 148 K, which is the condensation temperature of CO2 (the lowest temperatures
returned by the model are even slightly lower). Thus, the main component of the atmo17

1 The climate of Mars and its atmosphere

Figure 1.4: Diurnally averaged pressure from the two Viking landers (VL1 and VL2).
The data are fitted with an 8-harmonic curve. The absolute value between the two curves
is due to the difference in altitude between the landing places of the two Vikings (adapted
from Hourdin et al. 1995).
sphere starts to condense around the polar region during local winter. A seasonal carbon
dioxide cycle sets up, with the exchange of CO2 between the atmosphere and the seasonal polar caps. The amount of CO2 which is transferred between these two reservoirs
is significant, and constitutes ∼ 25% of the mass of the atmosphere. Consequently, the
atmosphere becomes periodically thinner (and thicker, when CO2 sublimates back again
from the polar caps), generating the pressure fluctuations. This effect is more pronounced
during the southern winter than during the northern one, because of the difference in insolation between aphelion and perihelion.
Atmospheric pressure decreases with height. This is expressed by the equation of
hydrostatic equilibrium
dp
= −ρg
(1.1)
dz
where ρ is the average air density in a slab of thickness dz in a plane-parallel atmosphere,
and g gravity. Using the ideal gas law we can take the density out and get a differential
equation for pressure
g
1 dp
=−
(1.2)
p dz
RT
whose formal solution is

p
= exp −
p0

Z

z
0

!
g
dz .
RT (z)

(1.3)

As it is explicitly written here, the temperature depends on the atmospheric height, and
18

1.2 The atmosphere of Mars

Figure 1.5: Comparison of the atmospheric temperature profiles for the three terrestrial
planets. This sketch is just a representation of the characteristic average vertical profile
(source: http://lasp.colorado.edu).
the integral cannot be solved unless the temperature vertical profile is known. Usually,
however, the equation is integrated considering some average temperature value T av :
!
gz
p ≈ p0 exp −
.
RT av

(1.4)

This approximation works quite well both on Earth and on Mars, especially in the lower
layer of the atmosphere. We define atmospheric scale height H the quantity H = RTgav , that
tells how fast the pressure decreases with height. For Mars H = 10 − 11 km, compared
with about 8 km for the Earth. With a good approximation the density also scales with
the same value of H.
The vertical profile of temperature T (z) defines the structure of an atmosphere. The
comparison between Earth and Mars shows a very different behaviour, with the Earth’s
atmosphere more complex and layered (Figure 1.5). A distinction between the two planets
is not surprising, considering that Earth’s atmospheric structure is driven by ozone, which
does not have any strong effect on Mars due to its low abundance. In the case of Mars we
distinguish generally between a lower, a middle, and an upper atmosphere. The lower part
has a similar behaviour to Earth’s troposphere, being characterized by convective motions
in an adiabatic regime, with a steady temperature gradient with height
−

dT
= Γd
dz

(1.5)

where Γd is called the dry adiabatic lapse rate, “dry” because the approximation of no
phase transition of water vapour in the atmosphere is used. The low H2 O mixing ratio in
19

1 The climate of Mars and its atmosphere

Figure 1.6: Comparison between theoretical vertical temperature profiles in the atmosphere (lines) with Mariner 9 measures (shaded area) for two hours, 06:00 (early morning, the coolest moment of the day), and 16:00 (mid-afternoon). The theoretical profiles
were computed in a dust-free CO2 atmosphere (left), and with a well-mixed solar absorber
with an optical depth of 0.1 at all wavelength, simulating a weak presence of dust in the
atmosphere (right) (adapted from Gierasch and Goody 1972).
the atmosphere of Mars does not change significantly the lapse rate. Using the Poisson’s
relation between pressure and temperature for an adiabatic process
p

(1−γ)
γ

T = constant

(1.6)

where γ is the ratio of the specific heat capacities of the atmosphere, c p /cv , together with
the hydrostatic equilibrium law (Equation 1.1), the dependence of the dry adiabatic lapse
rate from physical quantities is found:
Γd =

g
.
cp

(1.7)

We can see that the lapse rate of the troposphere is related to intrinsic properties of the
planet: its gravity, and the specific heat capacity at constant pressure, which in turn depends on the composition of its atmosphere. For Mars Γd = 4.5 K km−1 , around half
of Earth’s. Such a steady condition in the troposphere breaks down in the lowest layer,
which is influenced by direct surface-atmosphere exchanges. This part is called the Planetary Boundary Layer (PBL), and its effects on the atmospheric structure can be noticed
in Figure 1.5, where close to the surface there are strong temperature increases (as in the
16:00 curves) or inversions, like in the night profiles. The PBL is not constant, but varies
between 3 – 5 km during the day to < 100 m in the night. The physics that drives the PBL
is complex and involves strong turbulent effects. It has a very important part in the understanding the significance of surface influence on atmospheric phenomena, as the regolith
role in the water cycle (Section 2.6.2).
By definition, the layer where the adiabatic regime ends (called tropopause) also
marks the end of the troposphere (or of the lower atmosphere, following Mars’ nomenclature). Knowing the temperature of near-surface atmosphere and that of the tropopause,
from the value of the adiabatic lapse rate we can compute that the tropopause of Mars
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should have a characteristic altitude of ∼ 16 km. However, since Mariner 9 observations
it is known that the troposphere extends much higher in the atmosphere, up to 40 – 50 km
(Hanel et al. 1972). This discrepancy is due to the presence of dust in the lower atmosphere. The dust loading has the effect to reduce the lapse rate to about 2 K km−1 . With
this value of Γd the theoretical vertical profiles manage to fit the measured temperature
range (Figure 1.6). In this sense, dust for Mars has the same function as ozone on Earth
for the determination of the atmospheric vertical profile. So, the lower atmosphere of
Mars can be defined as that layer which is directly influenced by the presence of aerosols
for its thermal balance. However, because the dust loading in the atmosphere is much
more seasonally variable than the ozone on Earth, the vertical structure of the atmosphere
of Mars is likewise more variable than the Earth case.
As for all the planets, the atmosphere of Mars provides a degree of greenhouse effect
due to the absorption of infrared radiation emitted by the surface. The lower atmosphere,
thick (compared to the other layers) and loaded with dust, is the main contributor to the
greenhouse effect. This influence can be quantified comparing the measured temperature
of the planet with the effective temperature T e , computed from
πr2 S 0 (1 − A) = 4πr2 σT e4

(1.8)

with r the radius of the planet, S 0 the solar constant for Mars, A the planetary albedo
(∼ 0.2), σ the Stefan Boltzmann constant. We obtain T e = 212 K, 6 K less than the
average measured temperature. This value has to be compared with the ∼ 30 K for Earth
and the several hundred K of Venus. So, even though Mars’ atmosphere is made up almost
totally of one of the more effective greenhouse gases, it is still too thin to contribute
significantly to the planet’s warming. The minor influence of the buffering effect of the
atmosphere can be noticed also in the strong day-night temperature excursion.

1.2.1 Circulation in Mars’ atmosphere
As for Earth, on Mars we can discern the presence of a circulation on a global scale,
over which local influences are superimposed. A complete description of Mars’ circulation is extremely complex, and nowadays it is studied with General Circulation Models
(GCMs), which attempt to simulate the whole atmosphere dynamics down to a resolution
of few degrees, through the application of the equations of hydrodynamics. The effort
of resolving smaller spatial scales down to few hundreds of km with mesoscale models
is an ongoing work started in the last years, and has already produced some remarkable
results. Here we focus only on the main characteristics of Mars circulation (Figure 1.7).
The general structure for the two planets is quite similar. This is actually not surprising,
because circulation is driven mainly by the differential heating with time and latitude, and
Mars has almost the same rotation period and the same axial tilt of the Earth. However,
we can expect stronger temporal variations, from daily to interannual time scales, due to
Mars’ larger eccentricity, the highly variable dust cycle, the short radiative response time
scale of Martian atmosphere, and the low thermal inertia of the surface.
We break up the horizontal part of the circulation in two components, the meridional
(north-south) and the zonal flow (east-west). The principal thermally-driven overturning
meridional circulation is the Hadley cell, which is an immediate consequence of the heating imbalance between the equator and mid-latitudes. The warm air at the equator rises
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Figure 1.7: Scheme of the main features of Martian circulation during the equinoxes
and solstices seasons. EJ and WJ indicate easterly and westerly jets, respectively (from
Jakosky and Haberle 1992).
and drifts toward the colder poleward regions, where it eventually cools and sinks, generating the cell. The Hadley circulation was modelled by Held and Hou (1980), from which
we infer that it extends on Mars until ∼ 35◦ latitude, a value confirmed by more sophisticated GCMs. The Coriolis force, driven by the rotation of the planet, is the main acting
agent of the zonal circulation. The cells are dragged and stretched in the longitudinal direction, so that equatorward flow is (roughly) associated with westward zonal winds, and
poleward flow with eastward winds. In contrast to the case of Earth, the drag from rotation
is not strong enough to split the Hadley cell in more units. The structure of the zonal wind
is however more complicated. On Mars the Coriolis force and the horizontal pressure
gradient can be considered in equilibrium at most latitudes (geostrophic approximation),
creating patterns varying with altitude according to the thermal wind equation:
1 ∂u
g ∂θ
∂u
'
=
∂z H ∂ ln p r f θ ∂φ

(1.9)

where u is the zonal component of the wind, r the planetary radius, f = 2Ω sin(latitude)
the Coriolis parameter, and θ = T ( pp0 )R/c p the potential temperature. At the equator f → 0
and the geostrophic approximation falls. The zonal wind is driven by other mechanisms,
mainly thermal tides, which on Mars are stronger than on Earth because of the larger daily
variations in surface temperature.
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The structure of the Hadley cells undergoes strong changes with season, due to the
fluctuations in insolation. The Hadley circulation is strongest during the southern summer solstice, when a single cell centered on the equator spans more than 100◦ in latitude
(Haberle et al. 1993; Forget et al. 1999). In comparison, the northern summer solstice
exhibits the same single-cell structure but much weaker, due to its closeness to aphelion. During equinoxes, instead, two Hadley cells of comparable strength are generated.
The Hadley circulation during equinoxes is weaker than during both solstices, because
of a less pronounced latitudinal temperature gradient. Secondary equatorward cell-like
circulations, such as the high-latitude Ferrel cell, also develop, but they are secondary
compared to the Hadley one.
An unique feature of Martian circulation is the flux associated with the seasonal cycle of condensation-sublimation of CO2 , which generates a pressure gradient and consequently a significant pole-to-pole meridional flow in the direction of the winter hemisphere. As other kinds of circulation, it exhibits a seasonal asymmetry, being particularly
significant during the aphelion period, when ∼ 25% of the atmospheric mass condenses
on the south pole. The condensation flow has instead a relatively minor impact on the
main pattern of the zonal winds, except eventually in the Planetary Boundary Layer.
Atmospheric circulation is disrupted by waves. In particular, planetary-scale waves
(or Rossby waves), driven by the variation of the Coriolis force with latitude. The abovementioned thermal tides are an example. Another kind of waves are those triggered
by topographic reliefs, which generate slope winds. This is very important at a local
scale, when strong variations in topography are present, as the Tharsis volcanoes, Valles
Marineris, and the edges of the Hellas and Argyre Basins. Usually, during the day the
slopes of mountains or basins are strongly heated, and buoyancy forces generate an upslope flow, while the opposite direction is set in the night. This pattern is modified by the
influence of the global circulation, the turbulent mixing in the PBL, and local effects.

1.3 The physics of water
Between all the components of the atmosphere, water vapour is of prime importance, even
if it is present only as trace gas with an abundance of some hundreds of parts-per-million.
It is an essential component for the past and present biological potential of a planet. It
is an important indicator of climate changes on long time scales, and it participates in
several physical and chemical processes. On Earth, physical and chemical conditions
allow water to be present in all its three states or phases: liquid, solid (ice), and gaseous
(vapour). Despite the low abundance, Mars possesses a structured water cycle, which will
be analysed in full detail in the next chapter. Here we describe the basic water physics
and the mechanisms of state change, focusing in particular on water vapour, which is the
objective of this thesis.
A water molecule escapes from a body of liquid water into the atmosphere when it
acquires sufficient kinetic energy in a collision to overcome the cohesion force that bonds
it to the other water molecules of the liquid body. This process of phase transition is called
evaporation, while the reverse process is called condensation. It must be immediately
remarked that the same phenomenon happens from water ice, with different names (the
transition from ice to vapour is called sublimation; the inverse process deposition, even if
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Figure 1.8: Phase diagram of water around the triple point, with remarks on the Martian climatic range and the conditions that permit the formation of liquid water on the
planet. Note that “Mars Pressure Range” indicates the interval for surface pressures, not
atmospheric ones (adapted from Haberle et al. 2001).
sometimes the word condensation is also used, albeit improperly). Usually, evaporation
and condensation happen simultaneously, and what is visible is their difference, the net
evaporation. The net evaporation determines the mass of water vapour in the atmosphere,
Mv , whose time evolution is expressed by the equation
dMv
= E − C(Mv )
dt

(1.10)

where E is the rate of evaporation, which is fixed, and C the rate of condensation, which
depends only on the mass of water vapour itself. The more water vapour is present in
the atmosphere, the more it condensates back. At equilibrium, condensation and evaporation balance each other. The mass of water vapour at equilibrium (Mve ) increases monotonically with the temperature of the liquid, because evaporation is mainly a thermalcontrolled process. The exact dependence of Mve on temperature is not straightforward,
also because evaporation is a cooling process, from the point of view of the liquid. In fact,
it favours the escape from the liquid of the most energetic molecules, lowering the internal
energy of the liquid, which by the principles of statistical mechanics is perceived from a
macroscopical point of view as its temperature. According to the same laws, condensation
is instead a warming process.
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We measure the water vapour content in the atmosphere (called absolute humidity)
in form of pressure. The vapour pressure e is a way to indicate the vapour density %v ,
through the expression
e
ρv =
(1.11)
Rv T
where Rv is the gas constant for water vapour and T the temperature of the air. The vapour
pressure at equilibrium is called saturation vapour pressure, e s . The ratio between vapour
pressure and saturation vapour pressure, at a given temperature, is the relative humidity of
the air3 . The relative humidity can be expressed with more physical meaning as the ratio
between the rate of condensation C and the rate of evaporation E.

1.3.1 Water phase transitions
Studying the behaviour of the saturation pressure is important in order to understand the
physics of phase changes, which are central in the study of the water cycle on Mars.
The saturation pressure depends almost exclusively on temperature. The equation that
describes this dependence is the Clausius-Clapeyron equation:
de s
1 lv
=
.
dT
T vv − vw

(1.12)

Here lv is the enthalpy of vaporization per unit mass, the difference between the enthalpy
of water vapour for an unitary mass and that of the same mass of liquid water4 . vv and
vw are respectively the specific volumes of vapour and water. In the same way, we can
speak of enthalpy of sublimation in relation to ice-vapour phase transitions. The ClausiusClapeyron can be expressed also taking out the specific volumes, assuming vv  vw :
de s
lv e s
=
dT
Rv T 2

(1.13)

In this way, being lv independent of temperature at a large extent, we explicit the temperature dependence of the saturation vapour pressure, and the differential equation can be
integrated. With some rearrangements, the result is
!
mv lv
e s (T ) = C exp −
(1.14)
kT
with C a constant. In practical applications the relation between e s and T is usually
extracted operatively from laboratory measurements (as Equation 4.12 in our model).
The solid, liquid, and vapour equilibrium states of water, as for any other substance,
are usually described by a phase diagram. A section of the p-T phase diagram for water is shown in Figure 1.8, which focuses around the triple point, the physical condition
where the three states coexist in equilibrium. As it can be seen, even though Mars has the
theoretical possibility to have liquid water on the surface - and indeed the transient presence of liquid water in recent times seems to be demonstrated by observations from the
3
The relative humidity is also defined through the ratio of the mixing ratio of vapour and the saturation
s
mixing ratio. The two definitions disagree of a factor p−e
p−e .
4
The enthalpy of vaporization is more commonly called latent heat of vaporization.
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Mars Global Surveyor camera - this possibility is not common on Mars, and it can happen
only in specific regions and seasons. The physics of water on Mars is thus dominated by
solid-gas transitions.
In the atmosphere, this transition happens where the saturation vapour pressure e s (T )
equals the partial pressure of water pH2 O , which can be found from Dalton’s law:
pH2 O = p fH2 O

(1.15)

where p is pressure, and fH2 O is the mixing ratio of water vapour. Because p, fH2 O , and T
depend on altitude, this means to find the level in the atmosphere z s where
e s (T (z s )) = p(z s ) fH2 O (z s ).

(1.16)

The altitude z s is called saturation height or saturation level. Section 4.2.2 describes how
the saturation physics was implemented in our retrievals.

1.3.2 The precipitable water
The unit of measure used to indicate the amount of water in a column of atmosphere
needs to be presented and explained. The concept of precipitable water is easy to grasp.
Suppose all water vapour contained in a whole column of atmosphere, from the surface
to the top, is condensed on the ground. The result would be a layer of liquid water, whose
thickness dw is the precipitable water unit of measure. By this definition, we can write
Z ∞
ρw dw =
ρv dz
(1.17)
0

where ρw is the density of liquid water, which is the unit for densities. Using the hydrostatic law we can convert the height integral in pressure integral:
Z p0
1 mv p v
dw =
dp
(1.18)
g hmi p
p
where mv and hmi are the molecular weight of water vapour and the mean molecular
weight of the atmosphere respectively. Supposing that g, mv , and hmi are independent on
altitude in the layers where vapour is present, we can write
Z p0
Z p0
1 mv
1 mv
pv
dp =
dw =
fH2 O d p.
(1.19)
g hmi p p
g hmi p
In this way, we express the precipitable water as a direct function of pressure and water
vapour mixing ratio.
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2.1 History of water vapour observations
The search for water on Mars, both in liquid or icy state on the surface and subsurface and
in the gaseous or condensed phase in the atmosphere, has always been one of the main
focuses of Martian observations, due to its pivotal importance for the habitability of the
planet. The behaviour of water in the atmosphere of Mars is closely linked to its climate.
Water responds to many climatic effects, such as the dust and CO2 cycles, the variations
of insolation during the year due to the high eccentricity of Martian orbit, and the seasonal
and diurnal cycles, which in turn depend on the obliquity of the rotation axis of the planet.
Due to the high variability of these parameters, it is important to stress that we will refer
here to the current state of the water cycle only. A few insights on the past conditions of
water on Mars are presented in Section 2.7.
The first detection of water vapour in the Martian atmosphere is reported by Spinrad
et al. (1963) using infrared spectrograms taken at the Mount Wilson reflector. Their results
showed a globally averaged column density of 10 precipitable microns (pr. µm), approximately a factor of 104 smaller than on the Earth, quite disappointing for the potential of
Mars as a habitable planet. Successive observations in the 1970s confirmed Spinrad et al.
(1963) values and for the first time detected hints of a seasonal cycle for water vapour,
with a maximum in each hemisphere just after the local solstice and minimum of activity
around the equinoxes (Barker 1976).
While Earth-based observations continued to provide information on water vapour,
the real landmark is represented by the Martian Atmospheric Water Detector (MAWD)
instrument onboard the Viking orbiter, which allowed the continuous monitoring of H2 O
at an unprecedented resolution for more than one Martian year (Jakosky and Farmer
1982). These results were then expanded and refined by the Thermal Emission Spectrometer (TES) onboard Mars Global Surveyor (Smith 2002, 2004). These two datasets
form the observational foundations of this chapter. The Mars Express spacecraft (Chapter
3) is already providing the third and more complete reference for the behaviour of water
vapour. The present thesis, which analyses the vapour retrievals by the OMEGA mapping spectrometer, is part of this new reference. Mars Express H2 O results from the other
spectrometers onboard it will be presented in more detail for comparison in Chapter 5.

2.2 Seasonal behaviour
The results of Viking/MAWD, which monitored water vapour with the 1.38 µm band
in the reflected infrared spectrum, are described in Jakosky and Farmer (1982). Figure
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Figure 2.1: Figure 4 of Fedorova et al. (2004a). Seasonal water vapour column density
in precipitable microns: (b) as observed by Viking/MAWD (from Jakosky and Farmer
1982), and (a) reconstructed with the employment of a multiple scattering model by dust.

2.1b shows its behaviour as a function of latitude and season (expressed through the solar
longitude L s ). During the year, the amount of water vapour in the atmosphere changes
dramatically between 0 and 100 pr. µm, corresponding to about 1 – 2 km3 of ice (to be
compared with the ∼ 13000 km3 of Earth’s atmosphere). The largest abundance occurs
at high northern latitudes during early local summer, at L s ∼ 120◦ . Water vapour column
density starts to increase already during late spring. This is interpreted as a clear signature
of the effect of water ice sublimation from the northern polar cap. With the progression
of the summer a local maximum slowly moves equatorwards and becomes progressively
less intense. This trend gives the impression that water vapour, after sublimation, is being transported by global circulation towards lower latitudes and perhaps even across the
equator. However, computations of the water transport suggested that the circulation is
too sluggish to explain completely the observed amount of vapour, and thus there is another source that plays some role. This source has been traditionally identified with the
adsorption/desorption from the regolith layer that covers the surface of Mars. The presence of a local maximum at ∼ 50◦ S at the beginning of southern summer suggests that
the mechanism of sublimation from the polar cap observed in the north is active also in
the southern hemisphere. However, it is much less prominent (15 pr. µm against ∼ 100
pr. µm of the northern summer) and farther from the southern polar cap. This disparity
has been associated to the incomplete sublimation of the CO2 frost coating of the residual
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southern cap, that in turn does not allow a free sublimation of H2 O. However, the explanation given by Jakosky and Farmer (1982) – that the CO2 covering is able to survive
the summer only if a global dust storm is present to protect it – has been confuted by
successive observations.
The Viking years were indeed particularly dusty especially around perihelion, with
two extensive dust storms, and the MAWD results during southern spring and summer
are heavily influenced by these conditions. This is shown by the study of Fedorova et al.
(2004a), which reprocessed the Viking data with a multiple scattering code. Such corrected results show there is indeed a local maximum in the southern hemisphere at the
beginning of the summer mirroring the northern one, even if still much less intense (Figure 2.1a). A secondary maximum at northern tropical latitudes between L s ∼ 200◦ − 250◦
also appears, attributed to transport driven by the combined effects of the planetary Hadley
cell and the difference in elevation between the northern and southern tropics (Richardson
and Wilson 2002).
Later observations by TES show remarkably similar behaviour to the corrected MAWD
results, suggesting that the seasonal water cycle is in a steady state with little interannual
variations. TES resolved four water vapour rotation bands in the 28 – 42 µm region of the
thermal spectrum (Smith 2002). In Figure 2.2 the TES measurements for the whole Mars
Global Surveyor mission, which covers around three full Martian years between the end
of Martian Year 24 and the beginning of MY 271 , are presented. It must be remarked that
there is a consistent quantitative difference between the results of Figure 2.2 and those
published in Smith (2002) and Smith (2004). TES had in fact two resolution modes, 6
cm−1 and 12 cm−1 , which were merged in the published results. However, a successive
analysis showed that at the lowest resolution the two weakest bands were giving much
higher values than the two strongest bands, which instead were consistent with the results
from the higher spectral resolution. The reprocessed data gave results ≈ 20% lower than
the original retrievals. These are the results shown in Figure 2.2. The corrected dataset
has kindly been provided by M. Smith. The main difference between TES and MAWD is
the structure of the relative maximum at tropical northern latitudes during southern spring
and summer, which is less intense but more lasting in TES than in MAWD (even if some
caution must be used in approaching the MAWD results in this season, which are heavily
influenced by the scattering model used in the reconstruction of Fedorova et al. (2004a).
TES also observes around 20% less water vapour during the northern summer maximum.
Other features are instead stronger in TES, as the equatorward transport from the northern polar latitudes, and the secondary maximum at northern tropical latitudes during the
southern summer.
The seasonal cycle is by far the best known characteristic of Martian water vapour.
Other aspects, even if important, have been only sparsely observed and they are thus
much less constrained. These include the water vapour diurnal variability, its vertical
distribution throughout the atmosphere, and the spatial distribution on the planet.

1

The numbering of the Martian years is a recently established convention which sets the beginning
of first year of the Martian calendar (abbreviated in MY 1) on April 11, 1955. The Viking mission, for
example, covered MY 12–13.
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Figure 2.2: TES observations of the seasonal water cycle, first and second Martian year
of Mars Global Surveyor (MY 24 and 25). The results shown here are the corrected ones
in respect to the ones published in Smith (2002) (see text).
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Figure 2.2: Corrected TES observations of the third and fourth Martian year of MGS (MY
26 and 27).
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2.3 Diurnal variability
Direct measurements of water vapour variations during the day were obtained from groundbased instruments (Clancy et al. 1992; Sprague et al. 2006) or from few past orbital missions: IRIS/Mariner 9 (Ignatiev et al. 2002, revisited data); IMP/Pathfinder (Titov et al.
1999). Instead, an analysis of Viking/MAWD data could not distinguish between real
diurnal fluctuations and observational effects (Jakosky et al. 1987), while TES observed
only at 14:00 and thus it was not suited for this kind of study. All the results about the
diurnal cycle are summarized in Figure 4 of Titov (2002).
Several observations indicate the presence of a diurnal trend, with a common behaviour. Water vapour increases steadily during the morning, reaches the maximum
around noon and decreases again in mid-afternoon, from ∼ 16:00. At 18:00 water vapour
is at the same levels as at 8:00. The fluctuation is in the order of several units: 20% – 50%
in the majority of the cases analysed by Sprague et al. (2006) and from the revised data of
Mariner 9, a factor of ∼ 3 for Pathfinder. Quantitatively, these measures exhibit a water
vapour variation during the course of the day up to ∼ 10 pr. µm, which is quite significant
if compared to the average amount of water vapour in the atmosphere during the year.
Monitoring the diurnal trend has important physical implications for the Martian water
cycle, particularly for the relevance of the role of regolith as a reservoir for atmospheric
water. In fact, regolith desorption responds mainly to insolation, and in case of a significant influence of the regolith layer on the water cycle we would expect a symmetric
daily behaviour centered around noon (Section 2.6.2). This is just what the observations
presented above find. Such strong fluctuations also have a consequence for the vertical distribution of water vapour. If the water desorbed from the regolith in the morning
is adsorbed again in the evening, it does not have the time to be distributed uniformly
throughout all the atmosphere, and it does not leave the Planetary Boundary Layer.
However, this is not a conclusive result. The measurements are still too sparse and do
not allow a definite answer. Moreover, some datasets present ambiguous results. Several
cases analysed by Sprague et al. (2006) show no variation at all, and the Mariner 9 results
have high uncertainties and possess only a qualitative meaning.

2.4 The vertical profile of water vapour
Knowledge of the vertical profile of water vapour plays an important role in the understanding of the water cycle for several reasons. First and foremost, it can give essential
clues regarding the relative importance of the sources and sinks for H2 O, as the transport through the atmosphere and the exchange of water vapour between the atmosphere
and the regolith layer. Through a direct measure of the vertical distribution, information
regarding the height of the saturation level, and consequently on the temperature structure of the atmosphere and the formation of water ice clouds, can also be extracted. In
turn, the distribution of water affects the temperature, due to a feedback mechanism of
condensation-evaporation. The complicated and intertwined nature of the processes that
control the water vapour vertical profile and the lack of comprehensive observations are
the reasons why this problem still relies heavily on General Circulation Models. There are
three main processes that control the vertical profile of water vapour: saturation, which in
32

2.4 The vertical profile of water vapour
turn influences the microphysics of nucleation and sedimentation of ice crystals; surfaceatmosphere interactions; and atmospheric transport, both large-scale and local turbulent
mixing. Photochemical reactions seem to play only a minor role, especially in the lower
atmosphere (Kong and McElroy 1977).
Saturation acts as a cutoff on water vapour distribution. Above the saturation level,
the water vapour mixing ratio goes rapidly to zero. Close to the saturation level, water is
also redistributed downward in its condensed phase by transport. This process is faster
than any other that may affect the water vertical profile, and it is the main mechanism
for the formation of ice clouds. A possible consequence of this downward flux of falling
particles on the vertical distribution of water vapour is an enrichment of H2 O mixing ratio
in the layers just below the condensation level, as predicted by some models (Montmessin
et al. 2004).
As described in the previous section, the action of the regolith layer has the potential to
influence not only the diurnal fluctuations of vapour in the atmosphere, but also its vertical
distribution. In fact, the measure of these two observables is probably the most effective
way to constrain the relative importance of surface-atmosphere interactions on the water
cycle. Regarding the vertical distribution, the more effective the regolith “breathing” is,
the more probable water vapour stays confined to the lower atmospheric layers. The
intensity of this near-surface enrichment strongly depends also on the effectiveness of
the vertical mixing due to transport. Circulation redistributes the atmospheric material
vertically, through both global Hadley cells and eddy mixing (see Section 2.6.3 for more
details). The Hadley cell effectively mixes the lower layers of the atmosphere with a
time scale of about 15 days, but its ability to transport water is seasonally dependent
and it is especially hindered during the aphelion period. The strength of the turbulent
mixing is expressed by the vertical eddy diffusion coefficient Kz . Moderate values of
the eddy mixing coefficient, Kz ∼ 20 − 100 m2 s−1 , were computed by simulations with
GCM for the 10 – 45 km altitude region, with a mild seasonal dependence (Barnes et al.
1996). These values of Kz generate vertical motions at ∼ 1 − 5 m s−1 , corresponding to a
timescale τ = H 2 /Kz on the order of 10 days (where H is the atmospheric scale height).
In the lower layers of the atmosphere, and especially in the Planetary Boundary Layer, the
thermally-driven turbulent and convective mixing is presumably stronger, and the vertical
mixing coefficient can reach ∼ 103 m2 s−1 (Rosenqvist and Chassefiere 1995). In this
case the mixing timescale over a vertical length of a scale height is ∼ 1 day and vertical
eddy mixing becomes the dominant transport process, uniformly redistributing the water
vapour below the saturation height in a very effective way.
Information on the altitude distribution of H2 O from direct measurements is still very
limited. The Viking-MAWD experiment concluded that water vapour seems to be uniformly mixed at least within the first scale height, and not concentrated near the surface
(Davies 1979). This result was confirmed by direct measurements through stellar and occultation spectrometry, the most used technique for retrieving the vertical distribution of
volatiles above 10 – 15 km (Krasnopolsky et al. 1991; Rodin et al. 1997). In particular,
Rodin et al. (1997) found a constant mixing ratio below 20 km and a strong decrease
above, most probably due to the reaching of saturation. However, occultation measurements have high uncertainties below ∼ 10 − 15 km, if possible at all, due to the strong
influence of aerosols. Consequently, they cannot resolve the atmosphere within the lowest
scale height. No evidence for water vapour enrichment of the layers close to the saturation
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height, due to precipitation from above, has been found yet.
For the present state of knowledge, thus, the physics of saturation is the dominant
factor that drives the H2 O vertical profile, and an uniformly mixed water vapour below
the saturation level is currently the most accepted hypothesis. This is clearly stated in
Gurwell et al. (2000): “The vertical distribution of water is governed by the atmospheric
temperature structure, in which cold temperatures provide saturation conditions and can
limit the abundance of water above 10 km”, even if this value is seasonally dependent.
The observed confinement of water vapour to lower atmospheric layers in the course of
northern spring and summer can be explained by the decrease of atmospheric temperatures in the aphelion season. The results on water vapour vertical distribution obtained
by microwave profiling of the atmosphere presented in Clancy et al. (1996) and Encrenaz
et al. (2001) are interpreted through this hypothesis.
It must be remarked that the well-mixed water vapour profile can not hold in some
specific regions of the planet, where local sources, such as the regolith reservoir, are more
important, or the vertical transport is less effective.

2.5 Spatial variability and longitudinal distribution
After the seasonal behaviour, the longitudinal distribution is the most observed characteristic of the global water cycle. All the main water detectors, in fact, stored the coordinates
of the observations and could reconstruct surface maps of water vapour and their eventual
dependence on the season. Resolution limitations confine this kind of analysis to orbital
instruments.
A comparison of all the results of the annual average distribution of water vapour
from Viking to Mars Express shows a remarkable consistency, considering the different
spatial resolution of the instruments and the different Martian years of the observations.
The most evident characteristic is the anti-correlation between vapour column density
and topography (or airmass, defined by Jakosky and Farmer (1982) as exp (−z/H), where
z is the altitude and H the atmospheric scale height). This result is considered to be an
evidence of a constant mixing ratio with altitude, or only a weak function of it (Smith
2002). The effects of topography are removed by dividing the H2 O column density by
the airmass (Jakosky and Farmer 1982) or by (p sur f /6.1), where p sur f is the annually
averaged surface pressure in mbar (Smith 2002). The analysis is restricted outside the
polar regions, between −60◦ − +60◦ N, because the average over the polar latitudes bears
the signature of water sublimation during local summer. It must be remarked that such
scaling is strictly valid only if water vapour is uniformly mixed vertically. If this is not the
case and, for example, water is concentrated in a layer close to the surface, it leads to an
overestimation of the H2 O column: the higher the elevation, the bigger the overestimation.
There is a general good agreement between Viking/MAWD and MGS/TES longitudinal
distributions of such scaled column density of vapour. Two extensive maxima come into
prominence: one corresponds to the Tharsis region (−150◦ – −60◦ E, 10◦ S – 30◦ N), the
other to Arabia Terra (−10◦ – 60◦ E, 10◦ S – 40◦ N). MAWD also observed other secondary
structures, as a relative maximum on Elysium and a tentative one over Terra Cimmeria
(Figure 8b, Jakosky and Farmer 1982), whereas TES exhibits only the two main ones
(Figure 2.3). The Arabia Terra maximum is particularly intriguing, because it coincides
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Figure 2.3: TES results of longitudinal distribution of water vapour column density with
(top) and without (bottom) topography (from Smith 2002).

with a region of high water content in the first 1 – 2 m subsurface layer, as estimated by
the neutron Spectrometer onboard Mars Odyssey (Mitrofanov et al. 2004). This can imply
that the importance of regolith-atmosphere interaction on the water cycle is significant.
Not all Mars Express instruments have presented their results on the spatial distribution, but the currently available results confirm the past measurements. Both PFS-SW
(Tschimmel et al. 2008) and PFS-LW (Fouchet et al. 2007) show the two maxima over
Tharsis and Arabia Terra in the scaled H2 O column density map. Moreover, for the first
time the spatial distribution in different seasons (up to L s = 210◦ ) is presented in addition
to the annual average. Fouchet et al. (2007), in particular, studies in detail the longitudinal
behaviour and its possible explanations. The increase over Tharsis and Arabia is seen at
all seasons with just minor variations. The only possible exception is the first part of the
northern summer (L s = 90◦ − 150◦ ), where the Arabia maximum is not well identified
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due to lack of data, and the Tharsis one is less prominent than at other seasons. This is
not, however, a conclusive evidence for seasonal variations in the spatial distribution. A
comparison between the measured water vapour maps and the results from GCM simulations shows that both maxima can be explained by atmospheric dynamical or physical
processes, at least qualitatively. The supply from regolith is not strictly needed to justify
the Arabia maximum, but the influence of regolith on atmospheric water is not ruled out.
Between all the Mars Express instruments, OMEGA seems the best suited for this kind of
analysis, due to its high spatial resolution and mapping capability. Currently, however, the
spatial distribution and its annual variability has been studied only in few specific regions
of the surface, such as the northern polar area during summer sublimation (Melchiorri
et al. 2007).

2.6 The physical drivers of the Martian water cycle
Understanding the seasonal cycle of atmospheric water vapour of Mars requires a comprehensive picture of the role played by the seasonally accessible reservoirs for water.
The possible driving factors of the seasonal behaviour have already been presented in
passing in the previous sections, and they include water ice from both the residual and
the seasonal polar caps, water adsorbed in the regolith layer, and subsurface ice or permafrost, which is most probably negligible. Recently, the role of H2 O ice clouds also
drew renewed attention. All of these reservoirs are thermally driven. A seasonal increase
and decrease in temperatures at each location on the planet will tend to drive the water
into the atmosphere and back out again, respectively. Additionally, water vapour, once in
the atmosphere, is carried from place to place on the planet due to circulation. Water can
be transported as vapour, as solid ice in form of clouds, or as water bound onto airborne
dust grains. Here we analyse all these contributions individually and in detail.

2.6.1 Surface-atmosphere interaction: exchange with the polar caps
The strongest features of the seasonal water cycle are the two maxima at high latitudes,
during the local summer of each hemisphere. In particular, the maximum during northern
summer, evident since the MAWD results, marks the highest amount of water vapour
during a Martian year. This behaviour is the most evident signature of the dominant role
of the polar caps in the water cycle. More precisely, the polar caps act as sources of
atmospheric water during some seasons and as sinks during others, and some analyses
even come to the conclusion that they control the whole process in response to insolation
(Jakosky 1983; Richardson and Wilson 2002).
The physics behind the caps’ behaviour is quite straightforward to grasp. During
the polar night, temperatures fall to the freezing point of CO2 . Carbon dioxide is more
volatile than water, so the surface acts as a cold trap and water condenses onto the cap. The
strength of this sink depends on how effectively vapour is vertically mixed out of the polar
cold trap: the more water vapour is in contact with the surface, the more effective the cold
trap is at removing it. Instead, during local spring and summer the continuous insolation
of the pole steadily increases the surface temperature and makes the CO2 progressively
sublime, freeing the H2 O ice.
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However, this simple mechanism covers just part of the phenomenon. For example,
it does not explain one of the most important global features of the water cycle: the
asymmetry between the northern and the southern pole. It is known that the two polar caps
have different composition, which in turn depends on their history and the climatological
conditions of the planet. The northern residual polar cap is constituted mainly of pure
H2 O ice (Kieffer et al. 1976), and expands down to a latitude of ∼ 80◦ N. On the contrary,
the residual southern cap is mainly CO2 ice, which was thought to be its only component
until OMEGA recently detected a small but not negligible percentage of water ice (∼ 15%,
Bibring et al. 2004a). The southern residual polar cap is also 5 – 10 times smaller than
the northern one. Instead, both the seasonal caps are made mainly of CO2 ice, mixed with
water ice and dust.
As far as the water cycle is concerned, the water ice content of the residual cap starts
to sublimate at L s ∼ 80◦ when the CO2 frost disappears (Kieffer 1990), and it makes up
the almost totality of the water vapour maximum during the summer. On the contrary,
the southern cap never loses its CO2 ice coverage, and thus acts as a cold trap for water
during all seasons, albeit with different intensity and allowing a small degree of water
sublimation during summer, though much less than in the north. This seems surprising at
first glance. The beginning of southern summer happens close to perihelion, so the south
pole receives more power than the northern one during its summer, and near-surface atmospheric temperatures are correspondingly higher. We would think then that CO2 would
sublimate much more easily than during the cold northern summer. However, firstly the
southern summer is significantly shorter than the northern one due to the high eccentricity
of Mars and the second law of Kepler. Then, for the same reason the temperature in the
southern polar region stays at the freezing point of CO2 for the greater part of the year,
accumulating a thick layer of CO2 frost over the residual polar cap that is not able to
sublimate entirely during the short southern summer.
The contribution of the seasonal part of the caps is small compared to the residual
one, in particular for the northern hemisphere, but not negligible. This can be seen very
well from the behaviour at high northern latitudes during spring. Observations show
that the northern polar cap is losing water to the atmosphere before the residual cap is
exposed, demonstrating that this water is provided by sublimation of the seasonal ice cap.
The southern seasonal polar cap has a more complex structure (Schmitt et al. 2007) and
contrary to the northern one it is probably the main source for the local maximum of water
vapour during summer, because of the year-long presence of CO2 ice in the residual part.
An interesting phenomenon that involves the seasonal ice caps, first presented by the
simulations of Richardson and Wilson (2002), is the mechanism that returns water to the
cap even during its recession. In fact, as the edge of the seasonal cap sublimes, the water
released into the atmosphere is mixed horizontally, probably by baroclinic waves, and part
of it moves back over the nearby cap, where it has strong probability of recondensing. In
this way, water is transported poleward with a quasi-solid-state mechanism until it reaches
the pole and the effect expires. This quasi-solid transport is active at both poles and starts
during the local winter until almost the end of spring.
The hemispheric dichotomy of the polar caps has another effect on the global water
cycle. The perennial presence of CO2 ice at the south pole acts as a constant sink for water
vapour, steadily removing it from some other reservoir. Even if there are few candidates
for this reservoir, as the regolith layer or the water ice still present at the south pole, the
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most probable is the northern polar cap. This means that there is a net annual transfer
of water from the northern hemisphere to the south, so the water cycle seems not to be
currently in a true equilibrium, even if it is in a steady state. This is reproduced by
most water cycle models (e.g. Richardson and Wilson 2002), and the yearly loss of water
from the north to the south has been estimated to be equivalent to a layer of 50 µm. We
shouldn’t expect, however, a complete transfer of the water from the north to the south.
The constant addition of water to the south will ultimately hinder with time the capability
of CO2 ice to act as cold trap. Moreover, the variations of the orbital parameters with
characteristic timescales of 104 − 105 years will change anyway the global climate before
the process runs out.

2.6.2 Surface-atmosphere interaction: the role of regolith
Soil has the property to store a certain amount of water through adsorption. The physics
of adsorption (and desorption, the inverse process) involves the van der Waals bonding
of water molecules onto the surface of the particles that constitute the soil. The number of molecules that the material can store depends both on the amount of water vapour
available in the environment (expressed through the vapour partial pressure) and the capability of the material itself to retain bound molecules. Absorption is usually described by
isotherms, which stress the strong temperature dependence of the process. A temperature
variation, in fact, changes the chemical potential of H2 O, with a resulting exchange of
mass between pore vapour and adsorbed molecules, until an equilibrium is reestablished.
This is usually a very rapid process. Water then diffuses through the material into deeper
layers, usually staying in the near-superficial part of it.
The surface of Mars is ubiquitously covered by regolith, a layer of loose, heterogeneous material covering solid rock. The adsorption properties of the Martian regolith
were theorized and analysed already in the pre-Viking era (Fanale and Cannon 1971).
Several observations of atmospheric water suggest that regolith has an active role in the
Martian seasonal water cycle. The Viking/MAWD results show an increase of vapour in
the atmosphere in each hemisphere during local spring, at latitudes which are too equatorward with respect to the edge of the seasonal polar cap, which was attributed to the
action of regolith. The sublimation from the residual northern polar cap seems not to be
sufficient to supply all the water vapour during northern summer, after the seasonal cap
has sublimated. The abrupt decrease of a factor of 2 in atmospheric water at the end of
the northern summer was also considered to be a signature of the influence of regolith
(Jakosky and Farmer 1982).
A 1D model of the seasonal exchange of water between the atmosphere and the surface
regolith was presented by Jakosky (1983). The efficiency of the adsorption/desorption
process depends mainly on one parameter, the diffusivity of the surface D (in addition,
of course, to temperature). D is in turn a complex function of the grain particle size, the
porosity, the tortuosity (a measure of the degree of interconnection of the pores), and the
partial pressure of CO2 . The value of D is constrained between 0.1 . D . 5.0 cm2 sec−1 .
The daily flux of vapour between the various near-surface layers and between surface and
atmosphere was computed with a diffusion equation
J = −D
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where J is the flux and ∂n
the vertical gradient of water vapour number density. Several
∂x
materials were considered, mainly divided into the two big categories of clays and basalts.
Clay, which has a much more open and regular structure, is capable of holding much more
water than basalt. However, the buffering effect of the adsorbed water is stronger for clays,
so water diffuses less in the material: the diffusion depths are, depending on the value of
D, 10 – 100 cm through particulate basalt, and 1 – 10 cm through particulate clay. These
two factors almost balance each other, and the model does not show significant differences
in behaviour between basalt and clay. The results show that large amount of water can
potentially be exchanged between the atmosphere and the regolith on a seasonal basis
(Jakosky 1983, Figure 3), accounting for ≥ 10% of the seasonal water vapour variations,
with differences between the two hemispheres.
Regolith has also a significant role in the diurnal cycle, as discussed in Section 2.3.
This is a direct consequence of the dependence of the adsorption from temperature, and
consequently from insolation. We can expect that the higher the diurnal fluctuations, the
stronger the regolith influence will be. However, observations of the daily cycle are too
sparse to infer any conclusive information on the actual relevance of the regolith layer.
The importance of the regolith has been questioned by a few recent studies. Zent et al.
(1993) developed a 1D model that showed a diurnal “breathing” by basalt regolith of one
order of magnitude less than observed. More recently, both Richardson and Wilson (2002)
and Montmessin et al. (2004) 3D models found that the regolith does not significantly
change the latitudinal and seasonal distribution of water, and it does not seem to be an
important driver of the water cycle. In particular, Montmessin et al. (2004) managed to
reproduce the seasonal behaviour as observed by TES without the introduction of regolith,
focusing on the activity of ice clouds, which can affect the distribution of water vapour
through sedimentation. It must be noted however that Richardson and Wilson (2002) used
a 2-layer regolith scheme, which does not allow a precise simulation of water diffusion
into the material, possibly underestimating this effect, and they were required to use cloud
particle sizes an order of magnitude greater than inferred by observations. Moreover, the
focus of Montmessin et al. (2004) was to assess the importance of clouds in the water
vapour distribution of Mars, and they leave the question open due to the lack of a specific
treatment of the regolith.
Other results seem instead to confirm the action of the regolith on the water cycle.
Böttger et al. (2005) used a 10-layer regolith model coupled with a GCM and they needed
an active regolith to reproduce TES observations, otherwise the atmosphere results a factor of 2 – 4 too wet. However, they also found that the diurnal cycle resulting from the
exchange with regolith is only ∼ 1 pr. µm, in agreement with Zent et al. (1993). Other evidences come from studies focused not on the global behaviour but on specific regions of
the planet. The water vapour anomaly on the Tharsis volcanoes observed by ISM-Phobos
(Titov et al. 1994) and the local maximum of water vapour over Arabia Terra (Section
2.5), for example, have been interpreted as signatures of surface-atmosphere interaction.
Both can be due to atmospheric circulation though, so the evidence is not definitive.
In conclusion, the influence of regolith on the current water cycle, both at a seasonal
and at a daily scale, remains uncertain. Current GCM models are not mature enough to
effectively constraint the regolith parameters and assess its importance on a global scale.
The effect of regolith can also be more pronounced at a local level, depending on the
characteristics of the soil in particular places.
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2.6.3 Atmospheric transport
Circulation, global circulation in particular, influences the water cycle at different timescales
and at different levels. Its main effects are the vertical mixing and transport of water
vapour across large distances. The former is described in detail in Section 2.4, while
here we focus on the latter. Due to the limited amount of direct measurements (i.e. of
wind speeds), circulation is studied mainly with General Circulation Models, and few
mesoscale models. The main driver of atmospheric motions is insolation. We can thus
expect that the ability of these motions to redistribute water vapour has strong seasonal,
diurnal and latitudinal dependencies.
The main transport feature on Mars, as on Earth, is the Hadley cell circulation. Compared to Earth, however, the structure of Hadley circulation is much more variable during
a year. During solstices it is more developed and stronger than during the equinoxes,
and thus it is more effective to transport vapour at those seasons, especially cross hemispheric transport. Its effect on water vapour is clearly seen by TES during the southern
summer, with the secondary maximum at northern tropical latitudes. This behaviour is
instead not present during the northern summer, even if the amount of water vapour on
the atmosphere is higher. This asymmetry has been attributed to the lower temperatures
during northern summer. In fact, the saturation level height on the atmosphere is lower
than during the southern summer, and the Hadley circulation is not able to transport significant amount of vapour, because condensation and ice formation remove atmospheric
water from the upper branch of the Hadley cell (Clancy et al. 1996).
The transport during northern summer, which is marked in the data with the equatorward moving “tongue” of water vapour maxima, is then developing mainly in low
atmospheric layers through a less effective circulation process. The meridional flow associated to the CO2 cycle of condensation-sublimation also plays a role in water transport,
especially during northern spring and summer, possibly enhancing the transport from the
north towards the southern hemisphere.
Finally, local circulation is probably playing a significant part in atmospheric H2 O
transport that superimposes on the global one. Local circulation is mainly triggered by
topography, and thus is significant especially in some regions on Mars. Regional circulation can also have large-scale influence, as described in the model of Michaels et al.
(2006) regarding the slope-induced motions on the Tharsis volcanoes. Local circulation
can be studied correctly only by mesoscale circulation models, because it needs a spatial
resolution which cannot be provided by GCMs. The development of mesoscale models
has started only in the last years though, and for this reason the implications of local
transport on the water cycle is still to be explored (see also Section 6.2).

2.6.4 The role of water ice clouds
Water ice clouds and hazes have been observed since Mariner 9 and they are a frequent
feature in the Martian atmosphere. They exhibit a clear seasonal trend with little interannual variations. Two main annual features have been identified: the Aphelion Cloud Belt
(also called Equatorial Cloud Belt), which occurs during northern spring and summer in
the tropical regions (30◦ N – 10◦ S); and the Polar Hoods, which form at the edge of the
polar night starting around the local spring equinox and developing for most of spring
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(Liu et al. 2003).
The influence of water ice clouds on the global water cycle has always been considered
to be minor, because they store only a limited amount of water (≤ 10%), do not account
for precipitation of water to the ground, and are almost optically thin. However, in recent
times this point of view is being re-examined. The cloudy, dust-free and cold atmospheric
state associated with aphelion has been considered to be the key to climate of Mars and
to the asymmetric behaviour between the two hemispheres by Clancy et al. (1996). The
importance of water ice clouds on the water cycle has been further analysed by the models
of Richardson et al. (2002) and Montmessin et al. (2004). Both conclude that their effects
cannot be neglected.
The action of water ice clouds is twofold. First, they are very effective in redistributing water vertically. This influences both the vertical distribution of water vapour and the
characteristics of the cycle as a whole. The cloud sedimentation properties are crucial, and
they can change the wetness of the water cycle and the asymmetry between the two hemispheres up to a factor of 2, in particular during northern spring and summer (Montmessin
et al. 2004). Second, clouds change the spatial distribution of water, transporting water
themselves and influencing the circulation. The just mentioned effect on the wetness and
the asymmetry, which is due to the aphelion cloud belt, is an indication of the clouds’ influence on the water flux between the two hemispheres, and thus on the amount of water
vapour available in the southern hemisphere, as predicted by Clancy et al. (1996).
As for the circulation, there is a significant dependence of the generation of clouds on
local features. Some regions have been known to be favourite places for the formation of
ice clouds, as the Tharsis Plateau (Section 6.2).

2.7 The water cycle in the past
As discussed at the beginning of this chapter, the strong secular variations of Mars’ orbital
parameters and their implications for climate have a critical impact on the water cycle.
The exact extent of this impact is difficult to grasp, because periodic climate change is
driven by many components linked together by feedback mechanisms and loops.
There are several models which simulate the effect of different obliquity (as in Jakosky
and Haberle 1992), which is the most influential parameter on the water cycle. Both
extreme cases of low and high obliquity present a completely different scenario than the
actual one (Figure 2.4). At low obliquity there is no alternation of seasons, and the annual
average of the latitudinal distribution of insolation exhibits a strong inhomogeneity, with
the poles receiving much less energy than today. As a consequence, the CO2 ice layer
never sublimates during the year, generating a permanent cold trap for water vapour. The
planet becomes progressively drier. The presence of a permanent carbon dioxide cap
acts as a cold trap also for atmospheric CO2 itself, thus the atmosphere of the planet
is gradually being depleted, favouring the condensation of vapour on the polar regions
even more. The global effect is a cold and extremely dry planet with a thin atmosphere
and almost no dust loading (which is dependent on temperature). Anyway, even in these
extreme conditions, the atmosphere retains its properties, and it is still able to shield its
own lower layers and the surface by the strongest effects of solar wind and energetic
particles. At high obliquities we witness the opposite situation. During local summer,
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Figure 2.4: Scheme of the Martian climate at different obliquities. The extreme conditions
for Mars at low (left) and high (right) obliquity are shown (from Kieffer and Zent 1992).
both polar caps will not be able to retain any CO2 frost. Temperatures on the whole
planet, not being limited by CO2 condensation anymore, will rise significantly. The polar
caps will have a much more pronounced seasonal cycle, almost disappearing during local
summer and extending over 30◦ latitude during winter. Thus, they will not be able to
retain as much water in its solid state as today. Because the polar caps are the dominant
reservoir for atmospheric water, the consequence is a much more intense water cycle, with
peaks up to few thousands of pr. µm (Richardson and Wilson 2002). The atmosphere as
a whole is becoming thicker and dustier. An average atmospheric pressure of ∼ 12 mbar
has been predicted with an obliquity of 45◦ (Fanale et al. 1982).
The variation of other orbital parameters has not been analysed so extensively. At
least one other, the eccentricity, is very important, because it generates the hemispheric
asymmetry which is the cause of several features of the current water cycle and a key to
the understanding of the current climate (Clancy et al. 1996). Given that the eccentricity
varies between ≈ 0 and 0.12, we can expect all the steps between an almost complete
annual symmetry and an even more extreme situation that the actual one. However, up
to now no model has studied the combined effect of obliquity and eccentricity on the
climate.
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3 The OMEGA/Mars Express
experiment and the dataset
3.1 The Mars Express spacecraft
Mars Express is the first planetary mission attempted by the European Space Agency
(ESA), and the first “Flexible” mission of ESA Cosmic Vision, the long-term space exploration programme. It consisted of two parts, the Mars Express Orbiter and the Beagle
2, a lander designed to perform exobiology and geochemistry research (Chicarro et al.
2004). Mars Express was launched on 2 June 2003 at 17:45:26 UT with a Soyuz rocket
from the Baikonur Cosmodrome in Kazakhstan. On 19 December 2003 the Beagle 2
lander was released and the spacecraft started the procedures for orbit insertion, which
happened on 25 December. On the same day the lander was expected to enter the planet’s
atmosphere. However, the contact with Beagle 2 was never established and the lander was
declared lost on 6 February 2004. The fate of Beagle 2 and the causes of its failure remain
unknown. In the meanwhile, after the spacecraft manoeuvred from the highly elliptical
capture orbit into the operational orbit in late January 2004, the instruments onboard the
orbiter proceeded with their own commissioning processes and started acquiring data,
with the exception of the MARSIS radar experiment which was deployed later, on 4 May
2005. The mission was initially planned to last until November 2005, covering approximately one Martian year. Due to the outstanding scientific results, Mars Express was first
extended until the end of October 2007 and then received a second extension up to early
May 2009. Mars Express will then cover at least two and a half Martian years.
Mars Express is a 3-axis stabilized cube-shaped orbiter, which is in an elliptical orbit
around Mars (apocenter at 11560 km – pericenter at 260 km over the surface) with a polar
inclination (86.35◦ ) and a period of 6.75 hours (7.5 h during the first 440 days). The
polar orbit allows the coverage of the planet at all latitudes. Moreover, the position of the
pericenter evolves with time, so that the spacecraft observes different regions at different
latitudes with maximum spatial resolution (Figure 3.1).
The Mars Express orbiter includes seven instruments (Section 3.2). The broad scientific objective is to observe and analyse the global characteristics of the planet at an
unprecedented detail. The whole surface is being mapped in colour and stereo at a resolution of 10 m/pixel, and global mineralogical maps have been retrieved. The study of the
atmospheric properties at different layers is also of prime importance. The interaction of
the atmosphere with the surface and the interplanetary medium has been poorly covered
by previous missions and the spacecraft has been planned to cover this gap. Moreover,
the global atmospheric circulation will be monitored in detail, as the behaviour and map43
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Figure 3.1: Evolution of the latitude of the pericenter for the Mars Express orbit from
the beginning of the mission to approximately September 2007. The colours indicate the
elevation of the Sun according to the upper right legend.
ping of all the atmospheric components down to the minor species. In this frame, water
vapour observations possess a significant relevance, being the most variable trace gas in
the atmosphere. Several instruments perform H2 O measurements, the details of which are
presented in the next sections.

3.2 The Mars Express scientific payload
The Mars Express orbiter scientific payload totals 116 kg, about 10% of the total mass
at launch, and was planned to cover all the different environments of the planet, from the
interior to the exosphere. The payload is shared by 6 instruments, plus a seventh which
requires no additional hardware.
The seven instruments are:
• OMEGA (Observatoire pour la Minéralogie, l’Eau, les Glaces, et l’Activité): also
derived from an instrument of the Phobos-2 mission, then reused for Mars-96, this
mapping spectrometer is the instrument used to retrieve the data analysed in this
thesis and will be described in more detail in the next section;
• PFS (Planetary Fourier Spectrometer): another instrument “recycled” from the Mars44
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96 mission, it is a spectrometer with complementary characteristics compared to
OMEGA, with high spectral resolution (2 cm−1 ) and moderate spectral resolution
(10 – 20 km for each footprint). It covers the wavelengths 1.2 – 5 µm and 5 – 45 µm
in two different channels. It was planned mainly for atmospheric measurements, as
the monitoring of the temperature profile and the behaviour of minor atmospheric
species, including water vapour;
• SPICAM (Spectroscopy for the Investigation of the Characteristics of the Atmosphere of Mars): this UV and IR spectrometer is the only instrument from the
Mars-96 payload which needed major changes to fit into Mars Express. Devoted to
the study of the atmosphere, it has complementary characteristics to the other two
spectrometers, in particular to PFS. Its focus is the study of high atmosphere with
the UV channel, using the stellar occultation technique, and the retrieval of column
density abundances of important atmospheric gases (H2 O, CO2 , O3 );
• HRSC (High Resolution Stereo Camera): based on an equivalent camera developed
for the Mars-96 mission. It has 9 independent channels in the visible and near-IR
(up to 1 µm) which simultaneously acquire images with different colour filters and
at different angles in respect to the nadir direction, producing colour and stereo
images at a resolution of up to 2 m. The camera is operated mainly at pericenter to
obtain the highest resolution possible;
• ASPERA (Analyzer of Space Plasma and Energetic Atoms): the last Mars-96 instrument on Mars Express of this list, ASPERA is made up of four sensors which
detect electrons, ions and energetic neutral atoms in the outer atmosphere. Its main
focus is investigating the atmosphere-solar wind interaction in the near-Mars space;
• MARSIS (Mars Advanced Radar for Subsurface and Ionosphere Sounding): it is the
first radar sounder to investigate the Martian surface and subsurface. The instrument
consists of a 40 m antenna which sends radio waves towards Mars’ surface. Its main
objective is the mapping of the distribution of water, both liquid and solid, in the
upper portion of the crust of Mars, down to 3 – 5 km, but probing of the geological
sub-superficial structure is also planned;
• MaRS (Mars Radio Science Experiment): this experiment does not require a specific hardware, because it uses the communication system itself. In fact, it employs
the radio signals between the spacecraft and Earth to sound the planet at different
layers (ionosphere, atmosphere, surface, interior).
Regarding atmospheric water vapour, all three spectrometers (OMEGA, PFS and SPICAM) have been used to monitor it. Indeed, Mars Express is the first spacecraft allowing
the simultaneous observation of water vapour by three instruments with different and
complementary characteristics, at the same seasons and times of day. In this way, a much
more comprehensive view of H2 O behaviour has been made possible. Other instruments
cover different aspects of the water cycle. ASPERA studies the escape of water from the
atmosphere to space, analysing the phenomenon of erosion which is especially important
for the evolution of the atmosphere and the climate. MARSIS allows the sounding of
the near-surface reservoirs of water, an important task in order to better understand the
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channel

number of spectels

VNIR
SWIR-C
SWIR-L

96
128
128

wavelength range
(µm)
0.38 - 1.05
0.93 - 2.73
2.55 - 5.1

spectral resolution
(nm)
7
13
20

Table 3.1: Properties of the three OMEGA channels. The SWIR optical unit is divided
into two sub-channels (C and L) with different characteristics.
planet-atmosphere interactions, which are complemented by OMEGA retrievals of the
characteristics and evolution of ground ice.

3.3 OMEGA
OMEGA is the only spectrometer onboard Mars Express with mapping capabilities, and
it is constituted of two distinct units: a camera (OMEGA-C) with the spectrograph, their
associated electronics and one assembly for the control of the camera itself, with a mass
of 23.8 kg; and a main electronic module (OMEGA-ME), for data processing and management, with a mass of 5.1 kg. OMEGA operates in the visible and near-IR, between
0.38 – 5.1 µm, using 352 contiguous spectral elements (called spectels) divided in two
co-aligned units, each with its own optics. The characteristics of the different channels
are summarized in Table 3.1.
OMEGA’s spectral resolution is coarser than the other two spectrometers, PFS and
SPICAM. However, OMEGA has a much higher spatial resolution. Depending on the
altitude of the spacecraft, the spatial resolution goes from 300 m to 5 km. Up to now,
OMEGA has provided global coverage at medium resolution (2 – 5 km) and a fairly
good coverage of selected regions at the maximum detail (< 350 m resolution), when the
spacecraft is close to the pericenter (Figure 3.2). A spectral mapping of the surface at such
a resolution was unprecedented at the time of the launch of Mars Express. OMEGA has
also a very good photometric resolution, with a signal-to-noise ratio S/N > 100 over the
full spectral range. This means that OMEGA’s spatial resolution can be exploited fully,
without the need of extensive binning (Section 4.3.1).
OMEGA is the evolution of the Infrared SpectroMeter (ISM) onboard the Phobos-2
spacecraft (Bibring et al. 1989). Compared to ISM/Phobos, OMEGA presents significant
improvements: almost double spectral resolution, the extension of the spectral range to
the first part of the thermal spectrum, and an instantaneous-field-of-view (IFOV) about
3 times higher, which allows a spatial sampling up to 70 times higher. It must also be
remarked that the polar orbit of Mars Express allows a much more complete coverage of
the planet compared to the equatorial orbit of Phobos-2.
For this work the SWIR channel was used, and in particular the SWIR-C. The optical
scheme of the SWIR channel is shown in Figure 3.3. It consists of a Cassegrain telescope
of 0.2 m focal length and a f/4 aperture, which gives a 1.2 mrad IFOV. The distance
between the primary and secondary mirrors is 51 mm, and between the secondary and the
image plane is 82 mm. In front of the telescope an optical system provides a cross-track
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Figure 3.2: OMEGA high resolution coverage up to the beginning of 2007 over a MOLA
map of Mars. It must be noticed that this thesis covers only the first Martian year (approximately January 2004 – November 2005), and the high resolution coverage is correspondingly less.
scanning of the IFOV, which can be between 16 and 128 wide, depending on the altitude of
the orbiter over the surface of Mars (the closer it is, the narrower is the total field-of-view),
for a maximum FOV of 8.8◦ (in order to match the VNIR FOV). The second dimension
of the mapping is provided by the motion of the spacecraft. In this way we obtain 3D
data cubes, which are made up of two spatial and one spectral dimensions. The imaged
pixel is focused by the telescope on a slit followed by a collimator. The resulting beam
is split towards two separated spectrometers, which constitute the two SWIR channels.
Each spectrometer includes a blazed grating working at first order and an optical system
which focuses the final spectrum on a 128-element InSb linear array. A careful cooling
of the whole system must also be considered, with the three elements of the instrument
cooled at different temperatures: the electronics at 280 K, the spectrometer itself at ≤ 190
K, and the detectors at < 90 K. The integration time, set by the electronics depending on
the spacecraft ground-track velocity and the spatial sampling, is 2.5 or 5 ms.
Each OMEGA orbit is made up by different cubes, of variable dimension. The scanning width is constant within each cube but it can change between two cubes of the same
orbit (which is reasonable given the varying distance between the spacecraft and the planet
within an orbit). Figure 3.4 shows an example of projection of an OMEGA orbit on the
surface: the larger the footprint (in this case close to the north pole), the worse the spatial
resolution. OMEGA can observe in three main configurations: NADIR, when the z-axis
of the spacecraft always points towards the center of Mars and the x-axis perpendicular
to the ground track; TRACK, a derivative of the Nadir mode with an offset angle perpendicular to the flight direction of the spacecraft (indicated in the geometry file), which is
divided in the submodes ACROSSTRACK and ALONGTRACK; and INERT, when the
spacecraft points in a fixed direction in right ascension and declination (indicated in the
geometry file). The configuration can change between cubes of the same orbit. The total
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Figure 3.3: Optical layout of the SWIR channel of OMEGA. 1: Cassegrain telescope. 2:
entrance slit 800 µm high (spatial dimension). 3: collimator (off-axis parabolic mirror)
to collimate the beam from the slit to the dichroic and the gratings. 4: dichroic filter,
separates the two channels (short wavelength is reflected, long wavelength is transmitted).
5: folding mirror, reflects the short wavelength channel to the grating. 6: blazed flat
gratings working in the first order. 7: spherical collector mirror, re-image the diffracted
image of the slit near the field mirrors. 8: spherical field mirrors, image the grating inside
the objective. 9: objectives, fours spherical ZnSe lenses, re-image the diffracted image
of the slit. 10: sets of filters in front of the detector. 11: InSb detector linear arrays
(128 pixels of 90 × 120 µm photosensitive area and pitch of 120 µm) (from Bibring et al.
2004b).
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Figure 3.4: Area of the surface covered by orbit 1023 (L s = 110.6◦ , local time = 15:20).
In this case the pericenter is close to the south pole and the largest covered region is over
the north pole. The white line in the middle of the orbit track and the yellow square on
Olympus Mons illustrate the two method of retrievals used for the results (see text in
Section 4.3.1).
number of measured spectra in an orbit varies but it is usually in the order of some units
in 105 .
The complete description of the instrument can be found in Bibring et al. (2004b).

3.3.1 Calibration and data treatment
OMEGA was fully calibrated before the flight. The accuracy of the photometric calibration guarantees a relative accuracy better than 1% spectel-to-spectel, and better than
20% in absolute terms. The spectral calibration gives an accuracy of better than 1/5 of
the spectel width for the position of each spectral element. The spectral signatures of the
minor atmospheric species, as water vapour, are thus fully resolved and identifiable. The
effects of photometric resolution on the retrievals are computed in Section 4.5.5.
In the data handling process, the raw data from the spacecraft are elaborated at a first
level by the OMEGA team, which provides as a result two files: a preliminarily treated
data cube, and a geometry file which contains information on the projection of the looking
directions on the surface of Mars. The uncalibrated dataset is then read by a dedicated
software package called SOFT and corrected for the photometric function, converting
the spectrum in physical units (W/m2 /sterad/µm). Such a spectrum can successively be
divided by the solar spectrum, providing the I/F spectrum, which is relevant mainly in
the reflected part of the spectrum (typically below 3 µm). An example of I/F spectrum,
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Figure 3.5: Example of OMEGA SWIR spectrum (orbit 37_3, latitude = 25.8◦ N, longitude = 227.0◦ E). The part between 1 – 2.7 µm belongs to the SWIR-C channel, the
part between 2.8 and 4 µm to the SWIR-L one. The small diamonds indicate the exact
OMEGA spectral grid points. The three arrows point at the three water vapour bands at
1.38, 1.9 and 2.6 µm. The most evident signatures of the spectrum, at 1.42 µm, 2 µm and
on the right edge of the SWIR-C spectral range at 2.7 µm, are due to CO2 .

which is the final product used in our water vapour retrievals, is shown in Figure 3.5.
This software is periodically updated in order to take into account eventual changes in
the instrumental response and the presence of degrading pixels. Currently the last version
is the SOFT04 one, but most of the results presented in this thesis were treated with the
SOFT02 version. The changes between the two versions do not affect the spectrum in the
wavelength hereby used.
Since the launch, OMEGA has shown no particular performing problems. The photometric efficiency of the SWIR-C, in particular, is very stable since the beginning of
operations. Cosmic ray degradation slowly increases the number of spectels which become damaged, but nearly all the information is still conveyed. Up to now, 236 pixels
out of 255 are in very good shape. Some of these can also be recovered, when the level
remains stable after the damage. No “bad spectels” are involved in our analysis. Any
unreliable spectel was excluded by the retrieval procedure (Section 4.4).
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3.3.2 Scientific goals
The imaging spectroscopy technique at high spatial resolution is particularly well-suited
for both atmospheric and mineralogic analyses. OMEGA is monitoring some of the crucial atmospheric parameters in Martian meteorology, as aerosols, local pressure variations, and the behaviour of minor constituents of the Martian atmosphere, as CO and
H2 O. Thanks to its coverage and its high spatial resolution, in particular, the properties of
atmospheric water can be studied for the first time with OMEGA from the global to the
small scale. This thesis can be framed inside this aim.
Between the superficial features, both H2 O and CO2 ices have a prominent importance
for the understanding of the water cycle. OMEGA is able for the first time to discriminate between the two types of ices and between the residual and the seasonal polar cap,
studying the cycle of sublimation/condensation and the evolution of the two polar caps
(Langevin et al. 2005; Schmitt et al. 2007).
The spectral range of the instrument is also well-suited to unambiguously find the
major classes of silicates, oxides and hydrates. Several of these observations also have
importance in relation to the aqueous history of Mars. For example, OMEGA has several
spectral windows to analyse the presence of carbonates and the OH radical, which can
give clues to the past activity of the planet and identify eventual genetic relationships
between hydrated minerals and important topographic features such as volcanoes and
canyons. The ferric-bearing minerals are also interesting for their formation processes,
which can be related to volcanic activity and interaction with the atmosphere or flooding
water. A comprehensive overview of the first year results of mineralogic discoveries by
OMEGA is presented in Bibring et al. (2005).

3.4 Water vapour bands with OMEGA
In the SWIR-C wavelength range three water vapour bands exist (Figure 3.5). These
signatures are at 1.38 µm (ν1 + ν3 ), 1.9 µm (hydration band), and 2.6 µm (ν1 + ν3 ), where
ν1 and ν3 indicate different kind of stretching of a chemical bond between the three atoms
which form the water molecule (Figure 3.6). All the bands, being in the reflected part of
the spectrum, are only weakly dependent on the temperature profile of the atmosphere.
The 1.38 µm band has an historical importance, because it was the band used by the
Viking/MAWD instrument, but it can be noticed that it is shallower than the other two.
All of them, however, are blended with adjacent CO2 deep bands.
It must be noted that, even if the best solution would be to fit simultaneously all the
three bands and find the global best match, this meets severe practical problems. First,
the computational time is already quite high, and with three bands it would need too
much time to fit the whole dataset. The second, and more physical, issue is the different
influence that dust and aerosols have on the different bands. In order to fit all of them, a
very accurate modelling of radiative transfer and aerosol influence in Martian conditions
on the different bands is needed. The introduction of an aerosol model would also imply
a significant increase of the free parameters to take into account all the properties of
aerosols, which is beyond the scope of this thesis.
We decided to use only one of these bands for the retrieval of water vapour, choosing
the 2.6 µm band. This band has several advantages. It is the strongest of the three,
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Figure 3.6: Vibration modes of the water molecule. (a): ν1 or symmetric stretching. (b):
ν3 or asymmetric stretching. (c): ν2 or bending mode.

Figure 3.7: Example of curves of the sensitivity of the three bands in the near-IR range to
the mixing ratio of water vapour. Red: 1.38 µm. Blue: 1.9 µm. Black: 2.6 µm.
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about 3 – 5 times deeper, and we can expect it to be the most sensitive to water vapour
amount. This is confirmed by the computation of the sensitivity curves for the three
bands, which show how much a band changes with the variation of water vapour amount
in the atmosphere. In order to calculate the sensitivity curve we used the fitting method
developed for the retrievals (details in Section 4.4), applied to a range of mixing ratio of
water vapour, between 0 and 1000 ppm with a step of 10 ppm, for the three bands (Figure
3.7). The flatter the curve, the less sensitive is the band. It is evident that the band at 1.9
µm is very insensitive to water vapour in the atmosphere. This is not surprising, because
this band actually detects the presence of hydrated minerals more than atmospheric water.
On the contrary, the other two bands show a definite trend, but the maximum of the 2.6
µm band is the narrowest and thus more precise. The 1.38 µm band has the additional
problem of being more sensitive to dust effects (Fedorova et al. 2004a). It is less suited
for our analysis because we have not included a comprehensive treatment of dust influence
on the band in our retrieving code. It can also be heavily affected by the presence of water
ice due to its closeness to the 1.5 µm band.
The 2.6 µm band is considered to be free of mineralogic features. Even if this statement has still to be confirmed, the band certainly does not include signatures of the most
common Martian minerals. The main disadvantage of the 2.6 µm band is the blending
with the strong 2.7 µm CO2 band on the right (red) wing. Special care must be employed
especially for the choice of the continuum. The band has also one “bad” spectel, number
121 (2.618 µm).
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4.1 General description
We employ a minimization procedure which finds the best-fit of the absolute measured
OMEGA spectrum of the 2.6 µm band of water vapour with a synthetic one (Figure 4.1).
Under the assumptions that will be described later, the problem falls in the category of
one-dimensional minimization. The only changing parameter in the procedure is the volume mixing ratio of H2 O below the saturation level, supposed to be constant. Figure 4.2
shows an example of synthetic spectra computed in the same place and time (orbit 37,
cube 3, coordinates 226.9◦ E, 23.5◦ N) with different values of the mixing ratio of water
vapour.
In the following sections the method is described in detail. Section 4.2 shows the
steps to build a synthetic spectrum, and Section 4.3 presents the treatment for the measured spectra. Section 4.4 covers the actual minimization procedure. Finally, Section 4.5
analyses all the possible sources of uncertainty.

4.1.1 The use of measured absolute spectra
The method used in this thesis directly employs the measured OMEGA spectrum for the
retrieval of water vapour. The use of the absolute spectrum has the advantage of needing
no further normalization other than the continuum. Thus, it avoids any systematic error
related to the choice of a reference normalizing spectrum (spurious mineralogical features, residual atmospheric contributions not properly modelled). The absolute method
has some drawbacks, however. The calibration of the instrument must be sufficiently reliable to trust the absolute measured spectra themselves. Even if this is the case, the method
retains all the sources of uncertainty related to the instrument itself, as the precision of
the spectral calibration and of the transfer function of the spectrometer. These effects are
considered in detail when computing the uncertainties (Section 4.5.5).
Another approach which is commonly used to retrieve information from the measured
spectrum is the method of ratioed spectra. In this case, all individual spectra are divided
by a reference spectrum, usually taken in a region where the influence of the spectral
signature we want to observe is absent or minimal. For the atmospheric bands in particular, this means that the reference spectrum is acquired where the atmosphere is more
rarefied, i.e. on the Tharsis volcanoes, Olympus Mons in particular. Assuming that the
mineralogy is the same both at the place where the reference spectrum is acquired and
everywhere else, or at least that it does not introduce any signature in the wavelength
range we are observing, the only difference is the optical path between the spacecraft and
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Figure 4.1: Scheme of the retrieval method. The ovals correspond to computational procedures, while the boxes are the parts which result from calculations. Details in this
chapter.
the surface, which can be modelled. An example of the ratioed spectra method, applied
to the same OMEGA data, can be found in Encrenaz et al. (2005) and Melchiorri et al.
(2007). The ratioed spectra method allows the elimination of any uncertainty associated
with the instrumental transfer function of the spectrometer, but it requires a proper and
precise modelling of the reference spectrum. This is a particularly delicate task if the atmosphere over the reference spectrum shows some peculiarities regarding the behaviour
of water vapour. For example, this is exactly the situation in the case of Olympus Mons,
as it appears from the results presented later in this thesis (Section 6.2).

4.2 Computation of a synthetic spectrum
We calculate the synthetic spectrum of the band using a fast line-by-line procedure which
takes into account the contribution of atmospheric CO2 and H2 O. In order to build a
synthetic spectrum of atmospheric absorption bands, the line-by-line computation is the
most reliable method to include the spectral contributions of the various atmospheric
components. A full line-by-line procedure, however, is cumbersome and heavily timeconsuming. For this reason, several procedures to save computational time were developed in recent years. Here we follow the method described in Titov and Haus (1997). The
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Figure 4.2: Synthetic spectra with six different values of water vapour mixing ratio (orbit
37 cube 3, latitude 23.5◦ N, longitude 226.9◦ E). From top to bottom: 10, 50, 100, 500,
1000, and 2000 ppm.
monochromatic transmission function of the atmosphere is defined as
tν (z) = exp (−τν (z))
where

Z

∞

τν (z) =

n(z0 ) kν (z0 ) dz0

(4.1)
(4.2)

z

is the optical depth between the top of atmosphere and level z. kν (z0 ) is the monochromatic
absorption cross-section per molecule, and it is a complex function of wavelength and of
the thermodynamic variables of the atmosphere (pressure and temperature):
kν (z0 ) = k(p, T, ν).

(4.3)

The computation of the cross-section is the most demanding task in a line-by-line procedure. Under reasonable assumptions, however, the variables can be separated so that
k(p, T, ν) = G(p) · F(T, ν).

(4.4)

In case of a Lorentzian line profile (collision broadening), which is a good approximation
for water vapour lines in this spectral range, G(p) is directly proportional to pressure and
we can write
p
(4.5)
k(p, T, ν) = F(T, ν)
p0
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where p0 is the pressure at normal conditions. The values of the function F(T, ν) are
obtained by interpolation over T of the look-up table F(T i , ν j ), precalculated using the
line-by-line code. The spectral data are taken from the HITRAN2004 database (Rothman
et al. 2005).
For each wavelength ν, the total monochromatic opacity τ(ν) is given by
τ(ν) = τH2 O (ν) + τCO2 (ν)
where

NA
τH2 O (ν) = 10
g hMi

Z

6

and

NA
τCO2 (ν) = 10
g hMi
6

0
ps

Z

(4.6)

F H2 O (T, ν) p fH2 O d p

(4.7)

FCO2 (T, ν) p fCO2 d p

(4.8)

0
ps

where NA is the Avogadro number, g the gravity acceleration, hMi the mean molecular
weight of the Martian atmosphere, p s the surface pressure, and fH2 O and fCO2 the mixing
ratio of water vapour and carbon dioxide, respectively. The pressure p, temperature T
and mixing ratio of water vapour are functions of altitude z, while the mixing ratio of
CO2 is considered to be constant throughout the atmosphere and it can be taken out of the
integral. All the units are in the cgs system but the pressure which is in bar.
The monochromatic transmittance t f (ν) is
t f (ν) = exp (−τ(ν) AM)

(4.9)

where AM is the air mass, which can be computed knowing the angles of incidence (between the surface normal vector of the observed point and the direction of the Sun) and
emergence (between the surface normal vector and the direction of the spacecraft). Finally, the synthetic spectrum is convolved with the OMEGA spectral response RΩ so that
the resulting transmittance S T for a spectel at wavenumber ν0 is
Z
S T (ν0 ) =
t f (ν) RΩ (ν − ν0 ) dν.
(4.10)

4.2.1 Climatological parameters: pressure and temperature
As can be seen from the previous section, the synthetic spectrum depends significantly
on the climatological parameters, namely the vertical profiles of pressure, temperature,
and water vapour. Another important variable is the presence of atmospheric dust and
aerosols, which influences both the transmittance itself, through the optical depth, and the
climate. Unfortunately, a comprehensive observational dataset for the spatial and temporal dependence of the Martian climate does not exist, especially in the case of specific
regions with peculiar characteristics as the Tharsis volcanoes or the Hellas basin.
The only possibility is to extract these information from a General Circulation Model.
For this task the European Martian Climate Database (EMCD), version 4.1, was chosen. EMCD relies on the GCM described in Forget et al. (1999), which derives from
the collaboration between the Laboratoire de Météorologie Dynamique (LMD, Paris) and
the Department of Atmospheric, Oceanic and Planetary Physics (AOPP, Oxford). The
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model is based on the set of standard hydrodynamics equations, which can be adapted
from terrestrial models, treated numerically and computed on a grid with a resolution of
64 × 48 grid points horizontally, corresponding to 3.75◦ latitude by 5.625◦ longitude. In
the vertical direction a pressure-scaled coordinate system is used. In this way the vertical resolution near the surface is enhanced, allowing a better representation of the lower
Martian atmosphere and the PBL. The database extends up to the thermosphere, to about
250 km in altitude. The radiative transfer computation of the model includes contributions from CO2 gas, CO2 ice particles, and suspended dust. The radiative effects of water
vapour and water ice particles are neglected. The results have been extensively validated
by available observational data, and represent the current best knowledge of the state of
the Martian atmosphere.
The EMCD database stores the statistics from the model averaged 12 times a day, for
12 Martian “seasons” each extending for 30◦ in L s . In this way 12 “typical” days, one for
each season, are created. Information on the fluctuations of the data within one season and
one time of the day are also stored in the database, and they are included in the retrieval
of the climatological parameters. A linear interpolation between seasons and local time is
used. EMCD includes four “dust scenarios”, which consider different amount of aerosols
in the simulated atmosphere and different solar conditions.
Given the spatial and temporal coordinates and the dust scenario, our program extracts
temperature and pressure values from EMCD. 52 altitude levels are considered, from the
surface to ∼ 120 km, maintaining the enhanced vertical sampling close to the surface.
For the dust scenario we chose the “Martian Year 24” reference, which was designed to
mimic a typical annual dust cycle, as observed by Mars Global Surveyor between 1999 to
June 2001.
The main problem linked to the use of EMCD is its low spatial resolution. The model
horizontal grid of 5.675◦ × 3.75◦ is much coarser than OMEGA’s spatial resolution. The
topography in the model is smoothed to the resolution of the model and then bilinearly
interpolated between the grid points. Direct effects of sub-scale orographic variations on
the global circulation, and consequently on the pressure and temperature profiles, are only
schematically parameterized. Figures 4.3 and 4.4 show the effect of the smoothing due
to the low resolution of the climatological model. Figure 4.3 exhibits the maps of the
Martian surface created respectively with EMCD 4.1 and MOLA resolution, computed
with a step of 1◦ in longitude and latitude. It must be remarked that 1◦ is much coarser
than the high resolution MOLA dataset (1/32◦ ), so the map shown in 4.3 is actually a
smoothed version of MOLA. Figure 4.4 represents the altitude difference between the
two maps. The effect of the low resolution of EMCD, even compared with the smoothed
MOLA map, is evident. The altitude range of the planet is significantly reduced by the
low resolution: between the highest and lowest point there is a difference of only 20.5
km compared with ∼ 28 km of the high resolution map. Then, not only all the smallscale details are lost, but some of the main features are ill-resolved or not resolved at all.
This is especially true where the surface exhibits strong altitude variations: the difference
maxima coincide with the Tharsis volcanoes, Valles Marineris and Elysium Mons (Figure
4.4). For most of the Martian surface, however, the topography is quite regular, and a
simple interpolation is a good approximation.
We can partially overcome the low resolution problem in the case of the pressure. In
fact, EMCD provides a procedure called pres0 which computes the surface pressure p0 at
59

4 The retrieval method

Figure 4.3: Altitude maps of Mars computed from the EMCD 4.1 database (upper plot)
and from high resolution MOLA database (lower plot). A latitude and longitude step of
1◦ , which is finer than EMCD but coarser than MOLA resolution, was used.
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Figure 4.4: Altitude difference between the two maps shown in Figure 4.3.
the finest MOLA resolution. We use p0 as a reference value to which we scale the whole
pressure profile. EMCD does not include an equivalent procedure for temperature, so no
such scaling is possible for the temperature profile. The low spatial resolution approximation for the temperature, however, is not as severe as in the case of pressure, because
on Mars the surface temperature is only weakly dependent on the elevation. Moreover,
we are looking at the reflected part of the spectrum, which is independent on temperature
at first order. Nevertheless, the temperature profile plays an important role for the computation of the height of saturation level (see next section), so some degree of caution is
needed.
To conclude, it must be noted that recently (May 2007) the new version 4.2 of EMCD
was published. This version includes the complete climatic database compiled in the high
MOLA resolution of 1/32◦ . While it was too late to reprocess all the data with the new
database, EMCD 4.2 has been used to compute the uncertainties related to the low spatial
resolution. The complete analysis of the uncertainties due to our choice of temperature
and pressure profiles is in Section 4.5.1.

4.2.2 Climatological parameters: water vapour vertical profile
The last climatological parameter we have to consider is the vertical distribution of water
vapour. As for the pressure and temperature profiles, and even more so, there is a substantial lack of observational results (Section 2.4). Consequently, we are forced to use
a model in this case too, but contrary to what it was done for p and T we have decided
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Figure 4.5: Left: example of vertical profiles of the water vapour partial pressure (solid
line) and of the saturation pressure (dotted line). The crossing point of the two lines
defines the height of the saturation level z sat . Right: corresponding vertical profile of
water vapour.
not to extract the H2 O profile from a GCM, but to derive it separately in our procedure.
This choice allows to possess complete control on this crucial parameter. Moreover, there
is no general consensus on the physical phenomena that drive and influence the water
vapour distribution, and choosing a specific model would mean being dependent on its
hypotheses.
We suppose that H2 O is controlled exclusively by condensation effects. Condensation
occurs when the saturation pressure e s becomes equal to the partial pressure of water pH2 O
(Figure 4.5, left panel). At a very good approximation, the saturation pressure depends
only on temperature (Clausius-Clapeyron equation, Equation 1.13), thus the height of the
atmosphere z sat where the saturation regime starts can be found from
e s (T (z sat )) = fH2 O (z sat ) p(z sat ).

(4.11)

If we consider the water vapour well mixed below the saturation level, we just need to
know the temperature and pressure profiles and the explicit relation between the saturation
pressure and temperature. In our case the first two come from EMCD, while for the third
we used the experimental results of Mauersberger and Krankowsky (2003):



+ 12.537 169K 6 T 6 273K
 −2663.5
T
(4.12)
log(e s (T )) = 

 −3059 + 14.88
164.5K 6 T 6 169K
T
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with the pressure in Pa. Because no experimental data for the saturation pressure below
164.5 K exist, we consider the second relation to be valid for T 6 169 K.
Our vertical profile of water vapour f (z) is then composed of two parts. In the lower
part, below the saturation level, we employ a constant mixing ratio fH2 O , while the upper
part follows the saturation curve:



z 6 z sat
 fH2 O
f (z) = 
(4.13)
e
(T
(z))

s

z > z sat
p(z)
Figure 4.5 (right panel) shows an example of such a profile. Above the saturation level,
water vapour mixing ratio falls rapidly to zero except between ≈ 55−65 km. This apparent
“wet layer” is due to the temperature inversion present at those altitudes, which increases
the saturation pressure (as the dotted line of the left panel of Figure 4.5 shows). As a
consequence, the ratio between saturation pressure and partial pressure increases, as does
the mixing ratio (Equation 4.13). The actual existence of this layer, which has never been
observed, is unlikely because the presence of such a feature violates the hydrostatic law. It
just indicates that saturation physics allows the presence of water vapour at those heights,
but other physical phenomena forbid it. In any case, this “wet layer” does not have any
consequence for our results, because at such altitude the atmosphere is too rarefied to
contribute to the formation of the band.

4.3 Treatment of the measurements
The raw OMEGA data is first treated with the SOFT procedure to eliminate the first-order
instrumental contributions (bad pixels, flat-fielding, radiometric calibration, photometric function). The cleaned data are divided by the solar spectrum, convolved with the
OMEGA spectral response. The spectrum is then binned in latitude and longitude.

4.3.1 Binning

√
The binning procedure has two purposes: reducing the random noise by a factor N according to the Poisson statistics, where N is the number of binned spectra, and saving
time for the demanding calculation of the synthetic spectrum, which will be performed
only at the central coordinates of the binned domain. The binning must not be too coarse,
because it would smooth out real climatic fluctuations and consequently mix up the physical information we can extract from the retrievals. A priori we would expect that only a
small number of spectra is needed to get rid of noise-related fluctuations, due to the high
S/N ratio.
We performed some tests retrieving water vapour from the same orbit using a variable
number of binned spectra: always 10 in the longitudinal direction, and between 1 and 40
in the latitudinal one. Each averaged spectrum is thus the mean of 10 – 400 individual
spectra, with a noise reduction factor which goes from ≈ 3 to 20. Figures 4.6 and 4.7
display the results for the orbit 1023, which is a good showcase because it has a wide
range in column density values. These figures compare the H2 O column density and the
mean absolute deviation of the best-fit between the synthetic and the measured spectrum
(which is used as the goodness-of-fit indication - see Section 4.4 for more details) of four
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Figure 4.6: Column density (below) and mean absolute deviation (above) for orbit 1023
(L s = 110.6◦ , local time ∼ 15:00). The black points are the retrievals with no latitude
binning (step of 1), while the red and green lines show the results for the binning step of
5 and 10 pixels, respectively.
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Figure 4.7: As in Figure 4.6, but the red and green lines show the results for the latitude
binning step of 20 and 40 pixels, respectively.
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different latitude binnings. The orbit crosses the polar region from two sides and this is the
reason why at high northern latitudes, down to ∼ 70◦ , two lines at the same latitude can be
discerned. The black diamonds show a moderate amount of scattering, with fluctuations
within 5 – 10 pr. µm at any given latitude but close to the north pole, in correspondence to
the maximum values of column density, where the fluctuation can reach up to 20 pr. µm.
It is unlikely that these small-scale variations are due to physical reasons and they should
mainly be attributed to noise. The fluctuations reduce progressively with the increase of
the number of binned spectra, as expected. Already with a binning step of 10 they are
roughly halved, and they are almost negligible for a step of 40. The values for the binned
retrievals tend to be in the middle of the cloud that displays the individual retrievals.
The global latitudinal profile is well reproduced even by the coarsest binning (40 × 10).
The mean absolute deviation of the individual retrievals shows a significant degree of
scattering too, inside a trend which exhibits fits of worse quality at both edges of the
plot, especially for latitudes < −20◦ . The goodness-of-fit improves with the increase of
the binning. In fact, we can notice that the curves approach the low part of the cloud of
individual points, even if this trend is quite slow.
We decided to employ two different binning strategies depending on the purpose of the
retrieval. In order to study the global seasonal behaviour of the water cycle, the latitude
sampling of each orbit is sufficient, without the need of OMEGA’s mapping capability. In
this case we retrieved just the middle strip along an orbit, 10 pixels wide in the longitudinal direction and with a latitudinal binning chosen between 10, 20, 30, and 40 pixels. The
latitudinal step is the largest number which covers less than 1◦ in latitude; if even the 10
pixels step covers more than 1◦ , we take 10 pixels. This latitudinal binning is computed
at the beginning of every OMEGA cube. In case we want to study the detailed behaviour
of specific regions, instead, we need the highest resolution possible and the application of
OMEGA imaging ability. Here the criterion is to retrieve atmospheric water maps trying
to maintain approximately the same dimension of the binned square. When possible, we
stay close to 0.2◦ in both horizontal dimensions, but we never drop below 60 averaged
spectra. The two ways of retrieval are schematized in Figure 3.4, with the white line
representing the global behaviour sampled in the middle of the orbit track, and the yellow square the detailed retrieval on the feature of interest, as the Tharsis volcanoes. If
the spacecraft is high over the surface, the spatial resolution is naturally limited by the
observing conditions: the dimension of the binned area is significantly higher than the
desired one and in few cases goes up to 0.6◦ × 0.8◦ , which should be still small enough
to limit the mixing of small-scale information. Conversely, if the spacecraft is close to
pericenter the width of the OMEGA cube can be so small (∼ 0.1◦ ) that we just average
the whole OMEGA longitudinal swath without a 2D mapping.

4.3.2 Choosing the continuum
The binned spectrum is then normalized to the continuum. The choice of continuum is
not straightforward, because the 2.6 µm band is blended with the strong 2.7 µm CO2
band in its right wing. Thus, we have to take into account the influence of both gases.
The only possible reference in the red wing is spectel number 123 at 2.644 µm, which
has contributions from both the H2 O and the CO2 bands. In the blue side of the band,
instead, we have more freedom in the choice of the reference points. We chose the average
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Figure 4.8: Measured OMEGA spectrum, corrected for instrumental problems, divided
by the solar spectrum and normalized to the continuum (diamonds and crosses). The
continuum (dotted line) and the synthetic spectrum of the band (solid line) are computed
with the starting mixing ratio of the minimization loop, 200 ppm. The blue crosses mark
the spectels used for the continuum calculation.
between the three spectels 113 – 115 (2.514, 2.527, and 2.540 µm). A study on the
selection of the blue continuum and its effect on the retrievals will be presented in Section
4.5.6.
The continuum in the reference spectels is adjusted at each iteration according to the
current value of mixing ratio, in order to take into account the residual H2 O and CO2
absorption at these wavelengths. The continuum between these spectels is then computed
with a simple linear interpolation. Figure 4.8 shows the measured spectrum at the same
coordinates of Figure 4.2, together with the continuum and the synthetic spectrum computed at the beginning of the minimization loop ( fH2 O = 200 ppm). The spectels used for
the continuum calculation are distinguished by the others with a different symbol.

4.4 The minimization procedure
We determine the best-fit by minimizing the mean absolute deviation (σ) between the
synthetic and the measured spectrum. The deviation is computed for the seven spectels
between 2.527 µm and 2.605 µm. The two spectels at 2.618 and 2.631 µm, which still
belong to the water vapour band in the red wing, present some instrumental problems.
The 2.618 µm spectel is officially declared a “bad pixel” by the OMEGA operational
team, but we noticed that also the 2.631 µm has an erratic behaviour, so they are both
excluded from the automatic minimization procedure. The only varying parameter in the
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Figure 4.9: Best-fit result of the same spectrum shown in Figure 4.8, obtained with a
water vapour mixing ratio of 95 ppm. The spectels used in the minimization procedure
are indicated with big red diamonds. The comparison with Figure 4.8 clearly shows how
the continuum is influenced by the water vapour content.

minimization loop is the volume mixing ratio below the saturation level, fH2 O . Figure
4.9 shows the best-fit result for the spectrum presented in Figure 4.8. The spectels used
in the best-fit procedure are indicated with a bigger diamond symbol. The difference in
the continuum level between the two figures can be noticed. The two spectels at 2.618
and 2.631 µm do not agree with the expected shape of the band, and they exhibit an
offset towards low transmittances. This offset is in general quite random and it cannot be
corrected automatically. This is a confirmation for the exclusion of these spectels from
the minimization loop.
In general, finding a global extremum is a very difficult problem. Here the task is
easier because it involves an one-dimensional minimization, and because there is only one
relative minimum, which coincides with the absolute extreme. In order to find the absolute
minimum of σ we use a variant of the Golden Section Search, which is a quite simple
and straightforward procedure. The solution is supposed to belong to an interval of the
variable ( fH2 Oa , fH2 Ob ); the procedure evaluates σ( fH2 O ) in the middle point fH2 Ox = (a +
b)/2 and obtains a new, smaller interval, either ( fH2 Oa , fH2 Ox ) if σa < σb , or ( fH2 Ox , fH2 Ob )
in the other case. The loop goes on until this interval is acceptably small.
There are two points that need to be clarified. First, the method needs a starting
bracketing interval, for which we have to give three starting values of the mixing ratio. We
chose 10 ppm as lower limit and 8000 ppm as upper limit. 10 ppm basically corresponds
to no water vapour present in the atmosphere, while 8000 ppm is far outside any value
ever observed on Mars’ atmosphere. If the minimum falls outside this starting interval,
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Figure 4.10: Four examples of best-fit results with different quality levels. (a) excellent fit;
(b) typical good fit; (c) acceptable fit; (d) bad fit. The corresponding values are presented
in Table 4.1.
the corresponding extreme is chosen as best estimate of the mixing ratio. The third value
necessary for the bracketing procedure is arbitrary; we set it at 200 ppm, a reasonably
average value for fH2 O on Mars. This value does not influence the final result. Second, we
have to quantify the “acceptably small” value below which the program gives the best-fit
result back. This value should be neither too high in order not to introduce a significant
uncertainty, nor too small to avoid an unnecessary burden on the computational time. Our
choice for this parameter gives a mixing ratio uncertainty of ∼ 3%, which is negligible
compared to the other contributions.
From the best-fit value of the mixing ratio we compute the water vapour column density W using the integral
Z p0
1 mv
W=
fH2 O (p)d p
(4.14)
g hMi 0
where mv is the molecular weight of water vapour, and fH2 O (p) is the mixing ratio at
pressure p. W is expressed in precipitable microns (pr. µm).
The mean absolute deviation of the best-fit, σbest , gives a measure of the goodness-offit (GOF) for each retrieved spectrum: the smaller, the better is the quality. Figure 4.10
exhibit some profiles with different quality levels. The GOF is mainly determined by the
level of noise of the fitted spectrum. If σbest is above a certain value, the result of the
fit is only formal, bearing no real physical meaning. We decided to set a threshold for
σbest over which we do not include the result of the retrievals in the discussion. From
visual inspection of many fits we set this value at 8 · 10−3 . This parameter is quite loose
and leaves out only the best-fits of significant bad quality. In fact, the global results are
quite robust compared to the goodness-of-fit, and the overall behaviour along an orbit is
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plot letter
(a)
(b)
(c)
(d)

σbest
(×10−3 )
1.245
4.038
6.483
13.46

mixing ratio
(ppm)
100
163
675
579

column density
(pr. µm)
7.04
12.33
32.00
16.50

Table 4.1: Values of the goodness-of-fit and the best-fit results for the four cases shown
in Figure 4.10.
maintained within a wide range of the threshold. This is due to the general good quality
of the fits.
The procedure finds at first the best-fit without the introduction of saturation, with a
constant mixing ratio up to the top of the atmosphere. Besides providing a result which
can be used as a reference to study the effect of saturation over the retrievals, this method
gives as an output a starting value of the mixing ratio for the second part of the procedure,
when the minimization loop runs with the introduction of saturation physics. The average
computation time for the retrieval on one (binned) spectrum is ∼ 27 seconds (in an Intel
T2400 at 1.83 GHz with 2 GB of RAM). The most demanding task is the computation of
the line-by-line procedure, which alone takes up to 35% of the time. The introduction of
saturation increases the computational time by ∼ 40%.

4.5 Uncertainties
The uncertainties on the retrievals can be divided into two main categories. The first
group is linked to the model we are using to build the synthetic spectrum, regarding in
particular the climatological assumptions. To this group belong the uncertainties related
to the Climate Database (Section 4.5.1) and to the vertical distribution of water vapour
(Section 4.5.4), the lack of a detailed treatment of the effects of dust (Section 4.5.2), and
the neglect of the seasonal variations of CO2 mixing ratio (Section 4.5.3).
The other group is related to the measured spectrum and its treatment. Here the effect
of random noise and the precision of OMEGA calibration (together in Section 4.5.5), and
the influence of the continuum (Section 4.5.6) are included.
We present the individual contributions in detail, referring both to the error on mixing
ratio, which is our fitting parameter, and to the one on column density.

4.5.1 EMCD
The first effect of the climatological database on the uncertainties that we have to check is
the consequence of its low spatial resolution. Figure 4.11 compares the output of EMCD
4.1 and EMCD 4.2, which uses high spatial resolution for the extrapolation of the climatic
parameters, for a segment of Valles Marineris. This is one of the trickiest areas of Mars
due to the big altitude jump (more than 11 km) in a distance of few kilometers, and
indeed EMCD 4.1 overlooks it almost completely. This is evident from Figures 4.11a/b,
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Figure 4.11: Maps that compare the low resolution output of EMCD (left) with the high
resolution one (right) for an area which belongs to the Valles Marineris canyon complex.
Upper row (a and b): altitude. Middle row (c and d): surface pressure. Lower row (e and
f): near-surface temperature (∼ 10 m over the surface).
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which show the altitude map from EMCD 4.1 interpolation and from MOLA. Not only the
shape is different, but EMCD underestimates significantly both the depth of the canyon,
with the lowest point of the map at -0.86 km instead of the -5.45 km of the MOLA map,
and the altitude of the part outside the canyon (3.28 km against 6.23 km). The difference
between Figures 4.11c/d, which compare surface pressure, mirrors that of the altitude.
The temperature, instead, shows only a minimal change, even if the spatial structure is
different (Figures 4.11e/f). Regarding temperature, it must be said that the difference
between EMCD 4.1 and EMCD 4.2 can become big close to the surface, reaching up to
40 K below 10 m of altitude. This effect is actually more due to a different modelling
of near-surface atmospheric processes than to the change of spatial resolution. In fact,
surface temperature and the atmospheric temperature at 0 m are two distinct things; there
is a link between them, but it is not obvious. The GCM used by both EMCDs provides the
temperature at ∼ 5 m on one hand, and the surface temperature on the other. EMCD 4.1
assumed that the atmospheric temperature at 0 m is equal to that at 5 m, while EMCD 4.2
interpolates between the two values, hence the strong difference between the databases
temperature at these heights. The near-surface layer between 0 and 5 m is in any case too
shallow to influence significantly the water vapour retrieval.
The case of Valles Marineris is one of the most extreme on Mars, with the presence
of huge altitude variations in a small horizontal scale. Figure 4.12 shows the effects of
low resolution on a more typical region (at least regarding topography), inside Chryse
Planitia. Even if the low resolution interpolation does not retrieve the correct shape of the
topography or of the pressure features, the quantitative difference is much less pronounced
than in Figure 4.11, and the low resolution approximation can be considered more reliable.
Regarding the work presented in this thesis, the strongest effects of the low resolution of
EMCD are on the Tharsis volcanoes (Section 6.2). The relatively steep borders of the
Hellas Basin (Section 6.3) are also affected, but to a lesser extent.
In the case of pressure, the influence of low resolution is limited due to the use of
the pres0 procedure, which computes the surface pressure p0 implementing already high
resolution data (Section 4.2.1). This means that the low resolution can affect only the
shape of the vertical profile of pressure. The associated relative error on mixing ratio is
around 1%, which is negligible compared to the other error sources. The same can be
said for the column density. No correction equivalent to pres0 was available in EMCD
4.1 for the temperature, so we get the full effects of the low resolution. An additional
contribution to the temperature uncertainty comes from our very schematic treatment of
dust and aerosols in the atmosphere. Between the two, the first is probably the most significant. The absence of major dust storms in the observed Martian year should limit the
temperature uncertainty due to aerosols (for a more detailed discussion on the influence
of dust in the retrievals see next section). The temperature influences mainly the height of
the saturation level. Its effect on the retrieval is important in particular when the temperature is low, and as a consequence the saturation level is close to the surface. Anyway, as
Figures 4.11 and 4.12 show, the near-surface temperature is basically the same between
low and high resolution database, so also for the temperature the effect of the difference
in resolution is mainly on the vertical profile. As has been stated already, the near-surface
layer, where the bigger difference between the two databases is concentrated, is too shallow to give any contribution to the column density retrieval. As for the case of pressure,
we can expect that this contribution is relatively small.
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Figure 4.12: Similar to Figure 4.11 for a region inside Chryse Planitia, with a relatively
flat topography.
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orbit
278
357
1023
1177
2001

absolute difference
mixing ratio
(ppm)
1.22 ± 21.80
0.69 ± 7.87
12.9 ± 53.6
−12.5 ± 71.1
13.0 ± 23.2

absolute difference
column density
(pr. µm)
0.04 ± 0.22
0.04 ± 0.14
0.46 ± 0.69
0.29 ± 0.85
0.51 ± 0.87

relative difference
mixing ratio
(%)
1.8 ± 6.6
1.8 ± 10.7
2.1 ± 8.6
−5.7 ± 21.9
5.3 ± 5.7

relative difference
column density
(%)
0.260 ± 0.053
1.1 ± 7.6
3.8 ± 5.8
1.2 ± 5.4
3.1 ± 4.6

Table 4.2: Average uncertainties due to the different climatological database (from EMCD
4.1 to 4.2).
The uncertainty due to low spatial resolution can be estimated quantitatively using the
new version of EMCD as the reference, retrieving the same orbits and changing in the
procedure only the version of EMCD. We suppose here that the main differences in the
retrievals between EMCD 4.1 and 4.2 are due to the change in resolution and not to other
improvements. The results for the test orbits, which cover different seasons and different
locations (orbit 278 passes over Arabia Terra; orbits 357 and 1023 over Tharsis; orbit
1177 observes Olympus Mons; orbit 2001 covers Hellas) are shown in Table 4.5.1. As
predicted, the uncertainties are low. Both for mixing ratio and for column density, EMCD
low resolution accounts for less than 5% in the relative error. It must be pointed out,
however, that the numbers in Table 4.5.1 show the average behaviour of the orbit. Locally,
in regions where a strong difference exists between low resolution and high resolution
topography, as the Tharsis volcanoes, the error increases (Section 6.2.1).
The other source of uncertainty on the climatological parameters is the intrinsic error
of the Global Circulation Model itself. The pressure uncertainty is few Pa and it is negligible. The only place where it can be of some importance is on the top of the volcanoes,
but in this case it is still negligible compared to the greater contribution from the random
noise (see Section 4.5.5). Many statistical tests were made comparing the temperature in
the MCD model and TES observations by the model developers. The typical RMS error
varies slightly with the local hour, but is always ∼ 5 K (Forget, personal communication).
In order to estimate its influence on the retrievals, we made a number of tests on the same
orbits, translating the whole temperature profile by ± 1, 3, 5 and 10 K. Figure 4.13 shows
the related average relative uncertainty for both column density and mixing ratio. In the
case of column density, all the orbits but number 2001, which seems to be quite insensitive to temperature, exhibit the same trend. The error gets higher the more we shift the
temperature profile, and it has a monotonically increasing behaviour going from -10 K to
+10 K: a negative shift in temperature brings lower column density values than the reference, and conversely for a positive shift. This trend can be explained because the lower
the temperature, the closer the saturation level height is to the surface. Water vapour becomes progressively confined in thinner atmospheric layers and the integrated amount of
water decreases. The orbits have also quite consistent error values, except for the above
mentioned orbit 2001, and orbit 357 that shows the same trend but higher errors. We set
the column density uncertainty due to temperature to 20%, which is a reasonable value
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Figure 4.13: Mean value of the relative uncertainty on column density (top) and mixing
ratio (bottom) associated with the shift of the temperature profile. The test orbits are the
same of Table 4.5.1 and are associated with a different symbol and colour, according to
the legend on the Figures.
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for the average of the orbits. The consistency between the various test orbits reassures us
that it is quite indicative for the whole dataset. The mixing ratio exhibits instead a distinct
behaviour, which seems to be orbit-dependent. Three orbits, number 278, 357 and 2001,
are relatively insensitive to temperature and the error is within ±10% independently of
the magnitude of the shift. The other two, number 1023 and 1177, show almost the same
behaviour as the first group for positive shifts, while the more the negative shift, the more
the error increases, reaching ∼ 50% at -10 K. The difference between the two groups is
probably due to seasonal effects. Orbits 1023 and 1177 are in fact retrieved during northern summer. In this season temperatures are low, due to the closeness to aphelion, and
the saturation level is already close to the surface. Shifting temperatures even lower has
the effect of concentrating water vapour in a thinner layer just above the surface, strongly
rising the mixing ratio. This effect does not appear during the other seasons, because the
saturation level is high enough so that moving it closer to the surface by a few kilometers
does not influence the vapour concentration in a significant way. With these results it is
difficult to give an unique value for the mixing ratio uncertainty. As an indicative quantification we can consider an error of 10%, with the caution that during northern summer
it can be higher, around 20% on average.

4.5.2 Dust and ice clouds influence
An additional contribution to the temperature uncertainty comes from the dust loading
assumed in our procedure. We did not introduce a specific correction on our data due to
dust and aerosols. This approximation must be treated with caution because dust affects
both the climatological characteristics, temperature in particular, and the spectrum itself
through scattering and extinction processes.
Regarding the former, we use at least a first order correction employing the EMCD
“Martian Year 24” scenario. This is supported by the absence of anomalous dust activity,
as extensive local or global dust storms, during Martian Year 27. The uncertainty due to
climatic effect of dust can be included in the intrinsic EMCD error.
The influence of dust opacity on the band depth is more complex to calculate. Fedorova et al. (2004a,b) studied this effect in detail, reprocessing the MAWD-Viking observations with the inclusion of a radiative transfer code with multiple scattering. From
their computations, it can be seen that H2 O column density can be considerably underestimated neglecting dust effects, which depend on dust optical depth and the airmass.
However, significant changes occur only when the Viking probes were under the influence of global dust storms (Figure 2.1). A precise estimation of the uncertainty on column density due to the aerosol is not possible. First, there is no available monitoring
of dust optical depth for the first Mars Express year yet. Secondly, the analysis of Fedorova et al. (2004a) is applied to the 1.38 µm band, and transferring their results on the
2.6 µm is not straightforward, considering that the influence of dust depends nonlinearly
on wavelength. We expect anyway that the effect of dust at 2.6 µm is less than at 1.38
µm, because the average effective radius of aerosol particles is around 1.5 µm, with some
degree of variance depending on the model and on the observed wavelength (Chassefière
et al. 1995; Tomasko et al. 1999). Moreover, the 2.6 µm band is stronger than the 1.38
µm one, and thus less sensitive.
The absence of anomalous dust activity in MY 27 suggests that this uncertainty is
76

4.5 Uncertainties

Figure 4.14: Spatial distribution of dust optical depth from EMCD (“Martian Year 24”
scenario) in two seasons approximately correspondent to the minimum and the maximum
of dust activity. The local time is chosen to roughly match OMEGA observations for that
season. Top: L s = 90◦ − 120◦ , local time = 16:00. Bottom: L s = 240◦ − 270◦ , local time
= 14:00. The red contours in the background are the MOLA topography.
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negligible. In a typical annual dust activity the aerosol optical depth is almost always
between 0.2 – 0.6, with few peaks slightly above 0.7 in selected places of Mars (Figure
4.14). The airmass of our observations is mainly between 2 and 3. For these values the
dust correction does not affect the retrievals. The dependence of the aerosol influence
on water column density and airmass is also very weak at these optical depths (Fedorova
et al. 2004a).
The presence of ice clouds has partly an effect similar to dust changing the band depth
through absorption, reflection, and scattering. In addition, it is involved in the water cycle
with condensation and deposition effects (Section 2.6.4). However, ice clouds are much
more sparse, both in space and in time, than dust, so they do not contribute to the global
uncertainty. A stronger influence can be present in those regions with a more extensive
cloud activity. In these cases this issue must be examined in more detail. See Section
6.2.1 for the example of the Tharsis volcanoes.

4.5.3 CO2 mixing ratio
CO2 is the dominant component of both the atmosphere and the seasonal polar caps. In
response to the variation in the distribution of insolation during the Martian year, carbon
dioxide is exchanged between these two reservoirs. A layer of carbon dioxide frost, whose
temperature yields an annual balance between condensation and sublimation, forms on the
caps during local winter, and it controls the atmospheric pressure during the Martian year
(Section 1.2). The efficiency of this mechanism depends on the insolation, and it has a
seasonal asymmetry due to the aphelion/perihelion cycle. The CO2 cycle interacts with
and influences the H2 O cycle in many ways described in Section 2.6.
The best measurement of CO2 mixing ratio remains that from the Viking mass spectrometer in early northern summer: 95.32% (Owen et al. 1977). However, this value
varies with season due to the condensation and sublimation cycle of a significant part of
the atmosphere into the seasonal polar caps. Estimations of the total atmospheric mass
variations performed by simulating the surface pressure retrieved by Viking with a General Circulation Model show that the mean surface pressure can reach extremes corresponding to 0.9 – 1.12 times the mass of the early northern summer atmosphere observed
by Viking (Hourdin et al. 1995). The percentage in mass of CO2 that condenses arrives
at 30%, generating a sort of seasonal atmospheric collapse. These values correspond to a
CO2 mixing ratio ranging between 0.948 and 0.958, depending on the season.
In our method of retrieval we assume that the mixing ratio of CO2 is constant at a
value of 0.953 during the whole year. This can potentially have some consequences on
the retrieval because of the blending with the strong 2.7 µm CO2 band on the right wing,
that affects especially the choice of the continuum on the red side of the 2.6 µm band.
However, we made some test retrievals changing the mixing ratio of carbon dioxide and
we could see that its influence on water vapour results is negligible.

4.5.4 The vertical profile of water vapour
Our vertical profile includes only the physics of saturation and condensation, in agreement
with observations (Sections 2.4 and 4.2.2). From a physical point of view this means that,
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apart from saturation, any effect that can create vertical inhomogeneities on the distribution of water vapour in the atmosphere is considered negligible. Consequently, the
vertical mixing is more efficient than any local source or sink of water vapour, so that
any perturbation to the well-mixed state is instantaneously redistributed. The important
factor is the relative strengths of the two effects. Thus, either the vertical mixing is always
stronger than the immission of H2 O in the atmosphere by external sources like the regolith
desorption, or these are weakly effective or absent.
Two main phenomena can generate an unbalancing of the H2 O vertical distribution.
The first and most important is the regolith-atmospheric coupling. If the absorptiondesorption of water vapour from and into the surface is strong enough, it hardly can be
vertically redistributed by eddy mixing unless this is very efficient. The consequence is
an enrichment of the atmospheric layers closer to the surface. In the most extreme case of
this scenario, all the water is confined in a superficial layer with the thickness of the Planetary Boundary Layer. The absence of general consensus regarding the effective influence
of the regolith on the Martian water cycle (Section 2.6.2), however, makes the introduction of any regolith-induced effects in the vertical profile risky, because the method would
become too linked to a specific GCM without having clear indications from the observations. The other phenomenon that can play some role on the water vapour profile is the
sedimentation of condensed particles from the saturated layers of the atmosphere, which
can generate an enhancement of water vapour mixing ratio in the layers just below the
saturation level, as discussed in Montmessin et al. (2004). This is more important with
the presence of ice clouds but it can be always present.
We believe that the well-mixed approximation, supported by several observations, is
still the most probable, and it allows us to be less model-dependent. However, the scarcity
of measures does not guarantee that this hypothesis holds at all the times and everywhere
on Mars. We made some test-runs in order to see the sensitivity to our method to the H2 O
vertical distribution. We employed three different profiles:
• a profile which confines all the water in the first three kilometers of surface, roughly
corresponding to the Planetary Boundary Layer. This case simulates an extreme
influence of the regolith in the Martian water cycle together with an ineffective
eddy mixing (Figure 4.15a);
• a linear decrease of the mixing ratio between the surface and the saturation level,
with a factor of 10 between these two layers. This case is similar, but less extreme,
to the previous one (Figure 4.15b);
• a linear increase of the mixing ratio between the surface and the saturation level,
with a factor of 10 between the layers. This profile simulates a strong precipitation
of condensed water that reverses to water vapour just below the saturation level,
together with a negligible effect due to advection from the surface (Figure 4.15c).
It must be noted that the last two profiles present an additional computational complication. In fact, if the condition of well-mixing is abandoned, the minimization problem is
not a single variable one anymore, the degrees of freedom becoming two: the mixing ratio
of water vapour at a determined altitude (i.e. the saturation level), and the height of the
saturation level itself (provided that an analytical expression for the mixing ratio of water
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Figure 4.15: Examples of the three water H2 O vertical profiles used in the test-run. (a):
confinement in the first 3 km with a constant mixing ratio. (b): linear decrease of the
mixing ratio by an order of magnitude from the surface to the saturation height. (c): linear
increase of the mixing ratio by an order of magnitude from the surface to the saturation
height. For these last two cases the saturation level set up at 20 km over the surface.
vapour below saturation is given). In order to use these two profiles without introducing
a multivariate minimization procedure, which would introduce a significantly higher degree of complexity in the program, we computed the height of the saturation level using a
well-mixed profile. With the saturation height fixed, the procedure provided to introduce
the linear function below the saturation and the synthetic profile is then computed with
this vertical distribution. This method gives an estimate of the effect of a variable mixing
ratio profile, even if not completely rigourous.
The test shows that the assumptions regarding the H2 O vertical profile significantly
affect the retrieved mixing ratio. In the second and third case, the column density of water
vapour and the average value of the mixing ratio below the saturation level increase and
decrease by ∼ 20%, respectively. The first case is the most extreme, and results in the
doubling of mixing ratio and the halving of column density. This contribution was not
added to the error computation. The vertical profile used in the thesis is still the most
reliable and accepted, in absence of more precise measurements.
It can also be interesting to see what happens if we do not switch on the saturation
effects and allow water vapour to be well-mixed throughout all the atmosphere. As for
the temperature shift (Section 4.5.1), the mixing ratio difference depends on the season
and, as expected, the difference is higher during northern summer for similar reasons: the
lower the saturation level height, the higher is the influence on the retrievals. In general,
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the difference between the case with and without saturation is minimal: ∼ 5 ppm on
average on all seasons but during northern summer, when it rises to around 50 ppm. The
relative difference, however, is not much higher, because the northern summer coincides
with the global maximum of water vapour, setting at around 5 – 10% for all the year.
For the column density the qualitative behaviour is similar, but the difference is bigger
than for the mixing ratio. The vapour column density computed without saturation is on
average 20% higher than with it.

4.5.5 Random noise
The random noise affects the counts of the individual spectels. It is related to the precision
of OMEGA and to the binning step, which decreases the spectral noise according to the
Poisson statistics. The contribution of noise cannot be disentangled from the influence of
real small-scale fluctuations that are unresolved inside the binning domain, so we have to
treat these two effects together. We computed for each spectel of the band the standard
deviation of the counts inside the binning domain. We chose different binning sizes,
between 80 and 400 spectra. The result is always close to 1%, which is incidentally also
the relative calibration precision. We made a series of tests running the retrieval procedure
on synthetic spectra created superimposing to the real spectrum a random value within 1%
to the counts of each spectel of the band.
The relative uncertainty on column density is quite uniform for the analysed orbits,
between 10% and 15% on average. The behaviour for the mixing ratio is similar but with
slightly higher values, between 15% and 20%. The errors show a clear but not strong
anticorrelation with the reference values. The lower the column density, the higher is the
relative error. The same for the mixing ratio. The reason is intuitive: for low column
densities (which usually implies low mixing ratios) the band is shallower and thus more
sensitive to noise fluctuations. On the contrary, there is no significant general correlation
with the surface altitude (which means, with pressure), which also affects the band depth.
Some orbits suggest a slight correlation between relative error and altitude, but only above
a certain elevation (∼ 5 km), possibly depending on local effects.

4.5.6 The continuum
The selection of the continuum has some degree of flexibility in the left wing, while on the
right wing we have only one choice of one spectel (due to the blending of the CO2 band).
There is no univocal choice for the continuum spectels of the left wing, the only condition
being that the chosen wavelength range is not contaminated by mineralogic features or
atmospheric bands other than H2 O and CO2 . Even if we restrict the spectel selection to
the ones which are close to the band, the choice seems to be quite arbitrary. Thus, it is
important to check how much the results are affected by the change of continuum, and if
there is a particular choice that it is better than the others.
We decided to use a combination of three consecutive spectels to define the left continuum, in order to limit the influence of individual spectels on it. Four combinations were
tried, starting from the triplet (111,113) through to (114,116), with increments of one step.
We tested the effect on a series of orbits that pass over the two Mars Exploration Rovers
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Figure 4.16: Variation of water vapour column density with the left wing continuum,
indicated with different colours according the the top left legend. (a): average value over
Spirit, (b): over Opportunity.
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Figure 4.17: As in Figure 4.16, with the goodness-of-fit variations.
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Cause of
uncertainty
minimization procedure
EMCD low resolution
EMCD pressure intrinsic uncertainty
EMCD temperature intrinsic uncertainty
dust and ice clouds
CO2 seasonal variations
spectrum noise
continuum

column density
error (%)
3
∼2
negligible
20
negligible
negligible
10 – 15
10

mixing ratio
error (%)
3
∼4
negligible
10
negligible
negligible
15 – 20
10

Table 4.3: Summary of all the relative uncertainties on column density and mixing ratio
of water vapour retrievals.

Spirit and Opportunity (of which the complete results on water vapour are presented in
Section 6.1).
We notice a systematic behaviour for various parameters. In almost all the orbits, the
closer we are to the band, the higher is the retrieved average column density, even if the
seasonal trend is the same for all continua (Figure 4.16). Usually the (114,116) triplet is
quite detached from the other three, tending towards high values. On the contrary, the
(112,114) and (113,115) continua are often very close or superimposing each other. The
quality of the fits also has a sort of monotonous trend, becoming progressively better as
we approach the band with the continuum (Figure 4.17). However, the standard deviation
over the mean increases in the same direction (not shown), so it seems that the individual
fits improve their quality, but with a higher degree of scattering. From these results we
can exclude the triplet (114,116) among the various continuum possibilities. The highest
standard deviation suggests that it is too sensitive to noise, and the high values of column
density, compared to the other choices, seem to hint at a systematic effect affecting the
results. We also did not consider the extreme left triplet, (111,113), because it generates
the worst fits, possibly leading to an underestimation of vapour column densities. Moreover, it is advisable to use the closest continuum possible to the band in order to avoid any
wavelength-dependent effects. The remaining two continua do not show significant differences, and we can choose freely between them. At the end, we decided for the (113,115)
set, which is a good compromise between the four, and the closest possible choice to the
band. The associated uncertainty on column density, comparing the (113,115) retrievals
to those of the other continua (excluding the (114,116)) is equal to 10%. The same value
is valid for the mixing ratio.

4.5.7 Conclusion
Table 4.5.7 sums up all the various contributions to the error and their magnitude. If
we consider them independent from each other, we can compute the total relative error,
which results to be 25% for the column density and slightly less, ∼ 22%, for the mixing
ratio. It must be noticed that the values written in the table are sometimes just indicative,
because the individual errors usually show some dependencies. For example, EMCD low
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resolution has a stronger influence where the difference between the two resolutions is
higher (Figure 4.4), while the effect of the model’s instrinsic uncertainty on temperature
depends on the season, due to its influence on the saturation height. These specifics can
be found in the related section of each uncertainty contribution.
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This chapter presents the results regarding the global behaviour of atmospheric water
vapour on Mars. The main focus is on the seasonal water cycle, which has been studied
by all the past and present instruments retrieving H2 O (Sections 5.1 and 5.2). The analysis
of the temporal trend is completed with the diurnal dependence in Section 5.3. Section
5.4 shows the results on the spatial distribution of water vapour on the planet, and finally
Section 5.5 presents the annual behaviour of the saturation level height, which gives information on the vertical distribution. All the aspects of the global water cycle are thus
considered and discussed.
Mars Express started to acquire data at L s ∼ 330◦ of Martian Year 26. This thesis will
include this last part of MY 26 (January 2004 – 5 March 2004) and the whole MY 27 (6
March 2004 – 21 January 2006), covered by Mars Express orbits 0 – 2599. The orbits
where OMEGA was active are 617: of these, 476 were acquired in Nadir configuration,
97 had at least one cube in Acrosstrack or Alongtrack, and 44 are in the Inert mode.
Figure 5.1 displays the distribution of all orbits along the year with the indication of the
local time. Nadir is the best mode for atmospheric observations, but the offset angle of
the Track orbits is usually quite small (≤ 7◦ ) and it should not introduce any significant
effect. The Inert orbits are also included in the analysis, because they are only 7% of the
total and they are usually distributed outside the periods covered by the other orbits, so
they allow us to have a glimpse of water behaviour during periods of the year otherwise
not observed.
The coverage of the year is quite good, even if there are two big gaps at the end of
northern spring (L s = 60◦ - 90◦ ) and for a good part of northern autumn (L s = 190◦ −240◦ ),
during which only few Inert orbits are present. Other small gaps, notably around the
spring equinox (L s = 0◦ ), are also present. Figure 5.1 shows that the local time is related
to season, due to the evolution of the orbit of the spacecraft. The diurnal contribution
cannot thus be disentangled from the seasonal trend. This can be inconvenient especially
if the diurnal variations of atmospheric water are on the order of 10 pr. µm, as indicated
by some measurements (Section 2.3). If this is indeed the case, they can significantly
influence the observed seasonal behaviour, in particular during the seasons of low activity,
introducing a bias in our (and other Mars Express’) results. This issue, together with a
study on the diurnal variability, will be discussed in more detail in Section 5.3.

5.1 The seasonal cycle
The seasonal trend is presented in the conventional way, against L s and latitude. The
whole dataset was binned each 2◦ in latitude and L s , in order to match the TES binning.
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Figure 5.1: Plot of the distribution of OMEGA orbits in the first Martian year, binned 2◦
in L s and latitude. The colour scale indicates the local hour. The relation between the
season and the local time is evident.
It must be noticed that the number of retrievals included in each binning domain is very
variable, going from few units to ∼ 80, with a distinct latitudinal dependence (Figure 5.2).
The central part of the latitudinal sampling has the highest number of averaged orbits per
bin, with the counts progressively decreasing towards the extremes. The behaviour at the
borders of the covered area, thus, is possibly more susceptible to individual retrievals,
while the central section is more representative of the average trend. An exception to
this behaviour is the area at high northern latitudes during early summer, because in this
period Mars Express was flying over the north pole, so the sampling includes retrievals
from both sides of the pole. Figure 5.2 shows also that the whole sampling is divided in
oblique strips. This is an effect due to the orbits’ division in cubes. In fact, between the
end of a cube and the beginning of the next one, a small latitude interval is not covered
by observations. This causes the segmentation of the sampling at the same L s . The
orbits have in general the same structure. However, the position of the gaps between the
cubes slowly moves, following the evolution of the pericenter position with time, thus
generating the regular oblique strip-like pattern that can be seen in Figure 5.2.
The average value of the column density in each binning domain is plotted in Figure
5.3. The main features of the cycle, for which we refer to Section 2.2, are well represented.
The maximum of activity during the northern summer has already begun when OMEGA
starts acquiring data again at L s = 90◦ , after the gap of the observations during northern
spring. The few Inert orbits acquired in the empty period between L s = 60◦ − 90◦ hint at
the beginning of the sublimation from the seasonal cap at L s ∼ 75◦ . The global maximum
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Figure 5.2: Number of averaged retrievals for each binning domain. The lines that mark
the transition between two adjacent cubes of the same orbit can be discerned (see text for
explanation).
is around 50 pr. µm on average and covers an area between L s = 100◦ − 120◦ in season
and ∼ 55◦ − 80◦ N in latitude. The highest retrieved value is 60.7 pr. µm, at L s = 102◦
and latitude 78◦ N. The peak then starts to decrease in intensity quite abruptly and at
L s = 140◦ is already extinguished. The decrease is quite monotonous at all high northern
latitudes down to 55◦ − 60◦ N. The exception is a string of high values at L s = 122◦ , which
has its maximum between 55◦ − 70◦ N and extends down to ∼ 35◦ N. During summer
and the beginning of autumn a progressive equatorward drift of the local maximum can
be seen, but not to the extent shown by TES. After L s = 150◦ the main gush of water
vapour seems already exhausted. Nevertheless, even if not too intense, the drifting local
maximum towards lower latitudes persists at least until L s = 200◦ , when OMEGA has
a break in observations, as is better shown by the bottom plot of Figure 5.3. A new
increase at equatorial latitudes starting at L s ∼ 180◦ is noticeable, but its origins are
not clear yet. It is not excluded that it can be related to instrumental effects. During
southern late spring and summer the secondary maximum at high southern latitudes seems
to start at L s = 245◦ , just after OMEGA started to acquire data again, but it cannot be
inferred clearly by the retrievals whether it had already begun before the reactivation of
OMEGA at L s = 240◦ . This maximum has a quite irregular and loose structure, with
two relative maxima of ∼ 25 pr. µm at L s = 260◦ − 270◦ between 60◦ − 65◦ S, and on
the polar regions at L s = 300◦ − 310◦ . Compared to the northern summer maximum, the
southern one is significantly less intense and less compact. Its edge is at ∼ 35◦ S at the
beginning and it moves slightly towards the pole down to ∼ 50◦ with the progression of
89

5 Results: the global view

Figure 5.3: Seasonal behaviour of water vapour in Martian atmosphere as observed by
OMEGA, during the first Martian year. The two plots differ just in the colour scale. The
top plot spans more or less the annual fluctuation of water vapour, from 0 to 60 pr. µm.
The bottom plot, up to 40 pr. µm, is provided to stress the secondary features.
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the season. At L s = 315◦ the southern maximum ends abruptly, with no signatures of
transport. During southern summer the water vapour amount is very low in the southern
tropical region. There are hints that the amount of H2 O rises again in the northern tropical
region, but the behaviour is too unstructured to speak of a secondary maximum. Besides,
the oblique lines that can be seen in the north during this period seem to suggest there
is some instrumental effect to be taken into account. After the sharp end of the southern
maximum, the water cycle enters the phase of minimum activity around the northern
spring equinox.
The average column density for the whole dataset is 9.73 pr. µm. The asymmetry
between the two hemispheres is apparent also when we compute their average values
separately: 11.79 pr. µm for the northern hemisphere, 7.99 pr. µm for the southern one.

5.2 Comparison with other datasets
We begin with the observations from MGS/TES described in Section 2.2, which are still
the longest record of continuous retrievals of atmospheric water vapour on Mars and the
current reference. TES covers up to the beginning of MY 27, meaning that we have
simultaneous measurements of the two instruments for a limited time. For the comparison
we use the closest complete Martian year, number 26 (third plot of Figure 2.2). The small
interannual variability of the water cycle (Smith 2004) and the absence of strong dust
episodes during this year guarantees that we do not introduce significant uncertainties in
such a comparison, and that MY 26 is characteristic for the seasonal behaviour of H2 O.
There is a general good agreement between OMEGA and TES. Qualitatively OMEGA
reproduces all the main features of the H2 O cycle, with the possible exception of the local maximum at northern tropical latitudes during the southern summer. The quantitative
agreement is also good. TES is on average higher than OMEGA, but only by few precipitable microns – the actual average difference on the whole dataset is +0.95 pr. µm – with
a inhomogeneous distribution along the Martian year. Figure 5.4 displays the absolute
difference in column density between the two datasets.
The detailed structure of both polar maxima is different. OMEGA northern summer
maximum is shorter in time but more extended in latitude, appearing more circular than
the TES one, which is elongated in the L s “direction”. It has already ceased at L s = 145◦ ,
while the TES maximum is still present at L s = 155◦ and fades out more smoothly. Also,
the TES peak is concentrated between 70◦ − 80◦ N, while OMEGA spreads out down
to 60◦ N. Figure 5.4 displays clearly that this is the season where the highest absolute
difference between the two dataset is concentrated, both towards the negative and the
positive extreme. In particular, the blue area between 55◦ −70◦ N at early northern summer
shows the larger latitudinal extension of OMEGA results compared to TES, while the red
region between L s = 130◦ −150◦ (but also in the few orbits at mid-end of spring) indicates
that the wings of the TES maximum are “cut out” in OMEGA. The southern summer
maximum is also significantly different. In TES results it resembles the northern one, just
less intense and with a sharper end. It does not show the two maxima structure that can
be seen in OMEGA. The period of low water vapour that is present in OMEGA between
L s = 270◦ − 290◦ almost coincides with the local TES maximum.
Other less strong differences appear at equatorial-tropical latitudes. As already men91
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Figure 5.4: Difference between TES and OMEGA column density.

tioned, the equatorward transport during the northern summer is much less evident in
OMEGA. Also the secondary maximum between 0◦ − 30◦ N during the southern summer
is stronger and more structured in TES. This underestimation of water vapour column
density in OMEGA results at equatorial latitudes seems to be a constant behaviour during
the whole year. By contrast, water vapour amount in the southern hemisphere is generally higher in OMEGA than in TES, except for during the summer maximum between
L s = 270◦ − 300◦ . To conclude with TES, it is interesting to point out two secondary features which are instead present in both retrievals. The first is the onset of the equatorward
transport at L s = 120◦ . Both dataset experience a strip of high H2 O abundance which
quite suddenly reaches down to 30◦ N. The second is the abruptness of the interruption of
the southern maximum at L s = 320◦ , which happens almost simultaneously for the two
instruments, despite the fact that we are observing two different Martian years. A possible explanation can be the onset of a particularly strong dust activity, which is indeed
observed in the TES case.
In respect to TES, a comparison with the other Mars Express spectrometers has the
advantage that vapour is retrieved in the same year, season and local hour, limiting the observational differences. Mars Express is indeed the first spacecraft providing such simultaneous monitoring of water vapour. Several of them have already published the results on
the global water cycle in the first Martian year: SPICAM (Fedorova et al. 2006), PFS long
wavelength channel (LW) (Fouchet et al. 2007), PFS short wavelengths (SW) (Tschimmel et al. 2008). It must be remarked that only PFS-SW uses the same water band of
us, while SPICAM employs the 1.38 µm band (incidentally, the same as Viking/MAWD),
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Figure 5.5: SPICAM results of atmospheric water vapour during the first Martian year
(adapted from Figure 7 (bottom) of Fedorova et al. 2006, with a different colour code).
The column density range of the two plots is the same as in Figure 5.3.
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Figure 5.6: Column density difference between SPICAM and our results.

and PFS-LW observes the thermal part of the spectrum in the interval 305 – 505 cm−1 .
Qualitatively there is good agreement between all the datasets, and also the quantitative comparison is fairly good, considering that each instrument uses different retrieval
methods and different water vapour bands. The differences are usually inside the uncertainties, but some trends can be discerned. SPICAM exhibits the closest behaviour to
OMEGA (Figure 5.5). The shape and evolution of the northern maximum is remarkably
similar even in some details, as for example the local increase at L s = 122◦ between
55◦ − 70◦ N. Also the evolution of the local maximum towards the equator during northern summer is the same for both instruments. SPICAM sees the equatorial increase at
L s ∼ 180◦ too. The main difference is in the shape of the southern maximum. SPICAM
is closer to TES, with one single peak between L s = 270◦ − 300◦ instead of the two maxima. Regarding the absolute quantities, SPICAM water cycle is slightly drier, on average,
than OMEGA (Figure 5.6). The difference is highest during the summer maxima, when
SPICAM finds up to 15 pr. µm less water in the north. The only period during which
SPICAM has persistently more water than OMEGA is between L s = 270◦ − 300◦ . During
most of the year, however, the difference is limited to ∼ 3 pr. µm. The PFS data are
limited to the first part of the year, until L s ∼ 200◦ , due to instrumental problems. The
two channels, which cover the reflected (short wavelengths – SW) and the thermal (long
wavelengths – LW) part of the spectrum, while very consistent qualitatively, show significant discrepancies in the measured quantity of water vapour in the atmosphere. The SW
channel in fact finds 1.5 – 3 times more water vapour than the LW one (Fouchet et al.
2007). Figures 5.7 and 5.8 show respectively the results from PFS-SW and the difference
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Figure 5.7: PFS-SW channel results of atmospheric water vapour during the first Martian
year.

Figure 5.8: Column density difference between PFS-SW and our results.
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between PFS-SW and OMEGA, while PFS-LW seasonal retrieval can be seen in Figure
4 of Fouchet et al. (2007). PFS-SW results are particularly interesting because the same
water vapour band and a very similar retrieval method were used, so the difference in data
reduction has been kept to a minimum. Indeed, Figure 5.8 states that the two datasets are
quite close quantitatively. If we exclude the strips around L s = −10◦ and 190◦ , that are
contaminated by noisy spectra in PFS data, there is a significant difference only around
the northern maximum. PFS-SW does not see the sudden increase of water vapour towards lower latitudes between L s = 120◦ − 130◦ , while it finds more water than OMEGA
during the bulk of the maximum at the peak of activity. PFS-LW is instead the most distant instrument from OMEGA in terms of quantity of water vapour in the atmosphere.
This is true especially at the maximum, PFS-LW being significantly lower by ∼ 15 − 20
pr. µm. Other parts are instead in fair quantitative agreement, even if still lower in PFSLW. The whole behaviour of the drifting maximum during northern summer, including
the equatorial increase of vapour at L s ∼ 180◦ which seems a robust feature of all Mars
Express datasets, is an example.

5.3 Diurnal variability
As already stated in Section 2.3, the diurnal variability is the most elusive measure regarding the global water cycle. Mars Express itself does not allow the direct measure of
daily variations in water vapour, because the local hour of observation changes only gradually with season. In order to find some information regarding the diurnal variability we
used the comparison with TES. TES, in fact, was observing only at 14:00 local time (and
2:00, but the night observations were not used for the retrieval of water vapour). Thus,
for the same L s , we always have the observation at 14:00 (from TES) and a retrieval with
a varying local time, between 8:00 and 18:00 (from OMEGA). If the diurnal variation is
significant, as some existing measurements suggest, we should see a correlation between
the hour of Mars Express observations and the difference in column density between TES
and OMEGA. We expect the difference to be highest in early morning and late afternoon
(in favour of TES), and progressively decrease towards noon. A comparison between
Figures 5.1 and 5.4 shows clearly that such a correlation does not exist.
This is not, of course, the definite proof that there is no diurnal variation in atmospheric water. The hour is not the only parameter that changes between TES and OMEGA
observations; the comparison is even between two different Martian years. However, a
fluctuation of ∼ 10 pr. µm should produce some effect, even taking into account all the
possible sources of discrepancy between the two datasets. We can consider this test as
a constraint condition for the diurnal variability, which thus probably does not exceed
few precipitable microns. It must be noted that a daily variation is possibly influenced
by local characteristics. In particular, the regolith composition determines the adsorption
properties of the soil subjected to insolation. Anyway, diurnal variations do not seem to
affect the water cycle on a large scale. Incidentally, this means that the seasonal behaviour
observed by Mars Express instruments well represents the general properties of the global
water cycle.
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5.4 Spatial variations
We studied the spatial distribution of water vapour on Mars using a 2◦ latitude – 4◦ longitude binning (as PFS-LW, see Fouchet et al. 2007). At first order, water vapour column
density depends on topography (that is, surface pressure). We multiplied the column density by a factor (6.1/P s ) to take the topographic influence out of the picture. Figure 5.9
shows four maps corresponding to different seasons (in order: northern spring, first part
of northern summer, end of northern summer and beginning of autumn, northern winter), while Figure 5.10 sums up all the orbits of the first Martian year. Only Nadir orbits
were considered in this case, given the importance the retrieval position has for a study
on spatial variations.
In general, the maps show some degrees of scattering, and the features are not so
evident as for other instruments. There are no significant variations in the seasonal maps,
apart from those associated with the sublimation from the polar caps, which influence
anyway only the polar latitudes. The maximum on the Tharsis region is visible during
all seasons. During the spring equinox season higher values than on Tharsis are actually
found south-west of Tharsis, around Syria Planum, but there is significant scattering and
the Tharsis area is only partially covered. In the summer maps the Tharsis maximum
seems to stretch also onto Valles Marineris, and in winter it is present along the whole
longitude strip, regardless of the latitude. The maximum over Arabia Terra is less defined
and more variable. It is evident in the spring equinox and in the late summer (even if there
are not many orbits), while in the early summer and in winter the data are more scattered
and values above the average seem to concentrate on the borders of Arabia, at longitude
0◦ and 60◦ W, with a “hole” in the middle. The results are however too scattered to speak
of seasonal variations in the longitudinal distribution. Apart these two major features,
each map has a few other minor maxima, as for example around −30◦ E – 30◦ N and
0◦ E – 20◦ N in the early summer. However, the lack of repeatability and the scattering
of the data do not guarantee their actual existence. The only other feature that can be
seen in more than one season is a local maximum over Elysium Mons, which is anyway
less prominent than the other two, apart than in spring. Indeed, possibly the most robust
feature is not a maximum, but a clear minimum of column density between ∼ 60◦ − 30◦
W and −50◦ − +30◦ N, which has a slightly curved shape and can be seen on all the maps
but the late summer one, when there is not sufficient coverage.
The map of the annual average (Figure 5.10) does not change the global picture much.
The most prominent maximum outside the polar regions is around the Tharsis region,
extended in latitude and covering also part of Valles Marineris. The second maximum on
Arabia Terra can be noticed, but is not so marked compared to its surroundings. Between
these two there is the extensive minimum region described above. A smaller maximum
over Elysium Mons can be noticed too. The behaviour over the poles, dominated by the
cap sublimation of the respective summer, does not exhibit any significant trend. There
are however few inhomogeneities which do not seem to be due to seasonal selection. For
example, there are hints at a minimum of activity in the north between −20◦ − +20◦ E
compared to the surroundings, and in the south around 60◦ E. Also, a strong compact
maximum can be seen at 90◦ − 50◦ E and eventually at 45◦ − 90◦ E. The polar distribution
matches well the one found by PFS-SW (Tschimmel et al. 2008) and Melchiorri et al.
(2007), who employed OMEGA data to map the summer sublimation.
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Figure 5.9: Spatial distribution of water vapour column density during the different seasons. Top: L s = 330◦ − 60◦ . Bottom: L s = 90◦ − 150◦ .
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Figure 5.9: Top: L s = 150◦ − 200◦ . Bottom: L s = 240◦ − 360◦ .
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Figure 5.10: Longitudinal distribution of water vapour considering all the Nadir orbits of
the first Martian year. The column density has been normalized to the zero datum in order
to take out the effects of topography.

5.5 Saturation level
The other output of our retrieval method is the height of the saturation level of water
vapour (Figure 5.11). Saturation follows a clear seasonal pattern, which is strictly dependent on the variations of insolation during a Martian year. During northern spring and
summer, when Mars is close to aphelion, temperatures and consequently the saturation
vapour pressure are lower. The saturation level is thus correspondingly closer to the surface. Around perihelion (northern fall and winter) the opposite behaviour is expected and
indeed observed. Several papers point out that this dichotomy is an important driver for
Mars climate (e.g. Clancy et al. 1996), and it has consequences for the atmospheric transport of water vapour (see Section 2.6.3). The saturation height is also a function of the
amount of water vapour in the atmosphere: the more vapour there is in the atmosphere,
the closer to the surface saturation sets in. However, this effect goes in the same direction
of the orbital forcing, being the season around aphelion close to the global maximum of
the atmospheric water vapour.
The saturation level undergoes a strong annual variation, between ∼ 7 and 55 km.
During northern spring and summer, and especially between L s = 30◦ − 150◦ , the level
stays between 10 and 15 km, with a clear minimum below 10 km centered at L s = 130◦
and 60◦ N latitude, whereafter it starts increasing at the equator quite rapidly. Unfortunately the season between L s = 180◦ − 240◦ , when we expect the steepest growth, is not
covered by measurements, but we can see the final part of the maximum. The saturation
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Figure 5.11: Seasonal trend of the saturation level.
level stays above 40 km at almost all latitudes, with the absolute maximum between 50
and 55 km below 45◦ S, until L s ∼ 280◦ . In this season, however, saturation has already
started to approach the surface again, starting from the equatorial area.
Compared to the seasonal, all the other dependencies play a minor role. We can however notice that the annual variations are smallest on the equator and get bigger moving
towards the poles. This is also intuitive, because the amount of insolation undergoes
stronger annual variations in the polar areas than at the equator. The results are in good
agreement with the TES ones (Smith 2002), both qualitatively and quantitatively. Within
the Mars Express results, only SPICAM also retrieved the saturation level. In this case
the qualitative behaviour is also very good, but higher values are found, reaching up to 70
km around the southern summer solstice (Fedorova, private communication).
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This chapter includes the results obtained looking at specific regions of Mars. Following
the indications of Section 4.3.1, we retrieved complete maps of water vapour – and not
just a latitudinal sampling – with a careful binning selection. Thanks to OMEGA’s high
spatial resolution, these maps allow to study the behaviour of the selected regions in
detail, and to identify and trace the evolution of peculiar water structures. This chapter
is divided into three main sections, each describing a different region (Figure 6.1). In
Section 6.1 we analyse H2 O retrievals over the Mars Exploration Rovers landing sites,
focusing in particular on the comparison with the retrievals from the ground. In Section
6.2 we present the results of Maltagliati et al. (2008) on the Tharsis volcanoes. Finally, in
Section 6.3 we focus our attention on the Hellas Planitia region.

Figure 6.1: MOLA altitude map of Mars, with the location of the regions analysed in
this chapter. The stars identify the MERs (Section 6.1). The yellow circle indicates the
Tharsis Plateau, with the name of the four volcanoes (Section 6.2). The black circle shows
the Hellas Basin (Section 6.3).
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Figure 6.2: MOLA maps of the landing sites of Spirit (left) and Opportunity (right).

6.1 The rovers: Spirit and Opportunity
The two Mars Exploration Rovers (MERs), Spirit (also called MER-1) and Opportunity
(MER-2), landed on Mars’ surface in January 2004. Spirit arrived inside Gusev Crater,
in the tropical strip of the southern hemisphere (14.6◦ S, 174.5◦ E), and Opportunity followed roughly three weeks later on Meridiani Planum, a flat terrain almost at the equator
(1.9◦ S, −2.5◦ E) (Figure 6.2). It must be noticed that the arrival of the rovers almost
coincided with the first measurements of Mars Express (and, consequently, OMEGA).
This occurrence provides an unique possibility to study the atmosphere at the same place
and time with instruments of different capabilities and from two opposite geometries:
upward-looking from the rovers, and downward-looking from space. OMEGA is particularly well-suited to this kind of coordinated observations due to its high spatial resolution.
The main instrument for atmospheric studies in the MERs’ scientific payload is the Miniature Thermal Emission Spectrometer (Mini-TES), which collects thermal infrared spectra
between 339 and 1997 cm−1 (5 – 29 µm) with a spectral resolution of 10 cm−1 , a spatial
resolution of 20 mrad, and a time interval of 2 s between the acquisition of two spectra.
A pointing mirror also allows observations from 50◦ below to 30◦ above the plane of the
rover deck.
A study on the atmospheric characteristics of the first Martian year of Mini-TES observations is presented in Smith et al. (2006). In that paper, the retrieval of water vapour
content in the atmosphere above the rovers is also shown (Figures 6.3 and 6.4, squares).
Mini-TES unfortunately has no favourable bands of water vapour in its spectral range,
with the only presence of weak rotational bands at 380 – 440 cm−1 . Consequently, the
results are very scattered, but still a seasonal trend could be traced. Water vapour over
Spirit shows a clear seasonal pattern, with very low values during L s = 30◦ − 150◦ (almost
the whole northern spring and summer) and a steep increase around L s = 180◦ up to a
maximum of 20 pr. µm at L s = 200◦ . On the contrary, Opportunity always shows low
values of water vapour column density, never exceeding 10 pr. µm on average and with
just a weak maximum at L s ∼ 130◦ . Opportunity’s measurements are also lower by almost a factor of 2 compared to TES climatology, while Spirit is quite in good agreement
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Figure 6.3: Plot with OMEGA retrievals over Spirit (green diamonds with bars) superimposed on Mini-TES results in squares (from Smith et al. (2006). The black squares
correspond to the individual measurements; the red ones are the smoothed behaviour; and
the blue ones show the TES climatology.

with it. The TES climatology maps however average over 5◦ in L s , 3◦ in latitude and 7.5◦
in longitude, so this difference can be due to local meteorological phenomena. Nearly all
the Mini-TES observations fall between 10:00 and 18:00 hours local time. However, the
scattering of the points does not allow to see any diurnal trend. The scatter is probably
caused by noise and not by real variations in water vapour abundance in the atmosphere
(Smith, private communication).
In order to study the water vapour behaviour over the MERs with OMEGA and to
compare it with the Mini-TES results, we first found the OMEGA orbits that have observations inside a square 2◦ × 2◦ centered in the landing coordinates of each rover. The
movement of the rovers can be considered negligible. The total number of orbits is quite
low: 12 for Spirit, 11 for Opportunity. They are described in Table 6.1. There are several big gaps. Spirit has only one orbit between L s = 0◦ − 100◦ and no observations
between L s = 180◦ − 300◦ , an interval which includes the period of maximum activity for
water vapour and the following decline according to Mini-TES. Opportunity orbits are
more evenly distributed, but still there are seasons with no or few data: nothing between
L s = 55◦ − 125◦ , and only one bit of data in the second half of the year. The average column density of each OMEGA orbit is shown with green diamonds in Figures 6.3 and 6.4.
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Figure 6.4: The same as in Figure 6.3, for the Opportunity rover.

orbit
24
348
954
965
976
987
998
1313
1529
2238
2249
2271

Spirit
L s (◦ ) local time
334.4
13:40
26.1
10:25
101.9
15:55
103.2
15:50
104.6
15:40
106.0
15:30
107.4
15:25
149.7
12:30
182.3
9:55
304.3
12:40
306.1
12:30
309.7
12:10

orbit
171
485
518
529
551
1150
1183
1410
1443
1454
2064

Opportunity
L s (◦ ) local time
359.3
12:05
44.0
8:55
48.1
8:35
49.5
8:30
52.2
8:15
127.2
14:05
131.6
13:40
163.9
11:15
168.9
10:55
170.6
10:50
274.5
15:00

Table 6.1: List of OMEGA orbits for Spirit and Opportunity, with temporal characteristics.
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The error bars correspond to the standard deviation about the mean. It must be remarked
that the observations are made in the same Martian year as Mini-TES, but they may be in
different local times.
The results show a good agreement between OMEGA and Mini-TES Spirit. OMEGA
not only reproduces well the observed increase after L s = 150◦ , but also the lack of activity
during the southern fall and winter. There are some minor differences. For example, at
the beginning of the mission OMEGA retrieves ∼ 6 pr. µm, while the smoothed MiniTES data find around the double amount. In this case it can be noticed, however, that
Mini-TES measurements at the same season one year later are much closer to OMEGA,
and moreover there is a single Mini-TES retrieval which is almost superimposed onto the
OMEGA one, even if the local time of the two observations does not coincide. Mini-TES
individual retrievals are indeed very scattered for this season. The second difference is at
L s = 150◦ , where OMEGA shows, in excellent agreement with the TES climatology, an
earlier increase of water vapour column density compared to Mini-TES. Unfortunately,
the lack of orbits during the maximum at L s ∼ 200◦ , when a significant difference between
TES and Mini-TES is present, does not allow to see which observations OMEGA is more
in agreement with.
The comparison in Opportunity’s case is instead not so good. Several orbits stand out
from the bundle of the individual Mini-TES observations, with the result that OMEGA is
systematically higher than Mini-TES in the majority of the retrievals. It is interesting to
notice that OMEGA is quite in a good agreement with TES climatology.
The two sets of observations thus present a contradictory result: agreement for Spirit,
divergence for Opportunity. It must be understood whether this difference is due to the
retrieval method, or to some physically meaningful reason. We can immediately exclude any effect due to the observed wavelength range (thermal for Mini-TES, infrared
for OMEGA). In fact, comparisons between other thermal instruments, such as TES or
PFS-LW, and infrared ones showed no systematic effects. Also, the influence of aerosols
can be excluded. The water ice optical depth retrieved by the MER is consistent with
zero (Wolff et al. 2006). This does not mean that there are no ice clouds at all, but they
are definitely not an important part in the water vapour cycle here. On the contrary, both
rovers exhibit several episodes of dust activity during the Martian year (Smith et al. 2006,
Figure 13). However, the behaviour of dust as detected by the two rovers is quite similar,
and while dust can influence the retrievals themselves, it cannot explain the difference in
the comparison between the two sites.
Apart from the seasonal trend, looking only at OMEGA results gives us some clues.
In fact:
• the standard deviation of the Opportunity orbits is higher than that of the Spirit
ones, as can be seen from the dimension of the error bars in Figures 6.3 and 6.4.
This means that the individual retrievals are more spatially scattered over the 2◦ ×
2◦ region we observed;
• both datasets have bunches of orbits very close in L s . This happens at L s ∼ 100◦
and ∼ 300◦ for Spirit and at L s ∼ 50◦ and ∼ 170◦ for Opportunity. However, while
in the case of Spirit these orbits return very consistent values of column density, in
Opportunity big jumps are observed, indicating a scattering in short-time scales;
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• the average quality of the fits in Spirit is systematically better than in Opportunity
(not shown). The spectra retrieved over Opportunity are thus noisier than over
Spirit.
All these considerations taken together indicate that the discrepancy between OMEGA
and Mini-TES is probably due to real physical effects and not to the difference of method.
It seems that the atmosphere over Opportunity is more sensitive to small-scale fluctuations, both in space and in time. In this case, it can be that OMEGA observed in slightly
different moments or over slightly shifted positions than Mini-TES. The displayed difference can thus be caused by actual atmospheric variations. The more dynamic nature of
the Opportunity site seems to be confirmed by the discrepancy between Mini-TES and
TES retrievals.
Another possibility is that the vertical distribution of water vapour we use is valid for
Spirit, but not for Opportunity. This would mean that water vapour obeys to the wellmixed approximation up to the saturation level in Gusev Crater’s atmosphere but not in
Valles Meridiani’s. It can be noted that also TES used the well-mixed approximation up
to the saturation level for its retrievals. Our tests with different vertical profiles show that
the confinement of water vapour in the first three km roughly halves the column density
(Section 4.5.4), making the two Opportunity datasets become in good agreement. This
confinement could be caused by different atmospheric dynamics, or by a difference in the
influence of the regolith on the water cycle between the two sites. This second possibility
can hold only if supported by a comparative analysis of the mineralogical composition and
its properties for vapour exchange between surface and atmosphere. In-situ mineralogic
studies, however, do not show strong differences. Gusev Crater’s surface is dominated
by sand rich in ferric oxide covering basalt terrain, while Meridiani’s soil is composed of
sulfate sedimentary rocks covered by loose basaltic dust and hematite granules (Morris
et al. 2004; Christensen et al. 2004). Basalt is the main component in both areas, so the
sorption properties are similar, and not so favourable to surface-atmosphere exchanges.
Another important characteristic is the regolith’s diffusivity, on which there is no specific
information. One of the parameters which diffusivity in turn depends however on is the
regolith grain size. The rovers do not have an instrument onboard to measure the grain
size with precision, but we can infer some information from the eolian behaviour of dust.
There are indications that the particles at Gusev Crater are on average smaller than at
Meridiani Planum. Meridiani is full of sand ripples, which imply sand-sized particles
(> 50 µm), while on Gusev such ripples are less frequent. Also the dust devils, pointing
at the presence of dust-sized particles (< 5 µm), occur more frequently at Spirit’s site
(Goetz, personal communication). A smaller grain size implies less diffusivity and thus
less effective exchange from the regolith, but we cannot trace a complete scenario without
any information regarding the porosity and the tortuosity of the material.
In conclusion, the coordinated water retrievals from ground and from space on the
MERs’ sites do not exhibit a common behaviour, being in agreement for one rover and
in significant disagreement for the other. This contrast seems to be due to real physical
reasons possibly connected with some peculiarities at Opportunity’s site, where MiniTES’ trend is different also from both Spirit and MGS/TES. These peculiarities seem to
be connected more to atmospheric phenomena, that influence especially the layers that
contribute more to the formation of the Mini-TES bands or the vertical distribution of water vapour, than to the characteristics of the regolith, which is not so different between the
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Figure 6.5: Contours of the altitude from MOLA (in km) over the photo of the four
Tharsis volcanoes: Olympus (top left), Ascraeus (top right), Pavonis (bottom left), and
Arsia (bottom right).
two places. No definite picture can be traced without further investigation and dedicated
measurements.

6.2 The Tharsis volcanoes
The Tharsis Bulge, a huge area > 6.5 106 km2 wide located in the tropical strip between
approximately −150◦ – −90◦ E longitude, is the most evident and extensive signature of
the past volcanic activity on Mars. The region as a whole is 3 – 4 km over the zero datum,
and it contains four huge shield volcanoes. Olympus Mons, on the north-western edge
of Tharsis, is ∼ 21 km high and ∼ 600 km wide at the base. The other three (Ascraeus,
Pavonis and Arsia Montes), which cross all the area in latitude on an oblique line from
north-east to south-west, are slightly lower (Ascraeus, 18 km; Pavonis, 14 km; Arsia, 19
km) and 400 km wide on average (Figure 6.5).
Many observations in the last thirty years show that the atmosphere in the vicinity of
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the volcanoes is particularly active. The information that the flanks and summit of the volcanoes are a favourite location for the formation of water ice clouds comes already from
the pre-Viking era (Hartmann 1978). Clouds over volcanoes show both diurnal (Hunt
et al. 1980) and seasonal (Benson et al. 2003) trends, with little interannual variations
(Benson et al. 2006). The clouds form mainly in the Northern spring and summer, with
the peak at L s ∼ 100◦ and few differences between the volcanoes, Arsia being the only
one with a nearly continuous cloud activity. Clouds can be considered the signature of
a significant local circulation in the vicinity of the volcanoes. In the mesoscale model
of Michaels et al. (2006), this local circulation is the product of a symbiosis between
two mechanisms: the thermally-induced flows due to low thermal inertia volcanoes, and
mountain gravity waves, of which lee-waves are one manifestation. The result is an effective pumping mechanism that transports atmospheric material - dust, water vapour,
aerosols - both vertically and horizontally, and can influence the atmosphere and the climate even to global scales. Due to the importance of local topography in the triggering of
this circulation, such an unified view can be obtained only in the framework of mesoscale
circulation models. The typical grid cell dimension of current Global Circulation Models is not fine enough to resolve specific surface features such as the volcanoes. Current
GCMs, thus, are poorly suited to investigate these local phenomena.
In contrast to this richness of information about cloud activity, only sparse observations focusing on the behaviour of water vapour above the volcanoes exist. The only
extensive and dedicated study was carried out by Titov et al. (1994) using the ISM instrument onboard the Phobos-2 spacecraft. ISM was an infrared mapping spectrometer
working on the reflected spectrum (0.7 – 3.2 µm), with high signal-to-noise ratio and
fairly good spatial resolution (5 – 20 km). These observations indicated a significantly
higher water vapour mixing ratio above the volcanoes, compared to the surrounding terrain. This peculiar water vapour anomaly on the volcanoes was considered to be evidence
for an enhanced exchange between atmosphere and surface, due to higher adsorptive capabilities of the regolith on the volcanoes than on the surrounding terrain. Titov et al.
(1994) presented two regolith-atmosphere exchange models that considered respectively
the influence of the variations in mineralogical composition and in thermal inertia. Both
effects can explain the water vapour anomaly, taken either separately or in combination.
Results from other instruments are more ambiguous. The Viking Mars Atmospheric
Water Detector (MAWD) found that the water vapour abundance divided by the airmass
has a maximum in the Tharsis region (Jakosky and Farmer 1982, Figure8b). From this,
the authors concluded that the water vapour mixing ratio is not constant, but instead is
dependent on altitude. Moreover, MAWD high spatial resolution data show indications
of a water anomaly in the Tharsis region (Farmer et al. 1977). The Thermal Emission
Spectrometer (TES) onboard the Mars Global Surveyor found high scaled column density on the Tharsis region, but not on the volcanoes themselves (Smith 2002). Compared
to these instruments, ISM had the advantage of being the only one, up to now, with sufficiently high spatial resolution and signal-to-noise ratio to map the volcanoes in detail.
The ISM-Phobos instrument had however two significant limiting factors: the low spectral resolution, that left only one spectral point for the water vapour band analysis, and an
uncertainty of 10% on the absolute calibration. OMEGA, with the same characteristics
of ISM and improved capabilities, is the best suited instrument to continue this study and
confirm or confute it.
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Figure 6.6: Seasonal and local time coverage of the Tharsis volcanoes in the OMEGA
observations.

6.2.1 Dataset and results
41 orbits of the whole OMEGA dataset of the first year fly over one of the four Tharsis
mountains. We included also the orbits that passed over the flanks of the volcanoes.
Figure 6.6 shows the seasonal and local time coverage of the sample. The orbits cover all
the Martian year more or less evenly, except for two main gaps indicated at the beginning
of Chapter 5. The local hour of the observation is dependent on the season due to the
evolution of Mars Express orbit, but the whole sample includes all times between 8 in the
morning and 17 in the afternoon, albeit in different seasons. All the four volcanoes have a
good coverage: 12 orbits cover Olympus Mons, 10 Ascraeus Mons, 6 Pavonis Mons and
13 Arsia Mons. As we can see from Figure 6.6, even the less observed mountain, Pavonis,
has at least one orbit per season.
The Tharsis volcanoes require some additional care in the treatment of uncertainties.
First, they are amongst the regions where the use of low resolution EMCD is more critical, as Figure 4.4 shows. The low spatial resolution model underestimates the height of
the volcanoes of more than 10 km, in the worst cases. Indeed, an analysis on some test
orbits that pass over the volcanoes shows that the error associated to the low resolution is
higher than the one presented in Section 4.5.1, but is still a minor contribution compared
to the main causes of uncertainty (EMCD temperature root-mean-square error, spectral
noise, and continuum choice). However, also some of these are affected by the volcanoes’
environment. A model test-run made for Olympus Mons hints at a slightly higher tem111
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Figure 6.7: Four examples of 1.5 µm water ice band depth maps. (a) Arsia Mons, orbit
424, L s = 36.4◦ , local time = 9:30; mixing ratio map shown in Fig. 6.8. (b) Orbit 413
over Arsia Mons, L s = 35.0◦ , solar time = 9:30; mixing ratio map shown in Fig. 6.9. (c)
Olympus Mons, orbit 501, L s = 46.0◦ , solar time = 8:55; mixing ratio map in Fig. 6.9. (d)
Ascraeus Mons, orbit 563, L s = 53.7◦ , local time = 8:00 A.M.; mixing ratio map shown
in Figure 6.8. The x and y axes of each plot are respectively longitude and latitude.

perature uncertainty of EMCD on volcanoes compared to the plains, in the order of 1 –
2 K. Moreover, the error due to the spectral noise shows a weak dependence on altitude.
While this is usually not effective, it can have some influence in such extreme regions as
the volcanoes. All these effects put together contribute to a general increase of the relative
error on the volcanoes compared to the normal case analysed in Section 4.5. We estimate
the total relative error on column density for the Tharsis Montes to be ∼ 30 %. The error
on mixing ratio shows a larger increase and is also set to 30 %.
Another atmospheric phenomenon that can introduce spurious features in the retrieval
and influence the water vapour band is the presence of water ice clouds. This is a particularly delicate issue in the Tharsis region, a favourite location for their formation. In fact,
an ice-cloud layer ubiquitously present only over the lower part of the volcanoes would
both deplete the atmosphere of water vapour and mask the residual water vapour laying
underneath, while the top of the volcanoes, standing over the clouds, would not be affected. We now explain why the presence of ice clouds does not greatly affect our results.
We mapped the depth of the 1.5 µm water ice band, using the same binning as for the
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Figure 6.8: Maps of H2 O mixing ratio retrieved on the four Tharsis volcanoes, superimposed on the Viking images and on the MOLA/MGS altitude level curves. (a) Olympus
Mons, orbit 479, L s = 43.3◦ , local time = 9:00. (b) Ascraeus Mons, orbit 563, L s = 53.7◦ ,
local time = 8:00. (c) Pavonis Mons, orbit 1510, L s = 179.3◦ , local time = 10:20. (d)
Arsia Mons, orbit 424, L s = 36.4◦ , local time = 9:30.
water vapour retrievals. Figure 6.7 shows examples of water ice maps of the same orbits
used for H2 O mixing ratio retrievals and presented in the next section (Figures 6.8 and
6.9). Figures 6.7a and 6.7b have no signature of ice cloud; Figure 6.7c shows the volcano
surrounded by a cloud up to 9 - 11 km altitude, while the top is cloud-free; lastly, Figure
6.7d exhibits an intermediate situation, with a band depth of 2 - 3 % in the north-western
part of the orbit, probably not a completely formed cloud but just a faint haze. The map
of the ice band, however, does not correlate with the mixing ratio distribution: even those
orbits with a clear signature of ice clouds exhibit no peculiar behaviour compared to the
orbits in the same season and without clouds. Most orbits in our data sample show no
clouds (ice band depth ≤ 2%) or just a thin haze (band depth 2 – 3%). The influence of
water ice on our sample is thus limited, and the error on mixing ratio due to the presence
of ice clouds is minor compared to the above contributions.
6.2.1.1 Water vapour mixing ratio
First, we present the results of the mixing ratio retrievals below the saturation level. Figure
6.8 shows four examples of mixing ratio maps on the volcanoes at different times of the
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Figure 6.9: Examples of strong enrichment structures. (a) Orbit 413 over Arsia Mons
(L s = 35.0◦ , solar time = 9:35). (b) Orbit 501, Olympus Mons (L s = 46.0◦ , solar time =
8:55).

day and seasons. All of them share a common behaviour: the mixing ratio of water
vapour increases from the valley to the summit, indicating an enhancement of H2 O over
the mountains. This enrichment is the most peculiar behaviour of water vapour in the
atmosphere over the volcanoes. In order to quantify it, we computed for each orbit the
mean mixing ratio on the lower part of the volcano ( fbottom ) and on its summit ( ftop ).
The ratio ftop / fbottom gives an estimate of the bulk enrichment of water vapour on the
volcano. The altitude level that divides the two regions is set at 8 – 10 km, depending
on the volcano. It must be remarked that this enrichment ratio is not always a good
proxy for the actual degree of enrichment on the volcano, especially when significant
spatial inhomogeneities in mixing ratio distribution are present. Figure 6.9 displays two
examples of such enrichment structures. Figure 6.9a, in particular, shows that Arsia Mons
is not particularly enriched compared to the valley nearby, but there is a strong crescentshaped structure on the south-western flank. In these cases a simple average over altitude
can mask the real degree of enrichment. We consider such structures to be a sign of water
enhancement on the volcano, so we included these orbits in the enriched group even when
their bulk enrichment ratio is low.
The enrichment pattern varies from orbit to orbit. For example, in Figure 6.8 only the
higher part of Pavonis Mons is enriched, without the progressive increase of mixing ratio
with height that we see in the Olympus and Ascraeus Mons cases. This latter orbit seems
to have a preferred axis in the east-west direction which is not present in the Olympus
Mons map. Yet another behaviour is observed on Arsia Mons, where the caldera is more
depleted than its surroundings and the enrichment has the shape of a ring over the highest
part of the mountain. The enrichment ratio is also quite different. In Figure 6.8 the change
in mixing ratio between the valley and the summit is almost one order of magnitude in
the case of Olympus and Ascraeus Mons, approximately a factor 6 – 7 above Arsia Mons
and just ∼ 2.5 for Pavonis Mons. Generally, the mixing ratio trend shows no significant
difference between the four Tharsis volcanoes. However, there are hints that Pavonis
Mons, the lowest volcano of the four, has on average the smallest degree of enrichment
ratio, and Olympus Mons, the highest volcano, the largest. Figure 6.8 also shows that
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Figure 6.10: Enrichment ratio between the bottom of the volcano and the highest part
of each orbit against L s . The different symbols identify the volcanoes as in Figure 6.6.
The red symbols mark the orbits which show significant enrichment structures and should
belong to the enriched group, even when they exhibit an enrichment ratio < 2.
OMEGA’s spatial resolution is high enough to resolve secondary details on top of the
main trend. For example, in Figure 6.8a the mixing ratio maxima form a crescent shape
in the eastern part of the peak; the aforementioned east-west axis on Figure 6.8b has a
peculiar plumes-like structure; the ring of enrichment of the Arsia Mons retrieval is a
structure in itself, and in addition we can notice that it has a clear maximum on the southwestern side of the summit. Here we focus mainly on the general behaviour, regarding
especially the seasonal and diurnal trends, omitting the detailed analysis of the structures
of individual orbits.
The enrichment ratio is plotted against season and local solar time in Figures 6.10 and
6.11 respectively. The red symbols in Figure 6.10 indicate the orbits with structures. In
both plots the data are quite scattered but we can notice a trend. The atmosphere above the
volcanoes tends to have the maximum enrichment around the spring equinox (L s = 0◦ ).
The enrichment ratio drops from ∼ 4.7 in the northern spring (L s = 0◦ − 90◦ ) to around
2 in summer and autumn (L s = 90◦ − 200◦ ) and then increases again in winter, with an
average of 3.2 for L s = 270◦ − 360◦ (4.4 if we restrict the average to the orbits in the late
northern winter, L s = 330◦ − 360◦ ). More in detail, the enrichment ratio has a minimum
in the early northern summer and raises slightly in the course of the summer. Due to the
scattering of the results, this is just a tentative conclusion. However, this is supported
by the fact that five out of the eleven orbits with an enrichment ratio < 2, which can be
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Figure 6.11: Enrichment ratio between the bottom of the volcano and the highest part of
each orbit against the local solar time. The colour labels the L s of the orbit and the symbol
identifies the volcano, as in Figure 6.6.
considered a sort of threshold for the presence of a water enrichment on a volcano, have
L s between 90◦ and 120◦ . This behaviour can however be due also to a diurnal effect. In
fact, this is the only group of orbits observed in the middle - late afternoon. Figure 6.11
shows the diurnal trend. All the orbits with an enrichment ratio > 4 but one are observed
before 10:30. These orbits belong also to the same period of the year, around the northern
spring equinox. On the contrary, all the early morning orbits observed in summer have
enrichment ratio around 2. From the plot, it seems that in northern winter and spring the
enrichment is particularly strong in the morning and decreases in the course of the day,
while during the summer the level of enrichment does not show any significant diurnal
change.
6.2.1.2 Saturation level
The altitude of the atmospheric layer where saturation sets up (Figure 4.5) is another
output of our retrievals. We computed the average height of saturation level above the
surface for six intervals of surface altitude (< 0, 0 – 5, 5 – 8, 8 – 11, 11 – 14, and > 14
km – not all the orbits have data points in all the six bins). The saturation level above the
volcano (11 – 14 km bin) is on average ∼ 3 km closer to the surface than that above the
valley (0 – 5 km). However, the seasonal and diurnal trends are similar for all altitudes, so
we present here only the results for the 5 – 8 km range and we consider it representative for
the whole volcano. Figures 6.12 and 6.13 display the seasonal and the diurnal behaviour.
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Figure 6.12: Average height of saturation level in the 5 – 8 km surface altitude range
against season (L s ). The error bars represent the standard deviation from the average and
the symbols identify the volcano as in Figure 6.6.

The most evident feature of the seasonal plot is the minimum at L s = 50◦ − 110◦ , due
to low atmospheric temperatures around aphelion. The saturation level falls quite abruptly
in the middle of the northern spring at L s ≈ 45◦ and rises again more gradually during
the middle northern summer (L s = 130◦ − 150◦ ). There are also hints of a secondary
minimum at L s ≈ 310◦ . The general picture is consistent with earlier observations of the
global behaviour of water vapour saturation at low latitudes (Clancy et al. 1996; Titov
2002). From Figure 6.13 we can also discern a diurnal trend. The saturation level has a
minimum in the early morning, rises during the day and then decreases again in the late
afternoon. We must be extremely careful though, because there can be a selection bias
due to seasonal effects. In fact, the early morning and the late afternoon orbits are also
the closest to aphelion. Season seems indeed to play some role in the diurnal behaviour
of the saturation level. In the Northern spring and summer orbits the saturation level
has a maximum around 10:00 and 12:00. then decreases steadily, so that at 14:00 it has
already the same height as in the late afternoon. The saturation level is instead more or
less constant during the day in Northern winter. The coverage of our sample, however,
is still too limited to trace a more defined diurnal and seasonal evolution of water vapour
saturation.
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Figure 6.13: Average height of saturation level for each orbit in the 5 – 8 km altitude
range against solar time. The colour code indicates the L s and the symbol the volcano, as
in Fig. 6.6.

6.2.1.3 Column density
We now analyse the results in terms of column density, which is computed using Equation
4.14. Column density is particularly appropriate to represent observations of water vapour
in the near-IR spectral range, because it includes both the information on mixing ratio
and the saturation level. Figure 6.14 shows the column density maps for the same orbits
displayed in Figure 6.8. Column density decreases by a factor of ∼ 4 from the valley to
the summit of Olympus Mons and only ∼ 2 for Arsia Mons, while it is almost constant in
the Ascraeus Mons map and it has a patchy pattern on Pavonis Mons.
The column density pattern on Olympus Mons is due to the low saturation level over
the volcano. In this case, water vapour is confined to a shallow layer just up to ≈ 1 km
above the surface, therefore the greater part of the atmosphere gives a null contribution to
the integral in Equation 4.14 and the column density is correspondingly low. On the plains
the saturation height is instead around 5 km, still close to the surface but high enough to
return a significant value for column density. This is a common situation in the orbits
around aphelion. In general, however, one should expect a more significant decrease in
column density along the flanks of the mountains. To explain this statement we consider
a simple scenario in which both saturation level and mixing ratio below it are constant in
the observed region. This is an extreme schematization of water vapour as passive tracer,
when its distribution is spatially homogeneous and independent of the topography. Under
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Figure 6.14: Column density maps for the same orbits as in Fig. 6.8.
this assumption Equation 4.14 becomes
W≈

mv
mv
fH2 O (p0 − p sat ) =
p0 fH2 O (1 − exp(−z sat /H))
g hMi
g hMi

(6.1)

where we used the hydrostatic equilibrium with no H2 O above the saturation level. In this
case H2 O column density is proportional to the surface pressure and the predicted valleyto-summit column density ratio is ∼ 5, a value which is rarely reached in our orbits.
Therefore, the observed column density variations are not consistent with this simple
model, suggesting that atmospheric water can hardly be considered just as a passive tracer.
The possible scenarios are analysed in detail in the next section.

6.2.2 Discussion and conclusions
We have presented the results of self-consistent retrievals for H2 O mixing ratio, column
density and altitude of saturation level over the four Tharsis volcanoes using the OMEGA
imaging spectrometer onboard Mars Express. The survey covers more than one Martian
year at different times of the day, from early morning (8:00) to 17:00. The most interesting
result is the observed behaviour of the water vapour mixing ratio below the saturation
level. For most of the year and of the day water vapour concentrates over the summit of
the volcanoes more than on the nearby plains, resulting in a certain degree of enrichment
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(Figure 6.8). The transition between the valley and the top of the mountain is usually
gradual, and water vapour mixing ratio is positively correlated with altitude in most of
the orbits. In some cases the presence of structures of high mixing ratio with different
shapes substitutes or is superimposed on this smooth enhancement (Figure 6.9). Although
interesting for its physical implications, a detailed study of these enrichment structures is
quite delicate due to the high relative error on mixing ratio, and it is beyond the scope of
this analysis.
We quantify the enrichment by the enrichment ratio defined in Section 6.2.1.1. If
we consider an enrichment ratio of 2 as the threshold between the enriched and the not
enriched orbits, we see that 32 orbits out of 41 (∼ 75%), can be considered enriched.
In this group the two orbits with enrichment ratio < 2 but with an enrichment structure
are also included (see Figure 6.10). Twelve orbits out of these 32 present enrichment
structures. Of the remaining not-enriched 9 orbits, 5 are concentrated in the early northern
summer. Most of the orbits have an enrichment factor between 2 and 4. All the orbits
which show an enrichment ratio > 4 were observed around the Northern spring equinox,
between L s = 330◦ − 60◦ . The vast majority of these orbits was also observed before
10:30. All these results suggest a seasonal driver for the enrichment, possibly coupled
with a diurnal effect. Unfortunately, the seasonal and the diurnal influence cannot be
entirely disentangled, because the L s and the local time of the observations are related
through the evolution of Mars Express orbit. The data of the next Martian year, during
which each Martian day is going to be observed at a different local hour, will permit to
discern the relative importance of these two parameters on the enrichment.
The lack of correlation between the seasonal behaviour of the enrichment and the seasonal cycle of ice clouds is another confirmation that the influence of ice clouds on the
retrieval is minor. In fact, ice clouds have their maximum of activity during the northern summer (Benson et al. 2003), while we found that the enrichment is present during
the whole year and actually has a minimum in the early northern summer. Figures 6.7 –
6.9 seem to rule out also the possibility that ice clouds are the main factor behind spatial
inhomogeneities in the distribution of water vapour mixing ratio as the “enrichment structures”. For example, the ice cloud in Figure 6.7d has a north-south orientation while the
plumes-like structures in Figure 6.8b have an east-west axis. Similarly, Figure 6.7b has
no clouds, but the corresponding mixing ratio map (Figure 6.9a) shows a strong structure
on the south-western flank of the volcano.
What are the physical processes behind the observed peculiarities? Similar ISMPhobos results were explained by an enhanced surface-atmosphere water exchange on the
flanks of the volcanoes due to different properties of the regolith between the summit of
the volcanoes and the valley (Titov et al. 1994). In this model atmospheric water amount
is governed by the desorption from the regolith and/or frost sublimation, and water vapour
is mainly confined to a boundary layer few kilometers thick. This makes column density
dependent only on regolith properties and surface temperature, but not on surface pressure. This mechanism explains a mixing ratio enrichment up to a factor of several units,
which is quite consistent with the majority of our orbits. However, the outgassing from the
regolith cannot entirely explain the observed behaviour. In fact, we would expect stronger
diurnal variations, depending on the characteristic time of outgassing of the regolith under
solar illumination. We also would expect a higher enrichment ratio in the orbits observed
in the morning and close to the perihelion, because the higher solar flux implies a more
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efficient desorption mechanism, while Figure 6.11 shows the opposite situation.
Most probably, water vapour transport by mesoscale atmospheric circulation also
plays a role in the maintenance of the observed pattern. The Tharsis plateau is inside
the region influenced by the cross-equatorial Hadley cell which dominates the tropical
Martian circulation (Haberle et al. 1982). This single cell is stronger and wider during the
solstices, in particular during the northern winter solstice. The low-level flow associated
with the Hadley circulation is sufficiently intense to create winds reaching, on the Tharsis region, velocities of 25 – 30 ms−1 during the solstices (Joshi et al. 1997). The most
evident effect of these jets is the transport of dust, which manifests through the presence
of various kinds of aeolian features, but most probably they carry also a certain amount
of water vapour. The effects of topography on the circulation in the vicinity of the volcanoes cannot however be neglected. An analysis of the wind streaks in Tharsis observed
by the Viking Orbiter established that the streak pattern is controlled by slope winds (Lee
et al. 1982), and also the modelling of the Hadley circulation through GCMs shows that
its lower branch is strongly regulated by topographic features (Greeley et al. 1993). Thus,
the extreme topography of the Tharsis region strongly affects atmospheric circulation.
The global circulation which instates the equatorial Hadley cell can play some role in the
transport of water vapour, but the dominant influence is to be assigned to the local circulation. This conclusion seems to be confirmed by the fact that we observe the maximum
of enrichment around the spring equinox, when the cross-equatorial Hadley cell is at its
weakest. For this reason, reliable insights can be given only by mesoscale models. Up to
now, only Rafkin et al. (2002) and Michaels et al. (2006) studied the mountain circulation
with a mesoscale model. The results regarding water vapour transport are quite remarkable. During the day, due to a combination of thermal effects with mountain gravity
waves, strong upslope flows set up and act as a “pump” that moves large quantities of water along the slopes of the volcanoes. The upflows extend from the base of the mountain to
altitudes greater than 40 km. This mechanism can thus redistribute water vapour from the
valley to the summit of the volcano and, together with the lowering of the condensation
level, can generate the enrichment. The lower degree of enrichment during early northern
summer afternoons is more difficult to explain, also because Michaels et al. (2006) do not
discuss the seasonal behaviour of their mesoscale model. We can suppose that in early
morning the strong thermal forcing due to the onset of the solar heating starts and ignites
the upflows as usual, creating the enrichment. As the day progresses, however, the low
altitude of the saturation level can inhibit the local circulation. This effect, acting together
with the condensation level close to the surface, can effectively deplete the atmosphere
over the volcanoes of water vapour.
The two processes, surface-atmosphere exchange and atmospheric transport, can also
act simultaneously and both can contribute to the enrichment phenomenon. For example, the strong enrichment in the early morning, that we explained using upslope water
transport, can be enhanced by regolith desorption. Correspondingly, in the late afternoon
the adsorption of water into the regolith can already have started and can play a role in
lowering the enrichment ratio, especially if the regolith on the volcano summit are more
efficient in the exchange with the atmosphere, or if the low altitude of the saturation level
maintains the water vapour closer to the surface, as it happens around the aphelion. In order to determine their relative contribution and in general to have a better understanding of
the phenomenon of enrichment, however, a detailed model that includes both mechanisms
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Figure 6.15: MOLA map of the Hellas region, and its position on the planet.
must be developed. New observations from OMEGA/MEx and CRISM and MCS experiments onboard the Martian Reconnaissance Orbiter (MRO) (Zurek and Smrekar 2007)
are expected to give new insights into the spatial and vertical distribution of atmospheric
water in the vicinity of the Martian volcanoes.

6.3 The Hellas basin
The Hellas region is located in Mars’ southern hemisphere. It covers roughly an area
within 40◦ – 110◦ E in longitude and 20◦ – 65◦ S in latitude (Figure 6.15). It consists of
diverse topographic, geologic and superficial units, but it is dominated by one particular
feature, the Hellas basin, which was formed by an impact, most probably during the Late
Heavy Bombardment around 4 Gy ago. It is indeed the biggest impact feature on Mars
(excluding eventually Vastitas Borealis, whose origins are still uncertain) and one of the
biggest in the solar system. The basin has an almost circular shape, with a rim diameter
of ∼ 2300 km. It marks the lowest extreme on Mars. The bottom of the Hellas basin,
properly called Hellas Planitia, is at –8 km under the zero datum at its deepest point, with
an average of –5 km. Considering that the area outside the basin is around 2 km altitude,
in agreement with most of the southern hemisphere, the effective relief of Hellas is almost
one atmospheric scale height.
The area around Hellas has always been very dynamic, undergoing significant evolution with time. Even if the basin formation is relatively ancient, Hellas Planitia presents
only few impact craters, implying quite recent erosion and/or cover by sediments. Based
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Figure 6.16: Viking Orbiter image mosaic with the main fluvial systems on the east of
Hellas. The white and black arrows indicate the flowing directions (adapted from Crown
et al. 2005).

on geologic and stratigraphic evidence, Moore and Wilhelms (2001) proposed that the
Hellas basin was filled by ice-covered lakes early in its history. Lacustrine sediments
were generated by volcanic activity. The presence of lakes still shows its traces east and
south of Hellas, which then collected these flows of water through the large Dao and
Harmakhis Valles. Other studies go even further and suggest that the whole basin was
covered by a sea-like body of liquid water (Malin and Edgett 2000). Even if this scenario
is still to be confirmed, it is quite evident that water had a significant role in shaping the
evolution of the Hellas basin. In particular, the eastern side of the basin is marked by
several large channels, the most important of which are the above mentioned Dao and
Harmakhis Valles, Reull Vallis, and Niger Vallis. We can infer that various fluvial complexes, mostly ending up in the basin, formed in the past (Figure 6.16). The basin has
thus been an important hydrologic system. The eastern part of Hellas also exhibits a concentration of many debris aprons (at least 90 complexes), in particular near Reull Vallis,
which are terrain structures considered to be a signature of rock and ice flows (Pierce and
Crown 2003).
Due to its importance for the study of impact physics and primitive Martian hydrology,
observations on the Hellas region have mainly focused on geology. Nonetheless, the basin
is interesting and peculiar also from the atmospheric point of view. It is now established
that Hellas is the origin of most global- and large-scale dust storms during southern spring
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and summer (Greeley et al. 1992), and the site of several local dust storms. This means
that the atmospheric dynamics of the basin favours the lifting of the thick deposit of
dust which is present on its floor, and which is probably of eolian origin (Tanaka and
Leonard 1995). From General Circulation Models we can see that Hellas is a crucial
driver, if not even the dominant one, for circulation in the whole southern hemisphere.
Hellas (together with a minor contribution from the other impact basin in the southern
hemisphere, Argyre) induces a dynamical forcing on the south polar circulation, creating
two different climates, which in turn determine the asymmetry of the southern polar cap,
as shown by Colaprete et al. (2005). This simulation analysed the circulation pattern
varying the topography, and when Argyre and Hellas are removed, the atmosphere and
the temperature field in the southern hemisphere have a much more symmetric behaviour.
The Mars General Circulation Model, the GCM used in our retrievals (Section 4.2.1),
also evidences the strong influence of Hellas. The basin, also in this case together with
Argyre, generates a current along its south-eastern edge that transports moist air towards
the pole (Montmessin et al. 2004). The depression induced by the basin, moreover, creates
a stretching of the atmospheric vortex tubes that pass over it, effectively creating a local
vortex that isolates to a some degree the atmosphere inside Hellas. This effect can be
noticed by the concentration of the non-condensible species over the basin compared to
its surroundings (see Encrenaz et al. 2006, Figure 1). It is also interesting to note that the
water ice that contributed to form the debris aprons on the eastern side of Hellas Planitia
can have an atmospheric origin. The Mars GCM, applied to a past epoch when Mars
had a high obliquity, shows that the south polar region is isolated during local summer
by a vortex, except near eastern Hellas. The region east of Hellas remains then the only
part where the water vapour subliming from the southern polar cap can be transported
equatorward. The clash between this moist flux and cooler air coming from northern
Hellas generates strong water condensation and precipitation just in the region where the
highest concentration of debris aprons is currently found (Forget et al. 2006).
The high dynamism of the atmospheric circulation around Hellas certainly has some
consequences for the behaviour of water vapour in the region. No specific observations
of water vapour were dedicated to the Hellas basin. Indeed, the global surveys by Viking,
TES, and Mars Express present a nondescript region. The longitudinal H2 O distribution
has a local maximum over Hellas, which however disappears when topography is taken
into account. The average seasonal trend observed by TES in the region (not shown in
Smith 2002, data provided by M. Smith) also does not show peculiarities compared to the
global seasonal variations at Hellas latitudes, apart from a significant interannual variation
between MY 25 and the adjacent Martian years. Up to now, however, no instrument had
a sufficiently high spatial resolution to study the region in detail. ISM/Phobos did not
observe the Hellas basin. For this reason, OMEGA can make a decisive contribution in
unfolding the eventual peculiarities of water behaviour. In particular, it is interesting to
see whether the high atmospheric activity of this region has some consequences or not,
and if there are other factors that drive vapour properties on Hellas. There is already
an analysis of the seasonal behaviour by OMEGA and PFS and their comparison with
model predictions, which shows some discrepancies around the northern spring equinox
and some abrupt variations in water vapour amount during local summer (Encrenaz et al.
2008). However, this study focused on the average behaviour over Hellas Planitia, while
we will analyse here the water vapour maps and the detailed trend of the whole region.
124

6.3 The Hellas basin

Figure 6.17: OMEGA orbits observing Hellas, shown against season (L s ) and solar local
time.

6.3.1 Results
The OMEGA dataset passing over Hellas during the first Martian year is shown in Figure
6.17. There are 51 orbits which, as it can be seen, are not evenly distributed. This is
mainly due, in addition to the gaps of OMEGA observations (Chapter 5), to the fact that
OMEGA focused on the northern hemisphere for the first part of the mission. Thus, we
have only four orbits in the first 120 days of the year (six including the two belonging to
the end of MY 26). In contrast, the southern summer has a very thick coverage, which
makes it possible to follow in detail the evolution during the period of maximum amount
of vapour in the local hemisphere. In different seasons, all the hours between 8:00 and
17:00 are covered. Also in this case, a very good coverage is provided during the summer.
Contrary to the case of the Tharsis volcanoes, the Hellas Basin does not show the need
for special data or error treatment. In particular, it is sufficiently big to be well resolved
by EMCD, and the error related to the low resolution of the database is not different
from the one computed in Section 4.5.1. The most delicate part in the case of Hellas
could eventually be the basin rim, which is quite steep and is the place in the region with
the highest difference between the high resolution and low resolution maps (Figure 4.4).
However, this difference is still quite limited to ∼ 2 km, which should be small enough
not to create any problems.
More caution has to be devoted instead to our approximation of dust and aerosol
influence. In fact, as is written above, the Hellas basin is a favourite place for the onset of
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dust storms, and in general it exhibits significant dust activity (Figure 4.14). This activity
is concentrated during the southern summer, which is exactly the season we will focus
on, due to the large number of orbits. Unfortunately, due to the lack of detailed retrievals
of dust optical depth, both at a global scale and on the Hellas region in particular, it is
not possible to determine this factor with precision. MY 27 being a typical Martian year
in dust behaviour, we can expect that no significant bias is introduced on average (see
Section 4.5.2). However, we cannot exclude the presence of local transient dust storms
that might have affected the retrieval of some orbits, or some parts of an orbit.
6.3.1.1 Column density maps
In contrast with the case of the volcanoes, the analysis of the mixing ratio maps of Hellas
does not give any interesting additional information to the column density ones, so we
present only the results of the latter. Figures 6.18 and 6.19 show four examples of water
vapour column density maps in different seasons, in the following order: close to autumn
equinox, in the middle of winter, at the beginning of summer close to perihelion, and in
mid-summer. These maps are characteristic of the trend in the Hellas region for the respective seasons. The retrievals show the great difference in behaviour during the year.
At the end of summer (Figure 6.18, top) there is almost no activity. The map exhibits no
peculiar feature but just an uniform behaviour, with little vapour in the atmosphere (5 – 6
pr. µm on average, with few peaks at 8 pr. µm in the region north of the basin). During
winter, instead, as soon as we enter into the basin there is a strong decrease of vapour,
which it goes to negligible amounts (Figure 6.18, bottom). The correlation between topography and water vapour in the atmosphere is striking. The extensive transition region
covers approximately the northern slope and exhibits a decrease of ∼ 8 pr. µm. It is
interesting to note that the region north of Hellas Planitia actually has more water than
at equinox, even if at L s ∼ 150◦ the main input of H2 O from the northern hemisphere
has yet to arrive. The picture changes completely in the perihelion season (Figure 6.19,
top). At first, there is much more vapour in the atmosphere, as the colour scale shows.
This is not surprising, considering that it is the period of water maximum in the southern
hemisphere. More interesting are the shapes vapour traces in the orbit. In the southern
part clear features are present, in particular the “reversed-S” shape that dominates below
60◦ S. Then, we can notice that between the basin and the northern region there is a sudden discontinuity in water vapour values, which exhibit a sharp decrease going from the
inside to the outside of the basin. These characteristics suggest that the atmosphere in
this season is not only rich in water, but also undergoes strong spatial variations. During
the course of the summer the activity develops and eventually fades out. In the middle of
the summer (Figure 6.19, bottom) it seems that the main episode has already subsided,
with a much more uniform behaviour throughout all the region and a lower amount of
water in the atmosphere. In this part of the season the pericenter of Mars Express is in the
southern hemisphere, so the area covered by OMEGA is quite narrow. This means we are
not be able to see any structures as in the previous case because the field-of-view is too
limited. Anyway, the difference in the amount of water between the two plots of Figure
6.19 indicates that the activity is reducing.
The high density of orbits during local summer also includes series of orbits which
observed almost the same area at the same time with just a few Martian days between
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Figure 6.18: Examples of column density maps of water vapour on the Hellas region.
Above: orbit 41, MY 26, L s = 337.9◦ , local time ∼ 13:30. Below: orbit 1186, MY 27,
L s = 132.0◦ , local time = 13:40.
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Figure 6.19: Above: orbit 2001, L s = 263.4◦ , local time ∼ 15:30. Below: orbit 2217,
L s = 300.8◦ , local time = 13:00.
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letter
(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
(i)
(j)
(k)
(l)

Orbit number
1935
1946
1957
1979
2001
2012
2023
2045
2056
2067
2100
2133

L s (◦ )
251.7
253.7
255.6
259.5
263.4
265.4
267.3
271.2
273.1
275.0
280.9
286.5

local time
16:25
16:20
16:20
15:55
15:35
15:20
15:05
14:55
14:55
14:50
14:20
13:40

Table 6.2: Season (L s ) and local time of the orbits of Figure 6.20.

adjacent orbits. This useful configuration allows to follow the temporal evolution of the
region and of the observed features. As indicated above, the evolution of Mars Express
pericenter makes this analysis possible only in the first part of the season. Figure 6.20
shows twelve orbits in close temporal succession, whose legend is in Table 6.2. The
orbital periodicity number for which a Mars Express orbit passes over the same region
is 11, which corresponds to ∼ 2◦ L s . As can be seen from Table 6.2, several orbits are
adjacent, with occasional gaps of one orbit (i.e. between orbit (c) and (d), and between (d)
and (e)), while at the end of the series the gaps are longer. The series actually continues
after orbit 2133, but the field-of-view becomes too narrow to give interesting maps. In
total, a time interval of 35◦ L s is covered, spanning slightly less than 3 hours in local time.
Each map has its own column density scale, which is normalized to its maximum. There
is good consistency with the maxima of the orbits excluding orbit 1979, which retrieves
1.5 water vapour more than expected. The reason for this has not been explained yet.
Looking at the orbits’ maxima we can see that during the first six orbits there is not much
change in water vapour in the atmosphere, with the maximum always remaining around
31 pr. µm (excluding the just mentioned orbit 1979). There is then a significant increase
with the maximum at 38 pr. µm for orbit 2045 (L s ∼ 270◦ ), followed by a rapid decrease.
In the last orbit of the series, only 15◦ L s after the peak, the maximum for water vapour is
already just 22 pr. µm.
Evident features, which evolve with the progression of the days, can be traced at the
beginning of the series, especially in the region south of the basin. It is worth to remark
that this is actually the first time that an instrument is able to observe small-scale water
vapour structures and their time evolution. In the first orbit, an extensive region with a low
amount of vapour is present just below the basin rim (Figure 6.20a). The depletion region
seems to be limited by three sides of the orbit: above, by the basin; to the east, which
shows higher H2 O values at the edge of the cube; and to the south, because the column
density is high again after the gap between the OMEGA cubes. The same depletion region
is clearly present also in the next two maps, indicating that it is a persistent water vapour
feature on the area. The fact that this time the region is limited to the western border
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Figure 6.20: Series of twelve consecutive orbits (with a few gaps in L s ) observing the
Hellas basin during local summer. The data of each orbit are presented in Table 6.2.
Every map has its own column density range, relative to its own maximum.
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Figure 6.20: Orbits 4 – 6 of the series.
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Figure 6.20: Orbits 7 – 9 of the series.
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Figure 6.20: Orbits 10 – 12 of the series.
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of the cube, and not to the eastern one, suggests that it drifted eastward with time. In
figure 6.20c a horizontal branch of relatively high water vapour can be seen at ∼ −66◦
S. This seems to be the origin of an enrichment structure which assumes a reversed-S
shape in the next orbits. Also this feature evolves and drifts with time (again eastward),
pointing out that in this season the region south of Hellas is very dynamic, and that its
behaviour regarding water vapour is driven mainly by atmospheric circulation. In Figure
6.20g the reversed-S structure is not present anymore, and we see only a horizontal line
of enrichment at ∼ −67◦ S, which can be interpreted as the tail of the “S” drifted out of
the field-of-view (some enrichment structures at −60◦ S can be the upper side of the “S”).
Perhaps due also to the narrowing of the field-of-view, the successive orbits do not show
such spectacular features. Other smaller things can be noticed, however. For example, in
Figure 6.20i, the structures below ∼ −57◦ S can also be seen in the next map, albeit with
less contrast.
Compared to the southern region, Hellas Planitia itself and the part north of the basin
are less interesting, but this can be due, again, to the limited field-of-view, especially
for the northern region. What can be said, though, is that this region always exhibits an
amount of water vapour significantly lower than the others, with a clear discontinuity at
the northern basin rim. This discontinuity is not usually present at the southern rim. That
the basin sometimes acts as a barrier for water vapour also in the south can be noticed
in Figures 6.20g, h and i, where we can see an isolated compact maximum just inside
the border. A maximum of vapour close to the southern edge is present also in the last
two maps. To conclude this description of vapour features and their evolution, it must
be remarked that the retrievals can be influenced by the presence of dust clouds, that can
mask some degree of atmospheric water underneath, and thus contribute to the formation
of depletion regions.
6.3.1.2 Water vapour annual behaviour
In order to obtain a global view of the behaviour of water vapour on Hellas we divide
the area in three parts: the northern highlands (marked red in Figure 6.21), which include
all the points between −20◦ and −32◦ S with surface altitude ≥ −2 km; Hellas Planitia
(marked in black) comprises only the part lower than –5 km; and the southern area (in
blue), which covers the strip between −70◦ – −54◦ S and ≥ −2 km in altitude. All the
regions are limited between 40◦ – 100◦ E in longitude. Figure 6.21 (lower plot) shows
the results. The three regions exhibit a very different seasonal trend, in particular between
the red area and the black-blue ones. The northern region has almost the same amount of
water vapour during the whole year. With some degree of scattering, the column density
fluctuates around 7 pr. µm, with the great majority of the orbits between 3 – 9 pr. µm
with no hint at a seasonal trend. The other two regions have approximately the same
behaviour, with a very pronounced seasonal behaviour. During autumn and winter Hellas
Planitia (and, presumably, the southern highlands) are completely devoid of water vapour
(see the next section for a more detailed discussion of the winter season). At the end
of winter water vapour inside the basin starts to increase. When OMEGA reprises the
observations, at L s = 240◦ , H2 O is already quite abundant, reaching the peak of ∼ 27
pr. µm at the beginning of local summer, L s = 270◦ . The column density then decreases
during all the summer, at first very abruptly, with more than a factor of 2 in 20◦ L s , and
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Figure 6.21: Plot of the average column density of water vapour in three different parts
of the Hellas area. The colour code is schematized by the upper map. The details for the
selection of the three regions are described in the text. The error bars indicate the standard
deviation from the mean. The southern region has no retrievals in the autumn and winter
orbits.

135

6 Results: the regional view

Figure 6.22: Plot of the average saturation height over the surface against season for the
three regions as in Figure 6.21.
later more smoothly, reaching values of around 6 pr. µm at the end of summer. There are
indications of a secondary relative maximum at L s = 300◦ . The blue region follows the
behaviour of the basin closely, with a weaker global maximum (around 20 pr. µm) and a
more extensive secondary peak at L s = 300◦ .
The blue and the black regions are quite concordant also quantitatively throughout all
the Martian year (excluding the seasons where we do not have data in the southern area).
This is actually quite surprising, considering that Hellas Planitia is around 10 km deeper
than its surroundings, which results in an atmosphere almost a scale height thicker. Because the column density is approximately an indication of the number of water molecules
in the column of atmosphere, we had also expected a higher value inside the basin. Our
result can be due to a systematically lower saturation height in the basin, or to a lower
mixing ratio. Figure 6.22, which describes the seasonal trend of the saturation height over
the surface for the three regions, shows that the former hypothesis is not fulfilled. Indeed,
the saturation level for the southern area is usually lower than for the basin, apart from
the peak at the beginning of summer at L s = 270◦ . Thus, the Hellas basin has a lower
concentration of water (a lower mixing ratio) compared to the southern highlands, which
means that is shows a degree of depletion. The behaviour of the basin in comparison to
the northern area is more complex. For a good part of the summer the basin has higher
values of water column density, but we can notice a degree of depletion at the end of
summer (albeit not in all the orbits).
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6.3.1.3 Water vapour saturation
Figure 6.22 contains other interesting information. It is remarkable that the red and the
black regions exhibit a parallel behaviour throughout all the year, with a difference of
around 10 km between the two trends. 10 km is exactly the altitude difference between
the two regions, thus it seems that the saturation level of water on these two regions is
insensitive to topography. The local trend follows the global one quite closely (Section
5.5). Just after the autumn equinox (L s = 0◦ ) it decreases quite rapidly, especially for
the northern region, going almost to zero during the aphelion season. It starts to increase
again during winter and it reaches the maximum (∼ 45 km for the northern part) just
before the beginning of summer. During summer it decreases slowly, eventually reaching
a constant value of 30 km (again for the red region) after L s = 300◦ , that is maintained
until the temperature starts to diminish with the subsequent approach to aphelion.
The saturation level of the south instead presents a completely different behaviour. At
the beginning of the year the height is already quite low, probably around 10 km. Unfortunately we do not have data for the whole autumn-winter period, but it is very likely
that the area is completely covered by the seasonal polar cap, so that water condenses on
the surface. When OMEGA starts to acquire data again the saturation height is already
more than 30 km and increasing fast, so that at the beginning of summer it exhibits a very
pronounced peak, differently from the other two regions, of up to 70 km. This is followed
by a rapid decrease during the whole summer, until we get the equinox values again. The
reason for this difference is yet to be understood, but it is possibly due to atmospheric activity that influences the vertical distribution on the southern section, generating a thicker
layer in the atmosphere where vapour is well-mixed around the summer solstice and then
rapidly decreases.
6.3.1.4 Presence of ice in Hellas Planitia
One of the most striking features we observe in the column density maps during the year
is the strong reduction of water vapour as soon as we enter the basin in winter, decreasing
steadily through the whole northern slope until it reaches negligible levels inside Hellas
Planitia (Figure 6.18b). This behaviour is common to all winter orbits, as Figure 6.21
shows.
The driving mechanism of this depletion is the condensation of water onto the surface
as frost. In fact, due to high pressures, the frost point of CO2 is warmer and the basin is
a preferential place for carbon dioxide condensation. Thus, the seasonal ice cap spreads
on Hellas Planitia quite early in the season and eventually covers its whole floor. In turn
CO2 ice acts as a cold trap, subtracting water vapour from the atmosphere and depositing
it as surface ice.
This phenomenon can be seen in Figure 6.23, which exhibits the depth of the 1.5 µm
water ice band for the same orbit of Figure 6.18b. The correlation with topography is
evident. OMEGA high resolution allows even to detect the structures that are formed by
the ice pack on the surface. Unfortunately in this season the orbits are too sparse to follow
their evolution. Both the very high values of the band depth and previous observations
confirm that we are looking at surface ice and not ice clouds, or at least a combination
of the two (Briggs et al. 1977; Langevin et al. 2007). The annual trend shows that water
vapour inside the basin is starting to increase again at L s ∼ 145◦ , which can be considered
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Figure 6.23: Plot of the 1.5 µm band depth of the same orbit (1186) of Figure 6.18b.
the beginning of the polar cap retreat. It must be remarked that the 1.5 µm band can be
contaminated by the CO2 ice band at 1.435 µm. OMEGA is the first instrument which
is able to discriminate between the two kinds of ice (Schmidt et al. 2007), but a more
detailed analysis is beyond the scope of this thesis, and their effect on atmospheric water
vapour is the same. The maps of the water ice band also indicate clearly that Hellas
Planitia is a favourite place for ice accumulation in winter. Figure 6.24 shows two orbits
passing on the sides of the Hellas region in the middle of winter. In both cases the ice line
is much more southern than in the orbit of Figure 6.23, especially for the orbit on the left,
which has only traces of water ice. It is interesting to notice the asymmetry between the
eastern and the western map. The polar cap is more spread on the part east of Hellas, an
asymmetry which is in agreement with model predictions (Forget et al. 1999) and other
OMEGA observations (Langevin et al. 2007).

6.3.2 Discussion and conclusions
The maps of water vapour in the Hellas region show a very dynamic environment. The
atmosphere behaves differently according to the observed region. The part south of Hellas
and the basin itself present a similar annual trend, characterized by strong seasonal fluctuations, between 0 – 30 pr. µm. On the contrary, H2 O variations in the northern area do not
show any seasonal dependence, and are distributed more or less uniformly throughout the
year around a mean value of 6 – 7 pr. µm. The Hellas region is thus divided in two parts,
at least regarding water vapour. This is especially evident during spring and summer, both
from the maps, where a clear discontinuity corresponding to the Basin rim can be noticed
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Figure 6.24: Water ice band depth for two orbits during southern winter, very close to
Hellas Planitia, on the west side (left plot), and on the east (right plot). The left one is
orbit 1157 (L s = 128.0◦ , solar time = 14:00). The right one is orbit 1200 (L s = 133.9◦ ,
solar time = 13:30).
(Figure 6.20), and from the annual average (Figure 6.21).
We believe that this behaviour is driven mainly by atmospheric circulation. The evolution of the features observed in the summer orbits (Figure 6.20) is most probably a
signature of circulation effects. These structures also seem to drift eastward, in agreement with the direction of the flow that comes out from GCMs. The models also point
out the peculiarity of circulation patterns around Hellas. The isolation of the atmosphere
inside Hellas Planitia, due to the stretching of vortex tubes induced by the depression, can
explain why there is an abrupt variation in column density coinciding with the northern
border. The same effect is not seen on the southern rim, possibly because the two regions
are intimately linked during most of local autumn and winter by the southern seasonal
cap, which fills Hellas up to the northern edge. The two regions, thus, have a local reservoir of water vapour, released by sublimation from the end of winter, which is largely
inaccessible by the northern part. Moreover, when water ice starts to sublimate, the two
regions are still unified by the presence of the polar cap on the ground, so also the local
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flows are interconnected. The ice itself contributes to the generation of winds, especially
at the cap edge, due to the strong thermal contrast between the ice and the partially covered or ice-free regolith nearby (Haberle et al. 1979). Another contribution comes from
slope winds. Slope winds, already observed in the case of the volcanoes (Section 6.2),
are also active in the southern impact basins, mainly Hellas and Argyre, due to their relatively steep slopes. It can be argued that the influence of slope winds is perhaps not so
strong, otherwise we would have seen some effect on the northern slope too. However,
the development of slope winds on the northern border is possibly hindered because the
latter is less illuminated by the solar radiation, which is the driver for slope winds, than
the southern one. Moreover, on the southern scarp we have also to consider the additional
effect of the ice forcing on circulation. The combination of the ice cap edge and slope
winds has been examined specifically for the Hellas and Argyre regions by Siili et al.
(1999). In general, as it happens on Earth in regions like the Antarctic and Greenland,
winds on ice-covered inclined surfaces flow constantly downslope and off the cap. This
supports the idea of a continuous exchange of atmospheric material, especially during
spring. The results of Siili et al. (1999) trace a very complex scenario. The presence of
ices significantly changes the wind patterns. The effects of slope and ice edge winds can
act together or oppose each other, depending on the spatial configuration of the ice pack.
Moreover, the presence of dust in the atmosphere, only partially tested, seems to influence considerably the two forcings. The simulation was computed with a 2D model, and
successive preliminary tests showed that a 3D one must be used to represent precisely the
behaviour of slope circulation (Siili, private communication), so we can only use these
results as an indication. However, the important consequence is that, like in the case of
the Tharsis volcanoes, a GCM is not sufficient to study the atmospheric dynamics of the
region, especially at the level of detail required to match OMEGA spatial resolution, and
we need mesoscale models. Indeed, even very sophisticated GCMs reproduce only largescale features (as in Langevin et al. 2007), which can be significantly modified by these
local effects.
In passing, we can notice that the behaviour of the northern part is a confirmation
that the regolith has a minor influence on the water cycle, at least in some places. The
region north of Hellas can be a good test-box for the measure of the surface-atmosphere
vapour exchange, because it is relatively unaffected by external sources of water. In fact,
the influx of H2 O from the northern hemisphere is weak at these latitudes, and due to
the presence of the Hellas basin the region is also isolated from the flux from below, as
explained before. We can suppose that it is more sensitive to variations in water vapour
due to local reservoirs, as the regolith. However, comparing Figures 6.17 and 6.21 we can
see no correlation between column density and local time. The fluctuations in column
density seem to be influenced more by random effects, possibly transient phenomena,
than by any systematic effect linked to the hour of the day.
To conclude, we have to remark that in the Hellas region the lack of a radiative code
that takes care of the scattering effect, and a more specific treatment of the dust influence
on the temperature profile, can play a more important role than in other areas of Mars.
The high aerosol activity over the Hellas basin, which is prone to unpredictable effects,
can lead to an underestimation of water vapour and the creation of structures in the maps
retrieved by OMEGA. For example, this can be the cause of the area of depletion observed in Figures 6.20a-c. Such a study needs also to be complemented by simultaneous
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high spatial resolution coverage of images that show the presence, location, and shape of
dust clouds, in order to link them with corresponding features in the water vapour maps.
Unfortunately this kind of observations are not yet available.
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In this dissertation we have studied the behaviour of atmospheric water vapour on Mars
during one Martian year, using observations by the OMEGA mapping spectrometer onboard Mars Express. Thanks to OMEGA’s capabilities, we were able to analyse both the
H2 O global scale characteristics and, for the first time, the local features in some selected
regions of interest. We covered all the aspects of the water cycle: the temporal evolution,
both at a seasonal and at a diurnal scale; the longitudinal distribution; and the vertical
profile through the variations in the saturation height.
The global water cycle presents the following main results:
• The annual survey exhibits a good agreement with measurements both from past
instruments (MAWD/Viking, MGS/TES) and other Mars Express spectrometers
(PFS, SPICAM). The qualitative trend is especially significant, with the main features of the water cycle common to all the instruments. Vapour column density values are also consistent within the uncertainties. This result confirms the interannual
stability of the water cycle of the planet for its current state. The only difference that
can be connected to long period variations, even if it is probably due to a systematic
overestimation in the previous retrievals, is that Mars Express spectrometers tend
to find a slightly drier atmosphere than MAWD and TES.
The main reservoir of atmospheric water is without any doubt the northern polar
cap, whose sublimation creates the annual maximum of ∼ 60 pr. µm at high northern latitudes at the beginning of the local summer. Compared to other instruments,
OMEGA does not see a corresponding clear maximum for the southern hemisphere,
but the lack of a specific treatment of the aerosol influence in the retrieval procedure can affect the results especially in this season. Some transient instrumental
effects cannot also be ruled out. Other factors are comparatively less important.
Circulation plays some role, especially in the equatorward transport from the north
pole during summer and the beginning of autumn. However, it is not so strong as
other measurements (i.e. TES) suggest. The contribution from the regolith layer
seems minor or even negligible. This is suggested by the lack of evident surfaceatmosphere exchange signatures, and by the small diurnal H2 O fluctuations that
come out of the OMEGA-TES comparison.
• The spatial distribution of water vapour is also quite in line with previous measurements, with two planetary maxima over Tharsis and Arabia Terra separated by a
strong depletion region between −60◦ – −10◦ E. The Arabia maximum, however,
is neither so compact nor so prominent, compared to its surroundings, than it appeared from other instruments. The rest of the planet is mostly featureless, with
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the eventual exception of a local secondary maximum over Elysium Mons. The
longitudinal distribution presents no peculiar seasonal evolution. The two maxima
can be seen, more or less evidently, at all seasons. Given the diversity of soil between Arabia Terra and Tharsis, such a result cannot be considered as the definite
proof of an influence of the regolith on the water cycle by itself, also because some
atmospheric models managed to reproduce both maxima just by circulation effects
alone. Further measurements must be performed in order to understand whether
the longitudinal distribution of water vapour is controlled by global circulation,
surface-atmosphere exchanges, or a combination of the two.
• In our simplified model, retrieving information on the vertical profile of water
vapour in the atmosphere means studying the seasonal behaviour of the height
where saturation sets in. The results show a good agreement with TES. The saturation level varies between ∼ 7 and 55 km, with a strong seasonal dependence
according to temperature variations during the year.
The regions which were studied in more detail, with high spatial resolution vapour
maps, were selected for their peculiar characteristics. The analysis on the MERs’ sites
was an unique opportunity to compare results from two different observational geometries
(upward-looking in-situ measurements from the Rovers, and downward-looking from orbit in the case of OMEGA). Then, both the four Tharsis volcanoes and the Hellas basin
represent topographic extremes for Mars, with heights varying from 13 to 21 km for the
volcanoes and down to –8 km in the case of Hellas. Both sites are known to be sites of interesting atmospheric phenomena. The results show a specific behaviour for each region,
that cannot be framed by the average global picture.
• The coordinated observations over Spirit and Opportunity between the Mini-TES
and OMEGA spectrometers, in addition to investigate any peculiarity related to
the observed regions, can be used for mutual validation of the retrieval methods.
Surprisingly, the agreement between OMEGA and Mini-TES is not uniform. In
fact, the comparison of the results shows good agreement for Spirit, but scarce for
Opportunity. The reason for this discrepancy is not yet understood completely, due
to the lack of further dedicated measurements, but it is most probably the result of
physical phenomena related to atmospheric conditions. The fact that the Mini-TES
results are also in contrast with TES in Opportunity, but not in Spirit, suggests that
specific local features influence in particular the Valles Meridiani region.
• The atmosphere over the four Tharsis volcanoes is peculiarly enriched in water,
compared to their surroundings. The water vapour mixing ratio is higher by a factor
of ∼ 3 on average at the top of the volcanoes. This behaviour is observed in 75%
of the OMEGA orbits that pass over these mountains. This enrichment exhibits a
seasonal trend, being highest around the northern spring equinox and lowest or nonexistent during the early northern summer, and it is the same for all the volcanoes.
This behaviour is reflected by the column density. Excluding when the saturation
height is low, column density maps are insensitive to the presence of the volcanoes.
This means that there is approximately the same number of water molecules in the
rarefied atmosphere at the summit of the volcanoes than on the nearby plains. The
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strong slope winds triggered by the extreme topography of the Tharsis Montes are
possibly the cause for the enrichment. Currents can transport significant quantities
of atmospheric material upslope, transferring water vapour from the plains to the
volcanoes’ top. The possibility of different regolith sorption efficiency between the
top and the bottom of the mountains can, however, not be ruled out, even if in this
case we would expect case stronger diurnal variations in the enrichment factor.
• The Hellas region shows another kind of peculiarity. Water vapour column density presents a different seasonal behaviour depending on the area: almost constant
throughout all the year for the sector immediately north of the basin; strong seasonal
dependence for the basin itself and its southern highlands, which are linked by the
presence of the seasonal polar cap during most of local autumn and winter. The
evolution of vapour structures during the summer and results from various models
suggest that circulation dominates the water vapour behaviour in the region. The
northern part is effectively insensitive to the H2 O influx that comes from the south
due to the sublimation of water ice from the cap, because the presence of Hellas
Basin induces an isolating vortex in the flux tubes. Hellas Planitia and the southern
part are instead connected by the ice cap, and thus the water vapour transport during
local spring and summer is intertwined too.
These deviations from the annual average trend strongly indicate that regional effects have
a significant influence on the water cycle, and thus they cannot be neglected if a complete
picture of H2 O behaviour on Mars is desired.
This work is open to further development. Firstly, the current analysis can be extended
to the second Martian year of Mars Express, which ended on the 9 December 2007. Apart
from the continuous monitoring of the water cycle, the second year can also give additional information. In fact, Mars Express observed the same season at a different solar
time, so we can overcome at least partially the problem of the disentanglement of the seasonal and the diurnal cycle. The second year also covers, at least partially, those seasons
during which OMEGA did not observe during the first year, namely a good part of the
northern spring and almost the whole northern autumn. Furthermore, a massive global
dust storm engulfed Mars between late June and early September 2007. Observing this
event will allow a complete monitoring of the behaviour and evolution of water vapour
at high optical depth, validating the results of the models and extending them to the 2.6
µm band, whose dependence on τ has never been studied so far. The extension to the
second year can also be performed for the detailed retrieval over the regions presented in
this thesis. This can be interesting, as in the large-scale case, for the study of the diurnal dependence of the phenomena, but also for the confirmation of the observed regional
peculiarities with more details. The evolution of the Mars Express pericenter, moreover,
will allow to create water vapour maps for seasons not yet covered.
Finally, the retrieval procedure is susceptible to some useful improvements. The implementation of a radiative transfer code is a crucial step in order to cope with the lack of
a specific aerosol treatment. This should be complemented by coordinated high resolution
observations of dust and cloud activity in the regions of interest. The procedure must also
be updated with the new EMCD version, which retrieves the climatological parameters in
high resolution. In this way not only the related uncertainty will be reduced, but it will be
possible to study those regions that need high spatial resolution, such as Valles Marineris.
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As a final remark, the work of this thesis points out that in order to have a complete
picture of the Martian water cycle and its physical background, a global large-scale survey
must be complemented with detailed observations at high spatial resolution and, possibly,
with retrievals of vapour maps. Instruments with capabilities similar to OMEGA, as the
MRO/CRISM, are thus crucial for future studies of the Martian climate.
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The passing of the year on Mars is commonly tracked by the heliocentric longitude, or solar longitude, abbreviated in L s . The solar longitude is the angle Mars-Sun-reference position in Mars’ orbit (Figure A.1). This reference position is the northern spring equinox,
that in this way has by definition L s = 0◦ . The beginnings of the other seasons are
marked at right angles from the reference: L s = 90◦ thus corresponds to summer solstice,
L s = 180◦ marks the autumn equinox, and L s = 270◦ the winter solstice (all relative to
the northern hemisphere, the southern seasons by consequence being the opposite, like on
our Earth).
It must be noted that, because of Mars’ eccentricity, the seasons are not of equal
length, being the planet faster at perihelion. The northern spring (L s = 0◦ − 90◦ ) is the
longest with 194 Martian days, and the opposite, northern autumn (L s = 180◦ − 270◦ ), the
shortest with 142 days.
A Martian solar day, or sol, lasts 24h, 39m, 35.244s (in Earth hours). The sol is often
used to count the days for landers. Again, because of Mars eccentricity, the length of
the solar day changes with the year more than for Earth, with fluctuations that can reach
around 45 minutes, compared with the ∼ 15 of the Earth. A full Martian year is made up
by 668.60 sols, or 686.98 Earth days.

Figure A.1: Orbital scheme that illustrates the position of Martian seasons and their dependence on L s (source: http://www.nhm.ac.uk).
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