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5
Introduction

Studying the planets and small bodies of the Solar System is of paramount
importance for understanding its origin and development. But above all, it provides
the key to finding the likely paths of the future evolution of our planet and
understanding how to keep Earth habitable for future generations.
Mars is the fourth planet from the Sun in the Solar System and the closest
one to Earth among the other planets. At present, Mars is the most interesting and
the most explored planet of the Solar System after Earth. The climate conditions
on Mars, although being unsuitable for life, are the most similar to those on Earth.
Presumably, in the past, the Martian climate could have been warmer and wetter;
there was liquid water on its surface, and it even rained. Mars is the most likely
destination for the first manned mission to another planet. However, the main
thing is that Mars is so far the only planet that holds promise in terms of human
development [1].
The Martian climate is mainly determined by the processes occurring in its
atmosphere, such as the movement of air masses, convective mixing, radiative
transfer, and transport of tracers. It is impossible to measure atmospheric fields, e.g.
velocity, in full detail, neither on Earth, nor on other planets. Therefore, the unknown
parameters can be derived from those obtained in experiments by building numerical
climate models of general or global atmospheric circulation (GCMs). The majority
of the well known models are based on numerical solution of the 3D equations
of geophysical fluid dynamics (GFD).
One of the first attempts to numerically describe the atmosphere of Mars was
made by Leovy and Mintz (1969) [2], who successfully adapted the GCM developed
at the University of California (Los Angeles) to the Martian conditions. Since
then, Martian GCMs proliferated. To date, there are several models of sufficient
complexity, which were developed in the United States, France, Britain, Japan,
Canada, and Germany. They are used for investigation of a wide range of processes
and phenomena in the Martian atmosphere and for interpretation of observational
data. The availability of plentiful measurements of water vapor stimulated attempts
to simulate the water cycle with the Martian GCMs.
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Water in its different phases is a very important element of the current Martian
climate, being a sensitive marker of meteorology in the atmosphere. It affects the
Martian climate mostly through radiative effects of water ice clouds and scavenging
dust from the atmosphere. Water was first detected in the Martian atmosphere
more than a half century ago [3]. The next generation of studies broadly utilized
data from orbiting and landing spacecraft, e.g., from Mars Atmospheric Water
Detector (MAWD) onboard the Viking Orbiter [4]. To date, the main sources
of information about the water distribution in the Martian atmosphere are the
Thermal Emission Spectrometer (TES) onboard Mars Global Surveyor (MGS) [5;
6], the Mars Climate Sounder (MCS) and the Compact Reconnaissance Imaging
Spectrometer for Mars (CRISM) onboard Mars Reconnaissance Orbiter (MRO) [7],
the LIDAR instrument onboard the Phoenix Lander [8] and the Planetary Fourier
Spectrometer (PFS), the Visible and Infrared Mineralogical Mapping Spectrometer
(OMEGA), the Spectroscopy for Investigation of Characteristics of the Atmosphere
of Mars (SPICAM) instruments onboard Mars Express [9—15] and the Atmospheric
Chemistry Suite (ACS) and Nadir and Occultation for Mars Discovery (NOMAD)
instruments onboard ExoMars Trace Gas Orbiter (TGO) [16].
The history of the water cycle modeling starts from the work
of Davies (1981) [17] who has developed a model to test the hypothesis that
the observed seasonal and latitudinal distribution of water on Mars is controlled
by sublimation and condensation of surface ice deposits in the polar regions,
and by the meridional transport of water vapor. Then, James (1990) [18] used
a 1D model to show the role of water ice clouds in the water migration from north
to south. The first comprehensive microphysical model of clouds was developed
by Michelangeli et al. (1993) [19] following the earlier attempts undertaken after
measurements of water vapor vertical profiles [20]. Colaprete et al. (1999) [21]
used microphysical models and Haberle et al. (1999) [22] employed a Martian
general circulation model (MGCM) to reproduce observations provided by Mars
Pathfinder. Richardson and Wilson (2002) [23] and Richardson et al. (2002) [24]
used the Geophysical Fluid Dynamics Laboratory (GFDL) MGCM to simulate
the annual water cycle on Mars and compared it with the Viking MAWD data.
Although the simulated climate was overly wet, these studies revealed the key
mechanisms of the water transport. A more sophisticated model, which included
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transport, phase transitions and microphysical processes, has been developed
by Montmessin et al. (2004) [25]. Later a microphysical model for Mars dust and
ice clouds has been applied in combination with a model of the planetary boundary
layer (PBL) for interpretation of measurements by the LIDAR instrument on the
Phoenix Mars lander [26]. Observations of temperature inversions in the atmosphere
of Mars [27] have motivated modelers to include effects of radiatively active water ice
clouds (RAC) in MGCMs [28—32]. These studies have demonstrated that accounting
for RAC helped to reduce global temperature biases between simulations and
observations at northern spring and summer [33]. More MGCMs that include water
cycle have been developed to date: DRAMATIC (Dynamics, RAdiation, MAterial
Transport and their mutual InteraCtions) MGCM [34], NASA Ames GCM [35],
GEM-Mars (The Global Environmental Multiscale model for Mars) GCM [36], the
Laboratoire de Météorologie Dynamique (LMD) MGCM [25; 37] and the Oxford
University MGCM [38]. The cloud scheme described by Montmessin et al. (2004) [25]
was implemented at least in the latter two models, while the Oxford MGCM also
used data assimilation scheme to nudge the simulated temperature to available
observations.
In order to successfully reproduce water cloud formations in the atmosphere
of Mars, microphysical models require a correct prediction of the size distribution
of aerosol particles, which serve as cloud condensation nuclei (CCN). Several
observations have provided the evidence that this distribution is bimodal [39—41].
The distribution is called bimodal if its density function has two peaks, or modes.
Montmessin et al. (2002) [42] implemented such distribution into their one
dimensional model, prescribing two peaks with constant effective radii and variance
for fine and large modes with a fixed ratio between them. They indicated that
this assumption improved the simulations. For instance, it resulted in decrease
of the effective radii of ice particles condensing on the CCN. In the second chapter
of this study, we focus on the effects of the bimodal dust distribution on the global
hydrological cycle.
As it was stated, water is a minor component of the Martian atmosphere,
which is largely confined within a few lower scale heights. Nevertheless, it is also the
main source of hydrogen in the upper atmosphere [43—45]. Escape of hydrogen
atoms into space near the exobase varies by an order of magnitude seasonally,
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maximizing around southern summer solstice (solar longitude 𝐿𝑠 ≈ 270∘ ), according
to MAVEN [46] and HST observations [47] during dust storms [48—51]. Observed
water in the lower atmosphere also experiences strong seasonal changes and depends
on airborne dust load [7; 14; 15; 32]. This implies a link between water in the
troposphere and thermosphere and a corresponding mechanism of transport between
the layers.
The Martian middle atmosphere is too cold to sustain water vapor in large
amounts, especially around the mesopause, while ice particles are sufficiently heavy
and prone to sedimentation. This water behavior is similar to that in the terrestrial
middle atmosphere [52]. However, there are multiple observations showing a presence
of water vapor in the middle atmosphere at certain locations and times [53; 54].
Heavens et al. (2018) [55] and Fedorova et al. (2018) [54] provided evidence of strong
seasonal variations of the globally averaged water abundance and its vertical
extension up to 70-80 km at perihelion during the Martian Year 28 (MY28) global
dust storm. Hypotheses concerning the mechanism of vertical transport of water
include mesoscale deep convection [55], turbulent mixing in the lower atmosphere
and/or an unspecified dynamics in the upper atmosphere [56]. General circulation
modeling underestimates the hygropause altitude at southern summer solstice
to date [32; 57]. The third chapter of this study addresses this gap in knowledge
of processes that couple water in the lower and upper atmosphere.
The aims of the present research are to conduct numerical simulations of the
Martian hydrological cycle using a state-of-the-art MGCM and investigate 1) the
influence of various factors, including the bimodality of dust distribution, on water
vapor and ice and 2) the mechanism of water exchange between the lower and upper
atmosphere.
To achieve the mentioned goals, it is necessary to solve the following research
objectives:
1. Develop a numerical hydrological scheme and implement it in an existing
MGCM dynamical core. The comprehensive scheme has to account
for advective transport, mixing by diffusion, particle size distribution,
sedimentation, spatio-temporal variations of atmospheric dust, water
saturation, sublimation, nucleation, ice particle growth and water
photodissociation.
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2. Simulate the hydrological cycle during several Martian years.
3. Investigate the effects of the bimodal dust size distribution on water cycle.
4. Explain the mechanism of water exchange between the lower and upper
atmosphere.
5. Compare the results with existing observational data from orbiters and
landers.
The hydrological scheme used in the study is based on the approach from the
works of Montmessin et al. (2002, 2004) [25; 42] and Navarro et al. (2014) [37].
It is implemented into the Max Planck Institute (MPI) MGCM (also known
as MAOAM – Martian Atmosphere Observation and Modeling). This model with
the employed physical parameterizations have been described in detail in the works
of Hartogh et al. (2005, 2007) [58; 59] and Medvedev and Hartogh (2007) [60].
The most recent applications of this MGCM along with the current setup are
presented in the works of Medvedev et al. (2013, 2015, 2016) [61—63] and
Yiğit et al. (2015) [64].
Scientific Novelty
There is a number of innovations implemented into the hydrological scheme,
which have allowed to obtain absolutely new scientific results.
1. A new accurate bimodal dust parameterization based on the SPICAM
observational data has been used. Since, dust plays a key role in the Martian
hydrological cycle in the low and middle atmosphere, its precise parameterization is
critically important for simulations of water.
2. Simulations with the bimodal dust distribution have been performed
with the 3D model for the first time. Previous studies [42] used only one-dimensional
models and, thus, could not reproduce the water cycle in detail.
3. The model domain has been extended into the thermosphere
up to ∼160 km. It is one of the two existing MGCMs covering the atmosphere
from the ground to almost the exobase, and the only one that employs accurate
parametrization of gravity waves in the middle and upper atmosphere. Coupled
with the sophisticated hydrological scheme, the MGCM represents a state-of-the-art
extended model.
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4. The water photodissociation scheme has been implemented in the model to
account for the major mechanism of water supersaturation suppression in the upper
atmosphere.
5. Systematic errors of commonly used nucleation and particle growth schemes
have been discovered and explored. A way of reducing these errors has been
proposed.
To sum up, this is the first modeling study that considers in greatest detail
the transport of water from the surface to the thermosphere of Mars and explores
its links with the atmospheric dust cycle.
Theoretical and Practical value of the study
The results of hydrological cycle simulations can be used for current and future
Mars missions in, at least, three different ways. First, the model produces surface
map of ground water ice with the prescribed resolution (5.625∘ in the current
work). It could help in selection of landing sites for landers focusing on ground
water ice research. The choice of the landing place under such conditions plays
an important role in the success of the missions. Second, the predicted by the
model wind, temperature and density can help to optimize the landing operations.
Of course, the climate model cannot forecast weather at specific time and point,
but it can predict main atmospheric features and their variations. Third, simulated
vertical distributions of atmospheric tracers such as water vapor and ice can be used
for assisting remote sensing performed from orbiters. Other future applications
of the model, like forced climate change, climate evolution, or Martian terraforming,
require significant modifications of the scheme, but also could be considered.
Theoretical aspects of the model applications include cross-validations
with other GCMs, exploring paleoclimate and evolution, testing climate hypotheses,
equations and assumptions used in simulations.
Methodology and research methods
The MPI-MGCM employs a spectral dynamical core to solve the primitive
equations of geophysical fluid dynamics on a sphere. The physics and tendencies
are calculated on a 3D grid, and then are transformed into spectral coefficients
at every time step. In the vertical, the grid is defined in the hybrid η-coordinate [65]
discretized into levels, terrain-following near the surface and pressure based near
the top. The horizontal grid is based on the Gauss-Kruger map projection with
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32 and 64 bins in latitude and longitude, respectively. This discretization corresponds
to a T21 triangular spectral truncation, which is a typical resolution of currently
employed MGCMs, with a few exceptions for high-resolution experiments [32;
66; 67]. Finite spatial resolution can be a source of numerically-induced features
in simulations, which is discussed in the text.
The spectral dynamical core is not well suited for simulation of the tracer
transport. Instead, the advection scheme based on a semi-Lagrangian explicit
monotonous second-order hybrid scheme and the time splitting method in three
spatial directions [68] are adopted. A thorough examination of performed runs has
confirmed that this scheme maintains a high order of conservation of water masses
and solution accuracy appropriate for general circulation modeling [69]. In addition
to advection, transport includes diffusion and mixing associated with subgrid-scale
processes. The importance of vertical eddy mixing for modeling the water cycle was
emphasized by Richardson and Wilson (2002) [23]. In our simulations, the Crank
Nicolson implicit method with the Richardson number-based diffusion coefficients
is used [70] to solve the vertical diffusion equation.
The results of simulations have been validated with observational data
obtained from TES, SPICAM, CRISM, MCS and other instruments.
Statements to be defended:
1. A new microphysical scheme for water cycle on Mars implemented in a 3D
general circulation model.
2. Accounting for bi-modality of aerosol particle size distribution improves
simulations of water ice characteristics in the model compared
to observations.
3. The fine fraction of atmospheric aerosols weakly affects spatial distribution
of water vapor in the model.
4. Global circulation modeling reveals the mechanism of water exchange
between the lower and upper atmosphere.
5. Atmospheric dust controls the circulation strength and, hence, the amount
of high-altitude water.
6. Solar tide modulates the upwelling of water vapor by almost completely
shutting it down during certain local times.
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Presentation and validation of research results
The reliability of the simulation results is confirmed by comparison with known
observational data and the results of other models. The main results of the work
were reported at 18 conferences, 9 of which are international, e.g.:
1. International Forum «SpaceKazan–IAPS–2015», Kazan, Russia, 2015;
2. II International Scientific Conference «Science of the Future», Kazan,
Russia, 2016;
3. International Scientific Conference «AGU Fall Meeting 2016», San
Francisco, United States, 2016;
4. «The Sixth International Workshop on the Mars Atmosphere: Modeling
and Observations», Granada, Spain, 2017;
5. International «Les Houches winter school on the planetary atmospheres»,
Les Houches, France, 2017;
6. International Workshop «6th ACS science working team», Suzdal, Russia,
2018;
7. International Scientific Conference «Asia Oceania Geosciences Society
Annual meeting», Hawaii, USA, 2018;
8. The First International Aerospace Symposium «The Silk Road», Moscow,
Russia, 2018;
9. International Scientific Conference «AGU Fall Meeting», Washington, USA,
2018.
Publications
The main results of the thesis are presented in 6 publications [69; 71—75],
3 of which are published in refereed journals included in Web of Science and Scopus
and recommended by Higher Attestation Commission [69; 71; 72], 3 — in conference
proceedings [73—75]. The certificate of state registration of computer program
№2019611779 was obtained by the author [76].
Personal Contribution
The program code of the hydrological scheme and aerosol microphysics had
been developed and implemented by the author. All numerical experiments had
been carried out and processed by him. The author was the first author of all his
publications and the correspondence with editorial offices and referees has been
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run by him as well. The content of the articles had been written by the author
in cooperation with the co-authors.
The amount and structure of the work
The thesis consists of an introduction, four chapters, a summary and
conclusions. The full volume of the thesis is 102 pages, including 26 figures and
3 tables. The bibliography contains 135 cites.
This study has been performed at the Laboratory of Applied Infrared
Spectroscopy of Moscow Institute of Physics and Technology in cooperation
with Max Planck Institute for Solar System Research. The work was partially
supported by the Russian Science Foundation Grant 16-12-10559 and German
Science Foundation (DFG) Grant HA3261/8-1.
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Chapter 1. The planet Mars

This chapter briefly describes the general characteristics of the planet Mars
(Figure 1.1). The orbital and physical parameters, the composition of its atmosphere
and the surface topography are discussed in sections 1.1 and 1.2. Then, in section 1.4,
the Martian climate and the hydrological cycle of Mars are described. The main
features of water physics under the Martian conditions are also summarized
in section 1.3.
1.1

General information

It is necessary to present a brief general information about the planet Mars, its
atmosphere and climate for a better understanding of the material described below.
1.1.1

Orbital and physical parameters

Radiation received from the Sun has a significant impact on the climate
of Mars. Mars has a large orbital eccentricity compared to Earth (0.093 versus 0.016
on Earth). The slope of the axis is 25.2∘ (23.4∘ on Earth). The major axis of the orbit
of Mars is 1.52 astronomical units. The duration of a day on Mars is 24.66 Earth
hours, the Martian year lasts for approximately 1.88 of the terrestrial one. The size
of the planet is smaller compared to Earth, the equatorial radius is 0.532 of that on
Earth. The main Mars orbital and physical parameters are given in Table 1.
As it can be seen, the orbital characteristics have a clear similarity with the
terrestrial ones. Such similarity reveals, for instance, in the fact that there is a change
of seasons on Mars as well as on Earth. However, a substantially greater eccentricity
of the orbit leads to large temperature differences in the summer and winter periods
in different hemispheres. Summer in the northern hemisphere is long, but cool, and
winter is short and mild, whereas in the southern hemisphere, on the contrary,
summer is short and warm, and winter is long and harsh.
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Fig. 1.1 — The planet Mars. The image in true colors was taken by the Rosetta spacecraft’s
Optical, Spectroscopic, and Infrared Remote Imaging System (OSIRIS), at a distance
of ∼ 240000 km during its February 2007 encounter.

Table 1 — The main Mars orbital and physical parameters [77]
Parameter
Semi-major axis
Eccentricity
Solar constant (annual mean)
Orbital period
Axial tilt
Rotation period
Mean radius
Mean density
Surface gravity

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

Mars/Earth ratio
1.52
5.59
0.431
1.88
1.067
1.026
0.532
0.713
0.376
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1.1.2

Martian calendar

The seasons on Mars are measured using the so-called Solar Longitude (𝐿𝑠 ).
This latter varies from 0∘ to 360∘ , where 0∘ is taken as the vernal equinox in the
northern hemisphere (see Figure 1.2). 𝐿𝑠 will be listed on most of the graphs below.

Fig. 1.2 — The solar longitude 𝐿𝑠 is the Mars-Sun angle, measured from the Northern
hemisphere spring equinox where 𝐿𝑠 = 0∘ . Thus, 𝐿𝑠 = 90∘ corresponds to northern summer
solstice, just as 𝐿𝑠 = 180∘ marks the northern autumn equinox and 𝐿𝑠 = 270∘ the northern
winter solstice (source – mipt.ru).

It must be noted that, due the eccentricity of the Martian orbit, the seasons
are not of equal length, as the planet moves faster at perihelion. The northern
spring (𝐿𝑠 = 0 − 90) is the longest with 194 Martian days. Northern autumns
(𝐿𝑠 = 180 − 270) with 142 days are shorter.
A Martian solar day, or sol, lasts for 24 h, 39 m, 35.244 s (in Earth hours).
The sol is often used to count the days for landers. A full Martian year (MY) lasts
for 668.60 sols, or 686.98 Earth’s days.
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1.1.3

Topography

The topography of Mars is also interesting. The Mars Global Surveyor
(MGS) satellite was launched into Mars’ orbit in 1997 with the scientific load
similar to that of the Mars Observer (the Thermal Emission Spectrometer (TES)
Fourier spectrometer, television system, laser altimeter (MOLA) and magnetometer)
and worked until 2006 [78]. Temperature, aerosol and water vapor content were
monitored using TES spectrometer for three Martian years. The laser altimeter
made it possible to establish with high precision both the shape of the planet with
its inherent global asymmetry (the southern hemisphere of Mars is 3 − 4 km higher
than the northern one) and the local topography (see Figure 1.3). The MPI-MGCM
uses MOLA topography data and TES thermal inertia as input parameters.

Fig. 1.3 — Topography of Mars in meters according to MOLA (NASA). The vertical and
horizontal axes denote latitudes and longitude, correspondingly.

1.1.4

Evolution of Mars

One has to note that the orbit of Mars has a quasi-chaotic nature. Its variations
occur mainly due to the influence of Jupiter gravitational tides and to the absence
of a large moon, which would act as a stabilizer (Martian satellites Phobos and
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Fig. 1.4 — Obliquity (a), eccentricity (b) and insolation (c) at the north pole surface at the
summer equinox (𝐿𝑠 = 90∘ ) over 10 Myr (million Martian years). The orbital data are the result
of a numerical integration of the whole Solar System, including the Moon, Pluto, tidal
dissipation terms, solar and Earth oblateness [79].
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Deimos are too small to play such role). This leads to strong secular fluctuations
of the Martian orbit parameters (see Figure 1.4). E.g., the eccentricity (Figure 1.4b)
varies from the mostly circle orbit to ∼ 12%, thus changing the length of Martian
seasons. The oscillation of the rotational axis (obliquity, Figure 1.4a) is even more
pronounced, going from ∼ 15∘ to ∼ 45∘ (and theoretical models predict that, in the
past, it was even bigger – between 0∘ − 60∘ ). The axial tilt affects the latitudinal
insolation (Figure 1.4c) and the severity of the seasons. Therefore, they do not
always look like the present-day ones on Earth. The full range of effects on the
climate is complex and difficult to quantify, partially because past orbital parameters
cannot be fully reconstructed back to 10 − 20 Myr (million years) ago.
1.2

Atmosphere and climate of Mars

Although the atmosphere of Mars significantly differs from the terrestrial one,
it nevertheless, is closest to the atmosphere of our planet (with its characteristics
and the processes occurring in it) among the planets of the Solar System.
The main component of the Martian atmosphere is carbon dioxide. According
to modern data, its atmosphere consists of about 95.32% 𝐶𝑂2 [80]. All other
atmospheric components can be considered as trace gases compared to CO2 ,
including water vapor, the subject of this thesis. The atmosphere also contains
nitrogen (2.7%), argon (1.6%), oxygen (0.145%), carbon monoxide (0.08%), etc.
The other components of the Martian atmosphere are listed in Table 2.
The pressure on the surface of the planet strongly depends on the topography
and, on average, is 160 times less than that on Earth. According to NASA [77], the
atmospheric pressure at the near-surface reference height is ∼ 6 mbar. Atmospheric
density at the surface is ∼ 0.02 kg m−3 , the total mass of the atmosphere
is ∼ 2.5 × 1016 kg.
The temperature of the atmosphere varies greatly between the equator and
the poles, depending on the altitude, season, air flows, etc. On average, the surface
temperature varies from ∼ 145 K (CO2 condensation temperature) to ∼ 300 K,
which indicates the predominant effect of radiation factors compared to the dynamics
(heat transfer, etc), which is specific for Earth. In this case, the daily range
of temperature fluctuations can reach 50 − 60 degrees [77]. The effective Mars
temperature (with an average albedo of 0.25) is approximately equal to 210 K.
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Table 2 — Abundances of the main
atmospheric components on Mars [80]
Component
CO2
N2
Ar
O2
CO
H2 O
Ne
Kr
Xe
O3
H2 O2

Volume
95.32%
2.7%
1.6%
0.145%
0.08%
15 − 1500 ppmv
2.5 ppmv
0.3 ppmv
0.08 ppmv
10 − 350 ppbv
10 − 40 ppbv

Such significant temperature differences lead to the appearance of winds,
sometimes reaching 40 − 50 m s−1 [81]. The reasons for such fluctuations are the low
density of the atmosphere and the absence of oceans on Mars that act as a thermostat
on Earth [78].
Mars is characterized by smaller vertical gradients of atmospheric density and
pressure. The height of the homogeneous atmosphere (“density scale height”) on Mars
is somewhat larger than on Earth, and is about 11 km. The homopause, or the
altitude up to which all chemical components are well mixed, is approximately at
120 − 140 km [81]. In the MPI-MGCM considered below, the computational grid
extends up to ∼ 160 km in the extended model version.
Due to CO2 condensation at the poles, the mass of the Martian atmosphere
changes significantly during the Martian year. Up to 25% of the total mass of the
atmosphere is transformed into the solid phase [78] during perihelion seasons.
In addition, the formed CO2 cap blocks water ice at the poles, preventing it from
sublimating and, thus, reducing the amount of water in the atmosphere. This issue
will be discussed in more detail in Section 1.4, but firstly it is necessary to focus
on the water physics under the Martian conditions.
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1.3

Physics of water

In the atmosphere of Earth, water can be in three physical states: gaseous
(vapor), liquid, and solid (ice). The mean annual pressure and temperature
on present-day Mars do not allow for the existence of liquid water both in the
atmosphere and on the surface. In order to understand the water phase transition
processes, one has to look at Figure 1.5.

Fig. 1.5 — Phase diagram for water in pressure-temperature space. Hatched area represents the
range of pressures and temperatures on Mars where liquid water could form [82]. Note that
“Mars Pressure Range” indicates the interval for surface pressures, not atmospheric ones.

A water molecule escapes from a body of liquid water into the atmosphere
when it acquires kinetic energy in a collision sufficient 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.
As it can be seen from Figure 1.5, the liquid-gaseous and liquid-solid transitions
are, generally, not permitted during the most of the Martian year and for the
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most of the atmosphere. Thus, the most frequent water phase transitions in the
Martian atmosphere are sublimation (the transition directly from ice to vapor) and
condensation/deposition (the backward transition).
Sections 2.2.7 and 2.2.8 describe in more detail the processes of appearance
of water molecules on the solid dust particle (nucleation) and ice particle growth.
Here, one has to focus only on the Clausius-Clapeyron equation, which is a way
of characterizing a discontinuous phase transition between two phases of matter
of a single constituent:
𝐿
d𝑝
=
,
d𝑇
𝑇 ∆𝑣

(1.1)

where 𝑝 is the pressure, 𝐿 is the specific latent heat, 𝑇 is the temperature, ∆𝑣 is the
specific volume change of the phase transition.
For climatology purposes, when the volume of one phase (vapor) is much larger
than of the other one (ice), this equation can be rewritten as:
d𝑝𝑠𝑎𝑡
𝐿𝑝𝑠𝑎𝑡
=
,
d𝑇
𝑅𝑇 2

(1.2)

where 𝑝𝑠𝑎𝑡 is called the “saturation pressure”.
This equation can be directly integrated, but, in practice, a prescribed
laboratory measured dependence of 𝑝𝑠𝑎𝑡 from 𝑇 is used. In this work, the August
Roche-Magnus formula is employed for simulations (see Section 2.2.6 for detail).
1.4

Hydrological cycle

It is now possible to proceed to a more detailed description of the hydrological
cycle of the planet, which is of particular interest. According to estimates, the
capacity of the north polar cap is approximately 1.2 million km3 of ice with
an average thickness of 1.03 km [83]. Assuming that all the water contained in the
atmosphere and clouds is condensed on the surface, the resulting layer will be only
a few tens of microns thick. The depth of this layer would be about 2 cm on Earth,
for comparison.
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Despite such small volumes, water on Mars, as well as on Earth, is continuously
involved in processes like phase transitions, transport, nucleation, precipitation, etc.
The very presence of water in the atmosphere indicates the existence of such cycles.
The distribution of water in the atmosphere of Mars may appear somewhat
unusual. Water content data was first obtained using the Viking’s instrument
MAWD (Mars Atmospheric Water Detector) spectrometer focused on the 1.38 µm
water vapor band. Figure 1.6 shows that the water content in the northern
hemisphere is almost an order of magnitude higher than in the southern one. What
could cause such a noticeable asymmetry?

Fig. 1.6 — Seasonal evolution of atmospheric water on Mars according to the MAWD (Mars
Atmospheric Water Detector onboard Viking) instrument [84]. The microns of precipitated water
in the column are indicated. Aphelion corresponds to the solar longitude 𝐿𝑠 = 70∘ .

1.4.1

Historical view

Historically, there were several points of view on the above question. First,
the surface in the northern hemisphere is more covered by lighter clay rocks, whose
vapor absorbing capabilities differ from other minerals. Secondly, the topographic
asymmetry between the hemispheres may play a role. It was though that, during
the summer in the northern hemisphere, the meridional flow was forced to climb the
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elevated surface, thus weakening its intensity and contributing to the accumulation
of water in the north.
Another point of view expressed by Clancy et al. (1996) [84] was based on the
difference between seasons, which was discussed in Section 1.2. Summer in the
northern hemisphere is longer and colder than in the southern one. Lower than
in perihelion, temperatures could facilitate condensation of atmospheric water vapor
at relatively low altitudes (less than 10 km), where the air flows associated with the
global circulation cell are particular strong. On Earth, such a cell, called the Hadley
cell, exists only in tropics and causes trade winds (see Figure 1.7).
The heated air rises over the equator and is deflected under the influence
of the Coriolis force on Earth, thus creating persisting trade winds. A similar
transport occurs on Mars, only the temperature drop is much greater and there
is a temperature gradient between the northern and southern hemisphere.
The described circulation cell on Mars is not localized in the tropics, but
extends to higher latitudes and crosses the equator. The ascending branch of this
cell is located in the most heated areas of the planet, e.g., in high latitudes of the
summer hemisphere during solstice periods. Therefore, the dominant direction of the
solstitial transport within the Martian global circulation cell is not from the equator
to the tropics, as on Earth, but from the summer hemisphere to the winter one. This
cell extends all the way to polar latitudes. It is accompanied by the increased static
stability of the Martian atmosphere due to the presence of the additional absorber
of solar radiation – airborne dust [78].
When Mars is in aphelion, a global belt of clouds called the Aphelion Cloud
Belt (ACB) is formed at the edge of the cell, because of the relatively cold
and humid climate. This belt prevents free movement of water into the southern
hemisphere (because of the enhanced ice sedimentation in clouds), which affects
its concentration in the atmosphere. In perihelion, by contrast, temperatures are
higher. As a result, such an obstacle does not arise, and water vapor moves freely
between the hemispheres (see Figure 1.8). For a long time (the period of rotation
of the perihelion of Mars is assumed to be ∼ 50 thousand years), substantial masses
of water flowed into the hemisphere, the summer in which coincides with aphelion,
which could explain the difference in polar caps [78].
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Fig. 1.7 — Schematics of the Martian circulation during equinox and solstice seasons [85].
EJ and WJ indicate easterly and westerly jets, respectively.

1.4.2

Modern concepts

According to modern concepts, one of the most important features of the
water cycle on Mars is the exchange between the northern polar cap, which is the
main reservoir of water on the planet, and the atmosphere that controls spring /
summer sublimation and winter / autumn return (condensation) of water to the pole.
In this context, the dynamic phenomena of advection of water in the atmosphere
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can be divided into two main components: the meridional (zonally symmetric)
circulation, which is the main regulator of the exchange between the hemispheres,
and the residual transport by non-zonal disturbances (thermal tides, planetary
waves, etc), which control the the poleward flux in both hemispheres [86].

Fig. 1.8 — The hydrological cycle of Mars is based on data from the numerical atmospheric
circulation model developed at the Laboratory of Geophysical Fluid Dynamics (USA)
in collaboration with the Institute of Space Physics, RAS [78], illustrating the role of clouds
in water transport. Figures are shown with different vertical scales (see the pressure scale).
In aphelion (a), powerful tropical clouds lead to rapid precipitation of ice particles and
separation of the mass flow of water (shown in blue) from the atmospheric circulation (green
lines, direction is indicated by arrows), preventing its meridional transport to the southern
hemisphere. At perihelion (b), cloudiness is weak, and the water flow lines in the atmosphere
follow the flux of air masses.

As it was stated in section 1.1.4, the Martian orbital parameters vary in long
time periods. One of the most important parameter for the hydrological cycle is the
orbit obliquity. When the latter is small, seasonal variations are small or absent.
This means that the poles always receive insufficient insolation. The permanent
CO2 ice caps cover H2 O ice and prevents sublimation of water from the poles. This
leads to drying the Martian atmosphere. Larger obliquity, on the other hand, leads
to stronger sublimation of CO2 and H2 O from the caps, filling the atmosphere with
water. The ice caps in this case are thin and seasonally dependent. The influence of
long-period variations of orbital parameters of Mars is the subject of paleoclimate
studies.
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Currently, the influence of water on the Martian climate is still not well
understood. Obviously, the effect of water vapor is small due to the amount of
the latter, but water in a condensed state can change the radiative properties of the
atmosphere and surface, which makes simulations more complex. One of such effects
was predicted by Wilson et al. (2008) [29]. Another issue that requires extensive
consideration is the interaction of the regolith (permafrost, hydrates, etc.) with
the atmosphere.
1.5

Discussion and conclusions

In this chapter, the general characteristics of the planet Mars were outlined.
Martian orbit has the obliquity close to the terrestrial one, which results in seasonal
variations. The atmosphere of Mars mainly consists of carbon dioxide. Water vapor
constitutes only 0.03% of the atmosphere. The average surface pressure is about
600 Pa. The temperatures of the atmosphere and surface vary widely from ∼ 145 K
(carbon dioxide condensation temperature) to ∼ 300 K.
The orbit of Mars varies quasi-chaotically with time. It occurs mainly due
to the gravitational influence of Jupiter and the absence of a large moon acting as a
stabilizer. The obliquity of the Mars varied from ∼ 15∘ to ∼ 45∘ during the last
10 Myr, which could affect the hydrological cycle.
In the atmosphere of Earth, water can exist in three phase states: gaseous
(vapor), liquid, and solid (ice). Under the Martian conditions, only two states occur:
vapor and ice.
The amount of water in the northern hemisphere is almost an order
of magnitude larger than in the southern one. There were several explanations for
this dichotomy. According to the modern concepts, the water exchange between
the northern polar cap and atmosphere and the inter-hemispheric transport by the
global circulation largely control the water cycle on Mars.
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Chapter 2. General circulation model

This chapter describes the MPI-MGCM and the hydrological cycle scheme.
A detailed outline of the employed basic equations is given in sections 2.1 and 2.2,
the limits of applicability of the methods are established, and the formulation of the
problem is explained in terms of the numerical scheme.
2.1

Governing equations

The MPI-MGCM model used in the research is based on the spectral dynamical
core of KMCM/IAP (Kühlungsborn Mechanistic general Circulation Model /
Institute of Atmospheric Physics, Kühlungsborn, Germany), a terrestrial GCM
which was extensively used for studies of the dynamics and photochemistry of the
middle atmosphere [58]. The Earth models themselves could not be directly applied
to simulation of the Martian atmosphere, because the latter is much thinner, wind
velocities are greater, and variations of the field variables are stronger. These all lead
to instability of the model, therefore, a specific modification of the numerical core
is required. The MPI-MGCM model implements many changes in the KMCM/IAP,
e.g. a new time stepping scheme, vertical discretization, and the horizontal diffusion
parameterization. Also, it contains a comprehensive set of physical parameterizations
relevant to the altitude range from the surface up to 160 km. MPI-MGCM was
thoroughly validated with observations and through intercomparisons with other
models. It successfully reproduces the atmospheric structure and circulation and
was applied to studying various processes in the Martian atmosphere, including
a novel CO2 15 mm band radiation scheme for the non-LTE (local thermodynamic
equilibrium) [87].
It is necessary to describe the governing equations of the MPI-MGCM in order
to understand how its numerical kernel works. All the equations are transformed
using a terrain-following vertical hybrid coordinates η. The vertical domain of the
model is divided into 50 pressure levels for the basic version (up to 110 km) and
67 levels for the extended one (up to 160 km). Pressure 𝑝 is represented as a function
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of η and surface pressure 𝑝𝑠 :
𝑝(η; 𝑝𝑠 ) = 𝑎(η) + 𝑏(η)𝑝𝑠 .

(2.1)

The coefficients 𝑎 and 𝑏 guarantee monotonous growth of 𝑝 with η, as well
as the boundary conditions 𝑝(η = 0; 𝑝𝑠 ) = 0 and 𝑝(η = 1; 𝑝𝑠 ) = 𝑝𝑠 . The flexibility of
(2.1) is used to let surfaces of constant η correspond to terrestrial σ-levels near
the ground and to pressure levels at high altitudes. This parameterization allows
one to track the unevenness of the surface relief and reduce the movement of the
numerical noise between the cells in the vertical direction.
The prognostic differential equations for horizontal divergence 𝐷, vorticity
ξ, temperature 𝑇 , and surface pressure 𝑝𝑠 are represented following Simmons and
Burridge (1981) [65]:
∂𝑡 ξ =(∇ × f ) · ez ,
)︁
(︁ 2
2 v
+Φ ,
∂𝑡 𝐷 =∇ · f − ∇
2
f :=v × (𝑓 + ξ)ez − η̇∂η v −

(2.2)
(2.3)
𝑅𝑇
∇𝑝 + H + Z,
𝑝

εℎ + ε𝑧
𝑅𝑇
ω + 𝑄 + µℎ + µ𝑧 +
,
∂𝑡 𝑇 = − (v · ∇ + η̇∂η )𝑇 +
𝑐𝑝 𝑝
𝑐𝑝
∫︁ 1
∂ 𝑡 𝑝𝑠 = −
∇ · (∂η 𝑝v)𝑑η.

(2.4)
(2.5)
(2.6)

0

Here v is the horizontal velocity vector, 𝑓 is the Coriolis parameter, Φ is the
geopotential (planetary potential), ez is the unit vector in vertical direction, η̇ is the
vertical velocity in η coordinates, 𝑅 is the gas constant, 𝑇 is the air temperature, H
and Z are the horizontal and vertical momentum diffusions, 𝑐𝑝 is the heat capacity
at constant pressure, ω is the pressure velocity, 𝑄 is the heating rate, µℎ and µ𝑧
are the horizontal and vertical diffusion of heat, εℎ and ε𝑧 are the horizontal and
vertical dissipation rates.
More accurate definition of the specified parameters, e.g. H, Z, µℎ , µ𝑧 , εℎ and
ε𝑧 , are beyond the scope of this work and could be found in the paper of Simmons
and Burridge (1981) [65].
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Then, having fixed the intermediate hybrid 𝑛𝑙𝑒𝑣 levels:
0 = η1/2 < η3/2 < · · · < η𝑛𝑙𝑒𝑣 −1/2 < η𝑛𝑙𝑒𝑣 +1/2 = 1,

(2.7)

it is possible to restore the intermediate (interface) pressure levels using (2.1). Full
pressure levels and centered pressure differences are defined as a sum and difference
of intermediate levels, respectively. The spectral representation of the dynamical
core in an energy conserving and angular-momentum manner also follows Simmons
and Burridge (1981) [65].
The horizontal grid is based on the Gauss-Kruger map projection with 32 and
64 bins in latitude and longitude, respectively. This corresponds to the so-called T21
truncation of spherical harmonics 𝑌𝑛,𝑚 . All the prognostic and diagnostic equations
are expanded in series of these spherical harmonics. In particular, the notation T21
indicates that all the fields are represented by 21 harmonics in the zonal direction.
This approach allows to separate time tendencies and numerical time increments
by application of Galerkin’s method at each full model layer.
The spherical harmonics 𝑌𝑛,𝑚 in geophysical spheric coordinates are defined as:
⎧ (︁ )︁1/2
⎪
1
⎪
𝑃𝑛,0 (sin φ)
for 𝑚 = 0,
⎪
π
⎪
⎨ (︁ )︁1/2
2
𝑌𝑛,𝑚 (λ,φ) :=
𝑃𝑛,𝑚 (sin φ) cos(𝑚λ)
for 𝑚 > 0,
π
⎪
⎪
(︁
)︁
⎪
1/2
⎪
⎩ 2
𝑃𝑛,|𝑚| (sin φ) sin(|𝑚|λ) for 𝑚 < 0
π

(2.8)

with
(𝑛+𝑚)
(𝑛 − 𝑚)! )︁1/2 1
2 𝑚/2 𝑑
𝑃𝑛,𝑚 (𝑥) := (2𝑛 + 1)
(1
−
𝑥
)
(𝑥2 − 1)𝑛 ,
𝑛+1
𝑛+𝑚
(𝑛 + 𝑚)!
𝑛!2
𝑑𝑥

(︁

(2.9)

where λ and φ are the geographical longitude and latitude, respectively.
Thus, for each spectral mode 𝑛, 𝑚 (except 𝑛 = 0) the tendency vector 𝑇𝑛,𝑚
could be written as a matrix decomposition:
T𝑛,𝑚 = A𝑛 y𝑛,𝑚 + T′𝑛,𝑚 .

(2.10)

Here T′𝑛,𝑚 represents all model tendencies like Coriolis force, nonlinear
advection, diffusion, gravity wave forcing, and diabatic heating. The matrix A𝑛
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describes the buoyancy oscillations of a horizontally uniform reference state, e.g.
internal gravity waves in a corresponding linearized model version without any other
physical parameterizations. The vector y𝑛,𝑚 represents the unknown variables.
The equation (2.10) can be then rewritten to obtain required y𝑛,𝑚 and
its numerical representation using inverse matrices. Dropping the wave number
indices 𝑛, 𝑚, introducing the time index 𝑖, and denoting the time step by ∆𝑡,
one obtains:
y𝑖+1 − y𝑖−1
y𝑖+1 − y𝑖−1
=A
+ T′𝑖 .
2∆𝑡
2

(2.11)

In order to numerically integrate the system, the semi-implicit leapfrog scheme
is used [88]. The scheme must be complemented by a time filter [89] to damp the
numerical instabilities. The first time step is computed from the initial condition
by performing one Eulerian time step followed by five semi-implicit time steps using
∆𝑡 /5. The solution of (2.11) for y𝑖+1 and the introduction of the time filter are
similar to the KMCM/IAP [90].
2.2

Hydrological scheme

After a brief description of the basic equations, it is necessary to proceed to the
goal of this work – the development and implementation of the hydrological cycle
scheme in the model, which is a subject of this section.
2.2.1

Tracer transport

The spectral dynamical core is not well suited for simulation of the
tracer transport. Instead, the advection is based on the semi-Lagrangian explicit
monotonous second-order hybrid scheme [68] and on the time splitting method
in three spatial directions. The mentioned scheme has substantial advantages such
as a higher order of conservatism and stability and the retaining of sharp gradients
of the solution, which is very important for the atmospheric tracers in the form
of volume mixing ratios and mass concentration of the substances. A thorough
examination of the performed runs has confirmed that this scheme maintains a high
order of conservation of water masses and solution accuracy is appropriate for general
circulation modeling [69].
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For a non uniform grid the one-dimensional advection equation has the form:
∂𝑓
∂
+
(𝑣(𝑥,𝑡)𝑓 ) = 0,
∂𝑡 ∂𝑥

(2.12)

where 𝑓 is the tracer density (e.g. water vapor), 𝑡 is the time, 𝑥 is the coordinate
and 𝑣(𝑥,𝑡) is the velocity, could be represented in such numerical form:
𝑖
𝑖
𝑓𝑛𝑖+1 =𝑓𝑛𝑖 − (𝑐𝑛+ 21 𝑓𝑛+
1 − 𝑐𝑛− 1 𝑓
1 ),
2 𝑛− 2
2
)︂
(︂
𝑣𝑛+1
∆𝑡
𝑣𝑛
𝑐𝑛+ 12 :=
+
.
∆𝑥𝑛 ∆𝑥𝑛+1 2

(2.13)
(2.14)

𝑖
Here 𝑓𝑛𝑖 is the value of the 𝑓 in 𝑛-th point on 𝑖-th time step, 𝑓𝑛±
1 are the
2
value of the 𝑓 in half-integer grid points, ∆𝑥𝑛 is the 𝑛-th cell length and ∆𝑡 is the
time step. Thus, 𝑐𝑛± 12 are assumed to be the dimensionless wind velocities in half
integer grid points.
𝑖
Then, 𝑓𝑛±
1 can be determined following Mingalev et al. (2010) [68]:
2

{︃
𝑖
𝑓𝑛+
1
2

:=

𝑓𝑛𝑖 + α𝑛+ 12 β𝑛

for 𝑐𝑛+ 12 ⩾ 0,

𝑖
− α𝑛+ 12 β𝑛+1 for 𝑐𝑛+ 21 < 0,
𝑓𝑛+1
)︁
1 (︁
α𝑛+ 12 := 1 − |𝑐𝑛+ 12 | ,
2⎧ (︀
)︀
1
𝑖
𝑖
𝑖
𝑖
⎪
𝑓
−
𝑓
for 12 |𝑓𝑛+1
− 𝑓𝑛−1
| = 𝑀𝑛 ,
𝑛−1
⎨ 2 𝑛+1
𝑖
𝑖
β𝑛 := 𝑓𝑛𝑖 − 𝑓𝑛−1
for |𝑓𝑛𝑖 − 𝑓𝑛−1
| = 𝑀𝑛 ,
⎪
⎩ 𝑖
𝑖
𝑓𝑛+1 − 𝑓𝑛𝑖
for |𝑓𝑛+1
− 𝑓𝑛𝑖 | = 𝑀𝑛 ,
{︂
}︂
1 𝑖
𝑖
𝑖
𝑖
𝑖
𝑖
𝑀𝑛 := min
|𝑓
− 𝑓𝑛−1 |, |𝑓𝑛 − 𝑓𝑛−1 |, |𝑓𝑛+1 − 𝑓𝑛 | .
2 𝑛+1

(2.15)
(2.16)

(2.17)

(2.18)

The stability condition of this scheme is |𝑐𝑛+ 21 | ⩽ 1 for all 𝑛. In practice, the
dimensionless velocities do not exceed 1 in the model, but the special limitation
is also applied to them. Insufficient accuracy in one-half grid points is not
so important for a 3D climate model, but the general stability of calculations over
many days is necessary.
Each numerical scheme requires boundary conditions. Periodic boundary
conditions are used for this scheme for the horizontal transport and closed conditions
for the vertical one.
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As is was stated, the time splitting method in three spatial directions is used
to simplify and speed up calculations. The idea of the method is that the three
dimensional transport equation can be decomposed into three unidimensional ones
for each of the spatial directions, which can be solved one by one. The alternation
of the order in which the equations are solved helps minimize the numerical errors
of this approximation.
2.2.2

Diffusion

The second group of processes affecting traces are turbulent and molecular
diffusions. The importance of vertical turbulent diffusion or eddy mixing for
modeling the water cycle was emphasized by Richardson and Wilson (2002) [23].
The best agreement with the experimental data in the basic model version (50 levels)
is obtained using a simple Crank-Nicolson implicit method with the constant
coefficient equal to 10 𝑚2 𝑠−1 for vertical diffusion. In the extended version of the
model, the diffusion coefficients were not fixed, but had been computed by the
dynamical core of the model. This required a specific adaptation of the diffusion
scheme in order to preserve the conservation properties of the scheme on sharp
gradients of the diffusion coefficient in neighboring cells.
Similarly with the previous section the one-dimensional diffusion equation:
(︂
)︂
∂𝑓
∂
∂𝑓
=
𝐾(𝑥,𝑡)
,
(2.19)
∂𝑡
∂𝑥
∂𝑥
where 𝐾(𝑥,𝑡) is the diffusion coefficient, can be represented as [74]:
−

𝐷𝑛− 21
∆𝑥𝑛

𝑖+1
𝑓𝑛−1

(︂
)︂
𝐷𝑛+ 12 𝑖+1
𝐷𝑛− 12 + 𝐷𝑛+ 12
+ 1+
𝑓𝑛𝑖+1 −
𝑓𝑛+1 = 𝑓𝑛𝑖 ,
∆𝑥𝑛
∆𝑥𝑛
𝐷𝑛+ 21 :=

∆𝑡
𝐾 1.
∆𝑥𝑛+ 12 𝑛+ 2

(2.20)

(2.21)

Here 𝑥𝑛+ 21 is the length between the 𝑛-th and (𝑛 + 1)-th cell centers.
This is a completely implicit scheme, and its solution can be found using the
tridiagonal matrix algorithm. The scheme is unconditionally stable, because the
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obtained diagonal matrix is diagonally dominant. Similarly, a semi-implicit Crank
Nicholson scheme with a higher order of accuracy can be constructed. But for our
tasks, the accuracy of the completely implicit scheme is sufficient.
2.2.3

Dust scenarios

Two predetermined dust scenarios are employed in this work. The “basic”
one represents an observationally-based seasonally and latitudinally evolving (i.e.,
zonally averaged) aerosol optical depth τ in the thermal IR based on MGS-TES
and MEX-PFS measurements with the global dust storms removed [91]. The
second one is based on the measurements for the Martian Year 28 (MY28), which
included a major dust storm during the perihelion season [61]. In both scenarios,
vertical profiles of dust mixing ratio 𝑄 were prescribed by Conrath (1975) [92] with
modifications described in the paper of Medvedev et al. (2013) [61]:
{︃ [︃
𝑄 = 𝑄0 exp ν 1 −
{︃
𝑧𝑚𝑎𝑥 (φ,τ) :=

(︂

𝑝0
𝑝

)︂ 𝑧 70 ]︃}︃
𝑚𝑎𝑥

,

80 − 2(τ − 2)2 − 11 sin2 φ for τ ⩾ 2,
80 − 11 sin2 φ
for τ < 2,

(2.22)
(2.23)

where 𝑝 < 𝑝0 is the pressure, 𝑄0 is the constant dust mixing ratio near the surface,
𝑝0 = 6.1 mbar is the global mean surface pressure, φ is the latitude and ν =
0.007 is the Conrath parameter. Thus, dust is not transported in the model, but
prescribed from observations.
Figure 2.1 illustrates the dust opacity and mixing ratio comparison between
the “basic” and MY28 dust scenarios. During the storm the opacity of dust increases
by 2-3 ranges especially between 𝐿𝑠 = 200∘ and 300∘ . Fragmentary view of
Figure 2.1b is caused by the uneven distribution of dust in the observational data.
During the dust storm, there is also a rise in dust to a much greater altitudes. The
mixing ratio larger than 5 mg/kg is observed on 30 km altitude, while in the basic
scenario such concentration appears not higher than on 10 km during the perihelion.
Water ice clouds are formed when water vapor nucleates on dust particles,
on the so-called cloud condensation nuclei (CCN). In the earlier version
of the model [69], the cloud scheme was rather simple: water vapor is turned
instantaneously into ice (or vice versa) reaching the saturation pressure, the number
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Fig. 2.1 — The comparison of “basic” dust scenario (left column) and the MY28 dust storm
(right column). (a,b) Dust column opacity in 1075 cm−1 averaged by longitudes. (c,d) Dust mass
mixing ratio in mg/kg averaged zonally and by longitudes.

of ice particles was ignored. The later versions of the model [71; 72] uses a two
moment scheme with 4 bins for different mean nuclei core sizes: 0.03, 0.1, 0.3,
1 µm. For the ice particle size distribution, a two-moment scheme is used at every
bin, for keeping separately track of the ice mass and number of particles [93].
Note that the particles were assumed to be spheres, although it may be a poor
approximation for smallest nuclei. The size of ice particles determines some of their
other microphysical properties and the sedimentation rate.
2.2.4

Sedimentation

The sedimentation rate for water ice particles is calculated using the Stokes
formula with the Cunningham correction. As already mentioned, the vertical cells
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represent the different pressure levels. Then, the derivative d𝑝/d𝑡 acts as a vertical
velocity in pressure coordinates. It is now possible to calculate the sedimentation
correction to particle’s velocity using the equation [94]:
d𝑝 2 2 𝑅𝑖2 (︁
λ )︁
= ρ𝑖 𝑔
1 + 𝐴+
,
d𝑡 9
ν
𝑅
𝑖
{︂

𝑅𝑖
𝐴+ =1.246 + 0.42 exp −0.87
λ

(2.24)
}︂
,

(2.25)

where 𝐴+ is the Cunningham correction [95], ρ𝑖 is the ice density, 𝑔 is the acceleration
of gravity, 𝑅𝑖 is the radius of ice particles (as mentioned considered to be spherical),
ν is the kinematic viscosity, and λ is the average length of the free path in the
gas depending on pressure.
The kinematic viscosity is calculated by the Sutherland formula [95] and
substitute the quantities for Mars:
1.579 × 10−6 Ps
ν=
ρ𝑎

√︃

𝑇
,
1 + 285K
𝑇

(2.26)

where 𝑇 is the temperature and ρ𝑎 is the atmospheric density.
2.2.5

Bimodal distribution

One of the most important novelties of the model is the bimodal dust
distribution. It employs a predetermined dust scenarios described in the section 2.2.3.
The CCN number density in each bin can be calculated from, for instance, the
bimodal log-normal dust distribution [41], as shown in Figure 2.2.
Following Montmessin et al. (2002) [42], the mono-modal log-normal density
function 𝑛(𝑟)* can be defined as
{︂(︂
)︂}︂
1
(ln 𝑟 − µ* )2
𝑛(𝑟)* = √︀
exp −
,
2σ2*
2πσ2* 𝑟

(2.27)
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Fig. 2.2 — The operation scheme for calculating the bimodal dust distribution. 𝑁 is the
number density of large/small particles, τ is the dust optical depth in a vertical column
(“MGCM dust scenario”), 𝐻 is the altitude of the grid cell, 𝑟eff is the effective radius, 𝑣eff is the
effective variance, γ is the population ratio, 𝑛(𝑟) and 𝑛(𝑟)* are the bimodal and mono-modal size
distribution functions, correspondingly.

where the index * indicates the fine or large modes, respectively, and the parameters
σ* and µ* are related to the effective radius 𝑟eff,* and variance 𝑣eff,* :
𝑟eff,*
𝑣eff,*

{︂(︂
)︂}︂
5 2
= exp µ* + σ*
,
2
{︀(︀ )︀}︀
= exp σ2* − 1.

(2.28)
(2.29)

Then, the procedure of number density calculation for each bin includes the
following steps:
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1. Number density of large particles and the dust mass mixing ratio in the cell
vary according to the annual dust scenario. Following the work of Montmessin et al.
(2004) [25], the number density 𝑁large of large particles can be calculated from the
equation
τ − 𝐻𝐻
𝑁* = 𝑁0
(2.30)
𝑒 0,
τref
where 𝐻 is the altitude of the cell; 𝑁0 = 15 cm−3 , τref = 0.1, 𝐻0 = 10 km are
the adopted in this work parameters. The dust mass mixing ratio 𝑄 in the cell
is produced by the “MGCM dust scenario” and varies in time and space.
2. The effective radius for large particles, 𝑟eff,large , is calculated following
Maltagliati et al. (2011) [14]:
(︂
𝑟eff,* =

𝑄
4/3πρice ρair 𝑁*

)︂ 31

(︀

)︀
1 + 𝑣eff,* ,

(2.31)

where 𝑣eff,large = 0.35, ρice and ρair are values of density of ice and air, respectively.
3. Using constant values for the effective variance and radius of small particles
𝑟eff,small = 0.05 µm and 𝑣eff,small = 0.1, the probability density function of the bimodal
distribution 𝑛(𝑟) is obtained as a sum of γ * 𝑛(𝑟)small and 𝑛(𝑟)large . Although
observations indicate that the population ratio γ may vary in time and space (see
Figure 2.3b), the constant γ = 103 is adopted in the bimodal case for all altitudes.
The importance of this assumption can be a subject of future studies.
4. Having the CCN sizes and number density of all particles, it is
straightforward to calculate the number of particles in each bin and use it in
the microphysical equations. For that, one has to specify the number density
of small particles 𝑁small (which will be close to the number density of all particles
in the case of large population ratio) with the equation (2.30) and parameters 𝑁0
= 3×104 cm−3 , τref = 0.1, 𝐻0 = 6 km. All the mentioned parameters were selected
according to the work of Fedorova et al. (2014) [41].
The used bimodal distribution includes much smaller particles than was
suggested by Montmessin et al. (2002) [42]. The effective radius of the fine mode
is only 0.03 µm and the number density ratio up to 103 -104 compared to ∼0.2 µm
and 25, correspondingly. As it was described above, the assumed distribution has
a variable effective radius for the large mode in the adopted fixed dust scenario.
This allows for taking into account a variation of the distribution of large particles
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Fig. 2.3 — Evolution of the probability density function of the bimodal aerosol particles
distribution with a) altitude and b) population ratio γ in the MPI-MGCM averaged over
latitude and longitude around 𝐿𝑠 = 120∘ . Different curves correspond to a) different altitudes
and b) different γ (see the legend).

and their size decrease with height. Figure 2.3a demonstrates that the second peak
corresponding to the large mode shifts to the left with increasing altitude. As
a result, above 40–60 km (depending on latitude and season), two modes merge and
the distribution appears as a mono-modal, with small particles only. Some studies
suggested that the source of such particles can be a micrometeoric smoke [96], while
others assumed that the corresponding particle lifting can be caused by electrical
forces [97]. Other studies indicate that eddy diffusion and dynamic effects are more
plausible sources of the fine mode [41].
Note that to date, the dust bimodality was reliably observed only in some
seasons [39—41]. Therefore, the assumption of bimodality throughout the entire
Martian year still must be validated with measurements. The simulations presented
here demonstrate the sensitivity of the water cycle in the model to bimodality, and
the noticeable improvements it produces.
2.2.6

Saturation

It is needed to consider water microphysics next. The water vapor saturation
pressure in a given spatial grid cell provides information about the amount of the
gaseous water held by the air parcel. In the model, the saturation pressure 𝑝𝑠𝑎𝑡
is expressed as a function of temperature 𝑇 with a modification of the August
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Roche-Magnus formula [98]:
{︂

𝑝𝑠𝑎𝑡

(︂
)︂}︂
273.16 K
.
= 611 Pa exp 22.5 1 −
𝑇

(2.32)

Then the result is divided by the atmospheric gas pressure 𝑝 and multiplied
by the ratio between the molar masses of water 𝑀𝐻2 𝑂 and atmospheric gas 𝑀𝑎𝑖𝑟
to convert pressure into the maximum relative mass concentration of water 𝑟𝑠𝑎𝑡 ,
which has the dimension of the amount of water mass in the atmospheric air mass
(mainly CO2 ):
𝑟𝑠𝑎𝑡 =

𝑀𝐻2 𝑂 𝑝𝑠𝑎𝑡
.
𝑀𝑎𝑖𝑟 𝑝

(2.33)

It is multiplied by the difference between the pressures at the lower and upper
cell boundaries ∆𝑝 and divided by the acceleration of gravity 𝑔 to obtain from the
mass concentration the mass of precipitated water per unit area ρ𝑠𝑎𝑡 :
ρ𝑠𝑎𝑡 = 𝑟𝑠𝑎𝑡

∆𝑝
.
𝑔

(2.34)

The multiplication by the cell area 𝑆𝑛,𝑚 yields the maximum mass of water
vapor 𝑚𝑠𝑎𝑡 , which may be contained in a cell:
𝑚𝑠𝑎𝑡 = ρ𝑠𝑎𝑡 𝑆𝑛,𝑚 .
2.2.7

(2.35)

Nucleation

Ice clouds are formed whenever water vapor nucleates on CCN. For
quantification of water ice condensation on dust nuclei, a heterogeneous nucleation
rate is evaluated according to Jacobson (2005) [99]:
𝐽het

{︂(︂
)︂}︂
*
−∆𝐺
het
= 4π𝑟𝑐2 β2 𝑍n(het) ∆𝑡 exp
,
𝑘𝑏 𝑇

(2.36)

where 𝐽het is the heterogeneous nucleation rate (number of embryos, cm−2 s−1 ) of new
particles on a surface, 𝑟𝑐 is the critical radius, β is the number of gas molecules
striking the substrate surface per second, ∆𝑡 = 10−13 s is the characteristic time
that a gas molecule spends on the surface before bouncing off, 𝑍n(het) and ∆𝐺*het
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are the Zeldovich nonequilibrium factor and the critical change in Gibbs free energy,
respectively (adjusted for heterogeneity), 𝑘𝑏 is the Boltzmann constant, 𝑇 is the
temperature.
The heterogeneous critical change in Gibbs free energy ∆𝐺*het may be obtained
from the homogeneous critical change ∆𝐺*hom in such way:
1
∆𝐺*het = ∆𝐺*hom 𝑓ℎ (𝑥ℎ ,𝑚ℎ ),
2

(2.37)

where 𝑓ℎ (𝑥ℎ ,𝑚ℎ ) is a correction factor that depends on 𝑥ℎ = 𝑅𝑐 /𝑟𝑐 , the ratio of the
radius of the host particle 𝑅𝑐 to the critical radius 𝑟𝑐 , contact parameter 𝑚ℎ . The
correction factor can be parameterized as [99]:
[︃
)︂3
(︂
)︂ (︂
)︂3 ]︃
1 − 𝑚ℎ 𝑥ℎ
𝑥
−
𝑚
𝑥
−
𝑚
ℎ
ℎ
ℎ
ℎ
𝑓ℎ (𝑥ℎ ,𝑚ℎ ) = 1+
+ 𝑥3ℎ 2 − 3
+
𝑔ℎ
𝑔ℎ
𝑔ℎ
(2.38)
(︂
)︂
𝑥
−
𝑚
ℎ
ℎ
−1 ,
+3𝑚ℎ 𝑥2ℎ
𝑔ℎ
(︂

√︀
1 + 𝑥2ℎ − 2𝑚ℎ 𝑥ℎ .
where 𝑔ℎ =
In turn, the homogeneous critical change in Gibbs free energy can be simply
calculated from the surface tension of the condensed cluster σ𝑝 = 0.12 J m−2 [37; 99]:
4
∆𝐺*hom = π𝑟𝑐 σ𝑝 .
3

(2.39)

The Zeldovich nonequilibrium factor takes account of the remaining differences
between equilibrium and nonequilibrium cluster concentration [99]:
𝑍n(hom)

𝑀𝐻2 𝑂
=
2π𝑟𝑐2 ρice

√︂

σ𝑝
,
𝑘𝐵 𝑇

(2.40)

where 𝑀𝐻2 𝑂 is the H2 O molecular mass, ρice is the ice density and 𝑘𝐵 is the
Boltzmann constant. The Zeldovich factor value is less than unity, thus, time
dependent nucleation results in a cluster concentration below the equilibrium level.
The heterogeneous Zeldovich nonequilibrium factor changes in the following way:
𝑍n(het) = 𝑍n(hom) /

√︀
𝑓ℎ (𝑥ℎ ,𝑚ℎ ).

(2.41)
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Fig. 2.4 — Formation of a critical embryo on the surface of an existing particle [99]. θ𝑐 is the
contact angle, 𝑅ℎ is the radius of the particle, and 𝑟𝑐 is the critical radius.

As it can be seen from the above equations, the number of active CCN also
depends on the parameter 𝑚ℎ = cos θ𝑐 , where θ𝑐 is the “contact angle” (for the
liquid phase, it is the angle of the interface between the droplet and its nucleus, see
Figure 2.4). 𝑚ℎ = 0.95 is used in the basic and 𝑚ℎ = 0.96 in the extended model
versions, which is consistent with the typical range between 0.93 and 0.97 for Martian
dust [100]. There are indications that the value of this parameter significantly
affects the distribution of water in simulations [37]. Although the laboratory studies
indicate that the contact parameter is temperature dependent [101], our numerical
experiments with the constant contact angle produce results that better fit the
observations compared to the previously used parameterizations like those described
by Määttänen and Douspis (2014) [102]. Since these parameterizations differ for
particles of different type, shape and size, the simplest one with a fixed contact
angle is selected by the author.
2.2.8

Particle growth

Once water vapor is condensed, the ice particles are prone to growth
determined by various factors. The rate of particle growth 𝑑𝑟
𝑑𝑡 depends on the current
water vapor saturation ratio 𝑆, the saturation pressure ratio over a curved surface
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𝑆𝑒𝑞 , the molecular 𝐹𝐷 and the heat 𝐹𝐻 diffusion resistances [42]:
d𝑟
𝑆 − 𝑆𝑒𝑞
=
.
d𝑡
𝑟(𝐹𝐷 + 𝐹𝐻 )

(2.42)

The resistances in (2.42) reflect the contribution of molecular and heat diffusion
in the condensation process:
𝐹𝐷 =

ρ𝑖𝑐𝑒 𝑅𝑇
,
𝐷𝑖′ 𝑀𝐻2 𝑂 𝑝𝑠𝑎𝑡

𝐿𝑖𝑐𝑒 ρ𝑖𝑐𝑒
𝐹𝐻 =
𝐾𝑎𝑖𝑟 𝑇

(︂

(2.43)

)︂
𝐿𝑖𝑐𝑒 𝑀𝐻2 𝑂
−1 ,
𝑅𝑇

(2.44)

where 𝑅 is the universal gas constant, 𝑀𝐻2 𝑂 is the water molar mass, 𝐿𝑖𝑐𝑒 and
𝐾𝑎𝑖𝑟 are the temperature dependent latent heat of ice and thermal conductivity
of air, respectively, parameterized in accordance with Murphy and Koop (2005) [103]
and Gori and Corasaniti (2004) [104]. Here 𝐷𝑖′ is the molecular diffusion coefficient
corrected for collision geometry and sticking probability [99]:
[︂

𝐷𝑖′ = 𝐷 1 + 𝐾𝑛𝑖

(︂

1.33 + 0.71𝐾𝑛−1
4(1 − α𝑖 )
𝑖
+
−1
3α𝑖
1 + 𝐾𝑛𝑖

)︂]︂−1
,

(2.45)

where 𝐷 is the molecular diffusion coefficient of water vapor in the Martian
atmosphere, 𝐾𝑛𝑖 corresponds to the Knudsen number of the condensing vapor with
respect to particles of size 𝑖 and α𝑖 is the mass accommodation (sticking) coefficient
of vapor obtained by Kong et al. (2014) [105].
2.2.9

Interactions with surface

Ultimately, the hydrological cycle in the Martian atmosphere is critically
dependent on the water sublimating from the surface. Originally, it was planned
to use the following set of simple rules. If, after evaporation of all the ice, the resulting
mass of water in the subsurface cell exceeds that of supersaturation 𝑚𝑠𝑎𝑡 , the excess
water transforms into the surface ice and is stored on the surface. Otherwise, all the
available ice evaporates from the surface to the saturation level.
This scheme proved to be not fully conservative, as was shown by the further
experiments, due to a programming error. In addition, the rate of evaporation from
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the surface proved to be insufficient. The modeling results showed that, apart from
the temperatures and, hence, the saturation level in the bottom cell, it is needed
to take into account the surface temperature and the horizontal wind velocities,
which ensure the turbulent rise of water vapor.
As a result, the model accounts for this with the turbulent flux at the bottom
of the atmosphere 𝐸𝑤 [25]:
𝐸𝑤 = ρair 𝐶𝑑 𝑢* (𝑞𝑣𝑔 − 𝑞𝑣𝑎 ),

(2.46)

where the friction velocity 𝑢* depends on zonal and meridional wind velocities at the
lower layer of the atmosphere, the variable 𝑞𝑣𝑔 describes the water vapor partial
pressure at this level, and 𝑞𝑣𝑎 is the saturation mixing ratio at the midpoint of the
bottom layer. The saturation ratios are directly determined from the local pressure.
The drag coefficient 𝐶𝑑 is set to 0.005.
Instead of using the instantaneous storage for the ice flux onto the surface,
the mass of the sedimented ice 𝑚𝑠𝑒𝑑 is calculated, depending on the dimensionless
sedimentation rate η:
𝑚𝑠𝑒𝑑 = 𝑞𝑖 η,

(2.47)

d𝑝
τ
where η = 𝑑𝑝
𝑑𝑡 Δ𝑝 is the mass concentration of water ice, d𝑡 is the sedimentation rate
(2.24) at the center of the bottom cell, τ is the time step and ∆𝑝 is the height
of the bottom cell in pressure units.
In the model, the northern polar cap is the only permanent source of water
in the atmosphere, specified as an infinite reservoir of the surface ice northward
of 80∘ N. This latitude corresponds to the middle of the model grid closest to the
extent of the observed cap. The shape of the constant ice cap is a disc, while
condensation and sublimation can modify temporarily the surface ice in other regions
over the course of simulations. The MPI-MGCM uses the observed surface thermal
inertia and albedo everywhere, except at the ice caps, where the albedo is set to 0.3
and the thermal inertia to 600 J m−2 K−1 s−1/2 [58; 60].
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2.2.10

Photodissociation

The last point used only in the extended model is the water vapor
photodissociation. Unlike with earlier simulations of the water cycle [69; 71], the
latter model covers the domain extending into the thermosphere, where water
is no longer chemically conservative, and an accurate photochemical modeling may
have to be included depending on the motive [106]. For purposes of this work, only
a parameterization of H2 O losses due to photodissociation have been retained:
H2 O + ℎ𝑣 → H + OH.

(2.48)

The water photodissociation rates have been calculated according to Nicolet
(1985) [107] and Anbar et al. (1993) [108]. The dissociation rate 𝐽𝐻2 𝑂 on the Lyman
alpha wavelength Ly(α) = 121.567 nm calculates as:
𝐽𝐻2 𝑂 = σ𝐻2 𝑂 𝐹𝐿𝑦 𝑠𝑓 exp(−τ),

(2.49)

where σ𝐻2 𝑂 = 1.59×10−17 cm2 is the H2 O cross-section in Ly(α) [109], 𝐹𝐿𝑦 = 2.32×
1011 photons cm−2 s−1 is the Solar extreme ultraviolet (EUV) flux in Ly(α) near the
Earth [110], 𝑠𝑓 is the scaling factor equal to the squared ratio of Sun-to-Earth and
Sun-to-Mars distances, τ = σ𝐶𝑂2 ρ𝐶𝑂2 is the atmospheric opacity for a given level
and zenith angle, σ𝐶𝑂2 = 7.44 × 10−22 cm2 is the CO2 cross-section in Ly(α) [111]
and ρ𝐶𝑂2 is the CO2 number density converted to CGS units.
The dependence of 𝐹𝐿𝑦 from the Solar cycle (𝐹10.7 – the 10.7 cm Solar radio
flux) and the quantum yield of the reaction was not taken into account in this work.
2.3

Discussion and conclusions

This chapter presents the description of the MPI-MGCM and hydrological
cycle scheme. The MPI-MGCM model used in the research is based on the spectral
dynamical core of KMCM/IAP (Kühlungsborn Mechanistic general Circulation
Model / Institute of Atmospheric Physics, Kühlungsborn, Germany), a terrestrial
GCM which was extensively used for studies of the dynamics and photochemistry
of the middle atmosphere. All the equations are transformed using a terrain-following
vertical hybrid coordinates. The horizontal grid is based on the Gauss-Kruger
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map projection with 32 and 64 bins in latitude and longitude, respectively.
This corresponds to the so-called T21 truncation of spherical harmonics. All the
prognostic and diagnostic equations are expanded in series of these spherical
harmonics. In order to numerically integrate the obtained system, the semi-implicit
leapfrog scheme is used.
The spectral dynamical core is not well suited for simulation of the tracer
transport. Instead, the advection is based on the semi-Lagrangian explicit
monotonous second-order hybrid scheme. The diffusion is calculated using
a completely implicit scheme, while the diffusion coefficients are computed by the
dynamical core of the model. The solution of such scheme can be found using the
tridiagonal matrix algorithm.
Two predetermined dust scenarios were employed in this work. The “basic”
one represents an observationally-based seasonally and latitudinally evolving aerosol
optical depth in the thermal IR based on MGS-TES and MEX-PFS measurements
with the global dust storms removed. The second one is based on the measurements
for the Martian Year 28, which included a major dust storm during the perihelion
season. The sedimentation rate for water ice particles is calculated using the Stokes
formula with the Cunningham correction.
Water ice clouds are formed when water vapor nucleates on dust particles,
on the so-called cloud condensation nuclei (CCN). The later versions of the model
use a two-moment scheme with 4 bins for different mean nuclei core sizes: 0.03,
0.1, 0.3, 1 µm. The CCN number density in each bin can be calculated from, for
instance, the bimodal log-normal dust distribution.
The saturation pressure in the model is expressed as a function of temperature
with a modification of the August-Roche-Magnus formula. For quantification
of water ice condensation on dust nuclei, a heterogeneous nucleation rate
is evaluated. Then, the rate of particle growth depends on the current water
vapor saturation ratio, the saturation pressure ratio over a curved surface, the
molecular and the heat diffusion resistances.
Ultimately, the hydrological cycle in the Martian atmosphere is critically
dependent on the water sublimating from the surface. The model accounts for this
with the turbulent flux at the bottom of the atmosphere.

47
The last point used only in the extended model is the water vapor
photodissociation. The model covers the domain extending into the thermosphere,
where water is no longer chemically conservative, and an accurate photochemical
modeling may have to be included depending on the motive. For purposes of this
work, only a parameterization of H2 O losses due to photodissociation have been
retained.
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Chapter 3. Bimodal size distribution of dust

In this chapter, the implemented scheme has been tested assuming monoand bimodal log-normal distributions of ice condensation nuclei. A comparison
of the simulated annual variations, horizontal and vertical distributions of water
vapor and ice clouds with the available observations from instruments onboard
Mars orbiters are presented [71]. The accounting for bi-modality of aerosol particle
distribution improves the simulations of the annual hydrological cycle, including the
predicted ice clouds mass, opacity, number density, particle radii. The increased
number density and lower nucleation rates brings the simulated cloud opacities
closer to observations. Simulations show a weak effect of the excess of small
aerosol particles on the simulated water vapor distributions. In section 3.1 the
design of simulations is presented. Sections 3.2–3.4 reveal the simulations with
the bimodal dust distribution and comparison with observations. In section 3.5,
the different scenarios (with mono-modal and bimodal dust particle distribution)
are used to demonstrate the sensitivity of the model to the bi-modality.
3.1

Design of simulations

As it was stated in Section 2.2.5, the predetermined dust scenario is employed
in the model. It represents a seasonal evolution of the zonally averaged aerosol
optical depth in the thermal IR based on MGS-TES and MEX-PFS measurements
with the global dust storms removed (the so-called “MGCM dust scenario” [91]).
Thus, dust is not transported in the model.
The model runs have been initialized with the distribution of water vapor in the
atmosphere obtained in the earlier experiments [69]. As a reminder, the previous
simulations started with a linear latitudinal gradient of water vapor (from 0 in the
south to 200 ppm in the north) and no ice outside the caps was prescribed anywhere
in the atmosphere at the beginning. Then, runs have been performed for several
Martian years with 20 s time step for microphysics and other processes. The results
to be presented in this chapter are based on daily averaged quantities, if not stated
otherwise, and represent the second model year of simulations, counting from the
restart. Water production over the shown year differs from that of the previous model
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year within a few percent and alternate signaling that the model seems to achieve
a quasi-stable state. Details of the hydrological cycle repeatability and interannual
variations are beyond the scope of this work, here it was only necessary to prove
that the model meets general requirements of water mass conservation, numerical
stability and accuracy.
3.2

Annual variations

Now it is possible to start the comparison of the model output and the
observational data. At first, the Spectroscopy for Investigation of Characteristics
of the Atmosphere of Mars (SPICAM) instrument onboard Mars Express is used
for that purpose. The SPICAM IR continuously observes the water vapor in the
Martian atmosphere starting from 2004 in the 1.38 µm spectral band. The water
vapor column abundance was retrieved from nadir observations to characterize its
spatial, seasonal and interannual variations [15]. A reference set of SPICAM water
vapor column abundances (zonally averaged) covering the time period from 2004
to 2013 (Martian years 27 − 31) is available for a grid of 2∘ Ls × 2∘ latitude, along
with an average reference map of water vapor abundance combining all the Martian
years of Mars Express observations.
Figure 3.1 presents a comparison of the simulated water vapor column density
and the one observed with SPICAM. The SPICAM data are an average over 5
Martian years (MY27–31). The model reproduces both the seasonal asymmetry
of the hydrological cycle and the total amount of water vapor in the atmosphere.
The discrepancy between the observed and simulated quantities does not exceed
∼10 pr.µm, and varies with seasons. The maximum amount of vapor occurs near
the north pole between 𝐿𝑠 = 90∘ and 140∘ . The model also reproduces the specific
southward migration afterwards. The excess of simulated water vapor column
at 𝐿𝑠 = 170∘ − 180∘ in 0∘ N – 45∘ N can be explained by an overly strong vertical
eddy diffusion, which transports water vapor over the subliming polar cap. Another
deficiency of the model results compared to SPICAM is the lack of vapor after
𝐿𝑠 ∼270∘ . Near the south pole, this can be related to the restriction imposed
on the surface temperature. Southward of 85∘ S, CO2 ice is assumed to be present
permanently on the surface, thus preventing temperature increase. It is also seen
that the modeled cycle is somewhat delayed compared to the observations. The
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Fig. 3.1 — Annual water cycle on Mars from the SPICAM data [15] and simulated with the
MPI-MGCM. The top panels show water vapor column density a) observed with SPICAM
averaged over 5 Martian years and zonally, and b) simulated with the MGCM averaged daily and
zonally. The lower panel presents the difference between the SPICAM data and the simulations.
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simulated scarcity of water in middle latitudes near 𝐿𝑠 ∼300∘ could be explained
either by inadequate meridional eddy transport, or insufficient evaporation of the
south polar cap in the “mean” dust scenario lacking the seasonal dust storm. Despite
the mentioned discrepancies, the simulated water cycle generally reproduces the
observations well (the root mean square error is 4.3 pr.µm). The simulated water
vapor column density in the summer season at the north pole with the maximum
near 50-70 pr.µm agrees with the observations and other GCMs. The simulated
vapor is also absent in the north and south polar regions during winter. The model
exhibits a good repeatability of the vapor cycle, as can be judged by the match
between the end and beginning of the model year.
Further comparison of the simulated water vapor column with SPICAM data
for the particular Martian years is shown in Figure 3.2. The upper panel displays
the comparison at 70∘ N, where the amount of water vapor is strongly affected by
sublimation from the north polar cap. It illustrates the time lag of the simulated
vapor in the atmosphere with respect to the observations. The main reason of this
is presumably the delayed ice cap sublimation caused by low surface temperatures.
Nevertheless, the simulated total vapor column is in a good agreement within the
observed year-to-year variability.
The middle panel shows a reasonably good agreement of the simulations
and observations at the equator, with observed interannual variations being much
smaller than in midlatitudes. The best agreement between the MGCM and
observations occurs in MY28 and the worst in MY29. Regarding the latter, it is
important to mention that the observed values were most scattered also during
the observational period in MY29. Note that, near 𝐿𝑠 = 100∘ , observations for
MY27 and MY30 show a rapid growth of water vapor up to 15 pr.µm, which is not
reproduced in the model, and for which there are no observational data in other
years. This may be linked to the transient baroclinic wave activity [112; 113].
The lower panel corresponds to 55∘ S, i.e., to the region influenced by the south
ice polar cap. Figure 3.2c shows some lack of water vapor in the simulations during
𝐿𝑠 = 270∘ − 360∘ . However, this simulation is very similar to the observations
in MY28, when the Martian atmosphere was affected by the global dust storm.
As it was mentioned in Section 2.2.5, dust storms are not included in the MGCM
dust scenario, and the apparent agreement between the model and observations
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during 𝐿𝑠 = 270∘ − 360∘ on 55∘ S is accidental. The lack of vapor at this latitude can
indicate weaker sublimation from the south pole cap. Finally, the regular spikes in the
simulated vapor between 𝐿𝑠 = 220∘ and 260∘ are caused by the finite size of model
grid cells. This phenomenon is the result of a staged disappearance of seasonal
frost, which is imposed by the sparse model gridding. Sublimation can be fast
enough to completely remove the surface frost from a grid cell before its southward
neighbor is exposed to sunlight. Other models with a comparable spatial resolution
demonstrate similar effects (see, for example, Figure 1b of Lefevre et al. (2008) [114]).
Because SPICAM measurements of water ice are not as plentiful as of vapor,
the simulated annual cycle of ice is compared with that based on the Thermal
Emission Spectrometer (TES) onboard Mars Global Surveyor (MGS) data. The
TES is an infrared interferometer/spectrometer with additional broadband visible
and thermal channels [5]. Six detectors in a three-by-two array simultaneously
take spectra covering the spectral range from 200 to 1600 cm−1 (6 − 50 µm),
with a selectable sampling of either 5 or 10 cm−1 (a large majority of the data
collected so far has 10 cm−1 sampling). A pointing mirror allows TES to view from
nadir to above both the forward and aft (backward) limbs, where the atmosphere
is observed without direct contribution from the surface. Each pixel subtends an
8.3 mrad (milliradian) field of view, giving a spatial resolution of 3 × 9 km after
accounting for smear caused by spacecraft motion.
Figure 3.3 (left column) presents the seasonal variations of zonally averaged
water vapor and ice from the TES data (MY24–26). The simulated quantities
are shown on the right panels. It is seen that the water vapor retrieved from the
TES observations is close to that measured by SPICAM [115]. The bottom panels
present the column opacity of water ice clouds at 12 micron. To calculate the cloud
opacity τabs of ice particles from the MGCM output, the equation from the works
of Montmessin et al. (2004) [25] and Warren et al. (2006) [116] is used:
τabs =

3𝑄abs (𝑟,λ)𝑀𝑐
,
4ρice 𝑟

(3.1)

where the absorption efficiency 𝑄abs (𝑟,λ) depends on ice particle sizes 𝑟 and the
wavelength λ, 𝑀𝑐 is the integrated cloud mass predicted by the model in kg m−2
and ρice is the ice density.
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The model opacity is compared with the quantities obtained from the TES
retrievals [117]. It is seen that the model demonstrates a good agreement with the
observations. The simulations show no ice clouds over the north polar cap during the
aphelion season and predict a dense north polar hood during the perihelion season,
which could not be measured by TES. The model reproduces the aphelion equatorial
cloud belt, yet slightly displaced northwards compared to observations.
3.3

Longitudinal variations

The seasonal and spatial coverage of SPICAM data allows for comparing
both zonally averaged water cycle and longitude-latitude maps of water vapor
column density with MGCM results. The examples of such maps, where SPICAM
data are averaged over 5 Martian years, are presented in Figure 3.4. Leaving
aside quantitative differences mentioned in Section 3.2, one may notice the similar
variations in longitudes between 𝐿𝑠 = 90∘ and 150∘ . These structures are present,
although less apparent, at other seasons as well. For instance, on the first panel
(averaged over the season 𝐿𝑠 = 0∘ – 30∘ ), the structures are located near the
equator between 90∘ W and 140∘ W (see also Figure 3.5) and northward between
0∘ E and 50∘ E. The structures are clearly visible in Figure 3.4d. It is evident that
their extremes occur between 40∘ N and 70∘ N. These peaks are very robust and stable
for more than one hundred Martian sols of simulations.
These quasi-symmetric (with respect to the north pole) peaks are most
likely associated with stationary planetary waves [118—120]. Planetary waves
in the atmosphere are caused by inhomogeneity of the topography and surface
characteristics (albedo and thermal inertia), whose longitudinal structure on Mars
is dominated by zonal wavenumbers 2 and 3. The same longitudinal harmonics
are clearly seen in Figure 3.4. The numerical experiments show that the peaks start
to form near the season 𝐿𝑠 ∼ 90∘ and disappear later (around 𝐿𝑠 ∼ 150∘ ). The
main peak is located near 140∘ W, in a good accordance with the observations. It
should be recalled that the major highland (Olympus Mons and Tharsis Montes)
is located close to these longitudes. The other two wave peaks are less stable, and
migrate between 0∘ and 130∘ E.
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3.4

Vertical distribution

In the solar occultation mode, SPICAM IR (1.38 µm-band) channel has
conducted measurements of 82 vertical water profiles during MY28 [54; 121]. The
eclipses were recorded from 𝐿𝑠 ∼ 255∘ to 𝐿𝑠 ∼ 300∘ , 49 of them in the northern
hemisphere and 33 in the southern one. According to the solar occultation technique,
each profile corresponds to specific time and location. The interval between 𝐿𝑠 =
255∘ and 𝐿𝑠 = 267∘ have been chosen for comparison to exclude the period with the
major dust storm of MY28. The results for 6 profiles from that period are shown
in Figure 3.6 (see also Table 3).
Table 3 — Characteristics of the SPICAM orbits
Orbit
Longitude (E) Latitude (N) Local time (h)
4407A3
54.19
-25.75
5.14
4409A2
215.82
-28.63
5.03
4421A1
168.45
41.52
7.55
4428A1
207.70
46.97
7.92
4435A1
247.16
51.49
8.31
4461A2
109.05
-60.03
2.34

𝐿𝑠
254.94
255.30
257.41
258.65
259.89
264.53

Figures 3.6a and 3.6d present a comparison of the observed and simulated
water vapor density. The model output was averaged over one hour around the
corresponding local times (given in Table 3). Blue lines are for the same as SPICAM
data longitudes, while yellow lines show the model results longitudinally averaged
in addition. Because of the limited amount of available measurements, we cannot
verify whether the variations predicted by the model near the surface are realistic.
Above 60–70 km, the uncertainty of retrievals becomes too large. In the middle
atmosphere between 40–60 km, the simulated profiles are in a good agreement
with the SPICAM retrievals. The selection of a few SPICAM profiles may be not
representative, but a more comprehensive comparison can be a subject of further
studies. Figures 3.6b and 3.6e present the simulated water ice particle number
density for the sum over all ice particle bins. It can be seen that the ice particle
number density is systematically underestimated by the model. As the result, the
simulated particle radii are too large compared to observations for some orbits
and altitudes (Figures 3.6c and 3.6f). The reason for this discrepancy is not fully
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understood. It can be because of the insufficiently accurate parametrization of the
bimodal distribution in this season, which lead to the insufficient number of CCN
in the model, the slow nucleation rate, or too rapid condensation due to the
parameters chosen in the equations (2.36)–(2.42) or the microphysical time step
(will be explained in the section 3.5). Despite of that, the comparison is generally
favorable, especially for vapor where the Pearson correlation coefficient between
the observational and model data does not fall below 0.91. Particularly interesting
is that the model tends to reproduce the shape of the profiles of water vapor and
ice for particular local times. Disagreements in particle sizes occur mostly for cells
with a small amount of water and have very little effect on the whole cycle.
Finally, to complete our comparison with observations, it is need to focus on the
ice mixing ratio retrievals. For that, 410 assembled limb-viewing observations [122]
from the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM)
onboard Mars Reconnaissance Orbiter (MRO) is used to verify the compliance
of the MGCM simulations with the experiment. CRISM is a hyperspectral visible
and near-infrared imaging spectrometer that was primarily designed to examine
surface mineralogy and geochemistry. CRISM has additional atmospheric science
capabilities involving atmospheric aerosols and gas species [123]. The spectral range
of CRISM is from 362 to 3920 nm with a spectral resolution of 10 − 15 nm.
CRISM is primarily a nadir-viewing instrument, though it is mounted on a gimbal
to allow off-nadir observations. In fact, the instrument was designed to scan over
a sufficient angular range to allow for construction of emission phase function
sequences (EPF) [122].
To retrieve the CRISM total column optical depth τ(λ), the following equation
was used by Smith et al. (2013) [123]:
τ(λ) =

layers
∑︁
𝑖=1

𝑛𝑖 𝑄ext (λ)

∆𝑝𝑖
,
𝑝surf

(3.2)

where the sum was taken over all atmospheric levels, 𝑛𝑖 is the ice mixing ratio, 𝑄ext
is the extinction coefficient, ∆𝑝𝑖 is the difference in atmospheric pressure across
the model layer, and 𝑝surf is the surface pressure. Thus, the retrieved mixing ratios
are normalized to the pressure. Combining (3.2) and (3.1), we obtain the method
for calculating mixing ratios from the model output.
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Figure 3.7 compares the ice mixing ratios normalized to pressure from
simulations and CRISM observations. The data are averaged over longitude and
season 𝐿𝑠 ∼ 40∘ −110∘ . The top and middle panels show the results from CRISM and
simulations, respectively. It is seen that the major part of water ice is located above
the equator at ∼ 20–40 km. This so-called Aphelion Cloud Belt (ACB) regularly
occurs over the mentioned season. During the northern spring, the north polar cap
starts to sublime. Then, winds transport the vapor to the equatorial regions, where
air is still not too warm. This leads to nucleation on the existing dust particles,
and formation of the clouds. It is seen that the MGCM reproduces this cycle well
despite a few deficiencies, which we focus at below.
Firstly, the model produces slightly thinner ice clouds, especially in the center
of the belt. Secondly, the model clouds are ∼5 km lower than the CRISM data show.
Possible reasons for these discrepancies could be smaller simulated vertical velocities
and some excess of large ice particles, as was mentioned in the previous sections. The
vertical transport in low latitudes is weak at this season, whereas the large size of ice
particles leads to an enhanced sedimentation (and cloud lowering) as well as to a
reduced transparency. Nevertheless, the shape and location of the clouds agree well
with the observations. It is also seen that most of the ice is spread between 45∘ S and
60∘ N, which is supported by the observations. The belt has a halo in the center and
two thinner tails. In addition, it has some slope in the latitude-altitude plane: ice
particles are located higher near the north pole, then the cloud layer altitude drops
towards the equator and rises again closer to the south pole. This smile-like shape,
which results from a combination of temperature distribution and sedimentation,
is successfully reproduced by the model. Some northward offset of the halo center
can be caused by the location of the main source of sublimation in the season. The
model reproduces lower atmospheric polar clouds above south pole, which were not
observed by CRISM.
3.5

Monomodal dust distribution

Having compared the simulations versus the available observations and verified
the ability of the model to reproduce the hydrological cycle, it is possible to turn to a
comparison of different model scenarios: three with the mono-modal and one with
the bimodal dust particle size distributions. Under the first mono-modal scenario
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M1, the number of large particles is the same as in the bimodal one, but there are no
small particles at all. Thus, the total number of all particles in M1 is less than in the
bimodal case. The rationale for this scenario is based on the fact that the available
observations constrain the number of large particles, while the number of small
particles is less known, and one can hypothesize a total lack of them. The second
mono-modal scenario M2 includes the same total number of particles as the bimodal
one, but also without small particles. To obtain it from the bimodal case, it is need
to simply set γ = 0. The mono-modal scenario with only small particles is not
considered, because it has no observational justification. The third mono-modal
scenario M3 is the same as M1, but the microphysical code was turned on only
every tenth model time step (every 200 seconds), that is, with a tenfold increase
of the microphysical time step. The consideration of this scenario will be postponed
until later. The simulations under these mono-modal scenarios have been performed
similarly to the bimodal one described in the previous section.
3.5.1

Annual cycle

The comparison of the annual water cycle was done in a similar manner
as in Figure 3.3. For that, the seasonal dependence of the zonally averaged water
vapor and ice is plotted in Figure 3.8. It is seen that the water vapor distributions
are similar for all scenarios. This occurs because the vapor is strongly controlled by
temperature. Therefore, changing the modality of dust scenario has only a slight
integral effect on the vapor. However, the distribution in Figure 3.8e corresponding
to the M2 scenario looks more diffused than the bimodal one (Figure 3.8a). The
distribution for the M3 mono-modal scenario (Figure 3.8g) is very similar to that
for the M2 run, and the M1 mono-modal scenario produced somewhat smaller
amount of vapor (Figure 3.8a). These discrepancies can be explained by water mass
exchanges between ice and vapor. The larger amount of dust particles facilitates
the exchange, because it leads to more ice particles. This can explain the difference
between the M1 and bimodal cases. However, the simulations also reveal a significant
effect of the microphysical time step. As it was mentioned above, M1 and M3 runs
are absolutely identical except that in the M3 case, the microphysics was ran only
every tenth dynamical time step. The effect of the microphysical time step on the
whole water cycle will be considered in the Section 3.5.2.
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The right column of Figure 3.8 presents the comparison of the water ice cloud
opacity in the atmospheric column during one Martian year. All the shown values
are diurnally and zonally averaged. The M1 mono-modal dust scenario produces very
thin ice clouds (Figure 3.8d), which are caused by an insufficient amount of CCN
in the atmosphere. Figures 3.8d and 3.8f show that a larger number of CCN leads to a
greater amount of ice mass in the atmosphere, thus increasing the column opacity
of ice. The amount of large CCN in the M2 scenario is greater than it was observed
in the Martian atmosphere, and the simulated cloud opacities are two times greater
than in the measurements (Figure 3.8b). It is seen that the tenfold increase of the
microphysical time step in M3 also approximately doubled the simulated column
ice opacity, although the latter is still below the observed quantities (Figure 3.3c).
The M3 simulation illustrates that application of longer time steps can bring model
results closer to observations, however this process is caused by purely numerical
aspects and has no physical ground. On the contrary, the bimodal dust scenario
produces better agreement with the measurements (Figure 3.8b), although the
utilized microphysical time step (20 seconds) should probably be decreased in future
applications. The distributions of opaque clouds over winter poles are similar in the
simulations despite the mentioned differences in the magnitudes. Also interesting
is that the greater number of large particles (M2 scenario) produces the aphelion
cloud belt not symmetric with respect to the seasons.
3.5.2

Time step dependency

In order to illustrate processes occurring when the microphysical time step
is long, a grid cell is considered with disabled water mass exchanges with the
surrounding cells, i.e., with disabled advection, sedimentation and diffusion. The
initial amount of ice mass and number of ice particles were set to zero and the results
of calculations are presented in Figure 3.9. The resulting water supersaturation led
to fast nucleation and particle growth (purple line). The code was also ran without
particle growth, only with nucleation (blue line). It is seen that the microphysical
time steps longer than one second yield an instantaneous nucleation. The particle
growth on the second step produces a sharp reduction of the water vapor mass,
decrease in the water vapor saturation ratio (Figure 3.9b) and, eventually, leads
to a complete cessation of nucleation. Using smaller microphysical time steps can
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slow down this process, thus reproducing it more realistically. The formation of a
smaller number of ice particles decelerates the decrease of the water vapor mass,
which, in turn, slows down the nucleation. With time, the number of ice particles
tends to a constant value, because the nucleation stops and mass exchange with other
grid cells was disabled. Therefore, longer microphysical time steps tend to increase
the amount of simulated ice particles (Figure 3.9a). During a single step, the amount
of formed ice particles becomes as large as if the nucleation was not slowed down
by the particle growth during this time. This happens because the nucleation and
particle growth are calculated consequently. The same approach is used in other
MGCMs [37] and apparently produces the same effect (i.e., dependence of the results
on the microphysical time step).
3.5.3

Vertical profiles

Figure 3.10 presents the vertical profiles of (averaged over a Martian year)
water ice characteristics simulated using the M1 mono-modal and bimodal dust
particle size scenarios. Note that identical CCN sizes are marked by the same colors.
As it was described in section 2.2.5, the ice mass and number density increase
in every CCN bin separately (the so-called two-moment scheme). One can see that
the amount of ice mass in the M1 mono-modal dust scenario (Figure 3.10b) is much
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smaller than in the bimodal one (Figure 3.10a) for all bins except in the bin with
the radius 0.3 µm. This bin becomes the main source of ice mass in the M1 mono
modal scenario. This is caused by the choice of parameters of the dust distribution.
For the same reason CCN with an average size 0.03 µm become the main source
of ice mass for the bimodal scenario. This is not surprising because these CCN
correspond to the first peak of the bimodal distribution (see, e.g., Figure 2.3). The
amount of ice mass in the bimodal scenario is greater than in the M1 case, because
of the number of ice nuclei. As was discussed above, the number of small dust
particles is approximately 103 –104 times greater than the number of large particles.
Such abundance of condensation nuclei allows for catching much more vapor in the
bimodal simulation and, as a result, to produce heavier clouds. In addition, the
larger number of ice particles results in a decrease of their mean radius, which
reduces sedimentation and leaves more ice airborne.
It is easy to see from Figures 3.10c and 3.10d that the number density
of ice particles corresponding to the small CCN in the M1 mono-modal experiment
is approximately an order of magnitude smaller than in the bimodal. The effect of the
bimodal distribution is best illustrated by the last two panels, where the ice particle
effective radii averaged over a Martian year are shown for the both simulations.
Because of the small amount of dust particles covered by ice in the M1 mono
modal scenario, the resulted average radii reach 10–15 µm in the middle atmosphere,
which absolutely disagrees with the observations [41; 122]. Otherwise, the bimodal
scenario produces much smaller ice particles for the CCN with small cores in a
good agreement with the measurements, as it was discussed in section 3.4. Some
local excesses of the radii are compensated by averaging. It should be mentioned
that, even in the bimodal scenario, we obtain some surplus of ice radius sizes,
especially near the surface, where it could be caused by the insufficiently rigorous
sublimation/condensation scheme. Hence, a further development of the model should
address this limitation. Based on the foregoing, we can state with certainty that the
use of the bimodal distribution with an added peak of small particles increases the
number of nucleation particles in the atmosphere contributing to the growth of the
ice mass, increases the concentration of ice particles and reduces their radii, which,
in turn, improves the simulated opacity of the clouds compared to observations.
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3.5.4

Aphelion cloud belt

Finally, after considering the effects of the bi-modality of the dust distributions
on the annual cycle, it is need to turn an attention to the details of the cycle. For
that, the CRISM observations are considered again. They are presented in Figure 3.7
along with the latitude-altitude distributions of ice clouds simulated with bi- and
M1 mono-modal scenarios. First, it is seen that there are less clouds over the
south pole in the mono-modal scenario. It is an interesting result, which points
at the insufficient amount of CCN in the M1 mono-modal scenario above the
south pole during the seasons 𝐿𝑠 ∼ 40∘ − 110∘ . Potentially, some clouds nucleated
on small particles can occur there, which can be proved or refuted by future Mars
missions. Second, note that the lower panel is plotted with a different scale. The
displayed ice mixing ratio for the aphelion cloud belt in the M1 mono-modal scenario
is approximately three times smaller than that in the bimodal one. The reasons for
that are described in the previous paragraph. Additionally, huge sizes of the particles
lead to a strong sedimentation, which confines the clouds at levels closer to the
surface. This effect is illustrated by Figure 3.7c showing that the clouds are located
lower than in Figure 3.7b. Generally, the shape of the clouds simulated with the
mono-modal scenario, their sizes and the specific meridional slope of the cloud belt
are close to those in the bimodal experiment.
3.6

Discussion and conclusions

The simulated annual variations, horizontal and vertical distributions of water
vapor and ice clouds have been compared with SPICAM (the Spectroscopy for
Investigation of Characteristics of the Atmosphere of Mars onboard Mars Express),
MGS-TES and CRISM (the Compact Reconnaissance Imaging Spectrometer for
Mars onboard Mars Reconnaissance Orbiter) observations. The simulated general
amount of vapor in the summer season at the north pole with the maximum near
50 − 70 precipitable microns is close to the SPICAM observations. The simulated
vapor is absent in cold seasons during north and south winters, thus indicating
that the conversion between vapor and ice as well as their transport are captured
realistically. We showed that the model is able to replicate the horizontal distribution
of water vapor with the quasi-symmetric with respect to the north pole peaks
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of concentration between 𝐿𝑠 = 90∘ and 150∘ . These structures are most likely
associated with stationary planetary waves [118—120].
The comparison of the model results with the SPICAM profiles demonstrated
a good agreement for water vapor in the middle atmosphere (40 − 60 km), and
a systematic underestimation of the simulated ice density. However, the latter
disagreement occurred mostly for cells with a small amount of water and, thus,
affected the whole cycle very little. The model also predicted an overly dense north
polar hood during the perihelion season, which largely could not have been measured
by TES, and prevented cloud formation right above the north polar cap during the
aphelion season, consistently with the observations. The simulated aphelion cloud
belt (water ice clouds above the equator during the seasons 𝐿𝑠 ∼ 40∘ − 110∘ ) is in a
good agreement with the CRISM observations.
Simulations for mono-modal and bimodal particle size distributions
demonstrated that the latter scenario most strongly affects the modeled ice
clouds mass, opacity, number density and particle radii bringing them closer
to observations. The simulations showed much weaker effect of the bimodality
(excess of small aerosol particles) on water vapor distributions. The use of the
second peak of small CCN in the bimodal distribution increases the number
of particles nucleated in the atmosphere, which contributes to the growth of ice
mass, increases the concentration of ice particles and reduces their radii. This,
in turn, improves the simulated opacity of the clouds compared to observations.
More generally, these results highlight the importance of the dust size
distribution with the peak of small particles for modeling water ice in the atmosphere
of Mars. It must be cautiously stated that this result may be a model-dependent and
can also be affected by the hypotheses and parameterizations made in the model
(e.g, the lack of interactions between dust and water ice). Also, it is reasonable
to expect that these distributions throughout all seasons and locations are not
perfectly bimodal, but have more complex shapes. More measurements and MGCM
simulations that self-consistently account for dust transport [35; 37] can further
clarify this and shed the light on the modality of the dust size distribution.
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Chapter 4. Water “pump” mechanism

In this chapter the simulations reveal a seasonal water “pump” mechanism
responsible for the upward transport of water vapor. This mechanism occurs in high
latitudes above 60∘ of the southern hemisphere at perihelion, when the upward
branch of the meridional circulation is particularly strong. A combination of the
mean vertical flux with variations induced by solar tides facilitates penetration
of water across the “bottleneck” at approximately 60 km. The meridional circulation
then transports water across the globe to the northern hemisphere. Since the
intensity of the meridional cell is tightly controlled by airborne dust, the water
abundance in the thermosphere strongly increases during dust storms. In section 4.1,
the modeling tools and setup of numerical experiments are outlined. The annual
cycle of vertical water transport is discussed in Section 4.2. In sections 4.3 and 4.5,
we zoom in on the perihelion season and explore the zonal mean transport of water
and local time variations, correspondingly. The results of simulations are compared
with observations from Mars Climate Sounder onboard Mars Reconnaissance Orbiter
(MCS–MRO) in section 4.6.
4.1

Design of simulations

The hydrological part of the model has been described in detail in Chapter 2.
Unlike with previous simulations of the water cycle in Chapter 3, those presented
here have been performed in the domain extending into the thermosphere, where
water is no longer chemically conservative and accurate photochemical modeling
may have to be included depending on the motive [106]. For purposes of this work,
only a parameterization of H2 O losses due to photodissociation is retained (see
section 2.2.10). The water photodissociation rates have been calculated according
to equation (2.49) [108].
In this chapter two predetermined dust scenarios are employed (see
section 2.2.3 for detail). The “basic” one represents an observationally-based
seasonally and latitudinally evolving (i.e., zonally averaged) aerosol optical depth τ
in the thermal IR based on MGS-TES and MEX-PFS measurements with the global
dust storms removed [91]. The second one is based on the measurements for the
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Martian Year 28 (MY28), which included a major dust storm during the perihelion
season [61]. In both scenarios, vertical profiles of dust were prescribed [61; 92].
The model has been initialized with the distribution of water vapor and ice
obtained in the earlier simulations [71]. The latter runs have been performed for
several Martian years until the model achieved a quasi-stable state [72]. Since the
current version of the MGCM extends higher into the thermosphere, the additional
vertical levels have been initialized with the values of water at ∼ 100 km. The initial
conditions for the dynamical fields are taken from the simulations of Medvedev
et al. (2016) [63].
The total amount of water in the atmosphere depends on the model time step
due to the instability of commonly used nucleation and particle growth schemes (see
the section 3.5.2). Therefore, a 10 s time step is applied here for microphysics and
other model processes in order to suppress instabilities and increase accuracy.
4.2

Vertical transport

Vertical transport of water vapor and ice is best characterized by the
corresponding fluxes. Figure 4.1 presents latitude-seasonal distributions of the
vertical water vapor flux at several altitudes simulated using the “basic” dust
scenario. It clearly shows that at all altitudes above 30 km, the flux maximizes
around perihelion between 𝐿𝑠 = 200∘ and 300∘ (Figure 4.1b-f) and is negligibly
small throughout the rest of the year. The flux distributions are approximately
symmetric with respect to the solar longitude 𝐿𝑠 = 260∘ , when the global mean
temperature reaches its annual maximum. Between 𝐿𝑠 = 220∘ and 300∘ , the
transport of water vapor up to ∼90 km follows the meridional circulation cell
with air rising in the summer hemisphere and sinking in the winter one. In the
thermosphere above 120 km, the distributions indicate additional circulation cells
in low-to-middle latitudes. However, the pole-to-pole transport persists, and the
magnitudes of upward and downward fluxes over the, correspondingly, southern
(summer) and winter (northern) poles significantly increase.
The other thing that stands out in Figure 4.1c is the ∼ 2 ppmv m s−1
minimum of the upward water flux at perihelion located at around 60 km. This is the
only region (between 20∘ S and 70∘ S) where at certain times of the year water can
penetrate from the lower atmosphere into the upper layers. Once water is through
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this “bottleneck”, it is transported further upward and across latitudes northward.
Note that not all the water stays in the upper atmosphere with the prospect of being
photolyzed and ultimately escaping to space. The global circulation also returns
a portion of water to the lower atmosphere in the northern polar region, as is shown
with bluish shades in Figure 4.1c.
4.3

Transport at perihelion

We next zoom in on the perihelion season and consider the water transport
in more detail. Figure 4.2a presents the water vapor amount in ppmv averaged
diurnally and between 𝐿𝑠 =250∘ and 270∘ . Streamlines show the residual meridional
circulation, while their thickness and color indicate the magnitude and vertical
direction of the water vapor flux, correspondingly. In agreement with previous
observations and simulations, it is seen that the dominant part of water
vapor concentrates in the southern (summer) hemisphere below ∼ 45 km.
Water increasingly sublimates near the surface at middle to high latitudes and
is transported up- and northward by the meridional cell. This results in the
water vapor maximum of up to a few hundred ppmv at around 30 km that
extends in latitude to ∼ 45∘ N. Water ice clouds (shown with white contours) form
immediately above and are transported by the meridional circulation in the same
manner as vapor. Color shades in Figure 4.2a demonstrate an elevated amount
of water vapor (∼ 90 − 140 ppmv) in the high-latitude “bottleneck” between ∼ 60
and 90 km. Higher up at around the mesopause and in the lower thermosphere
(see Figure 4.2c), the water vapor is effectively transported across the globe by
the meridional circulation, and its magnitude increases up to ∼ 160 ppmv (in the
average sense mentioned above).
Thick contour lines in Figure 4.2a demonstrate a strong downward flux of vapor
in the north polar region at all altitudes in the middle and upper atmosphere. As
a consequence, the water vapor mixing ratio increases there as well. Note that the
same water mass produces larger volume mixing ratio in the upper atmosphere due
to exponentially decaying pressure and density. This downwelling over the winter
pole is the major mechanism of returning water back to the lower atmosphere. Due
to colder temperature and higher pressure, this water condenses and contributes
to the ice polar hood at around 30 km (depicted by the white contour lines). Unlike
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molecular diffusion, which prevents accumulation of water in the upper atmosphere
at all latitudes and times, this mechanism is distinctively seasonal and localized.
4.4

Dust storm

After illustrating the mechanism of lifting water vapor up through the
“bottleneck”, it is need to turn an attention to the causal relationship between the
high-altitude water and atmospheric dust. There are several channels, through which
the former can affect the latter. Absorption of solar radiation by airborne aerosol
increases temperature and, thus, hinders condensation of water. On the other hand,
the increasing number of particle nuclei facilitates formation of ice clouds. Finally,
dust storms strongly amplify the meridional circulation [124].
The presented simulations with the dust scenario is based on column opacity
measurements during MY28 when a major planet-encircling dust storm occurred
around the season of interest. For simplicity, the direct model output of water
vapor is used rather than applying the indirect method of Heavens et al. (2018) [55]
to the model temperature and water ice fields. Figure 4.2d shows that temperature
increased by ∼ 20 K over the south pole and by more than 30 K over the
north pole at 45 km (see color contours for temperature differences with the
“basic” dust scenario). The meridional transport intensified during the dust storm.
In particular, the warming over the winter pole is caused adiabatically by the
downward branch of the circulation cell [59; 125]. The changes in temperature
and transport remarkably affected atmospheric water. Thus, the total amount
of water vapor in the atmosphere noticeably increased (see Figure 4.2b) and its
upper boundary (hygropause) extended above ∼ 60 km, ∼ 10 km higher than
in the “basic” dust scenario. Correspondingly, the simulated ice clouds became
denser, and their top has elevated by ∼ 10 km in the southern hemisphere. The
enhancement of the circulation is the global phenomenon that covers altitudes up
to the thermosphere. Consequently, the vertical transport of water vapor increases
in the southern hemisphere as well, which is depicted by thicker contour lines
in Figure 4.2b. This produced a maximum of water vapor of up to 220 ppmv
between 120 and 150 km at 30∘ S–90∘ S. Somewhat warmer temperatures in low
to middle latitudes in the mesosphere and thermosphere during the dust storm (see
color contours in Figure 4.2d) along with the enhanced transport produced increased
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vapor abundances at all heights above ∼ 70 km. It is seen that there are fewer “dry”
regions in the middle atmosphere compared to those for the “basic” dust simulation.
Finally, the simulation reproduces the change in water vapor abundance in the
south observed by Fedorova et al. (2018) [54] but seems to underestimate water
vapor at 60 − 75 km in the tropics and northern extratropics (as observed by both
Fedorova et al. (2018) [54] and Heavens et al. (2018) [55]).
Another effect of the dust storm captured by the model is the increase
of CCN in the atmosphere. A larger number of nuclei aids water vapor condensation,
the formed ice particles have smaller radii and, thus, slower sedimentation speed.
Therefore, water ice clouds form higher, which too contributes to increased water
abundances in the upper atmosphere.
It is illustrated that an increase of the airborne dust “widens” up the
“bottleneck” for water penetration into the upper atmosphere in the high-latitude
southern hemisphere both dynamically and microphysically. The above consideration
was based on the mean (diurnally/zonally averaged) fields. In the next section,
we turn our attention to local time variations.
4.5

Local time variations

Figure 4.3 shows deviations of the water vapor abundance (shaded)
and vertical velocity (contours) from the corresponding zonal mean quantities
as a function of local time in a particular grid point close to the south pole (75∘ S,
0∘ E). This composite plot is based on multi-day averaging over the period between
𝐿𝑠 = 250∘ and 270∘ . It is seen from Figure 4.3a for the “basic” dust scenario that the
vertical velocity exhibits a mixture of the diurnal and semidiurnal tides with phase
advancing with height. The downward phase tilt is the manifestation of the tide
generated below and propagating upward. The angle of the tilt progressively changes
with altitude above ∼ 70 km to almost vertical, indicating the increasing role of the
in situ-excited tides in the upper atmosphere. Note that the model results are shown
for high latitudes of the summer hemisphere (above 75∘ S), whereas modeling [126]
and MCS–MRO observations [127] provide evidence that the amplitude of the
semidiurnal temperature variations maximizes in middle- to high latitudes of the
winter hemisphere. There is no contradiction in that, because tide is a global
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phenomenon, in which amplitudes of fluctuations of different field variables can
peak at different latitudes [128].
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Fig. 4.3 — Altitude-local time distributions of deviations from the zonal mean for water vapor
(in ppmv, color shades) and vertical velocity (in m s−1 , contours). Shown are the composite over
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motions. Panel (a) and (b) are for the simulations with the “basic” and “MY28 dust storm” dust
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Unlike the vertical velocity, water vapor varies mainly with the diurnal
periodicity with the maximum magnitude of ∼ 120 ppmv at 30 km. Interactions
with the semidiurnally varying vertical velocity form a characteristic steep reversal
of water anomalies at 40 km by pushing water up and down twice per day [129].
The magnitude of the diurnal variations of water vapor at the “bottleneck” altitude
around 60 km is 30 − 50 ppmv. Given that the mean vapor abundance in this
region is around 70 ppmv, the total amount varies considerably with more water
during the first half of a day. Higher in the middle and upper atmosphere, temporal
variations of vapor are smaller, but correlate more with the upward fluxes. The
major dust storm contributes to formation of giant diurnal water vapor variations
in the lower atmosphere of greater than 500 ppmv at 30 − 40 km (Figure 4.3b).
They occur due to enhanced sublimation from the reservoir on/under the surface.
The variations extend higher into the middle atmosphere with the magnitude
of ∼ 100 − 150 ppmv at the “bottleneck” around 60 km. A comparison with the
zonal mean values in Figure 4.2b shows that some “leakage” of vapor into the middle
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and upper atmosphere takes place also during the second half of day in addition
to strong tidally-modulated pulses during the first half. Above the mesopause, the
semidiurnal tide weakens during the dust storm, and its correlation with the water
vapor amount becomes less certain.
4.6

Comparison with observations

In order to validate our simulations, them are compared with the data
inferred from the measurements by the Mars Climate Sounder (MCS) onboard Mars
Reconnaissance Orbiter (MRO) during MY28 [55]. The authors of the latter study
used an indirect method to estimate the water vapor and ice abundances from the
observations of temperature and water ice clouds.
The principal MCS data used by Heavens et al. (2018) [55] are retrieved
profiles of temperature, dust opacity at 463 cm−1 and water ice opacity at 842 cm−1
on a standard pressure grid from observations of Mars’s atmosphere in the infrared
by MCS14. They used version 5 of the retrieval dataset, which was released
in the National Aeronautics and Space Administration (NASA)’s Planetary Data
System (PDS) in September 2017 [130]. Version 5 data include several features
that enable retrieval success rates in high aerosol conditions of about 90%. The
altitude range of aerosol retrievals is extended to higher altitudes, the surface
temperature climatology used for retrieval is adapted based on the aerosol conditions
and a climatological pressure estimate is used when the aerosol opacity is too high
to perform a pressure retrieval.
Using the geometric pointing of the instrument, each point of the vertical
grid in an individual retrieved profile can be associated with an altitude above
the Mars Orbiter Laser Altimeter areoid. By scaling the opacity by the density
calculated from the temperature and pressure retrievals and making assumptions
about the optical and geometric properties of the dust and water ice, it is possible
to estimate the mass mixing ratios of dust and water ice [55]. For instance, the
mass mixing ratio of dust is 1.2 × 10−2 kg m−2 multiplied by the density-scaled
opacity and that of water ice is 2.2 × 10−3 kg m−2 multiplied by the density-scaled
opacity. With some interruptions (indicated by breaks at all altitudes in the flux
and water distribution figures), MCS has been observing Mars from 𝐿𝑠 = 111∘
of MY28 to the time of writing.

80

Fig. 4.4 — Vertical distribution of the total water (vapor+ice) content derived from the Mars
Climate Sounder (MCS) measurements (left column) [55] and simulated with the MPI–MGCM
(right column) for the MY28: for the day side (∼15:00 local time, upper row) and night side
(03:00 local time, lower row). In all panels, the values were averaged over longitudes and
latitudes. In the simulations, the averaging over 14:00–16:00 and 02:00–04:00 local times was
performed.
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MCS performs 13 polar orbits per Martian sol. Away from the poles, the
groundtrack of MRO corresponds to approximately 15:00 hours local solar time
on the ascending side of the orbit (Figure 4.4a) and to ∼ 3:00 local time
on the opposite side (Figure 4.4c). Since MCS orbits vary, we used the model
output averaged over the intervals 14:00–16:00 and 2:00–4:00 hours local time for
comparison, correspondingly.
Both observations and modeling in Figure 4.4 show gradual, but rapid increase
of the total water abundance and its rise in altitude towards the perihelion season.
There were no successful retrievals available during the dust storm itself between
approximately 𝐿𝑠 = 260∘ and 305∘ and above 80 km. However, at the highest
available levels between 70 and 80 km, both the model and observations agree
well in showing ∼ 70 − 80 ppmv of water. Good agreement also exists with the
night-time measurements at 40 − 50 km immediately before the onset of the dust
storm (𝐿𝑠 = 220∘ to 260∘ ). Greater water abundances during the night time
at these altitudes are due to the tidal phase (higher temperature), as can be seen
from Figure 4.3b. Note that the MCS measurements demonstrate that the maxima
of water are vertically localized around 40 − 50 km between 𝐿𝑠 = 200∘ and 250∘ ,
whereas in the model the water mixing ratio increases down to the surface. This
difference may be due to the adopted dust scenario that does not capture detached
dust layers. The model also demonstrates a rapid fall of water abundances after
𝐿𝑠 = 330∘ , which is not supported by the observations.
Nevertheless, the total observed and simulated amount of water during the
dust storm as well as the shape of the seasonal distribution agree well, at least in the
latitudinally averaged sense presented here. They clearly illustrate that conditions
for upward water penetration across the “bottleneck” at ∼ 60 km exist only during
a limited time of the year around perihelion, and dust storms strongly enhance
this penetration.
The another possible source of data, that could be used to validate the
obtained results in future, are the Atmospheric Chemistry Suite (ACS) and Nadir
and Occultation for Mars Discovery (NOMAD) instruments onboard ExoMars Trace
Gas Orbiter (TGO). The orbiter was injected into Mars orbit on 19 October 2016
and underwent 11 months of aerobraking. Full science activities began only in April
2018. The last findings reveal, that during the MY34 dust storm, an increase in the
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abundance of H2 O and HDO was observed at altitudes between 40 and 80 km [16].
The authors propose that these increased abundances may be the result of warmer
temperatures during the dust storm causing stronger atmospheric circulation and
preventing ice cloud formation, which may confine water vapor to lower altitudes
through gravitational fall and subsequent sublimation of ice crystals. This suggestion
is absolutely consistent with that what is happening in the MPI-MGCM (see this
and the previous chapters). Unfortunately, as there are still not enough data about
the dust scenario during the mentioned period, it is impossible to directly compare
the model results with the observations. It is because the dust distribution plays
a key role in the hydrological cycle, and without any data about it, it is impossible
to reproduce any profiles in detail (only separate profiles have been retrieved at the
time of writing). Anyway, qualitatively the observations looks quite similar to the
model output – the total amount of water higher 40 km increased during the dust
storm.
4.7

Discussion and Conclusions

Several mechanisms have been proposed to explain the observed presence
of water in the middle atmosphere of Mars above 60 km. Maltagliati et al.
(2011) [131] suggested supersaturation of water vapor due to purely microphysical
reasons (lack of condensation nuclei). Clarke (2018) [56] considered the dynamics
and hypothesized that either turbulent mixing in the lower atmosphere raises water
vapor upward, or the strengthened by solar UV circulation in the upper atmosphere
facilitates this transport. Heavens et al. (2018) [55] attributed the appearance
of water vapor and ice at upper levels to deep convection enhanced dust storms.
The model simulations revealed the full picture of water transport from the ground
up to the thermosphere. The main findings are the following:
1. Water is lifted up in high latitudes of the summer hemisphere by the upward
branch of the pole-to-pole meridional circulation cell. It is then transported
by the latter across latitudes in the mesosphere and thermosphere.
2. Water can penetrate upper levels only during the perihelion season, when
the meridional circulation cell is sufficiently strong.
3. The influx of water to the middle and upper atmosphere increases, whenever
the meridional cell intensifies, for instance, during dust storms. In addition,
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dust storm-induced heating increases the amount of water vapor in the
lower atmosphere.
4. Upward transport of water is significantly modulated by the solar tide. The
latter acts as a “pump” by increasing the transport during certain local
times and almost completely shutting it down during the others.
The described transport of water to the Martian upper atmosphere has some
similarities and differences with that on Earth. In the terrestrial stratosphere and
mesosphere, there is also a strong water upwelling in the summer hemisphere that
even compensates for photochemical destruction [106]. Due to the circular orbit and
unlike on Mars, it occurs during both solstices. However, water in the terrestrial
atmosphere is rapidly destroyed by photolysis in the sun-lit summer hemisphere
below 70 km, whereas on Mars its significant portion can be transported across
the globe.
Photochemical calculations [132; 133] suggest that water abundances
of ∼ 80 ppmv at 60 − 80 km can explain the observed magnitudes of hydrogen
escape at the exobase. The presented simulations show that, even at dustless
seasons, the circulation can deliver these amounts of water over the southern high
latitudes, at least during certain local times. Moreover, comparable abundances
of vapor are distributed by the circulation over all latitudes above ∼ 120 km.
During major dust storms (similar to that of MY28), the corresponding water
abundances increase by a factor 2 and more. The excess of water vapor on the
upper limit of the atmosphere may also be caused by numerical instabilities due to
the closed border conditions. Overall, the simulations at least partly reconcile the
existing observations and estimates, reveal the impact of planetary-scale circulations
on the behavior of water in the middle and upper atmosphere, and provide testable
predictions for evaluating alternative hypotheses against future observations.
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Summary and conclusions

Water in its different phases is a very important element of the current
Martian climate and a sensitive marker of meteorology in the atmosphere. This work
presented a new hydrological scheme implemented in the general circulation model of
the Martian atmosphere developed at Moscow Institute of Physics and Technology
in cooperation with Max Planck Institute for Solar System Research (Germany).
The scheme accounts for advective transport, mixing by diffusion, particle size
distribution, sedimentation, spatio-temporal variations of atmospheric dust, water
saturation, sublimation, nucleation, ice particle growth and water photodissociation.
The model realistically reproduced the seasonal and spatial distributions of
water vapor and ice observed by SPICAM (Mars Express), TES (Mars Global
Surveyor), CRISM and MCS (Mars Reconnaissance Orbiter) instruments. Simulated
abundances of water vapor, ice and effective radii of ice particles agreed well for
individual orbits as well.
Simulations with the extended (up to 160 km) version of the model revealed
the water “pump” mechanism of water vapor transport from the Martian lower
atmosphere to the thermosphere, and helped to quantify the role of airborne dust
and solar tides in it. The results explained recent measurements of hydrogen escape
at the exobase obtained from MAVEN and HST. They are also consistent with
recent observations from ACS and NOMAD (Trace Gas Orbiter).
The main results of the work are as follows:
1. A new microphysical scheme for water cycle on Mars implemented in a 3D
general circulation model.
2. Accounting for bi-modality of aerosol particle size distribution improves
simulations of water ice characteristics in the model compared
to observations.
3. The fine fraction of atmospheric aerosols weakly affects spatial distribution
of water vapor in the model.
4. Global circulation modeling reveals the mechanism of water exchange
between the lower and upper atmosphere.
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5. Atmospheric dust controls the circulation strength and, hence, the amount
of high-altitude water.
6. Solar tide modulates the upwelling of water vapor by almost completely
shutting it down during certain local times.
The data supporting the MPI-MGCM simulations can be found
at https://mars.mipt.ru, https://zenodo.org/record/1045331 [134],
https://zenodo.org/record/1553514 [135] or obtained from the author
(shaposhnikov@phystech.edu).
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