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Abstract—Within the framework of this work, using a three-dimensional numerical model of the general circulation of the Martian atmosphere MAOAM (Martian Atmosphere: Observation and Modeling), also
known as MPI-MGCM (Max Planck Institute Martian General Circulation Model), we simulated the
planet’s hydrological cycle during the 28 and 34 Martian years (MY28 and MY34) dust storm seasons. A
quantitative assessment of the photodissociation of water vapor under the influence of solar radiation at the
Lyman-alpha wavelength has been carried out. The simulation results are compared with individual profiles
obtained with the Atmospheric Chemistry Suite (ACS) spectrometer installed on the ExoMars Trace Gas
Orbiter (TGO) spacecraft. The MAOAM model has a spectral dynamical core and successfully predicts the
temperature regime of Mars through the use of physical parameterizations that are characteristic of both
Earth and Martian models. The hydrodynamic block of the model includes the transfer scheme, microphysics of water vapor and ice, heterogeneous nucleation, sedimentation, photodissociation, and exchange of
water with the surface. Studies show the effect of dust storms on both the total water vapor content in the
atmosphere and its vertical distribution. More intense pumping of water vapor into the upper atmosphere
during dust storms provides more intense photodissociation of water vapor (in some seasons up to 6.5 tons per
second in total in the entire atmosphere). The strongest photodissociation is observed at heights of 50 to
80 km for MY34 and 70 to 80 km for MY28. The dissociated water vapor can then potentially become a source
of hydrogen dissipation into space, followed by a decrease in the mass of water on the planet.
Keywords: Mars, hydrological cycle, numerical modeling, atmosphere, climate, general circulation model,
photodissociation of water vapor
DOI: 10.1134/S0038094622010051

INTRODUCTION
Studies of the planets and small bodies of the Solar
System are of paramount importance for understanding the processes of their origin and development.
Above all, however, they provide a clue to finding the
likely paths for the future evolution of our own planet
and understanding how to keep the Earth habitable for
future generations.
Mars is the fourth planet from the Sun in the Solar
System and the closest to the Earth in climatic conditions among other planets. Mars is currently the most
interesting and most studied planet in the Solar System after Earth. The climatic conditions on Mars,
although unsuitable for highly developed life forms,
are in many ways similar to those on Earth. Presumably, in the past, the climate of Mars could have been
warmer and more humid; there was liquid water on its
surface and it even rained. Mars is the most likely destination for a manned mission and is still the only

planet besides Earth that has prospects in terms of
human exploration (Koroteev, 2006; Sheehan, 1996).
The climate of Mars is mainly determined by the
processes taking place in its atmosphere, such as the
movement of air masses, convective and turbulent
mixing, the transfer of radiation and passive impurities. Moreover, the exact and systematic measurements of atmospheric fields, such as wind speeds, are
not yet possible on other planets. Consequently,
unknown parameters can be obtained on the basis of
numerical experiments by constructing numerical climate models of the general, or global, atmospheric
circulation (GCM).
One of the key scientific issues in modern Mars
research is the extremely scarce amount of water in its
climate system. If the small amount of water vapor in
the atmosphere is mainly determined by the low temperatures characteristic of Mars, then the relatively
small, compared to the Earth, water reserves in the
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surface and subsurface reservoirs of the planet should
be associated with large-scale water losses by the
planet during its geological history. At the same time,
water in its various manifestations is an important element of the modern Martian climate and a sensitive
marker of meteorology in the atmosphere. It affects
the climate of Mars, among other things, by removing
dust from the atmosphere during the formation of
clouds through the accelerated sedimentation of condensation nuclei. According to modern concepts, one
of the main ways of losing water by the planet is its dissociation under the influence of solar radiation and
further dissipation of the lightest element, hydrogen
(Heavens et al., 2018).
The planetary distribution and the rate of photodissociation of water in the atmosphere of Mars are
still a controversial issue. Modern three-dimensional
models of the Martian atmosphere do not reproduce
the processes of dissipation of water vapor from the
upper atmosphere with the required accuracy. The difficulty of accurately calculating the dynamics of the
atmosphere leads to the emergence of a large number
of data assimilation techniques (Lewis et al., 2016;
Holmes et al., 2018; Streeter et al., 2020), in which the
observed profiles are used to correct the models. At
the same time, one-dimensional models successfully
show the strong influence of water from the upper and
middle atmosphere on the rate of hydrogen dissipation
(Krasnopolsky, 2019), and also propose methods for
estimating this rate depending on the height of water
rise (Chaffin et al., 2017; Neary et al., 2020).
One of the first models, quite accurate describing
the behavior of water vapor in the upper atmosphere of
Mars without the use of data assimilation, became a
three-dimensional model MAOAM (Martian Atmosphere: Observation and Modeling), also known as
MPI-MGCM (Max Planck Institute Martian General
Circulation Model), developed by scientists from Germany, Russia, the United States and Japan (Hartogh
et al., 2005, 2007; Medvedev and Hartogh, 2007;
Medvedev et al., 2011; Shaposhnikov et al., 2018). The
model includes a hydrodynamic unit that takes into
account photodissociation of water vapor at the
Lyman-alpha wavelength. In this paper, the focus of
the study is on assessing the effect of dust storms on
the amount and intensity of photodissociation of water
vapor, which in turn is an important stage in understanding losses from the atmosphere of Mars.
The following sections describe the MAOAM
model and set up a numerical experiment. It then analyzes the impact of the 28 and 34 Martian years (MY28
and MY34) dust scenarios on the global hydrological
cycle. Next, the photodissociation of water vapor is
investigated throughout the year in various projections. At the end of the article, a comparison of model
profiles is provided, temperature and water vapor with

measurements taken with an infrared spectrometer
(Atmospheric Chemistry Suite (ACS)) installed on
the ExoMars Trace Gas Orbiter (TGO) spacecraft.
DESCRIPTION OF THE MODEL
AND EXPERIMENT
The MAOAM model has a spectral dynamic core
and successfully predicts the circulation and temperature regime of Mars through the use of physical
parametrizations typical of both terrestrial models
(vertical turbulent diffusion, surface physics, gravitational waves) and Martian ones: heating in CO2 bands
in the near infrared range, the influence of dust,
parameterization of radiation in the CO2 band at
15 μm, taking into account the violation of local thermodynamic equilibrium (Kutepov et al., 1998). To
calculate the radiation effect of dust, a two-stream
radiation transfer scheme is used (Nakajima et al.,
2000). The model uses precise topography of Mars
based on measurements from the Mars Orbiter Laser
Altimeter (MOLA) and thermal surface inertia data
from the Thermal Emission Spectrometer (TES) on
the Mars Global Surveyor (MGS). MGC MAOAM
covers the region of the atmosphere from the surface
to the middle thermosphere (~160 km). The computational grid is represented by 67 vertical pressure levels,
the height of which depends on the relief (Simmons
and Burridge, 1981; Simmons and Chen, 1991), as
well as spectral resolution of T21 in the horizontal
plane (approximately 5.6 degrees). Numerical properties of the dynamical kernel and exact parametrization
of subgrid-scale gravitational waves (Medvedev and
Yiğit, 2019; Yiğit et al., 2009) allow the model to
reproduce well the heating of the atmosphere at the
poles (Hartogh et al., 2007) and in the mesosphere
(Medvedev et al., 2011, 2015).
The hydrological block of the model has been
described in detail in previous articles (Shaposhnikov
et al., 2016, 2018, 2019). The block includes a semiLagrangian scheme for the transfer of passive impurities, as well as the microphysics of water vapor and ice.
Ice clouds form whenever water vapor condenses on
cloud condensation nuclei (CCN). The rate of heterogeneous nucleation and the rate of growth of ice particles are calculated separately (Jacobson, 2005). The
CCN sizes are divided into four ranges (Shaposhnikov
et al., 2018). For each range, a two-stage scheme is
applied with separate tracking of ice mass and particle
number (Rodin, 2002). The size of ice particles determines their microphysical properties and sedimentation rate. The CCN density in each range is calculated
based on the bimodal lognormal dust distribution
(Fedorova et al., 2014), as described in Shaposhnikov
et al. (2018, section 2.2). The atmosphere is not conservative, water loss occurs due to photodissociation at
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the Lyman-alpha wavelength, as well as through open
boundary conditions at the upper boundary of the
atmosphere. There is no water flow from the upper
thermosphere. The photodissociation rate of water is
calculated using formulas (1)–(2) from Anbar et al.
(1993).
In this study, we use three predefined dust scenarios, that is, the dependence of the total transparency of
dust in the atmospheric column on latitude and season. The first is based on measurements of dust transparency during MY28 (2006–2007) (Medvedev et al.,
2013), the second is based on MY34 (2017–2019)
(Montabone et al., 2020; Kuroda et al., 2020), the last
scenario takes as a basis long-term measurements
MGS-TES and MEX-PFS (Planetary Fourier Spectrometer, Mars Express) with artificially distant global
dust storms (Medvedev et al., 2011). Vertical dust profiles are separately reconstructed (Conrath, 1975;
Medvedev et al., 2013).
The model was initialized using the distribution of
water vapor and ice obtained in our previous calculations (Shaposhnikov et al., 2019). Simulations were
carried out for a time interval of several Martian years
until the model reached a quasi-stable state. The rest
of the parameters used are described in (Medvedev
et al., 2016; Yiğit et al., 2018).
The feedback of the particle nucleation and growth
patterns can lead to numerical errors that affect the
total amount of water in the atmosphere (Navarro
et al., 2014; Shaposhnikov et al., 2018). To suppress
instability and improve accuracy, a 10 s time step is
applied for microphysics and other modeling processes.
DUST STORM AND THE GLOBAL
HYDROLOGICAL CYCLE
The amount and distribution of water vapor, which
subsequently undergoes photodissociation, directly
depends on the concentration of water vapor in the
atmosphere and the intensity of solar radiation. The
distribution of water vapor during the MY28 dust
storm has been studied well and has been published
several times (Fedorova et al., 2014; Shaposhnikov
et al., 2018). Currently, there are not so many data on
the distribution of water vapor in the MY34 season, as
well as models that would successfully reproduce
experimental data (for example, Neary et al., 2020).
Hereinafter, to count the Martian seasons, the concept
of solar longitude (LS), which is defined as the angle
measured from the Mars–Sun line during the vernal
equinox in the northern hemisphere, will be used.
In this work, Fig. 1 shows a comparison of the
results of modeling the global distribution of precipitated water vapor over a year using dust scenarios
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MY34 (Fig. 1a) and MY28 (Fig. 1b), as well as the
“dust-free” scenario (Fig. 1c). It can be seen that the
differences between the dust scenarios lead to small
differences in the global cycle within 10–15 deposited
microns. It is known that a dust storm has the greatest
effect on the concentration of water vapor in the thermosphere (Shaposhnikov et al., 2019). Due to the fact
that the amount of water in mass decreases exponentially with increasing altitude, a change in its concentration in the upper atmosphere has little effect on the
deposited mass. Nevertheless, certain changes are
noticeable. First of all, the dust storm decreases the
surface temperature and increases the temperature in
the troposphere. This leads to the fact that the integral
content of water vapor in the atmospheric column
decreases in certain seasons.
In Fig. 1a, it can be seen that at the beginning of the
MY34 dust storm by about Ls = 195° the amount of
water vapor north of the equator decreased from ~20
to 10–15 microns deposited. This effect was due to a
temporary decrease in evaporation from the north
polar cap. Dust storm MY28 (Fig. 1b) begins much
later, about Ls = 240°, when evaporation from the
northern polar cap has already ended and evaporation
from the southern one is in full swing. Due to the fact
that the MY28 storm develops more smoothly than
MY34, it acquires a significant influence on the integral values of water vapor not from the beginning of
the storm, but closer to the end, approximately from
Ls = 280°. After Ls = 300°, a drop in the amount of
water is observed at the equator from ~3 to 2 microns
deposited in the column. However, on Ls = 250° at 30° N,
a secondary maximum of the concentration of water
vapor is formed, which is well confirmed in observations (Trokhimovskiy et al., 2015) and is explained by
the more intense meridional circulation during a
storm. A similar maximum occurs in the MY34 scenario, but it is less pronounced due to the general
decrease in the water mass.
PHOTODISSOCIATION OF WATER VAPOR
Having discussed the effect of a dust storm on the
global hydrological cycle, we can move on to the main
topic of this work—the study of photodissociation of
water vapor. To do this, consider the latitudinal and
vertical distribution of water vapor throughout the year
(Fig. 2). It can be expected that the maximum of photodissociated water should be observed in those places
where, on the one hand, there is a sufficient concentration of water vapor and density of the atmosphere,
but, on the other hand, where a sufficient number of
photons penetrate. Some of the dissociation products
then recombine, and some escape under the influence
of atmospheric dissipation or participate in the cycles
of chemical reactions. In this work, we do not consider
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Fig. 1. Comparison of results of modeling the global distribution of deposited water vapor (in microns) throughout the year using
the dust scenarios MY34 (a) and MY28 (b), as well as the scenario without a dust storm (c). The contours show the total opacity
of the atmosphere due to dust. Vertical shows latitude, horizontal, the time in Ls.

recombination, transfer, and dissipation into outer
space, but restrict ourselves only to the study of photodissociation. Moreover, as is known, the main contribution to it is made by dissociation at the Lyman-alpha
wavelength of 121.567 nm (Anbar et al., 1993); therefore,
the dissociation was calculated only for this line.
The dissociation process of water can be formalized
by the following expression:

(2)

Earth (Lean and Skumanich, 1983), s f is the scale
factor equal to the square of the ratio of the Sun–
Earth and Sun–Mars distances, τ = σCO2 ρCO2 is the
turbidity of the atmosphere for a given level and zenith
angle, σCO2 = 7.44 × 10−22 cm2 is the effective cross
section of CO2 in Lyman-alpha (Watanabe et al.,
1953), and ρCO2 is the CO2 density in the atmosphere
converted to CGS units. Solar cycle dependence (F10.7
is the flux of solar radiation at 10.7 cm) and the correction for the quantum yield of the reaction were not
taken into account in this work, as well as the attenuation of radiation at the Lyman-alpha wavelength by
other small components of the atmosphere.

where σH2O = 1.59 × 10–17 cm2 is the effective crosssection of water vapor at the Lyman-alpha wavelength
(Kley, 1984), FLy = 2.32 × 1011 photons/(cm2 s) is the
solar radiation flux (EUV) in Lyman-alpha near the

Thus, knowing the degree of dissociation at any
point in the atmosphere, it is possible to calculate the
rate of dissociation in the cells of the computational
grid in kg/s. Since the sizes of the cells in latitudes,

H2O + hν → H + OH.

(1)

The dissociation rate J H2O at the Lyman alpha
wavelength is calculated as:

J H2O = σH2OFLy s f exp ( −τ) ,
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Fig. 2. The dependence of the rate of photodissociation of water vapor in kg/s/km during the year on latitude (a, b) and altitude (c, d)
is shown for modeling using dust scenarios MY28 (a, c) and MY34 (b, d). In the first line (a, b), the speed depends on the distance
in latitudes, in the second (c, d) on the height. The contours show the total opacity atmosphere due to dust (a, b) and relative dust
concentration in ppm (c, d).

longitudes and heights are not uniform, for a more
correct representation it is necessary to normalize the
obtained speed to the corresponding linear size in km.
As a result, we get the graph shown in Fig. 2 for MY28
and MY34.
In Fig. 2 it is evident that, as could be expected, the
maximum photodissociation rate is observed at the
height of a dust storm. This is because the dust heats
up the atmosphere, increasing circulation, which
allows the water to rise high enough to initiate the dissociation process. During storm MY28 in season Ls =
270°–290° at 45° S the maximum dissociation rate is
observed up to 1 kg/s per km in latitude (Fig. 2a). At
the same time, the maximum speed during storm
MY34 is fixed at the equator in the season Ls = 200°–
220° and reaches slightly higher values (Fig. 2b). More
intense photodissociation during MY34 compared to
MY28 is associated with more intense water vapor rise
due to a stronger dust storm. It is also worth paying
attention to the fact that the residual plume of dissociation rates in MY34 (Fig. 2b) is tilted to the south. This
is due to the beginning of summer in the southern
hemisphere, meridional circulation and redistribution
of water vapor to the south.
It is also interesting to consider the height distribution of the dissociation rate. Figures 2c and 2d show
the photodissociation rates depending on the altitude
up to 120 km for the MY28 and MY34 dust storms,
respectively. It can be seen that the most intense dissoSOLAR SYSTEM RESEARCH
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ciation is observed not at the beginning of storm
MY28, but closer to its end with approximately Ls =
260° and reaches 240 kg/s per 1 km of altitude. It
should be noted that the value is due to the normalization to the height, and not to the distance in latitude as
in the previous case. At the same time, water dissociates most intensively in a narrow 10-km layer at an
altitude of ~80 km. The height of the maximum is
quite stable, and the intensity correlates with the level
of dustiness.
The differences in water dissociation in the MY34
dust storm scenario from MY28 are in the earlier onset
of dissociation, which, moreover, occurs at a lower
altitude. Starting from Ls = 200° and from 50 to 75 km,
a fairly intense photodissociation is observed. Over
time, the dissociation height increases and reaches
values similar to the MY28 scenario. The secondary
dissociation maximum observed at Ls = 320°–330° at
an altitude of 70 km, associated with a secondary
storm that occurred on Mars at the end of MY34.
To better understand the scale of water vapor photodissociation, it is enough to give the integral values
of the velocity, which reach 6.5 tons/s for MY34
during a global storm, 1.5 tons/s during the secondary
and 5.3 tons/s for MY28. Moreover, more than half of
the losses occur in the main photodissociation layer,
which can be localized from 70 to 90 km for MY28 and
from 60 to 80 km for MY34. It is clear that on the scale
of the entire mass of water in the atmosphere, these are
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Table 1. Profile parameters (orbits)
Name
2358N2
2451N2
3755N2
3857N3

Ls, ang. deg
187.1
191.6
257.5
262.8

Latitude, ang. deg
80.2
–76.6
58.0
–38.4

fractions of a percent in day, in addition, some of the
atoms then recombine and thus return to the hydrological cycle, and some will never leave the planet due
to the small path lengths at these altitudes. Nevertheless, it can be argued that this factor of water loss by the
planet cannot be ignored at time intervals of the order
of a year or more, and must be taken into account
when developing climate models.
COMPARISON WITH EXPERIMENTAL DATA
In the last part of our work, we present a comparison of the vertical profiles of water vapor density and
temperature obtained in a numerical experiment with
the scenario of the MY34 dust storm with real
observed data. Due to the difficulties with direct
observation of photodissociation, vertical profiles of
water vapor are compared to confirm the correctness
of the model. For this, we took one of the latest published datasets on the 34th Martian year, obtained
using the Atmospheric Chemistry Suite (ACS) instrument installed on the ExoMars Trace Gas Orbiter
(TGO) spacecraft. The ACS instrument was developed at the Space Research Institute of the Russian
Academy of Sciences (SRI RAS) with the participation of scientific organizations from France, Germany, Italy and other EU countries. The device consists of three spectrometers of different wavelength
ranges: NIR (Near-IR) operates at wavelengths 0.7–
1.6 μm, MIR (Mid-IR) covers the range 2.3–4.2 μm,
and TIRVIM detects 1.7–17 μm.
Several NIR profiles were selected for comparison
with the model data (Fedorova et al., 2020). The
parameters of the profiles, also called “orbits,” are
given in Table 1.
Comparison of the profiles is shown in Fig. 3. Each
profile corresponds to a specific local time, latitude,
longitude, and season. Also, the observation error is
plotted on the experimental profiles. The numerical
experiment data are given for the same local time, latitude, longitude, and season. The horizontal lines
show the scatter of values for ±12 hours (i.e., per day)
from the specified time. It can be seen that the daily
scatter of values is quite large, about 15% for temperature and several orders of magnitude for water vapor.
This spread is due to tidal fluctuations that occur

Longitude, ang. deg

Local time, hour

152.4
171.5
36.6
54.7

16.8
4.6
14.8
19.5

during the day due to the movement of the sunflower
point. As a result of the heating of the atmosphere,
wave phenomena arise, which lead to significant fluctuations in the concentration of water vapor. Without
knowing the initial conditions for all atmospheric
fields, the model cannot accurately predict the
amount of water vapor at a particular height at a particular point in time. Therefore, comparison of model
data is always performed with an indication of natural
variability. Taking into account this reservation and
the limits of applicability, the model fairly accurately
reproduces the indicated profiles of water vapor and
temperature. Up to 80% of the points on the graphs
coincide with the model or are in the same fluctuation
range. The model most accurately reproduces the
behavior of water vapor and temperature in the troposphere. The coincidence in the thermosphere is worse,
including, possibly, due to an increase in observation
errors.
CONCLUSIONS
Within the framework of this study, using a threedimensional numerical model of the general circulation of the atmosphere MAOAM (Martian Atmosphere: Observation and Modeling), also known as
MPI-MGCM (Max Planck Institute Martian General
Circulation Model), simulated the hydrological cycle
of Mars using dust storm scenarios for Martian years 28
and 34 (MY28 and MY34), as well as a baseline scenario without dust storms.
Studies have shown a weak effect of dust storms on
the integral content of water vapor in the atmospheric
column. The time and strength of the influence
directly depends on the intensity of the storm. For
both scenarios with a dust storm, changes do not
exceed 10–15 deposited microns in the direction of a
decrease in the amount of water due to surface cooling
and a decrease in the rate of evaporation from the
polar caps. Nevertheless, despite the decrease in the
total mass of water in the atmosphere, its concentration in the upper atmosphere at the time of the storm,
on the contrary, increases significantly.
An increase in the height of the rise of water vapor
during a storm leads to a sharp increase in photodissociation at an altitude of 50 to 80 km for MY34 and
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Fig. 3. Comparison of individual profiles (orbits) of water vapor (a, c, e, g) and temperature (b, d, f, h) obtained using the near
infrared channel (NIR, wavelength 0.7–1.7 μm) of the ACS-TGO spectrometer (markers show observation errors) with simulation results with using the dust scenario MY34 of the MAOAM model (dotted line shows the spread of values per day). Each line
corresponds to its coordinates and local time (see Table 1).

from 70 to 80 km for MY28. At the same time, the total
dissociation rate reaches 6.5 tons per second in the
entire atmosphere in the MY34 scenario and 5.3 tons
SOLAR SYSTEM RESEARCH
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per second in the MY28 scenario. The earlier and
abrupt onset of a dust storm in the MY34 scenario (by
about Ls = 195°) also leads to the appearance of an
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earlier maximum of the photodissociation rate in this
season.
Comparison of the modeling data of the MY34
scenario with observations with the NIR (Near-IR)
spectrometer of the Atmospheric Chemistry Suite
(ACS) instrument installed on the ExoMars Trace Gas
Orbiter (TGO) spacecraft shows good agreement
between the water vapor and temperature profiles,
taking into account daily variations and observation
errors. MPI-MGCM simulation data can be found on the
Internet at https://mars.mipt.ru, https://zenodo.org/
record/4716445 (Shaposhnikov et al., 2021).
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