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Abstract

An investigation of the influence of the relief of a planet on the global circula-
tion of the Earth’s atmosphere is an important problem. Beyond doubt,
mountains affect the global circulation of the troposphere, however, their in-
fluence on the global circulation of the stratosphere and mesosphere is not
evident. In the present study, to investigate the influence of the relief of a pla-
net on the global circulation of the Earth’s stratosphere and mesosphere, the
non-hydrostatic mathematical model, developed earlier in the Polar Geo-
physical Institute, is utilized. Calculations were made for two distinct cases.
The relief of the planet was taken into account for the first case. Unlike, the
Earth’s surface was assumed to be smooth for the second case. Simulations
were performed for the winter period in the northern hemisphere (January).
Simulation results, obtained for both considered cases, are qualitatively simi-
lar at the levels of stratosphere and mesosphere, however, some noticeable
distinctions exist. The horizontal domains exist, where the simulated hori-
zontal and vertical components of the neutral wind velocity, obtained for two
considered cases, differ noticeably at the levels of the stratosphere and me-
sosphere. Some of these horizontal domains are not connected with positions
of mountains at the Earth’s surface. On the contrary, some of these horizontal
domains are situated above mountains.
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1. Introduction

An investigation of the planetary wind system of the Earth’s atmosphere is a very
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important problem. It is well known that the human activity and health are con-
siderably influenced by the atmospheric processes. Furthermore, cyclonic storms
and hurricanes can produce tremendous damage and numerous fatalities. Un-
fortunately, many of the details of the formation of the planetary wind system of
the Earth’s atmosphere are still unresolved. To investigate features of the plane-
tary wind system of the Earth’s atmosphere not only the experimental and theo-
retical but also computational studies may be applied. It can be noted that sever-
al general circulation models of the Earth’s lower and middle atmosphere have
been developed during the last four decades (e.g., see [1]-[12]). Incidentally, the
bulk of these models are hydrostatic that is the momentum equation for the ver-
tical velocity is omitted in these models, and the vertical velocity is obtained with
the help of a simple hydrostatic equation.

The study of the effect of the relief of a planet on the global circulation of the
Earth’s atmosphere is close to investigations of surface-atmosphere interaction
(for example, see [13] [14] [15] [16]). In general, various mechanisms of the ef-
fect of Earth’s surface heterogeneities on the atmospheric global circulation were
discussed, in particular, dynamical and thermal effects, direct impact of the
mountains on the wind, and atmospheric waves, which are generated during in-
teraction of the upcoming flow and Earth surface.

In the present study, to investigate how the relief of a planet can affect the
formation of the large-scale global circulation of the stratosphere and mesos-
phere, the non-hydrostatic mathematical model of the planetary wind system of
the Earth’s atmosphere, developed recently in the Polar Geophysical Institute
(PGI), is utilized.

2. Description of the Applied Mathematical Model

The utilized mathematical model may be considered as a combination of two
distinct mathematical models, developed earlier in the PGI. The first mathemat-
ical model, pertaining to this combination, is the non-hydrostatic model of the
global neutral wind system in the Earth’s atmosphere which has been described
in the papers of Mingalev I. and Mingalev V. [17] and Mingalev et al. [18]. This
mathematical model enables to calculate three-dimensional global distributions
of the zonal, meridional, and vertical components of the neutral wind and neu-
tral gas density over the height range from the ground up to the altitude of 120
km. The characteristic feature of this model is that the internal energy equation
for the atmospheric gas is not included in the system of governing equations. In-
stead, the global temperature field is supposed to be a given distribution, Ze. the
input parameter of the model, and obtained from one of the existing empirical
models. The first mathematical model has been applied in order to simulate the
global circulation of the middle atmosphere for various geophysical conditions
[17]-[24].

The second mathematical model, developed earlier in the PGI, is a limited

area non-hydrostatic numerical model of the wind system of the Earth’s lower
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atmosphere which has been described in the paper of Belotserkovskii et al [25].
It can be noticed that the internal energy equation for the atmospheric gas is in-
cluded in the system of governing equations of the second mathematical model.
This mathematical model produces three-dimensional distributions of the at-
mospheric parameters in the height range from 0 to 15 km over a limited region
of the Earth’s surface. This regional mathematical model of the wind system of
the lower atmosphere was earlier applied in order to investigate numerically the
mechanisms responsible for the formation of large-scale vortices in the Earth’s
lower atmosphere [25]-[31].

It may be emphasized that both of mentioned mathematical models, devel-
oped earlier in the PGI, are non-hydrostatic numerical models of the wind sys-
tem of the Earth’s atmosphere. Furthermore, both of mentioned mathematical
models do not take into account the relief of a planet, with the Earth’s surface
being smooth. On the contrary, in the mathematical model, applied in the
present study, a planetary surface can contain mountains.

The mathematical model, applied in the present study, does not utilize the
pressure coordinate equations of atmospheric dynamic meteorology, in particu-
lar, the hydrostatic equation. Instead, the vertical component of the air velocity
is obtained by means of a numerical solution of the appropriate momentum
equation, with whatever simplifications of this equation being absent. Thus,
three components of the air velocity are obtained by means of a numerical so-
lution of the generalized Navier-Stokes equation. Consequently, the applied
mathematical model of the planetary wind system of the Earth’s atmosphere is
non-hydrostatic.

In the applied mathematical model, the atmospheric gas is considered as a
mixture of air and water vapor, in which two types of precipitating water
(namely, water microdrops and ice microparticles) can exist. The system of go-
verning equations contains the equations of continuity for air and for the total
water content in all phase states, momentum equations for the zonal, meridion-
al, and vertical components of the air velocity, and energy equation. These equa-
tions are analogous to those applied in the mathematical models, described in
the papers of Mingalev et al. [18] and Belotserkovskii et al. [25].

It can be noted that, in the utilized mathematical model, the internal energy
equation for the atmospheric gas is written by using a relaxation approach, in
which a heating/cooling rate of the atmospheric gas in various chemi-
cal-radiational processes is supposed to be straightly proportional to the differ-
ence between the real temperature of the atmospheric gas and an equilibrium
temperature of the atmospheric gas. The latter equilibrium temperature may be
given by utilizing the global temperature field, obtained from one of the existing
empirical models, for example, from the NRLMSISE-00 empirical model [32].

In general, the applied mathematical model is based on numerical solving of
non-simplified gas dynamic equations and produces three-dimensional time-
dependent distributions of the wind components, temperature, air density, water

vapor density, concentration of micro drops of water, and concentration of ice
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particles. The model takes into account heating/cooling of the air due to absorp-
tion/emission of infrared radiation, as well as due to phase transitions of water
vapor to micro drops of water and ice particles. The finite-difference method is
applied for solving the system of governing equations, with numerical schemes,
used in the mathematical model, having been presented in the study of Mingalev
et al. [33]. The calculated parameters are determined on a uniform grid. The la-
titude and longitude steps are equal to 0.47°, and height step is equal to 200 m.
The system of gas dynamic equations is numerically solved in a simulation do-
main which is a layer surrounding the Earth globally. The lower boundary of this
layer coincides with the Earth’s surface which is approximated by an oblate
spheroid, with the relief being taken into account. A planetary surface can con-
tain mountains, it is approximated by using one of the existing digital maps of
the surface relief of a planet, with the latitude and longitude steps being equal to
0.027°. The upper boundary of the simulation domain is the sphere lying at the
altitude of 75 km over the equator sea level.

Detailed description of the mathematical model, applied in the present study,

may be found in the paper of Chetverushkin et a/. [34].

3. Presentation and Discussion of Results

To study how the relief of a planet can affect the formation of the large-scale
global circulation of the Earth’s stratosphere and mesosphere, simulation results
have been obtained for two distinct cases. The relief of the planet is taken into
account for the first case (Figure 1). Unlike, the Earth’s surface is assumed to be
smooth for the second case. It can be emphasized that, for both considered cases,
the simulation results have been obtained for identical input parameters of the
mathematical model. The initial moment of the calculations has corresponded to

10.30 UT for 16 January that is for winter in the northern hemisphere. At the
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Figure 1. The utilized relief of the Earth. The colouration of the figure indicates the dis-
tance from the sea level in meters.
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initial moment, the neutral gas density at the lower boundary and air tempera-
ture in all simulation domain were taken from the NRLMSISE-00 empirical
model [32], moreover, all components of the neutral wind velocity were equal to
zero. The variations of the gas dynamic parameters with time were calculated
during the period for more than 1000 hours.

After initial moment, three-dimensional global distributions of the gas dy-
namic parameters of the atmosphere, obtained for two considered cases and
calculated with the help of the mathematical model, changed essentially. In the
course of time, the calculated global distributions of the gas dynamic parameters
of the atmosphere of the Earth acquire a tendency to fluctuate, with the period of
the fluctuations being close to one day. Thus, establishing of the stable daily var-
iations of the gas dynamic parameters came true. Consequently, daily variations
of the gas dynamic parameters, conditioned by the rotation of the Earth around
its axis, may be reproduced by the applied mathematical model of the global
wind system.

We shall present the results of simulation, corresponding to the moment of
20.00 UT, which were obtained after the period of establishing the stable daily
variations of the gas dynamic parameters. The global distributions of the gas
dynamic parameters, calculated with the help of the mathematical model for two
considered cases, are shown in Figures 2-7, with the coordinate systems in these
figures being the same as in Figure 1. Results of simulation illustrate both com-
mon characteristic features and distinctions caused by taking into account the
relief of a planet.

The global distributions of the vector of the simulated horizontal component
of the neutral wind velocity at the altitude of 20 km, obtained for both consi-
dered cases, are presented in Figure 2. The global distributions of the simulated
vertical component of the neutral wind velocity at the altitude of 20 km, ob-
tained for both considered cases, are presented in Figure 3. The level of 20 km
lies above a tropopause. It can be seen from Figure 2 and Figure 3 that the re-
sults of simulation, obtained for both considered cases, are very similar.

Nevertheless, some distinctions are present. Namely, the horizontal domain
exists where the horizontal velocities, obtained for the case, correspondent to
taking into account the relief of a planet, are more than those, obtained for the
case, correspondent to smooth planetary surface. This horizontal domain is si-
tuated at latitudes close to —60° and at longitudes close to 70°. It turns out that,
in this horizontal domain, the vertical velocities, obtained for the case, corres-
pondent to taking into account the relief of a planet, are more than those, ob-
tained for the case, correspondent to smooth planetary surface (Figure 3). Inci-
dentally, archipelago Kerguelen is situated under this horizontal domain at sur-
face of the Indian Ocean (Figure 1), with the highest mountain of the archipe-
lago achieving the height of 1850 m.

In the vicinity of the South Pole, the downward vertical velocities, obtained
for the case, correspondent to taking into account the relief of a planet, are less

than those, obtained for the case, correspondent to smooth planetary surface
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Figure 2. The global distributions of the vector of the simulated horizontal component of
the neutral wind velocity at the altitude of 20 km. The relief of the planet is taken into
account (top panel) and the Earth’s surface is assumed to be smooth (bottom panel). The
colouration of the figures indicates the module of the velocity in m/s.

(Figure 3). This distinction may be conditioned by existence of mountains at the
Antarctic (Figure 1). It is known that average height of the Antarctic is more
than 2000 m, with the highest mountain of this continent achieving the height of
5140 m.

In Figure 4, the global distributions of the vector of the simulated horizontal
component of the neutral wind velocity at the altitude of 40 km, obtained for
both considered cases, are presented. In Figure 5, the global distributions of the
simulated vertical component of the neutral wind velocity at the altitude of 40
km, obtained for both considered cases, are presented. The level of 40 km lies
below a stratopause. From Figure 4 and Figure 5, it can be seen that the results
of simulation, obtained for both considered cases, are qualitatively similar. In

particular, a cyclonic vortex exists, whose center is situated at latitudes close to
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Figure 3. The global distributions of the simulated vertical component of the neutral
wind velocity at the altitude of 20 km. The relief of the planet is taken into account (top
panel) and the Earth’s surface is assumed to be smooth (bottom panel). The colouration
of the figures indicates the velocity in m/s, with the positive direction of the vertical ve-

locity being upward.

—60° and at longitudes close to —110°, for both considered cases. Another cyc-
lonic vortex exists, whose center is situated at latitudes close to —60° and at lon-
gitudes close to 40°, for both considered cases.

However, some noticeable distinctions are present. In particular, the maximal
module of the horizontal wind velocity, obtained for the first case when the relief
of the planet is taken into account, is more than that, obtained for the second
case when the planetary surface is assumed to be smooth.

The global distributions of the calculated parameters, obtained for both con-
sidered cases at the altitude of 60 km, are shown in Figure 6 and Figure 7. The

level of 60 km lies in the mesosphere. It can be seen from Figure 6 and Figure 7
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Figure 4. The global distributions of the vector of the simulated horizontal component of
the neutral wind velocity at the altitude of 40 km. The relief of the planet is taken into
account (top panel) and the Earth’s surface is assumed to be smooth (bottom panel). The
colouration of the figures indicates the module of the velocity in m/s.

that the global distributions of the calculated parameters, obtained for both con-
sidered cases, are qualitatively similar. The horizontal domain exists where the
horizontal velocities, obtained for both considered cases, have increased values.
This horizontal domain is situated at latitudes close to 60° and at longitudes
close to —150°. It turns out that, in this horizontal domain, the vertical velocities,
obtained for both considered cases, are downward (Figure 7).

Distinctions of the global distributions of the calculated parameters are
present in Figure 6 and Figure 7, also. In particular, the horizontal domain ex-
ists where the horizontal velocities, obtained for the first case when the relief of
the planet is taken into account, have increased values. This horizontal domain

is situated at latitudes close to 70° and at longitudes close to —20°. It turns out
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Figure 5. The global distributions of the simulated vertical component of the neutral
wind velocity at the altitude of 40 km. The relief of the planet is taken into account (top
panel) and the Earth’s surface is assumed to be smooth (bottom panel). The colouration
of the figures indicates the velocity in m/s, with the positive direction of the vertical ve-
locity being upward.

that, in this horizontal domain, the vertical velocities are downward. Unlike,
such horizontal domain is absent for the second case when the planetary surface
is assumed to be smooth. It can be noted that the biggest island Greenland is si-
tuated under this horizontal domain at the Earth’s surface (Figure 1), with the
highest mountain of the island achieving the height of 3694 m. Therefore, the
considered distinction between the distributions of the calculated parameters
may be conditioned by existence of mountains at the Greenland.

It can be noticed that the existing hydrostatic general circulation models of
the atmosphere (in particular, [1]-[11]) produce the vertical component of the
wind velocity having the values of several centimeters per second at levels of the
middle atmosphere and lower thermosphere. Therefore, these hydrostatic mod-

els cannot describe the global neutral wind system under disturbed conditions
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Figure 6. The global distributions of the vector of the simulated horizontal component of
the neutral wind velocity at the altitude of 60 km. The relief of the planet is taken into
account (top panel) and the Earth’s surface is assumed to be smooth (bottom panel). The
colouration of the figures indicates the module of the velocity in m/s.

when the vertical component of the neutral wind velocity at the levels of the
mesosphere and lower thermosphere can be as large as several tens of meters per
second [35] [36] [37] [38] [39].

Fortunately, the mathematical model, applied in the present study, can de-
scribe the global neutral wind system under disturbed conditions, when the ver-
tical component of the neutral wind velocity at the levels of the middle atmos-
phere can be rather large, due to the fact that the model is non-hydrostatic.
From the simulation results, obtained in the present study, we can see that the
simulated upward and downward vertical components of the neutral wind ve-
locity can achieve values of a few m/s at the levels of the mesosphere. Such values
of the upward and downward vertical components of the neutral wind velocity

are unachievable for hydrostatic general circulation models.
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Figure 7. The global distributions of the simulated vertical component of the neutral
wind velocity at the altitude of 60 km. The relief of the planet is taken into account (top
panel) and the Earth’s surface is assumed to be smooth (bottom panel). The colouration
of the figures indicates the velocity in m/s, with the positive direction of the vertical ve-
locity being upward.

4. Conclusions

There is not a shadow of doubt that the relief of a planet influences the global
circulation of the Earth’s troposphere. Really, many Earth’s mountains can
achieve the heights of some kilometers. However, the question about influence
of the relief of a planet on the global circulation of the Earth’s stratosphere and
mesosphere is not simple. In the present study, the mathematical model of the
planetary wind system of the Earth’s atmosphere, developed recently in the PGI,
was applied to investigate how the relief of a planet can affect the formation of
the large-scale global circulation of the stratosphere and mesosphere.

The applied mathematical model is based on the numerical solution of the
system of gas dynamic equations in the layer surrounding the Earth globally and
stretching from the ground up to the altitude of 75 km. The relief of a planet is
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taken into account by the applied mathematical model. The mathematical model
produces three-dimensional time-dependent distributions of the gas dynamic
parameters of the atmosphere.

To investigate the influence of the relief of a planet on the global circulation of
the Earth’s stratosphere and mesosphere, calculations were made for two distinct
cases. The relief of the planet was taken into account for the first case. Unlike,
the Earth’s surface was assumed to be smooth for the second case.

Simulation results indicated that the applied mathematical model of the global
wind system reproduces daily variations of the gas dynamic parameters, condi-
tioned by the rotation of the Earth around its axis. It turned out that the global
distributions of the simulated horizontal and vertical components of the neutral
wind velocity, obtained for both considered cases, are qualitatively similar at the
levels of stratosphere and mesosphere.

However, the simulated global distributions of the gas dynamic parameters
display some noticeable distinctions. At the levels of stratosphere and mesos-
phere, the horizontal domains exist where the simulated horizontal and vertical
components of the neutral wind velocity, obtained for two considered cases, dif-
fer conspicuously. Some of these horizontal domains are not connected with po-
sitions of mountains at the Earth’s surface. On the contrary, some of these hori-
zontal domains are situated above mountains.

Thus, it was established with the help of mathematical modeling that the relief
of the planet ought to influence conspicuously on the global circulation of the
Earth’s stratosphere and mesosphere for the winter period in the northern he-
misphere.

It can be noticed that the applied mathematical model was able to simulate the
noticeable effect of the relief of a planet on the global circulation of the Earth’s

stratosphere and mesosphere due to the fact that the model is non-hydrostatic.
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