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ABSTRACT 

To investigate how geomagnetic activity affects the formation of the large-scale global circulation of the middle at- 
mosphere, the non-hydrostatic model of the global wind system of the Earth’s atmosphere, developed earlier in the Po- 
lar Geophysical Institute, is utilized. The model produces three-dimensional global distributions of the zonal, meridional, 
and vertical components of the wind velocity and neutral gas density in the troposphere, stratosphere, mesosphere, and 
lower thermosphere. Simulations are performed for the winter period in the northern hemisphere (16 January) and for 
two distinct values of geomagnetic activity (Kp = 1 and Kp = 4). The simulation results indicate that geomagnetic activ- 
ity ought to influence considerably on the formation of global wind system in the stratosphere, mesosphere, and lower 
thermosphere. The influence on the middle atmosphere is conditioned by the vertical transport of air from the lower 
thermosphere to the mesosphere and stratosphere and vice versa. This transport may be rather distinct under different 
geomagnetic activity conditions. 
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1. Introduction 

An investigation of the dynamical processes in the 
Earth’s atmosphere is a very important problem. It is 
well known that the atmospheric processes influence 
considerably on the human activity and health. Unfortu- 
nately, modern scientific facility does not allow some- 
body to measure the momentary global three-dimen- 
sional wind system of the Earth’s atmosphere. However, 
to investigate the planetary wind system of the Earth’s 
atmosphere, mathematical models may be utilized.  

During the last three decades, several general circu- 
lation models of the lower and middle atmosphere have 
been developed (e.g., see [1-11]). It can be noticed that 
the existing general circulation models of the lower and 
middle atmosphere may be successfully utilized for 
simulation of the slow climate changes.  

Not long ago, in the Polar Geophysical Institute (PGI), 
the non-hydrostatic model of the global neutral wind 
system in the Earth’s atmosphere has been developed 
[12,13]. This model enables to calculate three-dimen-  

sional global distributions of the zonal, meridional, and 
vertical components of the neutral wind at levels of the 
troposphere, stratosphere, mesosphere, and lower ther- 
mosphere, with whatever restrictions on the vertical 
transport of the neutral gas being absent. This model has 
been utilized in order to simulate the global circulation of 
the middle atmosphere for conditions corresponding to 
different seasons [12-15] and to investigate numerically 
how solar activity affects the formation of the large-scale 
global circulation of the mesosphere and lower thermo- 
sphere [16]. The purpose of the present work is to con- 
tinuer these studies and to investigate numerically, using 
the non-hydrostatic model of the global neutral wind 
system, developed earlier in the Polar Geophysical Insti- 
tute, how geomagnetic activity affects the formation of 
the large-scale global circulation of the stratosphere, 
mesosphere, and lower thermosphere. 

2. Mathematical Model  

In the present study, the non-hydrostatic model of the 
global neutral wind system in the Earth’s atmosphere,  *Corresponding author. 
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developed earlier in the PGI [12,13], is utilized. This 
model produces three-dimensional global distributions of 
the zonal, meridional, and vertical components of the 
neutral wind and neutral gas density in the troposphere, 
stratosphere, mesosphere, and lower thermosphere. The 
peculiarity of the utilized model consists in that the in- 
ternal energy equation for the neutral gas is not solved in 
the model calculations. Instead, the global temperature 
field is assumed to be a given distribution, i.e. the input 
parameter of the model, and obtained from the NRL- 
MSISE-00 empirical model [17]. Moreover, in the model 
calculations, not only the horizontal components but also 
the vertical component of the neutral wind velocity is 
obtained by means of a numerical solution of a genera- 
lized Navier-Stokes equation for compressible gas, so the 
model is non-hydrostatic.  

The mathematical model, utilized in the present study, 
is based on the numerical solution of the system of equa- 
tions containing the dynamical equation and continuity 
equation for the neutral gas. For solving the system of 
equations, the finite-difference method is applied. The 
dynamical equation for the neutral gas in vectorial form 
can be written as 

 


, P
t

        

V V V F +         (1) 

where   is the neutral gas density, V  is the neutral 
wind velocity,  is the acceleration comprising the 
gravity acceleration, Coriolis acceleration, acceleration 
of translation, and acceleration due to elastic collisions 
with the ion gas, and 

F


P  is the total stress tensor. The 

latter tensor can be decomposed as follows: 

P pI   

 
                (2) 

where  is the pressure, p I


 is the unit tensor, and 


 
is the extra stress tensor whose components are given by 
the rheological equation of state or the law of viscous 
friction. A spherical coordinate system rotatable together 
with the Earth is utilized in model calculations. Therefore, 
from the dynamical equation, Equation (1), momentum 
equations for the zonal, meridional, and vertical compo- 
nents of the neutral gas velocity may be derived. These 
equations include not only the pressure gradients but also 
partial derivatives of components of the extra stress ten- 
sor, 


. The latter tensor is compose  of a Newtonian 

part, 
d

0


, and a complementary part, 


1 , namely, 

0 1     
                (3) 

the former tensor, 0


, is given by the well-known New- 
ton’s law of viscous friction, 

0 2  
                 (4) 

where   is the coefficient of molecular viscosity, 
whose dependence on the temperature is assumed to  

obey the Sutherland’s law, and 


 is the tensor defined as 

0

1
( )

3
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            (5) 

where 0D


 is the strain rate tensor and  denotes 
the trace of a tensor. The complementary stress tensor, 

 Tr


1 , is supposed to be conditioned by a small-scale turbu-

lence having the scales equal and less than the steps of 
the finite-difference approximations. It is assumed that 
this tensor represents the effect of the turbulence on the 
mean flow and is given by an expression, analogous to 
the Newton’s law of viscous friction, Equation (4), with 
the scalar coefficient of viscosity,  , being replaced by 
three distinct coefficients describing the eddy viscosities 
in the directions of the basis vectors of the utilized 
spherical coordinate system. For computing the eddy 
viscosities, the turbulence theory of Obukhov [18] is ap- 
plied.  

Thus, the momentum equations for the zonal, meridi- 
onal, and vertical components of the neutral gas velocity 
acquire ultimately a form of a generalized Navier-Stokes 
equation for compressible gas on scales which are more 
than the steps of the finite-difference approximations, 
with the effect of the turbulence on the mean flow being 
taken into account by using an empirical subgrid-scale 
parameterization. The steps of the finite-difference ap- 
proximations in the latitude and longitude directions are 
identical and equal to 1 degree. A height step is non-u- 
niform and does not exceed the value of 1 km.  

The simulation domain is the layer surrounding the 
Earth globally and stretching from the ground up to the 
altitude of 126 km at the equator. Upper boundary condi- 
tions provide the conservation law of mass in the simula- 
tion domain. The Earth's surface is supposed to coincide 
approximately with an oblate spheroid whose radius at 
the equator is more than that at the pole. More complete 
details of the utilized model may be found in the studies 
of I. Mingalev, and V. Mingalev, [12] and Mingalev et al. 
[13]. 

3. Presentation and Discussion of Results 

The utilized mathematical model of the global neutral 
wind system can be used for different seasonal, solar 
cycle, and geomagnetic conditions. In the present study, 
simulations are performed for the winter period in the 
northern hemisphere (16 January) and for conditions 
corresponding to moderate 10.7 cm solar flux (F10.7 = 
101). To investigate the influence of geomagnetic activ- 
ity on the global circulation of the atmosphere, we made 
calculations for conditions corresponding to two different 
values of geomagnetic activity: low and considerable, 
namely, Kp = 1 and Kp = 4. The variations of the at- 
mospheric parameters with time were calculated until 
they become stationary. The steady-state distributions of  
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the atmospheric parameters were obtained on condition 
that inputs to the model and boundary conditions corre- 
spond to 10.30 UT. The temperature distributions, corre- 
sponding to this moment, were calculated using the 
NRLMSISE-00 empirical model [17]. 

It turns out that atmospheric temperatures, calculated 
with the help of the NRLMSISE-00 empirical model for 
two distinct values of geomagnetic activity (Kp = 1 and 
Kp = 4), are very similar below approximately 80 km, 
while, above this altitude, they may be rather different. 
Figure 1 shows the global distributions of the atmos- 
pheric temperature at 50 km altitude, obtained from the 
NRLMSISE-00 empirical model for 16 January, UT = 
10.30 and calculated for two distinct values of geomag- 
netic activity: Kp = 1 and Kp = 4. It is seen no distinc- 
tions between the results obtained for two different val- 
ues of geomagnetic activity. 

On the contrary, from Figure 2, in which the global 
distributions of the atmospheric temperature at 110 km 
altitude are present, one can see that differences between 
temperatures, obtained for two considered values of 
geomagnetic activity, can achieve a few tens of degrees 
at identical points of the globe. Thus, the application of 
the NRLMSISE-00 empirical model shows that the in- 
fluence of level of geomagnetic activity on the global 

distribution of the atmospheric temperature ought to be 
absent at altitudes of the troposphere, stratosphere, and 
mesosphere, while this influence ought to be appreciable 
at altitudes of the lower thermosphere for the winter pe- 
riod in the northern hemisphere. 

Distributions of the atmospheric parameters, calcu- 
lated with the help of the mathematical model and ob- 
tained for 16 January for two different values of geo- 
magnetic activity, are shown in Figures 3 - 12. The re- 
sults of modeling illustrate both common characteristic 
features and distinctions caused by different values of 
geomagnetic activity. 

The calculated global distributions of the atmospheric 
parameters display the following common features. At 
levels of the stratosphere, mesosphere, and lower ther- 
mosphere, the horizontal and vertical components of the 
wind velocity are changeable functions of latitude and 
longitude. Maximal absolute values of the horizontal and 
vertical components of the wind velocity are larger at 
higher altitudes. The horizontal domains exist where the 
steep gradients in the horizontal velocity field take place. 
The horizontal wind velocity can have various directions 
which may be opposite at the near points. Moreover, the 
horizontal domains exist in which the vertical neutral 
wind component has opposite directions. The horizontal 

 

 

Figure 1. The global distributions of the atmospheric temperature (K) at 50 km altitude, obtained from the NRLMSISE-00 
empirical model for 16 January, UT = 10.30 and calculated for two distinct values of geomagnetic activity: Kp = 1 (top panel) 
and Kp = 4 (bottom panel). 
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Figure 2. The global distributions of the atmospheric temperature (K) at 110 km altitude, obtained from the NRLMSISE-00 
empirical model for 16 January, UT = 10.30 and calculated for two distinct values of geomagnetic activity: Kp = 1 (top panel) 
and Kp = 4 (bottom panel). 

 

 

Figure 3. The global distributions of the vector of the simulated horizontal component of the neutral wind velocity at the alti-
tude of 10 km, obtained for 16 January and calculated for two distinct values of geomagnetic activity: Kp = 1 (top panel) and 
Kp = 4 (bottom panel). The colouration of the figures indicates the module of the velocity in m/s. 
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Figure 4. The same as in Figure 3 but at the altitude of 20 km. The colouration of the figures indicates the module of the ve-
locity in m/s. 

 

 

Figure 5. The same as in Figure 3 but at the altitude of 30 km. The colouration of the figures indicates the module of the ve-
locity in m/s. 
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Figure 6. The same as in Figure 3 but at the altitude of 50 km. The colouration of the figures indicates the module of the ve-
locity in m/s. 

 

 

Figure 7. The same as in Figure 3 but at the altitude of 70 km. The colouration of the figures indicates the module of the ve-
locity in m/s. 
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domains, where the vertical neutral wind component is 
upward, have a great length and large width, as a rule. 
Unlike, the horizontal domains, where the vertical neutral 
wind component is downward, have a large length and 
little width. Usually, the latter domains have a configura- 
tion like a long narrow band and coincide, as a rule, with 
the regions, where the steep gradients in the horizontal 
velocity field take place. Maximal absolute values of the 
upward vertical wind component are less than the maxi- 
mal module of the downward vertical wind component. 
At levels of the mesosphere, the horizontal wind velocity 
can achieve values of more than 150 m/s. 

It is well known from numerous observations that the 
global atmospheric circulation can contain sometimes so 
called circumpolar vortices that are the largest scale in- 
homogeneities in the global neutral wind system. Their 
extent can be very large, sometimes reaching the lati- 
tudes close to the equator. It is known that circumpolar 
vortices are often formed at heights of the stratosphere 
and mesosphere in the periods close to summer and win- 
ter solstices. The circumpolar cyclone arises in the 
northern hemisphere under winter conditions, while the 
circumpolar anticyclone arises in the southern hemi- 
sphere under summer conditions.  

From the numerically obtained results for winter peri- 
od in the northern hemisphere, we can see that, at levels 
of the stratosphere and mesosphere, the motion of the 
neutral gas in the northern hemisphere is primarily east- 
ward, so a circumpolar cyclone is formed (Figures 4 - 7). 
It can be noticed that the center of the northern cyclone 
may be displaced from the pole. Simultaneously, the mo- 
tion of the neutral gas is primarily westward in the 
southern hemisphere at levels of the stratosphere and 
mesosphere, so a circumpolar anticyclone is formed for 
summer period of the southern hemisphere (Figures 4 - 
7). It can be seen that the circumpolar vortices of the 
northern and southern hemispheres, numerically simu- 
lated in the present study at levels of the stratosphere and 
mesosphere, correspond qualitatively to the global circu- 
lation, obtained from observations.  

Let us consider simulation results, obtained for distinct 
values of magnetic activity, and their distinctions. It is 
easy to see that, at levels of the lower thermosphere, 
maximal absolute values of the horizontal components of 
the wind velocity, obtained for low geomagnetic activity, 
are less than those, obtained for considerable geomag- 
netic activity (Figure 9). It is obvious that these distinc- 
tions are conditioned by the differences of the tempera- 
ture distributions, obtained for two distinct values of 
geomagnetic activity (Figure 2).  

It can be seen that, at levels of the upper troposphere, 
stratosphere, and mesosphere, the global distributions of 
the vector of the simulated horizontal component of the 
neutral wind velocity, calculated for two distinct values 

of geomagnetic activity, are rather different (Figures 3 - 
7). These differences can not be explained by the distinc- 
tions of the temperature distributions because of the ab- 
sence of these distinctions below approximately 80 km, 
as was noted earlier. The simulation results indicate that 
the effect of geomagnetic activity on the global circula- 
tion of the atmosphere below 80 km is conditioned by the 
vertical transport of air from the thermosphere to the 
lower levels and vice versa. As can be seen from Figures 
10 - 12, such vertical transport does exist. This transport 
may be rather distinct under different geomagnetic activ- 
ity conditions. It can be noticed that the utilized mathe- 
matical model is able to simulate this vertical transport 
due to the fact that the model is non-hydrostatic. 

Thus, the simulation results indicate that geomagnetic 
activity ought to influence considerably on the formation 
of global neutral wind system not only in lower ther- 
mosphere, but also in the mesosphere, stratosphere, and 
upper troposphere. In particular, from the results shown 
in Figures 5 - 7, one can see that the horizontal wind 
velocity in the circumpolar cyclone of the northern hemi- 
sphere, obtained for low geomagnetic activity, is less 
than that, obtained for considerable geomagnetic activity. 
Similarly, the horizontal wind velocity in the circumpolar 
anticyclone of the southern hemisphere, obtained for low 
geomagnetic activity, is less than that, obtained for con- 
siderable geomagnetic activity.  

The level of geomagnetic activity can influence not 
only on the magnitude of the horizontal wind velocity in 
the circumpolar cyclone of the northern hemisphere, but 
also on the vertical dimension of this cyclone. From the 
results shown in Figure 4, one can see that the altitude of 
the lower edge of this circumpolar cyclone depends of 
the level of geomagnetic activity. Pronounced circumpo- 
lar cyclone is present in the northern hemisphere at 20 
km altitude under considerable geomagnetic activity, 
with its center being displaced from the pole. On the 
contrary, under low geomagnetic activity, the pronoun- 
nced circumpolar cyclone is absent in the northern hemi- 
sphere at 20 km altitude (Figure 4). From Figure 5, it 
can be seen that the pronounced circumpolar cyclone is 
present in the northern hemisphere at 30 km altitude un- 
der two distinct values of geomagnetic activity.  

From the obtained results, we can see that, at levels 
near to the stratopause, the vertical wind velocity can 
have opposite directions in the horizontal domains hav- 
ing different configurations. Maximal absolute values of 
the downward vertical wind component are commensu- 
rable with the maximal module of the upward vertical 
wind component for conditions of low geomagnetic ac- 
tivity. On the contrary, for conditions of considerable 
geomagnetic activity, maximal absolute values of the 
downward and upward vertical wind components can be 
rather different (Figure 10).  



I. MINGALEV  ET  AL. 15

  

 

Figure 8. The same as in Figure 3 but at the altitude of 90 km. The colouration of the figures indicates the module of the ve-
locity in m/s. 

 

 

Figure 9. The same as in Figure 3 but at the altitude of 110 km. The colouration of the figures indicates the module of the 
velocity in m/s. 
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Figure 10. The global distributions of the simulated vertical component of the neutral wind velocity at the altitude of 50 km, 
obtained for 16 January and calculated for two distinct values of geomagnetic activity: Kp = 1 (top panel) and Kp = 4 (bottom 
panel). The colouration of the figures indicates the velocity in m/s, with the positive direction of the vertical velocity being 
upward. 
 

 

Figure 11. The same as in Figure 10 but at the altitude of 70 km. The colouration of the figures indicates the velocity in m/s, 
with the positive direction of the vertical velocity being upward. 

Copyright © 2013 SciRes.                                                                                  ACS 
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Figure 12. The same as in Figure 10 but at the altitude of 90 km. The colouration of the figures indicates the velocity in m/s, 
with the positive direction of the vertical velocity being upward. 

 
stead, the global temperature field is assumed to be a 
given distribution, i.e. the input parameter of the model, 
and obtained from the NRLMSISE-00 empirical model 
[17]. 

The simulation results indicate that, at levels of mesos- 
phere at latitudes close to the equator, the distributions of 
the vector of the horizontal component of the neutral 
wind velocity, calculated for two distinct values of geo- 
magnetic activity, are qualitatively similar (Figures 4 - 
6). However, the maximal module of the horizontal wind 
velocity, obtained for low geomagnetic activity, is less 
than that, obtained for considerable geomagnetic activity, 
at latitudes close to the equator. 

The applied mathematical model was utilized for ob- 
taining the steady-state distributions of the atmospheric 
parameters, using the method of establishment, for con- 
ditions, corresponding to moderate 10.7 cm solar flux 
(F10.7 = 101) for the winter period in the northern hemi-
sphere (16 January). The distributions of the atmospheric 
parameters were obtained on condition that inputs to the 
model and boundary conditions correspond to 10.30 UT. 
To investigate the influence of geomagnetic activity on 
the global circulation of the atmosphere, calculations 
were made for conditions corresponding to two different 
values of geomagnetic activity: low and considerable, 
namely, Kp = 1 and Kp = 4. 

4. Summary and Conclusions 

To investigate how geomagnetic activity affects the for- 
mation of the large-scale global circulation of the middle 
atmosphere, the non-hydrostatic model of the global 
wind system of the Earth’s atmosphere, developed earlier 
in the Polar Geophysical Institute, is utilized. The model 
produces three-dimensional global distributions of the 
zonal, meridional, and vertical components of the wind 
velocity and neutral gas density in the troposphere, 
stratosphere, mesosphere, and lower thermosphere. The 
peculiarity of the utilized model consists in that not only 
the horizontal components but also the vertical compo-
nent of the neutral wind velocity is obtained by means of 
a numerical solution of a generalized Navier-Stokes 
equation for compressible gas, so the model is non-hy- 
drostatic. Moreover, the internal energy equation for the 
neutral gas is not solved in the model calculations. In-  

The calculated global distributions of the atmospheric 
parameters display the common characteristic features. 
At levels of the stratosphere, mesosphere, and lower 
thermosphere, the horizontal and vertical components of 
the wind velocity are changeable functions of latitude 
and longitude. It turned out that the calculated global 
distributions of the horizontal wind velocity, obtained for 
different values of geomagnetic activity, contain lar- 
ge-scale circumpolar vortices of the northern and south- 
ern hemispheres. The circumpolar vortices of the north-  
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ern and southern hemispheres, numerically simulated in 
the present study at levels of the stratosphere and meso- 
sphere, correspond qualitatively to the global circulation, 
obtained from observations.  

The simulation results indicate that geomagnetic acti- 
vity ought to influence considerably on the formation of 
global neutral wind system in the stratosphere, meso- 
sphere, and lower thermosphere. However, this influence 
is not straightforward.  

Undoubtedly, at levels of the lower thermosphere, this 
influence is conditioned by the differences of the tem- 
perature distributions, obtained for various values of 
geomagnetic activity at these levels. However, from the 
simulation results obtained, we can see that the atmos- 
pheric temperature, calculated with the help of the 
NRLMSISE-00 empirical model, does not depend on the 
geomagnetic activity below approximately 80 km. Nev- 
ertheless, the effect of geomagnetic activity on the global 
circulation of the atmosphere below 80 km exists. This 
effect is conditioned by the vertical transport of air from 
the lower thermosphere to the mesosphere, stratosphere, 
and upper troposphere, eventually, and vice versa. The 
simulation results indicate that this vertical transport may 
be rather distinct under different geomagnetic activity 
conditions.  

Thus, the influence of geomagnetic activity on the 
global circulation in the Earth’s middle and lower at- 
mospheres for January conditions is a consequence of a 
relationship between large-scale global circulation of the 
lower thermosphere and large-scale planetary circula- 
tions of the middle and lower atmospheres, with the ver- 
tical transport of air playing a significant role.  

It can be noticed that the utilized mathematical model 
was able to simulate the effect of geomagnetic activity on 
the global circulation in the Earth’s middle and lower 
atmospheres due to the fact that the model is non-hydro- 
static. 
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