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Abstract. The paper presents the results of modeling
of spatial and temporal perturbations of the thermo-
sphere during a strong meteorological disturbance. The
modeling was performed using the Global Self-
Consistent Model of the thermosphere, ionosphere, and
protonosphere (GSM TIP). The impact of tropospher-
ic/stratospheric sources on the thermosphere during
dissipation of acoustic and internal gravity waves, gen-
erated in the meteorological storm region, was consid-
ered in GSM TIP by specifying an additional thermal
source. The results of modeling of ionospheric effects of
the meteorological storm in October 2017 have shown
that the action of a local additional source of heating of
the thermosphere leads to perturbations of the thermo-
sphere and ionosphere parameters both directly above
the source region and at a significant distance from it. In
additional heating of the thermosphere, a decrease is
observed in the total electron content (TEC) values,
reaching 20 % in the daytime compared to a meteoro-

logically quiet day. To the south and east of the source
region, there are positive TEC perturbations with rela-
tive amplitudes 5-10 % during the daytime. The physi-
cal processes determining the ionospheric response di-
rectly in the source region are conditioned by heating of
the thermosphere and its influence on changes in the
neutral composition and circulation of the neutral wind.
The TEC perturbations in the regions remote from the
source region are determined by dynamic processes,
which lead to the eastward transport of plasma and dis-
placement of ionospheric perturbations to low latitudes.

Keywords: total electron content, thermosphere, iono-
sphere, acoustic waves, internal gravity waves, numerical
modeling, meteorological storm.

INTRODUCTION

Solar and geomagnetic activities are the main factors
affecting ionospheric conditions; however, even with
these factors being constant, the day-to-day variability
of ionospheric parameters may run to 20 % [Lay, 2018;
Pedatella, Liu, 2018]. Such variability is generally at-
tributed to processes in the lower atmosphere, in partic-
ular, to severe meteorological disturbances in the tropo-
sphere, such as storms and typhoons [Chernigovskaya et
al., 2015; Sindelarova et al., 2009; Hickey et al., 2001;
Koucka Knizova et al., 2023; Bishop et al., 2006; Li et
al., 2017; Wang et al., 2018]. Due to the high rate of
occurrence of meteorological disturbances, their differ-
ent spatial and time scales, as well as the complex pat-
tern of their propagation from the troposphere to the
upper atmosphere, it is often difficult to determine
which disturbances in the lower atmosphere are associ-
ated with certain manifestations of the day-to-day iono-
spheric variability. The effect of meteorological disturb-
ances on the ionosphere depends on their parameters,
local time, season, and other factors. Physical mecha-
nisms of these processes are as yet imperfectly under-
stood, hence the need for further research into the iono-
spheric response to meteorological disturbances.

Of particular interest is to study the formation mech-
anisms of ionospheric irregularities, as well as the rela-
tionship of processes in the lower atmosphere with spa-
tial and temporal manifestations of disturbances in the
ionosphere. The main cause of such ionospheric dis-
turbances is considered to be the generation and propa-
gation of atmospheric waves of different scales: tidal,
planetary, acoustic-gravity (see, e.g., [Wang et al., 2018;
Koval et al., 2022]). The vertical interaction in the at-
mosphere that involves planetary waves has been stud-
ied in [Pancheva et al., 2013; Pedatella, Forbes, 2009].
Acoustic (AW) and internal gravity waves (IGW) play a
special role in the vertical interaction between atmos-
pheric layers. These waves propagate from the lower
atmosphere to the upper atmosphere, where their dissi-
pation leads to perturbations of the thermosphere and
ionosphere [Hickey et al., 2001; Yigit, Medvedev,
2015]. Experimental and theoretical studies confirm the
important role of AW and IGW in transferring energy
from the troposphere to the ionosphere [Artru et al.,
2005; Hickey et al., 2011; Karpov et al., 2016; Koucka
Knizova et al., 2020]. However, full understanding of
these processes requires further research into the physi-
cal mechanisms of formation and dynamics of iono-
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spheric irregularities resulting from tropospheric dis-
turbances.

This paper presents the results of numerical modeling
of spatiotemporal thermospheric and ionospheric perturba-
tions caused by a local heat source in the thermosphere.
This source simulates the heating that occurs during dissi-
pation of AW and IGW generated in the region of a mete-
orological storm.

1 GSM TIP
AND SETTING UP NUMERICAL
EXPERIMENTS

Numerical experiments have been carried out using the
Global Self-consistent Model of the thermosphere, iono-
sphere and protonosphere (GSM TIP). This physical model
based on a finite-difference solution of a system of quasi-
hydrodynamic equations for multicomponent plasma al-
lows us to examine the key parameters of near-Earth space
— electron density, temperature, and composition of ions
and neutral gases, as well as their changes caused by solar
activity, geomagnetic storms, and artificial influences.

GSM TIP takes into account the interaction of
charged particles (ions and electrons) with neutral gases,
as well as the effect of electric fields of magnetospheric
and dynamo origin. The model calculates the following
near-Earth space parameters: electron density, concen-
trations of ions (OF, H*, NO*, O,", N,"), electron and ion
temperatures, ion velocity vector components; electric
fields of magnetospheric and dynamo origin; concentra-
tions of the main components of neutral composition
(05, N,, O) and odd nitrogen (NO, N(°D), N(*S)); neu-
tral gas temperature; components of the mean mass ve-
locity vector. GSM TIP is detailed in [Namgaladze et
al., 1991; Korenkov et al., 1996; Bessarab, Koren'kov,
1998; Klimenko et al., 2006].
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The model is employed to study diurnal, seasonal,
and solar-cyclic variations in the upper atmosphere param-
eters, as well as the effects of geomagnetic disturbances on
the ionosphere and thermosphere [Klimenko et al., 2011,
Klimenko et al., 2016; Yasyukevich et al., 2018].

The numerical experiments discussed in this paper
were carried out for geomagnetically quiet conditions on
October 28-30, 2017, when there was a powerful meteoro-
logical storm over the European continent. Figure 1 pre-
sents maps of surface pressure in the region of the mete-
orological storm passage according to the ERA5 reanalysis
data [Hersbach et al., 2020]. The eye of the cyclone (min-
imum pressure) is seen to form over the Mediterranean
Sea. The meteorological storm slowly moves to the north-
east, reaches its maximum over Central Europe on October
29-30, and decays over Northern Europe by noon on Oc-
tober 31. The maximum wind gusts in the Kaliningrad
Region were as strong as 27 m/s in the second half of Oc-
tober 29 — the first half of October 30, which allows us to
classify this meteorological disturbance as strong — Beau-
fort Force 8-9.

In GSM TIP, the lower boundary is at an altitude of
80 km, so it is impossible to examine in situ ionospheric
effects from phenomena occurring in the underlying at-
mosphere. The disturbances coming from the troposphere
and stratosphere cannot be correctly accounted for by
setting appropriate boundary conditions at the altitude of
80 km due to the absence of fast wave processes in the
large-scale hydrostatic model GSM TIP. Assuming that
in the real thermosphere short IGWSs propagating from
below dissipate in the altitude range ~120-150 km, the
effect of tropospheric/stratospheric sources in the ther-
mosphere in GSM TIP can be taken into account by
specifying a heat source at the height of the estimated
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Figure 1. Surface pressure in the region of storm passage at different time points on October 28-30, 2017
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maximum dissipation [Karpov et al., 2020]. For this pur-
pose, in the calculation with a heat source, a temperature
disturbance (AT) is added to the calculated temperature at
each time step. In some cases, a meteorological disturb-
ance may have a complex spatial pattern that can be
modeled by superposition of sources described by the

N
expression of the form > A Q (6, ¢, t)S; (h). Here N is
i=1

the number of specified sources; A; is the amplitude of
the ith thermal disturbance, selected so that the integral
action of the source during its existence (inclusion)
reaches the required thermal effect; Q;(6, o, t) is the
latitude-longitude distribution of the ith source; S;(h) is
its altitude distribution, which is calculated from

exp(~(h—H, )* /AN ); hos and Ay were 120 km and 20

km respectively. In this paper, the thermal effect of the
October 28-30 meteorological disturbance was modeled
by three sources with the same amplitude and height
dependence. The position of the sources in grid nodes of
the model and the number of simultaneously active
sources were set so that their superposition approxi-
mately repeated the geographic location and motion of
the meteorological storm (see Figure 1). The activation
time of the sources is 18 UT on October 28, and the
time of their deactivation is midnight on October 30.
The sources' normalized amplitude of 1.2 K/min was
selected so that the maximum temperature ranged up to
~100 K at an altitude of 300 km.

2. CALCULATION RESULTS

The input parameters of GSM TIP are geomagnetic and
solar activity indices. In the presented numerical experi-
ments, these indices did not change, hence the perturba-
tions obtained in the calculations were caused only by ad-
ditional thermal sources simulating the result of IGW dis-
sipation in the thermosphere. GSM TIP made the calcula-
tions for the conditions of October 28-30, 2017 with an
additional heat source (variant 1 — B1) and without it
(variant 2 — B2). To identify the effects caused by the
additional heat source in the thermosphere, we examined
perturbations of the thermosphere and ionosphere parame-
ters, which were calculated as the difference between their
values in variants 1 and 2:

del (np,r, 0, o, t) =
= Rezl(np,r, 0, o, t)—RezZ(np,r, 0, o, t),

where n, is the parameter number; r is the altitude; 0
and ¢ are latitude and longitude; t is the time;

Rezl(np,r, 0, o, t) and RezZ(np,r, 0, (p,t) are arrays

of calculation results for variants 1 and 2.

Figure 2 shows a pattern of changes in relative tem-
perature perturbation (T,(B1)-T,(B2))/T,(B2) with time
for a point with coordinates 40° N, 10° E. The heating
activation time and the formation of a local temperature
increase at an altitude of 120 km, where the maximum
of the source is located, as well as regions of lower T, at
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135-140 km are clearly visible. Time variations in the
source power generate dynamic processes that begin to
affect the entire thermosphere above the source, heating the
neutral gas above 140 km. Since the heat capacity of neu-
tral gas decreases significantly with height, a relatively
small heating at 120 km leads to a significant increase in
temperature in the upper thermosphere, which persists after
the end of the meteorological storm in the troposphere.

Propagation of the temperature perturbation during the
meteorological disturbance at an altitude of 200 km in the
Northern Hemisphere is demonstrated in Figure 3. The acti-
vation time of the source, a change in its amplitude and spa-
tial configuration generate wave-like heat propagation from
the epicenter of the meteorological storm to high and low
latitudes. The temperature effect, insignificant on Octo-
ber 28 — about + 10 K, increases a day later, on Octo-
ber 29. The area of maximum heating covers most of
the Northern Hemisphere and moves first from the epi-
center to high latitudes, and then to low latitudes. The
heating area increases on October 30, the process of
heat transfer to high latitudes and back is repeated, and
AT, exceeds 50 K. In the calculations, the heat source is
nonstationary and the temperature perturbation it gener-
ates at the altitude of 200 km is alternating; the positive
effect begins to dominate after noon on October 29 (see
Figure 3).

A significant increase in temperature in the F2-
region perturbs ionospheric parameters. Study of total
electronic content (TEC) variations during different
heliogeophysical events is a widely used and available
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Figure 2. Change of relative temperature perturbation
(Ta(B1)-T(B2))/T,(B2) in the time-altitude plane for a point
with coordinates 40° N, 10° E
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Figure 3. Change of temperature perturbation AT, at an al-
titude of 200 km at 5° E in the Northern Hemisphere on Octo-
ber 28-30, 2017



Numerical modeling of spatial perturbations

tool for monitoring the ionosphere [Zakharov, Kunitsyn,
2012; Astafyeva, 2019; Rahmani et al., 2020]. The non-
local pattern of the ionospheric disturbance is well illus-
trated by time variations in the perturbation of the mod-
el total electron content (ATEC) at longitudes of 5° and
50° E (Figure 4). Recall that the perturbation of the pa-
rameters was calculated as the difference between the
values in two calculation variants — with and without
regard to the additional source. The disturbance ampli-
tude is seen to increase during the daytime and decrease
at night, with negative disturbances prevailing, which
are as strong as —5 TECU at 5° E on October 30. At 50°
E, there are smaller variations ATEC, which also inten-
sify on October 30, reaching —3 TECU. In addition to
the negative disturbance, there are small positive pertur-
bations in ATEC variations at equatorial latitudes.

Figure 5 displays ATEC in the Northern Hemi-
sphere, plotted for October 29 and 30 at 12:00 UTC.
The TEC perturbations are seen to manifest themselves
both in the region of the additional heat source and at a
considerable distance from it. Negative TEC perturba-
tions propagate mainly in a southerly direction, and a
region of a slight increase in TEC is formed southeast of
the epicenter. The disturbance amplitude is ~2 and 5
TECU during the daytime on October 29 and 30 respec-
tively. The night ATEC values are negligible and are not
given here.

The calculated maps of ATEC variations can be
compared with TEC perturbations obtained from global
maps of total electron content based on data from navi-
gation satellite systems. Figure 6 illustrates ATEC per-
turbations plotted using CODE (Center of Orbit Deter-
mination in Europe) maps [Schaer, 1999]. Background
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unperturbed TEC was formed as average 8 days before
the meteorological storm, from October 20 to October
27. ATEC was the largest on October 30 (Figure 6).
Above 30° N, there is a pronounced region of negative
ATEC~-4 TECU, which formed approximately above
the eye of the cyclone considered. As in the model cal-
culations (see Figure 5), the TEC perturbation is shifted
in longitude by 10°-20° to the west of the source. Note
that the significant decrease in ATEC at low latitudes
and at the equator is probably caused by the difficulty in
reconstructing the equatorial anomaly on TEC maps.

3. DISCUSSION

lonospheric disturbances are obviously generated by
an additional heat source in the thermosphere, which
simulates the effect of propagation and dissipation of
waves coming from the lower atmosphere. The appear-
ance of regions of higher temperature affects ionization-
recombination processes and causes the electron density
to decrease. The physical processes developing under
the influence of local thermal sources in the thermo-
sphere and their effect on the ionosphere are carefully
examined in [Hickey et al., 2001; Karpov and Vasiliev,
2020; Gavrilov et al., 2020; Kurdyaeva et al., 2024].
Local heating of neutral gas leads to corresponding in-
creases in pressure and anticyclonic dynamics. Figure 7
depicts the distribution of disturbances of thermospheric
wind horizontal components in the Northern Hemi-
sphere at an altitude of 250 km for different time points
on October 29 and 30.
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Figure 4. Variations in model ATEC at 5° E (a) and 50° E (b) in the Northern Hemisphere
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Figure 5. Distributions of ATEC perturbations in the Northern Hemisphere at 12:00 UT on October 29 (a) and 30 (b), 2017
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Figure 6. Total electron content perturbations in the
Northern Hemisphere on October 30, 2017 at 12:00 UT, plot-
ted from CODE maps

The wind disturbances are seen to be irregular di-
rectly above the heat source during the first hours of its
operation. During further operation of the source in day-
time conditions, vortex structures appear. Thus, an anti-
cyclonic disturbance occurs to the west of the source
(0°-100° W); and at longitudes 0°-50° E north of the
source, the disturbance is cyclonic. At night from —50°
W to 50° E, the wind disturbance is directed toward the
equator. Note also that during operation of the source a
zonal flux directed to the east is formed over time. In
general, the wind disturbance is determined by two
main processes caused by pressure gradients and the
Coriolis force. In daytime conditions, the predominant
factor is the Coriolis force, which leads to the develop-
ment of vortex structures. At night, the effect of pres-
sure changes intensifies, which causes disturbances
propagate to lower latitudes in the longitude sector de-
pending on the spatial scales of the disturbance region.
The circulation disturbance is complex. In this case, the
wind mechanism does not play a decisive role in forming
a negative disturbance because the prevailing wind speed
directions, primarily the meridional one, are not formed.

It is known that the development of ionospheric dis-
turbances at the F-region heights is influenced by the
processes of meridional transport and changes in neutral
composition, mainly the atomic oxygen to molecular
nitrogen concentration ratio n[O]/n[N,]. Thermal heat-
ing in the thermosphere causes n[O]/n[N,] to decrease
and negative TEC perturbations to occur. Consider how
the n[O]/n[N,] ratio changed in our calculations.

Figure 8 illustrates distributions of A(n[O]/n[N;]) at
an altitude of 200 km for 12:00 UT on October 29 and
30, 2017. It is clearly seen that due to neutral gas heat-
ing n[O]/n[N,] decreases significantly, and the range of
negative values of A(N[O]/n[N,]) expands and shifts to
low latitudes. Note that the region of decrease in
n[O]/n[N,] does not completely coincide with the region
of negative perturbations of ATEC, although their loca-
tion is very close.

To compare the model results of the n[O]/n[N,]
change with the experiment, we have used data obtained
with the Global UltraViolet Imager (GUVI) on the
TIMED (Thermosphere—lonosphere—Mesosphere Ener-
getics and Dynamics) satellite [Strickland et al., 1995].
The GUVI data allows us to calculate the ratio between
integral concentrations of atomic oxygen and molecular
nitrogen in a certain altitude range (generally from 130
to 165 km). We employed level 3 data available on the
website [https://guvitimed.jhuapl.edu]. For comparison
with model calculations, a data set for the longitude
sector 0°-30° E and the time interval from 08:00 to
12:00 UTC was selected and averaged over 15 days
(from October 23 to November 6, 2017). Figure 9
shows two latitude profiles of n[O]/n[N,] according to
TIMED/GUVI data — for the meteorologically disturbed
day on October 30 and averaged over October 23 —
November 6.
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Figure 7. Perturbation of the horizontal velocity vector of neutral gas AV at an altitude of 250 km on October 29-30, 2017
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n[O]/n[N,] according to GUVI/TIMED satellite data in the
longitude range 0°-30° E: 1 — averaged over October 23 —
November 6; 2 — on the meteorologically disturbed day on
October 30

It can be seen that at latitudes 35°-55° N, which cor-
respond to the region of the meteorological disturbance,
on October 30 n[O]/n[N,] decreases by ~10 % accord-
ing to TIMED/GUVI data as compared to average data.
Note that geomagnetic conditions during the period of
interest were undisturbed.

CONCLUSION

The results of numerical experiments on modeling
ionospheric effects of the October 28-30, 2017 mete-
orological storm have shown that a local additional
thermospheric heating source generates perturbations of
medium parameters both directly above the source and

at a considerable distance from it. The physical process-
es that determine the ionospheric response in the imme-
diate vicinity of the source are caused by the heating of
the thermosphere and its effect on dynamic processes,
as well as on changes in the neutral composition of the
ionosphere. A zone of negative ionospheric effects is
formed in the heating region. In regions remote from the
source, changes are caused by transport processes asso-
ciated with pressure changes and the action of the Cori-
olis force. This leads to motion of plasma to the east and
shift of ionospheric anomalies to low latitudes. The in-
fluence of these factors is determined by significant
spatial scales of the additional heat source and the dura-
tion of its operation. Notice that the resulting disturb-
ances in the thermospheric wind circulation are not the
main factor responsible for the ionospheric response to
these changes.

In general, our findings show the following:

1. Directly in the region of additional heating of the
thermosphere, a decrease in ATEC during the daytime
on October 29 and 30 runs to 20 % compared to the
quiet day. At night, TEC perturbations are negligible.

2. South and east of the additional source, positive
ATEC perturbations with relative amplitudes 5-10 %
occur during the daytime. On prolonged exposure to the
heat source, the regions of positive perturbations shift to
equatorial latitudes.

3. Perturbations of the thermospheric wind circula-
tion are not the main factor determining the ionospheric
response to the disturbances considered. Hence it fol-
lows that a change in the gas composition of the ther-
mosphere plays an important role. Compared to the ex-
perimental data, our calculations demonstrate a 2-2.5-
fold decrease in n[O]/n[N,] as opposed to observational
data, which causes a much stronger ionospheric disturb-
ance than in observations. The reason for this may be
insufficient knowledge about characteristics of the
source of thermospheric disturbances during meteoro-
logical storms.

The research was financially supported by the Rus-
sian Science Foundation (Grant No. 25-27-00213)
[https://rscf.ru/project/25-27-00213/].
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