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Abstract: The role of energetic particle precipitation in the formation of thermospheric tides is inves-
tigated. Using the Global Self-consistent Model of the Thermosphere, Ionosphere, and Protonosphere
(GSM TIP) and two models of energetic particle precipitation, APM (Auroral Precipitation Model)
and AIMOS 2.0.-AISstorm (Atmospheric Ionization Module Osnabrück 2.0—Atmospheric Ionization
during Substorms), we performed simulations for the period 3–12 September 2017. This period covers
both geomagnetically quiet days and the storm of 7–8 September. The analysis shows that migrating
tides diurnal wave (DW) and semidiurnal wave (SW) prevail on quiet days for both versions of
the simulations. On the day of maximum storm development on 8 September and the day after—
9 September, the nonmigrating components of tidal waves, mainly DW0 and SW0, are intensified.
There are also increasing differences in the spatial structure of tides between the two versions of
simulations, especially between diurnal and semidiurnal tides at 154 km. On the disturbance days,
the amplitudes of diurnal and semidiurnal tides at 154 km in the APM version are markedly greater
than the corresponding values in the AIMOS version. Thus, it should be noted that the integral
characteristics of the ionization function from precipitations are more important for the formation of
DW and SW than its spatial structure or the features of temporal variations. A comparison of the
total electron content (TEC) maps for the two versions of the simulation showed that the AIMOS
version nicely reproduces the experimental data for a quiet time. The APM version is less accurate
for quiet time but simulates the quantitative increase to disturbed conditions at high and middle
latitudes better. For model reproduction of observed TEC variations at low and equatorial latitudes,
it is not enough to consider the thermospheric source of thermospheric tides. In this case, the role of
atmosphere–ionosphere coupling is very important.

Keywords: tides; geomagnetic storm; energetic particle precipitation; numerical modeling

1. Introduction

The importance of atmospheric tides as factors of the variability of the thermosphere
and ionosphere is now widely recognized. Recently, ICON measurements of wind and
temperature in the low thermosphere have been used to obtain and specify the tidal
spectrum at this altitude [1]. Tidal components are of great importance for the state of
the ionosphere, which is formed at altitudes of the E-region, where electric dynamo fields
generate the influence of tidal winds. These electric fields, penetrating above, take part in
the formation of the temporal and spatial variability of the F-region of the ionosphere [2–4].
Part of the tidal spectrum that creates electric fields is formed directly in the thermosphere
because of the absorption of EUV radiation and the impact of high-latitude energy and pulse
sources. The role of such thermospheric tides increases during geomagnetic disturbances,
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especially during geomagnetic storms [5,6]. Note that geomagnetic storms affect the entire
ionosphere of the Earth. They are the most important phenomenon of space weather in
terms of the impact on the atmosphere–ionosphere system. Modeling the state of the
thermosphere and ionosphere and the dynamics of the upper atmosphere in the conditions
of geomagnetic storms remains the most difficult and not fully solved task [7]. The reasons
for this are the uniqueness of each geomagnetic disturbance, manifested in the time of
occurrence of disturbances, the dynamics of its development, the spectra and power of the
fluxes of solar and magnetospheric particles penetrating the thermosphere and ionosphere,
etc. [8–11].

Important tools for studying atmospheric tides (numerical models of the upper atmo-
sphere and ionosphere) are currently being actively developed [12,13]. It should be noted
that, for the most part, the theoretical studies of the dynamics of the upper atmosphere
performed earlier in the conditions of geomagnetic disturbances drew attention to two
main factors affecting the state of the thermosphere: Joule heating and ion drag. Possible
mechanisms included increased dissipation due to increased temperatures, generation of
higher order tidal modes by the geomagnetic disturbances, or phase differences between the
waves generated by auroral processes and those forced by solar radiation. Thermospheric
tides are generated in response to time-varying forcings, which include in situ solar forcing,
upward propagating waves from the lower atmosphere, and ion-neutral momentum cou-
pling. Waves with semidiurnal periods may also be generated by high-latitude processes
such as magnetospheric convection and Joule heating [14]. The role of high-latitude sources
of precipitation in the formation of thermospheric tides has not been studied enough.

Currently, based on the analysis of experimental data, empirical and hybrid models of
the spectral characteristics and power of energetic particle precipitation have been created
both in quiet and geomagnetic-disturbed conditions [15–19]. The use of new models of
energetic particle precipitations in the description of the sources of ionization disturbances
and the thermal balance of the upper atmosphere improves the realism of the description
of changes occurring in the environment during geomagnetic storms.

The aim of this study was to evaluate the role of the precipitation of energetic parti-
cles on the formation of thermospheric tides under quiet and geomagnetically disturbed
conditions. In the present work, we studied the September 2017 storm using the Global
Self-consistent Model of the Thermosphere, Ionosphere, and Protonosphere (GSM TIP) and
energetic particle precipitation models AIMOS [15] and APM [16,20].

2. Description of the Geomagnetic Storm and the Storm Scenario
in the GSM TIP Model
2.1. Heliogeophysical Situation

The geomagnetic storm of 7–8 September 2017 was preceded by a coronal mass ejection
(CME) that reached the Earth around 23 UTC on 7 September. A strong geomagnetic storm
began at 23:25 UTC. Figure 1 shows the behavior of the indices of geomagnetic (Dst, Kp, AE,
AL) and solar (F10.7) activity on 3–11 September 2017 [https://omniweb.gsfc.nasa.gov]
(accessed on 18 February 2022).

It can be seen that two geomagnetic storms took place during this period, on
7 and 8 September. During the first storm, the Dst, Kp, AL, and AE indices reached
their extreme values of −130 nT, 7, 1200 nT, and 2600 nT, respectively. During the second
storm, the extreme values of Dst and AE reached −120 nT and 2800 nT, respectively. It
should be noted that these two storms were preceded by a rather long, relatively quiet
geomagnetic period on 3–6 September 2017, during which there were significant changes in
the solar activity index F10.7 associated with a set of M and X class solar flares. In addition
to strong geomagnetic storms and solar flares, during the period under review, increases in
the fluxes of solar and magnetospheric protons of various energies were recorded during
the periods of 5, 6–8, and 10–11 September. An analysis of the solar and geomagnetic
conditions showed that on 6–7 September, as well as on 10–11 September 2017, after flares
and CME, precipitations of mainly solar protons were recorded. In the rest of the time
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(7–9 September 2017), the appearance of proton precipitations is associated with geomag-
netic disturbances. In this study, thermospheric/ionospheric disturbances associated with
geomagnetic storms were considered in the period from 3 September to 11 September 2017.
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2.2. GSM TIP Model

The study of ionospheric disturbances during a geomagnetic storm was carried out
using a global numerical model of the upper atmosphere—GSM TIP [21–23]. The GSM
TIP model is developed in WD IZMIRAN, Kaliningrad, Russian Federation. The GSM TIP
model numerically integrates a system of quasi-hydrodynamic equations of continuity,
motion, and heat balance for the neutral and charged components of a multicomponent gas
mixture, as well as a three-dimensional equation describing the conservation law of the total
current in the ionosphere. In the GSM TIP model, the Earth’s magnetic field is approximated
by a tilted dipole. As parameters determining the effect of geomagnetic disturbances on the
upper atmosphere, the GSM TIP model uses the cross-polar cap potential (CPCP), Region 2
field-aligned currents (R2 FAC), and precipitation of high-energy particles in the auroral
region. The CPCP ∆Φ, which needs to be introduced into these calculations, was set based
on its empirical dependence on the index of geomagnetic activity AE [24]. The potential at
geomagnetic latitudes of ±75◦ was set to vary according to the harmonic law with respect
to local magnetic time, with a maximum on the dawn side and a minimum on the dusk
side. In this case, changes in the size of the polar caps and, consequently, the position
of its equatorial boundary during disturbances were not considered. The position of the
maxima of R2 FAC, flowing out on the dawn side and flowing in on the dusk side, was
set according to [25], depending on the specified potential difference across the polar caps
at geomagnetic latitudes, from ±65◦ at ∆Φ ≤ 40 kV to ±35◦ at ∆Φ > 200 kV. In addition,
according to [26], a 30 min time delay was considered for the R2 FAC variations relative to
the variations in CPCP.

Recently, the GSM TIP model was used to study different aspects of the upper atmo-
sphere response to geomagnetic storms [27–29]. As was shown in [30–32], the GSM TIP
model well reproduces temporal evaluation of the storm-time tongue of ionization, the
main ionospheric trough, and auroral electrojet. For the simulation of the neutral tem-
perature variability, the GSM TIP model includes the following terms in thermal balance
equations: (1) the work of compression and expansion of neutral gas; (2) convective heat-
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ing; (3) Joule heating; (4) thermal conductivity; (5) heating by solar radiation; (6) infrared
radiative cooling by atomic oxygen (O), carbon dioxide (CO2), and nitric oxide (NO); (7)
heating by precipitating particles; (8) viscous heating. Thus, the GSM TIP can reproduce
the storm-induced thermospheric heating caused by the strengthening of the high-latitude
ionospheric electric fields, currents, and auroral particle precipitation.

In this study, we used two options to account for the effect of energetic particle
precipitation in the GSM TIP model using two different models: AIMOS and APM. As can
be seen (below), the fundamental differences between these two models are as follows:
(1) the models are in a different experimental base (constantly updated data from the
GOES and POES satellites for a specific event in AIMOS and DMSP data fixed for 1986 for
APM), (2) proton and alpha particle precipitations are accounted for in AIMOS, which is
not the case in APM, (3) the APM model has a higher temporal resolution. Calculations
using the GSM TIP model and two different precipitation models described above were
carried out for the conditions of 3–11 September 2017. It is important to note that the
performed GSM TIP simulations used constant values of the neutral parameters at the
lower boundary (80 km) so that the tides obtained in the model simulations are formed
precisely by thermospheric sources.

2.3. AIMOS 2.0—AISStorm Model

The new version of AIMOS (Atmospheric Ionization Model Osnabrück) [15] is a
numerical model of atmospheric ionization due to precipitating particles with high spatial
resolution and extends the model by separate treatment of substorm periods. This model
calculates 3D ionization maps of precipitating protons, electrons, and alpha particles
with a 30 min temporal resolution. Note that this study uses 2 h mean values. AIMOS
includes a sorting algorithm to assign observations from polar-orbiting POES and Metop
satellites to horizontal precipitation cells. For this, AIMOS uses the data from the TED
and MEPED detectors. In addition, high-energy protons and alpha particles from the SEM
detectors of the GOES satellites are used in the polar cap. The measured energy range
is 154 eV–500 MeV for protons, 154 eV–300 keV for electrons, and 4 MeV–500 MeV for
alpha particles. Mean flux maps were calculated from 18 years of satellite data (2001–2018)
grouped by Kp level, geomagnetic APEX [33] vs. magnetic local time (MLT) location
with 1◦ vs. 3.75◦ resolution, and substorm activity. Each flux map represents a typical
spatial pattern of particle precipitation for one particle channel on the global map. Typical
average flow maps from AIMOS are given in [34]. The effective flow for a 30 min interval
is determined by overlaying precipitation maps with direct measurements at that time.
Considering that only areas with high flux values (auroral oval) are used for scaling, the
influence of noise in real-time data is suppressed. For each spectral interval of particles,
the ionization profile is calculated by the Monte Carlo method [35], and the atmospheric
parameters were taken from the HAMMONIA [36] and NRLMSISE-00 [37] models. The
AIMOS model is available at http://www.ionization.de (accessed on 11 October 2021).

2.4. The APM Model

The Empirical Auroral Precipitation Model (APM model) [16,17,20] was developed at
the Polar Geophysical Institute based on statistical processing of data from the DMSP F6
and F7 satellites. This model allows a global distribution of the characteristics of precipi-
tating electrons in the coordinates "corrected geomagnetic latitude—magnetic local time"
(CGL-MLT) for different levels of magnetic activity, determined by 1 min AL index values,
to be obtained. The model is founded on statistical processing of DMSP spacecraft obser-
vations. The database contains information on the spatial boundaries and characteristics
(average energy and energy flux) of precipitating particles for more than 30,000 DMSP
spacecraft passages through the auroral zone. To increase the statistical significance of the
results, all satellite passes were divided into eight 3 h intervals of magnetic local time (00-03
MLT, 03-06 MLT, 06-09 MLT, etc.). The standard deviation of the boundary position from
the average values is about 2◦–3◦ of latitude, depending on the MLT, the level of magnetic
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activity, and the type of boundary. According to the level of magnetic activity, the statistical
data array was in the range of AL values from 0 to −1500 nT. The APM model is available
at http://apm.pgia.ru/ (accessed on 20 October 2021).

In the GSM TIP model, the ionization rates of precipitating electrons are calculated
from the values of the spectrum and electron fluxes of the APM model using the approxi-
mation described in [38].

3. Processing Method

Global empirical and theoretical models of diurnal variations describing large-scale
processes in the thermosphere and ionosphere are based on the idea of the periodicity of
variations in environmental parameters depending on longitude and time. This makes
it possible to single out planetary scales in the spatiotemporal structure of variations,
determined by daily averaged values of parameters and daily variations. In the models, the
diurnal variability of the parameters is represented by an expansion into a series in terms
of harmonics with periods that are sub-harmonics of a day (tidal variations). In theoretical
studies, the spatial structure of tidal variations is determined by the superposition of tidal
waves with the corresponding periods. Analysis of the spectral structure of tidal variations
of parameters calculated in theoretical models allows us to determine the wave spectra
and identify the role of various physical factors in the formation of the global structure of
daily variations. This approach made it possible to naturally adapt the observational data
within the framework of experimental models and to interpret the results of theoretical
and experimental studies in a physically justified way. Spatial and temporal variations of
thermospheric parameters for each day of the simulated period were used to analyze the
spectral structure of tidal variations. The analysis of the spectral structure of tidal variations
was carried out according to the methodology presented in [39,40].

Calculated spatial and temporal variations of atmospheric and ionospheric parameters
F (r, θ, ϕ, t, nd) for each day nd in the time period under study were presented as a Fourier
series expansion

F(r, θ, ϕ, t, nd) = F0(r, θ, ϕ, nd) + ∑n Bn(r, θ, ϕ, nd)·exp
(

2π·i·n·t
T

)
. (1)

where F0(r, θ, ϕ, nd) is the average daily parameter value and Bn(r, θ, ϕ, nd) is the complex
amplitude of tidal variation with period T/n, (T = 24 h); n = 1, 2, 3; r, θ, ϕ—altitude, latitude,
and longitude, t—universal time.

Bn(r, θ, ϕ, nd) =
1
T

∫ T

0
F(r, θ, ϕ, t, nd)·exp(−i2πnt/T)dt (2)

The spectral characteristics of the tidal waves that make up the tidal variations were de-
termined from the Fourier transform of the amplitudes of the tidal variations Bn(r, θ, ϕ, nd)
in longitudes:

Dn,s(r, θ, nd) =
1
π

∫ 2π

0
Bn(r, θ, ϕ, nd)·exp(−isϕ)dϕ (3)

Dn,s(r, θ, nd) is the complex amplitude of a tidal wave with period T/n and zonal
wave number s = 0, ±1, ±2, ±3. Thus, the application of (1)–(3) makes it possible to
determine the characteristics of tidal waves that determine the structure of variations in the
parameters of the thermosphere.

4. Results

Diurnal (DW) and semidiurnal (SW) tidal variations of the neutral temperature for
quiet and geomagnetically disturbed conditions on September 2017 are presented in this
section.

Figure 2 shows the amplitudes and spectra of diurnal tidal variations at altitudes
of 121 and 154 km on a quiet geomagnetic day (6 September 2017), obtained from the

http://apm.pgia.ru/
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results of GSM TIP simulation with the APM and AIMOS models. The latitude–longitude
structures of thermospheric diurnal tides are similar for AIMOS and APM models of
particle precipitation both at 121 km, and at 154 km. The extrema of diurnal tides lie at
higher latitudes at a height of 121 km in comparison to 154 km altitude. At that maximum,
a height of 121 km exists at different longitudes for the northern (~150◦) and southern
(~0◦) hemispheres. However, at an altitude of 154 km, these maxima in the northern and
southern hemispheres are located at the same longitude (~120◦).
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Figure 2. Spatial distribution of the amplitude of the diurnal tide in temperature and the spectrum
of tidal waves at heights of 121 km (a,b) and 154 km (c,d) according to the results of calculations in
the GSMTIP + APM (left) and GSMTIP + AIMOS (right) variants on a geomagnetically quiet day on
6 September 2017.
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As can be seen, at an altitude of 121 km, the spatial structure of the DW tide and the
wave spectrum in both cases are very similar. Solar migrating DW1 and nonmigrating
DW2 waves prevail at the mid-latitudes. At the latitudes above 60◦, nonmigrating tides
with zonal wave numbers s = 0, −1 prevail. The weakening of the DW1 amplitude at the
equator should also be noted. Differences in the spatial structure of diurnal tides for both
versions of the simulation at an altitude of 154 km are also minimal. At the same time, the
area where nonmigrating components have a significant effect on the structure of the tide
has expanded to middle latitudes. We also note that the DW amplitude values at the height
of 121 km in both versions of the simulation practically coincide, while at the height of
154 km at middle and high latitudes, the tide amplitude in the AIMOS version is less than
in the APM version by 15–20 K.

Figure 3 shows the spatial structure and wave spectrum of the diurnal tide during
the geomagnetic disturbance period (8–9 September 2017). During the geomagnetic storm
(8 September), the structure and amplitude of the diurnal tide changed at an altitude of
121 km, especially for the APM version. At high latitudes, the DW0 is intensified, and for
the APM version of the simulation, this wave mode became dominant. At AIMOS, the
altitude of 121 km reflects the equatorial displacement of the auroral oval during enhanced
Kp levels. As seen at 0◦ long, the 8 K contour moves from 60◦ S (9 September) to 45◦

S. After the end of the storm in September, the amplitudes of diurnal waves decreased,
and the tide structure began to return to a quiet distribution. An analysis of the spectral
characteristics showed that under the perturbed conditions, the latitudinal region, where
the nonmigrating tidal waves have a significant influence, extends to low latitudes and
persists after the end of the geomagnetic storm.

At an altitude of 154 km, the response of the diurnal tide to the geomagnetic dis-
turbance is less pronounced in comparison to 121 km (Figure 3c,d,g,h). The amplitude
of nonmigrating waves increased at high latitudes; however, the migrating wave DW1
remained prevalent on 8 and 9 September as well. One can also note an increase in the
amplitude of the tide on 8 and 9 September at middle and low latitudes in the APM version
of the simulation and auroral latitudes in the version with AIMOS. In addition, on the
day of the geomagnetic storm in both versions of the simulations, there was a decrease
in the tidal amplitude in the longitude sector 0◦–120◦ at middle and high latitudes. Two
sharp transitions of thermospheric tide amplitude at ~100◦ and ~280◦ are connected with
locations of geomagnetic poles, which are accounted for in the dipole approximation of
GSM TIP model. The spatial structure of the DW began to return to an undisturbed state
after the end of the storm on 9 September 2017. With the obvious similarity of changes in
the spatial structure of the diurnal tide, there are significantly higher amplitudes on these
days in the APM version, ~70◦ K, compared to 45◦ K in AIMOS.

Figure 4 shows the spatial distribution of the amplitude and the spectrum of semidiur-
nal tidal waves at 121 and 154 km altitudes on 6 September. As can be seen from Figure 4a,
in quiet geomagnetic conditions at an altitude of 121 km in both versions of the simulations,
the spatial structure of the tide at middle and low latitudes is determined by the symmetric
solar-migrating wave SW2, with its maximum located at the equator.

At high latitudes, the role of nonmigrating tides SW0 and SW1 is increased. It may
also be noted that at 121 km, the high-latitude local maximum of the SW amplitude in GSM
TIP simulations using the AIMOS version is associated precisely with nonmigrating tides.
The amplitude of the semidiurnal tide at high latitudes is less than the APM version of the
simulation. At 154 km (Figure 4c,d), the tidal structure is determined by waves with zonal
wave numbers s = −1, 0, 2, the same as at 121 km. The maximum values of the amplitude of
the semidiurnal tide are located at low latitudes. Note that the amplitude of the semidiurnal
tide at 121 km in the simulations with AIMOS is larger than in the version with APM,
and at an altitude of 154 km, it is smaller. Figure 5 shows the same as in Figure 4 but on
geomagnetically disturbed days. During the geomagnetic storm (8 September 2017) at an
altitude of 121 km, the amplitude of the semidiurnal tide increased from 12 K to 24 K at
high latitudes and slightly increased at middle and low latitudes. The amplification of the
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semidiurnal tide in the APM version is especially noticeable. Disturbances in the structure
of the semidiurnal tide in both versions of the simulation occur due to the amplification of
nonmigrating tides with wave numbers s = −2, −1, 0, 1, 3 at high and s = 0 at equatorial
latitudes. In the APM version of the GSM TIP simulation, the SW0 component becomes
dominant at high latitudes. On 9 September, the amplitudes of semidiurnal tides return to
pre-storm values in both versions of the simulation; however, the post-storm structure of
tidal waves differs markedly from pre-storm ones by the presence of two minima in the
longitudinal sectors 30◦–60◦ and 180◦–220◦. In the spectra of the semidiurnal tide, along
with SW2, the SW0 wave is clearly distinguished.
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Figure 4 shows the spatial distribution of the amplitude and the spectrum of semidi-

urnal tidal waves at 121 and 154 km altitudes on 6 September. As can be seen from Figure 

4a, in quiet geomagnetic conditions at an altitude of 121 km in both versions of the simu-

lations, the spatial structure of the tide at middle and low latitudes is determined by the 

symmetric solar-migrating wave SW2, with its maximum located at the equator. 

Figure 3. Spatial distribution of the amplitude of the diurnal tide in temperature and the spectrum of
tidal waves at heights of 121 km (a,b,e,f) and 154 km (c,d,g,h) according to the results of calculations
in the GSMTIP + APM (left) and GSMTIP + AIMOS (right) variants in a geomagnetic disturbance
period on 8–9 September 2017.
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Figure 4. Spatial distribution of the amplitude of the semidiurnal tide in temperature and the
spectrum of tidal waves at heights of 121 km (a,b) and 154 km (c,d) according to the results of
calculations in the GSMTIP + APM (left) and GSMTIP + AIMOS (right) variants on a geomagnetically
quiet day on 6 September 2017.
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spectrum of tidal waves at heights of 121 km (a,b,e,f) and 154 km (c,d,g,h) according to the results of
calculations in the GSMTIP + APM (left) and GSMTIP + AIMOS (right) variants on a geomagnetic
disturbance period on 8–9 September 2017.

At an altitude of 154 km, the amplitude of the semidiurnal tide on 8 September
increased, especially in the APM version of the simulation, but on 9 September, it re-
turned to the pre-storm values. The changes in the structure of semidiurnal variations on
8 September in the AIMOS version are less pronounced than in the APM version and, like
at 121 km, are due to intensification of the nonmigrating components. The influence of
nonmigrating tides extends to middle and low latitudes. After the end of the storm on
9 September, the structure of the semidiurnal tide at 154 km differed significantly from the
pre-storm tide, qualitatively resembling the structure of the semidiurnal tide at 121 km.
In the tidal spectra for both versions of the simulation, the nonmigrating components are
preserved; in the APM version it is mainly SW0 and SW1 waves, and it is an SW0 wave in
the AIMOS version.
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According to Table 1, the amplitude of diurnal and semidiurnal tides increased for
both versions of the GSM TIP model simulation at all altitudes (excluding DW tides at
154 km obtained in the AIMOS version of the GSM TIP simulation) during the geomagnetic
storm in comparison to quiet conditions. The amplitudes of DW and SW tides at 121 km
are very similar in both versions of the GSM TIP model simulation. However, at 154 km
altitude, the APM version of the GSM TIP simulation shows greater amplitude DW and
SW tides in comparison to the AIMOS version. It should be noted that there are only 12 3 h
intervals higher than Kp 7.3 in the solar minimum year 1986, which is used for APM. Thus,
the statistical basis is rather poor for the used event.

Table 1. Maximum amplitudes (K) of diurnal and semidiurnal tides for APM and AIMOS modeling
versions.

Sept. APM AIMOS

DW SW DW SW

121 km 154 km 121 km 154 km 121 km 154 km 121 km 154 km

6 17 61 7 19 20 42 10 17

8 49 71 25 36 34 41 30 21

9 30 85 12 27 27 43 15 17

5. Discussion

Some authors (for example, [41]) showed that tidal winds at ~120 km do not change
during magnetic storms. Our results showed that on the day of maximum geomagnetic
storm development on 8 September and the day after, the nonmigrating components of
tidal waves in temperature, mainly DW0 and SW0, intensified. There were also increasing
differences in the spatial structure of tides between the two versions of the simulations,
especially between the diurnal tides at 121 km and the semidiurnal tides at 154 km. The
particle precipitation effect in the tides is due to thermospheric heating, which occurs due
to additional ionization and recombination processes.

Obviously, the vertical structure of thermospheric disturbances depends significantly
on the additional ionization source due to energetic particle precipitation. In our calcu-
lations, this leads to local increases in the amplitudes of nonmigrating tides in the lower
thermosphere of high latitudes.

The use of different precipitation models leads to differences in high-latitude ionization
processes, especially during storms. Figure 6 shows the altitudinal profiles of the ionization
rate of molecular nitrogen, integrated over all longitudes and latitudes from 90◦ N to 55◦ N
latitude inclusive(Σ(q(N2)) 1/s·cm−1). As can be seen, the height of the maximum Σ(q(N2)
in the APM version is ~10 km lower than in the AIMOS version. The ionization rate in
the APM variant exceeds that of AIMOS by a factor of about six during the maximum
phase of the storm on 8 September. The greatest difference of storm-time disturbances in
ionization rate obtained in two versions of the GSM TIP simulations occurred at heights
above 130 km. This fact explained the greater differences in thermospheric tides at 154 km
altitude obtained in the two versions of the GSM TIP model. The reason probably is the
lower energy resolution for POES/Metop in comparison to DMSP.

The characteristic differences in the ionization rate of the two versions of the simu-
lations lead, in the end, to differences in the structure and amplitudes of the diurnal and
semidiurnal tides generated in the lower thermosphere. Let us consider how, in the versions
of the simulation under consideration, the obtained differences in tides form differences in
the electron density distribution.

Figure 7a–c shows the total electron content (TEC) values for the two variants of the
GSM TIP simulation with the APM and AIMOS models and a map of the experimental
TEC for 13 UT 6 September (quiet day). Experimental TEC is Global Ionospheric Maps
(GIMs) data produced at the Center for Orbit Determination in Europe (CODE). CODE
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GIMs are produced using measurements from about 200 GPS/GLONASS stations. Here
AIMOS shows the best agreement with experimental TEC in terms of quantity and location.
In contrast, APM generates too much at the poles and lacks TEC at low latitudes.
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Figure 7. Total electron content (ionospheric TEC) values for the two versions of the TIP GSM
calculation with the APM model (a,d), AIMOS (b,e), and the experimental TEC map at 13 UT
6 September (c) and the ∆TEC disturbance at 13 UT 8 September (f).

Figure 7d–f adds the ∆TEC values between the geomagnetic disturbance day (13 UT
8 September) and the quiet day. The time moment of 13 UT was chosen because the
maximum ionospheric effects were observed at this time. These results demonstrate
a similar picture of TEC disturbances for the two versions of the precipitation model:
interhemispheric asymmetry of TEC disturbances (the largest negative disturbances are
formed in the northern hemisphere and the largest positive disturbances in the southern
hemisphere) and formation of a belt of negative TEC disturbances in the equator area.

However, some details of TEC disturbances obtained using two different variants of
precipitations are different. A more complex structure of TEC disturbances and their bigger
amplitudes are formed when energetic particle perturbations are considered according
to the APM model. At the same time, a comparison of the model and experimental
TEC disturbances shows that the APM version of the GSM TIP simulation corresponds
better to the experimental data at high and middle latitudes. Recall that, according to
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our analysis, the tidal amplitudes increased more during the model storm considering the
APM version of the GSM TIP simulation. This fact reflects the existence of a relationship
(direct or indirect) between tidal perturbations and TEC disturbances. TEC disturbances are
reproduced in the worst way in the modeling results at low latitudes and the equator. This
may be due to the lack of consideration in the GSM TIP model of atmospheric tides and
their interaction with thermospheric tides generated by the geomagnetic storm. We should
note that both model versions significantly underestimate the TEC effect at 60 N/100 E,
where the particle forcing should be strong in both models, which might be an indication
of a missing direct effect.

The ionization of neutrals by high-energy particle precipitations leads to complex
effects on the upper atmosphere/ionosphere. A sharp increase in particle precipitation
fluxes leads to a local increase in the electron and ion density in the precipitation zone
that leads to an increase in the auroral E-region ionospheric conductivity. The amplitude
and structure of disturbances in conductivity are very important for the electric field of
magnetospheric convection both at high latitudes and its penetration to low latitudes. Such
disturbed electric fields in the ionosphere can form TEC disturbances [41].

6. Conclusions

This paper presents a study of thermospheric tides and the response of the ionosphere
to tidal variations during September 2017, performed on the GSM TIP model. The selected
period covers quiet days and the days of the geomagnetic storm of 7–8 September. The
setting of boundary conditions excluded the penetration of wave processes and their impact
on the thermosphere from the underlying layers of the atmosphere. Two versions of the
simulation were performed, the scenarios differing only in the description of the ionization
by precipitation particles. The first version of the simulation was the APM model, and the
second version was AIMOS.

This study showed the following:
1. During a geomagnetic storm, the amplitude of diurnal and semidiurnal tides

increases at all altitudes. On quiet days, migrating tides DW1 and SW2 prevailed, and
their structure and amplitude in both versions of the simulation mainly coincided. On the
day of maximum geomagnetic storm development on 8 September and the day after, the
nonmigrating components of tidal waves, mainly DW0 and SW0, intensified. There were
also increasing differences in the spatial structure of tides between the two versions of the
simulation, especially between the diurnal tides at 121 km and the semidiurnal tides at
154 km. On disturbance days, the amplitudes of diurnal and semidiurnal tides in the APM
version are markedly greater than the corresponding values in the AIMOS version of the
GSM TIP model.

2. A comparison of the APM and AIMOS ionization function characteristics showed
that the amplitude of the ionization rate and, eventually, the total energy that is transferred
to the thermosphere are more important for the formation of DW and SW than the spatial
structure or temporal resolution of their variations. The APM model, together with the
GSM TIP solver for the ionization process, produced greater storm-time disturbances of
ionization rates in the lower ionosphere (especially at F1 region heights) in comparison to
the AIMOS model. Thus, in the maximum phase of the geomagnetic storm on 8 September,
the ionization rate in the APM version exceeds analogous AIMOS values by about six
times, which leads to significantly larger tidal wave amplitudes. This difference also affects
the values of the ionospheric response changes in the TEC. This leads to greater storm-
time disturbances in the amplitude of diurnal and semidiurnal tides obtained in the APM
version of the GSM TIP model in comparison to the AIMOS one.

3. Comparison of the TEC maps for the two versions of the simulation showed that
AIMOS reproduced the quiet time TEC well, but concerning the TEC disturbance during
storms at high and medium latitudes, the amplitude changes, and the qualitative picture is
better described in the APM version. At the same time, the TEC disturbances are worst
reproduced in simulation results at low latitudes, and there may also be issues inside the
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main particle precipitation regions. The first may be due to the lack of consideration in
the GSM TIP model of atmospheric tides and their interaction with thermospheric tides
generated by a geomagnetic storm.
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