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Abstract: Determination of the physical mechanisms of energy transfer of tropospheric disturbances
to the ionosphere is one of the fundamental problems of atmospheric physics. This article presents the
results of observations carried out using two-wavelength lidar sensing at tropospheric altitudes and
satellite GPS measurements during a meteorological storm in Kaliningrad (Russia, 54.7◦ N, 20.5◦ E)
on 1 April 2016. During lidar sensing, it was found that the amplitudes of variations in atmospheric
parameters with periods of acoustic (AWs) and internal gravity (IGWs) waves significantly increased.
As a result of numerical modeling using the AtmoSym software package, it was shown that there is a
noticeable increase in the period of temperature disturbances from 6–12 min to 10–17 min at altitudes
from 150 km up to 230 km during the vertical propagation of acoustic waves and internal gravity
waves from the troposphere. Nonlinear and dissipative processes in this layer lead to the formation
of sources of secondary waves in the thermosphere with periods longer than those of primary ones.
In this case, the unsteady nature of the wave source and the short duration of its operation does not
lead to significant heating of the thermosphere. Simultaneous satellite observations demonstrate the
response of the ionosphere (total electron content (TEC) disturbance) to tropospheric disturbances.
Analysis of the time series of the amplitudes of the reflected lidar signal and TEC made it possible to
determine that the response time of the ionosphere to tropospheric disturbances is 30–40 min.

Keywords: atmosphere-ionosphere coupling; acoustic waves; internal gravity waves; meteorology
disturbances; lidar sensing; tropospheric disturbances; ionospheric response; GPS measurements

1. Introduction

One of the fundamental problems of physics of the atmosphere is the determination
of correlations between the dynamic processes occurring in the lower atmosphere and
changes in the plasma parameters of the ionosphere and establishing physical mechanisms
of energy transfer from the troposphere to the thermosphere and ionosphere. Various
tropospheric processes excite waves in the neutral atmosphere. Upward propagating
waves in the lower atmosphere and their modifications, interactions and modulations
affect the ionosphere when and if they reach it. Those waves are planetary, tidal, gravity,
and acoustic waves [1–5].

Existing hypotheses about the processes that determine the influence of processes
in the lower atmosphere on the state of the thermosphere and ionosphere are based
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on the concept of the generation of AWs and IGWs in the troposphere and spreading
them vertically upwards [6–10]. The sources of such waves in the lower atmosphere
may be different. For example, it may be the mesoscale turbulence, convection [5,11],
disturbances arising in the atmosphere due to stationary incoming air streams flowing
around mountains (orography effects) [12,13], earthquakes and seismic activity [7,14,15],
the passage of the solar terminator and solar eclipse [16–20], meteorological disturbances
and typhoon [1,21–29].

The reaction of the thermosphere and ionosphere parameters to these events reveals,
particularly, in the formation of ionospheric irregularities over the region of disturbances
in the lower atmosphere, the appearance of traveling ionospheric disturbances, distur-
bances in electric fields, optical emissions, F-expansion phenomena, etc. [24,30–37]. These
phenomena in the thermosphere and ionosphere develop relatively quickly, i.e., within a
few hours after the occurrence of disturbances near the Earth’s surface [1,5,6,38,39]. The
processes of generation, propagation, and influence of AWs and IGWs on the atmosphere
have been studied theoretically in numerous works [40–42]. The theoretical concepts can
be confirmed by simultaneous experimental studies of dynamic processes in the lower
and upper atmosphere with the spatial and temporal resolution, making it possible to
distinguish disturbances with the specific characteristics of AWs and IGWs.

Lidar sensing methods are widely used in atmospheric dynamics studies. By their
principle of operation, they can be divided into four classes, i.e., aerosol lidars (Rayleigh
lidars), Raman scattering lidars (Raman lidars), resonance effect lidars (including metal
fluorescence lidars), and lidars based on differential absorption of scattered radiation.
The Rayleigh lidar operation scheme [43–45] is based on the combination of a receiver
and a radiation source, which makes it possible to change the zenith angle and sensing
azimuth. Several variants of systems are used for sensing, i.e., single-wave, multi-wave,
and polarization ones. The variety of presented systems is associated with the importance
of obtaining information on the physical parameters of atmospheric aerosols, which often
determine the type of pollution. Raman lidar is used to measure a range of atmospheric
molecules, including N2, O2, H2O, SO2, and CO2 [46]. Its use requires powerful lasers,
large telescopes, long accumulation times and is usually limited to measurements of high
molecular concentrations.

Lidar based on resonance effects is characterized by careful selection of both the
laser radiation wavelength and the radiation wavelength recorded by the receiver so that
they coincide with the wavelength of the absorption line of the investigated atmospheric
component. Excitation of a molecule at the absorption frequency leads to resonant scat-
tering, which can be much more intense than non-resonant scattering. This method has
been successfully used to measure atomic sodium and potassium concentrations at high
altitudes [47,48]. The operation of lidar on the differential absorption of scattered radiation
depends on scattering by atmospheric aerosols, but measurements of the selected type
of molecules are carried out by their absorption [49]. The method uses at least two laser
beams with different wavelengths, which are successively or simultaneously sent along
the same direction into the atmosphere. The first laser beam is absorbed by the molecules
under investigation, while the second beam with a similar wavelength is not very strongly
absorbed. Since the beams differ in a small wavelength interval, the aerosol scattering
cross-sections can be considered practically the same for both cases. The difference in the
intensity of scattering of rays in the atmosphere can be considered due to their absorption
by the studied molecules. Analysis of the recorded signals from both beams as a func-
tion of time allows for spatially resolved measurements of the concentration of absorbing
molecules. The advantages of lidar sensing are the high spatial and temporal resolution of
measurements, as far as the possibility of long-term observations.

In experimental studies of the ionosphere, methods for analyzing the total electron con-
tent (TEC), determined from observations of signals from satellites of the GPS/GLONASS
global navigation satellite systems, are effectively used [50–57]. Such observations provide
a high temporal resolution of measurements performed by individual stations.
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Numerical modeling is an important tool for the theoretical study of wave processes in
the atmosphere. At present, the development of computer technology and the improvement
of methods for the numerical integration of hydrodynamic equations make it possible to
build models for the generation and propagation of AWs and IGWs in the atmosphere,
taking into account nonlinear and dissipative processes, as well as real stratification of the
medium, for example [5,9,58,59]. In theoretical research [59–63], it was established that
the heat release/absorption processes occurring due to phase transitions of water in the
atmosphere during the formation and evolution of clouds and the development of other
meteorological phenomena have a significant effect on the state of the thermosphere and
ionosphere. However, a significant problem in numerical studies of wave processes in
the atmosphere is determining realistic sources of disturbances, as far as the initial and
boundary conditions. One possible solution to this problem would be using observational
data of atmospheric parameters during the focused period. For example, in [64,65], the
correctness of the mathematical model of AWs propagation from the lower atmosphere
upward using the observed pressure variations on the surface as boundary conditions
was justified. A correct description has also approved the accuracy of the numerical
model of atmospheric disturbances during the passage of the atmospheric front over the
Moscow region.

This work aims to study the influence of a meteorological storm on the dynamics
of the thermosphere and ionosphere. The article presents an analysis of the results of
observations made with the use of lidar sensing at tropospheric heights, TEC variations,
reconstructed from satellite GPS measurements, and also presents the results of numerical
modeling on thermospheric disturbances caused by observed variations in atmospheric
pressure in the troposphere during a meteorological storm in Kaliningrad on 1 April 2016.

2. Lidar and Satellite Measurements

The question about the geomagnetic conditions is very important when conducting
this kind of experiment. Quiet geomagnetic conditions are a prerequisite to perform a
refined experiment since TEC disturbances resulting from AW and IGW propagation
from the troposphere can be hidden by the TEC variations caused by geomagnetic storms.
Moreover, even weak geomagnetic activity can cause strong and long-term disturbances
in the thermosphere [66], potentially affecting the TEC value. However, from the data
presented below, it follows that the characteristic times of the observed rapid changes
in the thermosphere and ionosphere are much shorter than the time of development of
post-storm effects, which last for several days during the recovery phase.

2.1. Geomagnetic Conditions during the Experiment

The geomagnetic conditions from 29 March to 2 April 2016 are presented in Figure 1
following the SPDF-OMNIWeb service (https://omniweb.gsfc.nasa.gov, accessed on 15
September 2021). It can be seen that they were quiet on the eve and during the meteorolog-
ical storm in Kaliningrad on 1 April 2016. Thus, the Dst index varied from −20 to 10 nT
(no more than 20 nT per day), the Kp index did not exceed 3.3, and the AE index did not
exceed 500 nT. At the same time, on March 31, there was an increase in wind gusts up to
8 m/s, and on 1 April 2016, from 12:00 to 19:00 UTC, wind gusts reached 14 m/s, which
corresponds to a meteorological storm. On calm days, 29 and 30 March, and 2 April 2016, a
weak and moderate wind with a speed of 2–4 m/s was observed.

2.2. Lidar Measurement Technique

Lidar sensing of tropospheric aerosols was carried out at the KLGD station (Kalin-
ingrad, Russia, 54.7◦ N, 20.5◦ E). For observations, we used a two-wave Rayleigh lidar
LSA-2S (Obninskaya Photonika Ltd., Obninsk, Russia), which makes it possible to de-
termine the characteristics of aerosols at distances up to 20 km. Lidar LSA-2S has the
following technical characteristics: emitter is Nd: YAG-laser LS-2131 with two operating
wavelengths of 1064 nm and 532 nm, with pump energy of up to 25 J and a pulse repe-

https://omniweb.gsfc.nasa.gov
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tition rate of no more than 20 Hz. The Cassegrain-type receiver with the main mirror of
the receiving telescope 260 mm in diameter and a focal length of 1050 mm was used for
backscattered radiation. The measurement time for one aerosol profile was no more than
1 min. The photodetector for the 1064 nm channel had a photocathode efficiency of 40%
and an interfilter half-width of 3 nm. The FEU-10 photomultiplier with a photocathode
quantum efficiency of 10% and a transmission half-width of 2 nm was used for the second
channel at 532 nm.
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Figure 1. Geomagnetic conditions according to the SPDF-OMNIWeb service in the period from 29
March to 2 April 2016: (a) Dst index values; (b) the values of the Kp index; (c) the values of the AE
index. Wind gusts (d) in Kaliningrad (Russia, 54.7◦ N, 20.5◦ E) at the same period according to the
data from meteorological radar in Khrabrovo (Russia, 54.8◦ N, 20.5◦ E).

A software package [67], which implements an algorithm using parametric correlation
dependences between the integral characteristics over the spectrum of aerosol sizes, and
the ratio of the backscattering coefficients at the sensing wavelengths [68], has been applied
to analyze the LSA-2S measurement results.

Spectral analysis of the time series obtained in the observations makes it possible
to determine the frequency ranges of variations in atmospheric parameters at different
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altitudes. The function F(t), which is the difference in signal intensities for different strobes,
was used to study the dynamics of the selected atmospheric layers:

F(t) = fm+1(t)− fm(t). (1)

where fm(t) is the intensity of the scattered signal in the strobe with the number m, t is the
observation time.

For F(t), the wavelet transform of the function is applied using the Morlet wavelet
transform as the kernel. Direct integral wavelet transform of a signal is the scalar trans-
formation of the signal and is the result of multiplication of the signal and the kernel of
the transformation, which is a function ψ of the given type. Function W(a,b) is the wavelet
image of the signal F(t) on independent variables a and b:

W(a, b) =
∞∫
−∞

F(t)ψab(t)dt, (2)

ψab(t) = |a|−1/2ψ

(
t− a

b

)
; a, b ∈ R; ψ(t) ∈ L2(R). (3)

The analytical representation of the Morlet wavelet is:

ψ(t) = exp(ik0t) exp
(
− t2

2

)
. (4)

Parameters b and a determine the period and time-shift of disturbances in the analyzed
series F(t). The most frequently used basis is derived on the Morlet wavelet localized in k-
and t- space. The change in W(a,b) with time makes it possible to see the types of wave
disturbances and the time of their appearance [69].

2.3. Technique of Satellite GPS Measurements

TEC is one of the key parameters of the ionosphere state. To assess the disturbances in
the ionosphere, we used the data of GPS observations at the mid-latitude station LAMA
(Lamkovko, Poland, 53.9◦ N, 20.7◦ E). In the present work, we utilized the method for
determining the TEC from code measurements of the pseudorange at f1 = 1575.42 MHz
and f2 = 1227.60 MHz GPS carrier frequencies, described in detail in [70,71].

The characteristic periods of the arising ionospheric disturbances were calculated
using the Morlet wavelet analysis (1)–(4) of the current TEC variations, determined from
observations with a step of 30 s. A more detailed description of the algorithm for studying
the frequency characteristics of TEC variations is given in [25].

2.4. Determination of the Parameters of a Meteorological Storm

The parameters of the meteorological storm were determined using the ERA5 reanal-
ysis [72], which provides hourly estimates of a large amount of data on the atmosphere,
Earth’s surface and ocean. Reanalysis is a method of generating comprehensive informa-
tion about how weather and climate change over time. Currently, reanalysis is actively
used by numerical weather prediction centers. It objectively combines observations and a
numerical model, generates a synthesized assessment of the system state, and produces a
new, improved forecast.

Figure 2 shows a map of wind gusts according to ERA5 data on 1 April 2016, at 15:00
UTC. As can be seen from Figure 2, the characteristic spatial size of the meteorological
disturbance reached 500 km.
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2.5. Results of Experiments

Figure 3 shows the results of wavelet analysis of variations in the intensity of the lidar
signal scattered in the atmosphere at an altitude of ~5650 m in observations made on 1
April 2016, during the period of wind intensification in the troposphere over Kaliningrad
and variations in TEC above the LAMA station, obtained from signals attained by PRN 13
and PRN 24 satellites.
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Figure 3. Spectra of variations of the troposphere (bottom and middle row) and ionosphere (top row)
parameters during the meteorological storm on 1 April 2016. Lidar measurements were carried out
at KLGD station at an altitude of 5650 m at wavelengths: (a) λ1 = 1064 nm; (b) λ2 = 532 nm. Satellite
GPS measurements were performed at the mid-latitude station LAMA: (c) PRN 13; (d) PRN 24.
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This choice of GPS satellites is due to the proximity of the projections of their trajectory
to the observation station (see Figure 2). The flight of satellites was recorded in the daytime
(about noon), making it possible to exclude the effects of the solar terminator on the Earth’s
ionosphere.

Analysis of the data in Figure 3 suggests that the response of the ionosphere to
an increase in the amplitudes of tropospheric disturbances with a period of 3–5 min at
11:35–12:40, 13:00–13:40, and after 14:00 UTC are TEC disturbances with periods 10–17 min
at 12:05–12:40, 13:00–13:45 and after 14:40 UTC, respectively. Note that the characteristic
response time of the ionosphere to tropospheric disturbances is 30–40 min.

Experimental observations of wave variations in the ionosphere during intensifying
cyclonic activity reveal variations with AWs and IGWs periods in TEC observations. It
can be assumed that rapid changes in the meteorological situation under storm conditions
create favorable conditions for AW and IGW excitation in a wide range of periods. Propa-
gation of AWs and IGWs into the thermosphere and their dissipation cause the observed
disturbances of the ionosphere.

3. Numerical Simulation

A numerical experiment to study the influence of meteorological disturbances in
Kaliningrad on 1 April 2016, on the thermosphere was carried out using a regional two-
dimensional version of the high-resolution model AtmoSym [58,73,74]. The version used
in these calculations is based on the solution of a system of two-dimensional nonlinear
hydrodynamic equations for atmospheric gas, where the horizontal position of the point is
specified by the x coordinate and the vertical one by the z coordinate. A detailed description
of AtmoSym is given in [75]. This model is non-hydrostatic and has a high resolution in
time (~0.1 s) and space (vertical grid spacing~500 m), which allows studying a wide range
of atmospheric waves, including AWs and IGWs [76–78]. AtmoSym considers the real
stratification of the atmosphere, nonlinear and dissipative processes of different scales,
describes the formation of shock waves and turbulent processes. Currently, AtmoSym is
actively used to research atmospheric wave disturbances [8,78–81].

An unsolved problem remains an adequate description of meteorological sources
of waves in the atmosphere in terms of modeling vertical wave propagation. However,
the most developed approach to describing these kinds of sources is presented in [75].
In this work, a mathematical formulation of the problem of waves propagation in the
atmosphere initiated by pressure fluctuations associated with meteorological processes
on the lower boundary of the region of integration of equations has been formulated,
and its correctness has been proved. The results of numerical calculations on modeling
atmospheric disturbances during the passage of a meteorological front using the observed
data of surface pressure variations showed reasonable agreement with the observational
data [64,65].

In practice, it is not always possible to obtain data on pressure variations by direct
measurements; therefore, the use of experimental data on the intensity of the lidar signal,
as was done in work [63], reduced to the data on pressure variations in the surface layer
is effective. Variations in lidar signal intensity reflect the frequency response of pressure
variations at a fixed altitude. The amplitude values of pressure variations were calculated
according to the assumption that the maximum amplitudes of changes in the observed
intensity of the scattered signal corresponding to the amplitudes of pressure variations in
the spring. The following function approximates the source:

fp(t, x) = exp

[
−
(

x− x0

d

)2
]

f (t), (5)

where f(t) is time-dependent approximated experimental data, d is the source width, and
fp(t,x) is the pressure variations near the Earth’s surface. Function f(t) is the pressure
variations obtained from the lidar signal intensity observational data described in the
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previous section. They are assumed to reflect the frequency response of pressure variations
at a fixed height. The maximum amplitude intensity changes in the scattered signal
correspond to the amplitudes of pressure variations from 780 Pa on 1 April 2016, in
Kaliningrad. The applied procedure contains inaccuracy in determining the amplitude
values of pressure variations, so the amplitude variations of pressure during the passage
of meteorological fronts described, for example, in [65,82], differ from those obtained in
the calculations for the investigated storm. We assume that the inaccuracy in determining
the amplitude does not affect the frequency characteristics of disturbances in the surface
atmosphere. The calculated pressure on the Earth’s surface is shown in Figure 4. As can be
seen, the increase in the amplitudes of pressure variations at 11:30–12:40, 13:00–13:40, and
after 14:00 UTC reflects the wavelet analysis results of disturbances at tropospheric heights
(see Figure 3).
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Thus, the conditions on the Earth’s surface (the lower boundary of the region of
integration of the model) have the form:

u(x, z = 0, t) = 0, (6)

∂w(x, z = 0, t)
∂z

= 0, (7)

T(x, z = 0, t) = T0(0), (8)

P(x, z = 0, t) = P0(0) + fp(x, t), (9)

where u, w are horizontal and vertical velocity components, respectively, T—T0 is the
background temperature, P is pressure, P0 is the background pressure, fp(x,t) is the approx-
imated function of pressure change at the Earth’s surface. The computational domain has a
vertical scale of 500 km and a horizontal scale of 3000 km. A local source with a width of
d = 300 km is located in the region’s center.

4. Analysis of Wave Variations in the Atmosphere and Discussion

The features of the appearance of waves generated by tropospheric sources are similar
for various events. Infrasonic wave components excited by tropospheric sources are the
first to reach the heights of the thermosphere. As can be seen from Figure 3, the appearance
of AWs and IGWs in the thermosphere and ionosphere occurs 30–40 min after the beginning
of their amplification in the troposphere. In this case, due to nonlinear and dissipative
processes in the thermosphere, thermospheric disturbances are formed with characteristic
spatial and temporal scales exceeding the size of the region of tropospheric disturbances.
Numerical calculations in a neutral atmosphere for the investigated meteorological event
demonstrate the development of the wave pattern described above.



Atmosphere 2021, 12, 1384 9 of 16

Analysis of temperature disturbances at heights of the thermosphere and in the region
of the tropospheric source shows (see Figure 5) that at the initial stage of calculations
short-period disturbances in the thermosphere repeat the tropospheric disturbances with a
delay, which is typical for acoustic waves. Over time, differences appear like temperature
changes in the thermosphere and troposphere, which are associated with the tropospheric
source’s nonstationarity and nonlinear and dissipative processes in the thermosphere.
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Figure 5. Results of numerical calculations change in the temperature field for 1 h from the start time of calculations.

The spatial structure of temperature perturbations in the atmosphere 1 h after switch-
ing on the source of perturbations is shown in Figure 6. As can be seen from the figure,
immediately above the disturbance region, cooling regions below 300 km and heating
regions above 400 km are formed. The spatial proportions of these regions are somewhat
larger than the size of the disturbance source in the lower atmosphere.
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Figure 6. Temperature variations in the region of the tropospheric source (green line) and at an
altitude of 300 km (orange line). The initial moment corresponds to the start time of calculations.

These areas are formed due to the vertical propagation of waves from the lower
atmosphere. We also note the appearance of wave disturbances with characteristic wave-
lengths of ~200 km, propagating almost horizontally from the disturbance region in the
thermosphere. The appearance of these disturbances is due to the dissipation processes
of waves coming from the lower atmosphere and the excitation of secondary atmospheric
waves directly in the thermosphere [5], as well as waveguide propagation of waves with
appropriate periods. As shown in work [77], waves with periods less than the Brent-Väisälä
period can be captured into the waveguide at heights where this period is longer than that
for the incoming waves. Figures 5 and 6 show that the unsteady nature of the wave source
and the short duration of its operation doesn’t lead to significant heating of the thermo-
sphere. Nevertheless, it can be noted that positive temperature perturbations in Figure 6
exceed the amplitudes of negative perturbations, which is explained by the contribution of
dissipative processes.
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Figure 7 shows temperature perturbations at an altitude of 300 km above the source
of perturbations in the lower atmosphere and a point displaced by 500 km. As can be
seen from the figure, the disturbances above the source region in the thermosphere repeat
their non-stationary character (see Figure 3a,b), while at the shifted point, the process is
characterized by quasi-harmonic damped oscillations with a period of ~20 min.
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Figure 8 shows temperature perturbations at an altitude of 250 km at various times
during the operation of the perturbation source. As can be seen from the figure, the
region of thermospheric disturbances is ±500 km from the disturbance epicenter. At large
distances from the source, the perturbations are quasi-harmonic, damped oscillations with
a characteristic wavelength of ~200 km.
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Figure 8. Temperature variations along the horizontal axis at an altitude of 250 km for 1.8 h (green
line), 2.2 h (red line), 2.5 h (blue line), 2.7 h (purple line).

Figure 9 presents the temperature variations over the epicenter of the disturbance
source. Disturbances in the thermosphere generally reflect the development of the exci-
tation of atmospheric waves in the lower atmosphere (see Figure 4). In this case, a time
delay in the appearance of disturbances at high altitudes can be noted, which is due to the
vertical propagation of waves, as well as an increase in the period of disturbances with
height with an increase in the duration of the source.



Atmosphere 2021, 12, 1384 11 of 16
Atmosphere 2021, 12, x FOR PEER REVIEW 11 of 16 
 

 

 

Figure 9. Temperature variations at an altitude of 150 km (blue line) and 230 km (red line) above the 

source. The initial moment corresponds to the start time of calculations. 

Figure 10 shows the results of wavelet analysis of temperature perturbations at an 

altitude of 150 and 230 km above the source of perturbations. As shown in Figure 9, waves 

with periods of 6–12 min prevail at an altitude of 150 km and 10–16 min at 230 km. An 

increase in wave activity is observed half an hour after the start of the source operation. 

Such results obtained for a neutral atmosphere in numerical calculations practically cor-

respond to the data of TEC observations considered in Section 2 (see Figure 3). 

 

Figure 10. Frequency characteristics of temperature disturbances above the disturbance source at 

150 km (lower panel) and 230 km (upper panel). 

The numerical experiment results showed that AWs and IGWs excited by surface 

pressure disturbances during periods of meteorological disturbances propagate into the 

thermosphere and lead to changes in its state. In theoretical studies, the effects of AWs 
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source. The initial moment corresponds to the start time of calculations.

Figure 10 shows the results of wavelet analysis of temperature perturbations at an
altitude of 150 and 230 km above the source of perturbations. As shown in Figure 9, waves
with periods of 6–12 min prevail at an altitude of 150 km and 10–16 min at 230 km. An in-
crease in wave activity is observed half an hour after the start of the source operation. Such
results obtained for a neutral atmosphere in numerical calculations practically correspond
to the data of TEC observations considered in Section 2 (see Figure 3).
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Figure 10. Frequency characteristics of temperature disturbances above the disturbance source at
150 km (lower panel) and 230 km (upper panel).

The numerical experiment results showed that AWs and IGWs excited by surface
pressure disturbances during periods of meteorological disturbances propagate into the
thermosphere and lead to changes in its state. In theoretical studies, the effects of AWs
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and IGWs propagation into the thermosphere have been studied sufficiently. The results of
experimental and model studies obtained in this work confirm these assumptions.

In experimental studies of the spectra of disturbances in the ionosphere associated
with meteorological events, it was shown that in these periods, there is an increase in the
amplitudes of TEC variations with periods of 2–20 and 20–60 min [33,83] Analysis of the
results of observations and numerical experiments suggests that the disturbances in the
thermosphere generated by tropospheric sources have two frequency ranges. The first
high-frequency range is determined by the short-period IGWs and AWs, which form the
disturbance parameters directly above the tropospheric source. With large time scales,
the second low-frequency range is determined by the duration of the action of waves
coming from the lower atmosphere and the excitation of secondary IGWs directly in the
thermosphere in the processes of dissipation of tropospheric wave dissipation [78,84–86].

5. Conclusions

This paper presents the results of observations carried out using lidar sensing at
tropospheric heights and satellite GPS measurements during the meteorological storm in
Kaliningrad (Russia) on 1 April 2016. The results of lidar sensing allow us to assert that
during the period of a meteorological storm, the amplitudes of variations in atmospheric
parameters with AW and IGW periods increase significantly. Simultaneous satellite ob-
servations demonstrate the response of the ionosphere (TEC disturbance) to tropospheric
disturbances. Analysis of the time series of the amplitudes of the reflected lidar signal and
TEC made it possible to determine that the response time of the ionosphere to tropospheric
disturbances is 30–40 min.

As a result of numerical modeling, it was found that during the vertical propagation of
AWs and IGWs upward from the troposphere, there is a noticeable increase in the period of
temperature disturbances from 6–12 min to 10–17 min at altitudes from 150 km to 230 km.
In this layer, nonlinear and dissipative processes lead to the formation of secondary wave
sources in the thermosphere, with periods longer than those of primary ones. In this case,
the unsteady nature of the primary wave source and the short duration of its operation
doesn’t lead to significant heating of the thermosphere, i.e., the energy of the primary
waves is spent mainly on the excitation of secondary waves.

The reaction of the ionosphere (variations in the integral TEC parameter) to tro-
pospheric disturbances occurs somewhat later than variations in the parameters of the
thermosphere (in particular, temperature) at an altitude of 230 km. However, the periods of
temperature variations above 230 km and TEC variations differ little since there is a close
relationship between the thermosphere and ionosphere parameters [87].
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1. Laštovička, J. Forcing of the ionosphere by waves from below. J. Atmos. Sol. Terr. Phys. 2006, 68, 479–497. [CrossRef]
2. Forbes, J.M.; Maute, A.; Zhang, X.; Hagan, M.E. Oscillation of the ionosphere at planetary-wave periods. J. Geophys. Res. Space

Phys. 2018, 123, 7634–7649. [CrossRef]
3. Rishbeth, H.; Mendillo, M. Patterns of F2-Layer Variability. J. Atmos. Sol. Terr. Phys. 2001, 63, 1661–1680. [CrossRef]
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