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Abstract. We have examined the response of the 

lower and upper ionosphere to the passage of extratropi-

cal cyclones in 2014–2023, using measurements made 

at regional ultra-long-wave radio stations and satellites 

of the Swarm mission in the Far Eastern region of Rus-

sia. For twelve cyclones, we have found that disturb-

ances in the lower ionosphere, observed in VLF signal 

amplitude and phase variations, as well as their associ-

ated electron density variations in the upper ionosphere 

during the active stage of the cyclones, correspond to 

the passage of atmospheric internal gravity waves and 

their dissipation, as evidenced by several examples. We 

have studied the mechanisms of the influence of internal 

atmospheric waves on the ionosphere, which make it 

possible to interpret the VLF signal phase variations 

observed in the lower ionosphere and the electron densi-

ty variations in the upper ionosphere. 

Keywords: ultra-long-wave radio sounding, atmos-

pheric internal gravity waves, extratropical cyclones, 

ionosphere. 

 

 

 

INTRODUCTION 

Studying the interaction between Earth's outer layers 

(atmosphere, ionosphere, magnetosphere), which is 

manifested when there are high-energy sources in one of 

these geospheres, as well as mechanisms of such rela-

tionships, is one of the important tasks of contemporary 

geophysics. 

According to [Forbes et al., 2000], the influence of 

atmospheric (meteorological) factors under quiet geo-

magnetic conditions can be as great as 35 % of the 

background level for disturbances in the upper atmos-

phere (specifically, the electron density Ne at the maxi-

mum of the ionospheric F2 layer located at 250–300 km). 

Atmospheric internal gravity waves (IGWs) are consid-

ered to be the crucial link connecting meteorological 

factors with the ionosphere [Danilov et al., 1987]. In 

particular, calculated azimuths and horizontal velocities 

of some traveling ionospheric disturbances (TIDs) of 

meteorological origin (which are commonly associated 

with propagating IGWs) have shown that probable 

zones of generation of recorded TIDs are located in the 

troposphere and coincide, for example, with depressions 

in cyclone formation areas [Bertin et al., 1975]. Atmos-

pheric waves generated by meteorological events, when 

propagating upward, pass through both the lower and 

upper ionosphere. Accordingly, disturbances during 

cyclones should be observed in both the lower and up-

per ionospheres.  

Indeed, when studying tropical cyclones (typhoons), 

a possible response is found not only in the lower iono-

sphere from rocket experiment results [Vanina-Dart et 

al., 2008] and VLF radio sounding [Rozhnoi et al., 

2014; Pal et al., 2020; Das et al., 2021; Shalimov, 

Solovieva, 2022], but also in the upper ionosphere from 

results of analysis of GPS signals [Polyakova, Perevalo-

va, 2011; Zakharov, Kunitsyn, 2012; Yasyukevich et al., 

2013; Vanina-Dart, Sharkov, 2016; Chou et al., 2017a, b], 

satellite measurements [Zakharov et al., 2019; Shalimov 

et al., 2023a, b], and oblique ionospheric sounding data 

[Chernigovskaya et al., 2010]. At the same time, the 

response of the upper atmosphere to extratropical cy-

clones, unlike tropical ones (see, e.g., the review [Cher-

nogor, 2023]), have not been studied systematically 

because of the difficulty in isolating the atmospheric 

feature per se. It is necessary to continue research on the 

response of the atmosphere to the passage of a cyclone 

of any type, using capabilities of various monitoring 

tools, which can facilitate determining the mechanisms 

of cyclone effects on the ionosphere, which have re-

ceived attention only recently. 

https://orcid.org/0000-0002-2214-2195
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Extratropical cyclones are recorded at middle and 

high latitudes [Khromov, Petrosyants, 2006; Lutgens et 

al., 2018; Shved, 2020]. One of the main, but not the 

only, mechanisms of their origin is the baroclinic insta-

bility of the atmosphere — dynamic wave instability of 

atmospheric current with a latitudinal temperature gra-

dient and hence with a vertical wind velocity gradient in 

the Coriolis force field. The energy source of growing 

disturbances in such a current is the available potential 

instability energy. Regardless of the formation mecha-

nisms, cyclones always manifest themselves as closed 

isobars on the atmospheric pressure map, and their for-

mation and evolution are accompanied by changes in 

wind and related tropospheric disturbances, including 

wave ones. 

To calculate cyclone characteristics at extratropical 

latitudes (>20° N) of the Northern Hemisphere, we have 

used 6-hr mean sea level pressure from ERA-5 reanaly-

sis data and a method of identifying cyclone characteris-

tics [Bardin, Polonsky, 2005; Akperov et al., 2007]. 

Cyclones are defined as low pressure areas bounded by 

closed isobars. The cyclone characteristics such as the 

number of cyclones, their lifetime, depth (intensity), 

determined by the difference between minimum pres-

sure in a cyclone and the value on the last closed isobar, 

the area occupied by the cyclone, and the size of the 

cyclone, i.e. its mean radius, are calculated. The square 

of cyclone intensity is characterized by the kinetic ener-

gy of the cyclone [Golitsyn et al., 2007; Simmonds, 

Keay,  2009]. Comparison of the statistics of cyclone 

characteristics obtained by this method [Akperov et al., 

2007, Golitsyn et al., 2007] and other identification 

methods [Neu et al., 2013; Ulbrich et al., 2013] shows 

their close agreement. The number of extratropical cy-

clones, comparable and superior to tropical ones, is by 

an order of magnitude larger than that of tropical events 

per year. 

When extratropical cyclones move above water sur-

face, we can expect wave responses in the ionosphere, 

similar to those observed from tropical cyclones moving 

generally above water. That is why we have chosen the 

region of the Pacific Ocean and the Far East for our 

research, where cyclones are most frequent and there is 

a significant fraction of sea or ocean surface, as well as 

several VLF radio paths. 

Figure 1 illustrates distribution of large extratropical 

cyclones for 2020–2023, characterized by a pressure 

drop of more than 10 hPa, a duration of more than three 

days, and a maximum diameter of more than 300 km, 

which corresponds to the size of tropical cyclones. 

The size of extratropical cyclones at sea level is seen 

to be, on average, ~1500 km, which exceeds that for 

tropical cyclones. Below, we present meteorological 

data on individual extratropical cyclones.  

In this paper, we have for the first time employed 

measurements made by a regional network of VLF radio 

sounding stations (recording disturbances in the lower 

ionosphere) and data from the Swarm satellite mission 

(recording disturbances in the upper ionosphere) in or-

der to study the ionospheric response to extratropical 

cyclones. This approach makes it possible to use the  

 

Figure 1. Distribution of large extratropical cyclones with 

a pressure drop >10 hPa, a duration of more than three days, 

and a maximum diameter >300 km for the Far East region in 

2020–2023 

  

unique capabilities of various observation methods and 

monitor the development of an atmospheric disturbance 

caused by an extratropical cyclone at different iono-

spheric heights as the disturbance spreads. This ap-

proach also allows us to specify the mechanisms of cy-

clones' impact on the ionosphere. 

 

EXPERIMENTAL RESEARCH 

METHODS  

The response of the lower ionosphere to atmospheric 

processes is studied by the method of remote VLF radio 

sounding at frequencies 3–30 kHz the signals at which 

can propagate thousands of kilometers from a transmit-

ter to a receiver with weak damping of ~2 dB per 1000 

km in the natural Earth–ionosphere waveguide. Reflec-

tion from the upper wall of the waveguide (the iono-

sphere) occurs at altitudes of ~65 km during the day and 

~85 km at night. Signal amplitude and phase are sensi-

tive indicators of the state of the ionosphere. Wave dis-

turbances, generated in the atmosphere by a fairly 

strong cyclone, when propagating into the upper iono-

sphere should pass through the lower ionosphere, which 

is indicated by corresponding VLF-signal amplitude and 

phase disturbances. 

We have used data from the Unique Research Facili-

ty "Seismic and Ultrasonic Monitoring Complex of the 

Arctic Cryolithozone and Continuous Seismic Monitor-

ing Complex of the Russian Federation, Neighboring 

Territories, and the World" [Dyagilev, Sdelnikova, 

2022; https://ckp-rf.ru/usu/507436/; http://www.gs 

ras.ru/unu]. Receiving stations of VLF radio sounding 

of the regional network in the Russian Far East are lo-

cated in Petropavlovsk-Kamchatsky, Yuzhno-

Sakhalinsk, and Yuzhno-Kurilsk. The stations are 

equipped with UltraMSK receivers [http://ultramsk.com], 

which can simultaneously measure the amplitude and 

phase of MSK (Minimum Shift Keying) modulated sig-

nals in the frequency band 10–50 kHz from several 

transmitters. The MSK signals have fixed frequencies in 

the range 50–100 Hz relative to the fundamental fre-

quency. The receiver can receive signals with a sam-

pling step from 50 ms to 60 s. The analysis is based on 

data averaged over a time interval of 20 s. 

https://ckp-rf.ru/usu/507436/
http://www.gsras.ru/unu
http://www.gsras.ru/unu
http://ultramsk.com/
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We have analyzed VLF-signal variations for 48 extra-

tropical cyclones from 2014 to 2023, which crossed the 

sensitivity zones of paths (five Fresnel zones) in the ab-

sence of magnetic and seismic activity (i.e. for events 

with M>5.5). The effects have been detected for 12 

events. The paths were signals from NWC (19.8 kHz) 

transmitter on the west coast of Australia and JJY (40 

kHz) and JJI (22.2 kHz) transmitters in Japan, received at 

stations in Petropavlovsk-Kamchatsky (PTK), Yuzhno-

Sakhalinsk (YSH), and Yuzhno-Kurilsk (YUK). Data on 

the cyclones was obtained using the IAPh RAS (Institute 

of Atmospheric Physics of the Russian Academy of Sci-

ences) method described in the previous section. 

We analyzed the night time interval since the day-

side ionosphere is very stable and sensitive only to se-

vere impacts such as solar flares and magnetic storms 

[Kleimenova et al., 2004]. VLF signals have diurnal and 

seasonal variations; therefore, in the analysis we com-

pared observed and monthly average signals. 

To study disturbances in the upper ionosphere, 

which are synchronous with those observed in the lower 

ionosphere by microwave radio sounding, we have used 

data from three Swarm satellites (A, B, and C) located 

in two circumpolar orbits: the orbits of Swarm A and C 

have an inclination of 87.4° at almost the same altitude 

(430−460 km for 2019) and move in similar orbits with 

an orbital difference 2−10 s. The third satellite has dif-

ferent motion parameters (for example, the orbit in the 

altitude range 500−540 km), is not synchronized with 

the first satellites, and is a reference satellite [Olsen et 

al., 2013]. We employ data on space-time electron den-

sity distribution from satellite Langmuir probes with a 

sampling rate of 2 Hz and a relative error in the maxi-

mum electron density no more than 1 % when the satel-

lites flew over typhoon zones. The data is available at 

[http://directory.eoportal.org/web/eoportal/satellite-

missions/s/Swarm]. 

Since the size of the cyclone area in the atmosphere 

is on average 1500 km, taking into account the Swarm 

satellite velocity we have selected the time filter param-

eters in the range from 15 s to 5 min. 

The search for flyby data reduces to determining the 

intersection of projections of satellite tracks with the 

region where ionospheric effects of cyclones can be 

observed. This work has been carried out using dedicated 

software developed at the Faculty of Physics of Moscow 

State University. All the figures presented in this section 

have been obtained with a semi-automatic processing 

complex, using a method for studying tropical cyclones. 

The response recording features are similar to those of 

the problem for tropical cyclones. 

Note that we search for ionospheric responses at 

night when the effect of the ionosphere on propagation 

of VLF signals is the most significant. Yet, at this time 

the electron density, which is utilized as an indicator of 

disturbances in the ionosphere, decreases. Finally, when 

an extratropical cyclone as a source of IGW generation 

approaches land, the pattern of recorded disturbances 

can change due to wave interference. All this causes 

additional difficulties, along with the lack of flybys dur-

ing the period of interest in the immediate vicinity of the 

cyclone or typhoon region and the difficulties in identi-

fying the response against the background of natural 

ionospheric disturbances. 

 

MEASUREMENT RESULTS 

Thus, it is difficult to observe synchronous disturb-

ances in the lower and upper ionosphere during cyclones 

due to the fact that the nightside ionosphere is considered 

in measurements made by VLF radio sounding, and the 

almost synchronous flybys of Swarm satellites may be 

shifted in time by ~5–7 hrs. Nevertheless, in this paper 

disturbances of the lower and upper ionosphere are exam-

ined for one case of almost synchronous measurements 

and several cases with the given time delay. 

Let us analyze the manifestation of the atmosphere-

ionosphere coupling during the cyclone that occurred on 

June 20 – July 3, 2016. Figure 2 illustrates a pressure 

change (its drop by 18 hPa) against the background of 

moderate geomagnetic disturbance: Dst<25 nT, Kp<3, 

except for the 6-hour interval on the night of June 23. 

For the event numbered 2008611 (18) from the IAPh 

RAS catalog, we have analyzed two paths: JJY–PTK 

and NWC–YSH, with high-quality data for June 20 –

July 03, 2016. The map is presented in Figure 3. Signal 

amplitude and phase disturbances along the NWC–YSH 

path were recorded on June 24. 

Figure 4 shows the signal amplitude and phase for 

the NWC–YSH path on June 24, 2016, compared with 

the monthly average level. Two features of signal phase 

variations can be observed: a rather long (several hours) 

negative phase shift, which is replaced by a positive 

anomaly, and shorter-period wave variations superim-

posed on them. There is a negative amplitude anomaly. 

The phase shift is 40°–50°. The wavelet analysis indi-

cates that short-period amplitude and phase variations 

have the main period of ~30 min.  

For the JJY–PTK path (see Figure 5), the effect was 

observed on June 27, 2016. When comparing phases, 

June 20 is used as a quiet day. There is also a wave-like 

phase variation. The deviation from the signal level on 

the quiet day is as large as 40. Wavelet analysis of a 

signal from the JJY transmitter in Kamchatka on July 27 

also shows the presence of 30-min variations. 

The track of Swarm B when it flies over cyclone 

2008611(18), as well as the relative range of the cyclone 

and electron density variations for June 24, 2016 between 

20:50 and 21:02 UT are shown in Figure 6. Variations in 

the relative electron density are as great as 10 %. 

Tracks of the Swarm satellites along with electron den-

sity variations for the same cyclone, but for June 27, 2016 

between 16:09 and 16:22 UTC are exhibited in Figure 7. 

While Swarm A and C are synchronized in space and time, 

i.e. they enter neighboring regions that are less than 1.5 

apart in longitude and differ in time by 2–10 s, the respons-

es are not synchronous. The correlation between signals 

from these satellites is, generally, at least 0.85, but in this 

case the correlation is low, which may indicate the for-

mation of various regions in the ionosphere along the satel-

lite tracks due to quasi-wave plasma motions, wave inter-

ference, or local plasma turbulence. 

http://directory.eoportal.org/web/eoportal/satellite-missions/s/Swarm
http://directory.eoportal.org/web/eoportal/satellite-missions/s/Swarm
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Figure 2. Time evolution of the cyclone on June 20 – July 3, 2016 (event 2008611(18) with a pressure drop dP of 18 hPa ac-

cording to the IAPh RAS catalog) and behavior of the geomagnetic indices Kp and ǀDstǀ (a), as well as pressure and wind speed 

variations during the event of interest (b) 

 

 

Figure 3. Movement of cyclone 2008611(18) (dots) and position of PTK (Petropavlovsk-Kamchatsky), YSH (Yuzhno-

Sakhalinsk), YUK (Yuzhno-Kurilsk) receivers and JJI (22.2 kHz) and JJY (40 kHz) transmitters: the ellipse indicates projection 

of five Fresnel zones onto Earth's surface (the sensitivity zone of the NWC–YSH path is partially shown); numbers are dates in 

the day/month format 



V.I. Zakharov, M.S. Solovieva, S.L. Shalimov, M.G. Akperov, G.M. Korkina, N.R. Bulatova 

74 

 

Figure 4. Amplitude and phase of a signal from the NWC transmitter at the station in Yuzhno-Sakhalinsk on June 24, 2016: 

in top panels are signal amplitude and phase variations; black lines indicate monthly averages; in middle panels are the filtered-

signal amplitude and phase at night; in bottom panels are wavelet spectra of the filtered signal 
 

 

Figure 5. Amplitude and phase of a signal from the JJY transmitter at the station in Petropavlovsk-Kamchatsky on June 27, 

2016. Notations are similar to those in Figure 4 
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Figure 6. Panel a illustrates spatiotemporal electron density disturbances along the track of Swarm B over cyclone 

2008611(18) on June 24, 2016 at 20:50–21:02 UTC. Also shown is the relative range of the cyclone and its track over the entire 

period of its existence. The projection of the satellite track onto Earth's surface is marked with a ray around which there are rela-

tive electron density variations. Panel b shows relative electron density variations for a time interval to 3 min at 530 km (height 

of Swarm-B orbits) 

 

For another event, cyclone 914245(16) from the 

IAPh RAS catalog with a pressure drop of 16 hPa, we 

analyzed only the JJY signal for July 01— July 06, 

2020 since the rest of the data was of poor quality. The 

effects were found for July 06, 2020. Figure 8 shows the 

cyclone's location in time and analyzed VLF paths. 

Recordings of the VLF signal amplitude and phase 

for the JJY-PTK path and the corresponding wavelet 

maps for the signal filtered in the frequency band 0.3–

15 MHz are presented in Figure 9. Two features of sig-

nal phase variations can be observed: a rather long (sev-

eral hours) positive phase shift, which is replaced by a 

negative anomaly (i.e. the variation is inverse to that 

shown in Figures 4 and 5), and shorter-period wave 

variations superimposed on them. 

Let us now analyze Swarm satellite measurements in 

the upper ionosphere. Figure 10 presents the result of 

measurement of electron density variations by Swarm A 

and C on July 06, 2020 at 15:43–15:52 UTC over the 

cyclone area, approximately at the same time when the 

VLF-signal variations exhibited in Figure 9 were rec-

orded. The map shows the entire track of the cyclone 

throughout the period of its action. The ellipse in the 

map projection marks the area of the storm during the 

given time period. Rays indicate projections of satellite 

tracks onto Earth's surface. 

The electron density responses detected in the range 

15...180 along the tracks are shown in Figure 10, b. Pay 

attention to the detected quasi-wave structures of a suf-

ficiently high (to 30 %) relative amplitude dN/N. Taking 

into account the satellite velocity (~7.5 km/s), the length 

of the structures is 400–600 km, which is of the same 

order of magnitude as the horizontal wavelength of the 

structures. 
 

DISCUSSION 

AND CONCLUSIONS 

As already noted, there are two features of VLF-

signal phase variations: long-period (several hours) neg-

ative and positive anomalies on which shorter-period 

wave variations are superimposed.  

The experimental data presented does clearly demon-

strate wave disturbances of VLF-signal amplitude and 

phase during the active stage of cyclones, i.e. the pres-

ence of wave disturbances in the lower ionosphere. 
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Figure 7. Panel a illustrates spatiotemporal electron density disturbances along the tracks of Swarm A and C over cyclone 

2008611(18) on June 27, 2016 at 16:09–16:22 UTC. The notations are similar to those in Figure 6. In panel b are variations in the 

relative electron density for a time interval to 3 min at 460 km (height of Swarm-A and -C orbits) 

 

 

Figure 8. The same as in Figure 3 for cyclone 914245(16) 
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Figure 9. In top panels are the JJY signal amplitude and phase variations recorded at the station in Petropavlovsk—

Kamchatsky on July 6, 2020: black lines are monthly averages. Middle panels represent the amplitude and phase of the filtered 

signal at night. Bottom panels exhibit wavelet spectra of the filtered signal 

 

 

 

Figure 10. In panel a are spatiotemporal electron density disturbances along the tracks of Swarm A and C over cyclone 

914245(16) on July 06, 2020 at 15:43–15:52 UTC. The notations are similar to those in Figure 6. In panel b are variations in the 

relative electron density at 460 km (height of Swarm-A and -C orbits) 
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Wavelet analysis shows the presence of wave activity 

within the range of 8–55 min periods (see Figures 4, 5, 

9). This range corresponds to atmospheric internal grav-

ity waves (IGWs). 

If we turn to Swarm observations (see Figure 10), 

which are almost synchronous with recording of dis-

turbances through VLF radio sounding, we can see that 

the satellite records ionospheric plasma density varia-

tions in the upper ionosphere with scales ~500 km, 

which are typical of traveling ionospheric disturbances. 

Thus, both in the lower and upper ionosphere during the 

active phase of cyclones there are ionospheric plasma 

variations characteristic of propagating IGWs. 

Cyclone-generated IGWs under favorable conditions 

(more precisely, with a wind structure suitable for prop-

agation into the ionosphere [Medvedev et al., 2017]), 

reach the lower part of the ionospheric F layer, where 

they can cause variations in both VLF-signal phase, 

amplitude and plasma density at Swarm orbital heights. 

Indeed (see [Shalimov and Solovieva, 2022]), the polar-

ization electric fields arising from wave motion of 

plasma in the lower part of the F layer (when the wave 

propagates across the geomagnetic field), projected 

along geomagnetic field lines to the lower ionosphere, 

cause the upper wall of the Earth—ionosphere wave-

guide to rise or fall, i.e. are responsible for VLF-signal 

phase variations. 

The same polarization electric fields perpendicular 

to the geomagnetic field will lead to plasma drift in the 

F-region of the ionosphere, i.e. to rise or fall of the 

plasma column, which, with sufficiently slow motions 

characteristic of IGWs (with a period of the order of 

recombination time), will be accompanied by an in-

crease or decrease in electron density on scales of the 

order of IGW wavelength. These plasma density varia-

tions can be detected by a Swarm satellite. 

We can assess consistency of satellite measurements 

with measurements by the VLF radio sounding method. 

The spatial scales L of density variations observed by 

the satellite are estimated using the formula L=vs/f, 

where vs is the satellite velocity; f is the frequency of 

variations. Using Figures 6, 7, and 10 to determine 

scales of plasma density variations, we get L=400–600 

km. The observed frequencies of wave variations in the 

lower ionosphere are assumed to correspond to IGWs 

propagating through the ionosphere; therefore, the esti-

mate T=TBλx/λz is valid for them, where TB is the Brunt-

Väisälä period; λz, λx are the vertical and horizontal 

wavelengths. According to model calculations [Vadas 

and Fritts, 2006], in the thermosphere IGWs generated 

by convective motions in the atmosphere have vertical 

wavelengths λz≈45–55 km. Thus, periods of these waves 

should occupy the range 30–50 min, which agrees with 

the VLF radio sounding data (see Figures 4, 5, 9). 

The short-period wave variations discussed above 

are attributed to IGW propagation, so we can assume 

that long-period variations are also somehow caused by 

the presence of IGWs, or rather by dissipation of inter-

nal waves [Shalimov et al., 2023a]. 

Indeed, if a cyclone is a source of IGWs propagating 

to the ionosphere, dissipation of these waves in the low-

er ionosphere leads to an increase in the coefficient of 

turbulent diffusion and hence to a faster height redistri-

bution of neutral atmospheric components. A possible 

response of the ionosphere may be a several-fold de-

crease in the electron density in the altitude range 60–80 

km due to an increase in ozone concentration [Vanina-

Dart et al., 2008]. In VLF phase variations, this effect 

would have corresponded to a negative half-wave last-

ing several hours and to a rise of the D layer [Shalimov 

et al., 2023a]. 

Another process, also driven by IGW dissipation, 

can be associated with the vertical transfer of NO mole-

cules from the region of their active formation (100–150 

km), which causes the electron density in the lower ion-

osphere to increase [Danilov et al., 1987]. This effect 

with a characteristic time of several hours may be pecu-

liar to a positive half-wave in VLF phase variations 

[Shalimov et al., 2023a]. 

Moreover, IGWs can directly affect the lower iono-

sphere, thereby, due to the specificity of plasma at these 

altitudes (electrons are magnetized, but ions are not), 

resulting in a vertical redistribution of plasma by wind 

shear (formation of sporadic layers in the E-region [Kel-

ley, 1989]). It can, however, be shown that when IGWs 

affect the D-region the vertical plasma redistribution 

(which is necessary to explain VLF-signal phase and 

amplitude variations) is virtually absent (see, e.g., 

[Haldoupis, Shalimov, 2021]). 

Thus, studies of the ionospheric response to the pas-

sage of extratropical cyclones, using a regional network 

of VLF radio sounding stations and low-orbit satellites 

(Swarm), allow us to establish that IGWs generated by a 

cyclone and reaching the ionosphere under favorable 

conditions can cause variations in both the VLF-signal 

phase and amplitude and the plasma density in the upper 

ionosphere, with the structure of responses demonstrating 

that internal waves from different sources can interact. 

The research was carried out under the Government 

assignment of IPE RAS and MSU. Swarm data was 

analyzed using software developed under the Govern-

ment assignment of MSU, theme 01200408544. The 

work used data from the Unique Research Facility 

“Seismic and Ultrasonic Monitoring Complex of the 

Arctic Cryolithozone and Continuous Seismic Monitor-

ing Complex of the Russian Federation, Neighboring 

Territories, and the World” [https://ckp-rf.ru/usu/507436/, 

http://www.gsras.ru/unu]. Characteristics of extratropi-

cal cyclones were calculated under RSF project No. 24-

17-00138. 
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