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Abstract: The July 29, 2025 earthquake near the eastern coast of the Kamchatka Peninsula induced

a high-amplitude seismic wave that propagated thousands of kilometers from the epicenter. Ground

vibrations caused variations in surface air pressure with periods in the infrasonic range, which

propagated almost vertically into the upper atmosphere and modulated the ionospheric plasma. The

resulting ionospheric disturbances were, in turn, recorded by a number of radiophysical facilities

monitoring the ionosphere. In this paper, we provide an overview of the effects caused by the passage

of the seismic wave, which were observed during ionospheric monitoring using vertical, oblique, and

sky-wave backscatter sounding techniques in the Asian part of Russia.
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1. Introduction

The study of lithosphere-atmosphere-ionosphere coupling is of great scientific and

practical importance. One manifestation of this interaction is the emergence of short-lived

irregularities in the ionospheric plasma above the earthquake epicenter itself, as well as

above regions where seismic waves propagate. The primary mechanism for the formation

of these irregularities is the generation of an acoustic infrasound wave during oscillations

of the Earth’s surface, the propagation of this wave to the heights of the upper atmosphere,

and the subsequent modulation of the ionospheric plasma [Pokhotelov et al., 1995].

Such disturbances were first recorded after the 1964 Alaska earthquake in Doppler

vertical and oblique sounding [Davis and Baker, 1965], and also as trace distortions on

vertical ionograms [Leonard and Jr., 1965]. Further development of ionospheric monitoring

techniques and technology made it possible to detect such disturbances in transionospheric

[Afraimovich et al., 2001; Rolland et al., 2011; Tsugawa et al., 2011], Doppler [Artru et al.,

2004; Chum et al., 2012, 2016], vertical [Maruyama and Shinagawa, 2014; Maruyama et al.,

2012] and sky-wave backscatter sounding [Nishitani et al., 2011], as well as in a combined

analysis of data from various observations [Liu et al., 2016; Ogawa et al., 2012].

This paper provides an overview of the effects observed in ionospheric monitoring data

in the Asian part of Russia after the earthquake near the eastern coast of the Kamchatka

Peninsula on July 29, 2025.
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2. Data and Methods

The Kamchatka earthquake onset was recorded at 23:24 UTC on July 29, 2025. The

epicenter was located at 52.47◦N, 160.40◦E. The moment magnitude was 8.8, and the

hypocenter depth was 47 km. We present data from seismological stations in Petropavlovsk-

Kamchatsky (PET), Magadan (MA2), Yakutsk (YAK), Talaya (TLY), and Novosibirsk (NSK,

the Klyuchi research station). Surface excess air pressure variations were obtained at the

acoustic station of the Geophysical Observatory (GO) of ISTP SB RAS in Tory (TORY).

Ionospheric monitoring was carried out using vertical sounding (VS) at the GO in Tory

and at the Klyuchi research station in Novosibirsk (NSK), oblique sounding (OS) – the

Novosibirsk–Tory path (NSK-TORY), and sky-wave backscatter sounding (BS) by the MGW

HF radar located in Stekolny near Magadan. Figure 1 shows a schematic map of the

earthquake epicenter and observation stations. The solid line on the map shows the

Novosibirsk–Tory oblique path. Additionally, dotted lines show the Magadan–Novosibirsk

and Magadan–Tory oblique paths, as well as the MGW HF radar field of view. The

coordinates of the observation stations, the type of observation, the distance, and the

azimuth from the epicenter are provided in Table 1.

Figure 1. Map of observation station locations.

Table 1. Observation station coordinates, distance and azimuth from epicenter

No. Station name
Type of

observation
Latitude Longitude Distance Azimuth

1
Petropavlovsk-
Kamchatsky (PET)

seismic 53.02 158.65 132.5 298.2

2 Magadan (MA2) seismic 59.58 150.77 988.7 326.8

3 HF radar (MGW) BS 60.03 150.73 1028.6 328.5

4 Yakutsk (YAK) seismic 62.03 129.69 2102.5 312.3

5 Talaya (TLY) seismic 51.68 103.64 3777.8 291.9

6 Tory (TORY) VS, acoustic 51.81 103.08 3807.3 292.4

7
Middle point of
Novosibirsk–Tory HF
path (NSK–TORY)

OS 53.74 93.51 4298.3 299.4

8 Novosibirsk (NSK) seismic, VS 54.85 83.23 4828.2 305.2
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3. Results

3.1. Correlation of Seismological and Acoustic Observations

Figure 2 shows the variations in the velocity of vertical ground motion (BHZ compo-

nent) recorded at seismological stations. The variations are arranged in order of increasing

distance from the epicenter, which is marked with a star in the figure. We indicate the scale

of variations for each station by a vertical line next to the station name. The figure shows

that vertical ground motions reached over 10 cm/s in Petropavlovsk-Kamchatsky, about

3 mm/s in Magadan, Yakutsk, and Talaya, and less than 0.1 mm/s in Novosibirsk. The

approximate travel delays of the Rayleigh wave to stations MA2, YAK, TLY, and NSK were

5, 10, 20, and 25 minutes, respectively. The estimated Rayleigh wave velocity, based on its

arrival at the YAK and TLY seismological stations, is approximately 3 km/s. At stations TLY

and NSK, the faster P- and S-waves are also clearly distinguishable. The P-wave velocity

increases with distance from the epicenter, ranging from 6.2 to 9.8 km/s. The S-wave

velocity at stations TLY and NSK is about 6.5 km/s. The shape of the variations changes

significantly from station to station, indicating substantial dispersion of the seismic wave.

Figure 2. Velocity of vertical ground motion as recorded at seismological stations in Petropavlovsk-

Kamchatsky, Magadan, Yakutsk, Talaya, and Novosibirsk from 23:20 UTC on July 29, 2025, to

00:10 UTC on July 30, 2025.

Figure 3a shows variations in excess air pressure near the surface (black line) recorded

at the GO acoustic station in Tory. It is evident that, in addition to the deep background

variations with periods of about 10–20 minutes, there are also oscillations with periods

of 10–20 seconds. Applying bandpass filtering in the range of 0.3–50 seconds yields the

variations shown by the blue line. The oscillations of excess air pressure, converted to gas

velocity in a traveling acoustic wave (υ = p/(caρa), where p is excess pressure, and ca and

ρa are the speed of sound and air density at the surface [Lighthill, 2001]), are presented

in Figure 3b alongside the data from the Talaya seismic station. One can see that the gas

velocity variations and vertical ground oscillations are in complete agreement. The delay

between the gas velocity and ground oscillations, determined by the maximum of the

correlation function (∼0.7), is approximately 8.86 seconds. The distance between Talaya

and Tory projected onto the direction of the Rayleigh wave propagation is about 29.5 km

as one can conclude from Table 1. Since the Rayleigh wave (as the wave with the largest

amplitude) makes the main contribution to the correlation, we estimate its velocity at about

3.3 km/s on the Talaya–Tory route.
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Figure 3. (a) Surface excess air pressure as recorded in Tory from 23:20 UTC on July 29, 2025, to

00:30 UTC on July 30, 2025. The black line represents the raw variations, and the blue line shows the

variations after bandpass filtering in the period range of 0.3–50 seconds. (b) The red line indicates

the vertical ground motion velocity at the Talaya seismic station, and the blue line represents the

excess air velocity in Tory.

3.2. Doppler Velocity of Ground Scatter Observed by the MGW HF Radar

The MGW HF radar is a part of the Sekira radar network [Berngardt et al., 2020]

and is located in Stekolny, Magadan Region. Figure 1 shows the radar’s field of view as

a circular sector bounded by dotted lines. The radar monitors the ionosphere using direct

ionospheric backscatter (IS) and sky-wave backscatter sounding (BS). In BS mode, HF radio

waves propagate along oblique trajectories, are reflected by the ionosphere, scatter from

surface roughness, and return to be recorded by the radar. Unlike classical BS, HF radars

transmit radio waves at a fixed frequency.

Figure 4 presents a distance-time diagram of the Doppler velocity of the ground

scatter echoes observed by beam 2 (azimuth −57◦) as a function of Universal Time and

ground distance. The radar operational frequency was 8.2 MHz. The temporal and spatial

resolutions were 28 seconds and 45 km, respectively. The vertical axis indicates the ground

distance in kilometers from the radar to the scattering point. For ground scatter echoes this

distance corresponds to the apogee of the radio wave trajectory. Doppler velocity is shown

by color according to the color scale on the right of the figure. The red color indicates

motion of the scatter away from the radar along the beam, and the blue color indicates

motion toward the radar. In the case of undisturbed, slowly changing ionosphere, the

ground scatter echoes have Doppler velocities close to zero, as the ground surface itself

is a stationary scattering object. This is indeed observed in Figure 4 up to 23:40 UTC.

From approximately 23:40 UTC to 23:50 UTC, we can clearly see four distinct inclined

bands of alternating increase and decrease in Doppler velocity, originating from the HF

skip distance. The peak-to-peak amplitude of the Doppler velocity reaches ∼120 m/s. The

observed Doppler velocity variations are most likely associated with the passage of the

radio waves through a region of moving plasma irregularities, generated by an acoustic

wave traveling in the ionosphere. The delay between the onset of the earthquake and the

observed effect (∼15 minutes) is composed of the time required for the Rayleigh wave

to reach the radar’s field of view (∼8 minutes) and for the acoustic wave to ascend from

the ground surface to ionospheric heights at the sound speed (∼7 minutes). The slope of

the bands indicates that the irregularity was moving away from the radar at a speed of

approximately 2 km/s as projected onto beam 2. This is confirmed by the alignment of

the red bands with the black dashed lines, which correspond to a wavefront phase velocity

of 1.9 km/s originating from the epicenter. It should be noted that after 23:50 UTC, pink

and light blue bands are still visible in the figure, indicating the continued presence of

irregularities, albeit less intense.

Russ. J. Earth. Sci. 2026, 26, ES2021, EDN: CYKDQR, https://doi.org/10.2205/2026es001131 4 of 12

https://elibrary.ru/CYKDQR
https://doi.org/10.2205/2026es001131


Ionospheric Response to Seismic Wave from Kamchatka Earthquake on July 29, 2025 Oinats et al.

Figure 4. Doppler velocity of ground scatter as measured by the MGW HF radar beam 2.

Figure 5. Doppler velocity of ground backscatter in the MGW HF radar field of view for individual

scans.

Figure 5 shows the Doppler velocity distributions in the radar field of view for

individual scans. During the period of interest the radar was sequentially sampling

beams 12, 6, 5, . . . , 1, counterclockwise from the easternmost to the westernmost beam.

The integration time was 4 seconds, so that the radar covered the whole field of view every

28 seconds. The beam sampling sequence introduces a slight distortion into the observed

wavefronts, since the disturbance is moving during the sampling process. Nevertheless,

the panels of Figure 5 clearly show concentric bends in the Doppler velocity, the center
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of which approximately corresponds to the earthquake epicenter. For convenience the

wavefronts are marked by the dashed lines on the panels. The distance between adjacent

fronts is about 100–200 km. As we can see from Figure 1, the far boundary of the MGW

measurement region is located near the YAK station. The approximate delay between the

appearance of the Rayleigh wave at the YAK station and the onset of the main effect in the

MGW HF radar data is about 7 minutes, which corresponds to the propagation duration of

infrasound from the ground surface to ionospheric heights.

3.3. Distortions of the Vertical Ionograms in Tory and Novosibirsk

During the period of interest, the vertical sounding chirp ionosonde in Tory [Podlesnyi

et al., 2013] was operated with a time resolution of 15 seconds. This allowed a fairly

detailed observation of the ionospheric effects caused by the passage of an acoustic wave

generated by a seismic wave. Figure 6a shows the vertical ionogram before the onset of

earthquake effects. It can be seen that the critical frequency was approximately 6 MHz, and

the traces of the ordinary and extraordinary components, corresponding to the reflection

of the radio waves from the F-region, have a normal shape. Starting at approximately

23:40 UTC, slight distortions are observed, first in the lower part of the traces (Figure 6b),

and then rising up to the subcritical frequency region. These slight distortions correspond

to the passage of a longitudinal wave (P-wave). Further, stronger distortions were observed,

corresponding to the passage of a transverse wave (S-wave). Starting at approximately

23:51 UTC (Figures 6c and 6d), a multicusp structure, which corresponds to the Rayleigh

wave, is observed on the traces.

Figure 6. Vertical ionograms as obtained in Tory for individual sounding sessions.
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Figure 7. Virtual height map as constructed from the Tory vertical ionograms.

Figure 7 shows a virtual height map [Yusupov et al., 2020]. The horizontal axis shows

UTC hours, and the vertical axis shows the sounding frequency. Virtual heights are color-

coded according to the color scale on the right of the map. Each vertical bar corresponds

to one ionogram. To construct the map, each ionogram was subjected to secondary pro-

cessing, which involved removing noise and identifying points with significant amplitude

[Ponomarchuk et al., 2023].

As one can see in Figure 7, until 23:40 UTC, the virtual height changes smoothly

in both the frequency and time domains. After this moment, distortions in the virtual

height begin to appear, manifested in alternating sections of increased and decreased

heights. Individual sections can be observedmoving from low to high operating frequencies.

Maximum distortions are observed around 23:55 UTC and then weaken. Around this

moment, it becomes noticeable that the 15-second time resolution is no longer sufficient –

a distinctive strobing effect appears. The disturbed behavior of the virtual height map

persisted, to varying degrees, for several hours.

Similar distortions were also observed on vertical ionograms obtained at the Klyuchi

station in Novosibirsk. Figure 8a shows an undisturbed ionogram showing traces of a nor-

mal shape. The critical frequency was approximately 5 MHz. The first small distortions in

the lower part of the traces began to appear at approximately 23:41 UTC (P-wave), and also

at 23:48 UTC (S-wave). Then, starting at 23:54 UTC, the distortions captured the traces

entirely (Figure 8b), and starting at 23:58 UTC, the distortions also took the form of the

multicusp structure (Figures 8c and 8d). Figure 9 shows the corresponding virtual height

map. The Novosibirsk chirp ionosonde operated with a time resolution of 1 minute, so the

disturbance effect on the map is not as clearly expressed as in Figure 7. However, the basic

dynamics of the distortions are repeated here, similar to what was observed in Tory.

3.4. Distortions of the Novosibirsk–Tory Oblique Ionograms

The Novosibirsk–Tory oblique sounding during the period of interest has a time

resolution of 1 minute. The distance between transmitter and receiver and the azimuth are

1356 km and 96.2◦, respectively. The relatively short distance allows for the recording of

signals propagating via reflection from the ionospheric F-region along one-hop trajectories.

The distance from the earthquake epicenter to the midpoint of the radio path (53.74◦N,

93.51◦E) is 4298.3 km. Figure 10a shows an oblique ionogram without disturbances,

which was taken before the passage of the surface wave. The ionogram shows 1E and 1F2

traces of normal shape. Distinct effects from the passage of the infrasound wave were

observed starting at 23:55 UTC. Figures 10b–d show three consecutive ionograms, revealing

distortion of the 1F2 trace, caused by significant stratification of the ionospheric F2 layer

near the midpoint of the radio path. It is clear that the distortions first appear on the low

ray and then gradually shift to higher group paths on the high ray. Visible distortions in

oblique ionograms were observed until 00:19 UTC on July 30, 2025.

Oblique ionograms recorded for the longer Magadan–Tory and Magadan–Novosibirsk

radio paths (which are also shown in Figure 1 by dotted lines) during the period of interest

also include the effects that can be explained by the passage of traveling ionospheric
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Figure 8. Vertical ionograms as obtained in Novosibirsk for individual sounding sessions.

Figure 9. Virtual height map as constructed from the Novosibirsk vertical ionograms.

disturbances in the apogee of the radio wave trajectories. However, it is not possible to

separate effects specifically related to the passage of the seismic wave. This can be partly

explained by the lower time resolution (5 minutes), as well as by the fact that radio waves

propagate along two- and three-hop trajectories.
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Figure 10. A series of oblique sounding ionograms along the Novosibirsk–Tory path for individual

sounding sessions.

4. Discussion

The MGW HF radar data revealed variations in the ground scatter Doppler velocity.

There are four inclined bands in the distance-time diagram. Within the radar’s field of

view, the Doppler velocity disturbances form concentric rings, the center of which roughly

corresponds to the earthquake’s epicenter. This suggests that the ionospheric disturbance

that caused them, at F-region altitudes, propagated northwestward from the radar at

a velocity of approximately 2 km/s. Similar effects were previously observed during the

2011 Tohoku earthquake using a similar SuperDARN HOK HF radar [Nishitani et al.,

2011; Ogawa et al., 2012]. The authors detected several ionospheric disturbances (modes)

propagating from the epicenter at velocities ranging from 300 m/s to 7 km/s. The high

temporal resolution of one of the radar beams made it possible to record disturbances with

such high velocities. Furthermore, the HOK radar is located significantly closer to the

earthquake’s epicenter, so its field of view also included disturbances generated directly in

the epicenter region (including those resulting from impact interaction). The MGW radar’s

field of view is more than 1000 km from the epicenter, so the effects described here are

most likely caused by the propagation of the Rayleigh wave.

Despite clear evidence that the effects observed by the MGW HF radar are caused by

coseismic disturbances, questions remain regarding the correct interpretation of the data.

For example, it is unclear why the velocity of the ionospheric disturbances is almost one

and a half times slower than the velocity of the Rayleigh wave. Why are only four inclined

bands clearly visible, and with what variations in the seismometer data (for example,
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in YAK) should they be associated? A possible explanation here may be related to the

peculiarities of infrasound absorption in the Earth’s atmosphere, which is highly dependent

on the wave frequency [Chum et al., 2012]. High frequencies are absorbed more strongly

than lower ones. Accordingly, only long-period components of the original infrasound

signal can rise to the heights of the ionospheric maximum, where the HF radio waves are

reflected. Possible inaccuracies in the mapping of the radar data, as well as their relatively

low temporal and spatial resolution, complicate the interpretation. In the future, we plan

to conduct comprehensive modeling of radio wave propagation characteristics, which will

facilitate a more accurate interpretation and answer these questions.

Surface excess air pressure recorded at GO of ISTP SB RAS in Tory correlates well with

the vertical ground oscillations at the Talaya station. The delay between the gas velocity

and ground oscillations, estimated from the maximum correlation function, was ∼8.86 s,

and the corresponding surface wave velocity was ∼3.3 km/s. A high correlation between

data from the Talaya seismological station and the Tory acoustic station was previously

recorded after the 2024 Taiwan earthquake [Sorokin et al., 2025]. This allows us to conclude

that ground motion is a direct source of infrasound waves that propagate further into the

upper atmosphere, leading to modulation of the ionospheric plasma.

Distortions of traces on vertical sounding ionograms were first recorded in Tory

and later at the Novosibirsk station. The trace distortions have the form of a multicusp

structure, successively shifting toward higher altitudes/frequencies. This suggests that

the corresponding ionospheric disturbance propagated from below upwards. The delay

between seismic wave recordings at the nearest seismological stations is about 7–10 minutes

and roughly corresponds to the time required for an infrasound wave to rise vertically to

ionospheric altitudes. Cedrik et al. [2025] present the results of modeling the ionospheric

response to a seismic wave after the 2024 Taiwan earthquake. A simple model was used in

which the signal propagates vertically upward at the speed of sound, but the dissipation of

acoustic wave energy due to viscosity and thermal conductivity is taken into account. The

obtained altitude-time distributions of the disturbed electron density were then used to

model the virtual height-frequency dependencies during vertical ionospheric sounding.

Good qualitative agreement was demonstrated between the calculated dependencies and

observed ionograms, both in terms of the shape of the distortion of the traces of the

ordinary and extraordinary components, and in terms of the time of their observation.

The presented results are generally consistent with those previously reported by other

authors using VS data obtained after strong earthquakes [see, for example, Maruyama and

Shinagawa, 2014; Maruyama et al., 2012]. Cedrik et al. [2025] estimated that the vertical

velocity of gas oscillations of 18 m/s at ionospheric altitudes corresponds to that of about

1 mm/s at ground-level. In the case of the Kamchatka earthquake the ground-level gas

velocity is up to about 3 mm/s as seen in Figure 3b. Thus, the corresponding velocity at

ionospheric altitudes should also be several times greater than estimated in Cedrik et al.

[2025].

According to oblique ionograms taken on the Novosibirsk–Tory path, distortions of

the 1F2 trace were observed, indicating significant stratification of the ionospheric F-region

near the midpoint of the radio path. The high temporal resolution of the oblique ionograms

suggests that the corresponding ionospheric disturbances propagated upward and were

also a result of the passage of a seismic wave. The character of the distortions in the oblique

ionograms suggests that the quality of HF communications could be significantly impacted.

5. Conclusion

The seismic wave generated by the earthquake near the Kamchatka Peninsula on July

29, 2025, propagated thousands of kilometers from the epicenter. Ground vibrations were

consistently recorded at seismological stations located in the Asian region of Russia. As

a result of ground vibrations, an infrasound wave was emitted, propagating to the iono-

spheric heights. Unique data on the ionospheric response to the passage of a seismic wave

were obtained simultaneously using vertical, oblique, and backscatter sounding techniques
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across a vast region of Asian part of Russia. Radiophysical monitoring provided informa-

tion on the spatiotemporal structure of coseismic ionospheric disturbances and allowed

for comparison with other observations. Acoustic monitoring confirms the mechanism by

which ionospheric irregularities are formed through modulation of ionospheric plasma by

an infrasound wave induced by a seismic wave.
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