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Abstract: Changes in the altitude profiles of the ionospheric electron density (Ne) and the total
electron content (TEC) were detected using satellite navigation system data during the preparation
and occurrence of a powerful M8.8 earthquake (July 29, 2025, UTC) and other strong earthquakes of
M ≥ 6 that occurred near the Kamchatka Peninsula in June–September 2025. A 9–18% decrease in the
ionospheric electron density was detected, occurred 1–5 days before the M8.8 earthquake. A gradual
decrease in the total electron content (TEC) began 3 months before the earthquake, ceasing 15 days
before the event. Using the Long Short-Term Memory and Autoencoder neural networks, anomalies
were identified in the time series of normalized values of the total electron content (NTEC) of the
ionosphere during the preparation of earthquakes of M ≥ 6 that occurred in June–September 2025
near the Kamchatka Peninsula. The pattern of the anomalous variations in ionospheric parameters
identified in this research corresponds to the characteristics of ionospheric anomalies during the
preparation and occurrence of strong seismic events presented in earlier works.
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1. Introduction

On July 29, 2025 (UTC), a tsunamigenic M8.8 earthquake occurred off the coast
of the Kamchatka Peninsula, marking the strongest seismic event in the last 73 years.
This earthquake was accompanied by significant foreshocks and aftershocks with M ≥ 6
(http://www.ceme.gsras.ru, https://www.emsd.ru, http://earthquake.usgs.gov, https://
www.emsc-csem.org). Due to the seismic resilience of buildings and the timely evacuation
of the population from tsunami-affected areas on the Kamchatka Peninsula and the Kuril
Islands, casualties and severe destruction were avoided. Minor injuries were reported
among four individuals, along with cracks in buildings, coastal infrastructure was also
damaged by tsunami waves.

In contrast, during an M7.1 earthquake that struck in this region in the small town of
Neftegorsk (Sakhalin Island) on May 28, 1995, nearly the entire population of the settlement
(over 2000 people) died, and the small town was completely destroyed [Oskorbin et al.,
2001].
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Another effect of the strong earthquakes occurred in the Kuril-Kamchatka region in
2025 was the activation of volcanic activity. As a result of the intense seismic events
that took place in this seismically hazardous area from July to September 2025, the
Krasheninnikova volcano, which last erupted 400 years ago, became active. The ac-
tivity of the Klyuchevskoy, Karymsky, Shiveluch, and Ebeko volcanoes also increased
(https://www.emsd.ru).

In light of this, any proactive measures aimed at mitigating the effects of strong
earthquakes are highly relevant: constructing earthquake-resistant buildings and structures
[Fedotov, 2005], ensuring preparedness of emergency services and authorities for rapid
response [Natural Hazards. . ., 2000]. To achieve this, it is necessary to obtain real-time
information about seismic hazards and to predict the location, timing, and magnitude
of future earthquakes. Therefore, conducting scientific research to identify medium-
and short-term precursors of earthquakes is an extremely important yet challenging task
[Chebrov et al., 2013; Mogi, 1985; Sobolev and Ponomarev, 2003].

Such precursors include ionospheric anomalies associated with earthquakes, which
manifest as specific variations in parameters of space plasma [Bondur and Smirnov, 2005;
Bondur et al., 2024, 2022, 2021; Pulinets et al., 2010; Zolotov et al., 2013], electric and
magnetic fields, as well as characteristics of electromagnetic waves [Gokhberg and Shalimov,
2000; Liperovsky et al., 1992; Pulinets and Boyarchuk, 2004]. The possible pathways through
which seismic disturbances affect the ionosphere are typically considered to be electro-
magnetic [Freund, 2011; Liperovsky et al., 2008; Namgaladze and Karpov, 2015; Pulinets
et al., 2010, 2015; Sorokin and Ruzhin, 2015] and atmospheric-wave channels, including
acoustic-gravity and internal gravity waves [Gokhberg and Shalimov, 2000; Liperovsky et al.,
2008; Sorokin and Hayakawa, 2013].

One area of contemporary research of variations in ionospheric parameters involves
analyzing data obtained from satellites such as Ionosphere-M, Swarm, and others (https:
//www.roscosmos.ru) and [Akhoondzadeh et al., 2018; Parrot et al., 2016], as well as data
from Global Navigation Satellite Systems (GNSS) like GLONASS, GPS, etc [Bondur and
Smirnov, 2005; Pulinets et al., 2015; Zhu and Jiang, 2020], and ground-based vertical
sounding data [Bychkov et al., 2017].

Currently, one of the effective means of monitoring ionospheric parameters aimed
at detection of specific variations related to impending earthquakes is through the use of
GNSS (GPS, GLONASS, etc.), which allow for continuous data collection from virtually
any point on Earth.

A large dataset from global navigation satellite systems and the synthesis of data-based
research findings on the features of ionospheric parameter variations prior to earthquakes
revealed a statistical correlation between significant seismic events and anomalous dis-
turbances in the ionosphere [Bondur and Smirnov, 2005; Bondur et al., 2024, 2022, 2021;
Pulinets et al., 2010; Pulinets and Boyarchuk, 2004].

This paper presents the research results of anomalies in ionospheric parameters
recorded using satellite navigation systems during the preparation and occurrence of
a powerful M8.8 earthquake that occurred on July 29, 2025 (UTC), in the Kamchatka
Peninsula region, as well as its foreshocks and aftershocks with M ≥ 6.

2. Methods of Research and Data Used

The study of changes in the ionosphere occurring from January 1 to September 30, 2025,
during the preparation and occurrence of strong earthquakes with M ≥ 6 in the Kam-
chatka Peninsula region, was conducted using data from global navigation satellite systems
(GLONASS, GPS, Galileo, Beidou, QZSS, IRNSS, SBAS), obtained from the archives of the
Geophysical Survey of the Russian Academy of Sciences (http://gps.gsras.ru, 2025) and
NASA (https://www.earthdata.nasa.gov/, 2001–2025), within the studied area near the
Kamchatka Peninsula.
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When selecting the size of the studied area, it was taken into account that the radius
of an earthquake preparation zone is [Dobrovolsky et al., 1979]:

R = 100.43M

where M is the magnitude of the earthquake.
For M6.0 earthquakes, the size of a seismic activation area is approximately 400 km,

while for the M8.8 earthquake, a zone with a significantly larger radius (up to several
thousand kilometers) should be analyzed. Considering this, the studied area was selected,
as shown in Figure 1b.

At the beginning of the research, a joint analysis was conducted on the seismic regime
of the region and the heliogeophysical situation. To exclude the contribution to ionospheric
disturbances from geomagnetic field variations occurred during the research period, an
analysis of changes in the geomagnetic index Dst was carried out using data from the
World Data Center for Geomagnetism, Kyoto (http://wdc.kugi.kyoto-u.ac.jp/index.html,
2025). Additionally, changes in the solar activity index F10.7 were also analyzed based
on the data from the National Research Council Canada and Natural Resources Canada
(https://www.spaceweather.gc.ca/index-en.php, 2025).

During the research on seismo-ionospheric coupling, changes in the altitude profiles
of the ionospheric electron density (Ne) and ionospheric total electron content (TEC) were
analyzed.

The study of variations in profiles of the ionospheric electron density was conducted
using the methodology described in [Bondur and Smirnov, 2005]. This methodology is
based on retrieval of ionospheric parameters by implementing the method of radio probing,
which utilizes measurements of radio signal parameters recorded by ground stations of
satellite navigation systems located in the studied regions. In this case, an algorithm is
implemented for solving inverse problems of refraction of radio waves, which are inherently
unstable and require special mathematical methods to account for additional information
regarding the task [Bondur and Smirnov, 2005]. The methodology allowed for recording
height distributions of ionospheric electron density from a single ground station, which is
particularly important for remote and hard-to-access regions of the Earth.

As a result of navigation data processing for the period from July 12 to August 5, 2025,
Ne height profiles for altitudes from 80 to 1000 km were obtained along trajectories of
sub-ionospheric points with a discretization of 30 seconds. These profiles were constructed
using data from GPS satellites No. 1, No. 21 and No. 15, recorded at PETS site (53.01◦N,
158.39◦E) and MAG0 site (59.34◦N, 150.46◦E) (Figure 3).

Changes in ionospheric total electron content (TEC) were also analyzed using GNSS
data presented in IONEX format. These data contain TEC values with a resolution of 2.5◦

in latitude (from 87.5◦N to 87.5◦S) and 5.0◦ in longitude (from 180◦E to 180◦W) with
a two-hour interval (https://www.earthdata.nasa.gov/) and [Noll, 2010]. The modeling and
extrapolation procedures used to construct TEC distributions allowed for obtaining data
for the studied territory with a limited number of ground stations [Noll, 2010]. Despite
the low spatial resolution of these maps, they provide the best accessibility and greatest
operational use of the data.

To identify seismo-ionospheric variations from January 1 to September 30, 2025, TEC
values were analyzed using several approaches:

1. Conducting a comparison of the time series of TEC values from January 1 to Septem-
ber 30, 2025 with long-term average TEC values within the analyzed area (47.5–
55.0◦N, 155–165◦E) for each two-hour interval.

2. Analyzing relative values of total electron content in the ionosphere DTEC:

DTEC =
TEC−MTEC

MTEC
× 100%
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where TEC represents the total electron content values for the current day in 2025;
MTEC represents the median values calculated using a sliding window of 10 days
with a step of 1 day.
Based on the obtained data, global and local DTEC maps were constructed and ana-
lyzed. For the studied area (47.5–55.0◦N, 155–165◦E), two-dimensional distributions
of DTEC were also constructed and analyzed, along with graphs showing changes in
DTEC for each two-hour interval.

3. Normalized values of total electron content (NTEC) were calculated based on multi-
year data:

NTEC = (T EC −µ)/σ

where TEC represents the total electron content values for the current day in 2025;
µ is the arithmetic mean of TEC from 2001 to 2024, and σ is the standard deviation
for the studied day from 2001 to 2024.

4. Analysis of the generated time series of NTEC values using neural networks for the
area with coordinates: 47.5–55.0◦N, 155–165◦E. The identification of anomalies in
the NTEC time series was carried out using two types of neural networks: Long
Short-Term Memory (LSTM) [Bhandarkar et al., 2019] and Autoencoder (AE) [Xue
et al., 2022].

The architecture of the LSTM neural network included a layer with 50 neurons as well
as a Dropout layer to prevent overfitting. Additionally, a fully connected output layer was
added. The LSTM neural network utilized a mean squared error loss function, which is
sensitive to large deviations, necessary for detecting anomalies in the NTEC time series
[Yurtin, 2024]. The use of the LSTM neural network enabled analysis of time series by
training on sequences of data with cross-validation to enhance result reliability.

Next, to identify anomalies in these formed time series of trained data, an Autoencoder
(AE) neural network was used, consisting of an input layer, encoding layer, and decoding
layer. The encoding layer allowed compressing the input data into a more compact form,
while the decoding layer then reconstructed the original data from this compressed form.
Thresholds calculated as the mean value of the NTEC time series plus two standard
deviations (µ+2σ ) and plus three standard deviations (µ+3σ ) were used to detect anomalies.

Below are the results of the studies conducted using the described methodology.

3. Research Results and Their Analysis

3.1. Seismic Regime of the Studied Region and Heliogeophysical Conditions

The analysis of the seismic regime of the Kuril-Kamchatka arc was conducted for the
period from January 1 to September 30, 2025. The following earthquake times/dates are
given in local time.

Figure 1a shows the distribution of earthquakes with M ≥ 4.0 during this period.
From Figure 1a, it can be seen that the studied period can be divided into two parts: from
January 1 to July 19, 2025, and from July 20 to September 30, 2025. From January 1 to
July 19, 2025, the seismic activity was characterized as low. Earthquakes with M = 4.0–4.9
predominated (123 earthquakes). There were also 11 earthquakes with 5.0 ≤M ≤ 5.8 and
one M6.0 earthquake (June 14, 2025, LT) (http://www.ceme.gsras.ru, http://earthquake.
usgs.gov).

The period from July 20 to September 30, 2025 was characterized by high seismic
activity (Figure 1a).

Figure 1b presents a schematic representation of the epicenters of earthquakes with
M = 4.0–8.8 during this period on the studied area near the Kamchatka Peninsula.

A total of 2650 earthquakes occurred in the studied area from July 20 to Septem-
ber 30, 2025, including:

• one M8.8 earthquake (July 30, 2025, LT (July 29, 2025, UTC);
• two earthquakes with M = 7.4 (July 20 and September 13, 2025, LT);
• one M7.8 earthquake (July 19, 2025, LT);
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Figure 1. Distribution of earthquakes with M ≥ 4.0 from January 1 to September 30, 2025 (a)
and a schematic representation of the epicenters of earthquakes in the studied area of the Kuril-
Kamchatka arc (b) during the period from July 20 to September 30, 2025.

• 22 earthquakes with 6.0 ≤M ≤ 6.9;
• 391 earthquakes with 5.0 ≤M ≤ 5.9;
• 2233 earthquakes with 4.0 ≤M ≤ 4.9.

Table 1 provides information about earthquakes with M ≥ 6 that occurred between
July 20 and September 30, 2025. The strongest M8.8 shock was recorded on July 30, 2025,
at 11:24 local time (July 29, 2025, at 23:24 UTC) at coordinates 52.498◦N, 160.264◦E
(information about this earthquake is highlighted in red in Table 1) (http://www.ceme.
gsras.ru, https://www.emsd.ru, http://earthquake.usgs.gov, https://www.emsc-csem.org).

The M8.8 earthquake on July 30, 2025 (July 29, 2025, UTC), became the strongest
tsunamigenic earthquake in the Kamchatka seismic zone since 1952. The epicenter of
this earthquake was located less than 30 km from the epicenter of the tsunamigenic M9.0
earthquake, that occurred on November 4, 1952.

Before a powerful M8.8 earthquake, foreshocks were recorded: on June 14, 2025,
(M6.0 earthquake), on July 20, 2025, (three earthquakes with M = 6.6 and one earthquake
with M = 7.4), and on July 22 and July 25, 2025, two earthquakes with M = 6.0 occurred
(Figure 1 and Table 1).

After the main M8.8 shock on July 30, 2025, seven aftershocks with M = 6.0–6.9
were recorded (http://www.ceme.gsras.ru, https://www.emsd.ru, http://earthquake.usgs.
gov, https://www.emsc-csem.org). On that day, a large number of smaller magnitude
earthquakes were also registered.

Aftershocks with M ≥ 6.0 were recorded on July 31; August 2, 3, 4, 10, 25, 27; and
on September 13, 16, and 19, 2025, including two earthquakes with M = 7.4 (Septem-
ber 13, 2025) and M = 7.8 (September 19, 2025) (Figure 1 and Table 1) (http://www.ceme.
gsras.ru, https://www.emsd.ru, http://earthquake.usgs.gov, https://www.emsc-csem.org).
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Table 1. Information about earthquakes with M ≥ 6 occurred in the studied area of the Kamchatka
Peninsula (47.5–55.0◦N, 155–165◦E) from July 20 to September 30, 2025

No. Date (LT) Time (LT) Latitude Longitude Depth (km) Magnitude

1 20.07.2025 18:28:17.860 52.928 160.623 23.0 6.6

2 20.07.2025 19:07:42.573 52.698 160.833 10.0 6.6

3 20.07.2025 19:23:00.264 52.870 160.793 22.1 6.6

4 20.07.2025 18:49:04.327 52.830 160.682 34.0 7.4

5 22.07.2025 13:59:28.404 52.413 160.645 12.3 6.0

6 25.07.2025 10:37:27.147 53.015 161.062 14.0 6.0

7 30.07.2025
(29.07.2025,

UTC)

11:24:52.480 52.498 160.264 35.0 8.8

8 30.07.2025 11:30:03.032 52.520 159.703 16.4 6.3

9 30.07.2025 11:30:44.566 52.650 159.578 25.4 6.1

10 30.07.2025 11:36:01.341 51.754 158.250 35.0 6.0

11 30.07.2025 11:37:34.403 51.509 159.126 35.0 6.0

12 30.07.2025 21:56:13.780 51.604 160.001 10.4 6.1

13 30.07.2025 12:16:06.520 52.105 159.692 35.0 6.2

14 30.07.2025 12:09:58.961 52.195 159.800 36.6 6.9

15 31.07.2025 04:07:46.668 49.670 157.274 35.0 6.0

16 31.07.2025 17:27:14.259 49.500 158.627 12.0 6.2

17 02.08.2025 06:20:45.191 50.209 159.065 10.0 6.1

18 03.08.2025 02:14:07.279 51.675 159.426 45.6 6.0

19 03.08.2025 17:37:55.148 50.585 157.864 30.0 6.8

20 04.08.2025 16:20:54.562 48.859 156.366 16.0 6.2

21 10.08.2025 02:04:07.171 50.072 159.736 11.0 6.0

22 25.08.2025 18:48:34.882 49.392 160.036 10.0 6.1

23 27.08.2025 15:49:51.922 50.824 157.496 53.4 6.0

24 13.09.2025 14:37:54.754 53.104 160.294 39.4 7.4

25 16.09.2025 04:34:36.629 52.692 160.703 24.4 6.0

26 19.09.2025 06:58:13.903 53.193 160.513 19.5 7.8

To exclude the contribution of geomagnetic field variations that occurred from Jan-
uary 1 to September 30, 2025, to ionospheric disturbances, an analysis of changes in
the geomagnetic index (http://wdc.kugi.kyoto-u.ac.jp/index.html, 2025). The results are
shown in Figure 2a.

From the analysis of Figure 2a, it follows that from January 1 to June 15, 2025, the
geomagnetic field of the Earth was quite disturbed. Numerous geomagnetic disturbances
ranging from moderate to strong were recorded. Strong geomagnetic disturbances were
registered on January 2, 2025 (Dst = −221 nT), April 17, 2025 (Dst = −138 nT), June 1–
3, 2025 (Dst = −101 to −119 nT), and June 14, 2025 (Dst = −101 nT) (Figure 2a).

From June 16 to August 8, 2025, the geomagnetic field of the Earth was calm or weakly
disturbed, while from August 9 to September 30, 2025, four moderate geomagnetic storms
were recorded (Figure 2a).

Thus, from June 16 to August 8, 2025, the influence of the geomagnetic field on the
Earth's ionosphere can be considered insignificant.

In addition, for the period from January 1 to September 30, 2025, a time series of
changes in the solar activity index F10.7 was generated using data from the National
Research Council Canada and Natural Resources Canada (https://www.spaceweather.gc.
ca/index-en.php, 2025) (Figure 2b).

From the analysis of Figure 2b, it follows that the highest values of the F10.7 index were
recorded in January and February 2025 (max F10.7 = 222.0 to 239.9 sfu), during the period
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from August 27 to August 30, 2025 (F10.7 = 208.4 to 240.1 sfu), and on August 31, 2025
(F10.7 = 316.5 sfu) (Figure 2b).

The registered radio flux at a wavelength of 10.7 cm decreased from April 25 to
August 24, 2025 (F10.7 = 113.2 to 168.6 sfu), with maximum values of the solar activity
index recorded on June 1, 2025 (F10.7 = 168.6 sfu) and June 16, 2025 (F10.7 = 160.5 sfu).

Thus, during the final stage of preparation and occurrence of a powerful M8.8 earth-
quake (July 30, 2025), solar activity was low.

Figure 2. Graphs of changes in the geomagnetic index Dst (a) and the solar activity index F10.7 (b)
during the period from January 1 to September 30, 2025.

3.2. Analysis of Changes in Height Profiles of Ionospheric Electron Density

Changes in height profiles of ionospheric electron density (Ne) were analyzed to iden-
tify abnormal variations in ionospheric parameters during the preparation and occurrence
of the studied earthquakes. Considering the significant size of the zone used for the analysis
of anomalous variations in ionospheric parameters, data obtained by PETS and MAG0 sites
were selected (Figure 3).

Changes in ionospheric electron density from July 12 to August 5, 2025, were analyzed
using data from GPS satellites No. 1, No. 21 (PETS site), and No. 15 (MAG0 site) (Figure 3).
These satellites' pass times over the studied territory were: for satellite No. 1 from 6 LT to
11 LT; for satellite No. 21 from 12 LT to 17 LT; for satellite No. 15 from 16 LT to 20 LT.

Figure 4 presents time series of changes in height profiles of ionospheric electron
density obtained from data of GPS satellites No. 1 (Figure 4a), No. 21 (Figure 4b), and
No. 15 (Figure 4c) during preparation and occurrence of a series of strong earthquakes in
the Kamchatka Peninsula area in July–August 2025.

The analysis of data obtained from satellite No. 1, recorded at the PETS site (Figure 4a),
during the satellite's pass over the epicentral area in the morning, showed that since
July 14, 2025, there was a decrease in Ne values by 8–23% compared to the data recorded
on July 13, 2025. Then, on July 15, 2025, the Ne values reached the levels observed on
July 13, 2025, and later that same day, a Ne drop of ∼ 16% was registered. Ne values
remained low until July 16, 2025 (four days before the M7.4 earthquake).
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Figure 3. Map of the locations of PETS and MAG0 sites, and the trajectories of the sub-ionospheric
points of GPS satellites No. 1, No. 21, and No. 15.

On July 17, 2025 (three days before the earthquake), an increase by ~17% in iono-
spheric electron density was again recorded (Figure 4a). A slight decrease in Ne was
registered on July 20, 2025. On that day, earthquakes with M = 6.6–7.4 occurred. A sharp
increase in Ne (by 20%) compared to the previous day was recorded on July 22, 2025
(Figure 4a). On that day, an M6.0 earthquake occurred in the studied area.

From July 23 to July 25, 2025, there was a decrease in Ne (by ~10–19% compared to
July 22, 2025), reaching a minimum value on July 25, 2025 (five days before the M8.8 earth-
quake). However, it should be pointed out that the Ne values from July 23 to July 25, 2025,
were higher compared to those recorded from July 12 to July 21, 2025 (Figure 4a).

After July 25, 2025, there was a slight increase in Ne (by ~10–12%) over the next three
days. On July 29, 2025, one day before the M8.8 earthquake, a drop in Ne of ~18% was
recorded (Figure 4a). Following the main M8.8 seismic event that occurred on July 30, 2025,
in Kamchatka, strong aftershocks with M = 6.0–6.9 were recorded throughout that day and
the following days. Thus, the ionosphere remained disturbed. Periods of sharp increases,
decreases, and again increases in Ne values were registered (Figure 4a).

The analysis of Figure 4b showed that for the data obtained from satellite No. 21
(PETS site) during its daytime pass over the epicentral area, the pattern of change in
ionospheric electron density from July 12 to July 22, 2025, was similar to the Ne variations
identified from satellite No. 1 data recorded at the same site. Specifically: on July 14, 2025,
a decrease in Ne (by ~10%) was recorded; on July 15, 2025, Ne recovered to levels observed
on July 13, 2025; on July 16 and July 18, 2025, a drop in Ne of ∼ 12–16% compared to
the previous day was revealed; and on July 22, 2025, an increase in Ne of ~16–20% was
registered (Figure 4b).

In contrast to satellite No. 1 data (Figure 4a), satellite No. 21 data (Figure 4b) showed
an increase in electron density that remained on July 23 and 24, 2025, reaching ~17%.
Then, on July 25, 2025 (five days before the M8.8 earthquake), a decrease in Ne of ~17%
occurred, which remained relatively stable until July 30, 2025. On the day of the earth-
quake, July 30, 2025, a slight increase in Ne (by ~10%) was detected. From July 31 to
August 2, 2025, electron density changed little; however, from August 3, 2025, a decrease
in Ne values was observed (Figure 4b).
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Figure 4. Height profiles of ionospheric electron density from July 12 to August 5, 2025, obtained
from data of satellites No. 1 (a), No. 21 (b) at PETS site and No. 15 at MAG0 site.

The analysis of Figure 4c indicated that for data obtained from satellite No. 15 recorded
at MAG0 site during its evening pass over the earthquake zone on July 15, 2025, a slight
increase in Ne (by ~9%) was detected. The decrease in Ne values recorded the following day
on July 16, 2025, amounted to ∼ 12% compared to the previous day. Then on July 17, 2025,
a slight increase occurred (by ∼ 7%). On July 18, 2025 (two days before the M7.4 earth-
quake), a decrease in Ne (by ∼ 11%) was observed, and then for the next three days, Ne

values changed little (Figure 4c). An increase in Ne of ∼ 12% compared to data obtained
the previous day was registered on July 22, 2025.

From July 23 to July 26, 2025, values of ionospheric electron density remained high
(the maximum Ne value was recorded on July 24, 2025). Then, on July 27, 2025, a decrease
in Ne began (by ∼ 9%), and on July 28, 2025 (two days before the M8.8 earthquake),
a decrease in Ne of ∼ 12% was recorded. As the date of the M8.8 earthquake of approached,
Ne began to increase. Ne values remained high until August 4, 2025, and then a decrease in
Ne values started (Figure 4c).

Analysis of the height profiles of ionospheric electron density showed that 1, 2, and
5 days before the M8.8 earthquake that occurred on July 30, 2025, near the Kamchatka
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Peninsula, a decrease in Ne was observed. A decrease in Ne was also registered 2, 4, and
6 days before the M7.4 foreshock (July 20, 2025) (Figure 4). The presence of such anomalous
features in ionospheric parameters may indicate impending earthquakes.

3.3. Analysis of Changes in Ionospheric Total Electron Content (TEC)

To analyze the changes in ionospheric total electron content (TEC) during the prepa-
ration and occurrence of a series of strong earthquakes that occurred in the area of the
Kuril-Kamchatka arc in 2025, IONEX data were analyzed for each two-hour interval for the
period from 2001 to 2025. Using these data, time series of TEC values were constructed for
the period from January 1 to September 30, 2025. In addition, series of average long-term
TEC values (µ) and µ+ 2σ were formed for the period from 2001 to 2024.

Figure 5 shows, as examples, the time series of values of the TEC characteristics,
generated for 2 LT (Figure 5a) and 14 LT (Figure 5b).

From the Figure 5a, it follows that from January 1 to May 2, 2025, according to the
data obtained at 2LT, high TEC values were recorded close to the µ+ 2σ , and on some days,
for example, from January 1 to January 7 and from January 22 to January 23, February 25,
and from March 20 to March 26, 2025, TEC was higher than µ+ 2σ . High solar activity
(Figure 2b) and geomagnetic disturbances (Figure 2a) were recorded on these days.

From May 3 to July 14, 2025, a trend of overall decrease in TEC values was ob-
served (indicated by the dashed line in Figure 5a), including values below the long-term
average recorded on June 4, 2025 (10 days before the M6.0 earthquake that occurred
on June 14, 2025), as well as on June 15 (the day after this M6.0 earthquake) and on
July 14, 2025 (6 days before the M7.4 earthquake that occurred on July 20, 2025). A trend
of increasing TEC values was identified (Figure 5a) from July 15 to July 24, 2025, followed
by a decrease in TEC values on July 25–26 and July 28, 2025 (2 and 4–5 days before
a powerful M8.8 earthquake that occurred on July 30, 2025, LT).

Figure 5a demonstrates that high TEC values close to µ+ 2σ remained for four days
from July 30 to August 3, 2025 (ten aftershocks with M = 6.0–6.9 were recorded during
this period), then a decrease in TEC values began on August 3, 2025. A sharp jump in
TEC reaching µ + 2σ was detected on August 9, 2025. It was followed by a sharp drop
in TEC values occurring on August 11, 2025, and then by an increase from August 11
to August 20, 2025. A sharp decrease in TEC values was recorded on August 21, 2025,
followed by an increase from August 22 to August 28, 2025.

From August 28 to September 3, 2025, TEC values greater than µ+ 2σ were recorded
(during these days, high solar activity and geomagnetic disturbances were observed; Fig-
ure 2 and Figure 5a). Then, from September 4 to September 9, 2025, a decrease in TEC
values occurred. Such anomalies in the behavior of total electron content in the ionosphere
preceded a series of earthquakes, including those with M = 7.4 and M = 7.8 that occurred
on September 13 and September 19, 2025 (Figure 5a).

The analysis of time series of TEC characteristics obtained for 14 LT, presented in
Figure 5b, demonstrated similar patterns in the anomalous TEC behavior during the
preparation and occurrence of strong earthquakes. For this time of day, a notable feature
was identified: a prolonged gradual decrease in TEC values. However, this period was
longer than that identified using nighttime data for 2 LT. As indicated by the analysis of
Figure 5b, the decrease in TEC values began on April 3, 2025, and continued for almost
3.5 months (until July 14, 2025). This decline in TEC values ended respectively 6 and
14 days before the onset of a series of strong earthquakes, including those with M = 7.4
and M = 8.8 (Figure 5b).

A similar pattern associated with a prolonged decrease in TEC (lasting more than
a month) was also recorded before strong earthquakes with M = 6.0–7.8 that occurred in
Türkiye in February 2023 [Bondur et al., 2023].

Figure 6 presents a generalized diagram illustrating the registration of TEC > µ+ 2σ
and TEC < µ for each two-hour interval from January 1 to the end of September 2025.
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Figure 5. Time series of TEC (red solid line) from January 1 to September 30, 2025, long-term average
TEC values from 2001 to 2024 (green line), µ+ 2σ (blue line) for 2 LT (a) and 14 LT (b).

From the analysis of Figure 6 it follows that there are two main periods when TEC
values exceed µ+ 2σ for all two-hour intervals (except 6 LT):

• from January 1 to March 26, 2025.
• from August 28 to September 3, 2025.

In addition, high values of TEC > µ+ 2σ were also recorded: from September 23 to
September 29, 2025, at 14–18 LT; on September 28 and September 29, 2025 at 20 LT and
22 LT; on September 30, 2025 at 0 LT and 2 LT (Figure 6). TEC values below the long-term
average were recorded mainly in the period from May 3 to July 19, 2025. Besides, for
different hourly intervals, such TEC values appeared from August 9 to August 16, 2025
and from September 7 to September 18, 2025 (Figure 6).

From the analysis of Figure 6, it follows that during the studied period from January 1
to September 30, 2025, values of TEC below long-term average values typically were
observed before earthquakes or on the days of earthquakes only if geomagnetic disturbances
were recorded on the day of the earthquake or in the days immediately preceding and
following it (Fig 2a).

3.4. Analysis of Relative Values of Total Electron Content in the Ionosphere

To identify ionospheric anomalies during the preparation and occurrence of earth-
quakes in the Kamchatka Peninsula region, changes in relative values of total electron
content in the ionosphere (DTEC), recorded using GNSS data, were also analyzed for the
period from January 1 to September 30, 2025. DTEC was calculated using a sliding window
method as described above.

The two-dimensional distribution of DTEC is presented in Figure 7. Analysis of this
Fig. shows that extensive negative DTEC anomalies were generally recorded on days of
geomagnetic disturbances (Figure 2a). Extensive positive DTEC anomalies identified in

Russ. J. Earth. Sci. 2026, 26, ES2017, EDN: ZFBUIU, https://doi.org/10.2205/2026es001127 11 of 20

https://elibrary.ru/ZFBUIU
https://doi.org/10.2205/2026es001127


Anomalous Changes in Ionospheric Parameters During the Preparation and Occurrence of the M8.8 Earthquake. . . Bondur et al.

Figure 6. Generalized diagram of TEC > µ+ 2σ , TEC < µ for each two-hour interval from January 1
to the end of September 2025.

January–February 2025, as well as from March 16 to March 20, 2025 and from August 23
to August 31, 2025, were registered on days of increased solar activity (Figure 7 and 2b).

Analysis of Figure 7 shows that from June 6 to June 10, 2025 (4–10 days before the
M6.0 earthquake that occurred on June 14, 2025), a positive DTEC anomaly was registered
from 0 LT to 12 LT and from 18 LT to 22 LT (Figure 7). A positive anomaly was also
detected from 4 LT to 14 LT on July 22, 2025 and daylong from July 23 to July 25, 2025. It
may be associated with both the process of earthquake preparation, including a powerful
M8.8 earthquake on July 30, 2025, as well as its numerous strong aftershocks and with
M6.0 foreshocks that were registered on July 22 and July 25, 2025.

The negative DTEC anomaly was recorded daylong (with minimum values detected at
8 LT and 12 LT) from July 12 to July 14, 2025 (i.e., 7–9 days before the M7.4 earthquake
that occurred on July 20, 2025) (Figure 7).

Figure 7. Two-dimensional DTEC distribution calculated using a sliding window method based on
data from January 1 to September 28, 2025.

Global and regional DTEC maps for each two-hour interval were analyzed to confirm
the connection between the anomalous changes in the ionosphere recorded from July 23 to
July 25, 2025, and the preparation of the M8.8 earthquake that occurred on July 30, 2025,
as well as its aftershocks with M = 6.0–6.9.
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In Figure 8a, a global DTEC map for July 23, 2025 (4 LT) is presented as an example.
The map clearly shows an extensive positive anomaly in the epicentral zone of the impend-
ing earthquake in the Kamchatka Peninsula area. The anomaly is located along a parallel.
Its maximum size reaches up to 1000 km along the meridian and exceeds 6000 km along
the parallel.

In Fig.s 8c, 9a, and 9b, regional DTEC maps are presented showing identified night-
time positive anomalies recorded at 4 LT on July 23, 2025 (DTEC = 36% in the epicentral
area), as well as at 2 LT on July 24 and July 25, 2025 (DTEC = 22% and DTEC = 28%,
respectively).

From the analysis of the DTEC time series for the morning hours (4 LT) from January 1
to September 30, 2025, presented in Figure 8b, it follows that on June 3, 2025 (11 days
before the M6.0 earthquake on June 14, 2025), a drop in DTEC values was recorded,
followed by an increase on June 8, 2025.

An analysis of Figure 8b demonstrated that a decrease in DTEC values was recorded
from June 26 to July 7, 2025, followed by an increase (July 11, 2025), a decrease in DTEC
values (July 13, 2025), and an overall increase that continued until July 23, 2025. At the
same time, a slight decrease in DTEC values was detected on July 17, 2025 (3 days before
the M7.4 earthquake that occurred on July 20, 2025) (Figure 8b).

A 37% decrease in DTEC values was detected on July 28, 2025 (2 days before the
M8.8 earthquake that occurred on July 30, 2025) (Figure 8b). Additionally, the following
were identified: a 13% decrease in DTEC values recorded on August 7, 2025 (3 days before
the M6.0 earthquake that occurred on August 10, 2025); a 46% decrease in DTEC values
recorded on September 8, 2025 (5 days before the M7.4 earthquake that occurred on
September 13, 2025); and a 14% decrease in DTEC values recorded on September 18, 2025
(1 day before the M7.8 earthquake that occurred on September 19, 2025).

When analyzing the time series of DTEC values obtained for 2 LT (Figure 9c), patterns
similar to those identified for such data recorded at 4 LT (Figure 8b) are observed.

3.5. Analysis of Normalized Values of Total Electron Content Using Neural Networks

Figure 10 shows NTEC time series obtained from long-term data using neural networks
(LSTM and AE) for daytime (a) and nighttime (b) values, as well as µ+ σ , µ+ 2σ , µ+ 3σ
thresholds. A joint analysis of Figure 10a and 10b demonstrated their similarity, and any
differences are minor. The methodology for using these neural networks is described above.

The analysis of Figure 10 identified time periods with NTEC values greater than
µ+ 2σ and µ+ 3σ . These anomalous outliers are most likely associated with geomagnetic
disturbances and increased solar activity:

• On January 2, 2025, a strong geomagnetic disturbance was observed (Dst = −221 nT,
Figure 2a), while moderate geomagnetic disturbances were recorded on January 4 and
March 23, 2025 (Dst = −98 nT and Dst = −61 nT respectively, Figure 2a);

• High solar activity F10.7>200 sfu was registered on January 1–5, January 17–25,
February 1–6, February 23–25, August 27–31, and on September 1–3, 2025 (Figure 2b).

From the analysis of Fig.s 10 a,b, it follows that from May 2 (based on daytime data)
and from May 3 (based on nighttime data) to July 19, 2025, there was a decrease in NTEC
values. It is important to note that during this period, small increases in NTEC values were
recorded:

• Based on daytime and nighttime data, on June 2–4, 2025 (when strong geomagnetic
disturbances were observed, Figures 2a and 10), and also on June 14, 2025, when an
M6.0 earthquake occurred along with strong geomagnetic disturbances (Figures 2a
and 10);

• Based on daytime data, an increase in NTEC values was also identified on June 12, 2025
(two days before an M6.0 earthquake).

For the period from June 16 to July 19, 2025, both daytime and nighttime data showed
very low NTEC values without significant spikes (Figure 10a, b).
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Figure 8. Global DTEC map (a) and regional DTEC map (c) with identified anomalies on July 23, 2025
(4 LT), and the time series of DTEC from January 1 to September 30, 2025, for 4 LT (b).

Starting from July 21, 2025, both daytime and nighttime data revealed an increase in
NTEC values. A decrease in these values was observed on July 25 and July 26, 2025 (4 and
5 days before the M8.8 earthquake, which occurred on July 30, 2025).

The pattern of NTEC changes recorded from July 27 to August 17, 2025, based on
daytime and nighttime data, differed slightly. For nighttime data, an increase in NTEC
values was recorded from July 27 to July 31, 2025; then, a decrease occurred from August 1
to August 5, 2025, followed by an increase in NTEC values until August 8, 2025, and then
a decrease that continued until August 17, 2025 (Figure 10b).

For daytime data, an increase in NTEC values was recorded on July 27 and July 28, 2025,
while on July 29, 2025 (one day before the M8.8 earthquake on July 30, 2025), a decrease
in NTEC values was registered. NTEC values remained low on the day of the earthquake
on July 30, 2025 (Figure 10a). On July 31, 2025, an increase in these values was registered,
followed by an overall downward trend in NTEC values from August 3 to August 17, 2025.

From August 22, 2025, both nighttime and daytime data showed an increase in NTEC
values, which peaked on August 29, 2025, exceeding the long-term average values (µ)
(Figure 10). NTEC values greater than µ were also recorded on August 31 and Septem-
ber 1, 2025 (based on nighttime data) and on September 21 and September 2, 2025 (based
on daytime data). During these days, geomagnetic disturbances and high solar activity
were recorded (Figures 2 and 10). Starting from September 3, 2025, a decrease in NTEC
values was registered, lasting until September 7, 2025. Low NTEC values were observed
until September 19, 2025 (before and during earthquakes occurred on September 13, 2025,
with M = 7.4 and September 19, 2025, with M = 7.8).
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Figure 9. Regional DTEC maps with identified anomalies recorded on July 24, 2025 (a) and
July 25, 2025 (b) at 2 LT, and DTEC time series from January 1 to September 30, 2025, for 02 LT (c).

Thus, the analysis of NTEC time series using neural networks (LSTM and AE) revealed
changes similar to those identified in the TEC analysis (Figure 5, Figure 6), DTEC (Figures 7–
9), while also excluding the outliers of these TEC characteristics related to geomagnetic
disturbances and solar activity from the analysis.

Table 2 presents identified changes in ionospheric parameters that may be associated
with the preparation and occurrence of strong earthquakes with M ≥ 6 from June to
September 2025. It should be noted that strong geomagnetic disturbances (Dst = −101 to
−221 nT) were recorded on January 2, April 17, June 1–3, and June 14, 2025 (Figure 2a);
moderate geomagnetic disturbances (Dst = −50– −98 nT) were identified on January 4, 9,
13, 23, and March 27, as well as on August 9, 3, 15 and September 30, 2025 (Figure 2a).

Additionally, high solar activity (F10.7 > 200 sfu) was also registered on January 1–5,
January 17–25, February 1–6, February 23–25, August 27–31 and September 1–3, 2025
(Figure 2b).

Changes in ionospheric parameters that were recorded during periods of geomagnetic
disturbances and high solar activity and might be associated with these disturbances were
not included in Table 2.

From June 16 to August 8, 2025, no geomagnetic disturbances were recorded, and solar
activity was relatively weak. Therefore, the observed anomalous changes in ionospheric
parameters may be associated with the preparation of the earthquakes that occurred in
July–August 2025.

From the data presented in Table 2, it follows that the analysis of Ne, TEC, DTEC, and
NTEC revealed the anomalies in the ionosphere that may be related to the preparation and
occurrence of strong earthquakes with M ≥ 6 from June to September 2025, including the
M8.8 earthquake (July 30, 2025). These anomalies were primarily manifested as follows:

• a decrease in the ionospheric electron density Ne (by 8–23%) detected 1–6 days before
earthquakes with magnitudes M = 6.0–8.8 that occurred near the Kamchatka Penin-
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Figure 10. Analysis of NTEC time series calculated from multi-year data (2001–2025) using neural
networks (LSTM and AE): a – daytime values; b – nighttime values.

sula in June–September 2025 and an increase in Ne (by 7–20%) detected 3, 5, and
8 days before them;

• a general decrease in TEC values (∼15–50%) from May 3 to July 14, 2025, and an
increase in TEC values (∼30%) from July 15 to July 24, 2025, before and during strong
earthquakes with M ≥ 6.0, including a powerful M8.8 earthquake, in June–July 2025;

• a local positive nighttime anomaly that appeared at 2 LT and 4 LT with DTEC =
22–36%, its spatial dimensions were about 1000 km along the meridian and more than
6000 km along the parallel.

It should be pointed out that in other works, for example, [Bondur and Smirnov, 2005;
Bondur et al., 2024, 2022, 2021; Liperovsky et al., 1992; Pulinets and Boyarchuk, 2004; Smirnov
et al., 2018; Zolotov et al., 2013], the main features of ionospheric anomalies during the
preparation and occurrence of earthquakes were identified; they can be summarized as
follows:

• ionospheric anomalies are variations in ionospheric plasma (deviations from the
undisturbed value), observed in the near-epicentral area, as a rule, 1–5 days before
strong earthquakes (M ≥ 6.0), but can appear earlier (the sign of the variations can be
both positive and negative);

• seismo-ionospheric variations can have the same amplitude as the diurnal variability
of the ionosphere (10%–15%), but can also reach higher values (>30–90%);

• the maximum of the anomalous area in the ionosphere may not coincide with the
vertical projection of the epicenter of the future earthquake;

• the sizes of the anomaly zones are approximately 1000 km along the meridian and
several thousand kilometers along the parallel;

• the development of the ionospheric anomaly can be accompanied by a change in sign.

Moreover, in the work [Pulinets et al., 2021], it was shown that positive TEC deviations
are most often observed in the time interval from 18 LT to 6 LT the following day.
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Table 2. Changes in ionospheric parameters during the preparation and occurrence of strong earthquakes with M ≥ 6 from June to
September 2025

Parameter Identified anomalies

Ne A decrease (by 8–23%) 2, 4, and 6 days before the M7.4 earthquake (July 20, 2025); and an increase (by 7–17%) 3 and
5 days before it. An increase (by 12–20%) 8 days before a massive M8.8 earthquake (July 30, 2025), and a decrease (by
9–18%) 1, 2, and 5 days before it.

TEC Nighttime data.

• Decrease in values:

– May 3– July 14, 2025 (~15–50%)
– July 14, 2025 (TECµ), 6 days before the M7.4 earthquake (July 20, 2025)
– July 25–26, 2025 (by ~10%), July 28, 2025 (by ~12%), 4–5 days and 2 days before the M8.8 earthquake

(July 30, 2025)
– August 21, 2025 (by ~36%), 4 days before the M6.1 earthquake (August 25, 2025)
– 4–September 9, 2025 (by ~43%), 4–9 days before the M7.4 earthquakes (September 13, 2025) and 10–15 days

before the M7.8 earthquake (September 19, 2025)

• Increase in values:

– July 15–24, 2025 (by ~35%), 6–15 days before the earthquakes with M ≥ 6 recorded from July 20, 2025 to
July 31, 2025

– August 11–20, 2025 (by ~31%), 5–16 days before the earthquakes with M = 6.1 (August 25, 2025) and M = 6.0
(August 27, 2025)

Daytime data.

• Decrease in values:

– April 3, 2025 – July 14, 2025 (by ~60%)
– September 7, 2025 (by ~44%), 6 days before the M7.4 earthquake (September 13, 2025)
– September 16, 2025 (by ~16%), 3 days before the M7.8 earthquake (September 19, 2025)

• Increase in values:

– July 18–24, 2025 (by ~50%), 2 days before the earthquakes with M = 6.6–7.4 (July 20, 2025), 4 days before the M6.0
earthquake (July 22, 2025) and during these earthquakes, 1–7 days before the M6.0 earthquake (July 25, 2025),
6–12 days before the M8.8 earthquake (July 30, 2025)

DTEC
(two-dimensional
distribution)

Positive anomaly:

• June 6–10, 2025, from 0 LT to 12 LT and from 18 LT to 22 LT (4–10 days before the M6.0 earthquake (June 14, 2025))
• July 22, 2025 (from 4 LT to 14 LT), July 23–25, 2025, 5–8 days before a powerful M8.8 earthquake (July 30, 2025)

DTEC (global and
regional maps)

Nighttime positive anomaly (DTEC = 22–36%) in the epicentral area: July 23–25, 2025 (2 LT and 4 LT) reaches 1000 km
along the meridian, and exceeds 6000 km along the parallel, 5–7 days before a powerful M8.8 earthquake
(July 30, 2025).

NTEC Nighttime data.

• Decrease in values:

– May 3 – July 19, 2025
– July 25, 2025 and July 26, 2025, 4 and 5 days before a powerful M8.8 earthquake (July 30, 2025)
– August 1–5, 2025
– August 10–17, 2025

• Increase in values:

– July 21–24, 2025
– July 27–31, 2025

Daytime data.

• Decrease in values:

– May 2 – July 19, 2025
– July 25, 2025 and July 26, 2025 (4 and 5 days before a powerful M8.8 earthquake (July 30, 2025))
– July 29, 2025, 1 day before a powerful M8.8 earthquake (July 30, 2025)
– August 3–17, 2025

• Increase in values:

– June 12, 2025
– July 21–24, 2025
– July 27–28, 2025

Thus, the aforementioned anomalous changes in the ionosphere recorded by satel-
lite navigation system data during the preparation and occurrence of a powerful M8.8
earthquake on July 30, 2025, as well as other strong earthquakes with M ≥ 6 that occurred
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from June to September 2025 near the Kamchatka Peninsula, correspond to the main
characteristics of ionospheric anomalies that arise during the preparation and occurrence
of earthquakes described in works [Bondur and Smirnov, 2005; Bondur et al., 2024, 2022,
2021; Liperovsky et al., 1992; Pulinets and Boyarchuk, 2004; Smirnov et al., 2018; Zolotov
et al., 2013].

4. Conclusion

The paper presents the results of research on satellite navigation system data regarding
changes occurred in the ionosphere during the preparation and occurrence of earthquakes
with M ≥ 6 in the Kamchatka Peninsula region from June to September 2025, including a
powerful tsunamigenic M8.8 earthquake that occurred on July 29, 2025, UTC (July 30, 2025,
LT). The study analyzed altitude changes in ionospheric electron density (Ne), total electron
content of the ionosphere (TEC), relative changes in total electron content of the ionosphere
(DTEC), and normalized values of total electron content of the ionosphere (NTEC) using
various methodologies, including artificial neural networks.

The analysis of Ne altitude profiles revealed quasi-periodic variations, which were
clearly observed as a decrease in Ne values by 8–23% occurring 2, 4, and 6 days prior,
as well as an increase in Ne values by 7–17%, recorded 3 and 5 days before the M7.4
earthquake occurred on July 20, 2025. Additionally, an increase in Ne values by 12–20%
was identified 8 days prior and a decrease in Ne values by 9–18% was observed 1, 2, and 5
days before a powerful M8.8 earthquake that occurred on July 30, 2025, LT (July 29, 2025,
UTC).

Based on the results of the study of TEC variations from nighttime data, it was found
that there was a general decrease in TEC values from May 3 to July 14, 2025. Daytime data
also registered a decrease in TEC values; however, this period was longer, lasting for 3.5
months (from April 3 to July 14, 2025). TEC values lower than the long-term average were
observed 10 days before the M6.0 earthquake that occurred on June 14, 2025, and 6 days
before the M7.4 earthquake that occurred on July 20, 2025.

It was found that from July 21, 2025, there was an increase in TEC values that
continued until July 24, 2025, followed by a decrease in these values 4–5 days prior and
then again 2 days before a massive tsunamigenic M8.8 earthquake and its foreshocks
with M = 6.0–6.9 that occurred on July 30, 2025, LT (July 29, 2025, UTC). A decrease
in TEC values was also identified 4 days before the M6.1 earthquake that occurred on
August 5, 2025, as well as from September 4 to September 9, 2025, before the earthquakes
with M = 7.4 (September 13, 2025) and M = 7.8 (September 19, 2025).

The analysis of relative values of total electron content of the ionosphere revealed a
nighttime positive anomaly (DTEC=22–36%) in the epicentral area at 2 LT and 4 LT, which
manifested 5–7 days before a powerful M8.8 earthquake. This anomaly extended along a
parallel for more than 6000 km, while its meridional extent reached up to 1000 km.

The analysis of time series of normalized values of total electron content (NTEC),
calculated from long-term data (from 2001to 2025) using artificial neural networks (Long
Short-Term Memory (LSTM) and Autoencoder (AE)), allowed for the identification of
abnormal changes in NTEC that are likely related to periods of geomagnetic disturbances
and high solar activity. Through neural network analysis of NTEC, a period of very low
NTEC values without significant spikes was also identified (from June 16 to July 19, 2025).
This period preceded a series of strong earthquakes (M ≥ 6) that began on July 20, 2025.
From July 21, 2025, an increase in NTEC values was observed along with a decrease
occurring 4 and 5 days before the M8.8 earthquake, followed by another increase in NTEC
until July 31, 2025. From August 3 to August 17, 2025, a general downward trend in
NTEC values was registered. Low NTEC values were also recorded from September 7 to
September 19, 2025, before and during the earthquakes with M = 7.4 (September 13, 2025)
and M = 7.8 (September 19, 2025).

Thus, the analysis of Ne altitude profiles, as well as time series of TEC, DTEC, and
NTEC, allowed for the identification of similar patterns in the changes of these parameters
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during the preparation and occurrence of strong earthquakes with M ≥ 6 from June to
September 2025, including a powerful M8.8 earthquake that occurred on July 30, 2025.
The identified patterns correspond to the main characteristics of ionospheric anomalies
that arise during preparation and occurrence of strong earthquakes, as described in earlier
studies.

The analysis of ionospheric variations and heliogeophysical conditions revealed
anomalous changes in the ionosphere that may also be related to geomagnetic distur-
bances and solar activity, and allowed for their exclusion from the analysis. It is important
to note that from June 16 to August 8, 2025, no geomagnetic disturbances were recorded,
and solar activity was low. Therefore, the identified abnormal changes in ionospheric
parameters during this period might be associated with the processes of preparation and
occurrence of earthquakes in the Kamchatka Peninsula region in July–August 2025.

Acknowledgments. The research was carried out in the framework of the state assign-
ment of ISR “AEROCOSMOS”.
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