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Abstract: Using a complex of tools for data recording and analysis, the paper investigates ionospheric
parameter dynamics during a strong earthquake in Kamchatka on July 29, 2025 (magnitude M = 8.8).
The data of the ionospheric critical frequency f,F, of Paratunka observatory (Kamchatka, IKIR
FEB RAS), and the data of the regional GNSS receiver network, located near the earthquake source,
were under analysis. Using data from GNSS receivers, the values of absolute vertical total electron
content (TEC) and disturbance indices of vertical TEC variations (WTEC) were studied. Data detailed
analysis was realized using a new method based on wavelet transform. For the estimates, anomaly
intensity measure, characterizing weak, moderate and strong ionospheric disturbances, was used.
Before and during the earthquake on July 29, 2025, anomalous changes were distinguished in
ionospheric parameter time series. They characterize moderate and intensive oscillation processes in
the ionosphere exceeding the background level. A large-scale long (about 2 days) negative anomaly
was detected three days and a half before the earthquake against the background of low geomagnetic
activity according to the data of Paratunka observatory and GNSS receivers. During the development
of the aftershock process, according to data from the Paratunka observatory and data from all
GNSS receivers, a large-scale positive anomaly was identified, exceeding in intensity the background
variations in ionospheric parameters by three times and more. The positive anomaly lasted for about
2 days. In the region of PAU]J station, the ionospheric disturbances were the most intensive and
significantly exceeded in amplitude the disturbances, observed during the period under analysis

when geomagnetic activity increased.
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1. Introduction
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Boskovd et al., 1994; Budak et al., 2024; Depueva et al., 2007; Hegai et al., 2011; Karatay et al.,
2025; Ke et al., 2016; Liu and Xu, 2016; Maruyama et al., 2011; Pulinets et al., 2018b; Rodkin
and Liperovskaya, 2023; Tachema, 2024]. According to the results of the papers [Bogdanov
and Pavlov, 2023; Boskovd et al., 1994; Budak et al., 2024; Depueva et al., 2007; Hegai et al.,
2011; Karatay et al., 2025; Ke et al., 2016; Liu and Xu, 2016; Maruyama et al., 2011; Pulinets
et al., 2018b; Rodkin and Liperovskaya, 2023; Tachema, 2024], ionospheric anomalies may be
observed before strong earthquakes and can be considered as one of possible precursors of
seismic events. However, ionospheric variability and the disturbances associated with solar
and geomagnetic activities [Danilov and Konstantinova, 2023; Ivanov et al., 2011; Perevalova
et al., 2023, 2015; Smirnova and Smirnov, 2013; Taurenis et al., 2022; Zherebtsov et al., 2021],
make it more difficult to detect and to interpret unequivocally seismic anomalies having
significantly lower amplitude in most cases [Afraimovich et al., 2004; Bogdanov and Pavlov,
2023; Mandrikova and Fetisova, 2026; Rodkin and Liperovskaya, 2023). Thus, investigation of
ionospheric processes requires a complex approach and improvement of the methods for
ionospheric data recording and analysis [Bilitza et al., 2022; Goncharenko et al., 2021].

In recent years, data of total electron content (TEC), obtained by the navigation
GNSS receiver measurements, are widely applied to investigate ionospheric processes
[Afraimovich and Perevalova, 2006; Hofmann-Wellenhof et al., 1992]. Anomalous changes in
TEC were multiply observed during powerful eruptions of volcanoes both at high latitudes
and near the equator [Pulinets et al., 2022a; Ryabova and Shalimov, 2024]. In a number of
papers [Bolsunovskii et al., 2024; Budak et al., 2024; Karatay et al., 2025; Ke et al., 2016; Liu
and Xu, 2016; Pulinets et al., 2015; Tachema, 2024; Zakharchenkova et al., 2012], anomalies
in TEC before strong earthquakes were observed within the interval from several hours
up to several days before events. Under conditions of moderate geomagnetic activity, such
anomalies can be considered as possible short-term ionospheric precursors of earthquakes
and it is of scientific and applied interest to investigate them. Based on the GNSS data,
the paper [Liu and Xu, 2016] statistically analyzes local TEC anomalies before 121 strong
(M > 7.0) earthquakes. In the research [Liu and Xu, 2016] the moving median differential
estimation method together with a new method for image processing were used. The results
[Liu and Xu, 2016] showed that significant local anomalies in TEC data were observed up to
six days before 80 earthquakes under consideration (about 66.1% from the total number).
Both positive and negative anomalies of different intensity and duration were observed
before the earthquakes. Positive anomalies were more frequently observed than negative
ones. According to the results [Liu and Xu, 2016], local time distribution of TEC anomalies,
observed before the earthquakes, occurred mainly during the nighttime. Moreover, most of
them were not above the epicenter but shifted southward.

In another paper [Ke et al., 2016] the relation between earthquakes and TEC anomalies
in the ionosphere based on GNSS data was under the study. The authors considered 24
earthquakes with 5.0 < M < 8.0, which occurred in China in 2003-2013. The investigation
[Ke et al., 2016] also showed the possibility of occurrences of positive and negative TEC
anomalies during earthquakes. It was noticed [Ke et al., 2016] that average values of TEC
absolute anomalies were higher before earthquakes than after them. The research [Ke et al.,
2016] also showed that negative and positive TEC anomalies during earthquakes with
the magnitude of more than 5.0 are not continuous and regular. Moreover, the observed
TEC anomalies were proportional to earthquake magnitude and all the anomalies in the
epicenters on earthquake days were not significantly higher or lower than on other days
[Ke et al., 2016].

Based on TEC data, the authors in [Budak et al., 2024] classified ionospheric distur-
bances caused by seismic and geomagnetic activities using the k-nearest neighbor algorithm.
Earthquakes with the magnitude M > 5.6 for the period 1999-2016 were under the con-
sideration. The investigation [Budak et al., 2024] was carried out for two groups. In the
first group, events occurred five days before earthquakes were considered and in the sec-
ond group, events occurred three days before earthquakes were under the study. It was
determined [Budak et al., 2024] that 5055 out of 5184 test samples in the first group were
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classified as true and 129 test samples were false. In the second group 3912 samples were
classified as true and 105 as false ones [Budak et al., 2024]. Moreover, the study [Budak et al.,
2024] showed that the method accuracy increased in inverse proportion to the distance
from the stations to epicenters and in direct proportion to earthquake magnitude.

The paper [Karatay et al., 2025] represents complex spatial-time analysis of ionospheric
disturbances associated with seismic activity, applying the algorithm of Differential Rate
of TEC (DROT) to GPS data. The research [Karatay et al., 2025] covers ten earthquakes
with the magnitudes of 5.6-9.0 and investigates ionosphere variability during pre-seismic,
seismic and post-seismic periods as well as during geomagnetically calm and disturbed
days. The results [Karatay et al., 2025] showed that ionospheric anomalies are not limited
by the earthquake period. Significant anomalies were observed during the seismic events
and six days after them [Karatay et al., 2025]. On earthquake days, the DROT values were
mainly within the range from 60% to 70% (large-scale disturbances), and on the days,
preceding the earthquakes and following them, average-scale disturbances (50%-60%)
were observed in the majority of cases [Karatay et al., 2025]. Spatial analysis showed
[Karatay et al., 2025] that disturbances are stronger within the radius of 500 km from
epicenters and as the distances increase, they become weaker. Thus, the paper [Karatay
et al., 2025] confirmed the relation between the processes in the lithosphere, atmosphere
and ionosphere and highlighted the impact of seismic processes on the ionosphere.

The hypothesis on the relation between the lithospheric and ionospheric shells was
also confirmed by the research [Tachema, 2024] in which TEC was analyzed in detail,
using the wavelet transform and statistical methods, based on GPS data during a shallow
moderate earthquake with the magnitude of 5.1 in Lorca, Spain, on May 11, 2011.

Scientists discuss several physical mechanisms that may cause anomalous changes
in the ionosphere before earthquakes [Hegai et al., 2015a]. The paper [Hegai et al., 2023]
considers anomalous quasi-static electric field, disturbance of the vertical component
of the atmospheric electric field by the Earth surface (Ez). As illustrated in the paper
[Choudhury et al., 2013], the spatial scale of the disturbance area AE; may reach thousands
of kilometers. It has been proved [Kupovykh, 1998; Pestova et al., 2014] that this effect is
determined by the air surface layer ionization by radon emitted from the Earth crust in
the boundary layer. As noted in the paper [Hegai et al., 2023], the scientists [Kupovykh,
1998] described two important details concerning the surface layer ionization by radon:
1. at nighttime, due to sudden temperature inversion, a thin layer is formed by the Earth
surface where radon concentration is sufficient for negative space charge to form at the
height of 0.5-1 m; 2. as the turbulent diffusion or electric field strength grow, the space
charge becomes positive. This mechanism explains both positive and negative ionospheric
anomalies observed in multiple investigations several days before earthquakes [Karatay
et al., 2025; Ke et al., 2016; Kupovykh, 1998; Pulinets and Boyarchuk, 2004; Pulinets and
Davidenko, 20138].

Seismogenic electric field, penetrating into the ionosphere is also considered as a mech-
anism of ionospheric pre-seismic anomaly formation [Heguai et al., 2006, 2015b, 1997; Kelley
etal., 2017; Kuo et al., 2011, 2014; Liu et al., 2011; Pulinets and Boyarchuk, 2004; Pulinets
et al., 2022b]. During different satellite missions [Chmyrev et al., 1997; Pulinets and Legenka,
1997; Zhang et al., 2012, 2014], besides electron concentration anomalies, disturbances
of electromagnetic field amplitudes were detected in the ionosphere at the altitudes of
500-1000 km before earthquakes. Moreover, electromagnetic disturbances were observed
not only in seismically active region, but in conjugated magnetic regions as well [Chmyrev
et al., 1997]. The researchers [Pulinets et al., 2002] consider this mechanism as a part of the
chain of the seismic-ionospheric relation of the processes initiated by seismogenic electric
field on the Earth surface.

It is important to mention the papers [Pulinets et al., 2018a; Pulinets and Davi-
denko, 2018; Pulinets et al., 2015], which describe the model of lithospheric-atmospheric-
ionospheric-magnetospheric coupling (LAIC). In the paper [Pulinets and Davidenko, 2018],
the process of formation of the observed pre-seismic ionospheric anomalies is described in

Russ. J. Earth. Sci. 2026, 26, ES2019, EDN: TCBKCK, https://doi.org/10.2205/2026es001129 3 of 21


https://elibrary.ru/TCBKCK
https://doi.org/10.2205/2026es001129

IoNosPHERIC PARAMETER DYNAMICS DURING A STRONG EARTHQUAKE IN KAMCHATKA ON JuLy 29, 2025... PAVLOV ET AL.

detail and the physical mechanism of generation is suggested. The authors [Pulinets and
Davidenko, 2018] relate the formation of such anomalies to the behavior of the atmosphere
planetary boundary layer during local (night) time. According to the hypothesis [Pulinets
and Davidenko, 2018], at nighttime, the inverse effect and the low height of the upper
boundary of the planetary boundary layer cause accumulation of the radon emitted from
the Earth crust in the surface layer. That increases the ionization level and, consequently,
increases cluster ion density. This results in the formation of the conditions for strong
electric field generation over the region of earthquake preparation [Pulinets and Davidenko,
2018]. Moreover, using a series of events with M > 6.0 in Greece for 2006-2011 and based
on the self-similarity property, a method for constructing a pattern (mask) of an iono-
spheric precursor was proposed in the paper [Pulinets and Davidenko, 2018] to automate
the procedure of its identification. The method for automated identification of earthquake
ionospheric precursor was developed in the research [Pulinets et al., 2021].

A complex approach was used in the paper. It includes both new developments and
classical median and statistical methods. The time interval from July 21 to 31, 2025 was
considered in detail. During this period, a very strong earthquake with the magnitude
M = 8.8 (at 23:24:53 UT on July 29, 2025) occurred near the eastern coast of Kamchatka
peninsula. Ionospheric critical frequency f,F, data of Paratunka observatory (52.97° N,
158.24° E, Kamchatka peninsula, IKIR FEB RAS) and the data of GPS receivers, included
into the regional network of the global navigation satellite system (GNSS) of Kamchatka
branch of the Federal Research Center “Geophysical Survey of RAS”, were under analysis.
In the paper we estimate the values of the absolute vertical total electron content (TEC) tak-
ing into account the differential code bias and determine TEC deviations from background
level. We also determine and investigate the storminess indexes of vertical variations
of the total electron content (WTEC) for the periods of TEC oscillations in the range of
1-10 minutes that corresponds to mid-scale ionospheric disturbances. Detailed analysis
was carried out using a new method based on wavelet transform [Fetisova and Mandrikova,
2022, 2024; Mandrikova and Fetisova, 2020; Mandrikova et al., 2021]. This method applies
a generalized multi-component model (GMCM) of ionospheric parameter time variation
and computational algorithms built on its basis. GMCM realization makes it possible to
detect ionospheric anomalies of different intensity and duration. For the estimates, we
applied the introduced measure for anomaly intensity [Fetisova and Mandrikova, 2022, 2024;
Mandrikova and Fetisova, 2020; Mandrikova et al., 2021], characterizing weak, moderate and
strong ionospheric disturbances.

Anomalous changes, which characterize intensive oscillation processes in the iono-
sphere significantly exceeding the background level, were detected in the time series of
analyzed ionospheric parameters before and during the considered earthquake on July 29,
2025. Based on the Paratunka observatory data and the data of the GNSS receiver network,
a large-scale long (about 2 days) negative anomaly was detected against the background
of low geomagnetic activity three days and a half before the earthquake. Investigation
results also showed that a large-scale positive anomaly, the intensity of which exceeded
the background variations of ionospheric parameters by 3 times and more, was observed
during the first day of the aftershock process.

2. Materials and Methods

Method for TEC Determination. A method to determine TEC along the satellite-receiver
beam using phase and group measurements at two frequencies is represented in the
papers [Afraimovich and Perevalova, 2006; Hofmann-Wellenhof et al., 1992]. Based on phase
measurements, TEC can be determined at two frequencies [Hofmann-Wellenhof et al., 1992]:

[ ff
¢ 40308 f2— f2

[(L1A1 =Ly Ay)+ const+oL], (1)
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where L1 A and L, A, are radio signal phase path increments caused by the phase delay in
the ionosphere; L1 = A@/2m and L, = A@/2m are phase measurements of a GPS receiver,
carried out at the frequencies f; = 1575.42 MHz and f, = 1227.6 MHz (whole and broken
numbers of cycles of ¢ phase), respectively; const is the phase measurement ambiguity; oL
is the phase measurement error.

_ 1 25
40.308 f12 _f22

Ip [(P,=P))+0P+06P], (2)

where P, P, are group paths for the frequencies f; and f,, respectively, 0P is a random
error of measurement of distance in code, O0P is a systematic error of measurement of
distance in code measurements determined mainly by differential code bias oP = cAr,
where At is the differential code bias, c is the light velocity.

The Total Electron Content obtained by group measurements is very noisy. This
manifests the most significantly at low angles where measurement noise can reach more
than 100%. In this case, TEC group measurements are absolute with the accuracy of the
error associated with differential code bias. The TEC determination error caused by the
differential code bias is determined by the following expression:

Lo = 1 f2f
b T 40,308 £2— f2

cAT.

To estimate the absolute vertical TEC, we apply TayAbsTEC algorithm [Yasyukevich
et al., 2015a,b]. TEC measurement model, used in this algorithm, includes two main
components, they are: ionospheric TEC I;,, along the satellite-receiver beam and the TEC
determined by differential code bias, Iy;,s. Thus, the applied measurement model has
the form Iy, = I, + Ipias, the parameters of which may be vertical TEC, latitudinal and
longitudinal gradients, TEC time derivative:

IM = SIJ{IV(([)(), lo, to) + G(pA(P; + Gq(p(A(P;)z
+GIAL + Gyi(Al) + GiAL + Gy(Ar)?) (3)
+Ibiasjl

where i is the measurement number, j is the GPS or GLONASS satellite number; I, is the
absolute value of vertical TEC; G(p = %, G = %, Gq(p = ‘;Z—WI{, qu = % are linear and
quadratic terms of TEC spatial gradients with respect to latitude and longitude; A@, Al are
the latitudinal and longitudinal distances between under-ionospheric point and a station;
At is the time difference between current time fy and the midpoint of the interval under
analysis; G; = %, Gyt = % are the first and the second time derivatives of TEC.

Model (3) parameters are determined by the least square method. Absolute vertical

TEC was calculated with the time interval of 15 minutes.

Data Analysis Methods. To detect TEC anomalous changes in ionospheric parameters,
three approaches were used: 1. ionospheric parameter (TEC values and ionosonde data) rel-
ative deviations from median values were estimated and ionospheric parameter deviations
from background value range were determined on the basis of interquartile range; 2. the
algorithm based on the generalized multi-component model of ionospheric parameter
time series was applied [Fetisova and Mandrikova, 2022, 2024; Mandrikova and Fetisova,
2020; Mandrikova et al., 2021]; 3. disturbance index of TEC vertical variations (WTEC) was
estimated [Perevalova et al., 2016; Voeykov et al., 2016].

1. Calculation of the deviations of ionospheric parameters from background values was
performed using the median method. Median values were estimated over a sliding
time window of 27 days (the processing was made “to the past” from the present
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moment to eliminate the impact of possible seismic-ionospheric effect). Relative
deviations of TEC from background (median) values were determined using the

formula:
TEC; — TECeq

TECeq

where ATEC is the relative deviation of TEC from background values, TEC; is the
current TEC values at time ¢ = i; TEC¢q is the median TEC values. The relative
deviation Af,F, of the critical frequency from the median values was calculated
similarly.

Deviations of ionospheric parameters from the background distribution on the basis
of interquartile range were determined from the ratio:

ATEC = , (4)

Y, = Xmed(t;) £ 1.5IQR(t;), (5)

where Xieq(t;) are median values of the ionospheric parameter (TEC or f,F,) calcu-
lated in a sliding time window with the duration of 27 days, IQR(t;) = Q3(t;) — Q1 (t;)
is the difference between the upper Q3 and the lower Q; quartiles calculated in
the same time window. According to the paper [Encyclopedia..., 1982], in case of
normal distribution of the values AX(t;) = X(t;) — Xned(t;), the value 1.5IQR(¢;) will
correspond to about two standard deviations, and the values X(t;) should vary within
the boundaries of the range Y.(t;) with the probability of 95% under the impact of
different random factors. Thus, the ionospheric parameter X(¢#;) values within the
range Y, (t;) may be referred to anomalous values. The hypothesis of normal distribu-
tion of the AX(t;) value was tested using the Jarque-Bera test for a given significance
level of a = 0.05. The critical value for the Jarque-Bera test at a significance level of
a =0.051s JB.,j; = 5.99. According to the obtained test results, the statistics values /B
for the f,F, and TEC parameters did not exceed JB,,;; (in particular, for the critical
frequency f,F,, the statistics value was JB = 4.45). According to the test results, the
hypothesis of normal distribution of the AX(t;) value for the f,F, and TEC parameters
is assumed in this paper with a significance level of a = 0.05.

2. The generalized multi-component model (GMCM) of ionospheric parameter time
series has the form [Mandrikova et al., 2014]:

f =R +A@M) +e(t)=) s"(t)+ ) al(t)+e(t). (6)
M i

In model (6), the component R(t) = }_, s#(t) describes regular period variations of
ionospheric parameters. This component is not used in this research. It is described
in detail in the papers [Mandrikova and Fetisova, 2020; Mandrikova et al., 2021].

The component A(t) = Y, a’(t) of model (6) describes anomalous changes (increases
and decreases) of ionospheric parameters of different intensity, the components
al(t) = Zmn P,;’n(dn,n)\l’q’n(t) are determined through the threshold functions:

[( 71 . 1 d 2
dyt, i P, <(dy,—d7sd) <P?,
: d 1 d 2
0, if|d,,—dmd| <Pl or|d,,—drd|> P2,
1- : 2 d 1
dyy, if =P2, <(dy,—dd) <P},

i, if Pl <(dy,-d7sd) <P}

n,n’ nn ) ="4nn
i - : d 2 d 3
Py udyn) =130, if |y, —ded| < P2, or |dyy, —dRsd| > P2, (7)
2— : d 2
dn,nf if — Pr]3,n < (dq,n - drr;,lrez ) < _Pr],n
¥, if (dy,—dpsd)> P,

0, if|dy,—dmd| <P,

nn
3— : d 3
L dr],w if (dﬁ,n - d;rf,ls ) < _Pr],n
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where d, ,, = (f,¥, ) are the wavelet coefficients, W is the wavelet, 7 is the scale
parameter, n is the time parameter, () is the scalar product; the thresholds are

P;;,n = V’\/ﬁ 23’:1 (dyn— m) where dmed and d,] . are the median and the average
value, respectively; the superscript i = 1J_r, 2+;3+ determines positive and negative
anomalies of three classes: class 1 - low intensity; class 2 — moderate intensity; class 3 —
high intensity. The thresholds P, ,, determining class anomalies, were estimated by
minimizing a posterior risk funct1on [Levin, 1989].
Application of operations (7) to the ionospheric critical frequency f,F, data and
TEC values, as shown in papers [Fetisova and Mandrikova, 2022, 2024; Mandrikova
and Fetisova, 2020; Mandrikova et al., 2021], makes it possible to detect electron
concentration anomalies in the ionosphere (anomalous increases and decreases).
When performing operations (7), Daubechies 3 wavelet was used [Daubechies, 1992].
According to the estimates and the criteria in the paper [Mandrikova and Polozov,
2012], this wavelet makes it possible to obtain wavelet transform of ionospheric data
with the least error.
The model component e(t) describes natural and industrial noises (hardware failures,
industrial bursts etc.).
According to the investigation [Mandrikova et al., 2021], in order to estimate the
intensity of the anomalies detected in the data on the basis of threshold functions (7),
we used the formula:

Z il (8)

where A is the largest scale under consideration.

3.  Estimation of the storminess indexes of the vertical variations of the total electron
content (TEC) was performed according to [Perevalova et al., 2016; Voeykov et al., 2016].
Variation series of inclined TEC I;(t) along the beams from the GPS receiver to GPS i-th
satellite and the series ©;(t) of position angles of the GPS i-th satellite were the initial
data for determining the WTEC index. The series of inclined filtered TEC variations
of dI;(t) are transformed into equivalent vertical values dIv;(t) = dI;(t)sin(©;(t)).
Then the TEC oscillation intensity A;(t) is determined for each series dIv;(t). For
this purpose, dIv;(t) values are taken in absolute values and smoothed by a sliding
average with the window lasting for T:

T/2
1

Ai(t):T /|d1vi(t+’[)|d’[.

-T/2
Then for each time moment ¢, the intensity of TEC variations WTEC(t) is estimated.
It is averaged over all the receiver-satellite radio beams for a selected GPS receiver.
The procedure of weighted averaging of the series A;(t) is used in the method:

WTEC(t)==L (9)
; Si(t)

where N is the satellite number; A;(t) and S;(t) are the TEC variation intensity series
and weight function for the i-th satellite. The function S;(t) = sin 2(n(t — t(;)/AT;)
was used as weight function, where AT, is the duration of the corresponding intensity
series A;(t), and tg; is its beginning.

Data Sources. The study analyzed data from five GPS receivers (KBG, KMSH, KOZS,
PAUJ, PETS) included in the regional GNSS receiver network KAMNET of the Kamchatka
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Branch of the Federal Research Center “Geophysical Survey of RAS” (https://www.emsd.
ru/geodin/regkamnet), as well as data from an ionospheric station “Parus-A” located on
the territory of the geophysical observatory of the Institute of Cosmophysical Research and
Radio Wave Propagation FEB RAS (¢ = 52.97° N, A = 158.24° E). Critical frequency f,F,
values and trace characteristics on the ionograms, used in this investigation, were obtained
during manual processing of the ionograms according to URSI instructions on ionogram
interpretation and processing (https://repository.library.noaa.gov/view/noaa/1013). To
analyze the geomagnetic activity level, we used the K index obtained at Paratunka geomag-
netic observatory (¢ = 52.97° N, A = 158.25° E) (https://data.www.ikir.ru/webappfiles/
gfo_paratunka/pet-kindex.txt), as well as the AE (https://wdc.kugi.kyoto-u.ac.jp/aedir/
index.html) and Dst (https://wdc.kugi.kyoto-u.ac.jp/dstdir/index.html) indices published
by the World Data Center for Geomagnetism (Kyoto, Japan). Earthquake catalog pro-
vided by the United States Geological Survey’s (USGS) Earthquake Hazards Program
(https://earthquake.usgs.gov/earthquakes/search/) was used in the work. Figure 1 shows
the location of the stations whose data were analyzed in the study, and also indicates the
epicenter of the earthquake with a magnitude of M = 8.8, which occurred on July 29, 2025.
For each GPS receiver, slant TEC values with a time step of 30 seconds were determined

57°N
kozs -
@ Q)

55" N

53 N

156'E 158'E 160 E 162 E 164 E

Figure 1. Map showing the locations of GPS receivers (green circles) and an ionospheric station
PK553 (blue circle) on the Kamchatka region. The epicenter of the M = 8.8 earthquake that occurred
on July 29, 2025, is marked with a red star.

from phase and pseudorange measurements using relations (1) and (2). Using model (3),
absolute vertical TEC values I, were calculated from slant TEC values with a time step of
15 minutes. The obtained I, values were then analyzed using the methods presented in
relations (4)-(8). Using the same relations, 15-minute values of the critical frequency f,F,
were analyzed in this study. Using the slant TEC values, the WTEC index was calculated
using (9) to estimate the intensity of TEC oscillations in the 1-10 minute period range,
which correspond to mid-scale ionospheric disturbances.

3. Results and Discussion

The results of ionospheric parameter time series processing for the period July 21-31,
2025 are illustrated in Figure 2—4. According to FSBI “IAG” data (http://ipg.geospace.ru/
space-weather-review/), the integral solar activity over the analyzed period was assessed
as moderate. Solar flare activity was assessed as low. The number of sun spots SN changed
from 106 to 191, the radio radiation flux at the wavelength of A = 10.7 cm was from
139 to 156 pfu (10722- W -m~2 - Hz™!). Figure 2 shows the results of ionospheric data
processing based on ratios (4), (5). As it was described above, classical median method was
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applied. The results of the processing of the ionosonde data from Paratunka observatory
(Kamchatskiy kray, ionospheric critical frequency f,F, data were processed) are illustrated
in Figure 2a,b. The results of data processing from the GPS receivers of the regional
GNSS network are presented in Figure 2c-1 (data from KBG, KMSH, KOZS, PAUJ, PETS
receivers were processed). To analyze geomagnetic activity, Figure 2m-o shows K index
values (Paratunka observatory data, measurements are made by IKIR FEB RAS) and Dst
and AE indices values (WDC for Geomagnetism (Kyoto, Japan)). Analysis of the results
in Figure 2 shows that during the insignificant increase of geomagnetic activity on July
22-24, 2025 (on July 22, 2025 the daily total K index value is )’ K = 22; on July 23 and
24, 2025, the day total K index value is } K = 24, AE index on these days exceeded
600 nT), positive anomalous deviations (marked with red on all graphs) are observed in
ionospheric parameters according to ionosonde data and the data of all the GPS receivers
under analysis.

The highest amplitude deviations of ionospheric parameters from median values
(green graphs in Figure 2) are observed in f,F, data and in TEC data when the Dst index
reached its minimum values (Figure 2n), that is the end of the day on July 23 and the
first half of the day on July 24. Insignificant short-time positive anomalous deviations
are also observed on July 25 and 26, 2025 during weak increase of AE index (AE index
maximum was 400 nT on July 25 and 500 nT on July 26). The observed dynamics of the
ionospheric parameters during the geomagnetic activity increase is standard according to
our earlier investigations [Fetisova and Mandrikova, 2022, 2024; Mandrikova and Fetisova,
2020; Mandrikova et al., 2021] and the investigations of other researchers [Danilov and
Konstantinova, 2023; Tsagouri, 2022]. We should also note that significant deviation of
ATEC in the analyzed data is observed at the end of the day on July 22 before geomagnetic
activity increase. Anomalous increases in the ionospheric parameters preceding the periods
of increased geomagnetic activity were mentioned in a number of papers [Danilov and
Konstantinova, 2023; Fetisova and Mandrikova, 2024; Mandrikova et al., 2021; Tsagouri, 2022].
They are of interest and are actively investigated in the field of space weather tasks.

Analysis of the results in Figure 2 shows that positive anomalous changes are observed
in ionospheric parameters at the earthquake moment on July 29-31 (according to the data
of KBG, PAU]J and PETS receivers) and during a long period of the aftershock process on
July 30 and 31. The deviations are observed at local time moments in all the analyzed
data. We should note that during that period the geomagnetic field was calm (Figure 2m),
three-hour K index values at Paratunka observatory did not exceed K = 2. Geomagnetic
activity of the auroral zone at the time of the earthquake was also weak (AE index did not
exceed 200 nT). During the aftershock process, the AE index had the values of 300-400 nT
at some intervals of time. The result shows the relation of the detected anomalous changes
with seismic process.

Figure 3 shows the results of ionospheric parameter processing. They were performed
on the basis of a new method for data analysis using a generalized multi-component
model (GMCM) [Mandrikova and Fetisova, 2026; Mandrikova et al., 2014] (ratios (6)—(8)).
GMCM application made it possible to investigate the ionospheric parameter dynamics
in detail, detect anomalous changes and estimate their intensity. Development of the
GMCM and estimation of its parameters were carried out according to the data of the
vertical radio sounding of the ionosphere obtained at Paratunka observatory (Kamchatskiy
kray, IKIR FEB RAS). The threshold function parameters of the GMCM (ratio 7) were
determined by minimizing a posterior risk [Levin, 1989], which was estimated by using the
data of three classes: class 1 —ionospheric parameter variations during geomagnetically
calm conditions; class 2 — ionospheric parameter variations during increased geomagnetic
activity and magnetic storms; class 3 — ionospheric parameter variations during periods
of strong geomagnetic activity and geomagnetic storms. According to the considered
classes, when estimating the GMCM parameters, we minimized the risk for the problem of
detection of ionospheric anomalies occurring during increased geomagnetic activity and
geomagnetic storms. Analysis of the GMCM results during increased seismic activity in
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Figure 2. Values of Af,F, and ATEC (green lines), f,F, and TEC values (blue lines), median values
(dashed lines), the lower and upper boundaries of the background range (dashed lines); f,F, and
values outside the background range boundaries, determined at the confidence probability of 95%
are shown in red.
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Figure 3. Results of anomaly detection in ionospheric data based on GMCM method. The black and

red vertical dashed lines indicate the time of earthquake occurrence with the magnitude of M = 8.8.
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Kamchatka [Mandrikova and Fetisova, 2026] using the data over a long time interval (data
for 2000-2023 were under analysis) showed that oscillation processes of low intensity can
be observed in f,F, data before earthquakes with the magnitude M = 5 in Kamchatka.
These oscillation processes can be positive or negative anomalous changes significantly
exceeding the background level according to GMCM parameters. During earthquakes and
just after them, more intensive and long anomalous changes in ionospheric parameters can
be observed. In the majority of cases, they characterize anomalous increases of ionospheric
electron concentrations. These anomalies can be accompanied by significant changes in
foF, data time variation. According to these results, f,F, during the period under analysis
was processed using lower thresholds (Figure 3a,b, positive anomalies are red, negative are
blue).

Analysis of f,F, processing results shows that oscillation processes occurred in the
ionosphere on July 22-24 at the background of insignificant increase of geomagnetic
activity. General background of f,F, was significantly increased, long positive anomaly
(class 3 for GMCM with lower thresholds) was observed. Oscillation processes in the
ionosphere on July 22-24 are also confirmed by the results obtained from TEC data
(Figure 3). Comparison of the results (colored graphs in Figure 3) shows a general character
of the ionospheric process during that period and indicates their validity. We should note
that positive anomaly in TEC is clearly visible in the data from all GPS receivers. We
should also note that the GMCM results agree well with the results of the median method.
However, they make it possible to investigate the frequency-time structure of ionospheric
data more in detail.

Results in Figure 3 show that long negative anomaly (marked with blue) was formed
in the ionosphere before the earthquake. According to f,F, data, the anomaly occurred
three days and a half before the earthquake and had low intensity (class 1 according to
GMCM parameters). This anomaly is also observed in the data of KBG, KOZS, KMSH and
PAU]J receivers (Figure 3c-j), but it is the most clearly observed in PAUJ data (Figure 3i,j).
Exceedence of thresholds, according to PAUJ data, corresponds to the very intensive
negative ionospheric disturbances (exceeds class 3) on July 27 and 28. According to the
data from the KBG and KOZS receivers, it is clear that the greatest intensity of the anomaly
is achieved at night local time. Note that during the negative anomaly formation and
the highest values of its intensity, the geomagnetic field was calm (three-hour values of
K-index at Paratunka observatory did not exceed K = 2, AE index was less than 100 nT).
The general character of the ionospheric process during the pre-seismic period, observed
according to the data of different measurements, indicates the validity of these results.

The observed anomalous dynamics in ionospheric parameters completely agrees with
lithospheric-atmospheric-ionospheric-magnetospheric coupling (LAIC) model, described
in the papers [Pulinets and Davidenko, 2018; Pulinets et al., 2015]. According to this model,
formation of such anomalies is associated with the behavior of the atmospheric planetary
boundary layer at local (night) time [Pulinets and Davidenko, 2018]. As it was mentioned in
the introduction, based on the results of the paper [Pulinets and Davidenko, 2018], radon
emitted from the Earth crust in the area of earthquake preparation may be accumulated
in the boundary layer during nighttime. As the result, ionization level increases and,
consequently, cluster ion density grows, electric properties of the Global electric circuit
also change that may further cause formation of large-scale positive and negative anomalies
in the ionosphere. Moreover, the obtained results are consistent with the investigation
[Liperovskaya et al., 2006; Romanovskaya and Namgaladze, 2014]. In the study [Romanovskaya
and Namgaladze, 2014] the periods of strong earthquakes in 2005 were analyzed using
regional maps of relative disturbances of the ionospheric TEC. Negative anomalies in
the TEC before the seismic events in Iran on February 22, 2005 and in Indonesia on
February 26, 2005 had a similar character. Researchers [Romanovskaya and Namgaladze,
2014] suggested that the most probable physical mechanism for the formation of such
anomalies is the vertical electromagnetic E x B drift of the F,-region plasma, caused by
an electric field of seismic origin, which changes the concentration of electrons above the
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epicentral region and in the magnetically conjugate zone [Namgaladze et al., 2009]. We
should note that application of the median method (Figure 2) did not allow us to detect this
anomaly in ionospheric parameters. This indicates higher sensitivity of the GMCM method.
GMCM method sensitivity is explained by high detecting capability of wavelets providing
the amplitude increase by 1.5-1.8 times (depending on the applied wavelet function) in
the vicinity of the peculiarities (anomalies) in the data. It should also be noted that the
negative anomaly is not highlighted in the PETS receiver data, which indicates the need for
development of the GNSS network.

At the moment of earthquake occurrence and during the aftershock process devel-
opment, long positive anomaly was formed in the ionosphere according to the results of
foF> and TEC. In the data of different GPS receivers, the periods of anomalous threshold
exceedance have some time shifts, however the process dynamics is common. The result
agrees with the median method (Figure 2).

To investigate the ionosphere state during the preparation and occurrences of strong
earthquakes with M = 8.8, we analyzed vertical sounding ionograms from Paratunka
observatory. This analysis showed the presence of a series of ionospheric anomalies, some
of which were observed at the background of geomagnetically calm conditions (K < 2-3).
This allows us to consider these anomalies in the ionosphere as possible manifestations of
lithospheric-ionospheric coupling.

Before the earthquake, during the fore-shock activation beginning on July 21, 2025,
when the geomagnetic activity was low (summary diurnal K index was ) K = 4, the average
diurnal AE = 86 nT, AE,,x = 193 nT, Dst,;, = 6 nT), a sporadic layer Eg of type r was
recorded on the ionograms in E region during the time interval 11:30-11:45, as well as the
E;-spread was observed during the periods 01:00-02:00 and 07:15-07:45. In F region, the
F-spread was recorded during the period 13:00-16:00, frequency and virtual height (type
H) stratification of the trace in F, was observed at 00:45, 01:15, 01:45, 02:30, 03:00, 03:45,
04:45, 05:00, 21:30, 22:30 and 22:45. Based on the USGS catalog data, eight seismic events
with the magnitude 5.0 > M < 5.5 were recorded during the day on July 21, 2025 near the
eastern coast of the Kamchatka. Ionograms with marked features of the trace of reflections
of an ordinary wave recorded at 11:30 UT and 15:45 UT are shown in Figure 4. From July
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Figure 4. Jonograms of the ionospheric station of the Paratunka observatory, obtained on July 21,
2025, with the noted features of the trace of ordinary wave reflections: (a) sporadic layer Eg of type r
at 11:30 UT (23:30 LT); (b) F-spread at 15:45 UT (July 22, 2025 at 03:45 LT).
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22 to 26, 2025 increased geomagnetic activity was observed. In particular on July 22, 23, 24
and 26, 2025, the summary diurnal K-index had the values } K =22,) K=24,) K=24
and ) K =19, respectively. Screening of F region, E;-spread, sporadic layer E of type r,
trace stratification and branching in F, region were recorded on the ionograms during that
period. The detected anomalies were probably the responses on geomagnetic disturbances
and cannot be directly interpreted as manifestations of seismic activity. According to the
USGS catalog data, sixteen seismic events with the magnitude 5.0 > M < 6.0 were recorded
from July 22 to 26, 2025 near the eastern coast of Kamchatka.

During the day on July 27, 2025, when the geomagnetic activity was low (the summary
diurnal K index was ) K =10, average diurnal AE = 54 nT, AE ., =72 nT, Dst;n = 0nT),
we recorded Eg-spread at 15:30-16:00, frequency and virtual height (type H) stratification
of the trace in the layer F, at 01:30, trace branching near the critical frequency (type V') at
00:45, 01:15, 17:15, 19:00, 21:00, abnormal variation of the trace near the critical frequency
(type Y) at 22:30, F-spread at 17:00, Z-component at 17:15 and 19:00. Ionograms with
marked features of the trace of reflections of an ordinary wave recorded at 15:45 UT
and 19:00 UT are shown in Figure 5. We should note that the intensity of the negative
ionospheric anomaly considered above during that period reached the highest values
according to the results of TEC and f,F, (Figure 3a—i). Based on the USGS catalog data,
during the day on July 27, 2025, no seismic events with the magnitude M > 5 were recorded
near the eastern coast of Kamchatka. Low geomagnetic activity also remained during
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Figure 5. Jonograms of the ionospheric station of the Paratunka observatory, obtained on July 27,
2025, with the noted features of the trace of ordinary wave reflections: (a) Es-spread at 15:45 UT
(July 28, 2025 at 03:45 LT); (b) Z-component at 19:00 UT (July 28, 2025 at 07:00 LT).

the day on July 28, 2025 (} K = 12, the average diurnal AE = 145 nT, AE,x = 451 nT,
Dstyin = 1 nT). On the ionograms on July 28, 2025, we recorded the sporadic layer Es of
type r at 12:45-13:00, E;-spread during the time intervals 08:30, 10:00-11:00, 16:00-16:15,
17:45-18:30, screening of F region (type A) at 00:15, frequency and virtual height (type
H) stratification of the trace in F, layer at 00:30, 01:30, 02:15, 03:15, 21:45 and 22:30,
trace branching near the critical frequency (type V) at 03:30, 18:15, 18:30, 20:00, 20:30,
abnormal variation of the trace near the critical frequency (type Y) at 04:15, 19:00, 19:15,
19:30, Z-component at 21:00. As it follows from the results presented above (Figure 3),
the intensity of the negative ionospheric anomaly during these days was also very high
(significantly exceeded the threshold of class 3). According to the USGS catalog data, one
seismic event with the magnitude M = 5.1 was recorded at 11:45 UT near the eastern coast
of Kamchatka.
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Thus, during the precursor period, which began on July 20, 2025 (9 days before the
main event), ionospheric disturbances reached their maximum on July 27-28, 2025. Under
the conditions of absence of any seismic events with M > 5.0 and low geomagnetic activity
on July 27, 2025, we recorded sporadic layer E; of type r and trace diffusivity in E region,
long diffusivity of the trace in F region, large number of rare forms of traces (V, Y, Z),
indicating the presence of steep horizontal gradients of electron concentration. On the
following day, July 28, 2025, the general geomagnetic state was calm in spite of the small
increase in sub-storm activity during the second half of the day. A dense layer of electron
concentration (screening layer E) was recorded in E region at midday LT and a diffusive
sporadic layer (Es-spread) and of type r were recorded during evening and night hours LT.
In F region, stratification (type H) and traces of types V and Y were multiply recorded
indicating the presence of strong inclinations of ionospheric layers. The Z-component
recorded during morning hours LT emphasizes the presence of steep gradients of electron
density.

Analysis of the ionograms for July 29, 2025 allowed us to divide the anomalies into two
types: pre-seismic Z-component (15:45 LT) and Es-spread (02:15 and 02:30 LT), and the
post-seismic anomaly in the form of the trace of type Y recorded 21 minutes after the main
shock which is possibly caused by the AGW arrival from the earthquake epicenter. The
aftershock period (July 30-31, 2025) was accompanied by intensive post-seismic anomalies.
In the E region, a diffusive sporadic layer E; and E; of type r were recorded at nighttime LT
and a screening layer Eg was recorded during daytime. In the F region, long diffusivity of
the layer (F-spread) was observed during evening and night hours indicating the presence
of large-scale wave disturbances. During morning hours LT, stratification (type H) and
branching (type V) of traces were multiply observed that indicates vertical wave motions
and steep horizontal gradients caused by seismogenic inner gravitational waves. The
analysis results for the ionograms agree with the results of processing of f,F, data and TEC
data presented above.

Figure 6 shows the results of estimation of storminess indexes for vertical variations
of the total electron content (WTEC) according to the data of KBG, KMSH, KOZS, PAUJ,
PETS receivers. WTEC index is the averaged value of TEC variation intensity, filtered
in a selected period range. WTEC change limits are determined by the limits of TEC
oscillation amplitude change, which significantly depend on ionospheric inhomogeneity
scales. In the present paper, we considered TEC oscillations, corresponding to mid-scale
ionospheric disturbances, in the period range of 1-10 minutes. The earthquake occurrence
time is marked in Figure 6 by a red triangle. Analysis of the results in Figure 6 shows
that during insignificant increase of geomagnetic activity on July 23-26, local increases
of WTEC index (up to the values WTEC = 0.1) are observed in the frequency range under
analysis.

At the moment of earthquake occurrence, a short-term increase of WTEC (up to WTEC
0.1 and more) occurred based on the data from KMSH, PAUJ, PETS receivers (Figure 6c,d,e).
We should note that the highest increase of WTEC index is observed according to the
PAU]J receiver data, WTEC at the earthquake moment exceeds the value of 0.2. Significant
increase of WTEC index is also observed after the earthquake during the second half of the
day on July 31. The results agree with the results illustrated in Figure 3 and ionograms data
from Paratunka observatory. The results are also consistent with the work [Astafyeva and
Afraimovich, 2006], in which GPS data were used to identify very intense quasi-periodic
disturbances in the total electron content (oscillation period of about 15 minutes) caused
by a strong earthquake in Sumatra and the Andaman Islands on December 26, 2004. The
researchers [Astafyeva and Afraimovich, 2006] suggested that the most likely source of the
identified oscillations was a seismic airwave that arose as a result of a sudden vertical
displacement of the earth’s surface near the epicenter.
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Figure 6. Indexes for vertical variations of the total electron content (WTEC) according to the data of KBG, KMSH, KOZS,

PAU]J, PETS receivers.
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4. Conclusion

Analysis of ionospheric data of Paratunka observatory (52.97° N, 158.24° E, Kam-
chatka peninsula, IKIR FEB RAS) and the data of the regional GNSS receiver network,
performed by different methods, allowed us to detect anomalous changes in ionospheric
parameters and to estimate their intensity during a very strong earthquake on Kamchatka
peninsula on July 29, 2025. The detected anomalous changes characterize moderate and
intensive oscillation processes in the ionosphere exceeding the background level.
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Before the earthquake, against the background of calm geomagnetic conditions, a large-
scale negative anomaly, occurred three days and a half before the earthquake and, charac-
terizing moderate disturbances, was detected in ionospheric parameter time series. The
anomaly occurrence was observed according to the data of different measurements and had
a common character that indicates the validity of these results. The pre-seismic anomaly
was the most clearly observed in the data of the PAUJ receiver, which is located near the
earthquake source with a small shift in the south-western direction. Based on PAU] data,
the exceedance of thresholds corresponded to intensive negative ionospheric disturbances.
A new method for ionospheric parameter analysis, based on the application of the GMCM
using wavelet decompositions, made it possible to detect the pre-seismic anomaly. Applica-
tion of the median method did not allow us to detect this anomaly. The result indicates the
necessity to develop the methods for data analysis and to extend the tools for ionospheric
parameters recording.

Investigation of the ionograms of vertical radio sounding (Paratunka observatory data)
showed that during the period of formation and development of the large-scale negative
ionospheric anomaly on July 27-28, 2025, ionospheric disturbances reach their maximum.
Under the conditions of absence of seismic events with M > 5.0 and low geomagnetic
activity on July 27, 2025 during evening and night hours, we recorded E of type r and
diffusivity of the trace in E region, long diffusivity of the trace in F region, large number of
rare forms of traces (V, Y, Z), indicating the presence of significant horizontal gradients of
electron concentration. On the following day on July 28, 2025, a dense layer of electron
concentration (screening layer E) was recorded in E region at midday and a diffusive
sporadic layer (Es-spread) and E; of type r were observed during evening and night hours.
Stratification (type H) and traces of types V and Y were multiply recorded in F region
indicating the presence of strong inclination of ionospheric layers. The Z-component
recorded during morning hours LT confirmed the presence of steep gradients of electron
density.

At the moment of earthquake occurrence, application of different methods showed
formation of the intensive positive anomaly in the ionosphere. Based on the data of KMSH,
PAU]J, PETS receivers, short-term increase of WTEC index up to the value WTEC 0.1 and
more occurred. The highest increase of the WTEC index was observed in the data of the
PAU]J receiver, WTEC at the earthquake moment exceeded the value of 0.2.

According to the data of Paratunka observatory and the data of all the analyzed
GNSS receivers, a large-scale positive anomaly, exceeding the background variations in the
intensity by three times and more, was formed in the ionosphere against the background of
calm geomagnetic field during the aftershock process development. The positive anomaly
lasted for about two days.

The results obtained in the paper agree with our earlier investigations [Fetisova and
Mandrikova, 2024; Mandrikova and Fetisova, 2026; Mandrikova et al., 2014] and the results of
other researchers and research groups [Astafyeva and Afraimovich, 2006; Budak et al., 2024,
Karatay et al., 2025; Ke et al., 2016; Liperovskaya et al., 2006; Liu and Xu, 2016; Romanovskaya
and Namgaladze, 2014; Tachema, 2024]. Moreover, the investigation results confirmed
the validity of the lithospheric-atmospheric-ionospheric-magnetospheric coupling model
described in the papers [Pulinets and Davidenko, 2018; Pulinets et al., 2015]. According to
the studies [Astafyeva and Afraimovich, 2006; Bogdanov and Pavlov, 2023; Budak et al., 2024;
Fetisova and Mandrikova, 2024; Karatay et al., 2025; Ke et al., 2016; Liperovskaya et al., 2006;
Liu and Xu, 2016; Mandrikova and Fetisova, 2026; Mandrikova et al., 2014; Romanovskaya
and Namgaladze, 2014; Tachema, 2024], ionospheric disturbance intensity during strong
earthquakes may exceed the background level. On the example of the event on July
29, 2025, this investigation showed that ionosphere reaction on seismic processes may
have pronounced character and be accompanied by variability of ionospheric parameters
exceeding the background values.
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