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Abstract: A study of spatiotemporal variability and synchronization effects in continuous seismic
records (seismic noise) on a network of 21 broadband seismic stations on the Kamchatka Peninsula
was carried out in connection with the occurrence of strong earthquakes, M =7.2-8.3. Data of 1-min
registrations of the vertical movements velocity Earth’s surface were used for constructing time se-
ries of daily values of the generalized Hurst exponent a*, singularity spectrum support width Aa,
wavelet-based spectral exponent , and minimum normalized entropy of squared orthogonal wave-
let coefficients En for all stations during the observation period 2011-2021. Averaged maps and
time-frequency diagrams of the spectral measure of four noise parameters’ coherent behavior were
constructed using data from the entire network of stations and by groups of stations taking into
account network configuration, volcanic activity and coastal sea waves. Based on the distribution
maps of noise parameters, it was found that strong earthquakes arose near extensive areas of the
minimum values of a*, Aq, , and the En maximum values advance manifestation during several
years. The time-frequency diagrams revealed increased amplitudes of the spectral measure of the
coherent behavior of the 4-dimensional time series (synchronization effects) before three earth-
quakes with M« =7.5-8.3 over months to about one year according to observations from the entire
network of stations, as well as according to data obtained at groups of continental and non-volcanic
stations. A less-pronounced manifestation of coherence effects diagrams plotted from data obtained
at coastal and volcanic groups of stations and is apparently associated with the noisiness in seismic
records caused by coastal waves and signals of modern volcanic activity. The considered synchro-
nization effects correspond to the author’s conceptual model of seismic noise behavior in prepara-
tion of strong earthquakes and data from other regions and can also be useful for medium-term
estimates of the place and time of seismic events with Mw > 7.5 in the Kamchatka.

Keywords: seismic noise; time series; singularity spectrum; wavelet analysis; spectral measure of
coherence; Kamchatka Peninsula; earthquake prediction

1. Introduction

Continuous records of microseismic oscillations recorded by broadband seismome-
ters at a network of stations may contain information about geodynamic processes in the
Earth’s interior, despite the main part of the energy of such oscillations being due to at-
mospheric and oceanic influences [1-3]. The conditions for the propagation of natural and
man-made signals in the geological environment and its transmission properties can vary
over time, including under the influence of earthquake preparation processes [4]. Statisti-
cal characteristics of microseisms can reflect changes in properties of the geological envi-
ronment, so the study of their spatiotemporal structure is a promising direction in search
for signs of strong earthquake preparation in seismically active regions.
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New opportunities for studying the properties of continuous microseismic oscilla-
tions (below “seismic noise”) are provided by the method developed by A.A. Lyubushin
[5-17]. This method implements ideas about the general patterns of complex dynamic sys-
tems’ behavior when they approach a critical state associated with irreversible changes.
In particular, an increase in the synchronization (coherence) of changes in the properties
of such systems is considered as one of the signs of the approach to a catastrophic state
[12,18].

Synchronization effects can manifest themselves both in the behavior of natural ob-
jects and in experiments. For example, it was shown in [19] that weak mechanical periodic
forcing applied to a model spring-slider system imitating the behavior of a seismogenic
fault can lead to synchronization of slip events, documented as acoustic emission bursts
with the frequency of a weak forcing.

Strong earthquakes are associated with abrupt changes in seismicity over vast areas
and can be considered as “catastrophes” preceded by manifestations of various precur-
sors, including an increase in the correlation radius of random fluctuations of microseis-
mic oscillations. A physical description of the growth mechanism of microseismic syn-
chronization is impossible due to the complexity of geological environmental structures
and a large number of external influences and processes, many of which cannot be traced
during the observation period. Therefore, the use of synchronous behavior in the statisti-
cal measures of a certain set of seismic noise parameters at a network of stations makes it
possible to formally solve the problem of diagnosing preparation for a strong earthquake.

The possibility of the method for identifying areas of strong earthquakes in the
Northwestern part of the Pacific seismic belt, North America, and the whole world with a
lead time of months—-a few years was demonstrated in [5,13,14,16]. In particular, regular
spatiotemporal changes in seismic noise parameters before the 2003 and 2011 earthquakes
with Mw = 8.3 and 9.0 were found according to data of the Japanese F-net network. Such
changes showed the evolution of the statistical structure of microseismic oscillations to
white noise [8].

This paper presents the results of applying the method of A.A. Lyubushin to the data
of continuous recording of seismic signals at the network of stations in the Kamchatka
Peninsula to search for signs of preparation for strong earthquakes in the variations of
seismic noise taking into account the specific conditions of the region such as modern
volcanic activity and coastal sea disturbances. To do this, the maps of the spatial distribu-
tion of four noise statistics were created and increased values of spectral coherence in the
time series of noise parameters for 2011-2021 were analyzed in comparison with major
earthquakes that have occurred. Diagrams of the spectral measure of coherence for four
noise parameter time series were constructed using data from the entire network of sta-
tions and separately from data of northern, central, and southern groups of stations, as
well as separately for stations allocated taking into account their remoteness from active
volcanoes and separately for continental and coastal stations (Figure 1, Table 1). Using
this approach, the features of the spatiotemporal distribution and coherent behavior of
seismic noise statistics were found in connection with the preparation of local earthquakes
with magnitudes of 7-8.
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Figure 1. Map of the Kamchatka Peninsula showing the location of seismic stations (Table 1), earth-
quake epicenters with Mw = 7.2-8.3, and tectonic plate boundaries: 1—seismic stations with codes
indicated: blue designates coastal stations, and white designates continental stations; 2—earthquake
epicenters; 3—areas of earthquake sources according to [20-24]; 4—boundaries of the northern, cen-
tral, and southern groups of stations (from top to bottom); 5—northwestern and northeastern
boundaries of the considered area of the Pacific Oceanic Plate (PA); 6 —boundary of the North Amer-
ican continental plate (NA) with PA and small lithospheric plates Beringia (BE) and Okhotsk (OK)
[25,26]. White arrows indicate the direction of PA movement; numbers—the speed of TO movement
[27].

Table 1. Seismic stations, their equipment [28], and the belonging of stations to selected groups.

Coordinates Frequency
.. . Station . Range/ Belonging to Dedicated Groups of
Seismic Station Code N° E° hasl,m Equipment Regishition o Stations g
Frequency, Hz

Avacha AVH 53264 158740 942 CMG-6TD 0.033—40/100 southern continental volcanic
Bering BKI 55194 165.984 12 CMG-3TB 0.0083—-40/100 central coastal  non-volcanic
Dal'niy DAL 53.031 158.754 57 CMG-6TD 0.033-40/100 southern coastal non-volcanic
Institut IVS 53.066 158.608 160 CMG-3TB 0.0083—40/100 southern coastal non-volcanic
Kamenskaya KMSK 62.467 166206 40 CMG-6TD 0.033—40/100 northern continental non-volcanic
Karymshina KRM 52.828 158.131 100 CMG-3TB 0.033—40/100 southern continental non-volcanic

Kirisheva KIR 55953 160.342 1470 CMG-6TD 0.033-40/100 central continental volcanic

Klyuchi KLY 56317 160.857 35 KS2000 0.0140/100  central continental  volcanic

Kozyrevsk KOZ 56.058 159.872 60 CMG-6TD 0.033-40/100  central continental  volcanic
Krutoberegovo KBG 56.258 162.713 30 CMG-3TB 0.0083-40/100 central coastal non-volcanic




Appl. Sci. 2022, 12, 8658

4 of 18

Ossora 0SS  59.262 163.072 35 CMG-6TD 0.033-40/100 northern  coastal non-volcanic
Palana PAL 59.094 159.968 70 STS-2 0.0083-40/100 northern coastal non-volcanic
Pauzhetka PAU 51.468 156.815 130 CMG-6TD 0.033-40/100 southern continental non-volcanic
Petropavlovsk PET  53.023 158.650 100 STS-1 0.0027-10/20 southern  coastal non-volcanic
Severo-Kuril’'sk SKR  50.670 156.116 30 CMG-3TB 0.0083—40/100 southern coastal volcanic
Tigil TIGL 57.765 158.671 115 CMG-6TD 0.033-40/100 northern continental non-volcanic
Tilichiki TL1  60.446 166.145 25 CMG-3TB 0.0083-40/100 northern  coastal non-volcanic
Tumrok TUMD 55.203 160.399 478 CMG-6TD 0.033-40/100 central continental  volcanic
Khodutka KDT 51.809 158.077 22 CMG-6TD 0.033-40/100 southern coastal non-volcanic
Shipunskiy SPN 55106 160.011 95 CMG-6TD 0.033-40/100 southern  coastal non-volcanic
Esso ESO 55.932 158.695 490 CMG-6TD 0.033-40/100 central continental non-volcanic

2. Region, Data, Method
2.1. Network of Stations

The Kamchatka Peninsula is one of the most seismically active regions of the Earth
due to its location at the junction of the Pacific oceanic plate and the continental North
American and Eurasian tectonic plates. Here, strong earthquakes occur within the Kam-
chatka fragment of the Kuril-Kamchatka seismic focal zone and the western fragment of
the Aleutian seismic focal zone as a result of Pacific oceanic plate movement in the north-
west direction (Figure 1). Since 2011, a network of digital broadband seismic stations (Ta-
ble 1) has been operating here. This provided the technical conditions for studying the
variations in microseismic oscillations and evaluating the potential of such data to search
for precursors of strong earthquakes. The geometric dimensions of the network are char-
acterized by the maximum distances between stations, 1450 km in the N-S direction (be-
tween SKR and KMSK stations) and 560 km in the W-E direction (between PAL and BKI
stations). The average distance between two adjacent stations is 120 km (median 110 km)
with a range of values from 10 to 240 km.

2.2. Stations Identification
2.2.1. Northern, Central and Southern Groups of Station

Stations located north of the Pacific Plate northern boundary (Figure 1) were identi-
fied as the northern group. The territory of the central and southern groups of stations is
located within the Kuril-Kamchatka island arc. The region of the southern group belongs
to the Kuril segment of the island arc, and the region of the central group belongs to the
Kamchatka segment. The boundary between the southern and central groups of stations
runs along the Nachikinskaya zone of transverse dislocations separating the Kamchatka
and Kuril segments of the island arc [26,29].

2.2.2. Volcanic Stations

In the eastern part of the Kamchatka Peninsula there is an area of modern volcanism
including active volcanoes. Broadband seismic stations are located in the vicinity of some
volcanoes (Figure 2). During volcanic eruptions, volcanic and seismic signals can be rec-
orded in seismic records at distances up to a few tens of kilometers from the centers of
eruption [30,31]. Data on volcano activity from the Institute of Volcanology and Seismol-
ogy of the Russian Academy of Sciences and the Kamchatka Branch of the Geophysical
Survey of the Russian Academy of Sciences (http://geoportal.kscnet.ru/volcanoes/ (ac-
cessed on 31 December 2021); http://www.emsd.ru/~ssl/monitoring/main.htm (accessed
on 31 December 2021)) were used when identifying a group of volcanic stations (Table 1).

In 2011-2021 the Sheveluch, Klyuchevskoy, Bezymyanny, Plosky Tolbachik, Ki-
zimen, Avachinsky, and Ebeko volcanoes were in the stages of eruptions and increased
fumarole and seismic activity (Figure 2). The high activity of northern volcanoes Sheve-
luch, Klyuchevskoy, Bezymyanny, Plosky, and Tolbachik was manifested in the records
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at seismic stations KIR, KLY, KOZ, and at TUMD station during the Kizimen volcano ac-
tivation in 2011-2013. Weak signals from gas—ash emissions appeared in the records at
SKR station during the Ebeko volcano eruption in 2016-2021 [32-34]. Brief episodes of
increased activity from the Avachinsky volcano appeared in records at AVH station.
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Figure 2. Location map of seismic stations and active volcanoes: 1—non-volcanic station, 2—vol-
canic station, 3—active volcano near which a seismic station is located, 4 —active volcano at rest or
near which there is no seismic station, 2011-2021.

2.2.3. Coastal and Continental Stations

Stations located near seacoasts were allocated to the group of coastal stations. Other
stations were allocated to the group of continental stations (Figure 1, Table 1). It should
be noted that the diurnal and semidiurnal tidal harmonics are more pronounced in the
spectra of hourly time series of noise from coastal stations, compared to stations located
at a distance from seacoasts. In records from continental stations, mainly diurnal maxima
are distinguished. Whereas diurnal and semidiurnal maxima, as well as maxima on the
periods of powerful lunar waves M: (period 12.42 h) n O1 (period 25.82 h), are clearly
distinguished in the spectra of records from coastal stations [35,36]. Such features of seis-
mic noise records showed a high degree of signal noisiness at coastal stations due to sea
tidal waves.

The distributions of stations by groups, taking into account the number of stations
affected by sea waves (coastal stations, 11 or 52% in total) and volcanic activity (volcanic
stations, 6 or 29% in total), are presented in Table 2.

Table 2. Distribution of stations into groups, taking into account the number of stations affected by
sea waves (coastal stations) and volcanic activity (volcanic stations).

Station Groups All Stations, Northern, Central, Southern, Non-Volcanic,
Influence Factors * N=21 (100%) N =5 (100%) N =7 (100%) N =9 (100%) N =15 (100%)
coastal, n (%) 11 (52%) 3 (60%) 2 (29%) 6 (67%) 10 (67%)

volcanic, n (%) 6 (29%) - 4 (57%) 2 (22%) -

* n denotes the number of stations and the % of the total number of stations in group N is indi-
cated in brackets.
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2.3. Strong Earthquakes

Comparison of network linear dimensions (1450 x 560 km, average distance 120 km
between neighboring stations) with the maximum linear sizes of earthquake sources L,
km according to the formula IgL = 0.440 Mw — 1.289 [37] and the calculated radii of level
deformations 108 (R, km) at preparation of earthquakes with Mw: R = 1004M [38], makes
it possible to roughly estimate the network sensitivity to the preparation of earthquakes
with magnitudes of at least 7-9. For such earthquakes, the maximum sizes of sources are
about 60450 km according to [37]. The radii of deformation sensitivity of 108, equivalent
to the areas of earthquake preparation with magnitudes 7-9 by [38], are 1-7 thousand km.
Therefore, we believe that the configuration of the operating network (Figure 1) can cover
completely or partially the areas of earthquake preparation in magnitude range 7-9. How-
ever, a more reasonable estimate of the network sensitivity for earthquake magnitudes
can be obtained from experimental data. As will be shown in this study, the method used,
based on the existing network of stations, may be sensitive to the preparation for earth-
quakes with a magnitude of at least 7.5.

Data on the five most powerful earthquakes of 2013-2020 with M« = 7.2-8.3 that oc-
curred during the observation period are presented in Table 3. The location of these earth-
quakes’ epicenters and sources according to the aftershocks of the first day is presented
in Figure 1.

2.4. Seismic Noise Parameters

To analyze spatiotemporal variations of seismic noise, time series of the daily values
of four statistical parameters were used: generalized Hurst exponent a*, singularity spec-
trum support width Aa, wavelet-based spectral exponent 3, and minimum normalized
entropy of squared orthogonal wavelet coefficients En calculated for all stations during
the 20112021 observation period [35,36,39]. The statistical parameters of seismic noise
were estimated according to daily data of 1-min signal registration on BHZ channels for
all stations (Figure 1, Table 1).

To calculate the noise parameters, an updated archive of 1-min continuous record-
ings was created at 21 stations of the KB GS RAS formed from daily fragments of records
with a frequency of 100 and 20 Hz by averaging them in a window of one minute (1440
min values in each day) (http://www.ceme.gsras.ru/new/infres/, accessed on 31 December
2021). Below is a brief description of the four seismic noise statistics used in this study.

Multi-fractal parameters Aa and a*. Consider some random fluctuation x(t) on a time
interval [t - 0/2, t + 0/2] of length 0 centered at the time point ¢. Consider the range u(t, 6)
of random fluctuations on this interval, that is, the difference between the maximum and
minimum values:

u(t, 8) = max x(s) — min x(s), (1)

when t - 6/2<s<t+06/2.
If we force 6—0, then the value u(t, 5) will also tend to zero, but the speed of this

decrease is important here. If the speed is determined by the law 6"®: u(t, )~6"®, or if there

log(u(t,8)) . .. . .
T then the h(t) is called the Holder-Lipschitz exponent.

If the value h(t) does not depend on the moment of time ¢: i(t) = const = H, then the
random fluctuation x(t) is called mono-fractal, and the value H is called the Hurst expo-
nent. If the Holder-Lipschitz exponents h(t) differ for different moments of time ¢, then the
random fluctuation is called a multi-fractal, and the notion of a singularity spectrum F(c)
can be defined for it [40].

To do this, we select a set C(@) of such moments of time ¢ that have the same value «
as the Holder-Lipschitz exponent: h(t) = a. For some values « the set C(a) is not empty,
that is, there are some minimum ami» and maximum e, such that only for omin < @ < ofmax
does the set C() contain some elements.

is a limit h(t) = lim
6-0
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The multi-fractal spectrum of a singularity F(«) is the fractal dimension of a set of
points C(a).

The parameter Ao = amax — amin, called the singularity spectrum support width, is an
important multi-fractal characteristic. In addition, of considerable interest is the argument
o that provides the maximum of the singularity spectrum: F(a*) = max F(a),when omax >
o 2 amin, called the generalized Hurst exponent. To get the estimates of the multi-fractal
characteristics of signals, we used a method based on the analysis of fluctuations after the
removal of scale-dependent trends [41] by polynomials of the 8th order.

2.4.1. Minimum Normalized Entropy of Squared Orthogonal Wavelet Coefficients En

When processing signals using orthogonal wavelets, the choice of a basis is deter-
mined using the criterion for the minimum entropy of the distribution of wavelet coeffi-
cients [42]. Let cj® are the wavelet coefficients of the analyzed signal x(¢), t=1, ..., Lare a
discrete indexes numbering successive values of the time series.

The superscript k is the number of the level of detail of the orthogonal wavelet de-
composition; the subscript j numbers the sequence of time interval centers in the vicinity
of which the signal convolution, with finite elements as its basis, is calculated.

We used 17 orthogonal Daubechies wavelets: 10 ordinary bases with minimal sup-
port and a number of vanishing moments from 1 to 10, and 7 Daubechies symlets [42]
with a number of vanishing moments from 4 to 10.

For each basis, the normalized entropy of the distribution of the squared coefficients
was calculated and a basis was found that ensures the minimum entropy:

En=—Yr, 2 p](.k) -ln(p](.k))/ In(N,) - min, when p](.k) = |c].(k)|2/zl,i|ci(l)|2.

Here m is the number of levels of detail taken into consideration; Mk is the number of
wavelet coefficients at the level of detail with number k.

The number of levels m depends on the length L of the analyzed samples.

For example, if L = 2%, then m = n, Mx =209, If the length L is not equal to a power of
two, then the signal x(t) is padded with zeros to the minimum length N, which is greater
than or equal to L: N=2">L.

In this case, among the number 2¢+% of all wavelet coefficients at level k, only L-2*
coefficients correspond to the decomposition of the real signal, while the remaining coef-
ficients are equal to zero due to the addition of zeros to the signal x(t).

Thus, Mk = L-2*, and only “real” coefficients are used to calculate the entropy. The
number N: is equal to the number of “real” coefficients, that is, N, = Y}, M. By con-
struction, 0 < En <1.

When estimating the wavelet spectral exponent , the orthogonal wavelet decompo-
sition of the signal fragments in the current daily time window [5] is used, which was
previously used in [43] to analyze the noise component of signals from a network of 1203
GPS stations in Japan before the Tohoku mega earthquake on March 11, 2011, and in
[36,39] when processing noise data from the Kamchatka Peninsula.

For each station, the time series of the four seismic noise parameters were obtained
with a time step of 1 day for the time period 2011-2021. When calculating the statistical
parameters of the noise, the low-frequency polygenic components in the daily continuous
records of the seismic signal with a frequency of 1 min were preliminarily filtered by the
8th order polynomial at each station. Such filtering and the subsequent transition to the
first differences of the averaged 1-min data provided the suppression and compensation
of tidal, atmospheric, other natural effects, and anthropogenic activity in the original con-
tinuous records.

2.4.2. Visualization of the Seismic Noise Parameters Distribution

For all four statistical parameters, daily GRD files were created, representing tables
of their values at the nodes of a regular grid of 50 x 50 nodes in size, covering the area in



Appl. Sci. 2022, 12, 8658

8 of 18

the latitude range of 50-64 °N and in the longitude range of 155-168 °E for the entire ob-
servation period. The distribution of each noise statistic over the territory, obtained by
interpolating the median values of the parameters from the three stations closest to each
node of the grid, was reflected on digital maps created using a geographic information
system [44].

When averaging daily maps over all days within a given time interval, averaged
maps were obtained that characterize the features of noise parameters’ changes over space
for the corresponding time intervals. An analysis of the set of such maps for the same time
interval and their variability in time in comparison with maps over a long-term period
makes it possible to trace the features of the seismic noise parameters’ distribution for the
territory under consideration as a whole and in the areas of earthquake sources.

When interpreting maps, we analyzed areas located at distances not exceeding the
average minimum distance between network stations (120 km). The shaded area of the
maps is limited by a line corresponding to the envelope of circles with centers in the re-
gions of outlying stations and a radius of 120 km (Figure 3a). Such a limitation allowed us
to uniformly adjust the coloring area on the maps (Figure 3b). On digital maps, only this
selected area was colored and analyzed (Figure 4).

(a) 145 150 158 160 168 170 17s

Latitude,*N

8 8 % B ® 9 28 8 2

Pacific Ocean |
ot 1%

150 158

160 185
Longltude® E Longitude ® E

165 170

Figure 3. Determination of the coloring area on maps showing the distribution of noise parameters.
(a) circular areas with a radius of 120 km around seismic stations; (b) corresponding colored area
(see text for explanation).
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Figure 4. Maps of seismic noise parameters’” distribution for 2011-2018 (left) and for 2019-2021
(right). (a) Generalized Hurst exponent a*; (b) singularity spectrum support width Ac; (c) wavelet-
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based spectral exponent ; and (d) normalized entropy of the squared orthogonal wavelet coeffi-
cients En. The white circles show the earthquake epicenters (Table 3) that occurred over the corre-
sponding time periods. Rectangles with a coordinate grid show the area of noise parameters’ calcu-
lation. The coloring corresponding to the color scales was carried out for the area at a distance of no
more than 120 km from the edge stations of the network (Figure 3).

Table 3. Earthquakes with Mw =7.2-8.3 (http://earthquake.usgs.gov/earthquakes (accessed on 31
December 2021)).

Coordinates, deg.

Date dd.mm.yyyy Time o Mo,
No Name hh:mm:ss IEO H, km M N-m-102

24 May 2013 - 54.89

1 Sea of Okhotsk 05:44:48 153.22 598 8.3 38.4
30 January 2016 53.98

2 :25:12 177 7.2 .

Zhupanovskoe 03:25 158.55 08
17 July 2017 o 54.44

3 Near Islands Aleutian 23:34:13 168.86 10 77 52

4 20 December 2018 17:01:55 5510 17 73 10
Uglovoye Podnyatiye 164.70
25 March 2020 48.96

5 North Kuril 02:49:21 158.70 58 7.5 2.0

2.5. Spectral Measure of Coherent Behavior of Seismic Noise Parameters

To diagnose synchronization effects in changes to the 4-dimensional time series of
noise parameters, we used the value of the spectral measure of their coherent behavior
1(7, w), estimated in a sliding time window. Previously, the spectral measure of coherent
behavior was used in [5,11,12] for diagnosing synchronization effects in changes in geo-
physical, geochemical, hydrological, meteorological and other multidimensional time se-
ries.

The spectral measure of coherence of a 4-dimensional series of seismic noise param-
eters is constructed as the modulus of the product of the by-component canonical coher-
ences of a multidimensional series v(t,w) = ]_[;-”:1|u (T, ) |, where m = 4 is the total num-
ber of analyzed time series that make up a multidimensional series (dimension of a mul-
tivariate time series); w—frequency, day™; 7 is the time coordinate of the right end of the
sliding time window, consisting of a given number of samples of the time series; uj(t, w)
is the canonical coherence of the j-th scalar time series, which characterizes the degree of
connection of this series with all other series that make up the multidimensional series.

The value | pj(t, w)12is a generalization of the quadratic coherence spectrum between
two signals, where the first signal represents the j-th scalar time series, and the second
signal is a vector that reflects the overall changes of the remaining three series.

The quantity (1, ) satisfies the inequalities 0 < | yj(7, @) | <1, from which it follows
that the closer the value |pj(7, )| to unity, the more linearly related are the variations at
the frequency w in the time window with the coordinate 7 of the j-th time series, with
similar variations in the other three time series.

Thus, the value 0 <v(7, w) £ 1, by virtue of its construction, describes the effect of the
cumulative coherent (synchronous, collective) behavior in the time-frequency domain of
all seismic noise parameters’ time series that form a 4-dimensional time series.

Since the values of v(7, w) vary in the interval [0, 1], the closer the corresponding
value is to unity, the stronger relationship between the variations of the 4-dimensional
time series components at the frequency w for the time window with the coordinate 7.

It should be noted that comparison of the v(7, @) absolute values is possible only for
the same number m of simultaneously processed time series, because, by virtue of the
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Fraq wancy 1 dny
=1
I3

formula for v(7, w), as m grows, the value of v decreases, as the product m values less than
one. In this paper, the number of simultaneously analyzed time series is m = 4.

To estimate the spectral matrix of 4-dimensional time series, a 5th order vector auto-
regressive model was used (AR = 5) [9]. Taking into account the problem of identifying
prognostic effects preceding earthquakes, the v(7, w)-calculated values in all diagrams are
referred to the right edge of the current time window.

Examples of the v(7, w) distribution in the time-frequency domain during 20112021
calculated in a sliding time window 365 days long with a step of 3 days are shown in
Figures 5 and 6.
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Figure 5. Time-frequency diagrams of the spectral measure of coherence of 4-dimensional time se-
ries of seismic noise parameters (7, ®) in comparison with earthquakes (Table 3) according to data
from (a) the entire network of stations, (b) non-volcanic, and (c) continental stations, as well as for
the (d) northern, (e) central, and (f) southern groups of stations, 2011-2021. Synchronization effects
of seismic noise parameters are distinguished by the values Wz, @) >0.3.
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The identification of synchronization effects in the diagrams was carried out taking
into account the range of values v(7, w) in case of random manifestation. For this, a 4-
dimensional time series was generated consisting of four independent realizations of
Gaussian white noise, each with a length of 365 x-10* samples. For this multidimensional
series, a time-frequency diagram of the evolution of the spectral measure of coherence
was constructed in successive non-overlapping time windows 365 samples long, which
provides 10,000 independent estimates of v(7, w). The resulting time-frequency diagram
was a chaotic pattern, for which the average value of random bursts of the coherence
measure is 0.008, the median is 0.006, and the maximum value is 0.15. The length of the
time window corresponded to the same length of 365 samples as in construction of the
diagrams in Figures 5 and 6.

The double maximum value of the random fluctuations of the measure of spectral
coherence in the 4-dimensional time series Wz, w) = 0.30 was used as the upper limit of the
random occurrence of the values v(t, w). To visually highlight the effects of synchroniza-
tion on the diagrams, the regions of spectral coherence manifestation with the values Wz,
) = 0.30 are colored (Figures 5 and 6).

Based on these diagrams, the time intervals and frequency bands of the anomalous
coherent behavior of the discussed noise statistics” time series were identified and then
correlated to the timeline of the earthquakes in Table 3.

2.6. Conceptual Model Used in Data Interpretation

A conceptual model of noise behavior at a network of stations in a seismically active
region was proposed in [5-17,35] using seismic records and theoretical modeling. It was
shown that the high values of the multi-fractal parameters Ac, o and the f value, as well
as the low values of the minimum normalized entropy of the squared orthogonal wavelet
coefficients En, are due to an increase in the number of outliers in the original seismic
records. For example, an increase in the number of outliers in the time series of a contin-
uous seismic signal can occur when seismicity is activated during the aftershock stages of
strong earthquakes. On the other hand, the consolidation of individual elements of the
geological environment and the weakening of near-surface movements may manifest it-
self in a decrease in the number of high-amplitude outliers in seismic records and will be
reflected in high values of entropy En and low values of 4e, o, and f.

In seismically active areas, the formation of a large, consolidated block contributes to
the accumulation of energy in it and, consequently, increases the danger of a strong earth-
quake. Such large, consolidated blocks can be long-existing areas of seismic quietness dis-
tinguished by a decrease in the number of weak earthquakes or ”seismic gaps” [45,46].
Formation of a large, consolidated block can also be accompanied by a decrease in the
diversity of the transfer and resonance properties of the geological environment and loss
of the multi-fractality of noise time series and, accordingly, a decrease in Aa u a* parame-
ters [5-7].

Such a model of noise parameters’ behavior during the preparation for strong earth-
quakes was used in interpreting the results of processing data from a network of stations
in Kamchatka [35,36,39], as well as in the present work. We also note that this simple
model of the behavior of seismic noise parameters during the preparation of a strong
earthquake is in good agreement with the data on the decrease in the multifractal param-
eters a* and A« in the regions of future earthquake sources with Mw =8.3 and 9.0 in Japan
[8].

In accordance with the general patterns of complex systems’ behavior before cata-
strophic changes, we also considered an increase in coherence in the variations of the four-
dimensional series of the statistical parameters of seismic noise as a possible sign of strong
earthquake preparation, diagnosed in time-frequency diagrams [12].
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3. Data Analysis
3.1. Variability of Seismic Noise Parameters’ Spatiotemporal Distribution

Main features of the noise parameters’ spatiotemporal distribution for the considered
timeframe, 2011-2021, are shown on maps in Figure 4. On these maps, the areas of danger
of strong earthquakes are distinguished by the minimum a* Aa, and $ values and maxi-
mum En values in accordance with the conceptual model used.

During the first seven years in 2011-2018, the danger area was located in the northern
part of Kamchatka Peninsula, at the junction of the Kurile-Kamchatka and Aleutian island
arcs (Figure 4, maps on the left). All four earthquakes in 2013-2018 with Mw =7.2-8.3 oc-
curred in the latitude range 54-58° N (Table 3), identified in previous authors’” publica-
tions [35,36] as “dangerous” for the emergence of strong earthquakes with Mw > 7.5. In
this case, the magnitudes of two events out of four, the Sea of Okhotsk (No. 1 in Table 3)
and Near Islands Aleutian (No 3 in Table 3), corresponded to the magnitude range of
expected events. The Sea of Okhotsk deep-focus earthquake on 24 May 2013, with Mw =
8.3 was the strongest seismic event in the region of the Kamchatka Peninsula during de-
tailed seismological observations since 1961 [20]. Its seismic moment exceeded by 7—48
times the seismic moments of all other considered earthquakes (Table 3).

In 2017-2018, seismicity intensified in the indicated danger area over a section about
750 km long in the zone of contact of the Pacific oceanic plate with the Beringia and
Okhotsk small continental plates and the Commander block. The epicenters and focal ar-
eas of the two strongest earthquakes with magnitudes 7.7 and 7.3 (No. 3, 4 in Table 3,) are
shown in Figure 1. The Near Islands Aleutian earthquake (No. 3 in Table 3), with a rupture
length of 500 km [23], occurred on July 17, 2017, also in the “dangerous” range of latitudes
54-58° N.

Over the next three years, 2019-2021, significant changes took place in the spatial
distribution of seismic noise parameters (Figure 4, maps on the right). The danger area
moved to southern part of the region in the latitude range of 50-54 °N [39]. On 25 March
2020, the North Kuril earthquake with M« =7.5 (No 5 in Table 3) occurred to the south of
the indicated area.

According to the maps of the spatial distribution of noise parameters at the end of
2021, the position of dangerous areas remained in the southern part of the region, which
may indicate the possibility of strong earthquakes here.

Thus, a certain correspondence between the distinguished areas of strong earthquake
danger and the occurred seismic events gives reason to believe that the processes of prep-
aration for strong earthquakes are reflected in the regular behavior of seismic noise pa-
rameters.

3.2. Synchronization Signals in Noise Parameter Changes

Synchronization signals allocated by increased values of the spectral coherence of
noise parameters v(7, @) = 0.3 are shown in the time-frequency diagrams in Figures 5 and
6 for the time interval 2011-2021, including the moments of all five strong earthquakes
(Table 3). Such diagrams were constructed based both on the data of the entire network
of stations and on individual groups of stations.

According to data from the entire network of stations as well as from non-volcanic
and continental stations (Figure 5a—c), the most pronounced synchronization signals ap-
peared during the period from six months to one year before three earthquakes with M
>7.5(No 1, 3, 5in Table 3). The maximum amplitudes, v(t, w) > 0.45, were recorded before
the strongest Sea of Okhotsk earthquake (No 1 in Table 3, Mw = 8.3) for half a year. Before
the two considered earthquakes with Mw < 7.5, similar signals of spectral coherence
growth either did not appear (Zhupanovskoe, No 2 in Table 3, Mw = 7.2), or were much
less pronounced (Uglovoye Podnyatiye, No 4 in Table 3, M« =7.3).
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Increased values of spectral coherence also appeared during the aftershock stages of
all considered earthquakes. After the Sea of Okhotsk earthquake, the duration of postseis-
mic synchronization was about one year and no more than 1-2 months after other earth-
quakes.

The diagrams in Figure 5d,f show the v(7, ) > 0.3 distributions according to the data
(from top to bottom) for the northern, central, and southern groups of stations. According
to the data from the northern stations (Figure 5d), increased values of spectral coherence
manifested themselves during the 7-9 months before the Near Islands Aleutian (No 3 in
Table 3) and Uglovoye Podnyatiye (No 4 in Table 3) earthquakes, as well as at their after-
shock stages. Both of these two earthquakes occurred in the northern part of the region.
Other manifestations of increased v(7, w) values are difficult to associate with strong earth-
quakes. Perhaps they reflect regional movements associated with geodynamic activity on
the periphery of strong earthquake preparation areas, or they are random due to local
features of seismic noise at the northern group of stations.

According to the data from the central group of stations (Figure 5e), increased Wz, @)
values with amplitudes up to 0.45-0.60 were most pronounced 6-9 months before the Sea
of Okhotsk earthquake.

Figure 5f shows the spectral coherence distribution diagram for the southern stations.
In this diagram, noise synchronization before the Sea of Okhotsk and North Kuril earth-
quakes with Mw > 7.5 (No 1, 5 in Table 3) is very weak. This may be due to the fact that
67% of the stations in the southern group (six stations out of nine, Table 2) are coastal, and
seismic records from them are noisy due to sea waves. In addition, the Ebeko volcano,
located 6 km from the SKR station, has been erupting since 2019, and volcanic microseisms
could mask the North Kuril earthquake preparation. However, it should be noted that
Figure 5f shows an increase in the synchronization of seismic noise parameters during all
11 years of observations. The most pronounced increase in synchronization has mani-
fested itself over the past year and a half, from mid-2020 to the end of 2021. This may
indicate an increased danger of strong earthquakes in the southern part of the region un-
der consideration. This assumption is consistent with the spatial distribution of noise pa-
rameters on maps for 2019-2021 (Figure 4, maps on the right), showing the increased dan-
ger of strong earthquakes in the southern part of the region.

On the diagrams constructed from coastal and volcanic stations, the distribution of
U7, ) 2 0.3 values is mainly mosaic and non-systematic (Figure 6a,b). While the effects of
increasing noise synchronization before earthquakes with M« > 7.5 on the diagrams based
on data from all network stations, as well as data from non-volcanic and continental sta-
tions (Figure 5a—c), are quite pronounced in the frequency range 0.15-0.35 day~" (periods
3-7 days).

4. Discussion and Conclusions

The methodological basis of the used approach to data analysis is the general prop-
erty of synchronization of the behavior of the constituent parts of complex systems as they
approach critical states [18]. The goal of all methods used is to search for synchronization
effects by estimating the coherence of seismic noise in different areas of a seismically ac-
tive region. In this paper, a phenomenological approach is applied to the study of complex
multicomponent systems, which include Earth’s crust, based on the general property of
increasing the radius and the degree of strong coherence of random fluctuations in the
parameters of a complex system as it approaches a sharp change in its properties as a
result of its own dynamics. As a result of studying long-term continuous records of low-
frequency seismic noises on a network of broadband seismic stations covering the study
area, it was possible to establish the characteristic time points for changing trends in the
coherence of seismic noise properties. The described approach to the analysis of continu-
ous seismic noise records has a long history of application in various regions of the planet,
both at the regional and global levels, which is reflected in publications [5-17].
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Using the presented methodological approach to processing data from continuous
recording of microseismic oscillations at the network of stations on the Kamchatka Penin-
sula and the authors” conceptual model of the seismic noise behavior based on empirical
data and general ideas about the behavior of complex dynamic systems in critical condi-
tions, a study was made of spatiotemporal variations in noise parameters for 2011-2021
in connection with five earthquakes with Mw =7.2-8.3.

According to the distribution maps of the noise statistical parameters, the manifesta-
tion of decreased a*, Aa, and § values and increased En values in the areas of future strong
earthquake sources during months to years was found (Figure 4). In 2011-2018, the earth-
quake hazard area was located in the northern part of the region in the latitude range 54—
58 °N, in which four strong earthquakes occurred (Table 3). Since 2019, there have been
changes in the spatial distribution of noise parameters, and the danger area in 2019-2021
was located to the southern part of the region (latitude range 50-54 °N). The source of the
North Kuril earthquake with Mw = 7.5 occurred on 25 March 2020, near this area.

Thus, the conceptual model of the relationship between the changes in noise param-
eters and the preparation of strong earthquakes has found convincing confirmation in
spatiotemporal variations in seismic noise parameters and occurred seismic events with
magnitudes 7.2-8.3 for the Kamchatka region in the data for 2011-2021. Using this model,
according to the observations for 2011-2016 in the author’s publications made an early
prediction of the area (54-58 °N) of future subsequent earthquakes, including the Near
Islands Aleutian earthquake on 17 July 2017, with Mw=7.7.

According to observations at of the end of 2021 and in accordance with the model,
the danger area for strong earthquakes in the southern part of the region remains.

Before the Sea of Okhotsk, Near Islands Aleutian and North Kuril earthquakes with
Mw27.5 (Table 3), a noise parameter synchronization effect was found by increased values
of the spectral measure of coherent behavior of noise parameters’ time series constructed
from the data from the entire network and for groups of stations least affected by volcanic
activity and sea waves. A property of this type of synchronization is an increase in the
measure of spectral coherence W7, w) 2 0.3 during the time period from several months to
a few years before seismic events.

It can be assumed that for the Kamchatka Peninsula, the preparation and realization
of strong earthquakes with Mw > 7.5 manifests itself on the time-frequency diagrams of the
evolution of spectral coherence as a time-compact increase in the spectral coherence at
frequencies of 0.15-0.35 day'. Meanwhile, bursts of increase of spectral coherence of
presumably volcanic and marine genesis can manifest in a wider frequency range.

The revealed type of synchronization of the seismic noise behavior on the network of
stations can be of prognostic value to the issue of predicting earthquakes with Mw>7.5 in
the region of the Kamchatka Peninsula.

The results of long-term studies on the relationship between seismic noise variations
and strong earthquakes in the Kamchatka region allow one to consider the presented
method for processing and interpreting data from continuous recordings of signals from
a network of broadband stations as a way to dynamically assess the danger of strong
earthquakes. Despite the obvious prognostic shortcomings of this method, such as the
large size of the dangerous area and the wide uncertainty in the time frame of expected
events’ occurrence, it can be used in the aggregate of seismic forecast data to predict the
strongest seismic events, accompanied by catastrophic consequences for the population
and infrastructure of the region.

Since 2021, the authors have been implementing this method with the issuance of
quarterly forecast conclusions about the danger of strong earthquakes to the Russian
Expert Council for Earthquake Prediction and its Kamchatka branch [39].

An important element of the considered method for study spatio-temporal variations
of seismic noise to search for signs of preparation for strong earthquakes is the effective
suppression of the natural and technogenic components present in the original seismic
records. When estimating the statistical parameters of noise, it is necessary to carry out
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preliminary filtering of low-frequency polygenic components in the records of a continu-
ous seismic signal at each station. In the present study, for such filtering of minute data,
an 8th order polynomial was used, and after applying it to daily data fragments, a transi-
tion to the first differences was carried out.

The results of the work also showed that, in areas of modern volcanism, in order to
search for earthquake preparation signals, it is necessary to take into account the activity
of active volcanoes near broadband seismic stations, giving preference to data obtained at
remote stations from the centers of volcanic activity.

Further advancement of the presented method suggests a more detailed study of lo-
cal noise in records of microseismic oscillations on the individual stations with the devel-
opment of effective methods for the compensation of natural and anthropogenic compo-
nents and an increase in the number of broadband seismic stations for the more reliable
diagnostics of earthquake preparation signals, especially in the northern part of the Kam-
chatka Peninsula.
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