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Abstract—The connection between the properties of seismic noise continuously recorded by the network of
21 broadband seismic stations in Kamchatka during nine years of observations (2011-2019) and the nonuniform
rotation of the Earth is studied. The daily time series of median values calculated over all network stations are
analyzed for three noise parameters: multifractal singularity spectrum support width, generalized Hurst expo-
nent, and minimum entropy of the distribution of the squared orthogonal wavelet coefficients. For identifying
the common components in the variations of these parameters, their adaptive first principal component was cal-
culated in a half-year moving window. The quadratic coherence spectrum between the first principal compo-
nent of seismic noise characteristics and the time series of the length of the day was calculated in a 182-day mov-
ing time window. The time—frequency diagram of the coherence spectrum characterized by a sequence of
coherence bursts concentrated in a narrow frequency band with periods from 11 to 14 days is analyzed. The time
delays between the coherence bursts and the release of seismic energy in Kamchatka are estimated in a 5-year
moving time window.
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INTRODUCTION

The nonuniform rotation of the Earth has histori-
cally attracted interest of geophysicists. The explana-
tion of this effect mainly relies on the estimates of the
influence of atmospheric processes (Levitskii et al.,
1995; Sidorenkov, 2002; Zotov et al., 2017). At the
same time, many researchers have repeatedly pointed
out the connection between the irregular rotation of
the Earth and seismicity (Guberman, 1976; Sasorova
and Levin, 2017; Shanker et al., 2001; Levin et al.,
2017). The main attention in this context was focused
on the probable triggering mechanism of the influence

of variations in the Earth’s rotation on seismic process
(Bendick and Bilham, 2017). We note that this inter-
pretation raises a natural question about the impact of
the atmospheric processes including climate varia-
tions through the nonuniform rotation of the Earth.

In this paper, we analyze the relationship between
seismic noise on the Kamchatka Peninsula—one of
the world’s most seismically active regions,—and the
length of day (LOD) parameter whose time series
characterize the irregularity in the rotation velocity of
the Earth. The relationship between the characteristics
of the global seismic noise and LOD time series was
previously studied in (Lyubushin, 2020a; 2020b)
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Fig. 1. Circles show positions of 21 seismic stations in
Kamchatka. Station codes are indicated near each station.

where it was shown that the middle of 2003 was a
breaking point in the trends and correlations of the
characteristics of global seismic noise. Since 2003, the
behavior of global seismic noise has characteristic
trends of the regions with the increasing seismic haz-
ard. We note that after the Sumatra mega-earthquake
of December 26, 2004, M =9, the number of strongest
earthquakes all over the world sharply increased. The
novelty of this study is that the previously developed
approach is used to analyze the data for Kamchatka.

Seismic noise is considered as a manifestation of
the internal life of the Earth and as an important
“communication link” that allows for the study of the
processes in the lithosphere including those before the
strong earthquakes (Lyubushin, 2007; 2009; 2014;
Sobolev, 2014; Lyubushin, 2018). The prognostic char-
acteristics of seismic noise in Kamchatka were previ-
ously analyzed in (Kasimova et al., 2018; Lyubushin
etal., 2015).

INITIAL DATA

Seismicity in the territory of the Kamchatka Krai is
monitored by a network of digital broadband seismic
stations whose data are transmitted in real time to the
Information Processing Center of the Kamchatka
Branch of the Geophysical Survey of Russian Acad-
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emy of Sciences (KB GS RAS) via satellites and other
communication channels (Chebrov, 2013; Chebrov
et al., 2013). In this work we analyze the data on the
vertical (BHZ) component of ground motion
recorded with a sampling frequency of 100 Hz by 21
broadband seismic stations GS RAS from January 1,
2011 to December 31, 2019 in the territory of the Kam-
chatka Krai and Paramushir Island, the Kuriles (Fig. 1).

For constructing 1-min time series of low-fre-
quency noise recorded by each station, we calculated
the averages of the initial records in the successive time
windows of 6000 counts (time points). The resulting
1-min time series for the 21 stations are stored in the
continuously updated database on the server of the KB
GS RAS accessible via the local network. The mea-
surements are conducted by CMG-6TD, CMG-3TV,
and KS2000 type seismic sensors described in (Kasi-
mova et al., 2018; Lyubushin et al., 2015).

An important debatable question in applying the
discussed technique for studying the characteristics of
the low-frequency ambient seismic noise is that, for-
mally, the frequency range of the signals recorded by
seismic sensors does not include periods from 2 to
~1000 min which are, in fact, analyzed when we pass
to 1-min data on time intervals with a length of one
day. This raises a natural question of whether the tran-
sition to this low-frequency region of the records of
seismic signal is legitimate.

Here, we rely on the assumption that instrumental
limitations on low frequency of the signal are only pro-
vided for the correct display of ground motions from
separate earthquakes and for quantitative determina-
tion of their parameters. It should be noted that the
designers of broadband seismic instruments did not
envisage probable use of the continuously logged seis-
mic records in a wider frequency range exceeding the
upper frequency limit of the signals from earthquakes.
It was also not expected that seismic sensors could be
used as a conventional tiltmeter, i.e. that they detect
ground motions in the tidal frequency band. We
believe that in the problems of geophysical monitor-
ing, there is a fundamental possibility of a wider scope
for applying the broadband seismic instruments which
transcends the formal limitations on working frequen-
cies traditionally used in the studies of individual
earthquakes.

This issue has been already discussed in our previ-
ous works (Kasimova et al., 2018; Lyubushin et al.,
2015). In particular, power spectra estimates were pre-
sented for seismic records resampled to a time step of
1 h, i.e., with a substantially deeper averaging than
used in the analysis in this paper. In the cited works it
was shown that these spectra contain standard tidal
harmonics which means that broadband seismometers
can, in fact, operate as tiltmeters in the frequency
range extending far beyond their formal limits.

Revisiting this issue in this paper, we estimate
power spectra of the records after the transition to
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1-min sampling interval in the intermediate frequency
between seismological and tiltmeter ones, which cov-
ers periods from 2 to 1000 min. It is known that this
frequency range contains spectral peaks correspond-
ing to the free oscillations of the Earth continuously
excited by the earthquakes (Milyukov et al., 2015). But
are these peaks present in the spectrum of seismic
records after the transition to a sampling interval of
1 min? Figure 2 shows power spectra estimates for
eight seismic stations. It can be seen that almost all
spectra contain a set of monochromatic harmonics
corresponding to different modes of the free back-
ground oscillations of the Earth (FOE) excited by seis-
mic events, in particular, the lowest-frequency FOE
harmonic with a period close to 60 min.

Thus, we believe that the transition to the low-fre-
quency part of the spectrum by averaging the seismic
records and reducing them to 1-min sampling interval
does not completely destroy substantive information
contained in the records. Moreover, it is the transition
to the low-frequency part of the spectrum that allows
bypassing most of the anthropogenic impacts and to
studying the prognostic characteristics of the free
background oscillations of the Earth. This transition
has been on many occasions used in the previous
works (Lyubushin, 2007; 2009; 2014; 2010a; 2010b;
2012; 2013; 2014; 2018; 2020a; 2020b) in the analysis
of the continuous records of seismic noise from broad-
band networks.

CHARACTERISTICS OF SEISMIC NOISE
EMPLOYED IN THE STUDY

Below we describe three dimensionless character-
istics of seismic noise which were calculated for verti-
cal ground motions after the transition to a sampling
interval of 1 min for each station in the successive time
windows with a length of one day (1440 one-minute
values or data points). Before calculating these charac-
teristics, seismic noise waveforms in each time win-
dow were detrended using the 8th order orthogonal
polynomial. Detrending suppresses the effects of tidal
and thermal deformations of the Earth’s crust in the
variations in seismic noise and is a mandatory proce-
dure in the studies of its statistical characteristics.
Using the orthogonal polynomial ensures stability of
the estimate of the trend values at sampling points.
The polynomial order (8) was selected based on the
results of numerical calculations as the smallest order
guaranteeing the removal of diurnal and semidiurnal
variations on daily intervals.

Multifractal Parameters Ao. and o*

We consider a random oscillation x(¢) on time
interval [t — 5/ 2,1+ 8/ 2] with length & centered at time

point z. Let us analyze the range of the random oscil-
lation on this interval, i.e., the difference between the
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maximum and minimum values (peak-to-peak ampli-
tude):

W, 8) = (8)— (s). (D)
If & — 0, then u(z,d) also tends to zero but what is
important here is the rate of this decay. If the decay

rate is determined by the law & " w,8) ~ 8" at

8 — 0, orifthe limit A(¢) = lirnM exists, then
350 Jog(d)
quantity A(¢) is called the Holder—Lipschitz exponent.
If the A(t) value does not depend on time ¢:
h(t) = const = H, then random oscillation x(¢) is
called monofractal and H is called the Hurst expo-
nent. If the Holder—Lipschitz exponents differ sub-
stantially for different moments of time, then the ran-
dom oscillation is called a multifractal and for this
oscillation the notion of singularity spectrum can be
defined (Feder, 1988). For doing this, we mentally
select the set C(a) of the moments of time having the
same value of the Holder—Lipschitz exponent
() = o.. Sets C(a) do not exist for every o value (to
exist means to contain some elements and to be not
the empty set). That is, there are some minimum o.,;,
and maximum @, such that only for
Oy < O < O, are the sets C(a) nonempty. The
multifractal singularity spectrum F(o) is a fractal
dimension of set of points C(o) of. Parameter
AdL = Ol — Onin Which is called the singularity spec-
trum support width is perhaps a most important mul-
tifractal characteristic. Yet another interesting perti-
nent parameter is the argument o* that maximizes the

singularity spectrum F(o*) = . max F(a). This
parameter is called the generalized Hurst exponent.
The maximum of the singularity spectrum cannot be
greater than unity which is the dimension of the
enclosing set or time axis, 0 < F(o*) <1, typically
F(o*) =1. We note that for a monofractal signal,
Ao, = 0, of = H. By definition, Ao is the measure of
diversity of random behavior of a signal, which reflects
the number of the Holder—Lipschitz exponents. In a
simple monofractal random signal there is only one
Holder—Lipschitz exponent, which is the very same
the Hurst exponent. Therefore, a decrease in Ao is the
sign indicating that certain degrees of freedom of the
system generating the studied signal are suppressed
and also the sign of the reduction of their number. The
method used for calculating parameters Ao, and o*is
described in detail in (Lyubushin, 2007; 2009; 2010;
2014; 2018).

max _ x min X
1-8/2<s<1+8/2 1=8/2<s<1+3/2

Minimum Normalized Entropy En
of Wavelet Coefficients

Let x(r) be a finite sample of some random signal,

t =1,..., N be the index numbering the successive sig-
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Fig. 2. Graphs of power spectra estimates of seismic records after transition to 1-min sampling for eight network stations in fre-

quency range corresponding to periods from 2 to 1000 min.
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Fig. 3. Graphs of daily median values for three dimensionless parameters of seismic noise in Kamchatka. Heavy lines show mov-

ing averages in 57-day window.

nal values (discrete time). We define the normalized
entropy of the final sample by the following formula:

N
En==)" p, log(p,)/log(N),
k=1

N
_ 2 2
Pr = ¢ Cis

J=1

()
0< En<l.

Here ¢,, k =1, N are the coefficients of the orthogo-
nal wavelet decomposition with some basis. Below we
used 17 orthogonal Daubechies wavelets: ten ordinary
bases with a minimum support with one to ten vanish-
ing moments and seven the so-called Daubechies simlets
(Mallat, 1999) with four to ten vanishing moments. For
each basis, we calculated the normalized entropy of the
distribution of squared coefficients (2) and found the
basis that provides minimum to (2). We note that due
to the orthogonality of the wavelet transform, the sum
of the squares of the coefficients is equal to the vari-
ance (energy) of the signal x(z). Thus, the quantity (2)
calculates the entropy of the energy distribution of the
oscillation on different frequency and time scales.

Statistics Ao, o and En were used in (Lyubushin,
2007; 2009; 2010; 2012; 2013; 2014a; 2014b; 2018;
2020c¢) for studying the synchronization characteris-
tics of the global field of seismic noise and the prog-
nostic characteristics of seismic noise in the Islands of
Japan and in California.

For each property and for every day, we calculated
the median values of the characteristics (En, Ao, oc*)
for all operational stations. Thus, we obtained three
time series with daily sampling interval for 2011—2019.
The graphs are shown in Fig. 3.

ADAPTIVE PRINCIPAL
COMPONENT METHOD

The time series (En, Ao, 0¥) need to be aggregated
into a single time series that bears the most generic
properties of the initial set of parameters characteriz-
ing the noise. We used here a modification of the well-
known principal component method (Aivazyan et al.,
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1989; Jolliffe, 1986) proposed in (Lyubushin, 2018).

Let P(?) = (R(t),...,Pm(t))T, t =0,1,... be several time
series with total dimension m. In our case, m = 3. Let
L be the number of points within the time window that
moves from left to right with a minimum mutual shift
of 1, which we call the adaptation window. Let s be the
number of the point corresponding to the right end of
the moving time window. This means that the time
window contains samples with the time indices obeying
the condition s — L +1<7<s. Let us calculate the
m X m correlation matrix ®(s) in each time window after
the normalization of the time series components:

> Pwa o)L,

(s) _

D(s) = (04), @y =

t=s—L+1 (3)
a,b=1,..,m,
where
a® ) = (B - B/ o,
PV = > PO/L,
t=s—L+1 (4)
N 2 . (s
(c) = > Bw-BY -,
t=s—L+1
a=1,....m.

The first principal component \u(s)(t) is calculated
by the following formula:

vy =>60¢ ). (3)
o=1

Here the m-dimensional vector 6 = (8%,...,0%)" is

the eigenvector of the correlation matrix ®(s) corre-
sponding to the maximum eigenvalue. Let us deter-
mine the scalar time series of the adaptive first princi-
pal component y(#) in a moving window with a length
L points by the formula

(L-1) _
W)z{\p (), 0<t<(L-1)

o (6)
v, t> L.
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Fig. 4. (a) Length-of-day (LOD) time series; (b) first principal component for three daily median values of seismic noise in Kam-
chatka calculated in 182-day window. Heavy line shows moving averages in 57-day window.

The operations described by formulas (3)—(5) are
carried out independently in each time window with a
length of L points. Thus, within the first adaptation
time window, time series y(#) consists of the values
calculated by (5), whereas for all subsequent time indi-
ces it is equal to the value of (5) corresponding to the
rightmost end of the time window, i.e., beyond the
first adaptation window y(#) only depends on the past
values of P(t).

Figure 4 shows the graphs of the time series of LOD
(length of day) characterizing the irregularity of the
rotation of the Earth and the main component of daily
time series of three characteristics (En, Ao, o*) in the
moving adaptation window with length L =182 days
(six months). The LOD data are taken from the Inter-
national Earth rotation and Reference systems Service
(IERS) database at https://hpiers.obspm.fr/iers/
eop/eopc04/eopc04.62-now.

ESTIMATING THE COHERENCE SPECTRUM

For analyzing the relationship between the charac-
teristics of seismic noise and the irregularity of the
Earth’s rotation, we use the procedure that calculates

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 57

the coherence spectrum between the LOD time series
and the first principal component.

The time-frequency diagram in Fig. 5 illustrates
the evolution of the quadratic coherence spectrum
between two time series shown in Fig. 3. Estimation
was carried out in a moving time window with a length
of 182 days shifted by 5 days using a 2D vector autore-
gression model of order 5 (Marple, 1987) with prelim-
inary linear detrending and passing to increments.
This approach has been already used in (Lyubushin,
2020a; 2020b) for analyzing the trends in the proper-
ties of global seismic noise and their relation with non-
uniform rotation of the Earth. From Fig. 5 it can be seen
that the bursts in coherence are localized within a narrow
frequency band with periods from 11 to 14 days.

Figure 6 shows the graphs of the coherence bursts
maxima in each time window for periods from 11 to
14 days and the graph of the logarithm of energy (J)
released due to the seismic events in the Kamchatka
region, also in a 182-day moving time window with a
shift of 5 days.

In Fig. 6 it can be visually noticed that the curve of
the logarithm of released energy is frequently delayed
relative to the curve of the coherence spectrum max-
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Fig. 5. Frequency-time diagram of quadratic spectrum of coherence between LOD and first principal component of three char-
acteristics of seismic noise in 182-day moving window shifted by 5 days.
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Fig. 6. (a) Maximum squared coherence between LOD and first principal component of three daily characteristic of seismic noise;
(b) common logarithm of energy (J) released in seismic events in rectangular region 50°—60° N, 153°—170° E (https://www.usgs.gov/;

http://glob.emsd.ru/).

ima estimated in a 182-day moving time window with
a shift of 5 days. Let us quantify this delay by calculat-
ing the cross-correlation function whose graph is
shown in Fig. 7.

In Fig. 7, the values of the cross-correlation func-
tion are taken with a lag from —250 to 250 days

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 57

(£50 points with a time step of 5 days). The maximum of
the correlation coefficient between the maximum coher-
ence of LOD variations and seismic noise falls on 95 days
(19 time shifts), indicating that, on average, the effect
of the increase of their coherence leads the release of
seismic energy in the Kamchatka region.
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Fig. 7. Correlation coefficients between log energy release
in seismic events in Kamchatka region in 182-day moving
window shifted by 5 days and maximum value of quadratic
coherence spectrum between LOD and first principal com-
ponent of three daily median characteristics of seismic noise.

The graphs in Fig. 6 show that the time shift
between the compared curves is not constant but var-
ies. We complement the mean estimate of cross-cor-
relation presented in Fig. 7 with a similar estimate in a

LYUBUSHIN et al.

moving time window. It should be noted that in our
estimates, one (182-day long) time window is already
present. Let us call it a short one. Now, we intend to
obtain cross-correlation estimates in a “long” time
window which is composed of a number of “short”
windows. The length of the “long” window should be
selected with the allowance for the fact that the coher-
ences were obtained by estimating in the “short” time
windows with a length of 182 days that were shifted by
5 days. Thus, if we take L adjacent coherence values,
then the dimensional length of the “long” time win-
dow will be N =182+ (L —1)x5 days. Choosing
L =330, we obtain N =1827 days. The number of
days in five adjacent years is 1826 or 1827, given that in
each 5-year interval, one or two years are leap years.
Therefore, the choice of L =330 highly accurately
provides a time window with a length of 5 years.

The graph in Fig. 8a shows the behavior of the
maximum value of the correlation coefficient between
the coherences and the logarithms of the released
energy in a moving time window with a length of
330 adjacent points (about 5 years) with a minimum
shift by one point (5 days). The maxima are taken over
the mutual time lags by =50 points within the “large”
window with a time step of 5 days.

The estimate of the time lag that provides cross-
correlation maximum (in modulus) is shown in the
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Fig. 8. (a) Graph of maximum modulus of correlation coefficient between coherences and logarithms of released energy in 5-year
window with lags from —250 to 250 days; (b) graph of lag (in days) within 5-year time window providing maximum modulus of
correlation coefficient. Negative lags corresponding to lead of seismic energy release relative to bursts in coherence are shaded.
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graph in Fig. 8b. It can be seen here that during most
of the considered interval, the time lag is negative
which corresponds to the lead of the release of seismic
energy with respect to the bursts in coherence. We
noted that the median value of the optimal time lags
Fig. 8b is 95 days, i.e., exactly the value providing the
average cross-correlation maximum in Fig. 7.

CONCLUSIONS

The method for studying the time-frequency rela-
tionship between a set of median characteristics of
seismic noise recorded by seismic networks in a given
region and the time series of the length of day charac-
terizing the nonuniform rotation of the Earth has been
developed. Application of the method for processing
continuous seismic noise data recorded in 2011—-2019
by the network stations in Kamchatka provided a time
series of the bursts of coherence estimated in a half-
year moving time window. The cross-correlation anal-
ysis of the variations in the coherence maxima and the
logarithm of energy release by seismic events in Kam-
chatka in the time window of the same length revealed
a predominant delay of the intensity of the seismic
process relative to the variations in coherence. This
fact is interpreted as a manifestation of the triggering
effect of the nonuniform rotation of the Earth on the
seismic process.
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