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Abstract—The properties of low-frequency global seismic
noise, represented by continuous records for 24 years, 1997-2020,
are investigated at 229 broadband stations located around the
world. The property of waveforms, known as the Donoho—Johnston
threshold, which separates the absolute values of the orthogonal
wavelet coefficients into “small” and “large” is analyzed. The
ratio of the number of “large” coefficients to their total number is
determined by the dimensionless DJ index, which takes values
from O to 1. The DJ index is considered as a measure of the non-
stationarity of noise: the larger is the DJ index, the more is
nonstationary the waveform. For each station, daily DJ index val-
ues are calculated. An auxiliary network of 50 reference points is
introduced, the positions of which are determined by clustering the
positions of seismic stations. For each reference point, a time series
is constructed with a time step of 1 day, which is calculated as the
median of daily DJ index values from the 5 nearest operable sta-
tions. For all pairs of reference points, the coherence between the
DJ index values is estimated in a sliding time window of 365 days
with an offset of 3 days, and the maximum values of the coherence
function and the frequency at which the maximum coherence is
reached are determined. The average values of the maximum
coherences show strong growth after 2003, and the maximum
distances between the reference points, for which the maximum
coherence exceeded the threshold of 0.9, undergo an explosive
increase in values after 2012. By extrapolating and averaging the
DJ index values at the reference points, the region of concentration
of maximum DJ index values was determined at the North-East
Siberia. The bursts in the mean value of the maximum coherences
between the day length and the DJ index values at the control
points precede the release of seismic energy with a delay of about
530 days.

Keywords: Seismic noise, wavelet-based entropy, wavelet-

based Donoho—Johnstone Index, coherence, vector autoregression,
length of day.

1. Introduction

Seismic noise is considered as a source of infor-
mation about the processes occurring in the
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lithosphere. In the works (Ardhuin et al., 2011; Aster
et al., 2008; Kedar et al., 2008; Kobayashi & Nishida,
1998; Nishida et al.,, 2008, 2009; Rhie &
Romanowicz, 2004; Tanimoto, 2001, 2005) it was
shown that the source of the energy of low-frequency
seismic noise is the processes occurring in the ocean
and atmosphere, including those associated with cli-
mate change. Since the earth’s crust is a medium for
the propagation of seismic waves, changes in the
lithosphere are reflected in the statistical properties of
noise. Analysis of changes in these properties makes
it possible to assess the effects associated with the
seismic process occurring in different regions of the
Earth and at the global level.

The article continues the research carried out in
Lyubushin (2014, 2015, 2018, 2020a, c¢) on the study
of the correlation and coherent properties of low-
frequency seismic noise on a global scale, covering
the entire planet. Since 1997, the total number of
broadband seismic stations from various networks
has become quite large (229 stations), and their
location provides satisfactory coverage of the earth’s
surface. This makes it possible to evaluate the spatial
and temporal correlations of various properties of
seismic noise and to compare the revealed features
with the seismic process. Multifractal characteristics
(the singularity spectrum support width and the
generalized Hurst exponent), as well as the minimum
entropy of the distribution of the squares of the
orthogonal wavelet coefficients were considered as
the properties of seismic noise. These noise statistics
were estimated for each station at successive 1 day
intervals. An auxiliary network of 50 reference points
distributed over the Earth’s surface is introduced. For
each of them the daily time series of the median
values of seismic noise properties from the 5 nearest
operable stations were calculated. In a sliding time
window of 365 days, the mean of the moduli of the
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pairwise correlation coefficients of the daily noise
properties between the values at all reference points
were estimated. It turned out that the behavior of the
average correlations for all properties has a common
qualitative feature: until 2003, there is a decline, but
after 2003, a rapid increase in correlation begins,
which continues to this day. In Lyubushin (2020a, c),
it was hypothesized that the break in the trends of
average correlation in 2003 was caused by a high-
frequency anomaly in the Earth’s rotation regime,
which can also trigger an increase in the intensity of
the strongest seismic events after the Sumatran mega-
earthquake on December 26, 2004. A break in the
correlation trend in 2003 is accompanied by a break
in the trends of the analyzed properties of seismic
noise: after 2003, the averaged singularity spectrum
support width decreases, while the averaged values of
the noise entropy increases. This behavior of the
properties of seismic noise (simplification of the
statistical structure) is an indicator of an increase in
seismic hazard (Lyubushin, 2018, 2021a, b). Thus,
the simplification of the statistical structure of seis-
mic noise and an increase in their spatial correlations
occur synchronously, and this behavior can be inter-
preted as an increase in the global seismic hazard.

This article discusses another property of seismic
noise, which is known in wavelet analysis as the
Donoho—Johnston threshold. This threshold formally
divides the set of orthogonal wavelet coefficients into
“small” and “large” in terms of the magnitude of
their absolute values. The ratio of the number of
“large” wavelet coefficients to their total number is
called the Donoho-Johnston Index (DJ index) and is
interpreted as a measure of the unsteady behavior of
the waveform of seismic noise. DJ index is also a
measure of the complexity of a noise signal: if this
index is small, then the signal is considered station-
ary, and its structure is simple.

The basis for interpreting the DJ index as a
measure of the nonstationarity of a random signal is
its difference from stationary Gaussian white noise,
which is considered as a standard for a stationary
random signal. For Gaussian white noise, the DJ
index is practically zero. For instance, the author
generated an example of stationary Gaussian white
noise with unit variance one million samples long and
estimated the change in the DJ index in successive
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365-samples windows (the same one used in the
article). As a result, the average value of such DJ
index estimates turned out to be 0.002, the median is
0 exactly, the standard deviation is 0.002, and the
maximum value is 0.003.

The experience of using the DJ index has shown
that it is more sensitive to changes in the properties of
the seismic noise field than the previously used multi-
fractal and entropic properties of noise. In particular,
the DJ index is characterized by higher spatial cor-
relations. In addition, instead of analyzing the
pairwise coefficients between the properties of the
noise at the reference points, this article considers
estimates of pairwise frequency-dependent coherence
functions. For each coherence function, the maximum
values and frequencies realizing these maxima are
found. The transition from conventional correlation
coefficients to frequency-dependent coherence func-
tions allows increasing the threshold of the measure
of connectivity of property values at different refer-
ence points and revealing other non-obvious
properties of seismic noise.

Another innovation of the described approach is
the analysis of the coherence between the unevenness
of the Earth’s rotation, represented by the time series
of the length of the day (LOD) and the DJ index
values at each control point. Thus, the “response
field” of the seismic noise properties on the LOD is
considered. Previously, for this purpose, the coher-
ences between LOD and mean values of noise
properties or the first principal component of several
properties were analyzed (Lyubushin et al., 2021;
Lyubushin, 2020b, 2021b). Averaging the coherence
functions between the LODs and the noise properties
in the control point network provides a better esti-
mate of the effect of advancing the coherence bursts
relative to the bursts in the released seismic energy
values. Earlier, this advance effect was found for
global seismicity (Lyubushin, 2020c), for Kamchatka
(Lyubushin et al., 2021), and for Japan (Lyubushin,
2021b).

2. Seismic Data

The data used are the vertical components of
continuous seismic noise records with a sampling
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time interval of 1 s, which were uploaded from the
Incorporated Research Institutions for Seismology
(IRIS)  website at  http://www.iris.edu/forms/
webrequest/ with 229 broadband seismic stations of
3 networks: http://www.iris.edu/mda/_GSN, http://
www.iris.edu/mda/G, http://www.iris.edu/mda/GE.

Seismic noise records with a sampling rate of
1 Hz (LHZ records) were reviewed for 24 years of
recording (January 1, 1997 to December 31, 2020).
These data were converted to a time series with a
time step of 1 min by calculating averages for suc-
cessive time intervals of 60 s.

Let’s consider an auxiliary network of 50 refer-
ence points, which are determined using the
hierarchical cluster analysis of the positions of 229
seismic stations using the far-neighbor method. This
method of cluster analysis allows the formation of
compact clusters (Duda et al., 2000). The location of

-90

229 seismic stations and 50 control points is shown in
Fig. 1.

3. Wavelet-based Donoho—-Johnstone Index

Let x(¢) be a time series of a random signal and let
t=1,...,N be an integer index numbering consec-
utive data points (discrete time). The normalized final
sample entropy is determined by the following
formula:

N N
En=— pi-log(pe)/log(N), pe=ci/ ¢,
=1 =1
0<En<1
(1)

where c; are orthogonal wavelet coefficients. Let us
choose the optimal orthogonal wavelet for the sample

T
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Figure 1
Positions of 229 broadband seismic stations are presented by blue circles; red numbered circles present 50 reference points
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under consideration from the entropy minimum
condition (1) on a finite set of Daubechies wavelet
bases (Mallat, 1999) with the number of vanishing
moments from 1 to 10.

The entropy of seismic noise (1) has been
repeatedly used in Lyubushin (2014, 2015,
2017, 2018, 2020a, 2020b, 2020c, 2021a; b) to
analyze seismic noise for different regions of the
Earth and at the global level as an independent tool.
By its construction, entropy (1) is also multiscale,
like the entropy proposed in Costa et al., (2003, 2005)
for studying the properties of random signals. In the
works Koutalonis and Vallianatos (2017), Vallianatos
et al. (2019), the non-extensive Tsallis entropy was
used to analyze seismic noise. The natural time
approach to the analysis of random data uses a related
definition of entropy in Varotsos et al,
(2003a, 2003b). But in this work, entropy (1) acts not
as the main tool for data analysis, but as some aux-
iliary stage of data processing, which is designed to
determine the optimal wavelet basis.

After the wavelet basis for a given signal is
determined from the entropy minimum condition, we
can determine the set of wavelet coefficients that are
the smallest in absolute value. In wavelet filtering,
these wavelet coefficients can be zeroed before the
inverse wavelet transform in order to “reduce noise”
(Donoho & Johnstone, 1995; Mallat, 1999). We
assume that the noise is concentrated mainly in the
variations at the first level of detail. Recall that the
first level of detail corresponds to the highest fre-
quency variations of the time series with periods from
2At to 4At, where At is the time sampling step. Due to
the orthogonality of the wavelet transform, the vari-
ance of the wavelet coefficients is equal to the
variance of the original signal. Thus, we estimate the
standard deviation of the noise as the standard devi-
ation of the wavelet coefficients at the first level of
detail. This assessment must be robust, i.e. insensitive
to outliers in the values of the wavelet coefficients at
the first level. To do this, we can use a robust median
estimate of the standard deviation for a normal ran-
dom variable:
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o= med{‘c,ﬁl)

. k=1, ...,N/2}/0.6745 2)
here c,(cl) are wavelet coefficients at the first detail
level of orthogonal wavelet decomposition which
corresponds to most high-frequency variations of the
signal, formally with periods from 2At up to 4At
where At is sampling time step (in our case it equals
1 min); N/2 is the number of such coefficients. The
Ist detail level is considered as the noisiest—that is
why the noise component standard deviations is
estimated from its wavelet coefficients. The estimate
of the standard deviation ¢ from formula (2) defines
the value 6v/2-InN as the “natural” threshold for
the extraction of noise wavelet coefficients. The
quantity ov2 - InN is known in wavelet analysis as
the Donoho—Johnston threshold, and the expression
itself for this quantity is based on the formula for the
asymptotic probability of maximum deviations of
Gaussian white noise. As a result, it is possible to
determine the dimensionless characteristic (DJ index)
of the signal y, 0 <7y <1, as the ratio of the number of
the most informative wavelet coefficients for which
the inequality |cx| > ov2-InN is satisfied to the
total number N of all wavelet coefficients. Formally,
the larger is the index 7y, the more informative (less
“noisy”) is the signal. Further, the DJ index values
are interpreted as a measure of seismic noise non-
stationarity.

Figure 2 shows graphs of daily DJ index values
for each control point, calculated as median values
from the five nearest stations that are operational on
each day. Before calculating the minimum entropy
(1) and index (2), the trend is removed from the daily
waveforms of seismic noise by an 8th order polyno-
mial. Removing the trend is necessary to get rid of
the influence of tides and daily temperature effects.

The presence of values at 50 points distributed
around the world allows to build a map of the spatial
distribution of the DJ index. To build a map, consider
a regular grid of 50 nodes in latitude and 100 nodes in
longitude, covering the entire earth’s surface. Let
{r, k=1,...,m be the coordinates of the control
points (in our case m = 50), Z; are the DJ index
values at the reference points #k, r are the coordinates
of the nodes of the regular grid, d({;,r) is the dis-
tance on the surface of the spherical Earth between
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Figure 2
Graphs of daily values of wavelet-based DJ index for 50 reference points. Green lines present sliding average within window 57 days

the points {, and r, h is the smoothing radius . m m

(bandwidth) of the Gaussian kernel function. Then Z(r) = ;Zk eXp(_dz(gk’r)/hz)/;e"p(_dz(gk’r)/hz)'
the values at the nodes of the regular grid are cal- - - (3)
culated by the formula [Duda et al., 2000]:
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Figure 3
a Average map of spatial distribution of seismic noise DJ index
obtained by extrapolation from 50 reference points using Gaussian
kernel with bandwidth 15°; b map of variance of kernel estimate
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Figure 4
Examples of four estimates of the coherence functions between
daily values of DJ indices at two reference points in a 365-day
window

The value of the bandwidth # = 15° was used,
which corresponds to a distance of &~ 1700 km. The
values Z(r) calculated on a daily basis at all nodes
provide a daily map of the DJ index spatial distri-
bution. The result of averaging all daily maps is
shown in Fig. 3a. Figure 3b presents map of variance
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of kernel estimate which is obtained by averaging
Gaussian kernel estimates of the squared deflections
of daily kernel estimates from values of DJ-index
within reference points.

Figure 3a shows an area of concentration of large
DJ index of seismic noise waveforms in the North-
East of Siberia for geographic coordinates approxi-
mately in a rectangle, 62° <Lat <74°,
116° <Lon < 151°.

4. Coherence Measure for Reference Points Network

Earlier in Lyubushin (2020a, 2020c), a network of
50 reference points, shown in Fig. 1, was used to
calculate the absolute values of pairwise correlation
coefficients between daily values of various proper-
ties of seismic noise. In this article, instead of the
correlation coefficients, the coherence functions are
calculated. The transition from simple correlations to
frequency-dependent coherence functions makes it
possible to single out the frequency values for which
the coherence reaches its maximum values. Thus,
additional information appears about the structure of
spatial relationships between the values of the prop-
erties of seismic noise. Besides that, searching for
coherence maxima over frequency values increases
the degree of coupling between noise properties
values at different reference points as compared to a
simple correlation coefficient.

To calculate the coherence function, we use the
vector autoregression model (Marple, 1987):

P
Z()+ Y Ar- Z(t—k) =e()) (4)
k=1
here Z(t) is some g-dimensional time series, p is the
order of autoregression, A is the g X g size autore-
gressive coefficient matrix, e(¢) is the residual signal
with zero mean and g X g size covariance matrix
® = M{e(t)e’(t)}. The model (4) is used for esti-
mating coherence functions between values of DJ-
index within all pairs of reference points—that is why
g =2 for our case. The matrices A; and ® are
determined using the Durbin-Levinson procedure
(Marple, 1987), and the spectral matrix is calculated
by the formula:
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Figure 5
a The average values 7i(t) of the maxima over the frequency of the modules of all pairwise coherences; red lines present linear trends before

and after 2003.5; b maxima p(t) of distances between reference points for which coherence maximum exceeds the threshold 0.9; ¢ mean
frequencies @(t) for which pairwise coherences attain maxima; d number n(t) of pairs of reference points for which coherence maximum
exceeds the threshold 0.9

Szz(w) =P () - ®- P (),
‘I’(a)) =]+ zp:Ake—iwk (5)
k=1

where I is the unit size g X g matrix. When g = 2,
then the value (5) equals to the usual spectrum of
coherence:

o) = I$p()] /VSi(@)-Su(@)  (6)

where Sjj(w) and Sy (w) are the diagonal ele-
ments of matrix (5), that is, parametric estimates of
the power spectra of two signals, and S;,(®) is their
mutual cross-spectrum.

To calculate pairwise coherence functions (6)
between the DJ index values at the reference points, a
second-order autoregressive model was used with a
preliminary transition to increments. The choice of a
low order of autoregression p =2 was aimed at
suppressing random fluctuations in coherence esti-
mates and obtaining smooth dependences on
frequency. The calculations were performed in slid-
ing time windows 365 days in length with an offset of
3 days. Figure 4 shows examples of graphs of esti-
mates of pairwise coherence functions.

Let us denote by )»(J)(w) the estimate of the
coherence function between the DJ index values at
the reference points with the numbers i and j for the
window with the time stamp 7 of the right end. Let
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Graph of logarithm of squared Morlet wavelet coefficients for
average values fi(t) of the maxima over frequency of all pairwise
absolute coherences
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Figure 7
Robust correlation coefficient between increments of averaged
values of mean maximum coherences 7i(t) and mean frequencies
@(t) providing coherence maxima within time window of the
length 1826 days (5 years). Correlation coefficients are negative
what mean that increasing of mean coherence maxima accompa-
nies decreasing of mean frequency

,“E;) = max i(i;) (o), a)(;) be the value of the frequency
w

at which the maximum is reached. Let’s calculate the

average values for all pairs of reference points:

A =3 0 M, o) =3 ol /M (7)

In the formula (7) M = m(m — 1)/2 is the number
of different pairs of control points from their total
number. In our case m = 50, M = 1225. Let us select
those pairs of control points for which the maximum
coherence ,u(l-;> in the current time window t has
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exceeded the threshold 0.9 and denote by n(t) the
total number of such pairs in each time window. In
addition, let us denote by p(t) the maximum dis-
tances between those pairs of reference points for
which the maximum coherence exceeds the threshold
0.9. Dependencies f(t), ®(t), n(tr) and p(r) are
shown in Fig. 5.

In the dependence f(t) in Fig. 5a, attention is
drawn to the break in the trend in the vicinity of the
time point of the right end of the annual window
2003.5. This feature is highlighted by the line trend
graphs plotted before and after mid-2003 (red lines).
After 2003.5, the average maximum coherence began
to grow rapidly. This inflection point in the trend has
previously been found for the behavior of the mean of
the absolute values of pairwise correlations, esti-
mated in a sliding time window of 365 days, for other
daily seismic noise properties (Lyubushin,
2020a, 2020c). As the reason for the change in the
trend in the correlation of the properties of seismic
noise, these works proposed a hypothesis about the
trigger effect of a high-frequency anomaly in the
Earth’s rotation mode, which can also cause an
increase in the intensity of the world’s strongest
earthquakes after the Sumatran mega-earthquake of
December 26, 2004.

Also noteworthy is the periodic structure of fluc-
tuations in magnitude of fi(t) around linear trends in
Fig. 5a. To determine the period of these oscillations,
let us calculate the logarithm of the mean value of the
squared moduli of the Morlet wavelet coefficients
(Mallat, 1999) of the dependence 7(t), the graph of
which is shown in Fig. 6. On this graph, a period of
about 1000 days (2.7 years) is highlighted. Further,
this result will be discussed in connection with the
periodic structure of the global seismic process.

Returning to Fig. 5, let us pay attention to the
graphs of the dependences p(t) of the maximum
distances between the control points with strong
coherence and the number n(t) of pairs of such points
(Fig. 5b and e). For both dependences, after the time
right point of the annual window 2012, the regime of
high-frequency chaotic fluctuations with high ampli-
tude begins. Earlier, a similar regime with the
beginning around 2010 was already identified for the
maximum distances between the reference points
with the absolute correlation of the noise entropy (1)
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Averaged maps of spatial distribution of mean maximum coherences 7;(7) (a and a’) and mean frequencies (), providing maximum
coherence (b and b’) for estimates with right end of time windows before (a and b) and after (a’ and b’) 2012. Maps were obtained by
extrapolation from 50 reference points using Gaussian kernel with bandwidth 15°
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exceeding the threshold of 0.7 (Lyubushin, 2020c).
However, the behavior of the quantity for the maxi-
mum coherence between the values of DJ index (2) is
much more expressive and is emphatically “explo-
sive” (in sense of the magnitude of the differences
between the amplitude of fluctuations before and
after the onset of the regime of chaotic fluctuations)
than for entropy (1). In Lyubushin (2020c), the
appearance of sharp bursts in the values of the
maximum distance between pairs of reference points

with a strong correlation of entropy is associated with
the destabilization of the seismic noise field after two
mega-earthquakes close in time: February 27, 2010,
M = 8.8 in Chile and 11 March 2011, M =9.1 in
Japan.

Comparing the synchronous graphs of quantities
and in Fig. 5a and c, it can be seen that they are
“antiphase”: an increase in the maximum coherence
7i(t) in Fig. 5a is accompanied by a decrease in the
average frequency @(t) in Fig. 5¢, in which the
maximum of coherence is realized. In order to
quantitatively check this observation, let us calculate
the evolution of the correlation coefficient between
the increments of values fi(t) and @(z) in a certain
sliding time window. Since both values themselves
represent estimates in a sliding time window of
365 days with an offset of 3 days, then if we take a
window consisting of adjacent L values of correlated
quantities, then the dimensional length of this “large”
window will be equal to 365 + 3(L — 1) days. If we
choose the length of the “large” window equal to
L = 488 the adjacent values of statistics 7i(t) and
@(7), then the dimensional length of this window will
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Graphs of maxima squared coherences between daily median values of seismic noise wavelet-based DJ indices in 50 reference points over the
world and LOD time series estimated within moving time window of the length 365 days with mutual shift 3 days. Graphs were plotted in
dependence on the right-hand end of moving time window

be equal to 1826 days, which corresponds to 5 years
(taking into account that every 4th year is a leap

year).

When calculating the correlation coefficient
between the increments of 7(t) and @(t), it should be

taken into account that the increments of the average
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a Plot of the decimal logarithm of released seismic energy; b mean
value of maximum coherences between daily median DJ indices in
50 reference points and length of day. Graphs a and b are plotted
within time window of the length 365 days with mutual shift
3 days. Red horizontal lines on the b present mean values of
coherence maxima for right hand ends of time windows before and

after 2012

frequency @(t) contain significant outliers. There-
fore, instead of the wusual Pearson correlation
coefficient, we used the formula for the robust cor-
relation coefficient between random variables u and
w (Huber & Ronchetti, 2009):

LS =S w o ow
st rsh) TS TS0 )
V75w s

where S(u) = med|u — med(u)|, med(u) is the med-
ian of the value u, S(u) is the absolute median
deviation of the value u.

Figure 7 shows a graph of the robust correlation
coefficient (8) between the increments of fi(t) and
(), estimated in a sliding time window of 5 years.
It can be seen that the estimate is negative for all time
windows, which confirms the hypothesis that an
increase in the maximum coherence leads to a
decrease in the frequency at which this maximum
coherence is realized.

At each reference point with the number j and for
each time window t, there are estimates of the
average values fi;(r) of the maximum coherence
between the DJ index values at this reference point
and the values at the other reference points and
estimates of the average values @;(t) of the fre-
quencies for which the maximum coherence is
realized. The previously entered values fi(t) and
(1) are the average of such pointwise values:
Akt) = Y0 5 (0)/m. @(1) = Y @(x)/m. The
presence of estimates 7i;(7) and @;(t) at the reference
points allows us to build maps of the distribution over
the space of their values using a Gaussian averaging
kernel similar to formula (3) with the same value of
the bandwidth 4 = 15°. These maps are shown in
Fig. 8. separately for labels of the right ends of time
windows before and after 2012.

Note that in Fig. 8a and a’, the Arctic region
corresponds to the minimum values of the maximum
coherences, and the area of the smallest values 7;(7)
coincides with the area of maximum DJ index values
in Fig. 3 and is located in the North-East of Eurasia.
Thus, both statistics, the initial y and the results of its
subsequent processing 7;(t), highlight the same
stable anomalous regions of the behavior of global
seismic noise.

As for the frequency distribution maps, realizing
the maximum coherence, presented in Fig. 8b and b’,
it follows from them that Antarctica is characterized
by high frequencies, while for the center of Eurasia
and equatorial Africa after 2012, low frequencies of
maximum coherence are typical.

5. Connection to Length of Day

The uneven rotation of the Earth has long been the
subject of geophysical research (Levin et al., 2017).
Most often, the main reason for the irregular rotation
is determined by the influence of processes in the
atmosphere and ocean, as well as climatic changes
(Zotov et al., 2017). The relationship between chan-
ges in the parameters of the Earth’s rotation with the
seismic process has been studied in many works, for
example (Bendick & Blham, 2017; Shanker et al.,
2001; Changy & Wenke, 2012). This work continues
the study of the relationships between the properties
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Figure 12
Correlation function between the values of the logarithm of the
released seismic energy and the mean of maxima of coherence
between the day length and DJ indices in 50 reference points.
Negative values of time shifts on graph correspond to the lag in the
release of seismic energy relative to bursts of coherence

of seismic noise with the irregularity of the Earth’s
rotation and with the process of discharge of accu-
mulated seismic energy, carried out in Lyubushin
(2020a, 2020b, 2020c), Lyubushin (2021a, 2021b),
Lyubushin et al., (2021) at analysis of seismic noise
at the global level, in Japan, California and
Kamchatka.

Figure 9 shows a graph of the length of day
(LOD) for the time interval 1997-2020. Data taken
from the International Earth rotation and Reference
systems Service (IERS) website at: https://hpiers.
obspm.fr/iers/eop/eopc04/eopc04.62-now.

Previously, in Lyubushin (2020a, 2020b, 2020c),
Lyubushin (2021a, 2021b), Lyubushin et al., (2021),
to analyze the relationship between the properties of
seismic noise, the maximum values of the quadratic
spectrum of coherence between the increments of the
LOD time series and the medians of the daily seismic
noise calculated from all stations in the network in a
sliding time window of 365 or 182 days were used. If
several noise properties were analyzed, then their first
principal component was calculated in a moving time
window of the same length that was used to calculate
the coherence spectrum. When evaluating in moving
time windows, the values of the coherence spectra are
concentrated mainly in a narrow frequency band with
periods from 11 to 14 days. The maximum values of
the coherences taken over all frequencies form a time

Pure Appl. Geophys.

sequence with a time step equal to the time window
offset. It was shown in Lyubushin (2020c), Lyu-
bushin (2021b), Lyubushin et al., (2021) that peaks of
maximum values of coherence between LOD and
seismic noise properties, on average, outstrip seismic
energy emissions from earthquakes, which are cal-
culated also in a sliding time window of the same
length and taken with the same offset as when eval-
vating a sequence of coherence spectra. The time
delay of seismic energy bursts relative to peaks of
maximum coherence was estimated by calculating
the cross-correlation function. Minimum entropy (1),
as well as multi-fractal properties: the generalized
Hurst exponent and the singularity spectrum support
width were used as the properties of seismic noise.
The Donoho-Johnston index was used to analyze the
relationship with LOD on the Japanese Islands, but
not separately, but in combination with the minimum
entropy and the singularity spectrum support width.
As a result of numerical experiments with various
properties of global seismic noise, it turned out that
DJ index demonstrates the most striking manifesta-
tions of the spatial and temporal correlation of
seismic noise, as well as in its connection with the
irregular rotation of the Earth.

In addition, in this paper, the coherence between
LOD and seismic noise properties is calculated sep-
arately for each reference point and not for median
values across all stations in the network. Thus, LOD
is viewed as a kind of “probe signal”, the response to
which is distributed throughout the globe at reference
points, which allows one to analyze the spatial
characteristics of the “response” of seismic noise to
LOD.

Figure 10 shows the graphs of the maximum
quadratic coherence between the DJ index increments
at the control points (Fig. 2) and the LOD time series
increments (Fig. 9), calculated in sliding time win-
dows 365 days in length with an offset of 3 days. To
calculate pairwise coherence, the autoregressive
model (4)—(6) for order p = 5 was used, similar to the
estimates used in Lyubushin (2020a, 2020b, 2020c),
Lyubushin (2021b), Lyubushin et al., (2021).

Figure 11 shows the graphs of two synchronous
curves: Fig. 11a—the logarithm of the released seis-
mic energy (in joules) in a sequence of time intervals
365 days in length, taken with an offset of 3 days;
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Averaged maps of spatial distribution of maximum coherences between LOD and DJ index (a and a’) and their variances (b and b’) for
estimates with right end of time windows before (a and b) and after (a” and b’) 2012. Maps were obtained by extrapolation from 50 reference
points using Gaussian kernel with bandwidth 15°

Fig. 11lb—mean values of maximum coherences
between time series of day length and daily DJ index
values at 50 reference points. The behavior of the
curve in Fig. 11b can be divided into two sections
with timestamps of the right ends of the windows
before and after 2012, which differ significantly from
each other by the mean values represented by the
horizontal red lines. Note that the behavior of the
maximum pairwise coherences exceeding the
threshold of 0.9 and the maximum distances between
such reference points in Fig. .5b and d are also very
different for the time stamps of the right ends of the
windows before and after 2012. Thus, the response of
the properties of seismic noise DJ index to irregular
rotation of the Earth (LOD time series) turned out to
be dependent on the degree of spatial connectivity of
the strong coherences of noise DJ index.

When comparing the curves in Fig. 11a and b, it
can be seen that strong bursts of coherence precede
significant bursts of seismic energy. To estimate the
time shift between the two curves in Fig. 11, we
calculate the correlation function between them. The
graph of this correlation function is shown in Fig. 12

for time shifts of £ 1200 days. The correlation
function has a significant asymmetry and is shifted to
the region of negative time shifts, which correspond
to the advance of the coherence maxima of the seis-
mic energy emission maxima.
correlation falls on a time shift of — 530 days. Ear-
lier, a similar effect of advancing coherence bursts
between LOD and seismic noise properties was found
in Lyubushin (2020c, 2021b), Lyubushin et al.,
(2021) for Japan, Kamchatka and for the whole world
(for entropy as an analyzed property).

Figure 13a and a’ show averaged spatial distri-
bution maps of the coherence maxima between LOD
and DJ index values for time intervals before and
after 2012. The maps are obtained by extrapolating
from a network of 50 reference points to the entire
earth’s surface using a Gaussian kernel function with
bandwidth of 15 degrees. Averaging is performed
according to formula (3) over all time windows
365 days in length with an offset of 3 days, the time
stamps of the right ends of which have values before
and after 2012. From a comparison of the maps in
Fig. 13a and a’, it can be seen that the scale of

The maximum
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Figure 14
a Number of earthquakes with magnitude not less than seven within adjacent time fragments of the length 50 days; b time—frequency diagram
of logarithm of squared Morlet wavelet coefficients of time series presented at a

changes in the DJ index response to the irregular
rotation of the Earth after 2012 has decreased by
almost 2 times (which corresponds to the graph in
Fig. 11b). In addition, the areas of maximum
response concentration moved from two spots on the
Pacific coast of South America and in India before
2012 to the Arctic after 2012.

To assess the degree of stationarity of responses to
LOD, Fig. 13b and b’ show the distribution maps of
the variances of the maximum coherences between
LOD and DJ index, also separately before and after
2012. The variances were first calculated at reference
points, and then extrapolated to the entire surface of
the Earth using the Gaussian nuclear function, similar
to the maps in Fig. 13a and a’. A significant change
after 2012 is the migration of areas of concentration
of high variance values also to the Arctic region.

6. Discussion

According to the conducted studies of the measure
of non-stationary behavior of seismic noise, based on
the use of the wavelet DJ index, two critical time
intervals can be distinguished when the properties of
seismic noise have changed significantly. Taking into
account the fact that the properties of seismic noise
are estimated in sliding time windows of 365 days,
the critical time intervals are also determined with an
accuracy of 1 year.

The first time interval 2002.5-2003.5 refers to the
change in the trend of the average maximum coher-
ence between the values of the noise properties at the
reference points. After this interval, a systematic
increase in the average maximum coherence is
observed (see Fig. 5a), on which periodic fluctuations
with a period of about 1000 days are superimposed
(see Fig. 6). This effect was previously discovered in
Lyubushin (2020a, 2020c) for using averaged abso-
lute correlations.
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It is interesting to note that a period of 1000 days
can also be found in the behavior of global seismicity
after 2004. Figure 14a shows a graph of the time
series of numbers of strong earthquakes with a
magnitude of at least 7 in successive time intervals of
50 days from the beginning of 1997 to the end of
2020. Figure 14b shows the time—frequency diagram
of the logarithms of the squares of the Morlet wavelet
coefficients, in which the occurrence of a periodicity
with a period of 1000 days is noticeable since 2004.
Thus, the periodic fluctuations of the average mea-
sure of coherence in Fig. 5a and the modulation of
the numbers of the strongest earthquakes in Fig. 14
with the same periods of about 2.7 years may have a
common cause.

In the paper Lyubushin (2020a) it was shown that
the maximum coherence between LOD time series
and the first principal component of four daily
properties of seismic noise (multifractal singularity
spectrum support width, generalized Hurst exponent,
wavelet based entropy and DJ index within 50 ref-
erence points) estimated within moving time window
of the length 365 days gains maximum values for
time interval 2003-2004. This phenomenon was
preceded by strong spike in the value of wavelet-
packet measure of non-stationarity of high-frequency
LOD component which corresponds to the middle of
2002. These facts provide foundation for hypothesis
of trigger influence of anomalies of the Earth’s
rotation on the break points of the curve at the Fig. 5a
and on the occurring of 1000-days periodicity of
strongest earthquakes at the Fig. 14. The same effect
of high-frequency LOD anomaly was presented in
Lyubushin (2020c).

The second critical time interval in the behavior
of global seismic noise refers to 2011-2012. After it,
chaotic pulsations begin with a high amplitude of the
maximum distances between the reference points, for
which a strong pairwise coherence arose exceeding
the threshold of 0.9 (Fig. 5b), as well as the number
of such pairs of control points (Fig. 5d). A similar
effect for the entropy of global seismic noise in cal-
culating strong correlations between the values at the
control points exceeding the threshold of 0.7 in
absolute value was found in Lyubushin (2020c).
However, for the average maximum DJ index
coherences, this effect is much more pronounced. The

existence of the second critical time interval
2011-2012 is also highlighted on the graphs and
maps in Figs. 8, 11, 13. It is now impossible to
indicate an unambiguous reason for the rearrange-
ment of the spatial structure of seismic noise in the
period 2011-2012. In Lyubushin (2020c), the pres-
ence of two close mega-earthquakes is indicated as a
possible cause of this phenomenon: February 27,
2010, M = 8.8 in Chile and March 11, 2011, M = 9.1
in Japan.

Analyzing the spatial features of the distribution
of the DJ index values (Fig. 3), the average maximum
coherences (Fig. 8) and the spatial distribution of the
responses of the noise properties to the irregularity of
the Earth’s rotation (the maximum values of the
coherence with the LOD time series, Fig. 13), it
should be noted that the Arctic region is distinguished
either by maximum or minimum values of the ana-
lyzed statistics. At the same time, the Arctic stands
out most clearly after 2012.

The data analysis technique in this article has a lot
of similar features with previously published results
of analysis of wavelet-based entropy in Lyubushin
(2020c¢). But the results for DJ-index are much more
explicit, especially those which are presented by
graphs at Fig. 3b, d. One could notice the “explosion-
like” increase of strong maximum coherence values
after 2012. In Lyubushin (2020c) this effect could be
noticed as well, but it is much weaker. Other strong
difference is using frequency-dependent coherence
functions instead of usual correlation coefficients
which provide a tool to attain much stronger maxi-
mum coherence values than maximum absolute
correlations (0.9 instead of 0.7). The using of fre-
quency dependent coherences provides extracting
“burst-like” effect of increasing strong coherence
after 2012.

Regarding the possible geological interpretation
of the anomalous zone in the North-East of Siberia,
highlighted in Fig. 3a, it can be noted that it partially
coincides with the known in geology of the Putorana
plateau. This plateau is a completely uninhabited
mountain area east of the city of Norilsk, equal in
area to Great Britain, and consisting of a network of
extinct ancient volcanoes that once poured out lava
flows and created the Siberian trap province. Thus,
the measure of the non-stationarity of low frequency
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seismic noise used in this article unexpectedly high-
lighted the signs of hidden inner life of a once very
active geological structure.

7. Conclusion

A new method for analyzing the properties of
low-frequency seismic noise is proposed, based on
the calculation of pairwise coherence spectra between
the medians of daily noise properties in a network of
reference points from a given number of the nearest
operational stations. The Donoho-Johnstone index,
defined as the fraction of the maximum modulus
values of the wavelet coefficients, separating the
“noise” coefficients, was chosen as the studied
property of noise. The orthogonal wavelet basis is
determined from the condition of the minimum
entropy of the distribution of the squares of the
wavelet coefficients. For observations of seismic
noise on the global network of broadband stations in
the time interval 1997-2020, two critical time inter-
vals for restructuring the spatial properties of noise
have been allocated. The first time interval,
2002.5-2003.5, is characterized by the beginning of
an increase in the average noise coherence, the sec-
ond time interval, 2011-2012, is notable for the
appearance of long-range strong coherences exceed-
ing the threshold of 0.9. A new concept of the
spatially distributed response of the properties of
seismic noise to the irregularity of the Earth’s rota-
tion is introduced as the value of the maximum
coherence between the time series of the length of the
day and the properties of noise in the network of
control points, estimated in a sliding time window.
By extrapolating noise statistics from a network of
reference points to the entire earth’s surface, maps of
their spatial distribution were obtained. It is shown
that bursts of maximum coherence, averaged over a
network of reference points, foreshadow seismic
energy surges with a medium lead of 530 days.
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