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Sharp decrease of entropy production rate (EPR) is observed in the process of the Great East Japan Earthquake (GEJE) of
magnitude 9. The EPR, a thermodynamic property of a fluctuating system, is calculated from the binarized velocity deviation
of the background vibration. The background signal of the GEJE process includes a micron / second scale velocity signal
that exhibits the dominant frequency of 1 Hz to 10 Hz in the Fourier amplitude spectrum. Paying attention to the negative
curvature of the spectrum in the frequency range, we define alpha-tremor as the degree of negative curvature of the spectrum
in the frequency range from 2.97 Hz to 9.80 Hz. The positive and non-positive alpha-tremor represent an arbitral weak velocity
signal. The alpha-tremor has been shown to be invariant in binarizing the velocity fluctuation signal. Therefore, the binarized
velocity and the raw velocity signal are equivalent as long as the background vibration is considered as the alpha-tremor
fluctuation. The binarized velocity signal is divided into sets with 10 data, and the vibration state is defined for each set
considering the degree of dispersion of the 10 signals. Then the transition rate from one state to the other is calculated,
followed by the EPR calculation. The EPR is evaluated for ground vibration data acquired every 0.05 seconds from 2008 to
2014 at the seismic station 188 km away from the epicenter of GEJE which occurred in 2011.
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Abstract

Sharp decrease of entropy production rate (EPR) is observed in the process of the
Great East Japan Earthquake (GEJE) of magnitude 9. The EPR, a thermodynamic prop-
erty of a fluctuating system, is calculated from the binarized velocity deviation of the
background vibration. The background signal of the GEJE process includes a micron
/ second scale velocity signal that exhibits the dominant frequency of 1 Hz to 10 Hz in
the Fourier amplitude spectrum. Paying attention to the negative curvature of the spec-
trum in the frequency range, we define a-tremor as the degree of negative curvature of
the spectrum in the frequency range from 2.97 Hz to 9.80 Hz. The positive and non-positive
a-tremor represent an arbitral weak velocity signal. The a-tremor has been shown to
be invariant in binarizing the velocity fluctuation signal. Therefore, the binarized veloc-
ity and the raw velocity signal are equivalent as long as the background vibration is con-
sidered as the a-tremor fluctuation. The binarized velocity signal is divided into sets with
10 data, and the vibration state is defined for each set considering the degree of disper-
sion of the 10 signals. Then the transition rate from one state to the other is calculated,
followed by the EPR calculation. The EPR is evaluated for ground vibration data ac-
quired every 0.05 seconds from 2008 to 2014 at the seismic station 188 km away from
the epicenter of GEJE which occurred in 2011.

1 Introduction

Strong earthquakes are a major concern in disaster management, and various mea-
sures are being taken for strong earthquakes. Earthquake Early Warning system in Japan
warns people when an earthquake of 5 or greater is expected on the Japan seismic scale.
When an earthquake is detected, the system analyzes the data captured by seismographs
near the epicenter to estimate the epicenter, the magnitude of the earthquake and the
seismic intensity. The estimated information is quickly released so that people can move
to safe places or evacuate from dangerous places before strong surface waves arrive. Re-
garding building regulations, the seismic standards of the Building Standard Law in Japan
require minor damage in medium-scale earthquakes with a seismic intensity of 5 or greater,
and no collapses in large-scale earthquakes with a seismic intensity of 6 to 7.

On the other hand, earthquakes generally last less than a minute, and the dom-
inant state of ground motion is seismically silent. Therefore, in order to understand the
seismic process, it is necessary to investigate the silent state. Nonvolcanic tremor is one
of the notable discoveries regarding the silent state. Obara investigated the seismically
silent period in southwest Japan and identified the nonvolcanic tremor, the weak but no-
ticeable signal with typical frequency range from 1 Hz to 10 Hz (Obara, 2002). Obara
discussed that tremor with a long duration time is possibly caused by a chain reaction
of small fractures induced by fluid. In 2003, Rogers and Dragert related tremors to ground
slip events. Tremor activity accompanied by a slip event was observed approximately
every 12 months for 6 consecutive years at Cascadia subduction zone interface (Rogers
& Dragert, 2003). Regarding the mechanism of the long duration tremor, Peng and Chao
observed the tremor induced by an earthquake and discussed that tremor occurred as
a simple frictional response to the driving force (Peng & Chao, 2008).

This study focuses on the velocity signal of weak background vibrations in the silent
state, and represents the background signal by a-tremors defined in a frequency range
similar to that of tremors. Then, the invariance of a-tremor in the binarization of the
velocity signal is shown. The binarized velocity and the raw velocity signal are consid-
ered as equivalent as long as the background vibration is considered as a a-tremor fluc-
tuation. Following the velocity binarization, the vibrational states are defined, the stochas-
tic dynamics of transitions of the state in a Markov process are described by the mas-
ter equation, and entropy production rate (EPR) is calculated. Finally, the ERR is eval-
uated at the seismic station KSN, 188 km from the GEJE epicenter.
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2 Observation of background signals

Ground vibration velocity data acquired every 0.05 seconds at the seismic station
KSN is downloaded in chronological order from the web site of F-net, broadband seis-
mograph network of National Research Institute for Earth Science and Disaster Resilience
(NIED, 2019). The data is converted to piecewise deviation. Each section consists of 10
velocity data, and the piecewise deviation is the difference between the velocity within
the section and the average velocity within the section. The piecewise deviation fluctu-
ates around zero, and its squared average is the dispersion in statistics. The piecewise
deviation data is divided into blocks of 1024 data, which corresponds to the data acqui-
sition time of 51 seconds, and the Fourier amplitude of each block is calculated. The Fast
Fourier Transform (FFT) algorithm is applied with no overlap, and no filtering. The up-
per bound of the frequency domain is 10Hz, which is half the data acquisition frequency.
The lower bound is 0.02 Hz which is determined by the block size 1024. Therefore, the
FFT with the sampling frequency of 20Hz and the block size of 1024 is equivalent to an
FFT with a 0.02-10 Hz bandpass filter.

Fig. 1 shows a comparison of the velocities and spectrograms in the up-down (UD),
north-south (NS), and east-west (EW) direction. The velocity data was acquired at KSN
every 0.05 seconds from Mar. 3, 2011 to March 11, 2011. The period includes the mag-
nitude 9 Great East Japan Earthquake (GEJE) occurred at 14:46 on March 11, 2011.

In the spectrogram range from 1 Hz to 10 Hz, there are noticeable signals shown as the
vertical brown lines. In the quiet period before the earthquake of magnitude 7.3, the tim-
ing of the vertical brown lines in the spectrograms (Fig. 2 (a4), (b2), and (c2)) respec-
tively matches the timing of the wave clusters which have larger amplitude than surround-
ings (Fig. (a3), (b1), and (cl)). Since the UD component contains greater number of ver-
tical brown lines than the other components, we focus on the UD component in the later
sections.

Earthquake M7.3 GEJE
001 Ms ‘ ‘l
0.01 t r— (a1)
1.6e-5 Ms
1205 ettt @2
5e-7 mis ‘ ‘.ggﬂﬁé'mdl_l U A
¥ T IH%HHH.

001 _ ;7" _____ oy 75
Oe+0 Se+6 1e+7
Time(sec.) X 20

Figure 1: Background signals at KSN during March 3, 2011 to March 11,2011 pe-
riod . (al) Ground velocity (m/s) in UD direction. (a2) Magnified plot of (al). (a3)
Piecewise deviation of (a2). (a4) Spectrogram of (a3). (bl) Piecewise velocity devia-
tion in NS direction. (b2) Spectrogram of (b1). (cl) Piecewise velocity deviation in
EW direction. (c2) Spectrogram of (cl).
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The third brown line in Fig. 1 (a4), which corresponds to the velocity deviation
in Zone_A in Fig. 1 (a3), constructs a finer spectrogram structure. Fig. 2 shows the de-
tails of the Zone_A of 12500 second duration. The velocity deviation and its spectrogram
are shown in Fig. 2 (a) and 2 (b), respectively. Fourier amplitude spectrum and its 10
moving averages are respectively indicated by the black and red lines in the Logl10-Logl0
plots of Fig. 2 (cl) to 2 (c6). The spectrogram is plotted from the 10 moving averages.
The velocity deviations in Fig. 2 (d1) to 2 (d6) are the source data for the amplitude
spectrum. The number below the velocity deviation graph indicates the time interval
(seconds x 20). The velocity deviations are extracted from the beginning, center, end,
and their intermediates of the period shown in Fig. 2 (a), and are chronologically exhib-
ited from left to right. The first and last amplitude spectra show small negative curva-
tures in the range 1 Hz to 10 Hz (Fig. 2 (c1) and 2 (c6)). The rest of the spectra show
large values and negative curvatures in the range from 1 Hz to 10 Hz (Fig. 2 (¢2) to 2
(c5)). The curvature widens in the center of the zone and narrows in the rest of the zone.
The amplitude of the velocity deviation is small at the beginning and end, and large in
the central zone.
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Figure 2: Fine structure of the signal in the Zone_A in Figure 1 (a3). (a) UD veloc-
ity deviation (m/s). (b) Spectrogram of (a). (c1)-(c6) Fourier amplitude spectrum
excerpted from (b). (d1)-(d6) UD velocity deviation, the source data for (c1)-(c6).

3 Definition of a-tremor

The curvature of the Fourier amplitude spectrum is defined as the ratio of P,;—
P; to |P, — Py| in Fig. 3 (a), where P; is the point of the (frequency, spectrum) coor-
dinate system. The frequency of P; and P» are 2.97 Hz and 9.8 Hz, which correspond
to the 152th and 502th point on the frequency axis, respectively. The average of the spec-
trum value of the nearest 5 points are assigned as the spectrum value for the P; and P;.
P; is a point in the 2.97-9.8 Hz range. P,; is determined so that the line from P; to P,;
is perpendicular to the line connecting P, and P». If the spectrum value of P; is greater
than that of P,;, the curvature is negative. Otherwise, the curvature is non-negative. The
curvature is independent of the scale change since the line length in logl0 plot is invari-
ant to the scalar multiplication of the coordinate values.



115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

We define a-tremor as the product of -1 and the curvature of which absolute value
is greater than the absolute value of other curvatures in the frequency range of 2.97 to
9.8 Hz (Fig. 3 (a)). An arbitrary ground velocity signal is classified as either positive a-
tremor or non-positive a-tremor.

The a-tremor for the velocity data acquired at KSN during March 03, 2011 to March
11, 2011 is exhibited in Fig. 3 (b). As expected, the positive peak of the a-tremor ap-
pears at a timing similar to the brown line in Fig. 1 (a4).

. GEJE w‘
w
404 (@) £ 001 (b)
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u—tremor = - Curvature_m ; |Curvature_m| = max(|Curvature_i|)

Figure 3: Definition of a-tremor. (a) Definition of spectrum curvature and a-tremor.
(b) a-tremor calculated for the UD velocity data of Fig.1(al).

It should be noted that the piecewise velocity deviation is equivalent to the raw
velocity data in evaluating the a-tremor. Fig. 4 (a) compares the Fourier amplitude spec-
trum of the velocity deviation data to the amplitude spectrum of the raw velocity data.
In the range of 2.97 Hz to 9.8 Hz, the amplitude spectrum of the deviation velocity (black
line) matches the spectrum of the raw data (green line) by 80%. Therefore, we may se-
lect either the piecewise deviation velocity data or the raw velocity data to obtain a unique
amplitude spectrum in the range 2.97 Hz to 9.8 Hz. The a-tremor in the subsequent sec-
tions is calculated from the raw velocity data for convenience. The orange and red lines
in Fig. 4 (a) are the 10-moving averages of the black and green lines, respectively. The
source data of the spectrum, which are the velocity deviation and velocity acquired at
KSN during the period from March 1, 2012 to March 10, 2012, are shown in Fig. 4 (b)
and 4 (c), respectively.

4 Binarization of velocity deviation data

The velocity deviation data is binarizable without losing the a-tremor property.

In Fig. 5, the Fourier amplitude spectrum and spectrogram calculated from the veloc-
ity deviation are compared to those calculated from the binarized velocity deviation. Fig.
5 (al) and 5 (bl) shows the binarization procedure. If each velocity deviation data in
Fig. 5 (al) is greater than the mean of the data set under consideration, the deviation
data is converted to 1, otherwise the deviation data is converted to 0. The binarized data
can be expressed as the time sequence of 0 and 1 as shown in Fig. 5 (b1). The clear neg-
ative curvature in the frequency range 1 Hz to 10 Hz, shown in both the Fourier spec-
trum of the velocity deviation and the binarized data, implies that the a-tremor is pre-
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Figure 4: Comparison of velocity deviation spectrum and velocity spectrum, which
have negative curvatures. Spectrums of background signals recorded at KSN during
the period from March 1, 2012 to March 10, 2012. (a) Fourier amplitude spectrum
of velocity in the UD direction, and spectrum of deviation velocity. (b) UD velocity
deviation data. (c) UD velocity data.

served in the binarization (Fig. 5 (a2) and (b2)). Fig. 5 (a3) is the Fourier amplitude
spectrogram duplicated from Fig. 2 (b), of which source data is the velocity deviation
shown in Fig. 2 (a). The source data is binarized and its spectrogram is calculated as
shown in Fig. 5 (b3). The qualitative similarity between the spectrogram of the bina-

rized data and the spectrogram of the source data suggests that the a-tremor is preserved
in the binarization (Fig. 5 (a3) and (b3)). Therefore, the binarized velocity and veloc-

ity deviation are equivalent as long as the background vibration is considered as a a-tremor
fluctuation.

5 Definition of background vibration state

Since the a-tremor is conserved in the binarization of the velocity signal, the es-
sential of the ground motion is the distribution of the signal rather than the shape of the
signal. Therefore, it is reasonable to define the ground vibration state in a specified time
interval by counting the cluster of 1 in the interval of the binarized velocity. In defin-
ing the vibration state, the binarized velocity sequence (Fig. 6 (a)) is divided into blocks
with 10 data points, and the number of clusters of “1” is counted in each block. In or-
der to preserve the total number of the cluster, the rule shown in Fig. 6 is applied. In
the 10-data block, we scan the cell from left to right and count one if the sequence of “10”
is found. At the end of the scan, at the 10th data point, we count one only if the 11th
data point is “0” (Fig. 6 (b)). The counting rule restricts the maximum number of clus-
ters in a block to five, and defines five vibrational states s1, s, s3, s4 and s5, each con-
taining 1, 2, 3, 4, and 5 clusters (Fig. 6 (c1)- 6 (cb)).

6 Thermodynamics of the ground vibration

Fig. 7 (a) shows the first 100 data of the binarized velocity deviation data of Fig.
5 (bl). The 10 data in each row of Fig. 7 (b) are the binarized velocity deviation data
splitted from Fig. 7 (a), and constitute the vibration state with a time interval of 0.5
seconds. In general, the vibration state shows a different pattern of binary sequence for
each row and contains a different number of clusters for each row (Fig. 7 (c)). Since each
row corresponds to a different time, the state of background vibration fluctuates over time.
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Figure 5: Binarization of velocity deviation. (al) Velocity deviation duplicated from
Fig.2(d3). (a2) Fourier amplitude spectrum of (al). Duplicate of F'ig.2(¢3). (a3)
Fourier amplitude spectrogram of the velocity deviation recorded at KSN during
5.75e6 to 5.6e6 (sec x 20). The time origin is 00:00 on March 3, 2011. Duplicate of
Fig.2(b). (bl) Binarization result of (al). (b2) Fourier amplitude spectrum of (bl).
(b3) Fourier amplitude spectrogram of the binarized velocity deviation recorded at
KSN during 5.75e6 to 5.6e6 (sec x 20). The time origin is 00:00 on March 3, 2011.
Compare with (a3).

The time series of the number of clusters in Fig. 7 (c¢) shows the history of the state
transitions. Since the number of clusters in a state is defined as a state index, the square
brackets that make up the pair of two numbers indicate that the state of the number in
the lower row has transitioned to the state of the number in the upper row. The tran-
sition rate matrix W;; defines the total number of transitions from i-state to j-state so
that the W;; count is incremented by 1 when a transition from i-state to j-state occurs
(Fig. 7 (d)). The result of the W;; counting for the 100 data is shown in Fig. 7 (e). Fig.
7 (f) shows the probability density vector, of which component p; is the total number
of i-state.

The state of background vibration, which fluctuate over time, implies that the state
is non-equilibrium. It is known that the thermodynamics of a fluctuating nonequilibrium
system are described by the master equation (Eq. (1)), and the entropy production rate
(Eq. (2)) which is similar to the entropy of the second law of thermodynamics of equi-
librium systems (Haitao, Y. & Jiulin, D., 2014).

P ZJU 1)

Ji (t) = Wz] (t)p] (t) - Wji (t)pi (t)
F”(t) = l’I'LW”
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Figure 6: Definition of background vibration state. (a) Sequence of binarized veloc-
ity deviations and counts of “1” clusters. (b) Blocks with 10 data points divided from
the sequence in (a), and counts of “1” clusters. (c1)-(c5) Examples of the background
vibration state si, so, s3, S4, and s5, each containing 1, 2, 3, 4, and 5 clusters.

where W;; and p; are coherent with those in Fig. 7. J;; and Fj; are called the flow from
i-state to j-state and thermodynamic force, respectively.

Fig. 8 shows EPR, the Fourier amplitude spectrum, W;; contour plot, and the vi-
bration states in the first 10 time steps. These are calculated from the binarized data
of the velocity deviation in Fig. 2 (d1) -2 (d6). Small positive a-tremors, or small neg-
ative curvatures in the spectrum from 2.97 to 9.8 Hz, tend to be accompanied by a small
EPR (Fig. 8 (al) and 8 (a6)).

7 Thermodynamics in the process of GEJE

EPR is evaluated for the UD velocity data acquired at KSN every 0.05 seconds from
January 1, 2008 to December 30, 2014. The EPR is calculated every 10 days, and the
3-months moving average of the EPR is plotted in Fig. 9 (b). EPR sharply decreases
from January 1, 2008 to the timing of GEJE on March 11, 2011. For approximately 1.5
years after GEJE, EPR remains low and then recovers approximately 50 %.

The changes in EPR in the GEJE process are compared to the time evolution of
a-tremor evaluated for the velocity data acquired at KSN every 0.05 seconds from Jan-
uary 1, 2006 to December 30, 2018. Fig. 9 (c) shows positive a-tremor and the timing
of earthquakes with seismic intensities greater than 4, which occurred during the period.
For GEJE of magnitude 9, seismic intensity 6 was recorded at Kesennuma City, which
is the observation point of seismic intensity approximately 10km from KSN (filled blue
rectangle on the map in Fig. 9 (a)). The white circle and red & on the map are the lo-
cation of the seismic station KSN and the epicenter of the earthquake, respectively. The
table in Fig. 9 includes the identifiers of earthquakes, date, magnitude, seismic inten-
sity, and the epicenter of the earthquakes searched on the website of the Japan Mete-
orological Agency of Ministry of Land, Infrastructure, Transport and Tourism (JMA-

1, 2019). The search conditions are the seismic intensity greater than 4, the location of
observing the seismic intensity, and the time period for search.
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Figure 7: Transition rate matrix and probability density of state. (a) The first 100
data of the binarized velocity deviation data of Fig.5(b1). (b) A pile of blocks con-
taining 10 data points divided from (a). (¢) The number of clusters in the block, or
the index “i” of the vibration state s;. Chronological transition sequence from the
lower state s; to the upper state s;. (d) The procedure for calculating W;;, which is
a component of the transition rate matrix. (e) W;; calculated for (c). (f) Probability
density distribution of states in the 100 data in (c). The numbers are not normalized.
p; is the total number of the states s; in the 100 data.

Several a-tremor peaks are observed at KSN before and after GEJE in Fig. 9 (c).
Since the timing of the a-tremor peaks do not match the timing of the earthquakes A
and D, those a-tremors are probably not induced by earthquakes. It should be noted that
density of the data point of the weak positive a-tremor below 0 in the logl0 plot is dis-
continuously increased after GEJE. The small EPR after GEJE (Fig. 9 (b)) and the high
density of the small positive a-tremor after GEJE (Fig. 9 (c¢)) is coherent with the pre-
vious discussions on Fig. 8 that small positive a-tremor implies small EPR.

8 Conclusions

In order to analyze the thermodynamic changes in the vibration state of the ground
during the seismic process of GEJE, EPR has been calculated from the state transition
rate matrix and density distribution of the vibration state defined by the binarized ve-
locity deviation of the weak background vibration of the ground. The binarized data is
equivalent to the raw velocity data, assuming that the background vibration is repre-
sented by the a-tremor. It is found that EPR decreases sharply from January 1, 2008
to the timing of GEJE on March 11, 2011, then remains low for approximately 1.5 years
and then recovers by approximately 50 %. The low level of the EPR after GEJE prob-
ably due to the dense distribution of data points of the weak positive a-tremor after GEJE.
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Figure 8: Thermodynamics of the background signal in the Zone_A in Fig.1(a3).
Corresponds to Fig.2. (al)-(a6) EPR and Fourier amplitude spectrum calculated
from the binarized data of the velocity deviation in Fig.2(d1l) — 2(d6). (b1)-(b6) W;;
contour plot. (c1)-(c6) Vibration states in the first 10 time steps.
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Figure 9: Thermodynamics in the seismic process of GEJE. (a) Location of KSN,
epicenter of the earthquake listed in the table, and measurement point of seismic
intensity. (b) EPR. (c) Positive a-tremor.
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