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Abstract

The generalized nonvolcanic tremor has been proposed for characterizing the seismic process of megathrust earthquakes. A

tremor signal with a vibrational velocity of microns per second exhibit the dominant frequency of 1 Hz to 10 Hz in the Fourier

amplitude spectrum. Paying attention to the negative curvature of the spectrum, we generalize the tremor and define alpha-

tremor as the degree of the negative curvature of the spectrum in the frequency range of 2.97 Hz to 9.80 Hz. Significant tremors

and background vibrations are respectively represented by large positive alpha-tremors and non-positive alpha-tremors. Alpha-

tremor is evaluated for ground vibration data acquired every 0.05 seconds for approximately 10 years at three seismic stations. At

the station 188 km away from the epicenter of the Great East Japan Earthquake (GEJE) of magnitude 9, symmetries regarding

the seismic process of the GEJE have been found. Among the observed 9 prominent peaks of the positive alpha-tremor,

the first and last peak appears 3 years before and after GEJE, respectively. The frequency distributions of the alpha-tremor

during 3 years before and after GEJE match by 99.95%. The statistical distribution that properly approximates the frequency

distribution of the positive alpha-tremor is found to be the Gumbel distribution, rather than the Gaussian distribution. The

time evolution of the frequency distribution of the alpha-tremor at the seismic station 1170 km away from the GEJE epicenter

suggests that GEJE may have affected the ground motion there, and initiated the seismic process of the M7.3 earthquake that

occurred near the station.
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Abstract13

The generalized nonvolcanic tremor has been proposed for characterizing the seis-14

mic process of megathrust earthquakes. A tremor signal with a vibrational velocity of15

microns per second exhibit the dominant frequency of 1 Hz to 10 Hz in the Fourier am-16

plitude spectrum. Paying attention to the negative curvature of the spectrum, we gen-17

eralize the tremor and define α-tremor as the degree of the negative curvature of the spec-18

trum in the frequency range of 2.97 Hz to 9.80 Hz. Significant tremors and background19

vibrations are respectively represented by large positive α-tremors and non-positive α-20

tremors. α-tremor is evaluated for ground vibration data acquired every 0.05 seconds21

for approximately 10 years at three seismic stations. At the station 188 km away from22

the epicenter of the Great East Japan Earthquake (GEJE) of magnitude 9, symmetries23

regarding the seismic process of the GEJE have been found. Among the observed 9 promi-24

nent peaks of the positive α-tremor, the first and last peak appears 3 years before and25

after GEJE, respectively. The frequency distributions of the α-tremor during 3 years be-26

fore and after GEJE match by 99.95%. The statistical distribution that properly approx-27

imates the frequency distribution of the positive α-tremor is found to be the Gumbel dis-28

tribution, rather than the Gaussian distribution. The time evolution of the frequency29

distribution of the α-tremor at the seismic station 1170 km away from the GEJE epi-30

center suggests that GEJE may have affected the ground motion there, and initiated the31

seismic process of the M7.3 earthquake that occurred near the station.32

1 Introduction33

Strong earthquakes are a major concern in disaster management, and various mea-34

sures are being taken for strong earthquakes. Earthquake Early Warning system in Japan35

warns people when an earthquake of 5 or greater is expected on the Japan seismic scale.36

When an earthquake is detected, the system analyzes the data captured by seismographs37

near the epicenter to estimate the epicenter, the magnitude of the earthquake and the38

seismic intensity. The estimated information is quickly released so that people can move39

to safe places or evacuate from dangerous places before strong surface waves arrive. Re-40

garding building regulations, the seismic standards of the Building Standard Law in Japan41

require minor damage in medium-scale earthquakes with a seismic intensity of 5 or greater,42

and no collapses in large-scale earthquakes with a seismic intensity of 6 to 7. On the other43

hand, earthquakes generally last less than a minute, and the dominant state of ground44

motion is seismically silent. Therefore, in order to understand the seismic process, it is45

necessary to investigate the silent state.46

Nonvolcanic tremor is one of the notable discoveries regarding the silent state. Obara47

investigated the seismically silent period in southwest Japan and identified the nonvol-48

canic tremor, the weak but noticeable signal with typical frequency range of 1?10?Hz (Obara,49

2002). Obara discussed that tremor with a long duration time is possibly caused by a50

chain reaction of small fractures induced by fluid. In 2003, tremors were related to ground51

slip events. Tremor activity accompanied by a slip event was observed approximately52

every 12 months for 6 consecutive years at Cascadia subduction zone interface (Rogers53

& Dragert, 2003). Regarding the mechanism of the long duration tremor, Peng and Chao54

observed the tremor induced by an earthquake and discussed that tremor occurred as55

a simple frictional response to the driving force (Peng & Chao, 2008).56

In this study, nonvolcanic tremors are generalized in a way that represents not only57

tremors but also non-tremors, so the generalized tremors continuously characterize the58

ground motion before and after GEJE, Great East Japan Earthquake of magnitude 9.59

The rest of this paper is organized as follows: First, methods of the processing ground60

vibration data are explained. Second, tremors are observed. Third, the tremor is gen-61

eralized. Finally, the generalized tremor is applied to the ground vibration data acquired62

at three seismic stations KSN, HID and TMC, which are respectively 188 km, 586 km63
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and 1170 km away from the GEJE epicenter (Fig. 1). In this paper, time is Japan Stan-64

dard Time.65

Figure 1: Seismic stations and
epicenter of Great East Japan
Earthquake (GEJE).

2 Observation of tremor signals66

Ground vibration velocity data acquired every 0.05 seconds at the three seismic sta-67

tions is downloaded in chronological order from the web site of F-net, broadband seis-68

mograph network of National Research Institute for Earth Science and Disaster Resilience69

(NIED, 2019). The data is converted to piecewise deviation. Each section consists of 1070

velocity data, and the piecewise deviation is the difference between the velocity within71

the section and the average velocity within the section. The piecewise deviation fluctu-72

ates around zero, and its squared average is the dispersion in statistics. The piecewise73

deviation data is divided into blocks of 1024 data, which corresponds to the data acqui-74

sition time of 51 seconds, and the Fourier amplitude of each block is calculated. The Fast75

Fourier Transform (FFT) algorithm is applied with no overlap, and no filtering. The up-76

per bound of the frequency domain is 10Hz, which is half the data acquisition frequency.77

The lower bound is 0.02 Hz which is determined by the block size 1024. Therefore, the78

FFT with the sampling frequency of 20Hz and the block size of 1024 is equivalent to an79

FFT with a 0.02-10 Hz bandpass filter.80

Fig. 2 shows a comparison of the velocities and velocity spectrograms in the up-81

down (UD), north-south (NS), and east-west (EW) direction. The velocity data was ac-82

quired at KSN every 0.05 seconds from Mar. 3, 2011 to March 11, 2011. The period in-83

cludes the magnitude 9 Great East Japan Earthquake (GEJE) occurred at 14:46 on March84

11, 2011. The tremor signals are shown as the vertical brown lines in the 1 Hz to 10 Hz85

range of the spectrograms. In the quiet period before the earthquake of magnitude 7.3,86

the timing of the vertical brown lines in the spectrograms (Fig. 2 (a4), (b2), and (c2))87

respectively matches the timing of the wave clusters which have larger amplitude than88

surroundings (Fig. (a3), (b1), and (c1)). Since the UD component contains greater num-89

ber of tremor signals than the other components, we focus on the UD component in the90

later sections.91

The third brown tremor line in Fig. 2 (a4), which corresponds to the velocity de-92

viation in Zone A in Fig. 2 (a3), constructs a finer spectrogram structure. Fig. 3 shows93

the details of the Zone A of 12500 second duration. The velocity deviation and its spec-94

trogram are shown in Fig. 3 (a) and 3 (b), respectively. Fourier amplitude spectrum and95

its 10 moving averages are respectively indicated by the black and red lines in the Log10-96
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Figure 2: Tremor signals at KSN during March 3, 2011 to March 11,2011 period .
(a1) Ground velocity (m/s) in UD direction. (a2) Magnified plot of (a1). (a3) Piece-
wise deviation of (a2). (a4) Spectrogram of (a3). (b1) Piecewise velocity deviation
in NS direction. (b2) Spectrogram of (b1). (c1) Piecewise velocity deviation in EW
direction.

Log10 plots of Fig. 3 (c1) to 3 (c6). The spectrogram is plotted from the 10 moving av-97

erages. The velocity deviations in Fig. 3 (d1) to 3 (d6) are the source data for the am-98

plitude spectrum. The number below the velocity deviation graph indicates the time in-99

terval (seconds x 20). The velocity deviations are extracted from the beginning, center,100

end, and their intermediates of the period shown in Fig. 3 (a), and are chronologically101

exhibited from left to right. The first amplitude spectrum is non-tremor (Fig. 3 (c1)).102

The rest of the spectrums are tremor signals showing large value and negative curvature103

in 1-10Hz (Fig. 3 (c2) to 3 (c6)). The curvature widens at the center of the zone and sharp-104

ens at the beginning and end of the zone. Similarly, the velocity deviation amplitude is105

small at the start and end, and large at the center.106

3 Definition of α-tremor107

The curvature of the Fourier amplitude spectrum is defined as the ratio of Pi −108

Pni to |P2−P1| in Fig. 4 (a), where Pj is the point of the (frequency, spectrum) coor-109

dinate system. The frequency of P1 and P2 are 2.97 Hz and 9.8 Hz, which correspond110

to the 152th and 502th point on the frequency axis, respectively. The average of the spec-111

trum value of the nearest 5 points are assigned as the spectrum value for the P1 and P2.112

Pi is a point in the 2.97-9.8 Hz range. Pni is determined so that the line from Pi to Pni113

is perpendicular to the line connecting P1 and P2. If the spectrum value of Pi is greater114

than that of Pni, the curvature is positive. Otherwise, the curvature is non-positive. The115

curvature is independent of the scale change since the line length in log10 plot is invari-116

ant to the scalar multiplication of the coordinate values.117

We define α-tremor as the curvature of which absolute value is greater than the118

absolute value of other curvatures in the frequency range of 2.97 to 9.8 Hz (Fig. 4 (a)).119

An arbitrary ground velocity signal is classified as either α-tremor or non-α-tremor. Pos-120
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Figure 3: Fine structure of the tremor signal in the Zone A in Figure 2 (a3). (a)
UD velocity 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).

itive α-tremor includes the tremor, and non-positive α-tremor corresponds to non-tremor121

or background signals.122

The α-tremor for the velocity data acquired at KSN during March 03, 2011 to March123

11, 2011 is exhibited in Fig.4 (b). The positive peaks of the α-tremor are similar to the124

brown lines in Fig. 2 (a4) as expected.125

It should be noted that the piecewise velocity deviation is equivalent to the raw126

velocity data in evaluating the α-tremor. Fig. 5 (a) compares the Fourier amplitude spec-127

trum of the deviation data of a tremor signal to the amplitude spectrum of the raw ve-128

locity data. In the range of 2.97 Hz to 9.8 Hz, the amplitude spectrum of the deviation129

velocity (black line) matches the spectrum of the raw data (green line) by 80%. There-130

fore, we may select either the piecewise deviation velocity data or the raw velocity data131

to obtain a unique amplitude spectrum in the range 2.97 Hz to 9.8 Hz. The α-tremor132

in the subsequent sections is calculated from the raw velocity data for convenience. The133

orange and red lines in Fig. 5 (a) are the 10 moving averages of the black and green lines,134

respectively. The source data of the spectrum, which are the velocity deviation and ve-135

locity acquired at KSN during the period from March 1, 2012 to March 10, 2012, are shown136

in Fig. 5 (b) and 5 (c), respectively.137

4 Ground motion characterization by α-tremor138

The α-tremor is evaluated for the data acquired at KSN, HID, and TMC every 0.05139

seconds for over 10 years. The results are discussed in the subsections containing the fig-140

ures which include tables, maps and plots. In the table, the ID is the identifier of an earth-141

quake, and the latitude, longitude and depth indicate the location of the epicenter. The142

table includes date, magnitude, and seismic intensity of earthquakes searched on the web-143

site of the Japan Meteorological Agency of Ministry of Land, Infrastructure, Transport144

and Tourism (JMA-1, 2019). The search conditions are the seismic intensity greater than145

4, the location of observing the seismic intensity, and the time period specified in each146

subsection. The observation point of the seismic intensity is marked with a filled blue147
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Figure 4: Definition of α-tremor. (a) Definition of spectrum curvature and α-tremor.
(b) α-tremor calculated for the UD velocity data of Fig.2(a1).

Figure 5: Comparison of velocity deviation and velocity. Tremor signal recorded at
KSN from March 1, 2012 to March 10, 2012. (a) Fourier amplitude spectrum of ve-
locity in the UD direction and its deviation velocity. (b) UD velocity deviation data.
(c) UD velocity data.

rectangle on the map. The white circle and red ⊕ on the map are the location of the seis-148

mic station and the epicenter of the earthquake, respectively. The plot contains the pos-149

itive α-tremor in log10 format, and the timing of earthquakes with seismic intensities150

greater than 4 as indicated by the red up arrow and earthquake ID. In this paper, the151

seismic intensity is described using the seismic intensity class of the Japan Meteorolog-152

ical Agency. The seismic intensity of 4 corresponds to the intensity that most people are153

frighten when they experience it.154

4.1 KSN155

Fig. 6 shows the positive α-tremor observed at KSN from Jan. 1, 2006 to Dec. 30,156

2018, and the timing of earthquakes with seismic intensities greater than 4. For GEJE157

of magnitude 9, seismic intensity 6 was recorded at Kesennuma City, which is the ob-158
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servation point of seismic intensity approximately 10km from KSN. Several α-tremor peaks159

are observed at KSN before and after GEJE. Since the timing of the α-tremor peaks do160

not match the timing of the earthquakes A and D, those α-tremors are probably not in-161

duced by earthquakes.162

Figure 6: Positive α-tremor at KSN from January 1, 2006 to December 30, 2018.

Exactly 3 years of α-tremor before and after GEJE have been extracted and shown163

in Fig. 7 (a) along with the index of α-tremor peaks. The index is underlined for peaks164

after GEJE. Fig. 7 (b) shows the time duration of the peaks, and the duration of the165

intervals between the peaks. The bars filled in red and yellow are the time duration of166

the peak and the duration between the peak and the previous peak, respectively. The167

peak and interval durations are respectively 0.6 to 4.3 months and 2.4 to 9.4 months.168

The duration between the two peaks tends to be longer after GEJE. On the other hand,169

there is symmetry with respect to GEJE. Fig. 7 (c) compares the frequency distribu-170

tion of the α-tremor before GEJE to that after GEJE. They are 99.95% matched in eval-171

uating Pearson’s correlation coefficient. The argument on the symmetry, as well as the172

discussions on the mechanism of the initiation and termination of the α-tremor peak re-173

spectively before and after GEJE, are left for the further study.174

The α-tremor peak constructs the fine structure of 33 micropeaks, as shown in Fig.175

8 (a), which is an enlarged view of the peak No.4 in Fig. 7 (a). Fig. 8 (b1) shows the176

frequency distribution of the α-tremor of the peak No.4. This is similar to the frequency177

distribution during the 3 years around GEJE in Fig. 7 (c). For negative α-tremor of the178

peak No.4, Gaussian distribution well approximates the density distribution (Fig. 8 (b2)).179

On the other hand, for positive α-tremor, Gaussian distribution penetrates the negative180

region, and does not represent positive α-tremor. The Gumbel distribution, G(x) = exp(−exp(−x)),181

fits in the positive region (Fig. 8 (b3)). The micropeaks of α-tremor in the orange dot-182

ted rectangle in fig. 8 (a) is extracted and plotted in Fig. 8 (c1). The time duration of183

the micropeak is 30700 sec, which is similar to the duration of the wave cluster in Fig.184

3 (a). For positive α-tremor of the micropeak, Gumbel distribution well approximates185

the density distribution (Fig. 8 (c2)).186

–7–
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Figure 7: α-tremor at KSN over 3 years before and after GEJE. (a) The α-tremor,
and the index of α-tremor peaks. (b) The time duration of the peak, and the dura-
tion of the interval between the peaks. (c) Comparison of frequency distributions of
the α-tremor before and after GEJE.

Since the peaks of α-tremor in Fig.6 appear to indicate weak periodicity or season-187

ality, the effects of seasonal storm waves on α-tremor are investigated. Fig. 9 compares188

the α-tremor peaks at KSN (Figure 6) with the monthly averaged data of the hourly max-189

imum wave height measured at Enoshima, Miyagi prefecture, the coast 64km from KSN190

during the period from Jan. 1, 2006 to Mar. 11, 2011. The α-tremor peaks (black) are191

observed at the similar timing of the wave height peaks (red). The comparison suggest-192

ing that tremors may be induced by the gravitational force generated by the waves sup-193

ports the Peng and Chao’s discussion that tremor occurs as a response to a driving force194

(Peng & Chao, 2008). Here, the location of Enoshima is indicated by the yellow filled195

triangle on the map in Fig. 6. The wave height data has been downloaded from the “Var-196

ious data and materials: coastal wave meter observations” site of the Japan Meteoro-197

logical Agency under Ministry of Land, Infrastructure, Transport and Tourism (JMA-198

2, 2019).199

4.2 HID200

Fig. 10 shows the positive α-tremor observed at HID from Jan. 1, 2009 to Dec. 30,201

2018, and the timing of earthquakes with seismic intensities greater than 4. The seis-202

mic intensity was recorded at Sinhidaka Town, approximately 50km from HID. No pos-203

itive α-tremor peaks are observed. The distribution of the α-tremor is uniform during204

the period. Only a weak positive α-tremor is observed at the timing of the earthquake205

B. The ground motion at HID is unaffected by the GEJE which occurred 586 km away.206

The α-tremor at HID is uniform over the period (Fig. 11 (a)). The frequency dis-207

tribution of the α-tremor, non-positive α-tremor, and positive α-tremor are shown in Fig.208

11 (b1), 11 (b2), and 11 (b3), respectively. For both positive α-tremor and non-positive209

α-tremor, the Gaussian distribution is a good approximation of the frequency distribu-210

tion.211

–8–



manuscript submitted to JGR: Solid Earth

Figure 8: Fine structure of the α-tremor peak. (a) Enlarged view of the α-tremor
peak No.4 in Figure 7 (a). (b1) Frequency distribution of the α-tremor peak No.4.
(b2) Density distribution of the negative α-tremor of the peak No.4, and its approx-
imations by Gaussian and Gumbel distributions. (b3) Density distribution of the
positive α-tremor of the peak No.4, and its approximations by Gaussian and Gumbel
distributions. (c1) The α-tremor peak extracted from the orange dotted rectangular
area. (c2) Density distribution of the α-tremor in (c1), and its approximations by
Gaussian and Gumbel distributions.

4.3 TMC212

The seismic intensity was recorded at Kumamoto-kita Ward, approximately 39km213

from TMC. Fig. 12 shows the positive α-tremor observed at TMC from Jan. 1, 2008 to214

Jan. 10, 2019, and the timing of earthquakes with seismic intensities greater than 4. A215

few positive α-tremor peaks are observed before GEJE but not after GEJE. The den-216

sity of the weak positive α-tremor below 1.0 is increased after GEJE.217

The change in the ground motion near the GEJE timing is clearly shown in Fig.218

13. The α-tremor data during the period from exactly 2.5 years before GEJE to exactly219

2.5 years after GEJE are extracted (Fig. 13 (a)). The frequency distributions of the ex-220

tracted α-tremor and the positive α-tremor are shown in Fig. 13 (b1) and 13 (b2), re-221

spectively. The area of the positive α-tremor distribution after GEJE is 52% of that be-222

fore GEJE. The trend of the positive α-tremor after GEJE continues for about 5 years,223

followed by the magnitude 7.3 earthquake in April 2016. Therefore, it is suggested that224

the GEJE which occurred 1170 km away from TMC may have affected the ground mo-225

tion at TMC, and the GEJE may have initiated the seismic process of the M7.3 earth-226

quake.227
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Figure 9: α-tremor at KSN and wave height
on the cost near KSN.

Figure 10: Positive α-tremor at HID from January 1, 2009 to December 30, 2018.

5 Conclusions228

To characterize the seismic process of megathrust earthquake, we have defined α-229

tremor as the degree of the negative curvature of the Fourier amplitude spectrum in the230

frequency range of 2.97 Hz to 9.80 Hz, and evaluated the ground vibration velocity data231

acquired every 0.05 seconds for approximately 10 years at three seismic stations. Sig-232

nificant α-tremor peaks are observed only in the process of a megathrust earthquake. At233

the station 188 km away from the epicenter of the Great East Japan Earthquake (GEJE)234

of magnitude 9, symmetries regarding the seismic process of the GEJE have been found.235

Among the observed 9 prominent peaks of the positive α-tremor, the first and last peak236

appears 3 years before and after GEJE, respectively. The frequency distributions of α-237

tremor during the 3 years before and after the GEJE match by 99.95%. Those symme-238

tries and the mechanism of initiating and terminating the series of the α-tremor are left239

for further study. The statistical distribution that properly approximates the frequency240

distribution of the positive α-tremor is found to be the Gumbel distribution, rather than241

the Gaussian distribution. The comparison of the α-tremor peak with the seasonal rise242

in coastal wave height suggests that α-tremor may be a mechanical response to the grav-243

itational load generated by the waves. The time evolution of the frequency distribution244

of the α-tremor at the seismic station 1170 km away from the GEJE epicenter suggests245

–10–
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Figure 11: Frequency distribution of α-tremor at HID from January 1, 2009 to De-
cember 30, 2018. (a) α-tremor and time. (b1) Frequency distribution of α-tremor.
(b2) Density distribution of negative α-tremor. (b3) Density distribution of positive
α-tremor.

that the GEJE may have affected the ground motion there, and initiated the seismic pro-246

cess of the M7.3 earthquake that occurred near the station.247
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Figure 13: Frequency distribution of α-tremor at TMC over 2.5 years before and
after GEJE. (a) α-tremor and time. (b1) Frequency distribution of α-tremor. Com-
parison before and after GEJE. (b2) Frequency distribution of positive α-tremor.
Comparison before and after GEJE. Both the blue and red curves are Gaussian.

–13–


