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Abstract:
Detecting seismic velocity changes in the solid earth has been of major interest and important to
understand geophysical underground phenomena for many years. Since a pioneer work of Poupinet et
al. (1984), seismic velocity changes have been measured with high resolution and reliability by using
the waveforms excited from controlled artificial sources and natural repeating earthquakes that occur at
same locations with the same mechanisms. Recently, seismic interferometry techniques using ambient
noises or coda waves, which do not need same sources, are used to detect subtle medium changes. As a
result, decreases of seismic wave velocity have been detected associated with the occurrences of large
earthquakes at many fields. Examples are summarized in Chapter 1. The observed seismic wave
velocity changes associated with the large earthquakes have been often considered to be caused by
mechanisms such as near surface damage due to strong motions [e.g., Rubinstein & Beroza, 2005].
Also, stress changes in the medium have been inferred as a mechanism to generate seismic velocity
changes in the subsurface and crust [e.g., Brenguier et al., 2008, Nishimura et al., 2005; Anggono et al.,
2012]. There is a report on the velocity changes in the upper and lower crust during slow slip events
that do not generate strong motions affecting the subsurface [Rivet et al., 2012]. However, the
mechanism and depth extents of these seismic wave velocity changes are still matters under debate.
The 2011 Tohoku-Oki earthquake (Mw 9.0) provided us with an important opportunity to better
understand seismic wave velocity changes occurring at shallow and deeper zones in the crust, because
seismic waves are recorded by high-density seismic networks in a wide area of NE Japan that is subject
to strong motions and large deformations. Several studies have already reported seismic wave velocity
drops of up to 10 % in the subsurface due to strong motions after this earthquake from analyses of the
records of the borehole and ground surface sensors [e.g. Nakata & Snieder, 2011; Takagi & Okada
2012]. Seismic wave velocity changes have been also inferred at deeper zones down to 10 km from
analyses of Rayleigh waves retrieved from ambient noises [Brenguier et al., 2014]. The enormous
strain induced by the Tohoku-Oki earthquake might have introduced subtle changes in seismic wave
velocity that extends deep in the crust beneath NE Japan. However, it is still unknown whether or not
deeper crust has changed its seismic velocity associated with the Tohoku-Oki earthquake.
In the present study, we use direct body waves generated from repeating earthquakes. The analyses
of repeating earthquakes have a merit in that the body-waves sample deeper zone between the sources
and the receivers, which have not yet been analyzed for the case of the Tohoku-Oki earthquake.
However, accurate measurement of changes in travel times of direct P- and S-waves is strongly
dependent on the precision of the repeating earthquake locations, and because a large area of NE Japan
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was damaged, usual relocation methods of repeating earthquakes are not applicable. Therefore, we
develop a new inversion method to detect subtle velocity changes in the medium as well as hypocenter
parameters of repeating earthquakes. The new method is applied to the Hi-net data to reveal spatial
distributions of the seismic velocity change in NE Japan. We further analyze the seismograms of
repeating earthquakes recorded on the ground surface and at depths of about 100 m to understand the
wave properties we analyzed. Finally, we discuss the structural changes associated with the TohokuOki earthquake based on our results and previous studies that report the seismic velocity changes.
In Chapter 2, the new inversion method using arrival time differences of direct P and S-waves is
described. The inversion method simultaneously determines hypocenter parameters and station
correction factors of travel times of direct P- and S-waves. Since arrival time differences of body waves
from a pair of repeating earthquakes occurring before and after the target large earthquake are
represented as linear equations of relative locations and origin times of the two earthquakes and station
correction factors that account for the velocity changes of medium, we are able to determine these
parameters by using the least square method. We apply this method to a set of 25 repeating earthquakes
located at depths between 30 and 60 km in NE Japan with magnitudes ranging from 3.4 to 4.7. Each
pair of repeating earthquakes consists of two events occurring before and after the Tohoku-Oki
earthquake. Direct wave arrival time differences are measured from seismograms recorded by 454
stations of Hi-net seismic network. Using a cross-spectrum method, we estimate arrival time
differences up to about 0.01 s and 0.04 s for P- and S-waves, respectively. The results show that a wide
area of NE Japan locating at 37-40o N in latitude, close to the large slip area of the Tohoku-Oki
earthquake, indicates large station correction factors of about 0.005-0.04 s for S-wave. On the other
hand, station correction factors for P-wave are much smaller. We examine temporal changes of the
medium properties by dividing the 25 sets of repeating earthquakes in three groups and by analyzing a
set of 15 repeating earthquakes that occurred only before the Tohoku-Oki earthquake. The results
indicate no significant temporal change in the station correction factors. We further separately analyze
the repeating earthquakes occurring in the north and the south regions of NE Japan, respectively. As a
result, we observe significant spatial shifts of large station correction factors for S-wave: large station
correction factors determined from the repeating earthquakes located in the north are shifted to the
south area of NE Japan, while those from the repeating earthquakes in the south are shifted to the north
area. This implies that the anomaly that decreased seismic velocity extends down to deep crust in the
middle of the area where both large station correction factors are observed. We first determine the
horizontal extent of the anomaly. We suppose that the horizontal extent of the anomaly is the region
where station correction factors determined both from the north and south groups exceed a limit value
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(0.015 s). As a result, the anomaly is determined at the area extending N-S directions in the middle of
NE Japan. We further estimate the depth of the anomaly to be at approximately 25 km from analyses of
S-wave ray tracing in a layered spherical earth. The average velocity change is estimated to be about
0.1%. We examine the stability and accuracy of the inversion method by using a Jackknife test, and
confirm that the hypocenters are located at approximately same regions independently of the set of
repeating earthquakes. These results suggest that our inversion method properly determines the station
correction factors and hypocenter parameters.
In Chapter 3, to examine the area where the seismic waves of repeating earthquakes propagate, we
analyze triggered seismograms recorded at borehole and ground surface sensors of KiK-net.
Comparison between the results obtained from the sensors installed at different depths allows us to
infer the regions where the waves are sampling in the medium. We measure arrival time differences of
body waves from the seismograms of 6 repeating earthquakes located at depths from 43 to 53 km in NE
Japan with magnitudes ranging between 3.4 and 4.7. We correct the origin times of repeating
earthquakes using hypocenter parameters determined in the previous chapter and estimate travel time
differences of direct waves to be up to 0.01 s for P-waves and about 0.04 s for S-waves. From multilapse time window analyses of S-coda, velocity changes are estimated to be up to 0.2% at some stations
located mainly at Iwate and Fukushima Prefectures in Tohoku region. These travel time differences and
velocity changes measured at the borehole and ground surface sensors are very similar to each other.
This suggests that the waves we analyzed sample the same region and not mainly consist of
reverberations at subsurface but originate from deeper in the medium.
In Chapter 4, we examine the origins of the velocity changes detected in this study. We first compare
the results of this study with peak ground accelerations and strains associated with the occurrence of
Tohoku-Oki earthquake. The results show no clear correlation among them. The results are then
compared and discussed with results reported in previous studies on the velocity changes associated
with the Tohoku-Oki earthquake. Our results from analyses of KiK-net data indicate that the waves we
analyzed do not consist mainly of the waves propagating or reverberating at depths of a few hundred
meters. This is confirmed by a poor spatial distribution of seismic velocity changes by this study with
the results of KiK-net data analyses by Takagi & Okada (2012). On the other hand, we find good
spatial correlations with results of relatively long period (about 1-10 s) Rayleigh waves [Brenguier et
al., 2014] and S-coda at 1-2 Hz [Nishimura et al., 2013]. The estimated velocity changes are also in the
same amplitude ranges of about 0.1 %. To reconcile all these observations, we present a model of
structural changes that explains the observations from this study and previous studies. The structural
model consists of shallow layers (few hundred meters) with velocity changes up to 10 % and crust with
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velocity changes of about 0.1% that extends down to approximately 25 km beneath the middle of NE
Japan, immediately west from the large slip area of the Tohoku-Oki earthquake. Although seismic wave
velocity changes extending down to such depths in the lower crust are rarely reported, there is recently
a reported example in which slow slip events generated a decrease of the seismic velocity in the crust
beneath Mexico [Rivet et al., 2014].
In this study, we have succeeded in clarifying that seismic velocity changes associated with the
Tohoku-Oki earthquake occurred not only at the subsurface but in the crust from our new inversion
analyses of large number of arrival time data of repeating earthquakes. We found an anomaly of
velocity change with about 0.1% extending down to approximately 25 km in the middle of NE Japan,
close to the large slip area of the Tohoku-Oki earthquake. Considering the results from analyses of
seismograms recorded at KiK-net stations and previous studies on the seismic velocity changes, we
propose a structural model that consists velocity changes of up to 10% in subsurface (~100 m), and
anomaly with an average velocity change of approximately 0.1% extending down to 25 km. This study
has provided important evidence that seismic velocity changes associated with a megathrust earthquake
are not limited to the shallow subsurface, but extend deeper in the crust.

v

CONTENTS
Acknowledgments

ii

Abstract

iii

1. Introduction

1

1.1. Seismic velocity changes of the Earth’s crust

1

1.2. The Mw9.0 Tohoku-Oki earthquake

2

1.3. Purpose of the study

4

2. Simultaneous inversion for hypocenter locations and station corrections of direct P- and Swave travel times

6

2.1. Simultaneous inversion method

6

2.2. Measurement of arrival time differences of direct P- and S-waves

8

2.3. Data

9

2.4. Inversion results for the set of 25 repeating earthquakes

10

2.5. Temporal changes of station correction factors

11

2.5.1. Inversion for repeating earthquakes occurring before the Tohoku-Oki earthquake

11

2.5.2. Inversion for a set of 3 groups with different temporal distribution

12

2.6. Inversion results for a set of 2 groups with different locations: north and south

13

2.7. Region where seismic velocity is changed

14

2.8. Summary

15

3. Analyses of direct body waves and coda waves of repeating earthquakes recorded by KiK-net
network

45

3.1. Data

45

3.2. Arrival time differences of direct P- and S-waves

46

3.3. Seismic velocity changes estimated from S-coda

46

vi

3.4. Comparison of the results obtained from ground surface and borehole data

47

3.5. Summary

48

4 . Discussio n

65

4.1. Comparison with strong motion and strain changes

65

4.2. Comparison with seismic velocity changes previously reported

65

4.3. Structural changes associated with the Tohoku-Oki earthquake

67

4.4. Velocity changes in the lower crust

69

5. Conclusions

75

References

77

Appendix

84

vii

