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[11 We estimate shear wave velocities in the shallow subsurface throughout Japan by
applying seismic interferometry to the data recorded with KiK-net, a strong motion
network in Japan. Each KiK-net station has two receivers; one receiver on the surface and
the other in a borehole. By using seismic interferometry, we extract the shear wave that
propagates between these two receivers. Applying this method to earthquake-recorded data
at all KiK-net stations from 2000 to 2010 and measuring the arrival time of these shear
waves, we analyze monthly and annual averages of the near-surface shear wave velocity all
over Japan. Shear wave velocities estimated by seismic interferometry agree well with
the velocities obtained from logging data. The estimated shear wave velocities of each year
are stable. For the Niigata region, we observe a velocity reduction caused by major
earthquakes. For stations on soft rock, the measured shear wave velocity varies with the
seasons, and we show negative correlation between the shear wave velocities and
precipitation. We also analyze shear wave splitting by rotating the horizontal components
of the surface sensors and borehole sensors and measuring the dependence on the shear
wave polarization. This allows us to estimate the polarization with the fast shear wave
velocity throughout Japan. For the data recorded at the stations built on hard rock sites, the
fast shear wave polarization directions correlate with the direction of the plate motion.

Citation: Nakata, N., and R. Snieder (2012), Estimating near-surface shear wave velocities in Japan by applying seismic
interferometry to KiK-net data, J. Geophys. Res., 117, B01308, doi:10.1029/2011JB008595.

1. Introduction

[2] Seismic interferometry is a powerful tool to obtain the
Green’s function that describes wave propagation between
two receivers [e.g., Aki, 1957; Claerbout, 1968; Lobkis and
Weaver, 2001; Roux and Fink, 2003; Schuster et al., 2004;
Wapenaar, 2004; Bakulin and Calvert, 2006; Snieder et al.,
2006; Wapenaar and Fokkema, 2006]. Seismic interferom-
etry is applied to ambient noise [e.g., Hohl and Mateeva,
2006; Draganov et al., 2007, 2009; Brenguier et al., 2008;
Stehly et al., 2008; Lin et al., 2009], traffic noise [e.g., Nakata
et al., 2011], production noise [e.g., Miyazawa et al., 2008;
Vasconcelos and Snieder, 2008], earthquake data [e.g.,
Larose et al., 2006, Sens-Schénfelder and Wegler, 2006;
Snieder and Safak, 2006; Ma et al., 2008; Ruigrok et al.,
2010], and active sources [e.g., Bakulin and Calvert, 2004;
Mehta et al., 2008].

[3] In Japan, large seismometer networks, such as Hi-net,
F-net, K-NET, and KiK-net [Okada et al., 2004], are
deployed. By using these networks for seismic interferom-
etry, Tonegawa et al. [2009] extract the deep subsurface
structure of the Philippine Sea slab. These data have also
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been used to observe time lapse changes in small regions
[Wegler and Sens-Schonfelder, 2007; Sawazaki et al., 2009;
Wegler et al., 2009; Yamada et al., 2010]. Each KiK-net
station has two receivers, one on the ground surface and the
other at the bottom of a borehole. One can estimate the body
wave velocity between two receivers by using seismic
interferometry [Trampert et al., 1993; Snieder and Safak,
2006; Mehta et al., 2007a; Miyazawa et al., 2008].

[4] By applying seismic interferometry to KiK-net data,
we analyze near-surface velocities throughout Japan.
Because KiK-net has recorded strong motion seismograms
continuously since the end of 1990s, the data are available for
time lapse measurements. Measuring time lapse changes of
the shallow subsurface is important for civil engineering and
for estimating the site response to earthquakes. Previous
studies extracted time lapse changes caused by earthquakes
[Li et al., 1998; Vidale and Li, 2003; Schaff and Beroza,
2004; Wegler and Sens-Schonfelder, 2007; Brenguier et al.,
2008]. Interferometry applied to a single KiK-net station
has also been used to measure time lapse change due to
earthquakes [Sawazaki et al., 2009; Yamada et al., 2010].
Interferometric studies have shown changes in the shear
wave velocity caused by precipitation [Sens-Schonfelder and
Wegler, 2006] and have measured shear wave splitting
[Bakulin and Mateeva, 2008; Miyazawa et al., 2008]. We
study the annual and monthly averages of the shear wave
velocity and the fast shear wave polarization directions for
stations all over Japan, and the temporal change in shear
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Figure 1. (a) KiK-net stations (December 2010). The black dots on the map represent the locations of the
stations. The dark gray shows the area analyzed in section 6.1. The light gray illustrates the area where we
apply the analysis for seasonal change (section 6.2). (b) Magnification of the rectangle area in Figure 1a.
The large black circle indicates station N/GH13, which we use for examples of analysis in Figures 2, 4, 5,
6, 9, and 10. The black crosses depict the epicenters of three significant earthquakes that occurred in the

vicinity.

wave velocity in the Niigata prefecture for three major
earthquakes.

[s] This paper presents data processing of KiK-net data
with seismic interferometry. We first introduce the proper-
ties of KiK-net. Next, we show the data analysis method.
Then we present near-surface shear wave velocities in every
part of Japan. Finally, we interpret these velocities to study
time lapse changes, which are related to major earthquakes
and precipitation, and present measurements of shear wave
splitting.

2. KiK-net Data

[6] About 700 KiK-net stations are distributed in Japan
(Figure 1). The stations are operated by the National
Research Institute for Earth Science and Disaster Prevention
(NIED). Each station has a borehole and two seismographs
which record strong motion at the bottom and top of the
borehole. Each seismograph has three components: one
vertical component and two horizontal components.
Although the two horizontal components of the surface
seismograph are oriented in the north-south and east-west
directions, respectively, the horizontal components of the
borehole seismograph are not always aligned with the north-
south and east-west directions because of technical limita-
tions. Therefore, we rotate the directions of the borehole
seismograph north-south and east-west directions before
data processing. The depth of about 25% of the boreholes is
100 m, and the other boreholes are at greater depth. Since
our target is the near surface, we use the stations with a depth
less than 525 m, which accounts for 94% of the stations. The
sampling interval is either 0.005 or 0.01 s, depending on the
station and the recording date.

[7] We show example records of an earthquake in
Figure 2. Figure 2a illustrates bandpass-filtered time series,
and Figure 2b illustrates the power spectra of the unfiltered
data. As shown in Figure 2b, most energy is confined to 1—
13 Hz, and we apply a bandpass filter over this frequency
range for all data processing. In Figure 2, UD denotes the

vertical component, NS denotes the north-south direction
horizontal component, and EW denotes the east-west direc-
tion horizontal component. In Figure 2a, the P wave arrives
at around 7 s, and the shear wave arrives at around 14 s.

[8] All the used events are at a depth greater than 10 km.
Because of this large depth compared to the depth of the
boreholes and the low velocity in the near surface, the waves
that travel between the sensors at each station propagate in
the near-vertical direction as plane waves. We compute the
angle of the incoming wave at the borehole receiver by using
one-dimensional ray tracing to confirm that the wave prop-
agating between the borehole and surface seismometers,
propagates in the near-vertical direction. We use the velocity
model of Nakajima et al. [2001] to determine the ray
parameter p of the ray between each earthquake and the
borehole sensor. The angle of incidence 6 of the wave
propagating from the borehole receiver to the surface
receiver is given by cosf = /1 —p*2, where v is the
average shear wave velocity between these sensors as
determined in this study. A bias in the velocity estimation
due to nonvertical propagation depends on the deviation of
cosf from its value for vertical incidence, cos0° = 1.

3. Retrieval of the Wavefield Between Receivers

[v] We apply seismic interferometry to the recorded
earthquake data of each station for retrieving the wavefield
where the borehole receiver behaves as a virtual source.
Several algorithms have been used in seismic interferometry
to obtain the wavefield. These include cross correlation [e.g.,
Claerbout, 1968; Bakulin and Calvert, 2004], deconvolution
[e.g., Trampert et al., 1993; Snieder and Safak, 2006], cross
coherence [e.g., Aki, 1957; Prieto et al., 2009], and multi-
dimensional deconvolution [e.g., Wapenaar et al., 2008;
Minato et al., 2011].

[10] We introduce the cross-correlation and deconvolution
algorithms. We denote the wavefield, excited at source
location s that strikes the borehole receiver at location r, by
u(rp, s, w) = S(rp, s, w), where S(rp, s, w) is the incoming
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Figure 2. An earthquake recorded at all channels of station
NIGH13 (latitude 37.0514°N and longitude 138.3997°E).
This earthquake occurred at 14:59:19.56, 27 October 2004.
The epicenter is at latitude 37.2204°N and longitude
138.5608°E and the depth is 11.13 km. The magnitude of
this earthquake is M,,4.2. UD represents the vertical com-
ponent, NS represents the north-south direction horizontal
component, EW represents the east-west direction horizontal
component, 1 represents the borehole seismograph, and 2
represents the surface seismograph. (a) The bandpass-filtered
(1-13 Hz) time series. (b) The power spectra of the unfiltered
records.

wavefield that includes the source signature of the earth-
quake and the effect of propagation such as attenuation and
scattering, in the frequency domain. The corresponding
wavefield recorded at the surface receiver at location ry is
given by

M(I’HS,U}) :2G(r-\'7rb7w)s(rb7s7w)a (1)

where the factor 2 is due to the presence of the free surface
at r,. Because the wavefield striking the borehole receiver
is close to a vertically propagating plane wave, G(r,, rp, w)
is the plane wave Green’s function that accounts for the
propagation from the borehole seismometer to the surface
seismometer.

[11] The cross-correlation approach to retrieve the wave-
field in one dimension is given by Wapenaar et al. [2010]:

5
108,85, ) PGl r1,0) = = Zulr s, ) (8,0, (2)
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where p is the mass density of the medium, ¢ the wave
propagation velocity, j the imaginary unit, and * the com-
plex conjugate. The regularized deconvolution, which is
similar to cross correlation, is given by

G( ) u(rms?w) u(rs,s,w)u*(rb7s7w) (3)
,"7rb7w = ~ bl
’ u(rp, $,w)  Ju(ry, s, w)|* + €

where € is a regularization parameter [Mehta et al., 2007a,
2007b]. The deconvolution is potentially unstable due to the
spectral devision, and we avoid divergence by adding a
positive constant e to the denominator (equation (3)). Note
that the deconvolution eliminates the imprint of waveform
S(rp, 5, w), which is incident on the borehole receiver. We
derive the features of cross-correlation and deconvolution
interferometry in Appendix A.

4. Data Processing

[12] We use 111,934 ecarthquake-station pairs that are
recorded between 2000 and 2010. The magnitude range is
confined between 1.9 and 8.2. The cosine of the angle of
incidence cosf of the wave propagating between the recei-
vers at each station is greater than 0.975, even for the
events that are the furthest away. The bias introduced by
nonvertical propagation thus is less than 2.5%, and for most
measurements it is much smaller. First, we check the data
quality and drop some seismograms by a visual inspection
using the signal-to-noise ratio as a criterion. Additionally,
we discard stations with a borehole seismometer at a depth
greater than 525 m because we focus this study on the near
surface. We remove the DC component of the data by
subtracting the average of each seismogram. For aligning
the directions of the borehole receiver to the exact north-
south and east-west directions, we rotate the borehole
receiver using the rotation angle provided by NIED [Shiomi
et al, 2003]. Because the sampling interval is not small
compared to the travel time of P waves between the bore-
hole and surface seismometers, we focus on the shear wave
and only analyze the horizontal components.

[13] We first apply deconvolution interferometry to the
motion in the north-south direction of each surface-borehole
pair. In this study, for reasons explained below, deconvolu-
tion interferometry gives more consistent estimates of the
Green’s function than does cross-correlation interferometry.
We choose € in equation (3) to be 1% of the average power
spectrum of the borehole receiver in the frequency range 1—
13 Hz because we find empirically that this is the smallest
regularization parameter to obtain stable wavefields. We
apply a band-pass filter from 1-13 Hz after applying
deconvolution interferometry.

[14] In this paper, we average in three ways to interpret the
wavefields. The first method is the annual stack, where we
average the deconvolved waveforms over the earthquakes
recorded in each year. In the second averaging method, we
average the deconvolved waves over all earthquakes recor-
ded in each month over the 11 years (January 2000-2010,
February 2000-2010, .., and December 2000-2010). We call
this average the monthly stack. In the third method, which
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Figure 3. Quadratic interpolation. Using the three largest
amplitude points (crosses), we interpolate the highest ampli-
tude point (circle) by estimating the quadratic curve through
the three highest amplitude points.

we use for analyzing the influence of major earthquakes, we
average over three months after a significant earthquake.

4.1. Estimating the Shear Wave Velocity

[15] Before we apply annual stacking or monthly stacking,
we resample the data from 0.005 s interval to 0.01 s interval
if the data that are stacked include both 0.005 s and 0.01 s
sampling interval data. After stacking, we estimate the arrival
time by seeking the three adjacent samples with the largest
values and apply quadratic interpolation to find the time at
which the deconvolved data have a maximum amplitude
(Figure 3). This time is the travel time for a shear wave that
propagates between the borehole and surface sensors. We use
this travel time to compute the shear wave velocity of the
region between the two receivers.

4.2. Computing the Average and Standard Deviation of
the Velocity of the Annual or Monthly Stacks

[16] To interpret time lapse variations in the velocities, we
need to compute the average and standard deviation of the
velocities within a region. Let us denote the estimated
velocity by v,(m, y), where v; is the shear wave velocity at
station i, in month m, and year y. This velocity is already
averaged over each month. Each station has a different

a)0.0

0.1
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velocity. In order to quantify the time lapse variations of the
velocity, we subtract the average value of each station before
calculating temporal variation in the annual or monthly
average:

Avi(m,y) = vi(m,y) — v;, 4)

where V; is an average velocity of station i over all months
and years. Then we compute either the annual or monthly
average of the velocity variation over stations Av, and we
also compute the standard deviation of this quantity.

4.3. Comparison Between Cross-Correlation
and Deconvolution Interferometry

[17] We compare the cross-correlation and deconvolution
approaches using the annual stacked wavefields (Figure 4).
We show the locations of the epicenters of the used earth-
quakes in Figure 5. The annual stacks of the waveforms
obtained by cross correlation are shown in Figure 4a. These
waveforms are not repeatable from year to year and often
do not show a pronounced peak at the arrival time of the
shear wave at around ¢ = 0.15 s. We attribute the variability
in these waveforms to variations in the power spectrum
IS(rp, 5, w)|* of the waves incident at the borehole receiver
(equation (Al)). In contrast, the annual stacks of the wave-
forms obtained by deconvolution shown in Figure 4b are
highly repeatable and show a consistent peak at the arrival
time of the shear wave. The consistency of these waveforms
is due to the deconvolution that eliminates the imprint of the
incident wave S(r, s, w) (equation (A2)). Consistent with
earlier studies [Trampert et al., 1993; Snieder and Safak,
2006], we use deconvolution to extract the waves that
propagate between the seismometers at each KiK-net station.

4.4. Shear Wave Splitting

[18] We investigate shear wave splitting by measuring the
shear wave velocity as a function of the polarization. We
rotate both surface and borehole receivers from 0° to 350°
using a 10° interval. The north-south direction is denoted by
0°, and the east-west direction by 90°. Because a rotation
over 180° does not change the polarization, the 0° to 170°
wavefields are the same as the 180° to 350° data. We apply
deconvolution interferometry to the rotated wavefields,

%%%%

0.6

2000 2010

Figure 4. Annual stacked wavefields by using (a) cross correlation and (b) deconvolution interferometry
at station N/IGH13. The surface and borehole receiver orientation directions are north-south. Epicenter

locations are illustrated in Figure 5.
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Figure 5. Epicenters used in Figure 4 (a) from 2000 to 2004 and (b) from 2005 to 2010 at station
NIGH13. At the right in each panel, we show the number of earthquakes we use to obtain the waveforms
in Figure 4 in each year. The size of each circle refers the magnitude of each earthquake and the color indi-
cates the depth. The white triangle illustrates the location of station N/GH13. Because of the proximity of

events, many circles overlap.

located at the surface and borehole receivers with the same
polarizations, for determining the velocity of each polariza-
tion. Because the velocity for each polarization is related
to the velocities of the fastest and slowest shear waves
(Appendix B), we can estimate shear wave splitting from
the velocity difference. We cross correlate the deconvolved
wavefield for every used polarization (from 0° to 350° in 10°
intervals) with the deconvolved wavefield obtained from
the motion in the north-south direction. This allows us to
quantify the polarization dependence of the shear wave
velocity. Similar to the process described in section 4.1, we
compute annual stacks of cross-correlated wavefields and
pick the peak amplitudes of stacked wavefields by using
quadratic interpolation.

[19] We can separate the velocity v(¢) as a function of
polarization direction ¢ into the isotropic and anisotropic
terms using a Fourier series expansion (Appendix C):

V() = vy + v1c082¢ + v,sin2¢. (5)

In this expression, v, is the isotropic component of the

velocity, and y/v? + 13 the anisotropy. We assume the split-
ting time to be much smaller than the period of the wavefield.
Because the wavefields of each polarization data are sym-
metric by 180°, the anisotropy depends on polarization
through a dependence of 2¢.

5. Retrieved Near-Surface Shear Wave Velocities
in Japan

[20] Using deconvolution interferometry at each station,
we obtain the wavefield that corresponds to a plane wave
propagating in the near-vertical direction (cosf > 0.975)
between the borehole receiver and surface receiver at each
station. In this section, we show the wavefields of the annual
stack, monthly stack, and shear wave splitting.

5.1. Annual and Monthly Stacks

[21] Figure 6 shows the annual stacked wavefields at
station NIGH13 represented by the large black circle in
Figure 1. At this station, the sampling interval is 0.005 s

until 2007 and is 0.01 s after 2008. In Figure 6, the
deconvolved wavefields have good repeatability and a
pronounced peak amplitude. After we apply quadratic
interpolation (section 4.1), the determined arrival times (the
black circles in Figure 6) correlate well with the travel time
which is obtained from logging data (the horizontal line in
Figure 6). The logging data is measured using a logging
tool and by Vertical Seismic Profiling (VSP). The seismic
source of VSP is a vertical component vibrator. For finite
offsets this source generates shear waves. We determine the
average velocity from the logging data by computing the
depth average of the slowness, because this quantity
accounts for the vertical travel time. Because of the qua-
dratic interpolation, the measured travel times show varia-
tions smaller than the original sampling time.

[22] After determining the arrival times of all stations,
we compute the shear wave velocities by using the known
depth of the boreholes. Applying triangle-based cubic

0.0r

0.6

2010

Figure 6. Annual stacked wavefields (curves) with the
interpolated largest amplitude (circles) at station NIGH13.
The horizontal line at around 0.15 s is the shear wave arrival
time determined from logging data. From left to right, we
show annual stacks from 2000 to 2010. The source and
receiver polarization directions are the north-south direction.
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Figure 7. Shear wave velocities obtained from logging
data (Log) and estimated by annual stacked seismic interfer-
ometry using earthquake data at the north-south polarization
(excerpted 2000, 2002, 2005, 2008, and 2010). The blue
dots on a map represent the station locations which we use
to make the map. We interpolate velocities between stations
by triangle-based cubic interpolation [Lawson, 1984]. The
longitude and latitude belong to the map in the upper left.
The number of right upper side of each map shows the year
of data.

interpolation [Lawson, 1984] between stations, we create the
shear wave velocity map of Japan in each year (Figure 7). To
reduce the uncertainty of the velocity estimation we use
only the stations which give deconvolved waves with an
arrival time greater than 0.1 s. Thus, we obtain the near-
surface shear wave velocities throughout Japan by applying
seismic interferometry to KiK-net data. The shear wave
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Figure 8. Crossplot of velocities computed from logging
data and by seismic interferometry in 2008. The black line
indicates equal velocities.
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Figure 9. Monthly stacked wavefields (curves) with the
interpolated largest amplitude (circles) at station NIGH13.
The horizontal line at around 0.15 s is the shear wave arrival
time obtained from logging data. From left to right, we
depict monthly stacks from January to December. Each trace
is stacked over the 11 years (January 2000-2010, February
2000-2010, .., and December 2000-2010). The source and
receiver polarization directions are the north-south direction.

velocity obtained from logging data is shown in the top left
in Figure 7. Note that the velocities measured in different
years are similar. In Figure 8, we crossplot the velocities
estimated by interferometry in 2008 and obtained from
logging data. The data are concentrated along the black
line, which indicates the degree of correlation between the
shear wave velocity obtained from logging data and from
seismic interferometry.

[23] We also analyze seasonal changes and show the
monthly stacked wavefields at station N/GH13 in Figure 9.
The monthly stacked wavefields also have good repeatabil-
ity between different months.

5.2. Shear Wave Splitting

[24] In Figure 10a, we show the wavefields of the shear
wave splitting analysis at station NIGH13 in 2010 that are
obtained by the sequence of deconvolution and cross corre-
lation described in section 4.4. Each trace is plotted at the
angle that is equal to the shear wave polarization used to
compute that trace. The thick solid line in Figure 10a shows
the interpolated maximum amplitude time of each wave-
form. The dashed circle shows the arrival time for the wave
polarized in the north-south direction. For the polarizations
where the thick solid line is outside of the dashed circle, the
shear wave velocity is slower. The fast and slow shear
polarization directions in Figure 10a are 22° and —71°
clockwise from the north-south direction, respectively. The
angle between these fast and slow directions is 93°, which
is close to 90° as predicted by theory [Crampin, 1985]
(see also Appendix C). The 3° discrepancy could be caused
by data noise or discretization errors. At station NIGH13
in 2010, the fast polarization shear wave velocity vy is
638 m/s, the slow velocity vy, is 593 m/s, and the anisot-
ropy parameter (Vi — Vsiow)/Viase 18 7% (see Figure 10b).
The difference of the arrival times between the fast and slow
polarization velocity wavefields is much smaller than the
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Figure 10. (a) Cross correlograms along every 10° polarization direction in 2010 at station N/GH13.
Each trace is plotted at an angle equal to the polarization direction used to construct that trace. The dashed
circle indicates the peak amplitude time of the north-south direction, and the thick solid line represents the
peak amplitude time for each polarization direction. (b) Shear wave velocities computed from the thick
solid line in Figure 10a. Black circles represent the quadratic interpolated fast and slow polarization shear
wave velocities.

period of a wavefield when the borehole depth is less than surface structure is basically stable. In this section, we

525 m. focus on a small region. We use Av (calculated by the
method presented in section 4.2) and the fast shear wave
6. Interpretation of Shear Wave Velocities polarizations shown in Figure 11 to analyze the influence of

major earthquakes in the Niigata prefecture (the dark

shaded area in Figure 1). Three significant earthquakes,

6.1. Influence of Major Earthquakes shown by the dashed arrows in each panel, occurred during
[25] The near-surface shear wave velocity in Japan is the 11 years.

similar between years (see Figure 7), which means the near-

and Shear Wave Splitting
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Figure 11. (a) The isotropic component of the shear wave velocity (Fourier coefficient vy) averaged over
one year before and three months after three major earthquakes. (b) The direction of the fast shear wave
polarization averaged over same intervals. All data are computed for stations in the Niigata prefecture
(the dark shaded area in Figure 1). In each image, the label of the year is placed in the middle of each year.
The dashed arrows in Figure 11a and the vertical dashed lines in Figure 11b indicate the times of the three
major earthquakes shown with the black crosses in Figure 1. The numbers at the left and right of dashed
arrows (Figure 11a) and lines (Figure 11b) are the number of earthquakes we use for determining veloc-
ities and polarizations before and after the major earthquakes, respectively. In Figure 11a, each velocity is
the velocity variation Av in equation (4). The horizontal extent of each box depicts the time interval used
for averaging (one year before and three months after the major earthquakes). The vertical extent of each
box represents the standard deviation of the velocity in the area computed by the method in section 4.2.
The horizontal line in each box indicates average velocity Av in each time interval, and the vertical
line the center of each time interval. In Figure 11b, we use only the stations with significant anisotropy
((Viast — Vsiow)Viust = 1%). We select 11 stations from 19 stations and depict the fast shear wave polar-
ization directions with different symbols or lines. Each symbol is placed at the center of each time
period.
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[26] Figure 11a shows the velocity variation Av for the
isotropic component v, computed by equation (5) compiled
over periods one year before and three months after the
major earthquakes. We use all stations in the Niigata pre-
fecture and compute the average over the stations. Each box
depicts the time range (horizontal extent) and the error in the
average velocity over that time interval (vertical length). The
error in the velocity is given by the standard deviation of
measurements from different earthquakes in each time
interval (section 4.2). In Figure 11a, these average velocities
show significant velocity reduction after the major earth-
quakes. The average isotropic velocity of all stations in the
region from 2000 to 2010 is 662 m/s, and the relative
velocity change of each earthquake is around 3—4%. Similar
velocity variations caused by major earthquakes were
reported earlier; for example, Sawazaki et al. [2009] analyze
the variations caused by the 2000 Western-Tottori Earth-
quake, Yamada et al. [2010] analyze the variations caused
by the 2008 Iwate-Miyagi Nairiku earthquake using KiK-net
stations, while Nakata and Snieder [2011] observe a velocity
reduction of about 5% after the 2011 Tohoku-Oki earth-
quake. To increase the temporal resolution of the velocity
change, we compute velocity changes averaged over periods
one year before and three months after the major earth-
quakes (Figure 11a) because Sawazaki et al. [2009] found
that the velocity reduction is sustained over a period of at
least three months after an earthquake.

[27] The stations on soft rock sites have a greater velocity
reduction than those on hard rock sites. (We define soft and
hard rock sites from the estimated shear wave velocity; hard
rock sites have a shear wave velocity greater than 600 m/s,
while soft rock sites have a shear wave velocity less than
600 m/s.) For the used event-station pairs, the velocity
reduction does not change measurably with the distance
from the epicenter. This is an indication that the velocity
reduction depends mostly on the local geology. The velocity
reduction can be due either to the opening and closing of
existing fractures, to the creation of new fractures, or to the
change in the shear modulus caused by changes in the pore
fluid pressure because of shaking-induced compaction [Das,
1993, Figure 4.24].

[28] The relative velocity reduction is smaller than the
reduction found by Wu et al. [2009] because of the averag-
ing over stations and over earthquakes recorded over a
period of three months. Wu et al. [2009] use a single station
located on a soft rock site and do not average over several
months. Wegler et al. [2009] estimate the velocity reduction
in deeper parts of the subsurface, and the velocity reduction
they find is small (0.3-0.5 %). From this we infer that the
velocity reduction due to a major earthquake is most pro-
nounced in near surface, especially for soft rock sites.

[20] We also obtain the polarization directions of the
fast shear waves before and after the major earthquakes by
averaging over the same time intervals as used in Figure 11a
(Figure 11b). The direction of the fast shear wave polariza-
tion does not show a significant change after the earthquakes,
hence it seems to be unaffected by these earthquakes. The
average standard deviation of the polarization direction of
all stations in the Niigata prefecture between 2000 and 2010
is 15°, which represents the accuracy of the fast shear
wave velocity polarization direction.

NAKATA AND SNIEDER: NEAR-SURFACE S WAVE VELOCITIES IN JAPAN

B01308

6.2.

[30] We compute the monthly averaged shear wave
velocities of the north-south polarization (Figure 12a) to
investigate a possible seasonal velocity variation related to
precipitation. We use only the data in southern Japan (the
light shaded area in Figure 1) because that region has a more
pronounced seasonal precipitation cycle than northern
Japan. Figure 12a illustrates a significant velocity difference
between spring/summer and fall/winter. We calculate the
average velocities over the stations with the 15% slowest
shear wave velocities in the area because these stations are
located at soft rock sites and are therefore influenced more
by precipitation than the station at hard rock sites. We
compare the monthly averaged velocities with the monthly
average of precipitation (observed by the Japan Meteoro-
logical Agency (JMA)) computed from precipitation records
over 30 years (Figure 12b). Note the negative correlation
between the shear wave velocity and precipitation (i.e., when
it rains, the velocity decreases), which is consistent with the
findings of Sens-Schénfelder and Wegler [2006].

[31] For comparison, for the stations with the 85% fastest
shear wave velocities in the area (Figure 12¢) the shear wave
velocity does not vary with precipitation. The cause of the
velocity reduction is the decreased effective stress of the soil
due to the infiltration of water that increases the pore pres-
sure [Das, 1993, section 4.19; Chapman and Godin, 2001;
Snieder and van den Beukel, 2004]. We assume that for soft
rock sites most of the velocity change is caused by the
effective stress change because Snieder and van den Beukel
[2004] show that the relative density change with pore
pressure is much smaller than the relative change in the shear
modulus.

Influence of Precipitation

6.3. Shear Wave Splitting and the Direction
of the Plate Motion

[32] Using shear wave splitting analysis, we determine fast
shear wave polarization directions of every station (illus-
trated by the black arrows in Figure 13a). These directions
are averaged over all years from 2000 to 2010 because the
temporal changes in the direction are small (see Figure 11b).
We plot the directions of all stations which have an anisot-
ropy parameter (Vi — Vsiow)/Vius: = 1% because the uncer-
tainty in the direction of the fast shear polarization is large
when the anisotropy is small. In Figure 13a, we also plot the
direction of the plate motion at each station (the gray
arrows), estimated from GPS data [Sagiya et al., 2000]. Each
arrow is normalized to the same length.

[33] In Figure 13b, we plot only the stations which have
an anisotropy parameter larger than 1% and a north-south
polarization shear wave velocity faster than 600 m/s; these
stations are located on hard rock sites. The average absolute
angle between the directions of fast shear polarization and
the plate motion in these stations is 16°, and this average
angle of the stations which have a shear wave velocity less
than 600 m/s is 36°. Therefore, the fast shear wave polari-
zation on hard rock sites correlates more strongly with the
direction of the plate motion than the polarization on soft
rock sites. The 16° angle is close to the 15° standard
deviation angle of each station computed in section 6.1.
The near-surface polarization in the western part of
Figure 13b correlates well with observations of the shear
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Figure 12. Seasonal dependence of shear wave velocity. (a) Variation of the average monthly velocities
stacked over the period 2000 through 2010 in southern Japan (the light gray area in Figure 1). We use the
stations with the 15% slowest velocities in the area. The horizontal extent of each box shows time interval
used for averaging, and the vertical extent the standard deviations of all receivers in the time interval
computed by the method in section 4.2. The horizontal line in each box indicates average velocity Av
in each time interval, and the vertical line the center of each time interval. (b) Crossplot between monthly
precipitation (provided by JMA) and the average velocity Av with error bars. (¢) Crossplot between
monthly precipitation and the average velocity Av with error bars using the stations with the 85% fastest

velocities in the area.

wave polarization at greater depth [Okada et al., 1995;
Nakajima and Hasegawa, 2004; Nakajima et al., 2006],
but this agreement does not hold in the regions further east.

[34] We present a crossplot of the directions of the fast
shear wave polarization and the plate motion for stations
all over Japan (Figure 14), where we only used the stations
which have an anisotropy parameter greater than 1% and a
shear wave velocity faster than 600 m/s. The red area in
Figure 14 indicates that for most stations the direction of the
plate motion is between 90° and 140°, and that this direction
correlates with the polarization direction of the fast shear
wave. The near-surface stress directions on hard rock sites is
presumably related to the plate motion because the stress
field related to the plate motion changes the properties of
fractures. Note that the used shear waves sample the shallow
subsurface (down to about several hundreds of meters). It is

remarkable that the shear wave velocities in the near surface
at hard rock sites correlate with tectonic process (plate
motion) that extends several tens of kilometers into the
subsurface.

7. Conclusion

[35] We obtain annual and monthly averaged near-surface
shear wave velocities throughout Japan by applying seismic
interferometry to KiK-net data. Deconvolution interferome-
try yields more repeatable and higher resolution wavefields
than does cross-correlation interferometry. Because picked
arrival times in waveforms are generally stable over time and
consistent with logging data, the near-surface has a stable
shear wave velocity. After three strong earthquakes in the
Niigata prefecture, however, the shear wave velocity is
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Figure 13. (a) Fast shear wave polarization directions
(black lines) and the direction of the plate motion (gray
lines) estimated from GPS data [Sagiya et al., 2000] at the
stations with significant anisotropy ((Viusr — Vsiow)/Viast =
1%). (b) Extracted stations from Figure 13a with shear wave
velocity faster than 600 m/s.

reduced. By computing the monthly stacked velocity, we
observe a velocity variation on stations placed on soft rock
that has a negative correlation with precipitation. We also
observe shear wave splitting. The fast shear wave polariza-
tion direction on a hard rock site correlates with the direction
of the plate motion. Because the shear wave velocity is
related to ground soil strength, these velocities are useful
for civil engineering, site characterization, and disaster
prevention.

Appendix A: 1-D Seismic Interferometry

[36] We explain in this appendix why deconvolution
interferometry is suitable for this study. Figure A1 illustrates
the model of interferometry using a KiK-net station and an
earthquake. The incoming wavefield S(rp, s, w), propagating
from source s to receiver ry, is given by G(ry, s, W)W (s, w),
where G is the Green’s function including any unknown
complex effect of wave propagation such as scattering and
attenuation, and W the source signature in the frequency
domain. Assuming that the subsurface is homogeneous
between the receivers, the received wavefield at surface
receiver r, is 28(ry, S, w)e’kz”e*”’z/’, where + is the attenuation
coefficient and k the wave number. Because of the free
surface, the amplitude of the wavefield at the surface is
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multiplied by a factor 2. We assume that there are no mul-
tiples between the two receivers. The reflected wavefield
from the surface at the borehole receiver rp is S(ry, s, W)
e¥*re=2% and the total wavefield at r, is S(rp, s, w) +
S(ry, s, w)eszz” ~27%_ Applying cross-correlation interfer-
ometry to these waveﬁelds yields

*(rp, 8, w) = 28(rp, 5, w)e e

[S* (rp,8,w) + S*(rp, s, w)e_ykzbe_zw'z”}

u(rs, s,w)u
= 2|S(rp, s, w)\ze"kz”efﬂ"z” (A1)

when we consider only the first arrival.
volution interferometry, we obtain

Using decon-

u("S? S, UJ) _ 2S(l"],7 s, w)e/kzh e &
u(rp,s,w) T S(r, s, W) + 8(rp, s, w)e¥kne=22

~ 2 pJkzb ;=2
= 2e/he

(A2)

where we also only retain the first arrival. The plane
wave Green’s function excited at r, and received at rg is
equal to 2e/e % in the frequency domain. Let us
compare equations (Al), (A2), and the Green’s function.
The wavefield retrieved by cross-correlation interferome-
try is complicated because equation (Al) includes the
power spectrum |S(rs, s, w)|>. This term is different for
different earthquakes. In contrast, deconvolution interfer-
ometry eliminates the incoming wave S(rp, s, w), and
thus provides a more accurate estimate of the Green’s
function. When we stack deconvolved wavefields over
earthquakes, the accuracy of this estimate is improved.
Because the deconvolved waves do not depend on the
power spectrum of the incident wave |S(rp, s, w)J, the
deconvolved wavefields are more reproducible than those
obtained from cross correlation.

Appendix B: Shear Wave Splitting

[37] Usually, shear wave splitting is analyzed with Alford
rotation [Alford, 1986; Thomsen, 1988]. This procedure is

180

Fast shear polarization (degree)
©
o

OO

90 180
Plate motion (degree)

Figure 14. Crossplot between the direction of the plate
motion and the fast shear wave polarization directions. We
use the stations which have faster than 600 m/s shear wave
velocity. Red indicates there are many points. The north-
south direction is 0°, and the east-west direction 90°.
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Z:O 7S

S

Figure Al. Geometry of an earthquake and a KiK-net
station where r is the surface receiver (black triangle), ry is
the borehole receiver (white triangle), and s is the epicenter
of earthquake (gray star).

based on the use of two independent orthogonal sources in the
horizontal direction. In our study, the virtual source in the
borehole has the polarization of the incident wave. The two
horizontal components of the virtual source therefore are
not independent, so that Alford rotation cannot be applied.
[38] The angle of the fast and slow shear wave polariza-
tion directions is 90° because we assume the incoming wave
is a plane wave [Crampin, 1985]. A wavefield with polari-
zation p, which is a unit vector, can be expressed in the
polarization of the fast and slow shear waves:
P = Ppycose + pgsing, (B1)
where ¢ is the polarization angle in the arbitrary wavefield
relative to the direction of the fast shear wave polariza-
tion, and p, and p, are the unit vectors of the fast and slow
velocity wavefields, respectively (see Figure B1).
[39] The incoming wavefield u, at the borehole receiver
is

up = S(0)p = S()pgcos + S(1)p, sing, (B2)

where S(f) is the incoming wavefield, and ¢ the time. The
wavefield at surface receiver u, is given by

uy = S (z . Z—b) preosh+S <t - Z—b) psing,
VS

vr

(B3)

where vy is the fast velocity, v, the slow velocity, and z,
the distance between the top and bottom receivers.
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[40] The component of u; along p is
“s(¢) =(p '”s)
- S(t —Z—h) (b-by) cos¢+S<t—i—b) (p - b,)sing

N (: - Z—b) cos’h + § (; - Z—b) sin.
v vy

[41] We express vy and v, in the average velocity vy and
the difference 6:

(B4)

1 1 1 1
—=——8 —=—+§,
Vo

Ve Vo Vg (BS)

and assume the splitting time z,0 is much smaller than the

period. We insert expression (B5) into equation (B4)
and expand using first-order Taylor expansion in §:

us(¢) =S (t _ + zbé) cos’p+ S (t L. zb6) sin’¢
Vo Vo
=8 (t — Z—b) (sin*¢ + cos?¢)
Vo
+5 (t - Z—b>zh6(cos2¢ — sin’¢)
Vo

=5 (r - ib) +s (z . i”) 2,6c0826
Vo Vo

=S (z _ + zb6c052¢> , (B6)
Vo

where S’ is the time derivative of S. Thus, using Taylor
expansion, we obtain the velocity for a shear wave with the
polarization of equation (B1):

v(9) = 1 — vodcos2¢’ (B7)
or to first order in vyo:
v(¢) = vo(1 4+ vodcos2¢). (B8)

A

Ps
A

pssindfe - —--------+ p
|
|
|
|
|
|
|

¢ y

prcosod

> Py

Figure B1. Projection of fast and slow velocity directions
where py is the fast polarization direction, p, is the slow
polarization direction, p is an arbitrary direction, and ¢ is
the angle between the fast direction and arbitrary direction.
P, Py and p, are unit vectors. Dashed arrows show the pro-
jection, which is shown in equation (B1).
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Appendix C: Fourier Coefficients

[42] We describe the meaning of vy, v, and v, in
equation (5). Expression (B8) gives the velocity for a
polarization ¢ relative to the polarization of the fast shear
wave. When the azimuth of the fast shear wave polarization
is given by 1, the angle ¢ in equation (B8) must be changed
into » — ¢ — 1. Denoting vj6 by V, these changes turn
equation (B8) into

W) = vo + Veos2(6— 1), (cn)
This can also be written as
v(P) = vo + v1€082¢ + v,8in2¢; (C2)

with

™

I 1
w=5-| v()dp, Wi :}/7 v(¢)cos2¢dep,

1 us
== i — Jy2 42
) w/, v(g)sin2edp, V vi+vi,

™

1
1) = —arctan <v—2> .
2 V1

In expression (C2), vy, vi, and v, are the Fourier coefficients
of the velocity v(¢). Because vy does not depend on ¢, v,
represents the isotropic velocity. Expression (C1) shows that
v(1p) and (v + 7/2) are the fastest and slowest velocities,
respectively. Therefore, V is the anisotropic velocity and the
angle between the fast and slow polarization directions is
90°, which corresponds to shear wave splitting of a plane
wave [Crampin, 1985].
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