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Abstract

The effects of the short-wavelength heterogeneity of the crustal structure on predicted ground motion at periods

of 1 sand longer were investigated by conducting three-dimensional finite-difference simulations using a detailed
realistic velocity model of the Kanto region of Japan. The short-wavelength heterogeneity of the media within the
upper crust was randomly modeled using the exponential-type autocorrelation function where the velocity standard
deviation was set to 5%. Combinations of heterogeneous media with various correlation lengths and point source
models with various depths and durations were considered in order to investigate the variability of the predicted

ground motion and the sensitivity to the parameters. The effects of random heterogeneity on the simulated ground
motion appeared as a result of changes in the amplitude and phase of both the direct waves and later phases, as well
as the spectral peaks of the response spectra. Ground-motion variability, in terms of peak ground velocity (PGV) and
velocity response spectra (Sv), was evaluated using the residual, or the difference in logarithm of PGV and Sv between
the ground motion computed with and without random heterogeneity. While the residual averaged over the surface

heterogeneity, Kanto Plain

of the computed area was almost negligible in the studied period range, the variability of the residual was found to
increase with distance and to be larger for point sources with shorter durations.
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Introduction
In ground-motion simulations for the purpose of seismic
hazard evaluation, long-period components (periods of
approximately 1 s and longer) are generally evaluated by
deterministic numerical simulations using rupture and
wave propagation models. The lower limit of the period
range for the deterministic simulation is restricted by the
difficulty in detailed modeling of the rupture and wave
propagation processes in the short-period (<1 s) range
in which the behavior of the seismic waves becomes less
coherent.

In order to overcome this limitation, kinematic source
parameters in deterministic simulations are often mod-
eled by a combination of deterministic and stochastic
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description (e.g., Hisada 2001; Sekiguchi et al. 2008;
Graves and Pitarka 2016; Wirth et al. 2017). Iwaki et al.
(2016) showed that introducing small-scale heterogene-
ity to source parameters tends to amplify the simulated
long-period ground motion (>2 s), which therefore
matches the observed ground motion more satisfacto-
rily. This analysis was on the assumption that the velocity
model is appropriate, which is not thoroughly verified.
Development of detailed three-dimensional (3D) seis-
mic velocity models for ground-motion simulations
has been carried out, for example, in Japan (e.g., Fuji-
wara et al. 2009; Koketsu et al. 2012) and in the USA
(e.g., Magistrale et al. 2000; Shaw et al. 2015) in order
to achieve more reliable simulations. Still, the veloc-
ity models are generally much simpler than the realistic
Earth structure, which contains heterogeneity on various
scales. Japanese 3D velocity models are usually composed
of a number of layers, within which the seismic velocity
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is uniform (e.g., Koketsu et al. 2012). Since more accu-
racy, at least down to period of 1 s, is required in ground-
motion simulations, it is important to evaluate the effects
of short-wavelength heterogeneity in the media.

Short-wavelength (several kilometers or less) heteroge-
neity of the media is generally represented by a statisti-
cal description of the random perturbation of the elastic
properties, which is referred to hereinafter as random
heterogeneity. Studies on short-period (generally<1 s)
seismic wave propagation within random media have
been developed based on seismic wave propagation and
scattering theory (e.g., Sato et al. 2012). The effects of the
random heterogeneity on the amplitudes and phases of
seismic waves have been revealed by numerical simula-
tions of wave propagation, often focusing on periods
shorter than 1 s (e.g., Frankel and Clayton 1984; Impera-
tori and Mai 2013; Takemura et al. 2015, 2017). However,
random crustal heterogeneity also affects ground motion
at periods longer than 1 s (e.g., Emoto et al. 2017), which
is important from a seismic hazard point of view, because
random crustal heterogeneity significantly increases
ground-motion variability (e.g., Hartzell et al. 2010).

In the present study, we conduct 3D finite-difference
ground-motion simulations using a detailed velocity
model of the Kanto region of Japan in order to evaluate
the effects of random crustal heterogeneity on the pre-
dicted ground motion on the engineering bedrock, in
an attempt to improve seismic hazard evaluation by a
deterministic approach in the long-period range (>1 s).
Although the precise values of the parameters to model
the realistic local crustal heterogeneity have not been suf-
ficiently resolved yet (e.g., Gaebler et al. 2015), we con-
sider several values of parameters to investigate their
effects, focusing on, in particular, (1) the ground-motion
variability caused by the random media and (2) the sen-
sitivity of the ground motion to the media and source
parameters.

Simulation models

Kanto velocity model

We use a detailed 3D seismic velocity model of the
Kanto region that is used in the National Seismic Haz-
ard Map of Japan by the Headquarters for Earthquake
Research Promotion (HERP; HERP 2017). This model
covers the subsurface structure from the engineer-
ing bedrock (V3~350-700 m/s) to the seismic bed-
rock (V5~3200 m/s) and was constructed in order to
improve ground-motion evaluation especially at periods
of 0.5-2 s in Kanto (e.g., Senna et al. 2013) compared to
the conventionally used J-SHIS version 2 model (Fuji-
wara et al. 2009; http://www.j-shis.bosai.go.jp). The mini-
mum S-wave velocity in the sedimentary layers of the
Kanto Plain is 350 m/s. Below the seismic bedrock, the
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subsurface structure model is combined with the crustal
model of the Japan Integrated Velocity Structure Model
(JIVSM; Koketsu et al. 2012) down to a depth of 70 km.
Figure 1 shows maps of the study area, showing the upper
boundaries of the selected layers (Vg=700, 1500, and
3200 m/s) of the velocity model. Since we focus on the
ground motion on the engineering bedrock, the shallow
subsurface and topography is not included in this velocity
model. Thus, seismic scattering due to topographic vari-
ation is not considered in this study. We consider topo-
graphic effects to be less influential because the study
area is dominated by the Kanto Plain.

Random 3D heterogeneity

We model the heterogeneity in the upper crust
(V4=3200-3400 m/s) randomly by introducing the fluc-
tuation of the seismic velocity:

Vi(r) = Vo1 +d(r)), (1)

where V (r) is the seismic velocity (for both Vg and V) at
rand V, is the background velocity. The assumed fluctua-
tion d(r) is characterized by the exponential autocorrela-
tion function (e.g., Sato et al. 2012)

R(r) = &% exp (— r/a), (2)

where € and « are the standard deviation and correlation
length, respectively, and the power spectrum for 3D case
is

87ela?

Pk) = m @)

The exponential autocorrelation function corresponds
to the von Kdarmdan autocorrelation function with decay
order of k=0.5, which controls the decay rate of the
power spectrum at large wavenumbers. Random hetero-
geneity is generated in the wavenumber (k) domain by
adjusting the designed power spectra [Eq. (3)] to a 3D
Fourier transformation of a sequence of random num-
bers. Thus, different random seeds yield different random
heterogeneity models.

We modeled the fluctuation with ¢ = 0.05 and a=
1, 3, and 5 km, assuming the correlation lengths in the
horizontal and vertical components are identical. These
values are consistent with those proposed in previous
studies (summarized in Fig. 12 of Emoto et al. 2017). The
maximum and minimum seismic velocities with fluctua-
tion are set to mean £ 3¢. Hereinafter, the velocity mod-
els with and without random heterogeneity in the upper
crust are referred to as the heterogeneous and homoge-
neous velocity models, respectively. The random hetero-
geneity in the upper crust (shallower than approximately
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Fig. 1 Maps of the study area. K-NET and KiK-net stations (triangles) and epicenters of the source models S1 and S2 (top left panel). Dashed line
denotes the north-south cross section of Fig. 2. Map of the velocity model showing the upper boundaries of selected layers (top right and bottom
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50 km) is considered to be more influential with respect
to seismic waves than the deeper parts of the Earth (e.g.,
Gusev and Abubakirov 1999; Takemura et al. 2017). In
the Kanto Plain, a vast area of the upper crust is cov-
ered by thick (up to several kilometers) sedimentary lay-
ers (see Fig. 1). North—south cross-sectional view of the
S-wave velocity for the homogeneous and heterogeneous
velocity models is shown in Fig. 2.

In this study, heterogeneity is considered only in the
upper crust for the sake of computational efficiency in
constructing the velocity models for the simulations. The
thickness of the upper crust is approximately 10 km in
the target region (see Fig. 2). The effect of heterogene-
ity in the lower crust was tested by 3D finite-difference
simulations using a simpler model. Introducing hetero-
geneity in the lower crust in addition to the upper crust
results in only slight differences in the ground motion, as
shown in Additional file 1.

Scattering effects are expected to appear in seismic
waves with wavelengths generally equal to or shorter
than the correlation length of the random media (e.g.,

Sato et al. 2012). In this case, waves with wave lengths of
1, 3, and 5 km have periods of approximately 0.3, 0.9, and
1.5 s, respectively, in the media with Vg=3200 m/s. Min-
imum mean free paths are 55, 17, and 10 km for a= 1,
3, and 5 km, respectively, with € = 0.05, which is roughly
consistent with the variety of the estimated values of
scattering coefficient for the lithosphere (Fig. 1.3 of Sato
et al. 2012). Therefore, the systematic influence of seismic
scattering may be limited in the period range in the pre-
sent study (1 s and longer). However, it is important to
evaluate the effects of random crustal heterogeneity on
the predicted ground motion in a realistic areal range, at
least 200—300 km?, for seismic hazard assessment in the
Kanto region.

Ground-motion simulation

We use point source models as virtual seismic sources,
located in the center of the Kanto Plain at a depth of
40 km and in the west of the Kanto Plain at a depth of
8 km, referred to as S1 and S2, respectively (see Fig. 1
for the locations of the source models). S1 and S2 are
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Fig. 2 North-south cross-sectional view of the S-wave velocity for the homogeneous (top) and heterogeneous (bottom) velocity models. See Fig. 1
for the location of the cross section

Table 1 Point source models located near the subducting Philippine Sea Plate, but S1
is within the Oceanic mantle, whereas S2 is in the upper
crust where the random heterogeneity is introduced.

Location’ Depth (km) Duration(s) Strike, dip, rake (°)

$1.33 S1 40 33 234,39, -9 The source time function is expressed by differentiated
$1.05 Si 40 05 234,49, -9 smoothed ramp functions with rise times of 3.3 and 0.5 s.
$2.33 %2 8 33 290, 25,145 Three source models are used in this study as listed in
2 See Fig. 1 for the location of S1 and S2 Table 1. The focal mechanism of S1 is taken from a M,

(See figure on next page.)

Fig. 3 Simulated ground motion at selected stations. Velocity waveforms, Fourier amplitude spectral ratios (ratios of heterogeneous to
homogeneous models), and 5% damped velocity response spectra for the source model S1_3.3 using the homogeneous (black dashed lines) and
heterogeneous (blue and red lines; representing two realizations with different random seeds) velocity models with a=5 km at a TKY025 and b

GNMH14. Numbers on the right side of the waveforms denote the maximum amplitudes of three components. See Fig. 1 for the location of the
stations
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Fig.4 Simulated ground motion at selected stations. Same as Fig. 3 but for the source model S2_3.3
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Fig. 5 Simulated peak ground velocity (PGV) of the simulated ground motion. Comparison of PGV for the homogeneous (upper left panel) and the
heterogeneous models with a=1, 3, 5 km (upper right, bottom left, and bottom right panels, respectively). Red star denotes the epicenter of the

4.7 local event on January 30, 2015, 11:31 (UT) estimated
by F-net (Okada et al. 2004; http://www.fnet.bosai.go.jp/
top.php?LANG=¢en). For S2, we used the strike and dip
angles of the fault model of the 1923 Kanto earthquake
(Mg 8.2) (e.g., Sato et al. 1998). Moment magnitudes for
all source models are adjusted to 7.0.

We compute the ground-motion time histories on the
engineering bedrock with a minimum S-wave velocity of
350 m/s. Ground-motion simulations are conducted by
a 3D finite-difference method with discontinuous grids
(Aoi and Fujiwara 1999) using an open-source software
GMS (Aoi et al. 2004). The maximum frequency of the
target is 1 Hz. The computation covers the Kanto region
as shown in Fig. 1, approximately 290 km (north—south)

by 260 km (east—west). The grid spacing of the finite-dif-
ference simulations is set to 70 m and 35 m in the hori-
zontal and vertical directions, respectively, in the region
shallower than 8 km. The grid spacing is three times
larger in the deeper region, which yields approximately 5
billion grid points in total. The simulated ground motion
is low-pass filtered at 1 Hz.

Anelastic attenuation is modeled by multiplying the
updates in velocity and stress fields at each time step by

— oAt

A(x,y, z) = exp lml , (4)
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where Q is the quality factor given by Q=Q.f/f, with a
reference frequency f, (Graves 1996). Here, Q, is the
frequency-independent quality factor for the S-wave
defined at each grid point, for which we assume the same
fluctuation as in Vg [Eq. (1)] in the upper crust. We use
this Q model for the sake of simplicity in the bandlim-
ited (<1 Hz) analysis. The reference frequency f; is set
to 0.33 Hz in this study. Note that waves at frequencies
higher than f, undergo weaker attenuation compared
with those at frequencies lower than f;,.

Simulation results

Ground motion at stations

First, we compare the simulation results obtained from
the homogeneous and heterogeneous velocity models at
individual stations in terms of velocity waveforms, Fou-
rier amplitude spectra (FAS), and 5% damped velocity
response spectra (Sv). Figures 3 and 4 show examples
of ground motions for the homogeneous and heteroge-
neous (¢=5 km) velocity models using source models
S$1_3.3 and S2_3.3, respectively. Ratios of heterogeneous
to homogeneous models are shown for FAS, which help
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Fig. 7 Distribution of natural logarithm of heterogeneous-to-homogeneous PGV ratio. Correlation lengths of 1, 3,and 5 km for source models a
S1.33,bS1_05,and € S2_3.3. Standard deviation is indicated on the right top of each panel

visualizing the effect of introducing crustal heterogeneity
in frequency domain. Ground motions for two examples
of random heterogeneity with different seeds are plot-
ted by blue and red traces. Station TKY025 is located on
the thick sedimentary layers of the Kanto Plain, while
GNMH14 is located outside the Kanto Plain (see Fig. 1
for the location of the stations). The depth to the upper
crust, where random heterogeneity is applied, is approxi-
mately 1500 m and 170 m for TKY025 and GNMH14,
respectively, in the velocity model. The epicentral dis-
tances for these stations are approximately 90-120 km
for both sources S1 and S2.

Changes in the amplitudes and phases of the direct
waves and the waves that arrive after the S-wave (early
coda) are observed at both stations, indicating inter-
ference of the waves caused by scattering and diffrac-
tion due to the random heterogeneity in the crust. The
amplification of the waveforms of TKY025, located in the

Kanto Plain, is mainly controlled by thick sedimentary
layers, especially for the shallower source (S2_3.3). Still,
the effects of the random heterogeneity within the upper
crust are observed.

FAS ratios of heterogeneous to homogeneous models,
in general, become higher or lower than 1 mainly at fre-
quencies higher than about 0.2 Hz. The effects of hetero-
geneity in Sv appear in differences in amplitude levels in
a frequency range from 0.05 to 1 Hz, as well as in the dif-
ferences in spectral peaks, as seen in EW component of
TKY025 at 0.2-0.5 Hz (Fig. 4).

Velocity waveforms, FAS ratios, and Sv plots at shorter
hypocentral distances (approximately 40 km) for S2_3.3
are shown in Additional file 2, for stations inside and
outside the Kanto Plain (KNGO001 and TKY001, respec-
tively). Again, we observe that the FAS ratios become
noticeably higher or lower than 1 at frequencies higher
than about 0.2 Hz for both sites.
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Fig. 8 Heterogeneous-to-homogeneous PGV ratio plotted against epicentral distance. PGV ratio is plotted at 2-km-interval grid points for
heterogeneous velocity models with a=1, 3,and 5 km using source modelsa S1_3.3, b S1_0.5,and €¢S2_3.3

The degree of such changes in ground motion due to
random heterogeneity depends on the structural prop-
erties of the heterogeneity. The maximum amplitudes
of the velocity waveforms, for example, can be larger or
smaller by a factor of approximately 2, depending on the
seed used. It is indicated that the effects of random het-
erogeneity at individual stations should not be evaluated
by a single realization.

Spatial variability of ground motion
Figure 5 shows the distribution of peak ground veloc-
ity (PGV) at 2-km-interval mesh for the homogeneous
model (PGV,,,) and the heterogeneous models (PGV,,,)
with a=1, 3, and 5 km, using the S1_3.3 source model.
Each PGVy,, exhibits overall patterns that are similar to
PGV, but with small-scale differences.

In order to clarify the effects of heterogeneity on PGV,
the ratio of PGV,,, to PGV, (hereinafter PGV ratio) is
shown on the map in Fig. 6 for source models S1_3.3,

S1_0.5, and S2_3.3. Note that Fig. 6 shows PGV ratios
for a single realization for each case. PGV ratio for four
additional realizations for S1_3.3 with =5 km is shown
in Additional file 3, which supports the claim that PGV
ratio is directly related to the structure of the random
heterogeneity, regardless of the location of the source or
the sedimentary basin (e.g., Hartzell et al. 2010), because
velocity models with different random seeds yield differ-
ent patterns of PGV ratio.

As shown in Fig. 6, PGV ratio is generally within the
range of %-2. In particular, it is from about 2/3-3/2 for
S1_3.3. For each source model, PGV ratio is relatively
close to 1 for the heterogeneous model with a=1 km.
Small value of a results in small fluctuations in PGV
because it is related to the level of the power spectrum of
random heterogeneity at small wave numbers, as Yoshi-
moto et al. (2015) discussed in their interpretation of
the hypocentral distance dependence of amplitude level
variance. Comparison of PGV ratio for S1_3.3 and S1_0.5
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Fig. 9 Standard deviation of natural logarithm of heterogeneous-to-homogeneous ratio of PGV and Sv (periods 2, 3,and 5 s) plotted against
epicentral distance. Standard deviation is computed for distance bins with intervals of 15-30 km. Results for heterogeneous velocity models with
a=1,3,and 5 km using source modelsa S1_3.3,b S1_0.5,and ¢ S2_3.3

indicates that the waves radiated from the shorter-period
pulse are more strongly affected by the random struc-
ture with relatively long correlation lengths, as compared
to waves radiated from the 3.3-s-duration pulse. PGV
ratio for S2_3.3 is larger than that for S1_3.3, suggesting
that the waves radiated from a shallower source travel
in the upper crust for a longer distance. Figure 7 shows
the distribution of the natural logarithm (In) of PGV
ratio for different correlation lengths, all of which are
well described by a normal distribution with a mean of
approximately zero.

In Fig. 8, In of PGV ratios at 2-km-interval mesh are
plotted with respect to epicentral distance, showing that
the variability of PGV ratio generally increases with dis-
tance. For S1_3.3 and S2_3.3, PGV ratio exceeds a factor
of 2 (0.69 in In units) at distances greater than approxi-
mately 100 km. PGV ratio for S1_0.5 is more scattered
compared with those for S1_3.3 and S2_3.3 and reaches
a factor of nearly 4 (1.38 in In units) at approximately
100 km.

In order to clarify the distance dependency, the dataset
of PGV ratio is divided into distance bins of 0-15, 15-30,
30-60, 60-90, 90-120, 120-150, and 150-180 km, and
the standard deviation (SD) is plotted with respect to
distance in Fig. 9. The same analysis is applied to Sv at
periods of 2, 3, and 5 s. Since the logarithms of PGV and
Sv ratio are the residuals between the homogeneous and
heterogeneous models, SD corresponds to within-event
ground-motion variability due to the random heteroge-
neity of the propagation paths. SD generally increases
with distance and then reaches a peak at a distance
around 100 km. For S1_3.3 with 2=3 and 5 km, SD for
Sv (2 s) reaches 0.3 at a distance of 120-150 km, whereas
it is less than 0.2 at distances of less than 90 km. This may
be explained by an analogy to amplitude fluctuation of
short-period waves in heterogeneous media that saturate
at a certain traveling distance (e.g., Hoshiba 2000; Yoshi-
moto et al. 2015).

In Fig. 10, In of Sv heterogeneous-to-homogene-
ous ratios averaged over the 174 K-NET and KiK-net
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Fig. 10 Model bias of the heterogeneous model from the homogeneous model for response spectra. Heterogeneous-to-homogeneous ratio
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(K-NET and KiK-net stations; see Fig. 1) and five realizations at each period points, for source models a S1_3.3, b S2_3.3. Standard deviation is plotted

stations (see Fig. 1 for the location) and five realizations
of random heterogeneity are plotted for each period, in
an attempt to clarify the systematic bias (model bias)
of Sv for the heterogeneous models from that for the
homogeneous model. The mean plot is nearly flat at
zero at periods from 1 to 10 s for both of the source
models S1_3.3 and S2_3.3, suggesting that no system-
atic amplification or deamplification of ground motion
was caused by introducing random heterogeneity in the
crust in the studied area. On the other hand, SD clearly
increases as the period approaches the minimum
period of 1's, up to 0.2—-0.3 for the model with a =5 km.

Our analysis so far used £¢=0.05 for the standard
deviation of the velocity fluctuation. In Fig. 11, we
show the effect of the choice of £ on PGV ratio and the

model bias of Sv in the same manner as Figs. 7 and 10,
using simulation results for S1_3.3 with =5 km. The
standard deviation of the distribution of the PGV ratio
increases as the value of ¢ increases; it is 0.10, 0.14, and
0.17 for £=0.03, 0.05, and 0.07, respectively. The model
bias for £=0.03, 0.05, and 0.07 is similar to each other,
with the mean plot being flat at zero. SD increases as
the period approaches to the minimum period for all
cases, but it is smaller for smaller values of ¢.

Conclusions

We investigated the effects of short-wavelength heteroge-
neity in the crust on long-period (periods 1 s and longer)
ground motion by conducting 3D finite-difference simu-
lations in the Kanto region of Japan. Heterogeneity in
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the upper crust (Vg=3200-3400 m/s) was modeled by
introducing random fluctuations of the seismic velocity
characterized by the exponential autocorrelation func-
tion. We investigated the effects of the random heteroge-
neity for PGV, FAS, and Sv on the engineering bedrock
(V5 ~350 m/s) in terms of mean level and variability, for
various correlation lengths, source locations, and source
time functions.

Based on numerical simulations, the effects of random
heterogeneity on the ground motion appeared in changes
in the amplitudes and phases of both the direct waves
and later phases, as well as the amplitudes and spectral
peaks of FAS and Sv. The degree of such changes differs
from place to place and from one realization of random
heterogeneity to another.

The distribution of the heterogeneous-to-homogene-
ous ratio of PGV (PGV ratio) at 2-km-interval mesh was
well described by a lognormal distribution with a mean
of approximately zero. For a correlation length of 3-5 km
and ¢ = 0.05, PGV ratio was found to be within a factor
of 2 for a source duration of 3.3 s, whereas it reached a
factor of approximately 4 for a source duration of 0.5 s.
PGV ratio is significantly smaller for a correlation length
of 1 km, suggesting that the correlation length of 1 km
is shorter than the dominant wave length in our simula-
tions. PGV ratio for a shallow source at a depth of 8 km
(§2_3.3) is generally larger than that for a deep source
at 40 km (S1_3.3), because the waves radiated form S2
travel in the upper crust for greater distance.
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SD of In of PGV ratio generally increases with distance
up to a certain value, after which it saturates or decreases.
For a correlation length of 3-5 km with a source dura-
tion of 3.3 s, SD reaches 0.2—0.3 (in In units; a factor of
1.2-1.3) at distances of approximately 100 km.

We calculated In of Sv ratio averaged over the surface
of the computed area and five realizations of random het-
erogeneity. The mean value is nearly flat at zero for the
period range from 1 to 10 s, suggesting that the bias of the
heterogeneous model from the homogeneous model is
almost negligible in the period range studied herein. The
standard deviation increased with decreasing period and
was approximately 0.2—0.3 in In units at periods of 1-2s.

Although the results in this study are derived from
simulations with limited combinations of parameters for
random heterogeneity, the results provide information
to grasp the ground-motion variability due to random
heterogeneity in the propagation path for a realistic 3D
velocity model in the Kanto region. However, the local
characteristics of short-wavelength crustal heterogeneity
have not been appropriately modeled at present. A better
understanding of crustal heterogeneity, along with source
rupture and site responses, is essential to advances in 3D
physics-based ground-motion simulations toward fre-
quencies of 1 Hz and higher. As a next step, it is also nec-
essary to include short-wavelength heterogeneity within
the sedimentary layers of the Kanto Plain, the character-
istics of which differ in scale from those in the crust.

Additional files

Additional file 1. Numerical tests to investigate the effect of heterogene-
ity in the lower crust. CASEO, CASE1, and CASE2 correspond to the velocity
models without random heterogeneity, with random heterogeneity in the
upper crust, and with random heterogeneity in the upper and lower crust.
Table S1. Description of the point source models. Figure S1. Velocity
models used in the tests, showing the horizontal plane at depth of zero
(top panel), vertical cross-sectional views at X =50 km for CASET and CASE
2 (middle and bottom panels, respectively). Triangles and the stars denote
the receivers and hypocenter, respectively. Grid spacing for the finite-
difference simulations are 100 m and 50 m for the horizontal and vertical
directions, respectively, down to the depth of 16 km. Figure S2. Velocity
waveforms at the receivers for the source at the depth of (a) 10 km and (b)
25 km. Gray, red, and blue lines correspond to CASEO, CASET, and CASE2.
Waveforms are low-pass filtered at 1 Hz.

Additional file 2: Figure S3. Additional examples of ground motion at
shorter hypocentral distances for S2_3.3. See Fig. 4 caption for detail.

Additional file 3: Figure S4. PGV ratio for four realizations of random
heterogeneity that are different from that in Fig. 6. Heterogeneous velocity
model with a=5 km and the source model S1_3.3 are used.
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