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1 INTRODUCTION

SUMMARY

On 2013 April 13, an inland earthquake of My, 5.8 occurred in Awaji Island, which forms
the western boundary of the Osaka sedimentary basin in western Japan. The strong ground
motion data were collected from more than 100 stations within the basin and it was found
that in the Osaka Plain, the pseudo velocity response spectra at a period of around 6.5s
were significantly larger than at other stations of similar epicentral distance outside the basin.
The ground motion lasted longer than 3 min in the Osaka Plain where its bedrock depth
spatially varies from approximately 1 to 2 km. We modelled long-period (higher than 2 s)
ground motions excited by this earthquake, using the finite difference method assuming a
point source, to validate the present velocity structure model and to obtain better constraint
of the attenuation factor of the sedimentary part of the basin. The effect of attenuation in the
simulation was included in the form of Q(f) = Qo(f/fy), where Q, at a reference frequency f
was given by a function of the S-wave velocity, Q) = aFs. We searched for appropriate Oy
values by changing « for a fixed value of fy = 0.2 Hz. It was found that values of & from 0.2
to 0.5 fitted the observations reasonably well, but that the value of & = 0.3 performed best.
Good agreement between the observed and simulated velocity waveforms was obtained for
most stations within the Osaka Basin in terms of both amplitude and ground motion duration.
However, underestimation of the pseudo velocity response spectra in the period range of 57 s
was recognized in the central part of the Osaka Plain, which was caused by the inadequate
modelling of later phases or wave packets in this period range observed approximately 2 min
after the direct S-wave arrival. We analysed this observed later phase and concluded that it was
a Love wave originating from the direction of the east coast of Awaji Island.

Key words: Earthquake ground motions; Seismic attenuation; Site effects; Computational
seismology; Wave propagation.

Awaji fault system forms the northwest-to-western boundary, the
Arima—Takatsuki Tectonic Line forms the northern boundary, the

The Osaka Basin in western Japan is one of the most studied sed-
imentary basins in the world. It is a Tertiary sedimentary basin
surrounded by mountain ranges of Cretaceous and pre-Tertiary sed-
imentary rocks. Sporadic Oligocene and Miocene sediments and
Late Pleistocene terrace deposits are exposed on the hills and the
Plio-Pleistocene Osaka Group is present under the alluvial plains
(e.g. Nakagawa et al. 1996; Itihara et al. 1997; Itoh et al. 2000). It
has an elliptical shape with a long axis of about 90 km and a short
axis of about 40 km. The boundary between the mountains and sed-
imentary basin is formed by a number of active faults: the Rokko—
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Ikoma and Kongo faults form the eastern boundary and the Median
Tectonic Line forms the southern boundary. The Osaka Basin is
subdivided geographically into marine and land areas: the former is
a shallow inland sea called the Osaka Bay, and the latter comprises
the lowlands between the bay and the Uemachi Fault, which in this
paper is referred to as the Osaka Plain (see Fig. 1). The maximum
thickness of the sediments beneath the Osaka Bay and Osaka Plain
are about 3 and 2 km, respectively.

The configuration of such a sedimentary basin amplifies ground
motions inside the basin and generates basin-induced surface waves,

© The Authors 2016. Published by Oxford University Press on behalf of The Royal Astronomical Society.
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Figure 1. Location of study area. Solid star denotes the epicentre of the 2013 Awaji Island earthquake determined by the JMA. The moment tensor solution of
the main shock determined by F-net (NIED) is also shown. Global relief data ETOPO2v2 (U.S. Department of Commerce, National Oceanic and Atmospheric
Administration, National Geophysical Data Center 2006) were used to plot the land topography and sea-floor bathymetry in the left-hand panel, and SRTM
90-m Digital Elevation Data (Jarvis et al. 2008) were used to plot the land topography in the right-hand panel.

and many observational and numerical studies have been performed
on such basins around the world (e.g. Bard & Bouchon 1980a,b;
Horike 1988; Kawase & Aki 1989; Frankel 1993; Hatayama et al.
1995; Graves et al. 1998; Pitarka et al. 1998; Joyner 2000; Koketsu
& Kikuchi 2000). For the simulation and prediction of ground mo-
tion in a sedimentary basin, it is essential to develop a reliable
velocity structure model for the target area. Therefore, detailed 3-D
velocity structure models of the Osaka Basin have been developed
and subsequently improved based on various types of geophysical
and geological explorations, ground motion observations in and
around the basin and numerical simulations of wave propagation
(e.g. Kagawa et al. 1993, 2004b; Miyakoshi et al. 1997, 1999;
Horikawa et al. 2003; Iwata et al. 2008; Iwaki & Iwata 2011).

Sekiguchi et al. (2013) developed a new 3-D velocity structure
model of the Osaka Basin for strong motion prediction of a hy-
pothetical earthquake in the Uemachi active fault system. They
constructed their model (hereafter, called the UMC2013 model)
considering both geophysical and geological information by adding
newly obtained data from reflection surveys, microtremor surveys
and receiver function analysis. The validation of how existing 3-D
velocity structure models explain observed waveforms, based on
ground motion simulations, are important for improving the re-
liability and uncertainty of ground motion predictions and such
studies have been conducted for many sedimentary basins around
the world (e.g. Aagaard et al. 2008; Aoi et al. 2008; Ma et al. 2008;
Bielak et al. 2010; Iwaki & Iwata 2010; Dhakal & Yamanaka 2013;
Maufroy et al. 2015).

At 05:33 JST (Japan Standard Time; JST = UTC + 9) on 2013
April 13, an M,, 5.8 inland crustal earthquake occurred on Awaji
Island. Its hypocentre location determined by the Japan Meteoro-
logical Agency (JMA) was 34.4188°N, 134.8290°E at a depth of
14.85 km (Fig. 1). The hypocentre was adjacent to the southwestern

boundary of the aftershock area of the 1995 Kobe earthquake (M,,
6.8), and it marked the strongest event in that area since that time.
This event was a reverse faulting earthquake due to east—west com-
pression, whereas the 1995 Kobe earthquake was a strike-slip event.
According to the relocated aftershock distributions (Matsuzawa
et al. 2013; Katao et al. 2014), the source fault of this earthquake
was westward dipping, and the aftershock distributions of these
studies suggest that both the fault length and width are about 8 km.

The strong ground motions during the 2013 Awaji Island earth-
quake were widely observed within the basin. The ground motion
lasted longer than 3 min in the Osaka Plain where its bedrock depth
varies from approximately 1 to 2 km. The long-duration ground mo-
tions are thought to have been due to surface waves excited within
the sedimentary basin, whereas the rupture duration was thought to
have been less than 5 s because of its moderate magnitude.

In this study, we modelled long-period (longer than 2 s) ground
motions during this earthquake to evaluate, with respect to observed
data, the degree of validity of the UMC2013 model and to obtain
better constraint of the attenuation factor of the sedimentary part of
the basin in the velocity structure model. We investigated whether
anomalous amplification at a period of 6.5s in the Osaka plain
were reproduced by the present model, and to identify the cause
of strong amplification around this period from data analysis. Such
a study is commonly achieved by simulating ground motions of
moderate earthquakes, such as the 2013 Awaji Island earthquake.
This earthquake occurred in the mountainous area surrounding
the Osaka Basin and its epicentre was within the area modelled
by the UMC2013 model. Therefore, propagation path effects be-
tween the source and the basin, which can distort the seismic wave-
forms, were not significant. This is an advantage regarding the use
of this event as a benchmark for the sedimentary velocity structure
model of the Osaka Basin.
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2 OBSERVED GROUND MOTIONS
DURING THE 2013 AWAJI ISLAND
EARTHQUAKE

We collected records of the observed ground motion in and around
the Osaka sedimentary basin, in the form of acceleration time histo-
ries from the K-NET and KiK-net stations operated by NIED (Aoi
et al. 2011), the Seismic Intensity Observation Network Systems of
the JMA, Osaka, Hyogo, Kyoto, Wakayama and Nara prefectures
and the city of Kyoto (Nishimae 2004), the Building Research Insti-
tute (BRI; Kashima 2004), and Port and Airport Research Institute
(PARI; Nozu 2004). The strong motion stations belonging to the
Committee of Earthquake Observation and Research in the Kansai
Area (CEORKA; Kagawa ef al. 2004a) and the Disaster Preven-
tion Research Institute of Kyoto University (DPRI) provided strong
motion data obtained by the three-component broadband velocity
sensors at each station.

The ground motions of the 2013 Awaji Island earthquake were
recorded at more than 100 strong motion stations inside the Osaka
sedimentary basin. Fig. 2(a) shows the spatial distribution of the
observed peak ground velocity (PGV) in and around Osaka Basin
and Fig. 2(b) shows the spatial distribution of the observed pseudo
velocity response spectra (pSv, 2 = 0.05) at a period of 6.5s in
and around the basin. The largest PGV observed in Awaji Island
was 42.9 cms™!. Most of the strong motion stations in Awaji Island,
whose epicentral distances were less than 20 km, recorded values of
PGV > 10 cms'. The observed PGV of strong motion stations in
the Osaka Plain, whose epicentral distances were about 50—75 km,
were <5 cm s~ However, the pSv at 6.5 s, observed at many stations
in the Osaka Plain, were significantly larger compared with other
stations with similar distances outside of the basin. The observed
pSv at a period of 6.5s exceeded 5 cms™ at some stations in
the Osaka Plain, which are comparable with the observed pSv in
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Figure 3. Examples of velocity waveforms observed at strong motion sta-
tions of Awaji Island and Osaka Basin. The N-S components are shown.

Observed waveforms were bandpass filtered between 0.05 and 0.5 Hz. Lo-
cations of these strong motion stations are shown in Fig. 4.

the near-source area. This observed ground motion characteristic
suggests the amplification of ground motions within this period
range.

Fig. 3 shows examples of the velocity waveforms observed at two
stations in Awaji Island and three stations in the Osaka Plain. The
waveforms are bandpass filtered between 0.05 and 0.5 Hz and the
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Figure 2. (a) Spatial distribution of peak ground velocity (PGV) in and around Osaka Basin during the 2013 Awaji Island earthquake. Solid star denotes the
epicentre of the 2013 Awaji Island earthquake. (b) Spatial distribution of pseudo response velocity spectra (pSv) at a period of 6.5 s with damping factor (k) of

5 per cent obtained from the strong motion records in and around Osaka Basin.
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Figure 4. Osaka Basin and surrounding area. Colour contours represent bedrock depth distribution of the UMC2013 velocity structure model. Brown traces
denote active faults on the ground surface compiled by AIST (2007). The black star denotes the epicentre. Triangles indicate the strong motion stations for
which the observed and simulated ground motions were demonstrated. The stations appeared in Fig. 3 are underlined. The stations used in Figs 6 and 7 are
indicated by magenta and blue colours, respectively. Solid line A—A’ represents line of profile shown in Fig. 5.

N-S component of the ground motion is shown in this figure. Note
that the ground motions are characterized by elongated duration
and amplified late arrivals, particularly within the period range of
6—7s at the stations along Osaka Bay in the Osaka Basin where
sedimentary thickness reaches 1-2 km. Fig. 4 displays the locations
of the strong motion stations at which the records used in this study
were collected.

3 3-D GROUND MOTION SIMULATION
USING THE FINITIE DIFFERENCE
METHOD (FDM)

3.1 3-D velocity structure model in the Osaka
Sedimentary Basin

Sekiguchi et al. (2013) developed the UMC2013 model for the pre-
diction of strong ground motion for a hypothetical earthquake on
the Uemachi Fault system, which lies in the Osaka Basin. Their
model was based on the earlier model of Horikawa ef al. (2003),
but it incorporated newly obtained exploration data to supplement

the existing data, and it applied new methodology to describe the
3-D shape of the bedrock and key horizons. The original model of
Horikawa et al. (2003) was used in the ground motion prediction
for a hypothetical Nankai earthquake by Sekiguchi et al. (2008)
and a brief description of that velocity structure model is avail-
able in that paper. Sekiguchi ef al. (2013) integrated geophysical
and geological information from 60 reflection profiles, 89 deep-
boring exploration logs, Rayleigh wave phase-velocity curves from
65 microtremor array observations, microtremor H/V spectra at
110 sites and PS—P traveltimes from receiver function analyses
of earthquake records from 82 strong motion stations within the
basin. The basic information on the model is given in the following
paragraphs.

The sedimentary part and the bedrock surface of the model was
divided into 16 blocks in order to describe the discontinuity ap-
pearing in bedrock depth, which was formed by active faults, in the
same way as Horikawa et al. (2003). The P-wave velocity (Vp) at
a specific depth for a specific location was derived from a function
of burial depth and depositional age of the sediment at that depth in
the similar way as in Horikawa ef al. (2003). The sediments within
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the basin consist mostly of the upper Pliocene to middle Pleistocene
called the Osaka Group and no significant unconformity was found
within the Osaka Group (e.g. Itihara ez al. 1997). Hence, the depo-
sitional age profile along the depth was reasonably obtained by the
interpolation of the depths of several key horizons or key beds.
Following Horikawa er al. (2003), we chose five key horizons
of marine clays (Mal0, Ma3 and Ma-1), Fukuda Tephra, Mat-
suyama/Gauss geomagnetic polarity boundary. These key horizons
were selected considering their spatial extents in the Osaka basin
and time intervals between horizons. The depositional age of ma-
rine clays Mal0, Ma3 and Ma-1 are assumed to be 0.3, 0.85 and 1.3
Ma (Mega Annum), respectively. The depositional age of Fukuda
Tephra is assumed to be 1.7 Ma, which is close to the bound-
ary of Calabrian and Gelasian stages in Pleistocene. The age of
Matsuyama/Gauss polarity boundary is assumed to be 2.6 Ma,
which corresponds to the Pliocene—Pleistocene boundary. The de-
positional age of the ground surface referred to the 1:200 000 digital
geological map of Japan (Geological Survey of Japan 2012). The
interpolated depositional age profile is smoothly continuous with
depth, thus the velocity model within the sedimentary part has no
explicit discontinuity. We also modelled the top of the Kobe Group,
which is Miocene sedimentary rocks existing beneath the Osaka
Group in limited parts of the basin. The top of the bedrock (pre-
Tertiary rocks), which corresponds to the most significant uncon-
formity and the origin of the velocity discontinuity, was modelled
based on available exploration datasets described above. The S-wave
velocity (Vs) was derived from the empirical relationship between
Vp and Vs proposed by Nakagawa et al. (1996) and the density was
obtained using Gassmann’s equation (Gassmann 1951). Thus, the
sediments within the basin were expressed as a volume with spatially
variable seismic velocities and densities, rather than as a stack of
layers with constant material parameters. The model parameters are
described with continuous functions, whereas the previous model
by Horikawa et al. (2003) gave model parameters at 100 m intervals
along the horizontal axis and 50 m intervals along the vertical axis.
In the simulation, model parameters were sampled at 50 m intervals
along both horizontal and vertical axes. The lowest Vp and Vs of the
sedimentary part of this model were 1.5 and 0.25 kms™, respec-
tively. The available geophysical information used for development
of'this 3-D velocity structure model such as reflection survey, deep-
boring, microtremor survey and so on were limited largely inside
the Osaka Basin because the main target of this development is to
have a model to be used for ground motion simulations inside the
Osaka basin. Thus, the bedrock depth and velocity structure of the
model in the area outside the basin were constrained by the grav-
ity anomaly and surface geology map only because of the lack of
reflection and deep-boring data.

The spatial distribution of the bedrock depth of the present model
is shown in Fig. 4. Fig. 5(a) shows the vertical section of the de-
positional age along the profile A—A’ of UMC2013 model and
Fig. 5(b) shows its vertical section of the S-wave velocity along the
same line. The lateral irregularity of bedrock depth and sedimen-
tary layers, caused by the vertical offsets along the Rokko, Osaka
Bay, Uemachi and Ikoma active fault systems, can be seen clearly
in these maps and cross sections. As explained above, the S-wave
velocity in the sedimentary part smoothly increases with depth.

A horizontally layered velocity structure model was assumed for
the crust below the bedrock. The model parameters were specified
following Horikawa et al. (2003) and they are listed in Table 1.
Horikawa et al. (2003) developed this layered velocity structure
model based on the studies by Maeda & Watanabe (1984) and
Kagawa et al. (1990).
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Figure 5. (a) Vertical section of the depositional age distribution of the
UMC2013 model along profile A—A’ (Fig. 4). (b) Vertical section of the
S-wave velocity structure along profile A-A’ (Fig. 4).

Table 1. Model parameters of the crustal structure models beneath the
bedrock assumed in the ground motion simulations.

Top depth (km) ~ 7p (kms™') Vs (kms™)  Density (zcm™) 0]
Variable 5.5 3.1 2.6 200
3.0 6.0 35 2.7 300
15.0 6.6 3.8 2.8 400

3.2 FDM simulation

The 3-D ground motion simulation was conducted using the finite
difference method (FDM). A staggered grid FDM scheme in the
velocity—stress formulation with fourth-order accuracy in space and
second-order accuracy in time was used to solve the elastodynamic
wave equations (e.g. Virieux 1986; Levander 1988; Yomogida &
Etgen 1993; Graves 1996; Pitarka 1999). The source was imple-
mented via the moment tensor source formulation that uses the
stress components (Pitarka 1999). The zero-stress formulation was
introduced for the free surface boundary condition at the top of
the model space (e.g. Levander 1988; Graves 1996). A perfectly
matched layer (PML) was applied to the model boundaries, except
for the free surface, to avoid non-physical reflections. Here, we
used the multiaxial PML (M-PML) absorbing boundary condition
(Meza-Fajardo & Papageorgiou 2008; Zeng et al. 2011). The grid
thickness of the PML domain was set to 10 grids. An inelastic
attenuation effect was included in the form of a linear frequency
dependent Q operator, following the method proposed by Graves
(1996). The verification of the FDM code used is essential to this
kind of numerical works (e.g. Day et al. 2001, 2003; Yoshimura et al.
2012; Moczo et al. 2014), some verification tests using canonical
models are given in Supporting Information (Figs S1, S2 and S3).
Our FDM model space occupied a 90 (E-W) x 85 km (N-S)
area in and around the Osaka sedimentary basin, corresponding to



the geographical area shown in Fig. 4, and it extended to a depth of
25.5 km below the ground surface. The model was discretized using
a uniform 0.05-km grid along the horizontal and vertical axes. The
technique developed by Moczo et al. (2002) was used to implement
the UMC2013 model. The number of gridpoints was 1801 x 1701
x 512 =1 568 512 512. As the elevation of most strong motion
stations inside the basin was less than one grid size, our simulation
did not consider surface topography. The minimum S-wave velocity
of the original model was approximately 0.25 kms™'. Hence, this
calculation was generally valid up to 0.83 Hz with a sampling of six
gridpoints per minimum wavelength. The near-surface sediments
have relatively high Poisson’s ratio (Vp/Vs ~ 6) in our velocity
structure model, thus this soft sediments might affect the accuracy
in the numerical simulation. Considering the examinations done by
Moczo et al. (2011), we set the target frequency range to 0.05—
0.5Hz in order to give at least 10 grids per minimum wavelength
near the surface for safety.

The 3-D wave propagation was simulated for 270s after the
origin time with an increment of 0.0025 s, that is the total number
of time steps in this simulation was 108 000. The simulation was
performed using the Cray XE6 supercomputer of the Academic
Center for Computing and Media Studies of Kyoto University that
has two 16-core AMD Opteron Interlagos processors with a clock
speed of 2.5 GHz in each node. We used 512 cores from 16 nodes
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for each run. The Message Passing Interface (MPI) was used for the
interprocess communication, and the computation within a process
was parallelised using the OpenMP. It took about 23 hr to complete
one run.

3.3 Source model of the 2013 Awaji Island earthquake

The source model of the 2013 Awaji Island earthquake in the ground
motion simulation was represented by a double-couple point source
that had a bell-shaped source time function with one pulse (Fig. 6a).
The bell-shaped source time function is defined as

M, 2 .
— |1—cos|{—t])|if0<t<T

foy=3 To (D
0 ift <OQort > T

where ¢ is the time from rupture initiation time, M, is seismic
moment and 7} is source duration time or rise time.

The epicentre was fixed at the location routinely determined by
the JIMA. The focal mechanism and seismic moment were assumed
based on the moment tensor solution released by F-net of NIED. The
strike, dip, and rake angles were 179°, 65° and 102°, respectively.
The seismic moment was 5.47 x 10'7 Nm (M, 5.8). The source
depth and duration time were estimated using a grid search to fit
the observed waveforms in the target period range at seven nearby
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Figure 6. (a) The source-time function used in the simulation. (b) Contours of cross-correlation coefficient as a function of the source duration time and source
depth. Best solution is indicated by the solid star. (c) Comparisons of the observed velocity waveforms (black) and simulated velocity waveforms (red) at seven
nearby rock stations. The waveforms of E-W component in the frequency range 0.05-0.5 Hz are shown. See Fig. 4 for the locations of each strong motion

station.
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rock stations outside the sedimentary basin (DP_TOS, CEOKM2,
CEOTRM, HYG023, HYG024, OSKP33 and WKYHO09). The sim-
ulation in the grid search was done by the FDM with the same
velocity structure model but with a reduced area (50 km in EW
direction and 60 km in NS direction) and shorter duration (30 s).
As shown in Fig. 6(b), the source depth and duration time were
estimated to be 17 km and 3.1 s, respectively. The examples of wave-
form fittings at these stations is shown in Fig. 6(c). The duration
of the direct S-wave pulse was reproduced well except two sta-
tions (CEOKM2 and WKYHO09) in the southeast direction from the
epicentre, where the amplitude was a little underestimated. These
stations might be affected by the forward rupture directivity effect
because of relatively short epicentral distances, thus the point source
might not be an adequate approximation for these stations. In order
to improve the amplitude and pulse duration at the close stations,
we need to consider finite source effects. On the other hand, the
Osaka plain, which is the main target area of this study, is far from
the epicentre, whose epicentral distance (>50 km) is much larger
than an expected source size, and the azimuth from the source is
almost perpendicular to the fault strike. Rupture directivity effect
will not be significant in the target period range. We also tested the
effects of uncertainty in the dip angle, and it did not significantly
affect simulation results (Fig. S4). Therefore, we decided to use a
point source approximation in our FDM simulation of this event.

3.4 Estimation of appropriate Q-factor in the sediments

The Q-factor controlling attenuation of seismic waves is another
important medium parameter for simulating the seismic wavefield
inside a sedimentary basin (e.g. Olsen et al. 2003). In our FDM
simulation, the inelastic attenuation effect was included following
the method proposed by Graves (1996), which is used in many
ground motion simulations using FDM (e.g. Aoi & Fujiwara 1999;
Pitarka et al. 2004; Yamada & Horike 2007; Kawabe & Kamae
2008; Iwaki & Iwata 2011; Morikawa et al. 2011; Uebayashi et al.
2012; Yoshimura et al. 2012; Dhakal & Yamanaka 2013). In this
method, the velocity and stress components are multiplied by the
following factor (4) at each time step:

A= exp <_”fQE’OA’), )

where At is a time step interval and Q, is Q at the reference fre-
quency f (in Hz). This form implies that Q is linearly dependent on
frequency:

A
fo

In previous studies of the Osaka Basin (e.g. Horikawa et al. 2003;
Yamada & Horike 2007; Kawabe & Kamae 2008; Iwaki & Iwata
2011; Uebayashi et al. 2012), the above inelastic attenuation model
proposed by Graves (1996) were used, and Q, is commonly given
by a function of Vg (in ms™):

Qo =als. (4)

In this study, to determine an appropriate Q-factor for the
UMC2013 model, we searched for the best value of o« among five
cases (@ = 1.0, 0.5, 0.3, 0.2 and 0.1) when the reference frequency
fo was fixed at 0.2 Hz, considering the dominant period range of ob-
served ground motions in the Osaka sedimentary basin. The long-
duration records of this event provided a good opportunity to per-
form this type of study because it is difficult to observe differences

(/) = Qo 3)

in waveform fittings for different values of @ with short-duration
records.

We compared the simulated ground motions with those observed
in terms of the rms velocity envelopes at 51 strong motion stations
inside the Osaka Basin. Before calculating the rms envelope, the
velocity waveform was bandpass filtered between 0.05 and 0.5 Hz.
Based on the residual between the observed and simulated rms
velocity envelopes evaluated by the L?>-norm at 51 strong motion
stations, the best value of « was determined to be 0.3. Fig. 7 shows
the comparison of the observed and simulated rms velocity en-
velopes at six of the strong motion stations. It can be seen that when
a = 0.1, the amplitude of the simulated velocity waveform decays
faster than the observation, that is the late arrivals that dominate
within the sedimentary basin are underestimated. However, the late
arrivals are somewhat overestimated when o = 1.0. The variation
of the residuals is not significant when o = 0.2-0.5, but a value of
a = 0.3 provides the best results among the five tested cases (Fig. 8);
thus, o = 0.3 was used for the coefficient of eq. (3) in this study.

3.5 Results of FDM simulation

Fig. 9 shows the comparison between the observed and simulated
velocity waveforms at 46 stations among the 152 stations shown
in Fig. 4. Comparison for all of the 152 stations are shown in
Fig. S5. The waveforms were bandpass filtered at frequencies of
0.05-0.5Hz. In the figure, the stations are ordered according to
epicentral distance and the agreement between the observed and
simulated velocity waveforms is reasonable in terms of both am-
plitude and ground motion duration. In particular, during the first
60 s for the direct P- and S-wave arrivals, the amplitude and phase
of the simulated waveforms match the observed waveforms reason-
ably well at most stations within the Osaka Basin, which means
that the velocity structure model for the land area of the Osaka
Basin is satisfactory. However, some stations outside the Osaka
Basin (e.g. HYGPS2 and JMAECO in Awaji Island, HYGP32 and
JMAS586 to the northwest of the basin, CEOIMF and JMA967 to
the south of the basin, and OSKP34 to the northeast of the basin)
show underestimations of amplitude and ground motion duration
due to the lack of accurate information on the local subsurface ve-
locity structure outside of the basin. This is expected because the
bedrock depth and sedimentary layers outside the basin are not con-
strained well by the existing geophysical data, as explained in the
introduction to the model. For HYGP18, OSKP05, OSKP21 and
OSKO002, located close to the Arima—Takatsuki Tectonic Line that
lies north of the Osaka basin, the agreement between the observed
and synthetic waveforms is also relatively poor. This suggests the
necessity for improvement in the detailed geometry of the basin
edge and sedimentary layers along the fault zone by considering the
sedimentation history of this area.

The comparison between the synthetic and observed horizontal
pSv at six different periods, 2.0, 3.0, 4.0, 5.0, 6.0 and 6.5 s, which
cover the predominant periods of long-period ground motions in
the Osaka Basin are shown in Fig. 10. The horizontal pSv is mea-
sured using the geometric mean of pSv values from two horizontal
components. For the period range 2—3 s, the difference between the
observed and synthetic pSv are small and spatially uncorrelated.
However, for a longer period range (5-7 s), a remarkable underes-
timation of pSv can be seen in the central part of the Osaka Plain
or the bay area in the latitude range of 34.6-34.7°N between Os-
aka Bay and the Uemachi Fault system, which lies on the opposite
side of Osaka Bay to the epicentre. Because the waveforms in the
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first 60 s are reproduced well in these stations, as mentioned above
(Fig. 9), this discrepancy would be caused by inadequate modelling
of later phases within this period range. This point is important for
comprehending the performance of the 3-D basin velocity structure
model, and it is discussed in detail later in this paper.

The snapshots of simulated seismic wave propagation at 10-s
time steps are shown in Fig. 11. The simulated ground velocity of
the NS component is shown. The duration of ground motions are
elongated in the Osaka Basin, as is expected from the comparison of
the simulated waveforms between the inside and outside of the Os-
aka Basin shown in Fig. 9. The basin-edge induced surface waves
are generated efficiently along the east coast of Awaji Island ap-
proximately 1020 s after the time of origin. When we consider the
surface wave propagation 20-120 s after the time of origin, it can
be seen that these surface waves propagate slowly northeastward
in the Osaka Basin. However, they propagate northward when they
approach the bay area and do not propagate into the Osaka Plain
well. This point will also be discussed later in detail.

4 DISCUSSION

4.1 Comparison with previous studies of Q-factor in the
Osaka Basin

As mentioned in the previous section, some earlier studies have
investigated the settings of the Q-factor for sedimentary layers
in the Osaka Basin. Horikawa et al. (2003) gave a value of o« =
0.2 for fy = 0.2. Kawabe & Kamae (2008) determined a value of
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5.0,6.0 and 6.5s.

a = 0.5 for fy = 1.0 based on the ground motion simulation of
the 2000 southern Mie intraslab earthquake (,, 5.4, depth 35 km),
which occurred approximately 100 km east of the centre of the Os-
aka Basin. Iwaki & Iwata (2011) stated a value of @ = 0.5 for f; =
0.33 based on waveform modelling of the 2007 northern Mie earth-
quake (M,, 5.0, depth 12 km), which occurred approximately 90 km
east of the centre of the Osaka Basin, and the 2010 northwest Nara
intraslab earthquake (M,, 5.0, depth 60 km) that occurred southwest
of the Osaka Basin. For a fixed reference frequency fy = 0.2, the
value of @ = 0.1 is equivalent to that proposed by Kawabe & Kamae
(2008), @ = 0.2 is equivalent to the value proposed by Horikawa
et al. (2003), and @ = 0.3 is equivalent to the value proposed by
Iwaki & Iwata (2011).

These previous studies used ground motion records with shorter
lengths than this study because of the availability of triggered
records. Furthermore, the seismic moments of these other events
were smaller than that of the 2013 Awaji Island earthquake, which
affects the efficiency of excitation of long-period ground motions
inside the sedimentary basin. Nevertheless, the optimum value of
a determined in this study is in accordance with some previous
studies and disagrees with some others.

In this paper, we searched the best estimate of Q factor as a func-
tion of S-wave velocity using the attenuation model in the FDM
simulation by the method proposed by Graves (1996) to succeed the
previous works conducted in the Osaka basin. With regard to numer-
ical implementation of inelastic attenuation model, there were many
other techniques, which have not been tested in this study, includ-
ing frequency-independent or constant Q models (e.g. Blanch et al.

1995; Day & Bradley 2001; Kristek & Moczo 2003). Therefore, the
result of this study might be just an approximation of true attenua-
tion characteristics in the Osaka basin, but, it could practically be a
good approximation as far as we focus on a limited frequency range,
considering its simple implementation. Of course, more thorough
study on attenuation characteristics in the sedimentary basin will be
expected in the future studies.

4.2 Prominent later phase in the Osaka Plain

As introduced in Section 3.5, the synthetic pSv in the period range
5-7s were rather underestimated in the central part of the Osaka
Plain. To elucidate this problem, the velocity waveforms for the
stations within this area are plotted in Fig. 12. The waveforms were
bandpass filtered at the frequency range 0.1-0.2 Hz (period range
5-10s). The prominent later phase propagating from southwest
to northeast is indicated by the arrows. It can be seen that without
exception, this later phase that arrives approximately 2 min after the
arrival of the S waves and propagates very slowly, is not reproduced
by the simulation.

The horizontal particle motions of this prominent later phase at
each station are plotted in Fig. 13. This prominent later phase is
dominant only in the area west of the active Uemachi Fault system,
which is a Quaternary reverse fault system, the western side of which
is the footwall side with relatively deep bedrock. This suggests that
the precise bedrock topography formed by the fault’s activity is
an important factor that controls the amplification of the ground
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motions (e.g. Kawase 1996). The horizontal particle motions show of the dispersion analysis at OSKP50. The prominent later phase of

that the NNW-SSE motion dominates this later phase.

interest is a dispersive wave, which based on the evidence presented

Multiple filter analysis (Dziewonski et al. 1971) was conducted to here, is presumed to have characteristics of a Love wave propagating

investigate the dispersion characteristics. Fig. 14 shows the results inside the basin.
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Figure 12. Comparison of the observed velocity waveforms (black) and
simulated velocity waveforms (red) in the Osaka Plain according to epi-
central distance. The waveforms were bandpass filtered at 0.1-0.2 Hz. The
N330E component is shown. The arrows indicate the prominent later phase
which is discussed in the Section 4.2.

We estimated the direction of the origin of this later phase using
semblance analysis (Neidell & Tanar 1971) and velocity waveforms
in the frequency range 0.15-0.17 Hz for six stations, which are
indicated on the map in Fig. 15. The waveforms are rotated 30°
anticlockwise to obtain the waveform along N150E-N330E, which
corresponds to the dominant direction of the particle motions shown
in Fig. 13. The length of an individual time window is 14 s, which
is about twice the reciprocal of the central frequency. The phase
velocity, backazimuth and semblance value for each time window
are shown in the lower panels of Fig. 15. The estimated back azimuth
corresponding to the prominent later phase is approximately —120°.
Therefore, this prominent later phase is thought to be dominated in
the SH-type motion propagating from the southwest to northeast.
Its phase velocity is approximately 1.5-2.1 kms™', which is close
to the fundamental Love wave phase velocity in this area. The
group velocity of the fundamental Love wave is expected to be
about 0.3 kms™' at this frequency range (Fig. 16). These dispersion
curves were calculated for the 1-D velocity structure model just
beneath OSKP50 which was extracted from the UMC2013 model.
The theoretical dispersion curves for Love wave is consistent with
the observations shown in Fig. 12.

Based on this discussion, we supposed that the prominent later
phase, observed approximately 2 min after the direct S wave in the
central part of the Osaka Plain, is possibly a basin-edge induced
Love wave propagating from the direction of the east coast of Awaji
Island, which is generated at the basin-edge of the Osaka sedi-
mentary basin along the east coast of Awaji Island. The simulated
waveform at P_UKBO (Fig. 9), which is located at an offshore air-
port (Kobe airport) in the Osaka bay between Awaji Island and the
Osaka plain, looks reasonable, along with other inland stations be-
tween Kobe and Osaka (e.g. CEOMOT and JMA583). Many other
distant stations located in the east part of the Osaka basin such as

L L
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34.6° ‘ , : ,
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Figure 13. Horizontal particle motions of observed prominent later phase in the Osaka Plain. Broken lines represent surface fault traces of the active Uemachi

Fault system (Kondo et al. 2015).
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Figure 14. Dispersion characteristics of the prominent later phase at
OSKP50 obtained by the multiple filter analysis (Dziewonski et al. 1971).

OSKP18, OSKP67, OSKP24 and OSKP31 also show good results
(Fig. 9). The hypothesis for the failure to obtain the prominent later
phase seen at the stations in the central part of the Osaka plain is that
this later phase is not guided well from the sea area to the land area
in the simulation. This is likely because of inadequate modelling
of the bedrock geometry beneath Osaka Bay, which lies between
Awaji Island and the Osaka Plain and in particular, the northeastern
portion of the bay, as expected from the simulated surface wave
propagation presented in the snapshots of Fig. 11. We think that an
improvement of the velocity structure model beneath the sea is nec-
essary to increase the accuracy of ground motion prediction from
sources across Osaka Bay.

An alternative possibility is the effect of seawater, which was
not considered in this FDM simulation. Some observational and
numerical studies have investigated the effects of the seawater layer
on seismic wave propagation (e.g. Nakanishi 1992; Hatayama 2004;
lida & Hatayama 2007; Petukhin ef al. 2010; Nakamura et al. 2012;
Noguchi ef al. 2013). These studies have shown that the water
layer in deep seas, such as the Japan Trench and Nankai Trough
in the Pacific Ocean, has considerable effect on the generation and
propagation of Rayleigh waves. The greatest sea depth inside Osaka
Bay is approximately 80 m (see Fig. 15) and most of the water layer is
shallower than 50 m. According to earlier studies that have focused
on shallow water layers (Hatayama 2004; lida & Hatayama 2007),
a water layer with depth <50 m has little influence at frequencies
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Figure 15. Top panel: map showing the strong motion stations used for
the semblance analysis. Solid star indicates the epicentre of the 2013 Awaji
Island earthquake. Black arrow shows the direction of the prominent later
phase estimated by the semblance analysis. Contours show sea depth with
20-m intervals. Middle panel: observed velocity waveform of N330E com-
ponent in 0.15-0.17 Hz at OSKP50. Prominent later phase is indicated by
horizontal bar. Bottom panel: results of the semblance analysis: phase ve-
locity, back azimuth and semblance value are presented in separate panels.

<2.5 Hz. Therefore, the seawater in Osaka Bay would not affect our
simulation within the target frequency range of this paper, which
is why we did not include seawater in our 3-D velocity structure
model.

5 CONCLUSIONS

A 3-D ground motion simulation (0.05-0.5 Hz) of the 2013 Awaji
Island earthquake in and around the Osaka sedimentary basin was
conducted using the FDM with our latest 3-D basin velocity struc-
ture model of the Osaka Basin. The simulated velocity waveforms
at 152 strong motion stations in and around the Osaka Basin were
compared with the observed waveforms. An appropriate setting of
the O-factor for the sedimentary layers, when the attenuation effect
was implemented using the method of Graves (1996), was deter-
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Figure 16. Theoretical dispersion curves of phase velocity (solid line) and group velocity (broken line) for the fundamental mode of Love and Rayleigh waves

calculated using the 1-D velocity structure model at the station OSKP50.

mined based on the comparison of envelope shapes between the
observed and simulated waveforms for the stations inside the basin.
We found that Qy = 0.3 Vs when the reference frequency was fixed at
0.2 Hz. This finding is consistent with that of some previous studies
of the Osaka Basin. The result of this paper is thought more reliable
because we used a large number of long-duration waveform records
and the event occurred just within the boundary area of the Osaka
Basin.

For most stations, the simulated velocity waveforms in the range
0.05-0.5 Hz explained the observed waveforms reasonably well in
terms of both amplitude and ground motion duration. In particu-
lar, during the first 60 s for the direct P- and S-wave arrivals, the
amplitude and phase of the simulated waveforms matched the ob-
served waveforms reasonably well at most stations within the Osaka
Basin. The performance of the present 3-D basin velocity structure
model was established as acceptable for the land area. However,
some stations located outside the basin and close to the Arima—
Takatsuki Tectonic Line showed relatively poor agreement, suggest-
ing that the local subsurface structure model should be improved.
In addition, a prominent later phase observed about 2 min after the
S-wave arrival in the area of the central part of the Osaka Plain,
which is located between Osaka Bay and the active Uemachi Fault
system where the bedrock depth is relatively deep compared with
other land areas within the basin, was not reproduced well in our
FDM simulation and it caused a mismatch in the pSv in the period
range 57 s. Based on the particle motions, dispersion characteris-
tics and semblance analysis for the observed record in this area, we
concluded that this later phase or late wave packet was a Love wave
originating from the basin-edge in the neighbourhood of the east
coast of Awaji Island. These analyses of the observed waveforms
suggest that the simulated basin-edge induced Love wave is not
guided well to the land area because the bedrock geometry beneath
Osaka Bay, where the Love wave passed through, is poorly known.
Future improvement of the velocity structure model beneath the bay
is necessary to increase the accuracy of ground motion prediction
within this area.
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Figure S1. Comparisons of synthetic waveforms between FDM
(red) and DW (black).

Figure S2. Comparisons of synthetic waveforms between FDM
(red) and DW (black).

Figure S3. Comparisons of synthetic waveforms between FDM
(red) and DW (black).

Figure S4. Comparisons of the observed velocity waveforms (black)
and simulated velocity waveforms for different dip angles. The left-
and right-hand columns show the waveforms of the N-S and E-W
components, respectively. The waveforms were bandpass filtered
between 0.05 Hz and 0.5 Hz. Two components are plotted on the
same scale and normalized by the maximum observed amplitude for
each station. The numbers above the waveforms are the maximum
amplitude of the observed waveforms in cms™. Red, dip = 65°
(original); green, dip = 55°; blue, dip = 75°.

Figure S5. Comparisons of the observed velocity waveforms (black)
and simulated velocity waveforms (red). The left-hand, middle and
right-hand columns show the waveforms of the N—S, E-W and up—
down components, respectively. The waveforms were bandpass fil-
tered at 0.05-0.5 Hz. Three components are plotted on the same
scale and normalized by the maximum observed amplitude for
each station. The numbers above the waveforms are the maximum
amplitude of the observed waveforms in cms™'. See Fig. 4 for the
locations of each strong motion station. The stations are ordered by
epicentral distance.
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