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Abstract We studied the long-period ground motions
in the Osaka sedimentary basin, Japan, which contains a
1- to 3-km thickness of sediments and is the site of many
buildings or construction structures with long-natural
period. We simulated the broadband ground motions
likely to be produced by the hypothetical Nankai
earthquake: the earthquake expected to give rise to the
most severe long-period ground motion within the
basin. For the simulation, we constructed multiscale
heterogeneous source models based on the Central
Disaster Management Council of Japan (CDMC)
source model and adopted a hybrid computation
method in which long-period motion and short-
period motion are computed using a 3-D finite
difference method and the stochastic Green’s func-
tion method, respectively. In computing long-period
motions, we used a 3-D structure model of the crust
and the Osaka sedimentary basin. The ground motions
are estimated to have peak velocities of 50–90 cm/s,
prolonged durations exceeding 300 s, and long
predominant periods of 5–10 s in the area with great
thickness of sediments. The predominant periods are in

agreement with an approximate evaluation by 4 H/
Vs where H and Vs are the thickness of the sediment
and the average S wave velocity, respectively.
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1 Introduction

Long-period ground motion associated with large-
scale (M> 7.5) earthquakes is one of the major threats
to modern industrialized countries in which long-
period structures such as high-rise buildings, long
cable-stayed bridges, and oil storage tanks are
abundant. The 2003 Tokachi-oki earthquake (Mw
8.0) led to the sloshing of oil tanks and large fires in
some of the tanks located upon the Yufutsu Plain,
more than 200 km from the hypocenter. In this area,
long-period ground motion was amplified and pro-
longed by the great thickness of the underlying
sediments (Hatayama et al. 2004). This event clearly
demonstrated the threat of long-period ground
motions and the fact that many large-scale structures
within Japan potentially face the same threat.

We conducted a series of long-period ground
motion predictions, including geophysical prospecting
(where necessary), subsurface structural modeling,
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source modeling for possible large earthquakes, and
numerical simulations of the wavefields arising from
such earthquakes. The study areas were chosen with
regard to the thickness of sediments, distance from
possible source areas of great earthquakes, and the
existence of long-period structures because destruc-
tive long-period ground motions develop when
seismic waves generated by a sufficiently large
earthquake propagate into large-scale basins that
contain a sufficient thickness of sediments.

In this article, we present the results of a ground
motion simulation in the Osaka Basin based on the
hypothetical Nankai earthquake.

The Osaka Basin is an elliptically shaped sedimen-
tary basin surrounded by mountains and islands of
bedrock. The western half of the basin consists of
Osaka Bay, while the eastern half is emergent land.
The basin is filled with sediments, around 1–3 km
thick, of the Osaka Group (Late Pliocene to Pleisto-
cene); terrace deposits; and layers of alluvium.

The possible sources of long-period strong ground
motions within the basin are located about 200 km to
the south along the Nankai trough where the
Philippine Sea Plate is subducting beneath the
Japanese Arc. Historical documents from as long
ago as the seventh century indicate that great earth-
quakes have occurred in this area with a recurrence
period of 100–200 years (Ando 1975); some events
ruptured the entire 700-km-long trough, whereas
others ruptured only the eastern (Tokai or Tonankai
earthquake) or western halves of the trough (Nankai
earthquake). The probabilities that the next great
earthquakes within the Nankai and Tonankai areas
will occur within the next 30 years are very high: 50%
and 60–70%, respectively (Headquarters for Earth-
quake Research Promotion of Japan [HERP] 2007).

The seismic intensities of future Nankai earth-
quakes have been evaluated by HERP and the Central
Disaster Management Council of Japan (CDMC), and
both organizations have developed finite-fault source
models from a diverse range of geologic, geophysical,
geomorphologic, and seismological data (HERP
2001; CDMC 2003).

We constructed source models for the future
Nankai earthquake and conducted numerical simula-
tions of broadband ground motions using a hybrid
computation method involving a combination of a 3-
D finite-difference calculation for low-frequency
motions and a stochastic Green’s function method

for high-frequency motions. Predictions of ground
motion in the Osaka Basin associated with the
hypothetical Nankai earthquake have also been
reported by Tsurugi et al. (2005) and Kamae and
Kawabe (2005) who adopted the source models
developed by CDMC and HERP, respectively, assum-
ing constant slip on each asperity, constant rupture
propagation velocity, and rectangular fault planes. In
the present study, we adopted the CDMC model with
some modifications, considering multiscale heteroge-
neity in slip distribution and rupture propagation.
Comparisons of our results with those of the above
studies are presented later in the text.

2 Subsurface velocity structure models

Three velocity structure models at different scales are
used in calculating ground motions: a 3-D crustal
structure model, a 3-D basin model, and an alluvium/
diluvium model.

2.1 3-D crustal structure model

We employ a 3-D crustal velocity structure model
based on that of Furumura (2002), consisting of
continental crust, a subducting oceanic plate, and an
upper mantle. The continental crust is divided into
three layers: a shallow part (<4 km), an upper crust,
and a lower crust. The subducting oceanic plate is
divided into three layers: oceanic-1, oceanic-3, and
lower slab with thicknesses of 2, 7, and 27 km,
respectively. The depth to the Moho and to the
Philippine Sea Plate are taken from Ryoki (1999)
and Yamazaki and Ooida (1985), respectively
(Fig. 1). The depth to the Conrad discontinuity—the
boundary between the upper and lower crust—is set
to 42% of the Moho depth. Table 1 lists the material
properties, P and S wave velocities, density, and
attenuation factor Q assumed for each layer (Yoshimi
et al. 2005; Yoshimi and Sekiguchi 2006). These
properties are constant within each layer, except in the
oceanic plate in which seismic velocities are depth-
dependent.

2.2 3-D Osaka sedimentary basin structure model

We use a 3-D velocity structure model of the Osaka
sedimentary basin, developed by integrating geolog-
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ical and geophysical data obtained from 47 reflection
surveys, 88 deep borehole surveys, and gravity
measurements (Horikawa et al. 2003; GSJ/AIST
2004). P wave velocity is modeled from its empirical
relations to depth and depositional age. The density
and S wave velocity are deduced from the P wave
velocity on the basis of the theory of poroelasticity
(Horikawa et al. 2002). The attenuation factor, Q, is
assumed to be Q=0.165Vs×exp(−0.65f) for frequen-
cies lower than 1 Hz and Q=0.125Vs× f

0.5 for
frequencies higher than 1 Hz where Vs (m/s) is the S
wave velocity and f is frequency (Horike 2002,
personal communication). The sediments within the
basin are expressed as a volume with spatially
variable seismic velocities and density rather than as
a stack of layers with constant material parameters.
Depth to the bedrock in the model is shown in Fig. 2,
and cross-sections showing the distribution of S wave
velocity across the basin are presented in Fig. 3. The
deepest point of the basin floor is in the middle of
Osaka Bay where it is more than 2.5 km below the
seafloor. Overhanging structures formed by repeated
thrust faulting are realistically expressed in this
model, whereas these structures were described as
smooth ramps in previous models (Kagawa et al.
1993, 2004; Miyakoshi et al. 1999).

The predominant period, estimated approximately
by 4 H/Vs (where H is the thickness of the sediments
and Vs the average S wave velocity), is 4–6 s above
the rise in the basin floor—due to reverse faulting
along the Uemachi (reverse) fault system—and 6–9 s
along the bayside. The validity of the model was
examined by simulations of small to moderate earth-

Table 1 Velocity structure of the employed crustal model

Layer Vp (m/s) Vs (m/s) Density
(g/cm3)

Q

0–4 km 5,400 3,100 2.5 200
4 km-Conrad
(0.42×Moho)

6,000 3,600 2.7 300

Conrad–Moho 6,600 3,700 2.8 400
Upper mantle
(>Moho)

7,800 4,200 3.3 500

Oceanic 1
(H=2 km)

5,800+18.8z Vp/1.78 3.1 200

Oceanic 3
(H=7 km)

6,300+15.5z Vp/1.78 3.4 300

Lower slab
(H=27 km)

8,100+3.5z Vp/1.78 3.2 1,000

z: depth (km)

Fig. 2 Depth to bedrock in the model of the Osaka
sedimentary basin (Horikawa et al. 2003) and locations of
stations selected to show synthesized ground motions

Fig. 1 Depth to the top of the Philippine Sea Plate and depth
to the Moho (Furumura 2002) assumed in the 3-D finite-
difference computation
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quakes, and the obtained discrepancies were used to
tune the model.

2.3 Alluvium/diluvium model

We use an alluvium/diluvium velocity structure model
for the Osaka sedimentary basin (Yoshida et al. 2006)
constructed from more than 30,000 shallow borehole
data (Geotechnical Information Database in Kanasai:
Kansai Geo-informatics Council). Cross-sections
showing the S wave velocity distribution are dis-
played in Fig. 4. Nonlinear characteristics of the soil,
such as the strain dependency of rigidity and the
attenuation factor, are set according to the results of

soil tests of sands and clays from within the basin
(Koyamada 2005).

3 Multiscale heterogeneous source model

We construct a hypothetical Nankai earthquake source
model by modifying the CDMC source model. The
fault plane of the CDMC model consists of six areas,
each with constant slip: five asperities and a back-
ground area. The asperities are about 20–100 km
wide. The entire fault plane is assumed to rupture
with a constant velocity, as follows: the rupture starts
from a nucleation point in the background area and

Fig. 3 a, b, c, d, e, and f
Cross-sections showing
the distribution of S wave
velocity predicted in a 3-D
model of the Osaka sedi-
mentary basin (Horikawa et
al. 2003). The locations of
the cross-sections are shown
in the index map (lower left)
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the rupture in each asperity propagates concentrically
from a subnucleation point at the moment the rupture
front reaches the point. Because no heterogeneities
smaller than these asperities are included in the
model, the resultant ground motions lack a frequency
component higher than the dominant frequency of the
directivity pulses from the asperities (approximately
0.05–0.1 Hz). Source processes revealed by wave-
form inversion studies show spatially and temporally
complex features in wavelength smaller than the fault
length; therefore, a source model with multiscale
heterogeneity, such as fractal-like fluctuation, is
preferable to synthesize ground motions more realis-
tically in the broadband frequency range.

Multiscale heterogeneity is introduced to both the
slip distribution and the rupture velocity distribution
(Fig. 5) using the following process of Sekiguchi and
Yoshimi (2006). First, patches with various sizes
(smaller than half the size of the smallest asperity and

Fig. 4 Cross-sections showing the distribution of S wave velocity predicted in the alluvium/deluvium model (Yoshida et al. 2006)

Fig. 5 Multiscale heterogeneous source model for the future
Nankai earthquake (top fault slip, bottom rupture time)
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following a fractal distribution) are dispersed over the
rupture area at random. The slip and rupture velocity
inside each patch are then randomly increased or
decreased. The amount of increase/decrease of the
slip is proportional to the radius of the patch, starting
from a value of half of the average slip over the entire
rupture area. Fluctuation of the rupture velocity is set
to 250 m/s, which gives adequate variation relative to
that observed in many source inversion results.
Finally, the amplitude of the slip spectrum is adjusted
to decay at k−1.75, where k is wave number, as derived
by Mai and Beroza (2002) who conducted a stochas-
tic analysis of earthquake slip complexity using
numerous published source models. For the time his-
tory of slip on the fault, a slip velocity time function
approximated from a dynamic rupture simulation
(Nakamura and Miyatake 2000) is assumed. The fault
plane is located in the curved upper surface of the
Philippine Sea Plate model.

The source spectrum is improved with this modi-
fication (Fig. 6): the source spectrum of the original
CDMC model decays faster than ω-2 decay, where ω
is angular frequency, resulting in a deficiency in the
frequency range higher than 0.1 Hz; in contrast, the
source spectra of the multiscale heterogeneous models
show ω-2 decay and no clear deficiency. In addition,
the spectra of the multiscale heterogeneous models

converge to that of the CDMC model at lower
frequencies, indicating that the macroscopic features
of the initial source model are retained.

4 Ground motion simulation

We compute broadband ground motions using a hybrid
technique (Sekiguchi et al. 2006). Synthetic ground
motion on engineering basement (Vs = 500 m/s) is
attained by combining a lower-frequency motion (up
to 0.37 Hz) calculated using a 3-D finite-difference
method (Pitarka 1999) and a higher-frequency motion
synthesized with the extended stochastic Green’s
function method (ESGFM) (Onishi and Horike
2000), considering frequency-dependent envelopes
in the Osaka Basin (Horikawa et al. 2005). The
ground motion at the surface is then calculated from
the synthetic ground motion on engineering basement
using an equivalent linear method (DYNEQ; Yoshida
and Suetomi 1996) and considering the nonlinear
response of the alluvium/diluvium layers.

The ESGFM enables generation of three com-
ponents of P and S waves by employing a technique
improved from that of Boore (1983) to generate high-
frequency waveforms for a small earthquake. Improve-
ments were made in terms of the radiation pattern,
geometrical spreading, and attenuation and amplifica-
tion along the ray path. The characteristic shape of the
high-frequency envelope was derived using observed
waveforms in the Osaka Basin for earthquakes around
the Nankai trough (Horikawa et al. 2005).

In the finite-difference calculation, wave attenua-
tion (Q) is incorporated using the method proposed by
Graves (1996) where Q is assumed to be proportional
to frequency and there is no difference between Qs

and Qp. The reference frequency is set to 0.2 Hz; this
has been validated by comparing the observed
attenuation in a low-frequency range with the atten-
uation of synthetic ground motions obtained using the
3-D crustal structure model.

5 Results and discussion

Figures 7 and 8 show the broadband velocity wave-
forms and velocity response spectra (with a damping
factor, h, of 0.01), respectively, for 10 observation
stations located in and around the basin. Station CHY

Fig. 6 Source spectra of the CDMC source model (dotted line)
and 20 multiscale heterogeneous source models with different
distribution pattern of patches (thin gray lines). The source
spectrum of the multiscale heterogeneous source model shown
in Fig. 5 is drawn with a bold line. ω is angular frequency
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is a bedrock site, whereas the others are situated
upon sediment of varying thickness (see Fig. 2).
Ground motions at the sediment sites are amplified
(50–90 cm/s) and prolonged (durations exceed 300 s)
compared with those recorded at CHY. Long-period
components of around 5–10 s dominate the ground
motions within the basin, as clearly shown in the
velocity response spectra. The peak ground velocity
distribution (Fig. 9) reveals that the amplitude is large
where the sediments are thick, reflecting the domi-
nance of long-period components within the basin.

Figure 10 (right) shows the velocity response
spectra computed at OSKH02 for the 20 multiscale
heterogeneous source models with varying distribu-
tion patterns of patches. The range in spectral ampli-
tude is relatively large, whereas the source models
possess identical macroscopic features (total seismic
moment, asperity size, asperity location, asperity
seismic moment, and average rupture velocity) and
degree of heterogeneity.

Among the synthetic ground motions calculated at
the stations, synthetic motion at ROKKOG (where the
sediments are thickest among all the stations) yields
the largest velocity response at around 10 s. This peak
is due to the propagation of surface waves to the ENE

within the deepest portion of the basin; the predom-
inant period is in agreement with the approximate
estimate obtained using 4 H/Vs.

The reliability of the predicted motions can be
assessed from the adequacy of the source modeling,
velocity structure modeling, and method used to
compute ground motion. In terms of source model-
ing, model is based on the CDMC source model,
which is constructed based on all of the available
geological and geophysical data regarding the Nan-
kai source area and historic data of ground shaking.
Our source model is modified from the original
CDMC model to accommodate the generation of a
wide range in periods following the stochastic
characteristics of the source spectra. The employed
velocity structure model was constructed based on all
of the available data and has been verified using a
ground motion simulation of small earthquakes. In
terms of computation method, the employed hybrid
technique incorporates methods that have been
validated previously.

Our PGV values are similar to those reported by
Tsurugi et al. (2005) (approximately 70 cm/s in the
Osaka Plain) and Kamae and Kawabe (2005) (ap-
proximately 80 cm/s in the area of the Osaka Plain

Fig. 7 Broadband velocity waveforms calculated at 10 strong-motion stations in and around the Osaka Basin for the multiscale
heterogeneous source model shown in Fig. 5. Locations of stations are shown in Fig. 2

J Seismol (2008) 12:185–195 191



and Kobe City); however, the dominant period of our
predicted motions is longer than those reported by
Tsurugi et al. (2005) and Kamae and Kawabe (2005),
probably because of the differences in the employed
source models or expressions of the source models.

6 Conclusion

In the present study, we incorporated a realistic source
model and adequate subsurface structure model in
estimating the long-period ground motions in the
Osaka Basin associated with the hypothetical Nankai
earthquake. The estimated ground motions in the
basin have peak velocities of 50–90 cm/s, durations of
more than 300 s, and predominant periods of 5–10 s,

although additional verification is required before
being able to provide safety warnings to the public
regarding long-period structures.

There exists the need to predict ground motions in
those areas of Japan characterized by large-scale
basins, plains underlain by great thicknesses of
sediment, and long-period structures, as these areas
are vulnerable to the effects of long-period ground
motions associated with large earthquakes. Although
comprehensive studies have considered basins such as
the Kanto, Yufutsu, and Nobi, there still remains
additional work in terms of the modeling of subsur-
face structures and earthquake sources. The results of
the present study emphasize the importance of not
only modeling realistic subsurface structures but also
appropriate seismic sources for large earthquakes.

Fig. 8 Velocity response spectra (h=0.01) of the synthetic waveforms shown in Fig. 7
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Fig. 10 Left velocity wave-
forms at OSKH02—a site
located close to the coast
within Osaka Bay—
predicted by a multiscale
heterogeneous model
(a, upper) and the CDMC
source model (b, lower).
Right velocity response
spectra calculated at site
OSKH02. The bold line
represents the waveform
shown in the
upper left, and the dotted
line represents the wave-
form shown in the lower
left. Thin lines represent the
other multiscale heteroge-
neous source models

Fig. 9 Distribution of peak
ground velocity predicted
by the multiscale heteroge-
neous source model
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