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Abstract

By analyzing waveforms of shallow moderate to large earthquakes recorded in the
Tokyo metropolitan area, we found elongation of the dominant period of long-period
ground motions (LPGs) in the Tokyo bay area. We tested whether this observation
could be explained by 3D simulations of LPGs using a seismic velocity structure model
called the Smoothed Basin Velocity Structure Model (SBVSM). Our simulations
indicated that the SBVSM could not satisfactorily explain our observations, implying
inadequate modelling of the seismic velocity structure in the Tokyo bay area. Regarding
this result, we modified the SBVSM to include a detailed structure of low-velocity
sedimentary layers beneath northeastern Tokyo bay and used this revised model to
perform 3D simulations of LPGs. Our simulations show that the local modification of
shallow sedimentary structure beneath the Tokyo bay is not enough to explain the
observed elongation of LPGs and suggest the necessity of improving our understanding
of the shallow sedimentary structure beneath the eastern inland area of the Tokyo bay.
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1. Introduction

Long-period ground motions (LPGs) with dominant periods from several to ten seconds
or longer are frequently observed during shallow moderate to large earthquakes,
especially in large sedimentary basins (e.g., Beck and Hall, 1986; Koketsu and Miyake,
2008). The LPGs often cause significant resonance and severe damage of large-scale
man-made structures such as high-rise buildings, oil-storage tanks, and long bridges.
Therefore, for disaster mitigation in case of future large earthquakes, it is important to
investigate the characteristics of LPGs in densely-populated large sedimentary basins.
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In the Tokyo metropolitan area, which is located on the Kanto Basin, LPGs are often
observed during shallow local and regional earthquakes. By analyzing strong motion
records of shallow earthquakes (magnitude = 5.5-7.5), Yoshimoto and Takemura
(2014b) reported that the dominant period of LPGs tends to increase in proportion to
bedrock depth until it reaches approximately 7 s; however, it is almost constant for
bedrock depths greater than 2 km. In our latest study, we conducted a detailed analysis
of LPGs and found the elongation of the dominant period of LPGs to be as high as
approximately 9 s in the Tokyo bay area, where low-velocity (S-wave velocity Vs ~ 0.5
km/s) sedimentary layers are developed by the depositional environment in the Kanto
Basin (e.g., Suzuki 2002). This observation should be considered in the estimation of
LPGs of future large earthquakes in the Tokyo metropolitan area.

In this study, we test whether the elongation of the dominant period of LPGs in the
Tokyo bay area could be explained by 3D simulation of LPGs using our Smoothed
Basin Velocity Structure Model (SBVSM) (Masuda et al. 2014; Takemura et al. 2015).
In addition, we revise the SBVSM to include a detailed structure of the low-velocity
sedimentary layers beneath northeastern Tokyo bay and perform 3D simulation using
this model. We compare simulation results from these models, and discuss the effect of
low-velocity sedimentary layers on the dominant period of LPGs and a preferable
seismic structure model for evaluating LPGs in the Tokyo bay area.

2. Characteristics of LPGs in the Tokyo bay area
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Figure 1. An example of observed strong motions in the Tokyo metropolitan area
during the offshore eastern Chiba shallow earthquake (Mw = 6.3) on 12 April 2011. (a)
Observed waveforms. Radial and transverse components (RC and TC, respectively) are
shown. (b) Fourier amplitude spectra of horizontal strong motions. Arrow indicates
dominant peak of spectral amplitude.

The LPGs in the Tokyo metropolitan area have been recorded by a dense network of K-
NET/KiK-net (Okada et al., 2004) and SK-net (Takano and Uehara, 2014). It is reported
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that the characteristics of LPGs are strongly influenced by both the sedimentary
structure and the bedrock geometry of the basin (e.g., Koketsu and Kikuchi, 2000;
Yamanaka and Yamada, 2006; Furumura and Hayakawa, 2007; Yoshimoto and
Takemura, 2014a,b).

We analyzed eight shallow moderate to large earthquakes (Mw = 5.8-6.9) with a wide
coverage of epicentral directions, and confirmed a tendency that the predominant period
of LPGs is elongated up to approximately 9 s only in the Tokyo bay area. Figure 1 is an
example plot of the velocity waveforms recorded at three stations during the offshore
eastern Chiba earthquake on 12 April 2011 (depth = 26 km) to show elongated
predominant period of LPGs at CHB009 and KNGOO05 in the Tokyo bay area. This
observation is not in accordance with the report of Yoshimoto and Takemura (2014b)
regarding the average characteristics of the dominant period of LPGs in the Kanto Basin
for moderate to large earthquakes. We conducted 3D numerical simulations of this
earthquake to investigate the contribution of the local shallow velocity structure beneath
the Tokyo bay to the elongation of the dominant period of LPGs.

3. 3D numerical simulation of LPGs

3.1 Velocity structure model
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Figure 2. Distribution of 301 sites (black dots) that were used for estimating spatial
variations of V;, and « of the SBVSM (Masuda et al. 2014; Takemura et al. 2015). Red
dots indicate 57 grid-points used for the revised version of the SBVSM.

We used two 3D sedimentary velocity structure models for 3D finite-difference model
(FDM) simulations of long-period ground motions in the Tokyo bay area. The first
model is the SBVSM proposed by Takemura et al. (2015). This model, which represents
the sedimentary velocity structure of the Kanto Basin, was extended by Masuda et al.
(2014) by using spatial interpolation of 301 local sedimentary velocity structure data
(Figure 2). In this model, the depth-dependent S-wave velocity at a certain site is
represented by the following simple equation (Ravve and Koren, 2006):

Vs(z)=Vo+ AV [1— exp(— %ﬂ, (1)

where z is the depth below the surface, Vo is the S-wave velocity at the surface, AV is
the increment of the S-wave velocity at large depths, and « is a positive constant that
determines the velocity—depth gradient. Assuming that AV =3.2 km/s, which is the
bedrock S-wave velocity of the Japan Integrated Velocity Structure Model (JIVSM) of
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Koketsu et al. (2012), local S-wave velocity structure in the Kanto Basin can be
represented by using two parameters (Vo and « ). For other technical details, including
the modelling of other elastic parameters, the reader is referred to Takemura et al.
(2015). A shortcoming of the SBVSM is that it was not constructed by using sufficient
local structure data in the Tokyo bay and the southeastern part of the Kanto Basin.

The second model was constructed as a revised model of the SBVSM to include
information on the shallow sedimentary structure beneath the northeastern Tokyo bay
(Figure 2). Although, the sedimentary structure in the Tokyo bay had not been fully
investigated, the structure model of Chiba Prefecture (2004) may be useful for
improving the SBVSM. Using the Chiba Prefecture model, we sampled 57 grid-point
depths with a bottom surface layer of Vs = 0.5 km/s beneath the northeastern Tokyo bay
(Figure 3a bottom) and evaluated the spatial variation of V, and « in the Tokyo bay
area (Figure 3b right) by using the method of Takemura et al. (2015).
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Figure 3. Shallow sedimentary structure in the Tokyo bay area. (a) Bottom surface
depth of Vs=0.5 km/s layer from the JIVSM (upper panel) and the Chiba Prefecture
(2004) model (lower panel). (b) Spatial variation of Vo and « in the SBVSM (left
panels) and the revised model (right panels).
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3.2 3D FDM simulations

The model for FDM simulations covered the zone of 315x225x72 km? (red rectangle of
a map in Fig. 4), which was discretized by grid intervals of 0.15 km in the horizontal
directions and 0.1 km in the vertical direction. A double-couple point source was
assumed, referring to the F-net moment tensor (MT) solution of the target earthquake.
Other technical details, such as source time function, anelastic attenuation, and solid/air
boundary condition, are the same as in Takemura et al. (2015). Based on the grid size
and minimum S-wave velocity (0.3 km/s), our numerical simulations could evaluate the
propagation of seismic waves with periods longer than 4 s.
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3.3 Results of numerical simulation: SBVSM
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Figure 4. Comparative plots of waveforms from observation (black) and the SBVSM
simulation (red). Waveforms of radial and transverse components for periods of 4 to 20
s are compared. The solid red rectangle shows the simulation area. The plotted focal
mechanism was used in the simulations.
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Figure 5. Comparison of waveforms. (a) Comparison between observation (black) and
the revised model simulation (blue). (b) Comparison between simulated waveforms
from the SBVSM (red) and the revised model (blue). Waveforms of radial and
transverse components for period of 4 to 20 s are compared.
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Figure 4 shows a comparative plot of long-period waveforms from observation and
SBVSM simulation. The simulation results successfully explained LPGs near the
epicenter (CHBO005). On the contrary, simulation results failed to explain the amplitude
of LPGs at the northwestern and western coast of the Tokyo bay (TKYO013 and
KNGO005). Moreover, simulation results underestimated the dominant period of LPGs at
CHBO009, CHB013 and KNGO005.

3.4 Results of numerical simulation: revised model

Figure 5a shows a comparative plot of long-period waveforms from the observation and
the revised model simulation. No apparent improvement in the waveform fit was
detected by this simulation. Figure 5b shows a comparison of waveforms from two
simulations using different structure models: the SBVSM and the revised model.
Waveforms of two simulations are very similar to each other and discrepancies are
found only in the lapse time after approximately 50 s.

4. Discussion and conclusions

We conducted waveform analysis of shallow moderate to large earthquakes and found
elongation of the dominant period of LPGs to be as high as approximately 9 s in the
Tokyo bay area. Our 3D FDM simulation of LPGs using the SBVSM failed to explain
this observation. Additional simulation using a revised model, which included
information on the shallow sedimentary structure beneath the northeastern Tokyo bay,
also failed to explain the observed characteristics of LPGs. These results imply that the
elongation of the dominant period of LPGs in the Tokyo bay area is presumably caused
by not only local sedimentary structure beneath the Tokyo bay but also the sedimentary
structure beneath the eastern seaboard of the Tokyo bay, including the CHBO013 site. In
future research, information on sedimentary structure beneath the eastern inland area of
the Tokyo bay should be included in the SBVSM.
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