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ABSTRACT 
 
Yamanaka and Yamada (2006) reconstructed the 3-D velocity structure model of the Kanto basin based on the Rayleigh wave phase 
velocities at periods from 0.5 to 5 s derived from the microtremor array observations at more than 300 sites in the area. In this paper, 
we perform 1-D simulation of long-period S-waves at sites in the north-west region of the Kanto basin for nearby, moderate 
magnitude, intermediate-depth earthquakes using their model. Based on the S-waveform comparisons, we find that the Yamanaka and 
Yamada model reproduces well the observed S-waveforms at most sites located in the Tokyo metropolitan areas. However, some of 
the sites near the basin edges need refinement of the velocity structure. Second, we tune the 1-D velocity structure beneath those sites 
so as to reproduce the observed S-waves from several earthquakes using the 1-D simulation; in doing so, we keep the velocity of each 
layer same to that in the base model but adjust the thickness of the sedimentary layers. We, therefore, aim to reconstruct an improved 
3-D velocity structure model combining the modified 1-D structures with the existing 3-D model.  

 
 

INTRODUCTION 
 
Many big cities with a large population and long-period structures such as high-rise buildings and large oil-storage tanks, which are 
susceptible to long-period ground motions, are located today on the deep sedimentary basins. The 3-D velocity structure of the 
sedimentary basins greatly controls the amplitude and duration of long-period ground motions during large earthquakes. Many 
institutes are involved in constructing and updating the 3-D velocity structure models of the deep sedimentary basins for the seismic 
disaster mitigation planning in Japan (e.g., Koketsu et al., 2008). As a result, several 3-D velocity models have been proposed for the 
Kanto basin, which is the largest basin in Japan. Although the objective of constructing such models is to accurately predict the long-
period ground motions, the models are different because they have been constructed using different data sets such as geophysical 
(Koketsu and Higashi, 1992), geological (Suzuki, 1999), and earthquake data (e.g., Suzuki and Yamanaka, 2009). Therefore, joint 
inversion methods have been also applied to reconstruct integrated velocity model of the Kanto basin using the different data sets 
(e.g., Afnimar et al., 2003; Tanaka et al., 2005; Suzuki and Yamanaka, 2010). 
 
 
Yamanaka and Yamada (2006) reconstructed the 3-D velocity structure model of the Kanto basin based on the Rayleigh wave phase 
velocities at periods from 0.5 to 5 s deduced from the microtremor array observations at more than 300 sites in the area. One of the 
advantages of using the deep sedimentary models from microtremor survey method for the simulation of long-period ground motions 
is that the models by this method are based on the principle of propagation of long-period surface waves in the sedimentary plains, 
where the surface waves are dominant for longer durations during large earthquakes. In this paper, we, therefore, consider the 
Yamanaka and Yamada (2006) model as a base model for tuning the deep S-wave velocity structure of the north-west region of the 
Kanto-basin. The strong motion observation sites and epicenters of the earthquakes used in this study are depicted in Fig. 1. 
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In general, direct S-wave at a basin site from 3-D simulation for a deep basin structure is essentially the same as that from 1-D 
simulation for a flat layer structure just beneath the site. According to this fact, a 1-D simulation of long-period S-waves for 
intermediate depth earthquakes was applied by Dhakal et al. (2009, 2010) to tune the deep velocity structure of the Tokachi basin in 
Hokkaido. An advantage of using the direct S-waves from nearby intermediate-depth earthquakes is that the direct S-waves can be 
easily recognized on the observed waveforms. Also, a moderate magnitude earthquake can be considered as a point source model for 
simulation of long-period ground motions. Such moderate earthquakes (M4~6) have been used by many researchers for validation of 
the deep velocity models in many sedimentary basins (e.g., Rodgers et al., 2008; Iwaki and Iwata, 2009). Many strong-motion records 
from several such earthquakes are available now at many sites in the Kanto basin. We, therefore, make an attempt to tune the deep 
velocity structure of the north-west region of the Kanto basin using the 1-D simulation of long-period S-waves. First, we briefly 
describe the velocity structure model and earthquake source parameters used in this study. Second, we perform the 1-D simulation and 
compare the observed and synthetic long-period (2~10 s) S-waves. Third, based on the waveform comparison, we select a site for 
tuning the deep velocity structure, and refine the structure on a trial basis to reproduce the observed S-waveforms. Finally, we discuss 
the limitations of the method employed in this study. 
 
 

 
 

Fig. 1. Map showing the Kanto basin; our target is the north-west region.  The circles denote the K-NET strong motion observation 
sites used in this study. The stars denote the epicenters of the used earthquakes. The beach balls connected to the epicenters show the 
focal mechanisms of the earthquakes. The thick solid lines mark the edge of basement rocks at a depth of 0 m (see Fig. 2). An inset in 

the lower left corner shows an enlarged map of the central rectangular area. 
 
 
VELOCITY MODEL USED 
 
We selected the velocity model of the Kanto basin reconstructed by Yamanaka and Yamada (2006).  They derived the 3-D velocity 
structure model of the Kanto basin based on the Rayleigh wave phase velocities at periods from 0.5 to 5 s deduced from microtremor 
array observations at more than 300 sites in the area. Their model of the velocity structure consists of three sedimentary layers above 
the seismic basement having an S-wave velocity of 3.0 km/s. The top layer has variation of S-wave velocities ranging from 0.3 to 0.8 
km/s (Fig. 2d). The second and third layers have S-wave velocities of 1.0 and 1.5 km/s, respectively. The depth to the top of second, 
third, and basement layers are shown in Fig. 2. The maximum depth to the top of seismic basement in the Kanto basin is about 4 km in 
the Boso peninsula. For the layers deeper than the seismic basement, we simplify the crustal and upper mantle structure estimated by 
Ashiya et al. (1987) and Ishida (1992) to a 1-D structure suitable to the present study area. The material parameters of the velocity 
model used in this study are expressed in Table 1. 
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EARTHQUAKES USED 
 
We selected four nearby earthquakes having magnitude Mw 5.2~ 5.9 and focal depth of 68 ~101 km. We used the hypocenter location 
determined by Japan Meteorological Agency (JMA) except for Event No. 2 in Table 2. The focal mechanism and epicentral location 
of the events are shown in Fig. 1. We used the centroid location, focal mechanism, and seismic moment determined by the Global 
CMT project for the Event No. 2 because the Global CMT solution produced a better fit between the observed and synthetic S-waves 
at rock sites near the target area. For other events, the focal mechanism and seismic moment are taken from the F-net moment tensor 
solution. We assumed a point source model for each earthquake and derived a triangle shaped source time function of duration ranging 
from 0.9 to 1.85 s by reproducing the observed S-waves at stiff soil and rock sites. The earthquake source parameters used in this 
study are summarized in Table 2. 
 
 

Table 1. Material parameters of the velocity structure model used in this study 
 
 

Layer Vp (km/s) Vs (km/s) Density (g/cm3) Depth (top of layer) 
(km) Qp and Qs 

1 1.69-2.19 0.30~0.80 1.78~2.01 0.00 100 
2 2.40 1.00 2.10 variable 100 
3 3.20 1.50 2.25 variable 150 
4 5.60 3.00 2.50 variable 300 
5 6.00 3.30 2.70 5.00 500 
6 6.80 3.74 2.90 14.00 600 
7 7.60 4.18 3.20 27.00 1000 
8 8.10 4.50 3.40 60.00 1000 
9 8.30 4.57 3.50 70.00 1000 

 
 

Table 2. Earthquake source parameters used in this study 
 
 

Event No. Date and Time 
(JST) Strike (°) Dip (°) Rake (°) Depth (km) Rise time (s) Mo (dyne.cm) 

(×1023) 
1 1997/09/08 08:40 50 71 41 101.0 0.9 6.62 
2 2006/02/01 20:36 232 72 -6 101.0 0.9 5.07 
3 2004/10/06 23:40 200 31 107 70.5 1.3 47.8 
4 2005/07/23 16:35 165 28 69 68.0 1.85 91.1 

 
 
1-D SIMULATION 
 
We perform the 1-D simulation of long-period S-waves using the earthquake source parameters and the velocity structure model 
described in the previous sections. We apply the discrete wavenumber method (Bouchon, 1981) for the waveform simulation. Because 
of the limited space, we show a comparison of the S-waveforms for only the horizontal components at selected sites which are 
common to the used three or all four earthquakes. In the comparison, we focus on the first cycle of the observed and synthetic S-
waveforms.  
 
 
1997/09/08 Earthquake (Event No. 1, Table 2) 
 
Figure 3 displays the bandpass filtered [0.25 to 0.5 Hz] observed and synthetic S-waveforms for the 1997 event. The waveforms are 
plotted in order of epicentral distance. The observed S-waveforms are well reproduced at the IBR005 and TCG011 sites, which are 
located on stiff soils above the shallow seismic basement (see Fig. 2). The first cycle of the observed S-waveforms exhibits a good 
agreement with the synthetic S-waveforms at the following deep soil sites: TKY007, IBR016, TKY006, SIT003, and GNM010. The 
synthetic S-waveforms underestimate the observed ones at the deep soil CHB002 and CHB001 sites, while they overestimate at the 
TCG012 and SIT001 sites, suggesting an inappropriate velocity structure beneath the sites. 
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2006/02/01 Earthquake (Event No. 2, Table 2) 
 
Figure 4 displays the bandpass filtered [0.15 to 0.5 Hz] observed and synthetic S-waveforms for the 2006 event. The waveforms are 
plotted in order of epicentral distance. The observed S-waveforms are well reproduced at the TCG011site, which is located on stiff 
soil above the shallow seismic basement (see Fig. 2). The observed S-waveforms at the CHB002, TKY026, IBR016, TKY015, 
SIT003, and GNM010 deep soil sites are also well reproduced. At the TCG012 site, the observed S-waveforms are overestimated 
similar to the previous event. At the other sites, one of the two horizontal components shows a good agreement between the observed 
and synthetic S-waveforms while the other component either underestimates or overestimates the observed one. In fact, some of these 
sites, such as the TKY007 and TKY006 sites, showed good agreements between the observed and synthetic S-waveforms for the both 
components for the previous event. 
 
 

  
 
 

  
 
Fig. 2. Maps showing the depths to the top of layers having S-wave velocities of (a) 3.0, (b) 1.5, and (c) 1.0 km/s with variation of (d) 
S-wave velocity of the top layer in m/s (after Yamanaka and Yamada, 2006). The contours of 0 m depths for the layers in (a), (b), and 

(c) are indicated by red lines. 

(a) (b) 

(c) (d) 
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Fig. 3. Observed (black) and synthetic (red) velocity waveforms for the Mw 5.2, 1997 earthquake (Event No. 1, Table 2). The 
waveforms are bandpass filtered at 0.25-0.5 Hz; they are normalized by the maximum observed S-wave amplitude at each site. 
Numbers attached above and below to each waveform show the maximum amplitudes in cm/s for the observed and synthetic S-

waveforms, respectively. The waveforms are plotted in order of epicentral distance and the site codes are indicated at the left of the 
NS component waveforms. 

 
 
2004/10/06 Earthquake (Event No. 3, Table 2) 
 
The bandpass [0.1-0.5 Hz] filtered observed and synthetic S-waveforms for the 2004 event are displayed in Fig. 5. The waveforms are 
plotted in order of epicentral distance. The observed and synthetic S-waveforms show very good agreement at the IBR005 and 
TCG011 sites, which are located on stiff soils above the shallow seismic basement (see Fig. 2). Similar to the previous two events, the 
observed S-waveforms are well reproduced at the deep soil site, IBR016. Also, the observed S-waveforms are reasonably well 
reproduced at the CHB002, TKY015, TKY026, SIT003, and TKY007 deep soil sites. Different from the previous two events, the 
synthetic S-waveforms show a good agreement with the observed ones on the large amplitude EW component at the CHB001 site and 
underestimate at the GNM010 site. But similar to the previous two events, the synthetic S-waveforms overestimate the observed ones 
at the TCG012 site.  At the other sites mostly located in the western part of the basin, the S-waveforms are systematically 
overestimated on the EW components. This is directly related to the radiation pattern effect of the S-waves as discussed in the last 
section of this paper. 
 
 
2005/07/23 Earthquake (Event No. 4, Table 2) 
 
The bandpass [0.1-0.5 Hz] filtered observed and synthetic S-waveforms for the 2005 event, which is the largest magnitude event (Mw 
5.9) among the used four earthquakes, are displayed in Fig. 6. The waveforms are plotted in order of epicentral distance. The observed 
and synthetic S-waveforms show a good agreement at the IBR005, TCG011, and TKY001 sites, which are located on stiff soils above 
the shallow seismic basement (see Fig. 2). Similar to the previous three events, the observed S-waveforms are well reproduced at the 
deep soil site, IBR016. Also, the observed S-waveforms are reasonably well reproduced at the TKY026, CHB002, TKY015, TKY007, 
CHB001, TKY006, SIT003, SIT009, and SIT002 deep soil sites. Keeping the track of previous three events, the synthetic S-
waveforms overestimate the observed ones at the TCG012 site for this event also. The synthetic S-waveforms at the GNM010 and 
SIT001 strongly underestimate the observed ones on the EW and NS components, respectively, suggesting further investigations on 
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the used velocity structure. 
 

 
 

Fig. 4. Observed (black) and synthetic (red) velocity waveforms for the Mw 5.2, 2006 earthquake (Event No. 2, Table 2). The 
waveforms are bandpass filtered at 0.15-0.5 Hz; they are normalized by the maximum observed S-wave amplitude at each site. See 

captions in Fig. 3 for other details. 
 
 
TUNING 
 
In the previous section, we found that the synthetic S-waveforms systematically overestimated the observed S-waveforms at the 
TCG012 site for the all used earthquakes. We noted that the radiation pattern of S-wave has strong effect on the amplitude of the S-
waveforms. However, the good agreement between the observed and synthetic S-waveforms at the nearby TCG011 and IBR005 stiff 
soil sites indicate that the used source parameters are satisfactory to apply for tuning the deep velocity structure at the TCG012 site.  
 
 
Here we select a series of bandpass filters to compare the observed and synthetic S-waveforms starting from the low frequency band 
based on the theoretical site amplifications. We assume that the number of sedimentary layers and the velocity of each layer are the 
same as those in the base model. Then we change the thickness of the sedimentary layers on a trial basis until the observed and 
synthetic S-waveforms fit well for the low frequency band. We check whether the new structure explains the observed S-waveforms 
for the higher band than the previous ones. We try to keep the site amplifications that reproduced the observed S-waveforms for the 
previous band and adjust the velocity structure to reproduce the observed S-waveforms for the higher frequency band. We continue 
the process until the observed S-waveforms are well reproduced for the several frequency bands. In doing so, we compare only the 
first cycle of the S-waveforms in the time domain and the Fourier spectra in the frequency domain; the time window for spectral 
analysis is about 10s setting the first cycle of the S-waveforms at the centre of the time window (Dhakal et al., 2009). 
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Fig. 5. Observed (black) and synthetic (red) velocity waveforms for the Mw 5.7, 2004 earthquake (Event No. 3, Table 2). The 
waveforms are bandpass filtered at 0.1-0.5 Hz; they are normalized by the maximum observed S-wave amplitude at each site. See 

captions in Fig. 3 for other details. 
 

 
Figure 7 displays the observed S-waveforms and the synthetic ones for the tuned and original structures at the TCG012 site for the 
four earthquakes used in this study. In the figure, we can see that for all earthquakes the synthetic S-waves using the original model 
strongly overestimates the observed S-waves for all frequency bands. On the other hand, the tuned structure reproduces the observed 
S-waves well for all frequency bands for the all four earthquakes. Figure 8 shows a comparison of the Fourier spectra of the observed 
and synthetic S-waves; the Fourier spectra of the observed S-waveforms match well with those of the synthetic ones using the tuned 
model for the dominant components. The original and tuned structures at the TCG012 site are displayed in Fig. 9. In the figure, we can 
see that the first two layers in the original model are virtually absent in the tuned model; they are replaced with two thin layers based 
on the K-NET PS-logging data. Also depicted in Fig. 9 is the velocity structure at the TCG012 site by the National Research Institute 
for Earth Science and Disaster Prevention (NIED) model. The NIED velocity structure is not so different from the Yamanaka and 
Yamada model at the TCG012 site. Because the tuned structure differs greatly from the other two models, we are currently applying 
this tuning method at other sites and investigating the original and the tuned velocity models with other moderate earthquakes. In the 
next section, we discuss the above results, and limitations of the 1-D simulation for tuning the deep velocity structure in the case of the 
Kanto basin. 
 
 
DISCUSSIONS AND CONCLUSIONS 
 
In this study, we used the intermediate-depth moderate earthquakes for testing and tuning the deep velocity structure model of the 
north-west region of the Kanto basin reconstructed by Yamanaka and Yamada (2006). They derived the 3-D velocity structure of the 
Kanto basin based on the Rayleigh wave phase velocities at periods from 0.5 to 5 s deduced from microtremor array observations at 
more than 300 sites in the area. We applied 1-D method of waveform simulation and compared the observed and synthetic S-
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waveforms applying several band-pass filters. Based on the waveform comparisons, we found that the Yamanaka and Yamada model 
(2006) reproduces well the observed S-waveforms at most sites located in the Tokyo metropolitan areas. However, it is found that the 
observed S-waveforms are overestimated at some sites in the northern and north-west region of the Kanto-basin suggesting further 
investigation of the velocity structures. We tuned the sedimentary velocity structure beneath the TCG012 site based on the 1-D 
simulation of long-period S-waves. It is found that the original and tuned structures have the similar depth to the seismic basement, 
but they differ largely in the layer thickness and S-wave velocities. 
 
 

 
 

Fig. 6. Observed (black) and synthetic (red) velocity waveforms for the Mw 5.9, 2005 earthquake (Event No. 4, Table 2). The 
waveforms are bandpass filtered at 0.1-0.5 Hz; they are normalized by the maximum observed S-wave amplitude at each site. See 

captions in Fig. 3 for other details. 
 

 
One of the difficulties in tuning the deep velocity structure based on the comparison of S-waveforms lies in the selection of time 
window for the waveform comparison. For the sites located on the basin-edges, the S-waveforms can be soon followed by or 
contaminated with basin surface waves. We, therefore, compared only the first cycle of the S-waveforms to avoid the effect of 
possible contamination. It is also difficult to derive accurate rise times with the 1-D method for the earthquakes that occur in a 
laterally highly heterogeneous upper mantle structures such as the ones beneath the Kanto basin, where the Pacific plate and the 
Philippine Sea plate subduct. The propagation path acts as a low pass filter by attenuating more rapidly the high frequency waves 
compared to the low frequency ones. Thus, due to the complex 3-D structure of the upper mantle beneath the Kanto basin, the path 
effect is not the same in every direction. In general, the path effect is considered to be less significant for long-period ground motion 
study. However, a more detailed analysis is needed to confirm the above assumption. On the other hand, the large difference of the S-
wave amplitudes between the two horizontal components is mostly due to the radiation pattern of S-waves. The systematic 
overestimation of the S-wave amplitudes on the EW-components at western sites of the Kanto basin for the 2004 event is due to the 
poor resolution of the estimated radiation pattern of S-waves. Therefore, determination of accurate focal mechanism and rise time are 
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prerequisite for tuning the deep velocity structures using the S-waveforms only. However, it is not always possible to derive the well 
resolved rise time and focal mechanism for an earthquake. The comparison of the S-waveforms at the CHB002 site clearly illustrates 
the importance of finding the accurate focal mechanism acceptable to each site; the waveform fit for S-wave is poor at the CHB002 
site for the 1997 event, while it is reasonable for the other events. Once the source parameters are well determined, we can reliably 
modify the 1-D velocity structure beneath the strong motion sites using the S-waveforms only. Therefore, we are currently 
investigating the original and the tuned velocity models with a number of moderate earthquakes for which a simple propagation path 
can be assumed. Probably the modified models can also be validated with the phase velocity data from the microtremor observations. 
 
 

  
 

 
 
Fig. 7. Comparison between the observed and synthetic S-waveforms at the TCG012 site for the earthquakes (a) 1997/09/08 (Event 1, 

Table 2), (b) 2006/2/1 (Event 2, Table 2), (c) 2004/10/6 (Event 3, Table 2), and (d) 2005/7/23(Event 4, Table 2). The pass band is 
shown in brackets in each panel. See Fig. 9 for the comparison of Fourier spectra. 
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Fig. 8. Comparison between the observed and synthetic Fourier spectra of the S-waveforms depicted in Fig. 11. The Fourier spectra 

are derived for a time window of about 10 s having the first cycle S-wave at the centre of the time window. 
 
 

 
 

Fig. 9. Comparison of the S-wave velocity structures (left panel) and their site amplifications (right panel) at the TCG012 site for the 
tuned (Tune), Yamanaka and Yamada (2006) (YM), and NIED (2009) models. 
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