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Abstract
To conduct practical evaluations of the long-period ground motions (period of 4 to 8 s) in a laterally inhomogeneous large sedimentary basin, we constructed a three-dimensional (3D) sedimentary velocity structure model for the northern Kanto Basin in Japan using a simple velocity gradient function, where strong lateral variations of seismic velocities in the sediments were expected. The model construction employs waveform analysis and geophysical data from vertical seismic profiling and microtremor surveys in the target region. To validate the velocity structure model, we conducted large-scale 3D finite-difference method simulations of the long-period ground motions for two shallow moderate earthquakes: the northern Tochigi earthquake and the northern Ibaraki earthquake. The simulation results for both earthquakes accurately reproduced the observed long-period ground motions in terms of arrival times, amplitudes, and durations of surface waves. By detailed comparisons of the seismograms for observational and simulated data, we demonstrated that the lateral variation of the seismic velocities in the sediments determines the characteristics of the surface wave propagation in the northern Kanto Basin. Such analyses can provide a better understanding of the complex propagation characteristics of surface waves in laterally inhomogeneous, large sedimentary basins.
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Background
Long-period ground motions with dominant periods of several to 10 s are observed frequently during shallow local and/or regional earthquakes, especially in large sedimentary basins (e.g., Beck and Hall 1986; Shin and Teng 2001; Koketsu et al. 2005). Long-period ground motion has the potential to cause significant resonance in basins, and this can lead to severe damage of large-scale, man-made structures such as high-rise buildings, oil storage tanks, and suspension bridges (e.g., Koketsu and Miyake 2008). Therefore, to assist disaster mitigation efforts for future large earthquakes, it is necessary to evaluate the characteristics of long-period ground motions in relation to the three-dimensional (3D) heterogeneous structure of large sedimentary basins.
In the Kanto Basin (see Figure 1), where the biggest metropolitan area of Japan is located, many studies on long-period ground motions have been conducted from both the scientific and engineering point of views (e.g., Yamanaka et al. 1989; Kinoshita et al. 1992; Yamazaki et al. 1992; Miyake and Koketsu 2005; Furumura and Hayakawa 2007). The dominant period of the long-period ground motions observed in the Kanto Basin tends to be approximately 7 s for shallow moderate-to-large earthquakes (e.g., Miyake and Koketsu 2005; Furumura and Hayakawa 2007; Furumura et al. 2011), which is strongly controlled by the velocity structure at depths of less than 2 km (e.g., Yoshimoto and Takemura 2014b). Using seismic data from dense strong motion networks in the Kanto Basin (Kinoshita 1998; Okada et al. 2004), previous studies have revealed that the long-period ground motions are generated by surface waves propagating over the thick sediments in the Kanto Basin (e.g., Koketsu and Kikuchi 2000; Miura and Midorikawa 2001; Furumura and Hayakawa 2007; Hayakawa 2009). The nature of the surface wave propagation reported by these studies is very complex, and current data imply that there is strong lateral inhomogeneity in the sedimentary structure of the Kanto Basin.[image: A40623_2015_201_Fig1_HTML.gif]
Figure 1
                        Spatial distributions of JIVSM bedrock depth and strong motion stations in the Kanto region, Japan. Gray triangles and white circles are K-NET/KiK-net (Kinoshita 1998; Okada et al. 2004) and SK-net stations, respectively. Dashed and solid red rectangles show the simulation areas of 3D waveform modeling and validation of the constructed velocity structure model, respectively. Plotted focal mechanisms were used in 3D FDM simulations.




              
Extensive efforts to construct a 3D structure model of the Kanto Basin have been put forth by many researchers (e.g., Yamanaka and Yamada 2006; Koketsu et al. 2008, 2009; Fujiwara et al. 2009). Using available geophysical and geological information in Japan, Koketsu et al. (2008, 2009) proposed the Japan Integrated Velocity Structure Model (JIVSM), which is one of the latest and most widely used structure models for the evaluation of strong and long-period ground motions of large earthquakes (e.g., Iwaki et al. 2013; Maeda et al. 2013b), the estimation of rupture complexities for large earthquakes (e.g., Koketsu et al. 2011; Asano and Iwata 2012), and the simulation of seismic wave scattering (e.g., Maeda et al. 2014; Takemura and Yoshimoto 2014). The JIVSM represents the 3D heterogeneous subsurface structure using 23 constant-velocity layers including those of the crust, the mantle, the Philippine Sea (PHS) Plate, and the Pacific (PAC) Plate, and also the complex basement shapes of sedimentary basins. Despite such a detailed model of the subsurface structure, precise evaluations of the long-period ground motions for the Kanto Basin still have room for improvement, compared to the similar trials for other large sedimentary basins in Japan, e.g., the Osaka Basin (e.g., Iwaki and Iwata 2010) and the Nobi Basin (e.g., Horikawa et al. 2008).
Recently, Yoshimoto and Takemura (2014a) suggested that realistic modeling of the sedimentary velocity structure is necessary for the precise evaluation of long-period ground motions in the northern Kanto Basin. Using a simple velocity gradient function (Ravve and Koren 2006), they proposed the construction of a smooth-varying 3D velocity structure model of the sediments from the vertical seismic profile (VSP) measurements of 14 deep boreholes in the Kanto Basin. Although their 3D finite-difference method (FDM) simulations successfully reproduced the excitation and propagation of long-period surface waves in a limited area of the northern edge of the Kanto Basin, the Kanto Basin is too large to achieve a detailed modeling of the 3D velocity structure using data from only 14 boreholes.
In this study, we construct a new 3D velocity structure model for the northern Kanto Basin (area outlined by the red square in Figure 1), which can be used for the precise evaluation of long-period ground motions with periods of 4 to 8 s. The model construction employs waveform analysis and available geophysical data in this region. The model constructed in this study exhibits strong lateral variations of S-wave velocities in the northern Kanto Basin, which may have large effects on the long-period surface wave excitation and propagation. In order to validate this model, we conducted large-scale 3D FDM simulations of the long-period ground motion for two shallow moderate earthquakes in northern Tochigi and northern Ibaraki and confirmed that there was good agreement between our simulation results and the observed seismograms. Based on the simulation results, we discuss the characteristics of surface wave propagation in the laterally inhomogeneous sedimentary basin.

Methods
Depth-varying properties of sedimentary S-wave velocity
Yoshimoto and Takemura (2014a) pointed out that the depth-varying properties of S-wave velocity in the Kanto Basin can be practically characterized by a simple velocity gradient function (Ravve and Koren 2006). The depth-dependent S-wave velocity function is represented by the following equation:[image: 
							$$ {V}_{\mathrm{S}}(z)={V}_0+\Delta V\left[1- \exp \left(-\frac{\alpha z}{\Delta V}\right)\right] $$
						]

 (1)

where V
                  0 is the S-wave velocity at the surface (z = 0), ΔV is the increment of the S-wave velocity at infinite depth, and α is the positive constant that determines the velocity-depth gradient. After applying the assumption of ΔV = 3.2 km/s, which is the S-wave velocity of the bedrock according to the JIVSM, the local S-wave velocity structure in the Kanto Basin can be represented using only the bedrock depth and two parameters (V
                  0 and α) of this function. Figure 2 shows the V
                  0 and α dependency of the S-wave structure for sediment with a fixed ΔV = 3.2 km/s. As shown in Figure 2, a variation of the two parameters can result in a wide variety of S-wave velocities at different depths.[image: A40623_2015_201_Fig2_HTML.gif]
Figure 2
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                          . Each curve is calculated based on a simple velocity gradient function, Equation 1. ΔV is assumed to be 3.2 km/s.




                

Conversion of the layered structure to a smooth depth-varying structure
It may be useful to consider the conversion of the layered structure model to a smooth depth-varying structure model when constructing a 3D velocity model of sedimentary structure for long-period ground motion simulations. This is because many conventional structure models were constructed by assuming a layered structure and it is difficult to compile these models, which are often represented by different medium parameters and numbers of layers.
From Equation 1, the one-way travel time of S wave t(z) from z = 0 to a certain depth z is analytically calculated as follows:[image: 
							$$ t(z)=\frac{\Delta V}{\alpha \left({V}_0+\Delta V\right)} \ln \frac{\left({V}_0+\Delta V\right) \exp \left(\alpha \mathrm{z}/\Delta V\right)-\Delta V}{V_0} $$
						]

 (2)


                
To determine the appropriate values of V
                  0 and α for the conversion of a layered structure model, we defined a residual for the one-way S-wave travel times by the following equation:[image: 
							$$ \mathrm{Residual}=\frac{1}{N}{\displaystyle \sum_{k=1}^N{\left({t}^{\mathrm{LSM}}\left({z}_k\right)-t\left({z}_k,{V}_0,\alpha \right)\right)}^2} $$
						]

 (3)

where z
                  
                    k
                   is the depth, t
                  LSM(z
                  
                    k
                  ) is the one-way S-wave travel time of the layered structure model at the depth of z
                  
                    k
                  , t(z
                  
                    k
                  , V
                  0, α) is the one-way S-wave travel time with assumed V
                  0 and α at the depth of z
                  
                    k
                   that is calculated using Equation 2, and N is the total number of data points down to the depth of the bedrock. A simple grid search for V
                  0 and α can be performed to find the minimum residual and best-fit parameters, which represent the one-dimensional (1D) smooth depth-varying S-wave velocity structure of the sediments.


                  P-wave velocity, density, and attenuation structure
To construct velocity structure models for 3D FDM simulations, we adopted the modeling procedure used in Yoshimoto and Takemura (2014a). The P-wave velocity (V
                  
                    P
                  ) and density (ρ) of sediment were assumed from the S-wave velocity using empirical relations reported by the Ministry of Education, Sports, Culture, Science and Technology (MEXT) (2007) and Shiomi et al. (1997), respectively.
Here, we employ the frequency-dependent Q
                  −1 model for P and S waves based on the formulations for FDM simulations of Robertsson et al. (1994). We adopt a single relaxation mechanism with a central frequency of f
                  0 = 1 Hz, which gives a peak Q
                  
                    −1 value at this frequency. Anelastic attenuation (Q) values of the sediments for P and S waves were assumed using the empirical relation of Brocher (2008):[image: 
							$$ \begin{array}{c}{Q}_{\mathrm{S}}=-16+104.13{V}_{\mathrm{S}}-25.225{V}_{\mathrm{S}}^2+8.2184{V}_{\mathrm{S}}^3\\ {}{Q}_{\mathrm{P}}=2{Q}_{\mathrm{S}}\end{array} $$
						]

 (4)


                
Other structures beneath the sediment, including the geometry of bedrock, the Moho, the PHS Plate, and the PAC Plate, were obtained from the JIVSM. The physical parameters of the JIVSM are shown in Table 1.Table 1
                          P
                          - and
                          S
                          -wave velocities, densities, and anelastic attenuation of the JIVSM
                        


	
                              Layer
                            
	
                              V
                              
                                P
                              
                              [km/s]
                            
	
                              V
                              
                                S
                              
                              [km/s]
                            
	
                              ρ
                              [g/cm
                              
                                3
                              
                              ]
                            
	
                              Q
                              
                                P
                              
                            
	
                              Q
                              
                                S
                              
                            

	Sedimentary layer 1
	1.8
	0.5
	1.95
	170
	100

	Sedimentary layer 2
	2.3
	0.9
	2.10
	306
	180

	Sedimentary layer 3
	3.0
	1.5
	2.25
	510
	300

	Basement
	5.5
	3.2
	2.65
	680
	400

	Upper crust
	5.8
	3.4
	2.70
	680
	400

	Lower crust
	6.4
	3.8
	2.80
	680
	400

	Upper mantle
	7.5
	4.5
	3.20
	850
	500

	Oceanic crust layer 2 of PHS
	5.0
	2.9
	2.40
	340
	200

	Oceanic crust layer 3 of PHS
	6.8
	4.0
	2.90
	510
	300

	Oceanic mantle of PHS
	8.0
	4.7
	3.20
	850
	500

	Oceanic crust layer 2 of PAC
	5.4
	2.8
	2.6
	340
	200

	Oceanic crust layer 3 of PAC
	6.5
	3.5
	2.8
	510
	300

	Oceanic mantle of PAC
	8.1
	4.6
	3.4
	850
	500


Each parameter was obtained from Koketsu et al. (2008, 2009).



                

Estimation of V
                  0 and α near the edge of the northern Kanto Basin
For modeling the velocity structure in the northern edge of the Kanto Basin where available geophysical data are sparse, we conducted 3D FDM simulations of the long-period ground motions during the northern Tochigi earthquake (Mw = 5.8) on 25 February 2013 and estimated the local values of V
                  0 and α. We supposed that the local values of V
                  0 and α at a certain station near the basin edge could be estimated from an existing velocity structure model if the simulated waveforms from the model successfully agree with the observed long-period ground motions.
The model used for the 3D FDM simulation covered an area of 135.6 × 82.8 km2 in the horizontal directions (red dashed rectangle in Figure 1) and 52.5 km in depth, which was discretized by grid intervals of 0.15 km in the horizontal directions and 0.075 km in the vertical direction. The wave propagation in each grid point was calculated by solving equations of motions using a staggered-grid FDM with fourth-order and second-order in space and time, respectively. With a minimum S-wave velocity (0.3 km/s) and grid size (0.15 km), the FDM simulations can examine seismic wave propagation for periods longer than 4 s with sampling of eight grid points per minimum S wavelength.
To perform an effective simulation, we employed a parallel 3D FDM simulation code based on a domain-partitioning procedure that utilizes a large number of processors with a message-passing interface (MPI) (e.g., Furumura and Chen 2004). We used a split-type perfectly matched layer (PML) absorbing boundary condition at the boundaries around the 3D model (e.g., Moczo et al. 2007; Maeda and Furumura 2013; Maeda et al. 2013a) to avoid artificial refractions from the 3D model boundaries, and a smoothing technique for layer interfaces near the PML boundaries was also applied for numerical stability (Maeda et al. 2013a).
The source depth of 8 km, focal mechanism of the strike/dip/rake = 168/86/−10°, and seismic moment of M
                  0 = 5.54 × 1017 Nm were assumed by referring to the F-net centroid moment tensor (CMT) solution (Fukuyama et al. 1998; Okada et al. 2004). A source time function represented by the asymmetric cosine function (Ji et al. 2003) with t
                  s = 0.3 and t
                  e = 2.7 was adopted for a point seismic source. After the calculation, the M
                  0 value was adjusted to 77% of the CMT estimation to explain the observed S-wave amplitude at rock site TCG011 (K-NET Kuzuu) (Yoshimoto and Takemura 2014a).


Results
Model construction
Local structure from VSP measurements
Yoshimoto and Takemura (2014a) proposed a simple sedimentary velocity structure model of the Kanto Basin using VSP measurements at 14 deep boreholes (Yamamizu 1996, 2004). They reported that the 3D FDM simulations using this model were able to successfully reproduce the observed Love waves at seismic station SIT003 (K-NET Kuki; red triangle in Figure 1) in the northern Kanto Basin. Thus, we adopted the local S-wave velocity structures at 14 deep boreholes and SIT003 for our model construction. The values of V
                    0 and α at each site are listed in Table 2.Table 2
                            Estimated values of
                            V
                            
                              0
                            
                            and
                            α
                            at 14 deep boreholes and one K-NET station
                          


	
                                Site
                              
	
                                Longitude
                              
	
                                Latitude
                              
	
                                V
                                
                                  0
                                
                                [km/s]
                              
	
                                α
                                [s
                                
                                  −1
                                
                                ]
                              

	Mohka
	139.955
	36.446
	0.40
	1.44

	Isesaki
	139.188
	36.311
	0.67
	0.32

	Iwatsuki
	139.735
	35.929
	0.29
	0.79

	Hidaka
	139.387
	35.896
	0.49
	0.84

	Tokorozawa
	139.538
	35.780
	0.40
	0.69

	Edosaki
	140.333
	35.949
	0.11
	1.68

	Narita
	140.301
	35.828
	0.30
	0.73

	Shimohsa
	140.024
	35.793
	0.30
	0.69

	Chiba
	140.245
	35.546
	0.35
	0.55

	Yohro
	140.156
	35.283
	0.56
	0.59

	Futtsu
	139.859
	35.341
	0.38
	0.73

	Fuchu
	139.470
	35.654
	0.46
	0.53

	Yokohama
	139.523
	35.496
	0.43
	0.74

	Atsugi
	139.357
	35.401
	0.17
	2.67

	Kuki (SIT003)
	139.700
	36.068
	0.37
	0.80


Each value was estimated by Yoshimoto and Takemura (2014a).



                  
Using these parameters, we constructed sedimentary seismic velocities, density, and the anelastic attenuation structure based on the procedure discussed in the previous section. For spatial interpolation of the values of V
                    0 and α, we used a gridding algorithm ‘surface’ in the Generic Mapping Tools (Wessel and Smith 1998) software with a tension factor of 0.3. To construct a 3D velocity structure model for whole depths, the structures beneath the sediments, including the topography of the bedrock, Moho, subducted oceanic plates, and mantle, were obtained from the JIVSM. Hereafter, we call this velocity structure model the ‘initial model,’ which was mainly constructed from the data of VSP measurements.
The spatial variations of V
                    0 and α of the initial model shown in Figure 3 seemed to be too smooth to represent the lateral variations of the sedimentary structure of the Kanto Basin. In spite of this, as shown in Figure 4, it was confirmed by our 3D FDM simulation that this model can be used practically to explain the observed long-period ground motions (period of 4 to 8 s) at eight stations near the basin edge (bold circles in the map of Figure 4). Figure 4 shows seismograms at only four stations, because simulated waveforms at four stations located near TCH.009 are very similar to those at TCH.009. Thus, we adopted the values of V
                    0 and α at these eight stations for the remaining process of our model construction.[image: A40623_2015_201_Fig3_HTML.gif]
Figure 3
                            Spatial variations of
                            V
                            
                              0
                            
                            and
                            α
                            in the initial model. The values for V
                            0 and α were constructed by the interpolation of 15 local S-wave velocity structures (Yoshimoto and Takemura 2014a).




                    [image: A40623_2015_201_Fig4_HTML.gif]
Figure 4
                            Comparison of observations and simulations for horizontal long-period ground motions during the northern Tochigi earthquake. The simulated seismograms of radial and transverse components (RC and TC, respectively) were derived from simulation results of the initial model shown in Figure 3. A band-pass filter for the period of 4 to 8 s was applied into both observed and simulated seismograms. Bold circles in the map are stations, where the simulation results practically reproduced the observed long-period ground motions.




                  

Local structure from JIVSM
We converted the JIVSM layered sedimentary structure using the conversion procedure mentioned above. As an example, we briefly explain here how we derived the estimates of V
                    0 and α at site GNM.070. The JIVSM was constructed by three sedimentary layers (black line in Figure 5a), and its one-way S-wave travel time was a piecewise linear function (black line in Figure 5b). We employed a grid search procedure to find the minimum residual value using Equation 3. Figure 5c shows the distribution of normalized residuals in the model parameter space. Although there was trade-off involved in optimizing the two different parameters, the point of global minimum could be clearly detected in this plot. The one-way S-wave travel time curve and the S-wave velocity structure from the estimated parameters are shown in Figures 5b,a, respectively.[image: A40623_2015_201_Fig5_HTML.gif]
Figure 5
                            Estimation of
                            V
                            
                              0
                            
                            and
                            α
                            from a layered
                            S
                            -wave velocity structure at site GNM.070. (a)
                            S-wave velocity structure of the layered structure (black line) and best-fit velocity gradient function (blue line). (b) One-way travel time of the layered structure (black line) and best-fit velocity gradient function (blue line). (c) Distribution of the normalized residual values calculated by Equation 3 for the model parameter space.




                  
Based on this conversion procedure, we estimated V
                    0 and α of the JIVSM in northern Kanto, where bedrock depths are larger than 1 km. The estimated parameters were used to construct a smoothed sedimentary velocity structure model using the same interpolation technique mentioned in the construction of the initial model. Hereafter, we call the constructed smoothed sedimentary velocity structure model from the JIVSM the ‘equivalent JIVSM (E. JIVSM)’.
We conducted a 3D FDM simulation of the long-period ground motion for the northern Tochigi earthquake using the E. JIVSM. Figure 6 shows the comparison of the horizontal long-period ground motions (4 to 8 s) between the simulation of this model and the observational data. The simulation results of the E. JIVSM (Figure 6a) reproduced the observed long-period ground motions at seven stations near the edge of the northern Kanto Basin (bold circles in the lower right map of Figure 6b). Simulated waveforms of the E. JIVSM also showed high similarity to those of the JIVSM (Figure 6b). These results indicate that our conversion procedure is useful for the simulation of long-period ground motions. From these investigations, we adopted the values of V
                    0 and α at these seven stations for further analyses.[image: A40623_2015_201_Fig6_HTML.gif]
Figure 6
                            Comparisons of observations and simulations for horizontal long-period ground motions during the northern Tochigi earthquake. Simulated seismograms of radial and transverse components (RC and TC, respectively) for a period of 4 to 8 s were derived from the (a) E. JIVSM and (b) JIVSM.




                  

Local structure from microtremor surveys
We converted the layered sedimentary structure models from dense microtremor surveys in Saitama, Ibaraki, and Chiba (Matsuoka and Shiraishi 2002; Yamanaka et al. 2005; Senna et al. 2013) using the same conversion procedure discussed above. Since these models were derived from the dispersion analysis of surface waves, the incorporation of these models may improve the accuracy of long-period ground motion simulations. In this study, we converted 160 models (diamonds in Figure 7a), where the bedrock depths are larger than 0.5 km, to allow for stable estimations of α.[image: A40623_2015_201_Fig7_HTML.gif]
Figure 7
                            Sedimentary structure in the area of the red solid square in Figure
                            
                              1
                            
                            . (a) Distribution of the 190 stations that were used for the estimation of the spatial variations of V
                            0 and α, (b) bedrock depth, (c) spatial variations of V
                            0 and α, and (d) examples of local S-wave structures at three sites. Open circles, squares, bold triangles, and bold diamonds are data points from VSP measurements (Yamamizu 1996, 2004; Yoshimoto and Takemura 2014a), the waveform analysis using the initial model (Figure 3), the JIVSM (Koketsu et al. 2008, 2009), and microtremor surveys (Matsuoka and Shiraishi 2002; Yamanaka et al. 2005; Senna et al. 2013), respectively.




                  

3D velocity structure model by integration of local structures
We integrated the estimated parameters at all of the sites mentioned above (Figure 7a) to construct a 3D velocity structure model of the sediment in the northern Kanto Basin (Figure 7b). Figure 7c shows the spatial variations of V
                    0 and α estimated by the interpolation, which used a total of 190 local site models. In Figure 7c, we found very complex lateral variations of the two parameters compared to the initial model (Figure 3). For example, high surface S-wave velocities (V
                    0) appeared at the western side of the Kanto Basin and strong velocity increments against depth (α) were found in central Ibaraki. By adopting the same procedure that we used for constructing the initial model, we constructed a 3D velocity structure model for the 3D FDM simulation of long-period ground motions in this region. Hereafter, we call this model the ‘smoothed basin velocity structure model (SBVSM)’. Figure 7d shows a comparison of the local S-wave velocity structures of the JIVSM, initial model, and SBVSM at three sites.


Large-scale 3D FDM simulation of long-period ground motion in the northern Kanto Basin
Performance of the constructed model for the evaluation of long-period ground motion
To demonstrate the performance of the SBVSM for the evaluation of long-period ground motions, we conducted large-scale 3D FDM simulations of long-period ground motions for two shallow moderate earthquakes. The model used for the 3D simulation covered an area of 153.6 × 153.6 km2 in the horizontal directions (red solid square in Figure 1) and 60.0 km in depth. The scheme for the simulation was the same as that used for the previous simulations in this study.
One earthquake used in the simulations was the northern Tochigi earthquake, which was used for the parameter estimation near the basin edge. Here, we examine the propagation of the long-period surface wave in a wide area of the Kanto Basin, including the areas of Ibaraki, Saitama, Tokyo, and northern Chiba. Another earthquake was the northern Ibaraki earthquake (Mw = 5.8) that occurred on 19 March 2011 at a depth of 5 km. We employed these earthquakes to validate the SBVSM in Ibaraki and northern Chiba. For the latter earthquake, a focal mechanism of strike/dip/rake = 141/48/−94° and seismic moment M
                    0 = 6.35 × 1017 Nm were assumed by referring to the F-net CMT solution. A source time function represented by the asymmetric cosine function (Ji et al. 2003) with t
                    s = 0.3 and t
                    e = 2.7 was adopted. After the calculation, the M
                    0 value of this event was adjusted to 77% of the CMT estimation to explain the observed S-wave amplitude at rock site IBRH19 (KiK-net Tsukuba).
Figure 8 shows a comparison of the simulated and observed horizontal long-period ground motions for the northern Tochigi earthquake. We also conducted a FDM simulation using the JIVSM as a reference. The simulation result of the JIVSM (black lines) showed large discrepancies with the observed seismograms in terms of arrival times, amplitudes, and durations. Large-amplitude surface waves arrived earlier compared to the observations, especially at TCG001, SIT003, and IBRH10. In addition, the amplitudes of the surface waves were overestimated at SIT.015, SIT010, and SIT003. Furthermore, we confirmed that the JIVSM did not reproduce the observed excitation of the long-period surface waves at the northern edge of the Kanto Basin (TCG001, TCGH06, and SIT003). In contrast, simulation results of the SBVSM accurately reproduced the observed amplitudes and arrival times of surface waves at not only stations near the basin edge (GNM.059, TCGH06, TCG001, and SIT003) but also at stations far from the edge (SIT.015, SIT010, and TKY.1220). A high reproducibility of the observed long-period ground motion at the middle and eastern parts of the Kanto Basin may be achieved by incorporating the S-wave velocity structures derived from dense microtremor surveys in Saitama, Ibaraki, and northern Chiba.[image: A40623_2015_201_Fig8_HTML.gif]
Figure 8
                            Observations and SBVSM simulations of horizontal long-period ground motions for the northern Tochigi earthquake. A band-pass filter for the period of 4 to 8 s was applied into both observed and simulated seismograms. Blue, black, and red lines show simulations of the SBVSM, simulations of the JIVSM, and observations, respectively.




                  
The SBVSM also performed well during the evaluation of the long-period ground motion for the northern Ibaraki earthquake, which was not used in the parameter estimations; additionally, this earthquake occurred in a different back azimuth compared to the northern Tochigi earthquake. Figure 9 shows a comparison of the simulated and observed horizontal long-period ground motions for this earthquake. Significant differences were not found between the results from the two structure models in the area of shallow bedrock depths (IBR012 and IBRH19). However, simulated waveforms of the JIVSM in deep sediment areas (SIT.081, SIT003, SITH01, and CHB002) were overestimated. Simulated waveforms of the SBVSM reproduced the observed amplitudes and arrival times of the long-period surface waves in the northern Kanto Basin very accurately.[image: A40623_2015_201_Fig9_HTML.gif]
Figure 9
                            Observations and SBVSM simulations of horizontal long-period ground motions for the northern Ibaraki earthquake. A band-pass filter for the period of 4 to 8 s was applied into both observed and simulated seismograms. Blue, black, and red lines are simulations of the SBVSM, simulations of the JIVSM, and observations, respectively.




                  

Surface wave propagation in the northern Kanto Basin
Since simulated waveforms of the SBVSM accurately reproduced the observed waveforms in the northern Kanto Basin (Figures 8 and 9), it was concluded that our simulations succeeded in reproducing the excitation and propagation of surface waves in this area. Thus, using these simulated and observed waveforms, we investigated the characteristics of the excitation and propagation of the long-period surface waves during two shallow moderate earthquakes in detail.
Figure 10 shows snapshots of the seismic wave propagation for a period of 4 to 8 s derived from simulations of the SBVSM for the two earthquakes. The spatial variation of the amplitudes at each time step was calculated by the interpolation of the root mean square amplitude of the simulated horizontal seismograms observed at virtual seismic stations, which were uniformly distributed at an interval of 3 km.[image: A40623_2015_201_Fig10_HTML.gif]
Figure 10
                            Snapshot of the propagation of simulated long-period ground motions (period of 4 to 8 s). Simulations of the (a) northern Tochigi earthquake and (b) northern Ibaraki earthquake. The spatial variation of bedrock depth is also shown in lower right part of (a). The red arrows denote the propagation directions of phases B and C.




                  
In an early snapshot of the northern Tochigi earthquake (t = 30 s; Figure 10a), strong surface wave excitation around the Gumma-Saitama border (mark A) was observed. The excited surface waves propagated towards the middle part of the Kanto Basin, and they had a complex propagation pattern. At a lapse time of t = 50 to 80 s, the surface waves near the Saitama-Chiba border (mark B) were propagating much slower than the surface waves propagating in the midst of Saitama (mark C). In the later frames (t = 70 to 80 s), very slow surface waves (mark B) propagated towards Tokyo and Chiba while preserving their large amplitudes and shapes of wave packets.
Figure 10b shows the seismic wave propagation during the northern Ibaraki earthquake. At a lapse time of t = 45 s, large-amplitude surface waves were excited at the Ibaraki-Chiba border (mark D), and consequently, these waves propagated towards central Chiba. There was a significant dispersion of surface waves at northern Chiba (mark E), and these showed a delay of the large-amplitude arrival, which was confirmed with the observed seismograms at CHBH13 (lower right part of Figure 9).
From the snapshots of both earthquakes, we determined that the excitation of the surface waves occurred effectively at the area with a bedrock depth of approximately 1 km (e.g., at mark A and mark D in Figure 10). The excited surface waves propagated in the laterally inhomogeneous sedimentary basin and displayed complicated behaviors of propagation, especially for the northern Tochigi earthquake (mark B and mark C in Figure 10a). A conventional Fourier analysis revealed that the dominant period of the surface waves was approximately 6 s.
Figure 11 shows the velocity seismograms of the transverse component at the stations aligned along the propagation path of phases C and B in the middle and eastern parts of Saitama. In the aligned seismograms, we confirmed both the faster phase C and slower phase B as seen in Figure 10a, and these phases were reproduced by our 3D FDM simulation.[image: A40623_2015_201_Fig11_HTML.gif]
Figure 11
                            Aligned transverse velocity seismograms for the period of 4 to 8 s. Seismograms were recorded at (a) stations in middle Saitama (yellow triangles in Figure 10a) and (b) stations in eastern Saitama (red triangles in Figure 10a) during the northern Tochigi earthquake. Blue and red lines are simulations of the SBVSM and observations, respectively.




                  
To interpret this observation, we evaluated the two-dimensional (2D) map of the group velocity of fundamental Love waves for the periods of 4, 5, 6, 7, and 8 s using the codes developed by Herrmann (2013). The 1D velocity structure of the SBVSM at each site was used for constructing this map. Figure 12 illustrates the 2D map of the group velocities for each period, and these maps show strong lateral variation in the Kanto Basin. The map of group velocity for the period of 6 s successfully explains the propagation speed of both phases in the observations and simulations.[image: A40623_2015_201_Fig12_HTML.gif]
Figure 12
                            Spatial variation of Love wave group velocity for periods (
                            T
                            ) of 4 to 8 s. The local group velocities of Love waves were derived from the SBVSM. The spatial variation of the bedrock depth is also shown in the lower right panel. The areas, where group velocities are larger than 1.2 km/s, were masked. The group velocities for each period were calculated using codes developed by Herrmann (2013). Plotted stations in the map of bedrock depth are the same as those used in Figure 10.




                  
In Figures 10 and 11, large-amplitude Love waves stably propagated towards the southern part of the Kanto Basin, preserving large amplitudes and shapes of distinct wave packets. Similar observations of distinct surface waves have been reported in previous studies (e.g., Furumura and Hayakawa 2007; Hayakawa 2009). To clarify the cause of the observed stable propagation of Love waves in the inhomogeneous Kanto Basin, we examined the detailed period dependency of the Love wave group velocity beneath the linear array. Figure 13 shows the Love wave group velocities as a function of the period derived from the local S-wave velocity structures beneath the linear array of eastern Saitama. The evaluated group velocities displayed very weak period dependency at and around the dominant period of the observed Love waves (6 s), especially at SIT.021 and SIT.022. This may be the reason why the observed and simulated Love waves stably propagated without strong dispersion and, consequently, preserved their shapes of wave packets.[image: A40623_2015_201_Fig13_HTML.gif]
Figure 13
                            Group velocity of Love waves as a function of the period. (a) Local S-wave velocity structures from the SBVSM and (b) period-dependent group velocity of the fundamental Love wave at each station. Stations are shown in the lower right part of Figure 10a. Red dashed line represents the dominant period of the distinct Love wave packet during the northern Tochigi earthquake. Group velocities were calculated using codes developed by Herrmann (2013).




                  



Discussion
Anelastic attenuation of sediments is an important factor for the amplification of long-period ground motion in sedimentary basins. In this study, we employed Q values estimated by a simple empirical relation (Brocher 2008) and a frequency-dependent Q
                −1 model for P and S waves with a central frequency of f
                0 = 1 Hz based on the formulations for FDM simulations of Robertsson et al. (1994). Here, we discuss the effect of the anelastic attenuation of the sediments on the modeling of long-period ground motions.
Figure 14a shows the frequency-dependent Q
                
                  S
                
                −1 (black line) assumed in the simulations, which was obtained from the JIVSM sedimentary layer 2 (see Table 1) and Brocher's empirical relation with various central frequencies (navy blue lines). Brocher Q
                
                  S
                
                −1 values were calculated using V
                
                  S
                 = 0.9 km/s, which corresponds to the S-wave velocity of JIVSM layer 2. The attenuation of Brocher Q
                
                  S
                
                −1 is approximately three times stronger than that of the JIVSM Q
                
                  S
                
                −1 if the same central frequency is assumed. If we employ a lower central frequency (f
                0 = 0.5 Hz), very strong attenuation can be expected for the frequency range of long-period ground motion (pink area in Figure 14a).[image: A40623_2015_201_Fig14_HTML.gif]
Figure 14
                        Effect of frequency-dependent
                        Q
                        
                          S
                        
                        
                          −1
                        
                        on simulated seismograms. (a) Frequency dependence of Q
                        
                          S
                        
                        −1 derived from the JIVSM Q
                        
                          S
                         of sedimentary layer 2 (black line) and the Brocher Q
                        
                          S
                         relation assuming V
                        
                          S
                         = 0.9 km/s (navy blue lines). (b) Velocity seismograms of the transverse component at SIT003 for frequencies of 0.125–0.25 Hz (period of 4 to 8 s) derived from simulation results of the northern Tochigi earthquake with various central frequencies of Q
                        
                          S
                        
                        −1. The pink area in (a) represents the target frequency range in our study.




              
To investigate the optimal Q
                
                  S
                 values for long-period ground motions, we conducted additional FDM simulations of long-period ground motions using the central frequencies of f
                0 = 0.5, 1, and 2 Hz. Figure 14b shows a comparison of the simulated and observed waveforms of the transverse component (period of 4 to 8 s) at SIT003 (red triangle in Figure 1) during the northern Tochigi earthquake. The simulation results demonstrated that the central frequency of Q
                
                  S
                 affected the amplitude of the later part of the surface wave packet (period of approximately 4 s), whereas no apparent effects appeared for the earlier part and dispersion feature of the Love wave. By comparing these results with the observed seismogram, the most preferable value of the central frequency was 1 Hz, which was used in the 3D FDM simulations in this study.
Although we proposed a new 3D velocity structure model for the evaluation of the long-period ground motions in the northern Kanto Basin, it may not be acceptable for short-period (<1 s) seismic wave propagation because of the lack of small-scale velocity heterogeneities. The original S-wave velocity structure obtained by VSP measurements has rich shorter wavelength components of the velocity heterogeneities (Yamamizu 1996, 2004; Shiomi et al. 1997). To achieve precise simulations that are capable of reproducing shorter-period seismic waves, such as for the evaluation of the peak ground acceleration and scattering in the Kanto Basin, we should revisit the original results from the VSP measurements and the small-scale velocity heterogeneities should be embedded in the model.
In this study, we used only one earthquake for the estimation of the local structural parameters (V
                0 and α) near the basin edge. It would have been better to use more earthquakes distributed in a wide azimuthal range for precise estimations. However, there were very few relevant moderate earthquakes (Mw approximately 6) that occurred near the basin edge. Hence, it would be useful to validate and reconstruct the SBVSM using various azimuthal events in future studies.
In the Kanto Basin, the sedimentary structure of the JIVSM was mainly constructed using geophysical information from refraction surveys (Koketsu et al. 2008, 2009). However, the refraction surveys were not densely carried out in the northern part of the Kanto Basin compared with the middle and southern parts. Thus, the JIVSM did not reproduce the observed long-period ground motion very well, especially for excitation near the basin edge. In contrast, by introducing dense geophysical data around the northern Kanto Basin (see Figure 7a), the SBVSM was able to reproduce the observed excitation and propagation of long-period surface waves. We believe that the incorporation of data from denser microtremor surveys has the potential to improve the reproducibility of the observed long-period ground motions in the Kanto Basin. In addition, precise information on the bedrock depths, which was not discussed in this study, should be required for more confident evaluations in future studies.

Conclusions
For practical evaluations of the long-period ground motions (period of 4 to 8 s), we constructed a 3D velocity structure model of the northern Kanto Basin using a simple velocity gradient function. Our structure model SBVSM, which was constructed from a waveform analysis and dense geophysical data from VSP measurements, the JIVSM, and the microtremor surveys showed strong lateral inhomogeneities in this basin. The large-scale 3D FDM simulations using the SBVSM model accurately reproduced the observed long-period ground motions during two moderate earthquakes that occurred in the northern Kanto region. Hence, these results show the adequacy of our modeling procedure.
By comparing the simulations and observations, it was found that the observed long-period ground motions were generated by the long-period surface waves excited at the basin edge, where the bedrock depths are approximately 1 km. The excited surface waves propagated towards the central or southern parts of the Kanto Basin, and they showed complicated propagation patterns with large-amplitude, distinct, long-period wave packets. Our results strongly indicate that it is necessary to consider the strong lateral variation of the sedimentary velocity structure to better understand the complex propagation characteristics of the surface waves in this basin.
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