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Supplementary File 1: 
Estimation accuracy of S-wave travel time based on numerical experiments and examination 
of discontinuous changes in travel time due to polarization direction of earthquake motions 

 
We verified the accuracy of the S-wave travel time by a deconvolved technique. We analyzed 
a factor of continuous and discontinuous changes in travel time due to the polarization 
direction based on numerical experiments. First, we will explain the accuracy of the travel 
time. In this paper, we applied curve fitting using a quadratic function (Nakata and Snieder, 
2012) to extract the travel time more accurate than the sampling frequency of the KiK-net 
recording.  Numerical experiments verified the time accuracy estimated using curve fitting. 
In the numerical experiment, we calculated the site responses at the ground level (GL) from 
the borehole (BH) analytically with 1D wave propagation theory. Using the numerical 
responses, we evaluated the travel time with the deconvolution technique and estimated the 
error with the expectation from the input model. Figure A1 shows the S-wave velocity model. 
We used a basic model indicated by a gray line to verify the time accuracy. The motions put 
into the BH station were created using the envelope shape and normal random numbers 
(Kawase et al., 2011). The damping factor was set at 1% for each layer. Since we were focusing 
on verifying the accuracy, we set the travel times between the two stations of the ten input 
models, to increase by 0.001-s units more accurate than the sampling frequency (100 Hz). It 
means that the position of ST2 was set at the depth of 200 m as the reference (travel time = 
0.25 s), and ten models up to the depth of 186.5 m (travel time = 0.241 s) at every 1.5 m were 
set. For the evaluation wave, 100 samples were prepared for each case, and the travel time was 
evaluated by ensemble averaging of the deconvolved waveform. The evaluation results are 
shown in Fig. A2. The horizontal axis represents the travel time of the input model between 
the two stations, and the vertical axis represents the error of the evaluation results from the 
expectations of the input models. The maximum value of the error was confirmed to be less 
than 0.0005 s, indicating that the accuracy of 0.001 s used in the evaluation for observed 
motions was sufficient. 
Next, we examined the phenomenon of how the shape of the transition of the travel time due 
to the polarization direction shown in Figure 5 differs depending on the stations. We also 
show that the travel times at stations with large differences in travel time change 
discontinuously along the polarization direction, but those at stations with small differences 
change continuously. Here, we set a model with a large speed change and a model with a small 
speed change to confirm that the difference in the travel time affects the difference in the 
transition shape. 
In the numerical experiments, we assumed that the NS component is a slow axis and the EW 
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component is a fast axis to simulate the anisotropy of S-wave velocity. We rotated the 
horizontal responses for each 10 °, as shown in a schematic image of Figure 4. Figure A1 shows 
the S-wave velocity structure model used in the numerical experiment. The NS component is 
a basic model, and the EW component is a fast velocity model. Here, two cases of ΔV of 0.1 
and 0.25 were set. Figure A3 shows the transition of the travel time depending on the 
polarization direction in the two cases. In the case of ΔV = 0.1 where the travel time 
difference is small, it changes continuously like a cosine curve, whereas in the case of ΔV = 
0.25, it changes discontinuously. This indicates that the travel time changes continuously 
when the travel time difference is small even when only two velocities are used. 
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Figure A1. The S-wave velocity model used for numerical experiments 
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Figure A2. The error between the input model and output result based on numerical 

experiments 

 
Figure A3. Transition type of travel times with polarization direction from numerical 

experiments. Continuous and discontinuous changes rely on the time difference. 
 


