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Abstract 12 

In this study, we evaluated the travel time of S-wave between the vertical array stations 13 

based on seismic interferometry, focusing on the difference in transfer function due to 14 

two horizontal components at the KiK-net Mashiki station (KMMH16). At that time, we 15 

surveyed the differences by back azimuth (BAZ) and the polarization direction of 16 

seismic waves. Furthermore, we expanded the survey to all KiK-net stations in the 17 

Kyushu district, to confirm whether the phenomena seen at KMMH16 is specific to this 18 

location.  19 

The result shows that the difference by the polarization direction in the travel time was 20 

larger than the difference by the BAZ. This result suggests that the difference in transfer 21 

function at KMMH16 were affected by the anisotropy of the S-wave velocity. We 22 

evaluated the leading S-wave polarization directions (LSPDs) and the strength of 23 

anisotropy (ΔV) for all KiK-net stations in the Kyushu district. The LSPDs roughly 24 

correspond to the results of previous studies. The LSPDs in the forearc area are nearly 25 

perpendicular to the crustal deformation whereas those in the back-arc area are nearly 26 

parallel to it. This characteristic is similar to one found by Nakajima and Hasegawa 27 



(2008) in the Tohoku district. We examined the change in anisotropy before and after 28 

the Kumamoto earthquake at two stations, KMMH16 and KMMH14 that are located 29 

near the source region. The changes in the LSPD and the ΔV before and after the 30 

earthquake were not notable.  31 

At stations that observed weak anisotropy, transfer functions of two horizontal 32 

components show similar shape. At stations that observed strong anisotropy, however, 33 

the shape of the transfer function differs greatly, depending on the horizontal direction. 34 

This suggests that an evaluation of site amplification using a single velocity model may 35 

reduce the reproducibility of ground motions. 36 
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1. Introduction 42 

During the 2016 Kumamoto earthquake, the damage was concentrated around the center 43 

of Mashiki town. Some studies suggest that the site amplification had affected to the 44 

damage of Mashiki town (e.g., Motoki et al. 2016, Cho et al. 2017). Strong ground 45 

motions were recorded at the KiK-net Mashiki station (KMMH16) not only at the 46 

ground level (GL) but also in 252-m deep borehole (BH) and were used analyses as 47 

base data to analyze the cause of the heterogeneous distribution of the wooden houses 48 

during the main shock (e.g., Yamada et al., 2017). However, at KMMH16, a transfer 49 

function of the NS component from the BH to the GL differs from that of the EW 50 

component (e.g., Motoki et al., 2016). The subsurface model obtained by PS logging 51 

and microtremor does not depend on the horizontal direction of polarization direction. 52 

Since the subsurface model cannot explain the different transfer function due to the 53 

polarization direction, it is an important issue in evaluating site amplification to clarify 54 

the cause of the different transfer functions due to the polarization direction. 55 

There are two possible contributing factors as to why the transfer function relies on the 56 

horizontal direction. One is the irregularity of the boundaries of sediment layers, and the 57 



other is the anisotropy of the S-wave velocity. When there is an irregular layer boundary 58 

such as a step structure, the site amplification changes depending on the incident angle 59 

and the BAZ. Then, consequent transfer function of the horizontal component relies on 60 

the direction of the seismic waves. The anisotropy of the S-wave velocity of the 61 

propagating medium has been reported to be caused by micro cracks arranged in the 62 

propagation media (Crampin 1994). We should consider the mechanism of the different 63 

transfer functions due to the horizontal direction when exploring the subsurface model 64 

to evaluate the amplification factors. 65 

In recent years, some researchers have used seismic interferometry to evaluate the travel 66 

time between vertical arrays (e.g. Yamada et al., 2010). It is also used to monitor the 67 

recovery process of stiffness loss in subsurface soils due to the strong nonlinearity of 68 

the surface ground (Yamada et al., 2010, Sawazaki 2017). Takagi and Okada (2012) and 69 

Nakata and Snieder (2012) used seismic interferometry to evaluate the anisotropy of S-70 

wave velocity, but their target was limited to northeastern Japan. 71 

In this paper, we evaluated the travel time of the S-waves between the vertical array 72 

stations based on the seismic interferometry to clarify the mechanism of the propagation 73 



characteristics of the two horizontal components of KMMH16. We focused on the 74 

differences in seismic waves by BAZ and polarization direction. Furthermore, we 75 

expanded the evaluation of the difference between two horizontal components to all 76 

KiK-net stations in the Kyushu district, to confirm whether the phenomena seen at KiK-77 

net Mashiki is unique. 78 

 79 

2. Method and target sites 80 

In this paper, seismic interferometry was used to investigate the travel time of an S-81 

wave between two stations in a vertical array. We calculated the deconvolved waveform 82 

of the S-wave records at the GL and BH, and extracted the time lapse when the 83 

amplitude of the deconvolved waveform is peak. The deconvolution is evaluated by the 84 

following equation. 85 

 86 

𝑊𝑊𝜀𝜀(𝑓𝑓) = −𝑢𝑢𝑏𝑏(𝑓𝑓) 𝑢𝑢𝑠𝑠∗(𝑓𝑓)
|𝑢𝑢𝑠𝑠(𝑓𝑓)|2+𝜀𝜀

,  (1) 

 87 

where Wε (f) is the Fourier spectrum of the deconvolved waveform, ub (f) is the Fourier 88 

spectrum of the record at the BH, us (f) is the Fourier spectrum at the GL, and ε is a 89 



coefficient for preventing the infinity to Wε (f) by dividing by 0; an asterisk means a 90 

complex conjugate. We set ε to 1% of the average of the denominator in the frequency 91 

range from 1 to 13 Hz as per the work by Nakata and Snieder (2012). In this paper, 92 

since we focused on S-wave propagation, we set the analysis time to 5 s to include the 93 

arrival of direct S-wave. The analysis start time was set to 1 second before the arrival of 94 

the first S-wave obtained from the travel timetable provided by the Japan 95 

Meteorological Agency (Ueno et al., 2002). When we found that the selected time did 96 

not correspond to the direct S-wave from visual inspection, we adjusted the time to fit 97 

the direct S-wave arrival manually. 98 

We picked a peak time of the deconvolved waveform with a precision of 0.001 s. We 99 

fitted a quadratic function to the peak point and points next to the peak, and selected the 100 

peak time of the fitted function (Nakata and Snieder, 2012). We regarded the peak time 101 

as the travel time of S-wave from the BH to the GL as the work by e.g. Yamada et al. 102 

(2010). We confirmed that this evaluated time corresponded to the S-wave travel time 103 

from the PS logging model in the later section, and Supplementary File 1 shows that the 104 

accuracy of the estimation of travel time is more accurate than the sampling frequency. 105 



The deconvolved waveform was applied to a bandpass filter of 1-20 Hz, and we took 106 

the ensemble average for each earthquake record. 107 

We targeted 77 KiK-net stations in the Kyushu district except one station, OITH07. The 108 

transfer function of the NS component is larger than that of the EW component at 109 

OITH07 regardless of frequency and there was a possibility of some unknown noises 110 

being included. We analyzed the strong motion records from the observation start time 111 

of each station to the end of March 2017. We discarded records in which the first P 112 

wave was not observed. The sampling frequency of KiK-net changed from 200 to 100 113 

Hz in several years after the observation start. In this paper, we resampled the records 114 

by 200 Hz with 100 Hz.  115 

Before the deconvolution analysis, we estimated the orientation of the seismometer at 116 

the GL by correlation analysis with the seismometer at the BH (Kato et al., 2001). For 117 

the orientation of the seismometer at the BH, we referred to the estimated results 118 

published on the Hi-net website (Shiomi et al., 2003). Supplementary file 2 shows the 119 

estimated installation orientation of the seismometer at the GL. 120 

Figure 1 shows the velocity waveforms, the trajectory for each 0.12-s and the 121 



deconvolved waveform at the KMMH16. Looking at the time difference between the 122 

peak phases corresponding to the GL and BH in Figure 1 (A), the travel time of the S-123 

wave is 0.50 s in the NS direction and 0.38 s in the EW direction, suggesting that the 124 

propagation velocities differ depending on the direction. We can also confirm in the 125 

particle motion in Figure 1 (B) that the prominent phase of the EW component 126 

propagated from (I) at the BH to (III) at the GL and that of the NS component 127 

propagated from (II) to (IV). Figure 1 (C) shows the deconvolved waveform of the GL 128 

record against the BH record for the same earthquake. The time difference, 0.38 and 129 

0.50 s, seen in the waveform in Figure 1 (A), approximately appears as the difference 130 

between the travel times from the deconvolved waveforms. Figure 2 shows the average 131 

deconvolved waveforms among records of less than 100 Gal at the GL of KMMH16. 132 

The difference between the NS and EW components is more than 0.1 s. Figure 2 also 133 

shows the vertical S-wave travel time of the subsurface model based on microtremor 134 

exploration (Motoki et al., 2016) and the PS logging model provided by the National 135 

Research Institute for Earth Science and Disaster Resilience 136 

(http://www.kyoshin.bosai.go.jp/cgi-bin/kyoshin/db/sitedat.cgi?0+KMMH16+kik). The 137 



travel time from the microtremor model corresponded to that from the deconvolved 138 

waveform of the NS component, whereas the travel time from the PS logging model 139 

was faster than that from the deconvolved waveform of the EW component. In this 140 

paper, we performed the examination by using different earthquake data set to 141 

investigate the cause of the different travel times between the NS and EW components. 142 

We also examined the effect of the arrival and polarization directions on the different 143 

travel times shown in Figure 2. 144 

 145 

3. A factor causing the different travel times depending on horizontal components 146 

3.1 The influence of the arrival direction of a seismic wave 147 

If the difference in the travel times along the NS and EW direction is due to the 148 

irregularity of the sediment layers, there is a high possibility that the difference in the 149 

deconvolved waveform of the horizontal component relies on the arrival direction of the 150 

seismic wave. Figures 3 (A) and (B) show the deconvolved waveforms classified by 151 

BAZ divided into eight octants with 45° at KMMH16, and Figure 3 (C) shows the travel 152 

time; n represents the number of earthquakes classified in each octant. The difference in 153 



the travel time due to the difference in the wave’s arrival direction is smaller than the 154 

difference between the NS and EW components. Although the travel time by BAZ 155 

between 90° and 135° is slightly shorter than that of other directions, the difference in 156 

the travel times between the NS and EW components is maintained. The difference in 157 

the travel times of the NS and EW components cannot be explained by the arrival 158 

direction of the wave, suggesting that the difference in the travel times along the NS and 159 

EW components is not mainly due to the irregularity of the sedimental layers. 160 

 161 

3.2 The influence of the polarization direction 162 

Given that the irregularity of the sediment layers barely affects the difference in the 163 

propagation characteristics of the NS and EW components, the anisotropy of the S-wave 164 

velocity can be considered to be the main factor in the cause of the different travel 165 

times. We investigated the change in propagation velocity when rotating the 166 

polarization direction to determine whether the difference in propagation characteristics 167 

is due to anisotropy. As in the study by Nakata and Snieder (2012), deconvolution was 168 

performed by rotating the polarization direction at the GL and BH by 10°. Figure 4 (A) 169 



shows the deconvolved waveform of each polarization direction, and Figure 4 (B) 170 

shows the travel time. The deconvolved waveform changes with the polarization 171 

direction, and the travel time varies discontinuously at 50° to 60° and 140° to 150°. The 172 

discontinuous change due to the change in polarization direction suggests that the 173 

propagation medium between two points has two different velocities. The second peak 174 

is indicated by a blue dot in the deconvolved waveform near the azimuth where the 175 

travel time changes discontinuously. Looking at these waveforms in Figure 4 (A) (for 176 

example, 140° and 150°), there are two peaks indicated by red and blue dots, and the 177 

red ones were selected according to the amplitude of the phase and plotted in Figure 4 178 

(B). This suggests that S-wave splitting occurred around that direction, and the 179 

difference in the NS and EW propagation characteristics is due to the anisotropy of the 180 

S-wave velocity. 181 

 182 

3.3. Examination using records from the Kyushu district 183 

We evaluated the travel time from deconvolution for all stations in the Kyushu district 184 

to investigate whether there was a difference in the propagation velocities due to the 185 



polarization direction as shown in KMMH16 in section 3.2. Figure 5 (A) shows 186 

examples of the travel time at these stations. As with KMMH16, at KMMH03 the travel 187 

time changed discontinuously along the polarization direction. At FKOH01, the travel 188 

time changed continuously. At FKOH07, the travel time changed discontinuously at one 189 

side. Figure 5 (B) shows the relationship between the travel time difference and 190 

classification by the transition type of the travel time difference. In the case of 191 

continuous change, it is limited to where the travel time difference is within 0.04 s. The 192 

peaks due to the two different velocities appeared continuously because the time 193 

difference shortened, the phases overlapped, and only one peak was seen. We 194 

performed numerical experiments simulating anisotropy with two velocities, and 195 

confirmed that the transition type depended on the length of the travel time difference of 196 

two horizontal components. The numerical tests are shown in Supplementary file 1.  197 

The ratio of the shear-wave velocity anisotropy ΔV was calculated using equation (2) in 198 

the same manner as noted in the study by Crampin (1994). 199 

 200 

𝛥𝛥𝑉𝑉 =
𝑉𝑉𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑉𝑉𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠

𝑉𝑉𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
=
𝑡𝑡𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑡𝑡𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠
 (2) 

 201 



Vfast and tfast represent the propagation velocity and the travel time of the deconvolved 202 

waveform along the leading S-wave polarization direction (LSPD) respectively. Vslow 203 

and tslow are the same physical quantities as Vfast and tfast but along the axis 204 

perpendicular to the LSPD. We adopted two different methods for obtaining the LSPD. 205 

If the travel time changed continuously along the polarization direction, as shown for 206 

FKOH01 in Figure 5 (A), we set the LSPD as angle θ at which the difference in travel 207 

time between θ and θ+π/2 becomes the maximum. If the travel time changes 208 

discontinuously, we divided two clusters cluster 1 and cluster 2 as shown in Figure 5 209 

(A), and then calculated the average direction of the cluster. We set the LSPD as the 210 

average direction including the shortest travel time, indicated as cluster 2 in Figure 5 211 

(A). 212 

Figure 6 shows the deconvolved waveforms along the LSPD and the perpendicular axis 213 

to the LSPD at each observation station. The dots plotted in the waveform represent the 214 

travel times, and the time on the horizontal axis is adjusted to that the average of the 215 

travel times in the two directions is located at the center of each waveform. The time 216 

between the two dots in the horizontal axis indicates the strength of the anisotropy. 217 



There are no clear peaks in both components for KMMH05, but clear peaks for other 218 

observation stations. 219 

Figure 7 shows the results of the S-wave velocity anisotropy at each observation station. 220 

The direction of the colored line indicates the direction of the LSPD, and its length and 221 

color indicate the ratio of the anisotropy represented by equation (2). The threshold 222 

value of the size classification refers to the classification by Crampin (1994): ΔV of 223 

0.045 or lower indicates intact rock, and ΔV of 0.10 or higher indicates heavily 224 

fractured rock. We displayed ΔV larger than 0.2 as an additional threshold to emphasize 225 

the stations with strong anisotropy. 226 

As shown in Figure 7, the anisotropy of the S-wave velocity appears at not only 227 

KMMH16 but also other stations. The anisotropy ratio of KMMH16 is larger than those 228 

of other stations except for NGSH03. Also, some areas of the Nagasaki, Miyazaki and 229 

Oita prefectures show strong anisotropy. The stations with strong anisotropy (except 230 

NGSH03) are mainly in the area where the normal fault occurs, as shown by Matsumoto 231 

et al. (2015). The distribution of LSPD seems to roughly correspond to the results of the 232 

Kyushu region by Ishise and Oda (2009), although the depth corresponding to the 233 



results of Ishise and Oda (2009) is thought to be several tens of kilometers. 234 

Similar to Nakata and Snieder (2012), we compared the direction of crustal deformation 235 

with the direction of anisotropy. The black arrows in Figure 7 indicate the direction and 236 

horizontal velocity of the crustal deformation by the GNSS (Headquarters for 237 

Earthquake Research Prevention [HERP], 2013). Since it is thought that the northern 238 

part of Kyushu has a complicated plate deformation, we focused on the southern part of 239 

Kyushu for comparison. The area indicated by the gray dashed line in Figure 7 (almost 240 

the forearc side) and the area indicated by the solid gray line (back arc side) have 241 

different characteristics. Although there are some exceptions, there are many stations on 242 

the forearc side where the LSPD is almost perpendicular to the direction of the plate 243 

deformation. On the back-arc side, there are many stations where the LSPD is nearly 244 

parallel to the direction of the plate deformation. We measured the direction angle of the 245 

deformation of the GNSS station with Figure 7 in order to quantitatively compare with 246 

the angles of the LSPDs. The comparisons between the back-arc side and forearc side 247 

are shown in Figure 8. It is confirmed that the LSPDs were almost perpendicular to the 248 

direction of the plate deformation on the forearc area, and parallel to those on the back-249 



arc area. This feature seen in the LSPD was pointed out by Nakajima and Hasegawa 250 

(2008) in the Tohoku area. Although the target depth in this paper is less than 500 m, 251 

which does not correspond to the target depth in Nakajima and Hasegawa (2008), the 252 

anisotropic characteristics show similar results. 253 

Regarding the anisotropy of the subsurface structure deeper than the BH, the waveforms 254 

at the KMMH16 BH in Figure 1 show that the S-wave of the EW component arrived 255 

earlier than that of the NS component. The LSPD from the hypocenter to the BH station 256 

shows the same trend as that from the BH to the GL. Also, Crampin and Chastin (2003) 257 

indicated that the APE model of the propagation medium due to stress can be applied to 258 

below the critical depth of 500-1000 m that is vertical stress equal to minimum 259 

horizontal stress. Above this depth, crack distribution was controlled by stress release 260 

and lithologic phenomena (Crampin and Chastin, 2003). We considered that this 261 

disturbance near the GL might be not so much as to rearrange the original crack 262 

distribution because the LSPD near the GL corresponds to the LSPD deeper than the 263 

BH.  264 

The ΔV at KMMH16 is 0.24, which is the second largest among the 77 observation 265 



stations targeted here. We compared the ΔV at KMMH16 with those reported by 266 

previous researches. The anisotropy of the S-wave velocity in northeast Japan 267 

calculated by Nakata and Snieder (2012) was 0.07 for NIGH13. According to the results 268 

from a similar analysis of all KiK-net stations in the Tohoku area, the maximum 269 

anisotropy is 0.20 at MYGH20 (Takagi and Okada, 2012; Mizuno and Nakai, 2005). 270 

The anisotropy around the Tanna fault, based on VSP by Nakao et al. (1994), is 271 

estimated to be about 20%, and they reported the anisotropy was strong. Of the 54 272 

stations reported on by Crampin (1994), only one site had a greater anisotropy than 273 

KMMH16. Compared with these values, it can be said that KMMH16 exhibits strong 274 

anisotropy. Crampin (1994) confirmed that anisotropy increases near the fault zone and 275 

in the area of volcanic rocks associated with high heat flow. KMMH16 is near the fault 276 

and close to Mt. Aso., and KMMH16 meets several conditions for strong anisotropy. 277 

We confirmed whether the travel time obtained by the seismic interferometry 278 

corresponds to the travel time of the S-wave velocity, comparing the average velocity 279 

from the observed travel time with that from the PS logging models. Figure 9 shows the 280 

comparisons between the observed average S-wave velocity and the calculated one by 281 



the PS logging models and the vertical axes of the left and right panels show the 282 

propagation velocity along the LSPD and the LSPD+π/2, respectively. The observed 283 

average propagation velocity of them corresponds well with the average S-wave 284 

velocity of the PS logging. We can conclude that the travel time obtained from the 285 

deconvolution represents the propagation of the S-wave in average. 286 

 287 

4. Characteristics of S-wave anisotropy 288 

Figure 10 shows the relationship between the velocity from the BH to the GL along the 289 

LSPD and the ratio of the anisotropy. Although there are five exceptionally large 290 

stations, it can be said from these results that as the average velocity along the LSPD 291 

increases, the anisotropy ratio also increases. We considered that in sediment layers 292 

with low velocity, vertical cracks seem to be only a small few cracks formed in 293 

deposition process. This indicates that anisotropy tends to appear in a layer where the S-294 

wave velocity is high.  295 

We referred to the rock classification based on the geological map (Wakita et al., 2009) 296 

to confirm whether the difference in anisotropy is due to the difference in geology. For 297 



example, the rock divisions of KMMH16 and KMMH03, which have strong anisotropy, 298 

are non-alkaline pyroclastic flows. Here, the average of the anisotropy ratio, the mean 299 

ΔV, is calculated for 25 stations of igneous rock, and we obtained mean a ΔV of 0.094 300 

with a standard deviation of 0.06. The average ΔV of all the stations is 0.086, and the 301 

standard deviation is 0.06. We used the t-test for statistical processing. Because of the t-302 

value to be 0.58, the difference in anisotropy from igneous rocks was judged to be 303 

insignificant according to the used threshold of 0.05 used in engineering. We considered 304 

that the difference in the stress depends on the location and is larger than the rock 305 

classification. 306 

Next, we investigated the anisotropy change before and after the 2016 Kumamoto 307 

earthquake. Figure 11 shows the transition of the travel time, the LSPD and the ΔV 308 

(the ratio of the anisotropy) for KMMH16 and KMMH14, which are located near the 309 

fault of the 2016 Kumamoto earthquake. The length of each term was set so that the 310 

term after the earthquake was approximately logarithmic interval. This expression 311 

comes from the findings that the recovery process in S-wave is proportional to the 312 

logarithmic axis of time by Sawazaki (2017). At both stations, the travel time before the 313 



foreshock was shorter than before the main shock, and also longer after the main shock. 314 

Although the travel time gradually approached the state before the earthquake, it still 315 

remained longer than the travel time before the 2016 Kumamoto earthquake. The 316 

direction of the LSPD was stable before and after the earthquake, and the ratio of 317 

anisotropy did not change noticeably. The pre- and post-earthquake stress changes 318 

around these stations (e.g., Goto et al., 2017) are estimated to be large. 319 

Although the travel time was delayed after the earthquake, the anisotropy hardly 320 

changed in both direction and strength. Cao et al. (2019) reported that the anisotropy 321 

changed near the epicenter of the 2004 Niigata-ken Chuetsu earthquake. Takagi and 322 

Okada (2012) also reported that the anisotropy change of FKSH14 after the 2011 off the 323 

Pacific coast of Tohoku Earthquake had occurred. The difference between our target 324 

stations (KMMH16 and KMMH14) and the stations noted above was the anisotropy 325 

strength. The station with an anisotropy change has weak anisotropy with almost less 326 

than 0.045 that means pre-fracturing (Crampin, 1994) at FKSH14 with a ΔV of 0.0176 327 

and N.YNTH with ΔV of 0.0538 (Mizuno and Nakai, 2005). Since there might be many 328 

large cracks at the observation stations with strong anisotropy, such as KMMH16 and 329 



KMMH14, the effect of changing the stress field at a depth of several kilometers or 330 

deeper seems to be small, if the changing the stress field does not affect the arrange of 331 

the cracks. Therefore, the effects of the earthquakes in changing anisotropy are small 332 

compared with the observation stations with weak anisotropy indicated by Cao et al. 333 

(2019) and Takagi et al. (2012). 334 

Finally, we confirmed the effect of the anisotropy on the difference in the transfer 335 

function of the horizontal directions. Figure 12 shows examples of the comparison of 336 

the transfer function between the LSPD and the axis perpendicular to the LSPD. At 337 

stations with weak anisotropy shown in Figure 12 (A), both transfer functions are 338 

similar. On the contrary, at stations with strong anisotropy shown in Figure 12 (B), the 339 

shape of the transfer function greatly differs depending on the horizontal direction. 340 

When evaluating ground motions at observation stations with strong anisotropy, it is 341 

necessary to pay attention to the reproducibility of the ground motions. The 342 

reproducibility may be reduced unless the transfer function is considered separately in 343 

relation to the horizontal direction. 344 

 345 



5. Conclusion 346 

We focused on the difference in the horizontal component of the transfer function of 347 

KMMH16 concerning the horizontal direction. We investigated the travel time of the S-348 

wave between the stations in the vertical array based on seismic interferometry, from 349 

three viewpoints: the effects of irregularity of the sediment layer boundaries, the 350 

anisotropy of S-wave velocity, and the ground nonlinearity during strong earthquakes. 351 

In the deconvolved waveforms at KMMH16, the difference in the travel times among 352 

the epicenter locations was smaller than that between the NS and EW components. 353 

Based on the transition of the travel times of the deconvolved waveforms at KMMH16, 354 

the difference in the travel times depend on the polarization direction. It can be 355 

considered that the medium has two different S-wave velocities. From the results noted 356 

above, it was inferred that the difference in the propagation characteristics at KMMH16 357 

was mainly due to the anisotropy of the S-wave velocity. 358 

Regarding the change before and after the earthquake at KMMH16 and KMMH14 near 359 

the source region of the 2016 Kumamoto earthquake, a change in travel times was 360 

observed, but the change in anisotropy was small. This suggests that the change in the 361 



travel times before and after the earthquake was mainly due to the nonlinear behavior of 362 

the subsurface media during strong motions. 363 

According to the observations of 77 stations in the Kyushu district, there were some 364 

stations showing two velocities. The LSPDs observed in southern Kyushu were almost 365 

perpendicular to the direction of crustal deformation on the forearc side and parallel to 366 

those on the back-arc side. These characteristics were similar to those of northeast 367 

Japan, indicated by Nakajima and Hasegawa (2008). 368 

The transfer function between the stations in the vertical array differs depending on the 369 

orientation of the horizontal component at stations with strong anisotropy. It suggests 370 

that an evaluation of site amplification using a single velocity model may reduce the 371 

reproducibility of the observed ground motions. 372 

 373 
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Figure legends 475 

Figure 1 476 

(A) Velocity waveforms integrated from the records at KMMH16, (B) particle motions 477 

in velocity, (C) deconvolved waveforms of the surface records with the borehole 478 

records The shaded boxes in (B) mean the time swinging started in the NS or EW 479 

direction. The dots represent travel times of deconvolved waveforms. 480 

  481 



Figure 2 482 

Deconvolved waveforms averaged with records less than 100 Gal at the GL of 483 

KMMH16. Comparison of travel times from deconvolved waveforms with the vertical 484 

S-wave travel time from the PS logging model from the KiK-net website and the 485 

microtremor model by Motoki et al. (2016). 486 
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Figure 3 488 

Deconvolved waveforms (A: NS component, B: EW component) of each octant with 489 

back azimuth (BAZ) and (C) travel times of deconvolved waveforms of each octant. 490 
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Figure 4 492 

(A) Deconvolved waveforms of each polarization direction and (B) the travel times 493 

from the deconvolved waveforms. Red dots in (A) show the first peak of the 494 

deconvolved waveforms, and blue dots show the second peak near the azimuth where 495 

the travel time changes discontinuously. 496 
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Figure 5 498 

(A) Transition of travel times of deconvolved waveforms changing polarization 499 

direction at each station and (B) relationship of the types of transition of travel times 500 

with time difference between the slow direction and the fast direction. The two clusters 501 

in FKOH07 and KMMH03 in (A) were divided by the average of the shortest and 502 

longest travel times shown by dashed lines, and they were used in calculating the LSPD 503 

and the ΔV. 504 
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Figure 6 506 

Deconvolved waveforms of the LSPD with black lines and the axis perpendicular to the 507 

LSPD with gray lines. Dots represent the travel times of each waveform. The time on 508 

the horizontal axis is adjusted to that the average of the travel times in the two 509 

directions is located at the center of each waveform. 510 
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Figure 7 512 

Comparison of the distribution of the LSPDs and the strength of anisotropy based on 513 

deconvolved waveforms. The the distribution of horizontal crustal deformation based on 514 

GNSS (period March 2006 to March 2011; HERP, 2013) is also shown. The gray 515 

characters mean the prefecture name. The LSPDs are almost perpendicular to the 516 

directions of deformation in the area surrounded by the broken gray line. On the 517 

contrary, the LSPDs are almost parallel to those in the area surrounded by the solid gray 518 

line. 519 
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Figure 8 521 

Comparison of the LSPDs based on the deconvolved waveforms with the directions of 522 

horizontal crustal deformation based on GNSS. The forearc covers the stations in the 523 

area indicated by the broken gray line in Figure 7, and the back arc covers the stations 524 

in the area indicated by the solid gray line in Figure 7. 525 
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Figure 9 527 

Comparison of average velocities between the travel time from the deconvolved 528 

waveform and that from the PS logging model. The vertical axis on the left panel 529 

indicates the velocity along the LSPD and that on the right panel indicates the velocity 530 

along the direction perpendicular to the LSPD. 531 
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Figure 10 533 

Relationship between the velocity along the LSPD, VLSPD, and the strength of the 534 

anisotropy, ΔV. The observation stations with strong anisotropy between the two thick 535 

lines are shown in Figure 7. 536 
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Figure 11 538 

The transition of the travel times, LSPDs, and ΔV (strength of anisotropy) before and 539 

after the 2016 Kumamoto earthquake at KMMH16 and KMHH14. 540 
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Figure 12 542 

Transfer functions along the LSPD and the direction perpendicular to the LSPD at 543 

stations with weak anisotropy of the S-wave velocity (A: KMMH13, MYZH08, 544 

KGSH06) and those at stations with strong anisotropy (B: KMMH16, KMMH03, 545 

NGSH03). 546 


