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We analyzed strong-motion records at the ground and borehole in and around the Kanto Basin and the seafloor in the Japan Trench area from three nearby offshore earthquakes of similar magnitudes (Mw 5.8–5.9). The seafloor strong-motion records were obtained from S-net, which was established to enhance tsunami and earthquake early warnings after the 2011 great Tohoku-oki earthquake disaster. The borehole records were obtained from MeSO-net, a dense network of seismometers installed at a depth of 20 m in the Tokyo metropolitan area. The ground records were obtained from the K-NET and KiK-net networks, established after the 1995 great Hanshin-Awaji earthquake disaster. The MeSO-net and S-net stations record the shakings continuously, while the K-NET and KiK-net records are based on triggering thresholds. It is crucial to evaluate the properties of strong motions recorded by the S-net for earthquake early warning (EEW). This paper compared the peak ground accelerations (PGAs) and peak ground velocities (PGVs) between the S-net and K-NET/KiK-net stations. Because the MeSO-net records were from the borehole, we compared the PGAs and significant durations of the low-frequency motions (0.1–0.5 Hz) between the S-net and MeSO-net stations from identical record lengths. We found that the horizontal PGAs and PGVs at the S-net sites were similar to or larger than the K-NET/KiK-net sites for the S wave. In contrast, the vertical PGAs and PGVs at the S-net sites were similar to or smaller than those at the K-NET/KiK-net sites for the S wave. Particularly, the PGAs and PGVs for the P-wave parts on the vertical-component records of S-net were, on average, much smaller than those of K-NET/KiK-net records. The difference was more evident in the PGAs. The average ratios of S-wave horizontal to vertical PGAs were about 2.5 and 5 for the land and S-net sites, respectively. The low-frequency PGAs at the S-net sites were similar to or larger than those of the MeSO-net borehole records. The significant durations between the two-networks low-frequency records were generally comparable. Quantification of the results from a larger dataset may contribute to ground-motion prediction for EEW and the design of the offshore facilities.
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INTRODUCTION
A large-scale seafloor observation network for earthquake and tsunami, known as S-net, consisting of 150 observatories, has been established in the Japan Trench area after the 2011 Tohoku-oki earthquake disaster and has been operated by National Research Institute for Earth Science and Disaster Resilience (NIED) since 2016 (NIED 2019a; Aoi et al., 2020). This is an in-line-type cabled network, with seismometers housed in cylindrical pressure vessels, most of which, including the cables, were buried to a depth of about 1 m in the shallow water regions (water depth <1,500 m). In the deeper water regions, the cylindrical vessels were freely sited on the seafloors. The interstation distance is about 30 and 50 km in perpendicular and parallel to the trench axis, respectively. The network records and transmits waveform data to the data center of NIED continuously. It is expected that the S-net data contribute to earthquake and tsunami early warning. A detailed description of the S-net can be found in Aoi et al. (2020). To improve earthquake early warning (EEW) for offshore earthquakes, it is important to understand the characteristics of strong motions in the offshore area. It is also crucial to examine the properties of the recorded motions at the ocean-bottom sites for various seismological and engineering applications by comparing with the data recorded by seismometers installed firmly on the ground or borehole because the waveforms at the ocean-bottom sites are likely to be contaminated by various factors such as tilting of the sensors due to strong motions and poor coupling between the sensor houses and the seabed sediments (e.g., Nakamura and Hayashimoto 2019; Takagi et al., 2019).
There is a paucity of literature regarding the strong-motion observation in the offshore areas. The study by Boore and Smith (1999) showed that the offshore motions are low in vertical accelerations at short periods, and shear-wave velocities beneath a site are more important than the water layer in determining the property of ground motions at lower frequencies. Hu et al. (2020) also reported that the spectral accelerations of vertical component records were slightly smaller than those of the records on land at short periods, while the long-period ground motions were noticeably larger at the offshore sites. Previous studies (e.g., Nakamura et al., 2015; Noguchi et al., 2016; Todoriki et al., 2017; Kubo et al., 2019) had commonly shown that the amplitudes of long-period (> 2 s) ground motions were substantially larger at the ocean bottom sites than the land sites. One of the reasons for the large long-period ground motions was attributed to the thick unconsolidated sediments in the offshore region. Dhakal et al. (2021) compared horizontal peak ground accelerations (PGAs), peak ground velocities (PGVs), and acceleration response spectra at selected periods between the land and S-net sites for nine selected earthquakes. They reported that the ground motions at periods longer than about 0.5 s were more prominent at the S-net sites. Dhakal et al. (2021) also showed the example accelerograms recorded at the land and S-net sites and noted that the vertical component PGAs at the S-net sites were almost half the values at the land sites at similar distances. However, they focused on the horizontal components of motions and discussed little the vertical component of motions.
In this study, the peak amplitude and duration features of S-net records are evaluated with reference to the records from the other three networks, namely, K-NET, KiK-net, and MeSO-net for both horizontal and vertical components of motions. The K-NET and KiK-net are countrywide networks with an average spacing of about 20 km established after the 1995 great Hanshin-Awaji earthquake disaster (e.g., Okada et al., 2004; NIED 2019b; Aoi et al., 2020). The MeSO-net, abbreviated for the Metropolitan Seismic Observation network, is a dense network of about 300 seismometers installed at the borehole depth of 20 m in the Tokyo Metropolitan area (e.g., Sakai and Hirata 2009; NIED 2019c). The average interstation distance of MeSO-net is about 3 km. One of the primary objectives of the MeSO-net was to contribute to a better understanding of seismic hazards in the Tokyo metropolitan area, such as by detailed imaging of the possible large-scale faults beneath the urban areas. The MeSO-net stations record the waveform data continuously. This means that the long-duration records can be obtained from the S-net and MeSO-net. However, it isn’t easy to compare the high-frequency ground motions recorded at the MeSO-net sites with those at the S-net sites because the MeSO-net seismometers are installed at the borehole, as mentioned above. On the other hand, the K-NET seismometers are installed at the ground surface, while the KiK-net consists of a pair of seismometers installed at the ground surface and the borehole. The K-NET and KiK-net stations get triggered after some threshold ground accelerations, and the records get terminated when the threshold motions are not exceeded for a certain duration. As a result, the record lengths are not uniform from the K-NET and KiK-net. Therefore, the S-net records may be compared with the K-NET and KiK-net surface records for the high-frequency motions while taking advantage of the MeSO-net records for the long-period ground motions, which persist for longer durations in the sedimentary basin areas.
In the paper, a general comparison of the peak ground accelerations (PGAs) and peak ground velocities (PGVs) for the P-wave and S-wave parts is made between the S-net ocean-bottom and K-NET/KiK-net sites from three earthquakes of Mw 5.8–5.9, which occurred nearby the Kanto Basin. Similarly, the PGAs and significant durations of relatively low-frequency motions (0.1–0.5 Hz) at the S-net sites are compared with those from the MeSO-net sites from long-duration records. One of the primary objectives of this paper is to understand the peak amplitude and duration features of the S-net strong-motion recordings for the development of ground-motion prediction models for EEW. In the current system of EEW by the Japan Meteorological Agency (JMA), vertical component displacement amplitude has been employed to reduce the effect of site amplification and rotational motions on the recorded motions at the S-net sites, while three-component records have been used for the station on land (e.g., Hayashimoto et al., 2019; JMA 2019). The present study may be considered a foundational work for future more detailed analyses for quantifying the variation of P- and S-wave amplitudes at different frequencies in the offshore stations for possible application to EEW. Furthermore, the study of low-frequency peak motions and ground-motion durations may help to understand the effect of deeper suboceanic and water layers on the recorded motions. Many ocean-bottom seismograph networks of different scales are in operation for EEW and many other geophysical studies in the world (e.g., Romanowicz et al., 2009; Hsiao et al., 2014; Barnes et al., 2015). Thus, the results presented in this paper also contribute to the engineering and seismological community literature for a comparative study about offshore strong motions around the globe. First, we explain the earthquake data and their processing in the next section. Then, we present and discuss the results.
DATA AND PROCESSING
In this article, the expressions such as the ocean-bottom (OB) stations or ocean-bottom seismographs (OBS) refer to the S-net stations unless explicitly mentioned. We selected records on the land and OB stations from three earthquakes of Mw values equal to 5.8 (one event) and 5.9 (two events). The source parameters of the earthquakes are given in Table 1. The epicenters of the earthquakes are shown in Figure 1. The order of earthquakes in Table 1 follows the occurrence date of the earthquakes. The first earthquake occurred on July 7, 2018, which had Mw value of 5.9. The second earthquake occurred on January 3, 2020, which had Mw value of 5.8. The third earthquake occurred on June 25, 2020, which had Mw value of 5.9. The Mw values were taken from the F-net moment-tensor catalog by NIED. Hereafter, the above-mentioned earthquakes are called the 2018, 2020a, and 2020b events, respectively, in the paper. The JMA magnitudes of the earthquakes were 6.0, 5.8, and 6.1, respectively. Similarly, the JMA focal depths of the events were 56, 34, and 36 km, respectively. The 2018, 2020a, and 2020b events are classified as intraslab, interplate, and crustal earthquake types based on focal depths estimated by JMA and focal mechanisms and depths estimated by F-net (NIED) moment-tensor solution.
TABLE 1 | Source parameters of earthquakes used in the study.
[image: Table 1][image: Figure 1]FIGURE 1 | Index map showing location of strong-motion stations and epicenters of earthquakes used in this study. The triangles denote the S-net ocean-bottom stations (inverted triangles denote the buried stations). The squares and circles denote the K-NET/KiK-net and MeSO-net stations, respectively. The stars denote epicenters of the earthquakes. The focal mechanism plots of the earthquakes are connected to the corresponding epicenters by straight lines and are annotated by event codes (see Table 1 for the event information). The large square, circle, and triangle, pointed by arrows, denote the locations of the sites, namely TKY007 (K-NET), OA5 (MeSO-net), and S1N15 (S-net), respectively; example waveforms are shown in the later figures recorded at the sites. The dashed black line denotes the volcanic front, and the purple lines tectonic boundaries.
We retrieved 10 min of continuous acceleration waveform data at S-net and MeSO-net stations, beginning from one minute before the earthquake origin time. We could not control the record length of the K-NET/KiK-net because the recording system was based on a “trigger algorithm” as mentioned previously. The MeSO-net and K-NET/KiK-net sensors were aligned in horizontal and vertical directions, but the azimuths of the horizontal sensors were not aligned in the north-south and east-west directions for the MeSO-net. We used the azimuths of the MeSO-net sensors from Kano et al. (2015) to compare the MeSO-net records with other networks. On the other hand, the three-component sensors at the S-net stations were not necessarily aligned in the horizontal and vertical directions. Therefore, the original S-net records were rotated to obtain the horizontal and vertical component motions by applying the matrix operations given in Takagi et al. (2019). The azimuths of the cable axes, also determined by Takagi et al. (2019), were employed to rotate the seismograms in the preferred directions for comparison with other network recordings.
Example records and their Fourier spectra at the MeSO-net OA5 and K-NET TKY007 sites for the 2018 event are shown in Figure 2 (see Figure 1 for the location of the sites and epicenter of the event). These sites are in the Shinjuku area of Tokyo, in the neighborhood of which many high-rise buildings are built. The inter-station distance between the two sites was about 350 m, and the epicentral distance to OA5 was about 102 km. The Fourier spectra plots in Figure 2 show that the Fourier amplitudes computed from equal time windows are noticeably larger at the K-NET TKY007 site than the MeSO-net OA5 site at frequencies over 2 Hz. In contrast, the Fourier amplitudes are similar at lower frequencies. In Figure 2, it can also be seen that the 0.1–0.5 Hz bandpass-filtered records are very similar between the two sites. However, the K-NET TKY007 site records were terminated before the long-period ground motions die out, as depicted on the records of the OA5 site of MeSO-net. Similarly, an example plots of accelerograms recorded at the S-net S1N15 site located at an epicentral distance of about 99 km, is shown in Figure 3 for the 2018 event. The epicentral distances to the OA5 and S1N15 sites were comparable (102 km vs. 99 km). Accelerograms are shown without filtering and with bandpass filtering (0.1–0.5 Hz) to see the high- and low-frequency waveforms. Generally, the long-period waves continue for longer durations, similar to those shown in Figure 2 for the MeSO-net site. Thus, these plots illustrated that the long-duration records are preferable to compare the long-period ground motions in the seafloor and sedimentary areas in and around the Kanto Basin. In the right panels of Figure 3, the Fourier spectral amplitudes at the S-net S1N15 site are compared with those from the MeSO-net OA5 site. The Fourier spectral amplitudes shown in Figure 2 were computed from time windows of about 130 s. On the other hand, the Fourier spectral amplitudes shown in Figure 3 were computed from time windows of 450 s after the earthquake origin time. The spectral amplitudes at the MeSO-net site are smaller than those at the S-net site at frequencies higher than about 3 Hz for the horizontal components and about 5 Hz for the vertical component. These results are nearly similar to those discussed previously between the MeSO-net and K-NET sites. At lower frequencies, the spectral amplitudes at the S-net site are approximately similar to or larger than those at the MeSO-net site.
[image: Figure 2]FIGURE 2 | Example acceleration waveforms for the radial (RD), transverse (TR), and vertical (UD) components recorded at the K-NET TKY007 site (black) and MeSO-net OA5 site (red) during the 2018 event (see Figure 1 for the location of the sites and the event. See Table 1 for the event information). The upper-three left panels show the as-recorded accelerograms rotated to radial, transverse, and vertical components, while the lower-three left panels show the 0.1–0.5 Hz bandpass-filtered waveforms. Note that the record length for the K-NET TKY007 site is shorter than that for the MeSO-net OA5 site and is about 130 s. The peak values of the waveforms are indicated above the traces with the same color of the corresponding waveforms. The right panels show the Fourier spectra for the RD, TR, and UD components, respectively, computed for the identical record length of about 130 s.
[image: Figure 3]FIGURE 3 | Example acceleration waveforms for the radial (RD), transverse (TR), and vertical (UD) components recorded at the S-net S1N15 site during the 2018 event (see Figure 1 for the location of the site and the event and Table 1 for the event information). The upper three left panels show the waveforms without filtering, while the lower three left panels show the 0.1–0.5 Hz bandpass-filtered waveforms. The peak accelerations of the waveforms are indicated above the corresponding traces. The right panels show a comparison of the acceleration Fourier spectra for the RD, TR, and UD components, respectively, between the S-net S1N15 and MeSO-net OA5 sites computed from the record lengths of 450 s. See Figure 2 for the records at the OA5 site.
The PGAs, PGVs, and significant durations were computed for each record after processing uniformly. In the present study, the mean of a 1 min pre-event noise window was subtracted at each time step for the S-net and MeSO-net records. For the K-NET/KiK-net records, the mean of 10 s pre-event noise window was subtracted if the noise window was available; otherwise, the mean of the whole record was subtracted. Then, fourth-order high-pass Butterworth filtering was applied to suppress low-frequency noises at 0.1 Hz to compare the peak parameters between the S-net and K-NET/KiK-net sites. The peak parameters of the long-duration records of MeSO-net and S-net were obtained for 0.1–0.5 Hz bandpass-filtered records. The PGVs were obtained from velocity seismograms obtained by integration of the filtered acceleration records. The accelerograms were not used if the records within the selected time windows were noticeably contaminated by later events; this is especially the case for the analysis of significant duration. All the acceleration records were visually examined to exclude the records with spikes, offsets, and trends before and after the filtering. The velocity seismograms were also visually examined to confirm that the integration operation did not produce any trend in the seismograms. The onsets of P- and S-waves were identified manually required for the comparison of PGAs and PGVs for the P-wave and S-wave portions of the records.
COMPARISON OF THE PEAK GROUND ACCELERATIONS AND PEAK GROUND VELOCITIES BETWEEN THE S-NET AND K-NET/KIK-NET SITES
Here we present the comparison of the PGAs and PGVs between the S-net and K-NET/KiK-net sites for the three events listed in Table 1. In this comparison, we used the data recorded within the 200 km of hypocentral distance. As the S-waves do not propagate through the liquid medium, the S-wave part of the seafloor records for the horizontal components may be considered to be equivalent to those recorded on the ground surface. In this paper, the S-wave part or S-wave window means the 20 s time window starting from the S-onset. Perhaps, the source duration was not so long for these Mw 5.9 earthquakes, but a wider window ensures that the uncertainty in the source duration and effects of multiple reflections by the sedimentary layers are well-considered. In this paper, the horizontal PGA means the larger one of the PGA values of the two horizontal components. The horizontal PGAs of the S-wave parts, the vertical PGAs of the S-wave parts, and the vertical PGAs of the P-wave parts are plotted as a function of hypocentral distance in Figure 4A,B,C respectively, for the 2018 event. Similarly, the PGVs for the corresponding time windows are plotted in Figure 4D,E,F respectively, for the 2018 event. The peak values for the P-wave parts, plotted in Figure 4C,F were computed from the shorter time window of 5 s as the S-P time is short near the epicenters. The values for the S-net sites are denoted by triangles, while the values for the K-NET/KiK-net sites are indicated by circles. We also show the median prediction curves for the horizontal PGAs and PGVs using the ground motion prediction equations (GMPEs) in Si and Midorikawa (1999, 2000) in Figure 4A,D. The GMPEs for the PGVs in Si and Midorikawa (1999) have been used in Japan to estimate ground motion intensities for EEW and seismic hazard analysis (e.g., Hoshiba et al., 2008; HERP (Headquarters for Earthquake Research Promotion), 2018). The values at the K-NET/KiK-Net sites are somewhat overestimated by the GMPEs, while the S-net data are explained generally well.
[image: Figure 4]FIGURE 4 | Plots of PGAs (A, B, C) and PGVs (D, E, F) as a function of hypocentral distance for the 2018 event (see Table 1 for the event information). The left and middle panels show the peak values of the 20 s time windows starting from the S-onset for the horizontal (hor) and vertical (ver) components, respectively. The right panels show the peak values of the 5 s time windows starting from the P-onset for the vertical components. The plotted values for the horizontal components are the larger ones of the peak values of the two horizontal components. The circles denote the K-NET/KiK-net stations, simply written as Land in the legends, and the triangles S-net stations of which the inverse triangles (blue colored) denote the buried S-net stations. The black and red solid lines represent the fitted lines between the observed values and hypocentral distances for the K-NET/KiK-net and S-net stations in each panel. The solid and dashed grey lines denote the median prediction curves and range of one standard deviation for soil site condition in (A) and Vs30 = 300 m/s in (D) using the GMPEs in Si and Midorikawa (1999), written as SM (1999) in the legend, for an intraslab-type earthquake. The dashed black and red lines in (B, C) and (E, F) denote the fitted black and red solid lines in (A) and (C), respectively, for comparison.
Figure 4 also includes the fitted lines between the peak values and hypocentral distances for the present dataset. If we assume that the average source effect was similar to the land and S-net sites because the land and S-net sites are almost similarly distributed in the western and eastern sides of the epicenter, the difference between the land and S-net data may be attributed to the difference in the average site and path conditions. The difference between the two fitted lines increases with the distance for the S-wave parts of the horizontal components, as shown in Figure 4A,D. The vertical component PGAs and PGVs for the S-wave parts show a relatively smaller difference between the K-NET/KiK-net and S-net sites (Figure 4B,E). In contrast, the PGAs for the P-wave parts of the vertical components are, on average, larger, at the K-NET/KiK-net sites than the S-net sites by a factor of about 2.5 (averaged over the distance) (Figure 4C). The PGVs for the P-wave parts also show similar results between the land and ocean-bottom sites, but the difference is smaller (Figure 4F). The fitted lines for the horizontal PGAs and PGVs of S-wave parts are also shown in the plots of the vertical PGAs and PGVs of S-wave parts in Figure 4B,E. The fitted lines indicate that the horizontal PGAs and PGVs on land are about 2.5 times the corresponding values for the S-wave parts on the vertical components, while the corresponding ratios are about 5 for the S-net sites. The ratios of the average peak values (fitted lines) between the 5 s P-window (vertical component) and the 20 s S-window (horizontal component) are much larger for the S-net sites, as shown in Figure 4C,F.
In the plots for the PGAs (Figure 4A–C), the values at the buried sites are generally smaller than those for the non-buried sites at equal distances. However, the difference between the buried and non-buried sites is smaller for the PGVs as shown in Figure 4D–F. This difference was not so conspicuous for the 2020a and 2020b events, but the tendency that the buried sites had smaller PGAs and PGVs was present for the S-wave parts (Figure 5A,B,D,E, and Figure 6A,B,D,E). These results are generally similar to those reported in Dhakal et al. (2021), where the residual values at short periods were biased between the buried and non-buried sites for the horizontal components. The larger PGAs at the S-net sites compared to the values at the land sites at longer distances generally commensurate with the high Q values in the oceanic plates (e.g., Umino and Hasegawa 1984). However, an objective evaluation of the difference between the S-net and land sites and within the S-net sites is not easy as the shallow site profiles such as the Vs30 values (average S-wave velocity in the top 30 m soil column) are not measured or estimated at the S-net sites.
[image: Figure 5]FIGURE 5 | Same as Figure 4, but for the 2020a interplate event (see Table 1 of the original article for the event information). The GMPEs for an interplate-type earthquake are used in the panels (A) and (D).
[image: Figure 6]FIGURE 6 | Same as Figure 4, but for the 2020b crustal event (see Table 1 of the original article for the event information). The GMPEs for a crustal-type earthquake are used in the panels (A) and (D).
The plots of the PGAs and PGVs as a function of hypocentral distance for the 2020a event are shown in Figure 5. The PGAs for the three different segments of the records (S-wave part of horizontal, S-wave part of vertical, and P-wave part of vertical records) are depicted in Figure 5A–C, respectively. Similarly, the PGVs for the corresponding segments are plotted in Figure 5D–F, respectively. Similar to the results shown in Figure 4A,D for the 2018 event, the horizontal PGAs and PGVs for the S-wave parts are generally larger at the S-net sites than the K-NET/KiK-net sites, but the fitted lines indicate that the difference decreases with the distance in contrast to that for the 2018 event. The difference between the two events may be attributed to the different ray paths; a significant fraction of the ray paths lies within the high Q slab for the 2018 intraslab event, while the ray paths are shorter in the high Q zone for the 2020 interplate event. The PGA data are generally explained well by the GMPEs in Si and Midorikawa (1999) at the S-net sites at smaller distances while the difference grows at larger distances. The GMPEs overestimate the PGAs on land. The fitted lines suggest that the average difference of the PGVs between the land and S-net sites (Figure 5D) is larger than the average difference of the PGAs between the two groups of data (Figure 5A). The difference between the two groups of data for the vertical PGAs and PGVs for the S-wave parts is smaller than those for the horizontal components. The mean ratio of the horizontal PGAs to the vertical PGAs of the S-wave parts obtained from the fitted lines is about 2.5 for the sites on land, while the ratio is about 6 for the sites at the seafloor; the corresponding ratios for the PGVs were similar to those of the PGAs. In contrast, the PGAs for the P-wave parts of the vertical components are, on average, larger, at the K-NET/KiK-net sites than the S-net sites by a factor of about 3 (Figure 5C). While the vertical PGVs for the P-wave parts are nearly similar at small distances between the land and S-net sites, the mean ratio is about 1.5 at longer distances (Figure 5F).
The plots of the PGAs and PGVs as a function of hypocentral distance for the 2020b event are shown in Figure 6. The PGAs for three different segments of the records are depicted in Figure 6A–C, respectively. Similarly, the PGVs for the corresponding segments are depicted in Figure 6D–F, respectively. For this event, the horizontal PGAs and PGVs for the S-wave parts are nearly similar. The PGAs and PGVs of the S-wave parts of the vertical components at the land sites are, on average, about 2 and 1.5 times the values at the S-net sites for the 2020b event. The ratios of the values between the horizontal and vertical component PGAs and PGVs for the S-wave parts are about 2.5 and 3 for the land sites, while the corresponding ratios are about 6 and 5 for the S-net sites. The PGAs and PGVs for the P-wave parts of the vertical components on land are about 4 and 3 times the corresponding values at the seafloor sites.
The smaller values of the PGAs and PGVs, discussed above for the P-wave and S-wave parts on the vertical component records at the S-net sites, were most probably due to the presence of the water layer above the seabed as reported in several previous studies (e.g., Crouse and Quilter 1991; Boore and Smith 1999; Hongqi et al., 2014). For example, Crouse and Quilter (1991) formulated transfer function ratios with and without water layer for vertical P-wave and showed that the vertical peak accelerations as much as 50% were reduced due to the presence of water layer at short periods. Boore and Smith, (1999) showed by theoretical calculations that the water layer had little effect on the horizontal components of motion but that it produced a strong spectral null on the vertical component at the resonant frequency of P waves in the water layer.
Our main objective in this paper is to examine the properties of the S-net ocean-bottom records in relation to the records from the Kanto Basin area from the selected earthquakes. However, it is of interest to compare the peak values for the land-only or offshore-only sites between the used events as the magnitudes of the events were similar. A comparison of the horizontal and vertical component PGAs and PGVs between the three events for the same group of stations are provided in a supplementary file. It was found that the PGAs and PGVs from the S-wave parts between the 2018 and 2020b events were, on average, similar at equal distances for the land sites; both events had Mw value of 5.9. The 2020a event had smaller PGAs and PGVs compared to those for the 2018 and 2020b events. The 2020a event had a smaller magnitude by 0.1 unit than the other events. The 2020a event was an interplate event, which may have lower source spectral values than the other events (e.g., Allmann and Shearer 2009). The difference in source amplitude spectra may have also resulted in the smaller PGAs and PGVs for the 2020a event. The comparison for the S-net sites showed that the peak values for the 2018 event (having greater focal depth) were, on average, larger, than those for the other two events. However, the PGAs and PGVs for the P-wave parts were not the largest in amplitude for the 2018 event at the both land and S-net sites. Further analysis is necessary to understand the reason for these differences.
COMPARISON OF THE LOW-FREQUENCY MOTIONS BETWEEN THE S-NET AND MESO-NET SITES
By comparing the bandpass-filtered waveforms at the nearby K-NET/KiK-net and MeSO-net sites discussed in the data section, we found that the MeSO-net records and K-NET/KiK-net records were similar at frequencies lower than about 0.5 Hz. This means that the top 20 m soil column has little effect on the ground motions lower than 0.5 Hz. This enables us to compare the peak values and other properties of the S-net longer duration records with the MeSO-net borehole records of identical time lengths at lower frequencies. In this section, we compare the PGAs and significant durations between the S-net ocean-bottom records and MeSO-net borehole records, which were bandpass-filtered between 0.1 and 0.5 Hz. The significant duration for each component was determined as the time interval between the 5 and 95% of the Husid plot (Husid 1969) for Arias intensity (Arias 1970). The Arias intensity is defined in Equation 1.
[image: image]
where a(t) is the acceleration time history, tr is the total duration of the time history, and g is an acceleration due to gravity. Interested readers can find a comprehensive review and discussion of the duration of strong motions in Bommer and Martínez-Pereira (1999) and the references therein. One of the objectives of comparing the significant durations between the two sets of data (land vs. seafloor) is to qualitatively grasp the influence of site conditions at the S-net sites because the local geological profiles at the offshore sites are either poorly resolved or unknown. In the present paper, the Husid plot is constructed for the time window of 450 s after the onset of P wave. An example Husid plots for the 0.1–0.5 Hz bandpass-filtered accelerograms recorded at the MeSO-net OA5 site for the 2018 event is shown in Figure 7. The significant durations for the radial, transverse, and vertical component records at the OA5 site are approximately 242, 261, and 279 s, respectively. The records at the TKY007 site (the nearest K-NET site from the MeSO-net OA5 site, see Figure 1 for the site locations and Figure 2 for the waveform comparisons between the TKY007 and OA5 sites) account for only about 60% of the significant duration of the records at the MeSO-net OA5 site due to the limited record length at the K-NET station.
[image: Figure 7]FIGURE 7 | Example Husid plots (red curves) for significant durations. The dashed vertical lines indicate 5 and 95% of the Husid plots in each panel, and the time lengths between the vertical lines give the values of significant durations as defined in the paper. The traces denote the 0.1–0.5 Hz bandpass-filtered waveforms recorded at the MeSO-net OA5 station during the 2018, Mw 5.9 event (see Figure 1 for the location of event-site pair and Figure 2 for the unfiltered waveforms). Note that the vertical scale gives the normalized amplitudes of the waveforms and Husid plots by the corresponding maximum values in each panel.
The PGAs and significant durations between the S-net and MeSO-net sites are shown in Figures 8–10 for the 2018, 2020a, and 2020b, respectively. As the deep sediments significantly influence the low-frequency motions, the values plotted in the figures are colored by the corresponding depths to the layer having Vs value of 1.4 km/s (hereafter abbreviated as D14). The D14 values were taken from the subsurface velocity model available at Japan Seismic Hazard Information Station (J-SHIS) (Fujiwara et al., 2012). The D14 was the suitable parameter to reduce the errors of the GMPEs for long periods (1–10 s) in Morikawa and Fujiwara (2013) and Dhakal et al. (2015). The D14 values are distributed over a relatively narrow depth range for the S-net sites compared to those for the MeSO-net sites. Figures 8–10 demonstrate that the PGAs and significant durations were noticeably smaller at sites having D14 values smaller than about 100 m at the MeSO-net sites. The PGAs obtained from the bandpass-filtered accelerograms were generally larger at the S-net sites than the MeSO-net sites at equal distances. The PGAs for both S-net and MeSO-net sites showed a general decreasing trend with distance for all the events, but it was less conspicuous for the radial and vertical components at the MeSO-net sites for the 2018 event. It may be due to the different basin effects for the 2018 event. It was also due to an apparent effect because the MeSO-net sites for the 2018 event cover a smaller distance range compared to the other events. The maximum hypocentral distance among the MeSO-net sites for the 2018 event was about 170 km, while it was about 210 km for the 2020 events. Also, the difference between the maximum and minimum hypocentral distances was smaller for the 2018 event due to the deeper focal depth compared to the 2020 events. Except for the MeSO-net sites having D14 values smaller than about 100 m, the significant durations generally rise with distance for the MeSO-net and S-net records. The difference of the significant durations between the S-net and MeSO-net sites was not so obvious at deep sedimentary sites. At smaller distances, the durations tended to be shorter at the S-net sites than the MeSO-net sites, while the durations tended to be longer at the larger distances at the S-net sites. At intermediate distances around 100 km, the durations at the MeSO-net sites appear to be longer. This latter result can be seen well for the 2020a event in Figure 9D–F.
[image: Figure 8]FIGURE 8 | Upper three panels: comparison of the PGAs computed from the 0.1–0.5 Hz bandpass-filtered records at the S-net (triangles) and MeSO-net (circles) sites for the radial (RD) (A), transverse (TR) (B), and vertical (UD) (C) components, respectively, as a function of hypocentral distance for the 2018 event (see Table 1 for the event information). Lower three panels: comparison of the significant durations computed from the 0.1–0.5 Hz bandpass-filtered records at the S-net (triangles) and MeSO-net (circles) sites for the radial (RD) (D), transverse (TR) (E), and vertical (UD) (F) components for the same dataset used in (A), (B), and (C), respectively. The values are colored by the depth to Vs 1.4 km/s layer in all panels.
[image: Figure 9]FIGURE 9 | Same as Figure 8, but for the 2020a interplate event (see Table 1 for the event information).
[image: Figure 10]FIGURE 10 | Same as Figure 8, but for the 2020b crustal event (see Table 1 for the event information).
We show a comparison of the PGAs and significant durations between the three events at the MeSO-net and S-net sites in a supplementary file. It was found that the low-frequency PGAs for the shallow event were generally larger at the MeSO-net sites in the Kanto Basin compared to the values from the deeper event (identical magnitude), while the values at the seafloor sites were generally similar between the events. These results may suggest that the focal depth is an important factor to predict ground motions in the Kanto Basin.
Finally, we compare the significant durations between the radial and transverse and radial and vertical components for the MeSO-net and S-net sites in Figure 11. We also compare the PGAs between the radial and transverse components at the MeSO-net and S-net sites in Figure 12. All these comparisons are from the 0.1–0.5 Hz bandpass-filtered accelerograms as introduced at the beginning of this section. Figure 11 shows that the significant durations between the radial and transverse components are more similar than those between the radial and vertical components at both land and ocean-bottom sites. Although it is not discernible at the MeSO-net sites, the significant durations for the vertical components are, on average, larger at the S-net sites for all the events. This latter result may suggest that the vertical component long-period (low-frequency) records are influenced by the water layer and are generally in agreement with the previous simulation studies (e.g., Todoriki et al., 2017). Todoriki et al. (2017) showed by numerical simulations that the long-period radial and vertical component records persisted for longer durations at the seafloors because of the water layer compared to the transverse components. In Figure 12, it can be seen that the PGAs of the radial and transverse components are generally similar except for the 2018 event. For the 2018 event, many sites recorded larger PGAs on the transverse components. The larger PGAs are more evident in the plots for the MeSO-net sites. The similarities of the significant durations and PGAs between the radial and transverse components at the S-net sites may suggest the presence of considerably thick sediments in the wider oceanic area because the transverse components mostly comprise the S-waves and love waves, which do not propagate through the liquid medium. The D14 values in the J-SHIS model also suggest considerably thick sedimentary layers distributed in the wider offshore area. The S-net records provide an excellent opportunity to reconstruct the velocity models of the offshore area to understand the source process of the earthquakes better (e.g., Okamoto et al., 2018; Hua et al., 2020), and we expect many results in the future.
[image: Figure 11]FIGURE 11 | Comparison of the significant durations computed from the 0.1–0.5 Hz bandpass-filtered records for the 2018 event between the radial and transverse (RD-TR) components and radial and vertical (RD-UD) components at the MeSO-net sites (A) and S-net sites (B), respectively. The plots (C) and (D) are similar to the plots (A) and (B), respectively, but for the 2020a event. Similarly, the plots (E) and (F) are for the 2020b event. See Table 1 for the events information.
[image: Figure 12]FIGURE 12 | Comparison of the PGAs between the radial (RD) and transverse (TR) components of motions between 0.1 and 0.5 Hz. Panels (A), (B) and (C) show the plots for the 2018, 2020a, and 2020b events, respectively, for the MeSO-net sites. (D), (E), and (F) are similar to the panels (A), (B), and (C), but for the S-net sites. See Table 1 for the events information.
CONCLUSION
Strong-motion records were analyzed at the S-net ocean-bottom seismograph sites located close to the Kanto Basin and at the K-NET/KiK-net surface sites and MeSO-net borehole sites located in and around the Kanto Basin for three nearby earthquakes of comparable magnitudes (Mw 5.8–5.9) but differing in tectonic types and focal depths. The horizontal component PGAs and PGVs for the two events (intraslab and interplate events) were, on average, larger at the S-net ocean bottom sites than those at the K-NET/KiK-net land sites. The results are generally expected considering the lower Vs values for the subsea sediments and higher Q value in the Pacific Plate. In contrast, the vertical component PGAs and PGVs from P-wave portions were generally smaller at the S-net sites than those at the K-NET/KiK-net sites for all the events, even though the difference was less conspicuous for the PGVs. These results are also expected as the water layer makes the ocean bottom sites equivalent to the borehole sites on the land for the P-waves, causing a reduction of high-frequency amplitudes due to transmission and reflection of P-waves at the sediment-water interface. For S-wave parts on the vertical components, the PGAs and PGVs from the crustal event were smaller at the S-net sites than those at the K-NET/KiK-net sites, while they were either comparable or did not show the consistent difference for the other events. The PGAs computed from the 0.1–0.5 Hz bandpass-filtered records at the S-net sites were either comparable or larger than those at the MeSO-net sites. On the other hand, the significant durations computed from the 0.1–0.5 Hz bandpass-filtered records at the S-net and MeSO-net sites were generally comparable, given that the sediment thicknesses were also similar. The significant durations between the radial and transverse components were more similar than those between the radial and vertical components both at the land and ocean-bottom sites. At the S-net sites, the significant durations of the vertical component records were, on average, larger than those of the radial components, while it was not so evident for the MeSO-net sites. This latter result at the S-net sites may suggest that the water layer also contributed to the duration elongation for the vertical component records. The results presented in this paper hinted that it is important to consider the effects of the water layer on the recorded motions at the S-net sites for seismological and engineering applications such as EEW and the design of offshore facilities. We have planned to analyze a more extensive data set at the S-net sites for the source, path, and site characterization for EEW and report the detailed results in a future paper.
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