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The amplification factors estimated in this study will help to construct the underground model of
the seafloor area, while these results can be incorporated to develop algorithms to estimate ground
motion intensity at target sites on land for earthquake early warning.

We examined the ground-motion data from about 2,000 earthquakes recorded bﬁ
all the 150 stations of S-net for magnitudes between about 4 and 7.5 that occurred in and around the
Japan Trench area after the start of the network. One of the primary objectives was to obtain the
site amplifications at the S-net observation sites due to the sedimentary layers lying over the hard
base layer. The objective was achieved by careful selection of high-quality data and performing

separation of source, path, and site factors of S waves in frequency domain. The obtained site
amplification factors were clearly frequency dependent and also the values were moderately
regionally distributed such as the values near the Trench in the landward and the ocean sides were
different. The estimated magnitudes based on the source factors were very similar to the catalog
values. These results were published in peer-reviewed journal and were recognized in academic
community.
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After experiencing the 2011 great Tohoku-oki earthquake, the inadequacy of the monitoring network
in the oceanic area became evident for early warning of tsunamis during great earthquakes. Moreover,
the existing earthquake early warning system underestimated the earthquake magnitude. Hence, the
forecasted seismic intensity was smaller than the recorded intensities in the Tokyo metropolitan area
during the 2011 great Tohoku-oki earthquake. To overcome the abovementioned problems, a large-
scale Seafloor observation network for earthquakes and tsunamis along the Japan Trench (S-net)
consisting of 150 stations equipped with multiple sensors and connected by approximately 5,500 km
of optical fiber cableswas established. To use the ground motion datarecorded by the S-net effectively
for earthquake early warning application, it is essential to understand the local amplification effects of
the sediments on the recorded motions at the recording stations. This will help estimate the input
motions from the earthquake source at the base of the sediments and facilitate the study of the
earthquake source processes. Thus, we have researched the site amplification study at the S-net sites.

During earthquakes, S waves, also known as secondary waves, arrive after the P waves
(primary waves) and are more destructive than the P waves. Sediments can amplify the
incoming seismic waves from the source, and the amplification characteristics depend on the
material properties of the soil layers and their thicknesses. The primary objective of the
present research was to estimate the amplification characteristics of S waves due to the
unconsolidated sediments lying over the base rocks at the S-net seafloor sites based on the
earthquake data recorded at the sites.

We collected the available number of earthquake records at each site of S-net from
earthquakes with magnitudes between 4 and 7 and picked the S-wave parts of earthquake
records for analysis. We examined the signal-to-noise ratios for the selected parts of the
records. After carefully reviewing the earthquake records and listing the good-quality records,
Fourier spectra were computed. The Fourier spectra were then decomposed into the source,
path, and site terms using the spectral inversion technique, commonly used in the study of
site amplification and earthquake source properties using the earthquake records. In this
technique, a trade-off exists between the source and site terms. The trade-off was minimized
by selecting two reference sites on land, where we estimated the S wave amplification factors
theoretically based on the observed records. It has also been known that the amplification
factors depend on the level of input motions at the base of the sediments. Therefore, spectral
ratios between the horizontal and vertical components were computed for the weak and
strong motions, and the nonlinear site amplification properties were evaluated for the case
of strong input motions. It was also important to assess the ground motions at the S-net sites
in relation to the ground motion records at the land sites. Thus, comparisons of the ground
motions between the land and S-net sites were also carried out to understand the site
amplification effects at the S-net sites.

When the Kakenhi research project was started by us in 2020, the largest earthquake that
struck beneath the S-net stations was the 2016 off Fukushima Prefecture earthquake of
magnitude 7. One hundred and twenty-five stations of five segments of S-net except for the
outer rise segment, which was not in operation during the earthquake, successfully recorded
the seismic motions during the earthquake. We examined the ground motion records for the
earthquake at the S-net stations. We found that induced rotations of the sensors
contaminated the records at the stations near the epicenter because of poor coupling between
the S-net sensor houses and sediments. The sensors consisted of three component records,
and the component parallel to the long axis of the sensor house (cylindrical pressure vessel)
was found to have a smaller degree of rotation. Ground motions from this earthquake were
compared with those at the land stations. We found that the peak ground accelerations
(PGAs) and peak ground velocities (PGVs) at the land stations adjusted for site amplification
effects generally followed the attenuation curves based on past data. However, the observed
PGV values at the S-net stations were larger by a factor of about three at distances < 200 km



and by a factor of about four at distances > 200 km on average. By trial and error, we
estimated the shallow S wave velocity of about 100-125 m/s in the upper 30 m of the seafloors
to explain the difference. We examined the ground motion data from damaging moderate-
magnitude earthquakes (magnitude lower than 6) and found that most of these events
occurred beneath the land. However, it was found that a few offshore earthquakes with
magnitudes > about 5.5 also caused damage in the land areas. The study suggested that the
S-net data could provide valuable information regarding offshore earthquakes' size and
probable impact.

We compared the high-quality ground motion data recorded by the K-NET and KiK-net
stations on land located in and around the Kanto basin and MeSO-net in the Kanto basin
with those at the S-net stations for three earthquakes of magnitudes close to 6 that occurred
near the Kanto basin. We found that 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 low-frequency PGAs at the S-net sites were similar to or larger than those of the
MeSO-net borehole records in the deep areas of the Kanto basin. The significant durations
between the S-net and MeSO-net for low-frequency motions were generally comparable. The
results suggested that the sedimentary layers primarily influenced the S-net records in the
offshore regions. We also compared the ground motions from several earthquakes recorded
in broader areas of northeast Japan and the S-net stations. We found that the average short-
period ground motions were comparable between the land and S-net stations. In contrast,
the long-period ground motions were generally larger, on average, at the S-net stations than
those on land stations. The difference was primarily attributed to thick sedimentary layers
in the seafloor areas. The PGAs at the buried stations were, on average, smaller than those
at the unburied stations, while the long-period ground motions were, on average, larger, at
the unburied stations than those at the buried ones. To understand the cause of the
differences described above, we performed spectral inversion of the S-wave Fourier spectra
at the S-net sites using more than 6000 high-quality records from over 600 earthquakes with
magnitudes between 4 and 7. We obtained the following results.

The peak site frequencies based on the abovementioned spectral inversion analysis were
between 0.2 and 10 Hz, and the peak amplification factors ranged between 10 and 50 at the
S-net sites. The peak frequencies and amplification factors generally differed from site to site.
However, a moderate regional trend was observed. The peak frequencies were mostly higher
than 2 Hz at the sites in the open seafloor, while they were lower than 2 Hz at many sites on
the landward sides of the Trench axes. The amplification factors at higher frequencies,
around 10 Hz, were generally much smaller at the sites close to the Trench axes than those
near the coast. The amplification factors from the inversion were larger in the regions where
the sedimentary layers were thicker in the Japan Seismic Hazard Information Station (J-
SHIS) model. However, the amplification factors were considerably underestimated by the J-
SHIS model at many sites in the deeper water regions over wide frequencies. It was also
found that many unburied stations included dominant peaks at frequencies between 4 and
10 Hz as artifacts due to the natural vibrations of the sensor houses. We recommend avoiding
the Y-component records if the site spectra between 4 and 10 Hz are required at the unburied
stations for any application.

Finally, we performed the horizontal-to-vertical spectral ratio analysis of S-wave records at
the S-net stations to see the nonlinear amplification effects during three magnitude 7 class
earthquakes. We found that the selected S-net sites might have experienced substantial
degrees of nonlinear site response (NLSR) during the three earthquakes with peak
accelerations greater than about 60 cm/s2. To investigate whether the features of NLSR
obtained were realistic at the S-net sites, we also examined the NLSR at nine KiK-net sites,
which recorded the data from all three earthquakes. We found that the characteristics of
NLSR obtained at the KiK-net and S-net sites were generally comparable. The NLSR affected
the ground motions at frequencies higher than 1 Hz at both Kik-net and S-net sites. However,
the degree of nonlinearity tended to be larger at the S-net sites. The results discussed above
were presented at several national and international conferences and have been published
in detail in five different Journal papers. It is expected that the abovementioned results
contribute to the development of ground motion prediction methodology for offshore
earthquakes in particular and serve as a basis for more detailed future studies regarding the
source properties of the subduction zone earthquakes, the quality factor of the crust and
mantle, and improvement of the subsurface velocity models in the region, in general.
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