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Abstract 

S-net is a large-scale ocean bottom (OB) network in the Japan Trench area, consisting of inline-type 150 observa-
tories equipped with seismometers and pressure gauges. Among them, 41 observatories have been buried about 
one meter beneath the seafloors in the shallow water regions (water depth <1500 m). We analyzed the strong-
motion data recorded at the S-net sites from earthquakes with magnitudes 3.5 < Mw ≤ 7 and focal depths < 70 km 
to understand the site amplification effect on the recorded motions. We used the spectral inversion technique and 
obtained some fundamental properties of the earthquake source spectra, path attenuation, and site factors from 
the horizontal-component S-wave portions of the recordings. We obtained that the source spectra followed the ω−2 
source model generally well, and the estimated magnitudes were mostly within ± 0.3 magnitude units of the catalog 
magnitudes. The stress drops increased systematically with the focal depths, and the values for the shallow earth-
quakes in the Pacific Plate were higher than those for the interplate earthquakes with comparable focal depths. The 
path-averaged quality factors were generally frequency-dependent and were somewhat larger than those in the past 
studies. The peak site frequencies ranged between about 0.2 and 10 Hz, while the peak amplification factors ranged 
between 10 and 50. Even though the peak frequencies and amplification factors differed from site to site, the peak 
frequencies were mostly higher than 2 Hz at the outer trench stations, while they were lower than 2 Hz at many inner 
trench stations. The amplification factors at a few OB sites in the shallow water regions were comparable with the 
theoretical ones computed from the 1-D subsea model. The amplification factors at intermediate frequencies (~ 0.3 to 
2 Hz) generally increased with P-wave travel time in the sediments estimated from the multi-channel seismic survey. 
At about 20% of the sites (mainly at the unburied stations), spurious site spectra were recognized at frequencies 
higher than about 4 Hz. If the site spectra between 4 and 10 Hz are required, using only the X-component records is 
recommended.
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Graphical Abstract

Introduction
S-net is a large-scale ocean-bottom network for earth-
quakes and tsunamis in the Japan Trench area established 
after the 2011 Tohoku–oki earthquake disaster. One of 
the main objectives of the establishment of the S-net 
was to enhance the Japan Meteorological Agency (JMA) 
earthquake early warning (EEW) and tsunami early 
warning (Aoi et al. 2020). The network consists of inline-
type 150 observatories divided into six segments, namely, 
S1, S2, S3, S4, S5, and S6 (Fig. 1). It transmits waveform 
data to the data center of the National Research Institute 
for Earth Science and Disaster Resilience (NIED) con-
tinuously. The observatories and cables in shallow water 
regions (water depth < 1500  m) have been buried one 
meter beneath the seafloors to protect them from fishing 
activities and increase ground coupling except for three 
stations, S1N08, S1N12, and S6N24. The total numbers of 
buried and unburied stations are 41 and 109, respectively.

Several previous studies reported that the average 
amplitudes of the long-period ground motions between 
about 1 and 20  s were larger at the ocean bottom 

seismograph sites in the Nankai Trough area (e.g., Naka-
mura et al. 2015; Kubo et al. 2019) and the Japan Trench 
area (Dhakal et al. 2021) compared to the average ampli-
tudes at the strong-motion stations on land. Hayashi-
moto et  al. (2019) constructed an equation to estimate 
the magnitude of the suboceanic earthquakes for EEW 
using the vertical component records at the seafloor 
sites to avoid the large amplification of the horizontal-
component ground motions due to sediments and also to 
minimize the effect of the rotational noises during strong 
shakings. These studies have indicated that understand-
ing the site amplification effects on the recorded motions 
is essential for the reliable estimation of magnitudes 
and ground motions for an EEW. Therefore, one of the 
main objectives of this paper is to evaluate the S-wave 
site amplification factors at the S-net sites in the Japan 
Trench area based on the recorded strong-motion data.

In the present study, we used the spectral inversion 
technique (e.g., Andrews 1986; Iwata and Irikura 1988), 
described at some length in a later section, to simulta-
neously separate the source, path, and site factors of S 
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waves recorded at the S-net stations. Therefore, the anal-
ysis of the source and path factors was an integral part 
of the present study to validate them and infer the site 
amplification factors. It also must be emphasized that 
the study of source spectra of earthquakes is crucial to 
understand the source processes of earthquakes and pre-
dict strong-motions from future earthquakes (e.g., Aki 
1967; Hanks 1979; Morikawa and Sasatani 2003; Allmann 
and Shearer 2009). In addition, as the seismic waves in 
the present study were observed in wide offshore area, it 
was of interest to examine the path-averaged quality fac-
tor of S waves in the offshore region as most past studies 
were based on recorded motions on land (e.g., Nakamura 
et al. 2006; Nakano et al. 2015).

In the next two sections, we describe the data and 
methods, respectively. Then, we present and discuss the 
source spectra of S waves. We present estimated mag-
nitudes of the earthquakes and compare them with the 
catalog magnitudes. We also derive stress drops of the 
earthquakes and discuss them. Following the discussion 
of the source spectra, the path-averaged quality factors 
for S waves are presented and compared with several 
previous studies. Finally, we present and discuss the site 
amplification factors at the S-net sites in some details. It 
is expected that the results presented in this study pro-
vide a basis for more detailed studies in the future about 
developing ground-motion prediction models for EEW 
and other seismological applications.

Fig. 1 Index maps. Left panel: black-filled triangles denote the recording stations on land (KiK-net) and color-filled polygons denote the recording 
stations on the ocean bottom (S-net). The six segments of the S-net (S1–S6) are denoted by different polygons, with station codes at the start and 
end of each segment. The short-dashed rectangle indicates the location of sites, namely, S3N26, S3N25, S3N24, S3N23, S3N22, S3N21, S3N20, S3N19, 
and S6N12 from left to right, respectively, discussed later. The NAM, PHS, and ST are shorthand for the North-American Plate, Philippine Sea Plate, 
and Sagami Trough, respectively. Right panel: location of the epicenters of earthquakes used in the present study. The depth to the Pacific Plate 
is marked with contours (thin dashed lines) at interval of 10 km. The 10 km contour coincides roughly with the Trench axes. The plate-depth data 
were taken from Hirose (2022)
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Data
We prepared the initial earthquake data set based on 
the moment tensor catalog of F-net, NIED. Then, we 
obtained 10 min of continuously recorded accelerograms 
at the S-net stations, beginning from 1 min before the 
earthquake origin time, from more than 1500 earth-
quakes, which occurred between February 2016 and 
October 2021. The moment magnitudes (Mw) of the 
earthquakes ranged between 3.8 and 7.0, and focal depths 
were shallower than 70  km. S-net sensors are housed 
inside cylindrical pressure vessels and record waveforms 
in three mutually perpendicular directions. However, the 
sensor axes are not aligned in the horizontal and verti-
cal directions. In this study, conversions of the waveform 
data from the sensor axes to the horizontal and vertical 
directions were carried out following the procedures in 
Takagi et  al. (2019). The present study used waveform 
data from two horizontal directions, namely, X and Y. 
The X direction coincides with the direction of the long 
axis of the cylindrical pressure vessel, and the Y direction 
is perpendicular to the X direction.

In the present study, all records were processed uni-
formly. The mean of a 1-min pre-event noise window 
was subtracted at each time step for the S-net records. 
In this paper, the mean or average implies the arithme-
tic mean of the data under consideration. For the land-
station records, the mean of 10 s pre-event noise window 
was subtracted if the noise window was available; oth-
erwise, the mean of the whole record was subtracted. 
Then, fourth-order low-cut filtering was applied to sup-
press low-frequency noises at 0.07 Hz. The S-wave arrival 
times were picked manually. After several trial analyses, 
the following magnitude-dependent S-wave time win-
dows were selected: 8 s for Mw < 4.5, 12 s for 4.5 ≤ Mw < 5, 
16 s for 5 ≤ Mw < 5.5, and 20 s for Mw ≥ 5.5. The one sec-
ond time windows just before and after the defined time 
windows for the S waves were cosine-tapered. Then, 
zeroes were padded in the rear end, such that the win-
dow length remained 40.96  s for all recordings. The 
equal length allows one to evaluate the Fourier spectra 
at identical frequency points between all recordings. To 
evaluate the signal-to-noise ratios (SNRs), noise time 
histories of equal lengths with the corresponding S-wave 
time histories were selected from the pre-event parts of 
the records, and cosine tapering and zero paddings were 
applied to the noise time histories similar to that for the 
S-wave parts as explained above. Then, Fourier spectra 
were computed and smoothed using a Parzen window of 
0.2 Hz for both S-wave and noise parts of equal durations 
of 40.96 s. Finally, the SNRs were obtained as the ratios of 
mean values of the smoothed spectra of two horizontal 
components between the S-wave and noise parts.

Final records were selected after imposing the follow-
ing criteria. The vector peak ground accelerations (PGAs) 
of the original records were between 5 and 50 cm/s2. The 
maximum PGA value of 50 cm/s2 was selected to avoid 
nonlinear site response and minimize the effect of the 
rotational noises in the records (e.g., Dhakal et al. 2017; 
Nakamura and Hayashimoto 2019; Takagi et  al. 2019). 
The focal depths were shallower than 70  km to avoid 
the complicated attenuation effect for the deeper earth-
quakes. The epicentral distances were between 20 and 
200 km. The choice of the distance limits was arbitrary, 
but it was expected that the minimum distance of about 
20  km reduced the effect of the location errors for the 
records at small epicentral distances. The records were 
selected if the SNRs were larger than three at all fre-
quencies between 0.1 and 20  Hz. At least three records 
exceeding the above threshold SNRs were available at 
each station and for each earthquake.

A preliminary analysis of the focal and centroid 
moment tensor depths estimated by the JMA showed 
that the two depth parameters differed largely for many 
events, even though the magnitudes of the events were 
smaller than about 5.5. The F-net, NIED, moment tensor 
solution obtains the depths of the events keeping the epi-
central locations the same as that of the JMA epicentral 
locations. We found that the JMA centroid depths and 
NIED moment tensor depths were similar. In this study, 
we used the epicentral location from the JMA and depth 
from the F-net moment tensor solution to calculate the 
source-to-site distance used in the spectral inversion 
described in the next section. Hereafter, unless stated 
otherwise, the term ‘distance’ is used to mean the source-
to-site distance, and the ‘depth’ in the sense of depth 
obtained in the F-net NIED moment tensor solution. 
The location of the S-net stations and the epicenters of 
the selected events used in this study are depicted in the 
left and right panels of Fig. 1, respectively. The final data 
set contained 6326 recordings from 605 earthquakes. The 
general distributions of the data set in terms of the mag-
nitude and distance, magnitude and depth, S-wave arrival 
time and distance, and the peak ground acceleration and 
distance are shown in Fig. 2a–d, respectively.

Methods
Spectral inversion method is a simple yet powerful tech-
nique for estimation of either site amplifications, path 
attenuation, and source parameters of earthquakes or 
their combinations and has been used in several previ-
ous studies (e.g., Andrews 1986; Iwata and Irikura 1988; 
Castro et al. 1990; Kato et al. 1992; Yamanaka et al. 1998; 
Satoh and Tatsumi 2002; Bindi et  al. 2004; Tsuda et  al. 



Page 5 of 23Dhakal et al. Earth, Planets and Space            (2023) 75:1  

2006; Oth et al. 2011; Ren et al. 2013; Nakano et al. 2015; 
Klimasewski et  al. 2019; Fletcher and Boatwright 2020). 
In the present study, the observed S-wave acceleration 
Fourier spectra were expressed in the form shown in the 
following equation:

where Oij(f ) is the observed S-wave Fourier amplitude 
spectrum at the jth station for the ith earthquake at fre-
quency f  , Si

(
f
)
 is the source spectral amplitude of the ith 

earthquake at frequency f  , Gj

(
f
)
 is the site amplification 

(1)Oij

(
f
)
= Si

(
f
)
Gj

(
f
)
R−1
ij exp

{
−πRijf

Qs(f )Vs

}

factor at the jth station at frequency f  , Qs

(
f
)
 is the aver-

age quality factor for S wave along the propagation path 
at frequency f  , Rij is the distance between the jth site and 
ith event, and Vs is the average S-wave velocity along the 
propagation path.

In the present study, the Fourier spectral amplitudes 
were computed as the mean values of the two horizon-
tal components, as described in the previous section. 
The spectral amplitudes between 3 and 20  Hz were 
resampled with interval of approximately 0.1 Hz to save 
the computational time, and the results were obtained 
at 294 frequencies between ~ 0.0732 and 20  Hz. 

Fig. 2 General distribution of data in terms of magnitude and distance a, magnitude and depth b, S-onset time and distance c, and PGA and 
distance d 
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Equation  (1) was linearized by taking base-10 loga-
rithms and was solved by a least-square method after 
rearranging the terms and using the constrained con-
ditions explained in the next paragraph (see Additional 
file 1 for details). The least-square solution obtained in 
this study may be expressed, as shown in the following 
equation (e.g., Searle 1971):

where x̂ is a solution set of unknown parameters (the 
source, path, and site factors), A is the design matrix of 
known values for the source, path, and site terms, and 
b is the set of observations for a given frequency. The T 
and −1 in Eq. (2) indicate the usual transpose and inverse 
matrix operations, respectively.

Reasonably, as the method was used by Andrews in 
1986, a constrained condition is required in the inver-
sion due to a trade-off between independent parameters. 
For example, Iwata and Irikura (1988) used the con-
strained condition that the site amplification factors were 
greater than two at all sites, while Yamanaka et al. (1998) 
and Nakano et al. (2015) used the theoretical amplifica-
tion factors evaluated at a reference site. In the present 
study, we used the approach employed by Yamanaka et al. 
(1998) and Nakano et  al. (2015). The theoretical ampli-
fication factors at two reference sites on land were used 
as constrained conditions. The use of one reference site 
could be sufficient for the constrained condition. How-
ever, using two or more reference sites provides more 
robust results if the reference sites are the rock sites. 
The theoretical amplification factors at the two refer-
ence sites, namely, IBRH14 and MYGH11, were calcu-
lated based on the structure estimated by the inversion 
of the surface-to-borehole spectral ratios (SBSRs) (see 
Fig. 1 for the location of the sites). Simulated annealing 
technique (e.g., Yamanaka 2005) was used to invert the 
spectral ratios for velocity models. The borehole sen-
sors at the two sites were set up at the depths of 100 and 
207  m in the layers having S-wave velocities of 3.2 and 
2.78 km/s, respectively, according to the PS-logging data 
(see Additional file  2). The observed SBSR at the two 
sites (IBRH14 and MYGH11) computed from several 
earthquake records and theoretical SBSR using the veloc-
ity models obtained from the inversion of the observed 
SBSR are shown in Fig.  3a, d, respectively. The velocity 
models are shown in Fig. 3b, e, respectively. The theoreti-
cal amplification factors, used as constraints in the spec-
tral inversion, are plotted in Fig.  3c, f, respectively. The 
layer parameters used to compute the theoretical values 
of the SBSR and site amplification factors are presented 
in the Additional file 2. The plots show that the observed 
spectral ratios are mostly one at frequencies lower than 

(2)x̂ =

(
ATA

)
−1

ATb

2  Hz, suggesting that the shallow sediments produce 
small or no amplification at those frequencies. The the-
oretical amplification factors of about two at those fre-
quencies show the free surface effects. In contrast to the 
small amplification at the lower frequencies at the refer-
ence sites, amplification factors of about 10 was seen at 
frequencies around 10  Hz at both sites. The estimated 
Vs values at the depths of borehole sensors were about 
2.8 km/s, close to the PS-logging values mentioned pre-
viously. Hence, the amplification factors obtained at the 
other sites from the solution of Eq. (1) might be consid-
ered close to the absolute site amplification factors above 
the seismic basement of ~ 3  km/s (e.g., Nakano et  al. 
2015). The Vs value was 3.45 km/s in Nakano et al. (2015) 
referred to as the seismic basement. We used Vs equal to 
3.5 km/s in Eq. (1), and the source, path, and site factors 
obtained in the present study are described in the next 
sections.

Results and discussion
Source spectra
The obtained acceleration source spectra, Si

(
f
)
 , from the 

inversion were multiplied by ω−2 , where ω is the circu-
lar frequency equal to 2π f  , to obtain the displacement 
source spectra. The plots of displacement source spectra 
are shown in Fig. 4 for nine example events (see Table 1 
for details about the events). The ω−2 source spectral 
model shown in Eq. (3) for far-field S-wave spectra (e.g., 
Aki 1967; Brune 1970, 1971) were fitted with the dis-
placement spectra, searching for the flat spectral level, � , 
and the corner frequency, fc , which minimized the misfit 
function defined by Eq. (4) (e.g., Satoh and Tatsumi 2002) 
for each earthquake separately:

where D(f ) is the displacement spectral amplitude at fre-
quency, f :

where Sf  is the source spectral amplitude obtained from 
inversion at frequency f  , Df  is the model spectral ampli-
tude at frequency f  , and df  is the frequency width, 
fi+1 − fi . Considering the smaller SNRs at lower frequen-
cies and simple forms for the source spectral model, the 
summation in Eq.  (4) was taken over three frequency 
ranges based on the magnitudes of the earthquakes: 0.2–
10 Hz for Mw ≤ 5, 0.1–10 Hz for 5 < Mw ≤ 6.0, and 0.07–
10 Hz for Mw > 6.

(3)D(f ) =
�

1+
(

f
fc

)2

(4)misfit =
∑ 1

f

(
log10

(
Sf

Df

))2

df
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The fitted source spectral models for the nine example 
events mentioned above are also shown in Fig.  4. It was 
found that the ω−2 model fits the source spectra generally 
well within the range of frequencies under consideration. 
Even though the spectra were fitted for frequencies up to 
10 Hz, the fits were reasonably good up to 20 Hz for the 
crustal and interplate earthquakes (Fig.  4b, c), while the 
models underestimated the spectra to some extent at fre-
quencies over 10 Hz for the intraslab earthquakes (Fig. 4d). 
The earthquake types are discussed later.

We estimated magnitudes of the earthquakes from the 
source spectra obtained in this study and compared them 
with the catalog magnitudes. First, we calculated the seis-
mic moment, Mo , using Eq. (5) (e.g., Brune 1970; Iwata and 

Irikura 1988; Nakano et  al. 2015), and then obtained the 
magnitude (Mw) using Eq. (6) (Hanks and Kanamori 1979):

where ρ is density, Vs is S-wave velocity in the source 
region, R is distance (unit reference distance of 1 km in 
this study), � is flat level of displacement source spec-
trum, Rθφ is the average radiation coefficient, and P is 
the energy partition ratio. Following Nakano et al. (2015), 
we used the Vs values of 3.6  km/s for the crustal earth-
quakes and 4.0  km/s for the other earthquakes. Simi-
larly, the densities of 2700 and 3000 kg/m3 were used for 

(5)Mo = 4πρV 3
s R�/RθφP

(6)Mw =

2

3
log10Mo − 10.7

Fig. 3 a, d Surface-to-borehole spectral ratios (SBSR) at the IBRH14 and MYGH11 sites, respectively. Grey lines denote the SBSR for the individual 
earthquakes, while the black lines denote the mean values. The red lines denote the theoretical SBSR computed from the S-wave velocity models 
shown in the panels b and e, respectively. c, f Theoretical amplification factors at the IBRH14 and MYGH11 sites computed from the velocity models 
shown in the panels b and e, respectively. The theoretical values were computed using the propagator matrix method (Ch. 5, Aki and Richards 
2002), assuming vertically propagating plane S wave. See Additional file 2 for the values of layer parameters used in the theoretical computation of 
the spectral ratios and amplification factors
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Fig. 4 Location map of example events and their source spectra obtained from the spectral inversion. a Focal-mechanism plots coincide with the 
locations of corresponding epicenters, and the colors of the compression parts indicate the corresponding depths to the foci. b Black lines denote 
the displacement source spectra obtained from the inversion and red lines show the fitted lines using the ω−2 source model. The labels, C1, C2, C3 
means three crustal events, whose catalog magnitudes are indicated with letter M, respectively. The estimated magnitudes based on the flat level of 
the ω−2 source models are given inside the parentheses. c, d Similar to b, but for the interplate and intraslab earthquakes, respectively. See Table 1 
for details about the events
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the source regions of the crustal and other earthquakes, 
respectively. The values of 0.63 and 1/

√

2 were used for 
Rθφ and P, respectively, as we used the mean value of the 
two horizontal components. These values were identical 
to those used by Nakano et al. (2015). A comparison of 
the F-net catalog and estimated magnitudes is shown in 
Fig. 5. We found that the two groups of magnitudes gen-
erally agree well, despite the fact that the catalog mag-
nitudes were estimated using much lower frequency 
ground motions recorded by broadband seismic stations. 
The differences were mostly smaller than 0.3 magnitude 
units except for a few events.

Stress drop is an important source parameter used in 
the simulation of high-frequency ground motions and 
bears special interest in seismology (e.g., Boore and 
Atkinson 1987). Here, we discuss the stress drop val-
ues assuming simple circular fault models following 
the previous studies (e.g., Oth et al. 2010; Nakano et al. 
2015). First, the source radius for each event was calcu-
lated using Eq. (7), and then the stress drop was calcu-
lated using Eq. (8) (Brune 1970, 1971):

where r is radius of the source, Vs is S-wave velocity, and 
fc is corner frequency:

(7)r = 0.37×
Vs

fc

where �σ is stress drop, and M0 and r are defined in Eqs. 
(5) and (7), respectively. Expressing the seismic moment 
and radius in Nm and m, respectively, Eq.  (8) gives the 

(8)�σ =

7

16
×

M0

r3
× 10−5

Fig. 5 Comparison between the F-net NIED catalog magnitudes and 
the magnitudes estimated from the source spectra. The correlation 
coefficient (r) and root mean square error (rmse) between the catalog 
and estimated magnitudes are indicated in the plot

Fig. 6 a Plots of stress drop versus depth. The values for the different 
earthquake types are denoted by different symbols. The PAC-C (red 
squares) and NAM-C (blue triangles) in the legends denote the crustal 
earthquakes in the Pacific and North American Plates, respectively. 
The Unclassified (inverted triangles, green) means the earthquakes, 
whose tectonic types were not ascertained. b Plots of stress-drop 
residuals against depth. The different symbols correspond to the 
different earthquake types as indicated in a above. The filled symbols 
denote the mean residuals for the corresponding earthquake types 
computed in the interval of 10 km and the vertical bars denote the 
range of one standard deviation. The mean residuals are shifted 
slightly in horizontal directions from the centers of the corresponding 
intervals for clarity
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stress drop values in units of bar equal to 105Nm−2 . The 
stress-drop values for the earthquakes used in this study 
are plotted as a function of depths in Fig. 6. It was found 
that the stress drops generally increased with the depths 
(Fig. 6a). The logarithms of stress drops were fitted with 
depths assuming a linear relationship, which is given in 
the following equation:

where �σ is stress drop in unit of bar as abovemen-
tioned, and D is depth in unit of kilometer. The stress-
drop residuals obtained as the logarithmic ratios between 
the results obtained from Eqs. (8) and (9) are shown as a 
function of depths in Fig. 6b.

To get an idea about the variation of the stress drops 
between the earthquakes, the earthquakes were divided 
into four types based on their tectonic origins: inter-
plate (IP) earthquakes, intraslab (S) earthquakes, crus-
tal earthquakes in the Pacific Plate (PAC-C), and crustal 
earthquakes in the North American Plate (NAM-C). The 
earthquake types were decided based on their hypocen-
tral  locations (JMA), focal mechanisms obtained from 
the F-net NIED moment tensor solutions, and plate-
boundary data compiled by Hirose (2022). Some earth-
quakes could not be classified easily and were grouped 
as unclassified. It was found that the mean stress-drop 
residuals for the shallow earthquakes in the Pacific Plate 
(depths < 30  km) were larger than the mean residuals 
for the interplate earthquakes within the corresponding 
depth ranges. The difference was quite large (almost a 
factor of four, ~ 0.6 on the base 10 log scale) for depths 
shallower than 10  km. Allmann and Shearer (2009) 
reported that the stress drops for the intraplate earth-
quakes in the oceanic lithosphere were twice as high as 
those for the interplate earthquakes based on a global 
data set. For depths deeper than 30  km, the differences 
between the interplate and intraslab earthquakes were 
minor. The mean residuals for the crustal earthquakes 
(NAM-C) were small or near zero except for the depth 
range between 30 and 40  km, where the mean residual 
was noticeably larger than that of other groups of earth-
quakes. The mean residuals for the unclassified earth-
quakes were close to zero except for the depths between 
10 and 20 km, in which the mean residual was larger than 
those from the other groups of earthquakes. However, 
the number of earthquakes was just two in the depth 
range, and it is likely that the events belonged to the 
intraslab type.

The stress drops obtained in Nakano et al. (2015) were 
slightly larger for the intraslab earthquakes than the 
interplate ones for the deeper events. The stress-drop 
values in Nakano et  al. (2015) and current study were 

(9)log10(�σ) = 1.2768+ 0.0124D

quite comparable. For example, the average values for 
the interplate and intraslab earthquakes at a depth of 
about 40  km were about ~ 50–60 bars in Nakano et  al. 
(2015, Fig. 17), which were close to the value of about 60 
bars obtained in the present study. However, we found 
that the average values of the stress drops for the crus-
tal earthquakes were slightly larger in the present study 
than those in Nakano et al. (2015). The spatial distribu-
tions of the stress drop for the interplate, intraslab, and 
crustal earthquakes are depicted in Additional file 3. The 
plots do not show a noticeable lateral variation of the 
stress drops but depict that the stress drops, on average, 
increase with the depth of the events, as discussed above.

Path factors
In the present study, we simply assumed the R−1 factor 
for geometrical attenuation. In this section, we discuss 
the path attenuation in terms of the quality factor, Qs , for 

Fig. 7 Relationships between the Qs values and frequencies. The 
values obtained in the present study are denoted by circles. The red 
dashed and solid lines denote the relationships for the shallower 
(0–30 km) and deeper (30–60 km) parts of the fore-arc region in the 
north–east Japan (Nakamura 2009). The green dashed line, green 
solid line, and cyan-colored line denote the relationships for fore-arc 
region corresponding to the Japan Trench subduction zone for 
crustal (C), plate boundary (B), and intraslab (I) earthquakes, Region 2, 
in Nakano et al. (2015). The black dashed line denotes the relationship 
reported in Oth et al. (2011) for subcrustal earthquakes, and the blue 
line denotes the relationship reported in Satoh and Tatsumi (2002) for 
north–east Japan
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S wave. The Qs values obtained in the present study are 
plotted as a function of frequency in Fig.  7. The Qs val-
ues estimated in several previous studies using similar 
techniques and earthquake events from similar regions 
(e.g., Satoh and Tatsumi 2002; Nakamura 2009; Oth et al. 
2011; Nakano et  al. 2015) are also depicted in the plots 
for comparison. One major difference between the previ-
ous and present studies is that the results in the previous 
studies were derived using the records primarily from the 
stations on land as the seafloor observatories were lim-
ited or unavailable. As a result, the average paths covered 
by the seismic waves between the previous and pre-
sent studies may have varied significantly. The Qs values 
obtained in this study showed the following features. The 
values generally increased linearly with frequencies up to 
3 Hz, became almost constant between 3 and 10 Hz, and 
rose gently above 10 Hz (see Fig. 7). The relation between 
the frequencies and Qs values obtained in the present 
study is given in Eq. (10) for frequencies between 0.3 and 
3.3 Hz. The values between 3.3 and 10 Hz may be consid-
ered constant, equal to the value at 3.3 Hz. The values at 
other frequencies may be regarded as similar to those to 
be explained shortly.

Nakamura (2009) obtained 3-D attenuation structures 
beneath the Japan Islands. The region numbers 4 and 
13 in Nakamura (2009) correspond to the 0–30 km and 
30–60 km depth ranges in the fore-arc region of north-
east Japan. The 30–60 km region overlaps with the pre-
sent study area to some extent. The Qs values for the two 
regions in Nakamura (2009) are shown by the dashed and 
solid red lines in Fig. 7. The applicable frequency ranges 
in Nakamura (2009) were between 1 and 10 Hz. The plots 
show that Qs values obtained in this study were generally 
larger than those for the 30–60 km depth ranges in Naka-
mura (2009) in the applicable frequency ranges, though 
the differences were smaller near 1 and 10 Hz.

Nakano et  al. (2015) obtained three sets of Qs values 
corresponding to the three types of earthquakes: crustal, 
plate boundary (or interplate), and intraplate (or intra-
slab), denoted by the letters C, B, and I, respectively, 
following the notations in their paper. The Qs values for 
the region number two in their study, close to the region 
in the present study, are shown for the different earth-
quake groups in Fig. 7. The applicable frequency ranges 
in Nakano et al. (2015) were between 0.5 and 20 Hz for 
the interplate and intraslab earthquakes, while they were 
between 0.5 and 5  Hz for the crustal earthquakes. The 
Qs values at lower and higher frequencies in the pre-
sent study were close to the Qs values for the intraslab 
earthquakes in Nakano et al. (2015), while the Qs values 

(10)Qs = 310f 1.12

at frequencies around 4–5  Hz were close to the crustal 
earthquakes in Nakano et al. (2015).

The Qs values plotted in Fig. 7, marked with Oth et al. 
(2011), were for subcrustal earthquakes from wide 
onshore areas, the larger part of which faces the Pacific 
Ocean and Philippine Seas. The applicable frequency 
ranges were between about 0.5 and 20  Hz in Oth et  al. 
(2011). The Qs values plotted in Fig. 7 for Satoh and Tat-
sumi (2002) were for subduction earthquakes in north-
east Japan and were valid between 0.2 and 20  Hz. The 
Qs values in Oth et  al. (2011), Nakanao et  al. (2015) for 
interplate earthquakes (Nakano et al. (2015) B in Fig. 7), 
and Satoh and Tatsumi (2002) were noticeably smaller 
than the values in the present study, except for Satoh and 
Tatsumi (2002) at frequencies higher than about 10 Hz. 
In summary, the average Qs values obtained in this study 
are either similar to or larger than those in the previous 
studies mentioned above. The larger values in the present 
study are generally as expected, because the seismic rays 
travel a considerable portion of the high Q Pacific Plate 
(e.g., Umino and Hasegawa 1984) as the S-net sites are 
closer to the Pacific Plate compared to the networks in 
the other studies. Even though the path-averaged Qs val-
ues differed between the present and other studies to 
some extent, the slopes of the fitted lines between the 
frequencies and Qs values were around unity at most 
frequencies. Future studies are required to image the 
detailed Qs structure in the seafloor regions.

Site spectra
We discuss the site amplification factors obtained from 
the spectral inversion in this section. First, we present the 
site amplification factors at three KiK-net sites (stations 
on land), namely, FKSH19, IWTH23, and IWTH27 (see 
Fig. 1 for the location of the sites). The site amplification 
factors at the three sites are shown in Fig.  8. The mean 
SBSRs computed from several earthquake records at the 
sites are also shown in the figure. The borehole sensors 
were set up in the layers having Vs values of 3.06, 2.2, 
and 2.79  km/s at the FKSH19, IWTH23, and IWTH27, 
respectively, according to the PS-logging data. There-
fore, the SBSRs may be considered equivalent to the site 
amplification factors at the sites with respect to a refer-
ence rock site. The peak frequencies of the spectral ratios 
were approximately 3.27, 16.06, and 7.34 Hz at the three 
sites, FKSH19, IWTH23, and IWTH27, respectively. 
The peak frequencies and their amplitudes matched well 
between the spectral ratios and the amplification factors 
at all the sites. The overall shapes of the curves for the 
spectral ratios and amplification factors were similar. The 
values of amplification factors at frequencies lower than 
about 2 Hz were smaller than two, suggesting no ampli-
fication effect by the sediments at the frequencies. The 



Page 13 of 23Dhakal et al. Earth, Planets and Space            (2023) 75:1  

above comparison suggests that the obtained site amplifi-
cation factors at the three sites were reasonable.

Hereafter, we describe the site spectra at the S-net 
sites. The site spectra at nine example sites are plotted in 
Fig. 9 (red lines) along with the individual-earthquake site 
spectra (grey lines) and theoretical amplification factors 
(blue lines) at each site computed from the J-SHIS (Japan 
Seismic Hazard Information Station) velocity model 
(Fujiwara et  al. 2009, 2012). The sites were from the S3 
segment except for one site and were located almost in 
the east–west direction (see Fig.  1 for the location of 
the sites). The sites were S3N26 (water depth 128  m), 
S3N25 (230 m), S3N24 (849 m), S3N23 (1220 m), S3N22 
(1645  m), S3N21 (2779  m), S3N20 (5225  m), S3N19 
(5591 m), and S6N12 (6111 m), from west to east direc-
tions, respectively. The panels a to i in Fig. 9 are arranged 
in the order of increasing water depths. The curves for 
the amplification factors from the inversion (red lines) 
showed multiple peaks and were generally different from 
site to site. The shallow water sites (a, b, c) showed rela-
tively smaller amplifications (about ten or less) at lower 
frequencies compared with the values at the deeper water 
sites (d, e, f, g, h) (about ten or over) except for the deep-
est site, S6N12, panel i. The S6N12 site, among the nine 
sites, showed a peak amplification value of about 20 at 
approximately 6.68 Hz. The spectra at most sites showed 
a decreasing trend with frequencies higher than about 
10 Hz. We explain later that the peak amplification fac-
tors at some sites were influenced to some extent by fac-
tors irrelevant to the site geology.

The theoretical amplification factors computed for 
the vertical incidence SH wave using the J-SHIS velocity 

model above the seismic basement (Vs 3.2 km/s) are com-
parable with the results from the spectral inversion over 
wider frequencies at the two shallow-water sites, S3N26 
(water depth 128  m) and S3N25 (230  m), as shown in 
Fig.  9a, b. Meanwhile, the theoretical values underesti-
mated the site amplification factors from the inversion at 
the other sites. The differences generally increased with 
the increase of water depths. A similar tendency was seen 
at a few other shallow and deep-water sites (see the Addi-
tional file  4). The velocity profiles used to compute the 
amplification factors at the example sites are shown in 
the Additional file 4. While the total thicknesses of sedi-
mentary layers above the Vs 3.2 km/s layer were between 
about 1.5 (S6N12, S3N24) and 4 km (S3N19), the thick-
nesses of layers with Vs < 1 km/s were between about 0.1 
(S6N12) and 0.9  km (S3N20). The sites located toward 
the land from the Japan Trench axis showed greater 
thickness of the sediments than the sites located farther 
offshore from the trench axis. The obtained site amplifi-
cation factors at the sites were generally consistent with 
the distribution of thickness of sedimentary layers in the 
J-SHIS model. Large amplification factors were obtained 
at the thicker sediment sites, such as the S3N19, S3N20, 
and S3N21, where the thicknesses of the sedimentary 
layers were about 3–4  km (see the Additional file  4). 
The J-SHIS model in the oceanic region was constructed 
using the limited geophysical survey data (Fujiwara et al. 
2012) and lacked information for shallow sediments 
with velocities smaller than 600  m/s. Thus, the differ-
ences in site amplification factors between the inversion 
and J-SHIS model may be attributed to the preliminary 
nature of the velocity model. Moreover, the S-wave time 

Fig. 8 Comparison of the mean surface-to-borehole spectral ratios of horizontal component recordings (black lines) and site amplification factors 
(red lines) from the spectral inversion at three KiK-net sites. a FKSH19, b IWTH23, and c IWTH27. See Fig. 1 for the location of the sites
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windows selected in this study may have included the 3-D 
effects of the sedimentary layers around the sites (e.g., 
Dhakal  and Yamanaka 2012). Despite such limitations, 

the similar amplification factors between the spectral 
inversion results and the theoretical values at some of 
the shallow water sites suggest that the site amplification 

Fig. 9 Comparison of the site amplification factors (red lines) obtained from the spectral inversion with the theoretical amplification factors (blue 
lines) using the J-SHIS subsurface velocity model. The grey lines denote the site factors corresponding to each earthquake deduced by dividing 
the original spectra by the source spectrum of corresponding earthquake and path factors. The plots a, b, c, d, e, f, g, h, and i correspond to sites, 
namely, S3N26, S3N25, S3N24, S3N23, S3N22, S3N21, S3N20, S3N19, and S6N12, indicated in each panel (see Fig. 1 for the location of the sites). The 
number of earthquake records (N) used in the spectral inversion and the depth to the seafloor (D) are indicated for each site. See Additional file 4 for 
the J-SHIS model at the sites mentioned above
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factors obtained in this study may serve as a basis for the 
validation and improvement of the velocity models in the 
offshore region.

Sawazaki and Nakamura (2020) analyzed the spec-
tral ratios of coda portions of the ground motion 
records between the horizontal Y and X components 
and reported that the spectral ratios show a character-
istic shape ‘N’ with peaks and troughs at about 7 and 
13  Hz, respectively. They showed that the two frequen-
cies coincided roughly with the natural vibration periods 
of the cylindrical pressure vessels in the Y and X direc-
tions, respectively. They suggested that the natural vibra-
tions were induced due to the poor coupling between 

the seabed and cylindrical pressure vessels that housed 
the S-net sensors. The ‘N-shaped’ spectral ratios were 
conspicuous at several unburied seismometer sites. To 
avoid or minimize the effect of the natural vibrations 
of the pressure vessels on the estimated site spectra, 
we performed the spectral inversion of only the hori-
zontal X-component spectra, and comparisons of the 
source, path, and site spectra were made with the values 
described previously (obtained using the mean spectra 
of horizontal X and Y components). The moment mag-
nitudes, corner frequencies, stress drops, and Qs values 
derived from the two inversions are plotted in Fig. 10. We 
found that the source spectra and path factors from the 

Fig. 10 a Comparison of the estimated magnitudes (Mw) between the inversions of the X-component spectra and the mean spectra of X and 
Y components. b, c Similar to the plot a, but for the corner frequencies (Hz) and stress drops, respectively. d Comparison of the quality factors 
between the two inversions plotted against the frequencies
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two inversions were essentially the same in a statistical 
sense.

Example comparisons of the site spectra from the two 
inversions at nine selected sites, locations being depicted 
in Fig.  11, are shown in Fig.  12. In addition, shown in 
Fig.  12 are the mean spectral ratios between the hori-
zontal Y and X component records (Y/X ratios). The site 
spectra and the Y/X ratios at three sites, namely, S2N14, 
S2N15, and S2N16, are shown in the panels a, b, and c, 
respectively. The water depths at the sites were 162, 264, 
and 874 m, respectively. The three sites were buried sites. 
It can be seen that the Y/X spectral ratios are near one, 
and the site spectra from the two inversions (the red and 
blue curves denoting the results for the mean spectra of 
two components and X-component spectra only) are very 
similar. Similarly, the panels d, e, f, g, h, and i in Fig. 12 
show the site spectra and Y/X spectral ratios for the 
other six sites, where the sensor houses were not buried. 
The water depths ranged between 2247 and 6230 m. The 
site spectra from the two inversions showed similitude 
in shape and peak values. The Y/X spectral ratios had 

obvious troughs at frequencies near 10 Hz or higher at all 
the sites, but the peaks were not so prominent except for 
the two sites, namely, S2N21 and S2N22 (see the panels 
h and i in Fig. 12). The peak frequencies of the site spec-
tra and the Y/X spectral ratios were generally different. 
However, we found that the site spectra at 30 sites (20% 
of the total stations) obtained from the inversion of the 
mean spectra of X and Y components were noticeably 
contaminated at frequencies that corresponded with the 
peaks and troughs of the Y/X spectral ratios. The list of 
30 sites, along with the peak frequencies and other prop-
erties, is provided in the Additional file 5 (see Fig. 11 for 
the location of the sites). Out of the 30 sites, the example 
plots of the site spectra from the two inversions and the 
Y/X spectral ratios are shown in Fig. 13 for the selected 
nine sites. The peak amplitudes of the mean Y/X spectral 
ratios ranged between about 3 and 9, and the peak fre-
quencies were between about 4 and 9 Hz at the 30 sites. 
The upper three panels (a, b, c) in Fig. 13 depict the spec-
tra for the three sites, for which the maximum values 
of the Y/X spectral ratios were about 3; the sites in the 
middle three panels (d, e, and f ) had the maximum Y/X 
spectral ratios of about 4. The last three panels (g, h, and 
i) had the maximum Y/X spectral ratios of about, 7, 7.5, 
and 9, respectively. The plots depict that the site spectra 
from the two inversions were generally similar except 
for the frequencies at and around the peaks and troughs 
of the Y/X spectral ratios. We found that the difference 
between the two inversion results becomes conspicuous 
when the peak value of the Y/X spectral ratios is about 3 
or larger.

It is interesting to see how the amplification factors 
from the spectral inversion were spatially distributed 
over different sites for a given frequency to get a gen-
eral picture of the variation in the site spectra. The 
spatial distributions of the site amplification factors 
for three frequencies, approximately 0.33  Hz, 1  Hz, 
and 5  Hz, are shown in Fig.  14b–d, respectively. The 
amplification factors at 5 Hz are plotted from the anal-
ysis of X-component records only to avoid the spurious 
spectra discussed above. Figure 14a shows the two-way 
travel time in the sedimentary layers for the P wave 
obtained from the multi-channel seismic (MCS) reflec-
tion survey (Nishizawa et  al. 2022). The outer trench 
sites, part of the S6 segment, mostly showed smaller 
values (~ 0.5 s) for the travel times. Similarly, the two-
way travel times were smaller than 1  s at several sites 
close to the coast and in the S1 segment. At the other 
sites, the two-way travel times were mostly larger than 
1  s. The longest two-way travel time was about 2.5  s 
beneath the S2N21 site (see Fig. 14a). The longer travel 
times indicate thicker low velocity sediments com-
pared with the smaller ones. The site amplification 

Fig. 11 Red circles denote the locations of the sites for which the site 
spectra are plotted in Fig. 12. The site codes are written near the site 
symbols. Red triangles denote the locations of the sites, where the 
site spectra at higher frequencies were spurious (see Fig. 13)
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factors for 0.33 and 1 Hz, depicted in Fig. 14b, c show 
the patterns roughly similar to the distribution of the 
two-way travel times shown in Fig.  14a. In contrast, 
the amplification factors for 5 Hz were larger than the 

ones for the lower frequencies at many sites in the S6 
segment, where the two-way travel times were smaller. 
The median values of the amplification factors over 
the S-net sites were about 10 for the three frequencies, 

Fig. 12 Example comparison of the site spectra obtained from the spectral inversions of mean spectra of X- and Y-component records (red lines) 
and spectra of X-component records (blue lines). The plots a, b, c, d, e, f, g, h, and i correspond to sites, namely, S2N14, S2N15, S2N16, S2N17, 
S2N18, S2N19, S2N20, S2N21, and S2N22, as indicated in each panel. See Fig. 11 for the location of the sites. The black lines denote the mean 
spectral ratios between the horizontal Y- and X-component records. The number of earthquake records (N) used for each site and the depth to the 
seafloor (D) are indicated in each plot
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Fig. 13 Example comparison of the site spectra obtained from the spectral inversions of mean spectra of X- and Y-component records (red 
lines) and spectra of X-component records (blue lines) at sites, where the spurious site spectra were recognized. The plots a, b, c, d, e, f, g, h, and 
i correspond to sites, namely, S4N26, S6N12, S4N10, S5N17, S5N15, S4N09, S6N16, S5N14, and S1N06, as indicated in each panel. See Fig. 11 for 
the location of the sites. The black lines denote the mean spectral ratios between the horizontal Y- and X-component records. The number of 
earthquake records (N) used for each site and the depth to the seafloor (D) are indicated in each plot
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Fig. 14 a Two-way travel time for P wave from the base of sediment to the seafloor estimated by multi-channel seismic (MCS) reflection survey 
(Nishizawa et al. 2022). The color filled squares and circles denote the sites located, within and beyond 5 km from the survey line, respectively. The 
open squares denote the sites, where the travel times were not estimated. b, c, and d Amplification factors at frequencies of approximately 0.33, 1, 
and 5 Hz, respectively
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discussed above. The smaller travel times and larger 
amplification for the higher frequencies might suggest 
the thickness of the sediment to be relatively small in 
the outer trench sites. Azuma et  al. (2019) obtained 
sediment thicknesses based on travel-time differences 
between P and PS converted waves at the sedimentary 
basement below the S-net sites and suggested that the 
sediment thicknesses in the landward of the trench 
tend to be thicker than those estimated by two-way 
travel times of the deepest reflectors on the MCS pro-
files (Nishizawa et  al. 2022). We plan to integrate the 
travel-time information, site spectra, and the available 
subsea models to reconstruct the improved velocity 
models in our future studies.

Finally, the relationships between the two-way travel 
times and amplification factors at the frequencies of 
0.33, 0.5, 1, 2, 5, and 10 Hz are presented in Fig. 15a–f, 

respectively. The amplification factors from the two 
inversions, using the mean spectra of X and Y com-
ponents and X-component spectra only, showed simi-
lar trends with the two-way travel times as expected. 
The plots for the 0.33, 0.5, 1, and 2  Hz indicated that 
the amplification factors generally increased with the 
two-way travel times, albeit the small values of correla-
tion coefficients (~ 0.25). We found that the correlation 
coefficients decreased with the increase in frequency 
over 2  Hz and was approximately zero at 10  Hz. The 
mean amplification factors were approximately 10 and 
2 at frequencies of 5 and 10 Hz, respectively. These lat-
ter results may suggest that the thicker sediment layers 
dampen the higher frequency components more than 
the lower ones due to the lower Qs values in the sedi-
ments (e.g., Boore and Smith 1999).

Fig. 15 Relationships between the two-way travel times for P wave and site amplification factors at frequencies of approximately 0.33, 0.5, 1, 2, 5, 
and 10 Hz (panels a–f), respectively. The red and black lines indicate the linear fits between the travel times and logarithms of amplification factors. 
The numerals in parentheses indicate the values of correlation coefficients between the corresponding data sets. Note the difference in the scale of 
the vertical axis for 10 Hz f compared to the scales for other frequencies. The amplification factors are lower than five for 10 Hz at most sites
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Conclusions
We analyzed the strong-motion records at the S-net sites 
following the earthquakes with magnitudes 3.5 < Mw ≤ 7 
and focal depths < 70 km and evaluated the source, path, 
and site spectra of S waves for understanding the S-wave 
site amplification factors at the sites. We used the spec-
tral inversion technique to obtain the source, path, and 
site spectra simultaneously from the horizontal-compo-
nent S-wave portions of the recordings.

The source spectra were fitted with the conventional 
ω
−2 source model searching for the flat levels of the 

spectra and corner frequencies, and it was found that 
the source spectra followed the ω−2 source model gen-
erally well for most earthquakes up to 10 Hz. The esti-
mated magnitudes from the flat levels of the source 
spectra were mostly within ± 0.3 magnitude units of 
the F-net NIED catalog magnitudes. The stress drops 
increased with focal depths, which is consistent with 
the previous studies in the region. The stress drops for 
the shallow earthquakes in the Pacific Plate were higher 
than those for the interplate earthquakes with com-
parable focal depths, while the values were similar for 
events with depths greater than about 30 km. The path-
averaged quality factors increased with frequency up to 
about 3  Hz, remained almost constant between about 
3 and 10  Hz, and then increased gently up to 20  Hz. 
The values were either similar to or larger than those 
reported in the previous studies.

The peak site frequencies were between about 0.2 
and 10  Hz, and the peak amplification factors ranged 
between about 10 and 50. The peak frequencies and 
amplification factors generally differed from site to site. 
However, a moderate regional pattern was observed. 
The peak frequencies were mostly higher than about 
2  Hz at the outer trench sites, while they were lower 
than 2  Hz at many inner trench sites. The amplifica-
tion factors at a few shallow-water sites close to the 
coast were comparable with the theoretical ones com-
puted from the J-SHIS subsea model. The amplification 
factors from the inversion were larger in the regions, 
where the sedimentary layers were thicker in the J-SHIS 
model. However, the amplification factors were con-
siderably underestimated by the J-SHIS model at many 
sites over wide frequencies. The amplification factors 
at intermediate frequencies (~ 0.3 to 2  Hz) generally 
increased with the P-wave travel time in the sediments 
estimated from the multi-channel seismic reflection 
survey. All the above results, by and large, suggested 
that the site spectra were reasonable. However, it was 
found that the site spectra included dominant peaks at 
frequencies between about 4 and 10 Hz at about thirty 
unburied stations, resulting from the coupling problem 
between the instrument vessels and seabed sediments. 

We performed the spectral inversion using only the 
spectra from the horizontal X-component records and 
found that the spurious peaks at those sites were elimi-
nated, while the source spectra and path factors were 
very similar to those from the joint use of both X- and 
Y-component records. We recommend avoiding the 
Y-component records if the site spectra between about 
4 and 10  Hz are required at the unburied stations for 
any application. Moreover, the site spectra over about 
10  Hz may not be reliable due to the higher modes in 
the Y directions and vibrations of the sensor vessels in 
the X directions.

The results discussed in this paper may be used in 
the prediction of ground motions for EEW, engineering 
design of offshore structures, and so on. It is expected 
that the abovementioned results may also serve as a basis 
for more detailed future studies regarding the source 
properties of the subduction zone earthquakes, quality 
factor of the crust and mantle, and improvement of the 
subsurface velocity models in the region.

Abbreviations
F-net: Full-range seismograph network; JMA: Japan Meteorological Agency; 
J-SHIS: Japan Seismic Hazard Information Station; KiK-net: Kiban Kyoshin net-
work; MCS: Multi-channel seismic reflection survey; Mj: JMA magnitude; Mw: 
Moment magnitude; NIED: National Research Institute for Earth Science and 
Disaster Resilience; PAC: Pacific Plate; PHS: Philippine Sea Plate; S-net: Seafloor 
observation network for earthquakes and tsunamis along the Japan Trench; 
SNR: Signal-to-noise ratio; S-to-B: Surface-to-borehole; S-wave: Secondary 
wave/shear wave.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40623- 022- 01756-6.

Additional file 1: Matrix equation used in the spectral inversion

Additional file 2: Velocity profiles at the reference sites on land

Additional file 3: Plots of focal mechanisms and stress drops of 
earthquakes

Additional file 4: J-SHIS velocity profiles and comparison of site amplifi-
cation factors

Additional file 5: List of sites with spurious spectra

Acknowledgements
We would like to thank the Japan Meteorological Agency for providing us 
with hypocenter information for the earthquakes used in this study. We are 
thankful to the two anonymous reviewers for their constructive comments 
which helped us significantly improve the manuscript. We would also like to 
thank Wessel and Smith (1998) for providing us with Generic Mapping Tools, 
which were used to make figures in the paper. We extend our gratitude to 
Khagendra Acharya for English language editing.

Author contributions
Y.P.D. processed the strong-motion recordings, performed the spectral inver-
sion, and drafted the manuscript. T.K. and S.A. conceptualized the study. A.W. 
prepared the site condition information at the land sites. H.Y. obtained the 
reference site amplification factors used in the inversion. A.N. contributed to 
relate the seismic survey results with the results of spectral inversion. All the 

https://doi.org/10.1186/s40623-022-01756-6
https://doi.org/10.1186/s40623-022-01756-6


Page 22 of 23Dhakal et al. Earth, Planets and Space            (2023) 75:1 

authors discussed the contents and provided their comments. All authors read 
and approved the manuscript.

Funding
This study was supported by “Advanced Earthquake and Tsunami Forecasting 
Technologies Project” of NIED and JSPS KAKENHI Grant Number JP20K05055.

Availability of data and materials
The strong-motion recordings at the KiK-net sites and PS-logging data used in 
this study were obtained from NIED K-NET, KiK-net, National Research Institute 
for Earth Science and Disaster Resilience, https:// doi. org/ 10. 17598/ nied. 0004. 
https:// www. kyosh in. bosai. go. jp/. The strong-motion recordings at the S-net 
sites were retrieved from NIED S-net, National Research Institute for Earth 
Science and Disaster Resilience, https:// doi. org/ 10. 17598/ nied. 0007. https:// 
hinet www11. bosai. go. jp/ auth/ downl oad/ cont/? LANG= en. The J-SHIS deep 
subsurface model was downloaded from the website: http:// www.j- shis. bosai. 
go. jp/ map/ JSHIS2/ downl oad. html? lang= en. The hypocenter information of 
the events were taken from the website: https:// www. data. jma. go. jp/ svd/ 
eqev/ data/ bulle tin/ hypo_e. html. The moment magnitudes and depths of 
the moment tensor solutions were taken from the website: http:// www. fnet. 
bosai. go. jp/ event/ joho. php? LANG= en. The plate-boundary data used in the 
classification of earthquake types were retrieved from https:// www. mri- jma. 
go. jp/ Dep/ sei/ fhiro se/ plate/ en. index. html. Readers are suggested to check the 
abovementioned websites for details about the original data, and to contact 
the authors for data request for other specific information, such as the list of 
earthquakes and the numerical values of the results discussed in the paper. All 
the websites were last-accessed on May 10, 2022.

Declarations

Competing interests
The authors declare that they have no competing interests.

Author details
1 National Research Institute for Earth Science and Disaster Resilience, Tsukuba, 
Japan. 2 Tokyo Institute of Technology, Tokyo, Japan. 

Received: 27 June 2022   Accepted: 17 December 2022

References
Aki K (1967) Scaling law of seismic spectrum. J Geophys Res 72:1217–1231
Aki K, Richards PG (2002) Quantitative seismology. Second ed. University Sci-

ence Books.
Allmann BP, Shearer PM (2009) Global variations of stress drop for moderate to 

large earthquakes. J Geophys Res 114:B01310. https:// doi. org/ 10. 1029/ 
2008J B0058 21

Andrews DJ (1986) Objective determination of source parameters and similar-
ity of earthquakes of different size. In Earthquake Source Mechanics, 
Geophysical Monograph Series 37:259–267

Aoi S, Asano Y, Kunugi T, Kimura T, Uehira K, Takahashi N, Ueda H, Shiomi K, 
Matsumoto T, Fujiwara H (2020) MOWLAS: NIED observation network for 
earthquake, tsunami and volcano. Earth Planets Space 72:126. https:// doi. 
org/ 10. 1186/ s40623- 020- 01250-x

Azuma R, Takagi R, Toyokuni G, Nakayama T, Suzuki S, Sato M, Uchida N, Hino 
R (2019) Seafloor sediment thickness below S-net observatories revealed 
from PS conversion wave at the sedimentary base. Seismological Society 
of Japan, Fall meeting, S06-08

Bindi D, Castro RR, Franceschina G, Luzi L, Pacor F (2004) The 1997–1998 
Umbria-Marche sequence (central Italy): source, path, and site effects 
estimated from strong motion data recorded in the epicentral area. J 
Geophys Res 109:B04312. https:// doi. org/ 10. 1029/ 2003J B0028 57

Boore DM, Atkinson GM (1987) Stochastic prediction of ground motion and 
spectral response parameters at hard-rock sites in eastern North America. 
Bull Seismol Soc Am 77(2):440–467. https:// doi. org/ 10. 1785/ BSSA0 77002 
0440

Boore DM, Smith CE (1999) Analysis of earthquake recordings obtained from 
the Seafloor Earthquake Measurement System (SEMS) Instruments 

deployed off the coast of Southern California. Bull Seism Soc Am 
89(1):260–274. https:// doi. org/ 10. 1785/ BSSA0 89001 0260

Brune JN (1970) Tectonic stress and the spectra of seismic shear waves from 
earthquakes. J Geophys Res 75:4997–5009

Brune JN (1971) Correction. J Geophys Res 76:5002
Castro RR, Anderson JG, Singh K (1990) Site response, attenuation and source 

spectra of S waves along the Guerrero, Mexico, subduction zone. Bull 
Seismol Soc Am 80(6A):1481–1503. https:// doi. org/ 10. 1785/ BSSA0 8006A 
1481

Dhakal YP, Yamanaka H (2012) Delineation of S-wave time window in the 
Kanto basin for tuning velocity models of deep sedimentary layers. Int 
Symp Earthq Eng JAEE 1:85–94

Dhakal YP, Shin A, Kunugi T, Suzuki W, Kimura T (2017) Assessment of nonlinear 
site response at ocean bottom seismograph sites based on S-wave 
horizontal-to-vertical spectral ratios: a study at the Sagami Bay area 
K-NET sites in Japan. Earth Planets Space 69:29. https:// doi. org/ 10. 1186/ 
s40623- 017- 0615-5

Dhakal YP, Kunugi T, Suzuki W, Kimura T, Morikawa N, Aoi S (2021) Strong 
motions on land and ocean bottom: comparison of horizontal PGA, PGV, 
and 5% damped acceleration response spectra in northeast Japan and 
the Japan Trench area. Bull Seism Soc Am 111:3237–3260. https:// doi. org/ 
10. 1785/ 01202 00368

Fletcher JB, Boatwright J (2020) Peak ground motions and site response at 
Anza and Imperial Valley, California. Pure Appl Geophys 177:2753–2769. 
https:// doi. org/ 10. 1007/ s00024- 019- 02366-2

Fujiwara H, Kawai S, Aoi S, Morikawa N, Senna S, Kudo N, Ooi M, Hao KX, 
Hayakawa Y, Toyama N, Matsuyama H, Iwamoto K, Suzuki H, Liu Y (2009) 
A study on subsurface structure model for deep sedimentary layers 
of Japan for strong-motion evaluation. Technical Note of the National 
Research Institute for Earth Science and Disaster Prevention, No. 337 (in 
Japanese)

Fujiwara H, Kawai S, Aoi S, Morikawa N, Senna S, Azuma H, Ooi M, Hao KX, 
Hasegawa N, Maeda T, Iwaki A, Wakamatsu K, Imoto M, Okumura T, 
Matsuyama H, Narita A (2012) Some improvements of seismic hazard 
assessment based on the 2011 Tohoku earthquake. Technical Note of the 
National Research Institute for Earth Science and Disaster Prevention, No. 
379, 1–349 (in Japanese)

Hanks TC (1979) b values and ω−γ seismic source models: implications for tec-
tonic stress variations along active crustal fault zones and the estimation 
of high-frequency strong ground motion. J Geophys Res 84(B5):2235–
2242. https:// doi. org/ 10. 1029/ JB084 iB05p 02235

Hanks TC, Kanamori H (1979) A moment magnitude scale. J Geophys Res 
84(B5):2348–2350. https:// doi. org/ 10. 1029/ JB084 iB05p 02348

Hayashimoto N, Nakamura T, Hoshiba M (2019) A technique for estimating the 
UD-component displacement magnitude for earthquake early warnings 
that can be applied to various seismic networks including ocean bottom 
seismographs. Q J Seismol 83:1–10 (in Japanese with English abstract)

Hirose F (2022) Plate configuration. Retrieved from https:// www. mri- jma. go. jp/ 
Dep/ sei/ fhiro se/ plate/ en. index. html. Accessed 10 May 2022

Iwata T, Irikura K (1988) Source parameters of the 1983 Japan Sea earthquake 
sequence. J Phys Earth 36:155–184

Kato K, Takemura M, Ikeura T, Urao K, Uetake T (1992) Preliminary analysis for 
evaluation of local site effects from strong motion spectra by an inversion 
method. J Phys Earth 40:175–191. https:// doi. org/ 10. 4294/ jpe19 52. 40. 175

Klimasewski A, Sahakian V, Baltay A, Boatwright J, Fletcher JB, Baker LM (2019) 
κ0 and broadband site spectra in Southern California from source model-
constrained inversion. Bull Seismol Soc Am 109(5):1878–1889. https:// doi. 
org/ 10. 1785/ 01201 90037

Kubo H, Nakamura T, Suzuki W, Dhakal YP, Kimura T, Kunugi T, Takahashi N, 
Aoi S (2019) Ground-motion characteristics and nonlinear soil response 
observed by DONET1 seafloor observation network during the 2016 
southeast off-Mie, Japan, earthquake. Bull Seismol Soc Am 109:976–986. 
https:// doi. org/ 10. 1785/ 01201 70296

Morikawa N, Sasatani T (2003) Source spectral characteristics of two large 
intra-slab earthquakes along the southern Kurile-Hokkaido arc. Phys Earth 
Planet Inter 137:67–80. https:// doi. org/ 10. 1016/ S0031- 9201(03) 00008-6

Nakamura R (2009) 3-D Attenuation structure beneath the Japanese islands, 
source parameters and site amplification by simultaneous inversion 
using short period strong motion records and predicting strong ground 
motion. Doctoral Dissertation, The University of Tokyo, 1–206

https://doi.org/10.17598/nied.0004
https://www.kyoshin.bosai.go.jp/
https://doi.org/10.17598/nied.0007
https://hinetwww11.bosai.go.jp/auth/download/cont/?LANG=en
https://hinetwww11.bosai.go.jp/auth/download/cont/?LANG=en
http://www.j-shis.bosai.go.jp/map/JSHIS2/download.html?lang=en
http://www.j-shis.bosai.go.jp/map/JSHIS2/download.html?lang=en
https://www.data.jma.go.jp/svd/eqev/data/bulletin/hypo_e.html
https://www.data.jma.go.jp/svd/eqev/data/bulletin/hypo_e.html
http://www.fnet.bosai.go.jp/event/joho.php?LANG=en
http://www.fnet.bosai.go.jp/event/joho.php?LANG=en
https://www.mri-jma.go.jp/Dep/sei/fhirose/plate/en.index.html
https://www.mri-jma.go.jp/Dep/sei/fhirose/plate/en.index.html
https://doi.org/10.1029/2008JB005821
https://doi.org/10.1029/2008JB005821
https://doi.org/10.1186/s40623-020-01250-x
https://doi.org/10.1186/s40623-020-01250-x
https://doi.org/10.1029/2003JB002857
https://doi.org/10.1785/BSSA0770020440
https://doi.org/10.1785/BSSA0770020440
https://doi.org/10.1785/BSSA0890010260
https://doi.org/10.1785/BSSA08006A1481
https://doi.org/10.1785/BSSA08006A1481
https://doi.org/10.1186/s40623-017-0615-5
https://doi.org/10.1186/s40623-017-0615-5
https://doi.org/10.1785/0120200368
https://doi.org/10.1785/0120200368
https://doi.org/10.1007/s00024-019-02366-2
https://doi.org/10.1029/JB084iB05p02235
https://doi.org/10.1029/JB084iB05p02348
https://www.mri-jma.go.jp/Dep/sei/fhirose/plate/en.index.html
https://www.mri-jma.go.jp/Dep/sei/fhirose/plate/en.index.html
https://doi.org/10.4294/jpe1952.40.175
https://doi.org/10.1785/0120190037
https://doi.org/10.1785/0120190037
https://doi.org/10.1785/0120170296
https://doi.org/10.1016/S0031-9201(03)00008-6


Page 23 of 23Dhakal et al. Earth, Planets and Space            (2023) 75:1  

Nakamura T, Hayashimoto N (2019) Rotation motions of cabled ocean-bottom 
seismic stations during the 2011 Tohoku earthquake and their effects on 
magnitude estimation for early warnings. Geophys J Int 216:1413–1427. 
https:// doi. org/ 10. 1093/ gji/ ggy502

Nakamura R, Satake K, Toda S, Uetake T, Kamiya S (2006) Three-dimensional 
attenuation (Qs) structure beneath the Kanto district, Japan, as inferred 
from strong motion records. Geophys Res Lett 33:L21304. https:// doi. org/ 
10. 1029/ 2006G L0273 52

Nakamura T, Takenaka H, Okamoto T, Ohori M, Tsuboi S (2015) Long-period 
ocean-bottom motions in the source areas of large subduction earth-
quakes. Sci Rep 5:16648. https:// doi. org/ 10. 1038/ srep1 6648

Nakano K, Matsushima S, Kawase H (2015) Statistical properties of strong 
ground motions from the generalized spectral inversion of data observed 
by K-NET, KiK-net, and the JMA Shindokei Network in Japan. Bull Seismol 
Soc Am 105(5):2662–2680. https:// doi. org/ 10. 1785/ 01201 40349

Nishizawa A, Uehira K, Mochizuki M (2022) Sediment distribution beneath 
S-net stations derived from multi-channel seismic reflection profiles and 
hypocenter determination using the sediment correction. Technical 
Note of the National Research Institute for Earth Science and Disaster 
Resilience, No. 471 (in Japanese with English abstract)

Oth A, Bindi D, Parolai S, Giacomo DD (2010) Earthquake scaling characteris-
tics and the scale-(in)dependence of seismic energy-to-moment ratio: 
insights from KiK-net data in Japan. Geophys Res Lett 37:L19304. https:// 
doi. org/ 10. 1029/ 2010G L0445 72

Oth A, Bindi D, Parolai S, Giacomo DD (2011) Spectral analysis of K-NET and 
KiK-net data in Japan, Part II: on attenuation characteristics, source spec-
tra, and site response of borehole and surface stations. Bull Seismol Soc 
Am 101(2):667–687. https:// doi. org/ 10. 1785/ 01201 00135

Ren Y, Wen R, Yamanaka H, Kashima T (2013) Site effects by generalized inver-
sion technique using strong motion recordings of the 2008 Wenchuan 
earthquake. Earthq Eng Eng Vib 12:165–184. https:// doi. org/ 10. 1007/ 
s11803- 013- 0160-6

Satoh T, Tatsumi Y (2002) Source, path, and site effects for crustal and subduc-
tion earthquakes inferred from strong motion records in Japan. J Struct 
Constr Eng (Transactions AIJ) 67(Issue 556):15–24. https:// doi. org/ 10. 
3130/ aijs. 67. 15_2 (in Japanese with English abstract)

Sawazaki K, Nakamura T (2020) “N”-shaped Y/X coda spectral ratio observed 
for in-line-type OBS networks; S-net and ETMC: interpretation based on 
natural vibration of pressure vessel. Earth Planets Space 72:130. https:// 
doi. org/ 10. 1186/ s40623- 020- 01255-6

Searle SR (1971) Linear models. John Wiley & Sons, Inc.
Takagi R, Uchida N, Nakayama T, Azuma R, Ishigami A, Okada T, Nakamura T, 

Shiomi K (2019) Estimation of the orientations of the S-net cabled ocean-
bottom sensors. Seismol Res Lett 90:2175–2187. https:// doi. org/ 10. 1785/ 
02201 90093

Tsuda K, Archuleta RJ, Koketsu K (2006) Quantifying the spatial distribution 
of site response by use of the Yokohama high-density strong-motion 
network. Bull Seismol Soc Am 96(3):926–942. https:// doi. org/ 10. 1785/ 
01200 40212

Umino N, Hasegawa A (1984) Three-dimensional Qs structure in the north-
eastern Japan arc. Zisin 37(2):217–228 (in Japanese with English abstract). 
https:// doi. org/ 10. 4294/ zisin 1948. 37.2_ 217

Wessel P, Smith WHF (1998) New, improved version of generic mapping tools 
released. Eos Trans AGU 79:579. https:// doi. org/ 10. 1029/ 98EO0 0426

Yamanaka H (2005) Comparison of performance of heuristic search methods 
for phase velocity inversion in shallow surface wave method. J Environ 
Eng Geophys 10:163–173. https:// doi. org/ 10. 2113/ JEEG10. 2. 163

Yamanaka H, Nakamura A, Kurita K, Seo K (1998) Evaluation of site effects by 
an inversion of S-wave spectra with a constraint condition considering 
effects of shallow weathered layers. Zisin 55:193–202. https:// doi. org/ 10. 
4294/ zisin 1948. 51.2_ 193 (in Japanese with English abstract)

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1093/gji/ggy502
https://doi.org/10.1029/2006GL027352
https://doi.org/10.1029/2006GL027352
https://doi.org/10.1038/srep16648
https://doi.org/10.1785/0120140349
https://doi.org/10.1029/2010GL044572
https://doi.org/10.1029/2010GL044572
https://doi.org/10.1785/0120100135
https://doi.org/10.1007/s11803-013-0160-6
https://doi.org/10.1007/s11803-013-0160-6
https://doi.org/10.3130/aijs.67.15_2
https://doi.org/10.3130/aijs.67.15_2
https://doi.org/10.1186/s40623-020-01255-6
https://doi.org/10.1186/s40623-020-01255-6
https://doi.org/10.1785/0220190093
https://doi.org/10.1785/0220190093
https://doi.org/10.1785/0120040212
https://doi.org/10.1785/0120040212
https://doi.org/10.4294/zisin1948.37.2_217
https://doi.org/10.1029/98EO00426
https://doi.org/10.2113/JEEG10.2.163
https://doi.org/10.4294/zisin1948.51.2_193
https://doi.org/10.4294/zisin1948.51.2_193

	Estimation of source, path, and site factors of S waves recorded at the S-net sites in the Japan Trench area using the spectral inversion technique
	Abstract 
	Introduction
	Data

	Methods
	Results and discussion
	Source spectra
	Path factors
	Site spectra

	Conclusions
	Acknowledgements
	References




