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Abstract 

To clarify the characteristics of high-frequency (> 1 Hz) S and S-coda waves at ocean-bottom seismometers (OBSs), we 
analyzed seismograms observed at permanent OBSs and inland broadband seismometers around the Kii Peninsula in 
southwest Japan along the Nankai Trough. The coda amplitudes (both horizontal and vertical) at the OBSs were much 
larger than those at the inland rock-site stations. Because coda amplitudes relative to those at inland rock-site stations 
have been used as site-amplification factors, large site amplifications for both components can be expected due to 
the presence of thick oceanic sediments just below the OBSs; however, the observed maximum S-wave amplitudes 
in the vertical component exhibited similar attenuation trends against epicentral distances at both OBS and inland 
stations. To clarify the causes of this discrepancy, we conducted numerical simulations of seismic wave propagation 
using various three-dimensional seismic velocity structure models. The results demonstrated that coda waves at OBSs 
mostly comprise multiple scattered waves within a thick (> 2 km) sedimentary layer; consequently, coda amplitudes 
at OBSs become much larger than those at inland rock-site stations. Our numerical simulations also confirmed the 
generation of large coda amplitudes at regions with seawater depths ≥ 4 km, where no OBS was deployed. However, 
the thick sedimentary layer and seawater have limited effects on maximum S-wave amplitudes at the OBSs. Given 
that the effects of a thick sedimentary layer and seawater on S and S-coda waves differ, we concluded that the coda-
normalization technique for site-amplification correction against a rock-site station could not be applied if stations 
are located within regions above the thick sedimentary layer or deeper sea depths. The site amplifications at the OBSs 
were corrected according to the horizontal-to-vertical ratios at each OBS; we adjusted the simulated horizontal enve-
lopes at the OBSs using these ratios of the observed S-coda waves. As well as inland seismometers, the site-corrected 
simulation results practically reproduced the observed high-frequency envelopes at OBSs.
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Graphical Abstract

Introduction
Recent developments in offshore observations provide 
great opportunities to investigate not only structural het-
erogeneities (including both path and site effects) but also 
various seismic phenomena in offshore regions. To reveal 
the characteristics of megathrust zones, campaign obser-
vations, such as the Cascadia Initiative (e.g., Toomey 
et al. 2014) and the HOBITSS experiment (e.g., Wallace 
et al. 2016b), have been conducted worldwide. Extensive 
campaign observations for geophysical surveys and after-
shock observations have been also conducted in Japan 
(e.g., Shinohara et  al. 2005; Fujie et  al. 2018). Recently, 
permanent ocean-bottom seismometer (OBS) networks 
(Dense Oceanfloor Network for Earthquakes and Tsu-
namis (DONET) and Seafloor Observation Network for 
Earthquakes and Tsunamis along the Japan Trench) were 
deployed by the Japan Agency for Marine–Earth Science 
and Technology (JAMSTEC) and the National Research 
Institute for Earth Science and Disaster Resilience 
(NIED), respectively (Aoi et  al. 2020). Implementing 
both permanent and campaign offshore observations has 
allowed the detection of weak seismic signals associated 
with offshore seismic phenomena (e.g., Yamashita et  al. 
2015; Todd et al. 2018; Nishikawa et al. 2019; Plata-Mar-
tinez et al. 2021), estimations of shallower heterogeneous 
structures(e.g., Ruan et  al. 2014, 2018; Tonegawa et  al. 
2017; Yamaya et al. 2021), and evaluation of site amplifi-
cations (e.g., Kubo et al. 2018; Gomberg 2018).

To obtain a better understanding of seismic 
phenomena at OBSs, the characteristics of seismic 
wave propagation through offshore regions should be 
investigated. The effects of heterogeneous structures 
in offshore regions, such as seawater and oceanic 

sediments, on low-frequency (< 0.5  Hz) surface 
waves have been well documented (e.g., Shapiro et  al. 
1998; Noguchi et  al. 2016; Volk et  al. 2017; Kaneko 
et  al. 2019); however, their effects on high-frequency 
(> 1  Hz) S and S-coda waves have not been studied. 
High-frequency seismic waves enable the investigation 
of not only the characteristics of shallow and small 
seismic events (e.g., Yabe et  al. 2019, 2021; Yamaya 
et  al. 2022) and shallower high-resolution structural 
heterogeneities (e.g., Kamei et  al. 2012; Davy et  al. 
2021), but also seawater-temperature monitoring based 
on teleseismic T waves (e.g., Wu et al. 2020). Figure 1b, 
c shows examples of high-frequency seismic waves 
observed at the DONET and Full Range Seismograph 
Network of Japan (F-net) stations during an earthquake 
that occurred at 08:00 on November 30, 2011 (Japan 
Standard Time; JST) near the Nankai Trough (Fig. 1a). 
F-net is a full-range seismograph network with sensors 
installed at outcrop rock sites. Thus, F-net stations 
are widely used as reference sites for correcting and 
estimating site amplifications against rock sites (e.g., 
Takemoto et al. 2012; Kubo et al. 2018; Yabe et al. 2019, 
2021). The amplitudes of S-wave coda at the DONET 
stations were much larger than those at the F-net 
stations (Fig.  1b and the bottom panel of Figs.  1c). 
Additionally, at the DONET stations, the horizontal 
coda amplitudes (blue filled diamonds) were much 
larger than those of the vertical component (blue open 
diamonds).

S-coda waves are constructed by superposition of 
scattered waves from randomly distributed scatterers 
within the lithosphere (e.g., Aki 1969; Aki and Chouet 
1975). Owing to the superposition of randomly 
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scattered waves, path effects at later coda parts are 
considered as common at all stations. Additionally, the 
effects of the source radiation pattern are expected to 
be large for S waves at near-source stations even for 
higher (> 2  Hz) frequencies but weak for later coda 
portions (e.g., Sato et  al. 1997; Takemura et  al. 2016; 
Trugman et  al. 2021). Thus, the relative amplitudes 
of coda amplitudes at a certain reference station are 
mainly dependent on the source energy and the local 
site beneath a certain seismic station. According to the 
coda envelopes (Fig. 1b) and coda amplitudes (Fig. 1c, 
bottom panel), Smax for both horizontal and vertical 
components at the DONET stations is expected to 
be amplified against those at the F-net stations. In 
this study, we defined “site amplification” as relative 
amplitudes against rock-site stations, such as F-net 
stations. In addition, for modeling seismic energies of 
small events, such as small earthquakes and tremors, 
attenuation curves and site correction against a rock 
site for maximum S-wave amplitudes have been widely 
used (e.g., Yabe et  al. 2019, 2021; Wech 2021). Thus, 
we focused on maximum amplitudes as a function of 
epicentral distance. In Fig.  1c (upper panel), however, 
the maximum S-wave (Smax) amplitudes in the vertical 
component obeyed a similar attenuation trend as a 
function of epicentral distance for both DONET and 

F-net stations. One-odder fluctuations of maximum 
amplitudes could be explained by the source radiation 
pattern and seismic wave scattering (e.g., Hoshiba 
2000; Yoshimoto et  al. 2015; Takemura et  al. 2016). 
This implies that vertical Smax amplitudes at DONET 
stations might not be significantly amplified, although 
coda amplitudes were obviously larger than those at 
F-net stations. The amplifications of horizontal Smax 
at DONET stations from the attenuation trend of 
horizontal Smax at F-net stations were confirmed.

The coda-normalization method for estimating and 
correcting site amplifications has been widely used in 
inland regions worldwide (e.g., Phillips and Aki 1986; 
Yoshimoto et al. 1993; Takemoto et al. 2012). The obser-
vations in Fig. 1 suggest that the characteristics of S and 
S-coda waves in offshore regions differ significantly 
from those of typical inland regions. In this study, to 
understand the characteristics of high-frequency seis-
mic wave propagation in offshore regions, we investi-
gated observed S-wave and S-coda amplitudes from 
local earthquakes around the Nankai Trough (Fig. 1a). 
To evaluate the effects of offshore heterogeneities, we 
conducted numerical simulations of high-frequency 
seismic wave propagation in various-type heterogene-
ous models. Combined analysis of both observed and 
simulated seismograms revealed differences in the 

Fig. 1 Map and examples of observed seismogram envelopes around the Nankai Trough. The colored circles in a represent local earthquakes 
used in this study, and the triangles and diamonds are locations of F-net and DONET stations, respectively (Aoi et al. 2020). Filled triangles and 
diamonds are stations used in b. The solid and dotted lines in b are horizontal and vertical envelopes. The envelopes at DONET and F-net stations 
are represented by blue and black lines, respectively. c Smax and coda amplitudes as a function of epicentral distance. The filled blue and open 
diamonds are horizontal and vertical amplitudes at DONET stations, respectively. The filled and open triangles are those at F-net stations
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characteristics of high-frequency S and S-coda waves 
between offshore and inland seismic stations.

Data and method: observed data
We used seismograms of DONET strong motion and 
F-net broadband velocity records from local earth-
quakes. Our target region was southeast off the Kii Pen-
insula located in the Nankai subduction zone, Japan. 
Intraslab-regular and interplate slow earthquakes often 
occur in this region (e.g., Nakano et al. 2015; Takemura 
et al. 2020a, 2022). We selected local regular earthquakes 
with M ≥ 3.5 from the unified hypocenter catalog of the 
Japan Meteorological Agency (JMA). These earthquakes 
occurred during the observation period of DONETs 
(Fig.  1a and Additional file  1: Table  S1). To focus our 
attention on the effects of structural heterogeneities 
on high-frequency seismic waves, we did not use slow 
earthquakes, because their signals are weak, and their 
moment rate functions are complicated (e.g., Yabe et al. 
2019; Takemura et  al. 2022) as compared with regular 
earthquakes.

We applied a band-pass filter at various frequency 
ranges (0.5–1.0, 0.75–1.5, 1.0–2.0, 1.5–3.0, 2.0–4.0, and 
3.0–6.0  Hz) to the observed velocity seismograms. The 
envelopes of the filtered seismograms were synthesized 
using the Hilbert transformation. The horizontal enve-
lopes were obtained by calculating the root-mean-square 
(RMS) vector sum of the X- and Y-component (EW- and 
NS-component) envelopes. The horizontal and vertical 
envelopes were smoothed by taking the 3-s moving aver-
age. Using these envelopes at the DONET and F-net sta-
tions, we evaluated the Smax for each frequency band. The 
coda amplitudes were calculated by averaging the ampli-
tudes at lapse times of 70–90 s. The resultant envelopes 
and amplitudes for each earthquake are shown in Addi-
tional file 1: Figs. S2–S51.

Data and method: numerical simulations
We conducted numerical simulations of seismic wave 
propagation using a local three-dimensional (3D) 
model. The 3D seismic velocity structure model in our 
simulations was the same as that described by Takemura 

Fig. 2 Map view and cross-section of our simulation model. The blue solid rectangle in a is the horizontal coverage of our simulation model for 
Fig. 7–Fig. 12. The blue dotted rectangle is also the horizontal coverage of the simulation model but for Figure S1 only. Plotted focal mechanisms 
of Events 1 and 2 were the source models used in this study. The colors in focal spheres of Events 1 and 2 are representing focal depths same 
as in Fig. 1a. The background color and contour lines represent the bedrock depths of Koketsu et al. (2012). The gray, bold, dashed line in a is 
the deformation front (Nankai Trough). The cross-section of S-wave velocity structure along the X-X’ profile in a is shown in b. The X-axis is the X 
direction in a 
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et  al. (2020b); that is, the model was constructed by 
combining Koketsu et  al. (2012) and Tonegawa et  al. 
(2017). The model by Koketsu et  al. (2012) includes the 
bedrock topography, crust, and oceanic crust, and mantle 
of the subducting Philippine Sea Plate. The bedrock 
depths increased around the DONET stations (Fig.  2a). 
The 3D sedimentary structure in the offshore region was 
constructed by interpolation and extrapolation of the 
one-dimensional (1D) S-wave velocity structure beneath 
the DONET stations (Tonegawa et al. 2017). The detailed 
physical parameters of each layer are presented in Table 1 
(Takemura et  al. 2020b). The minimum S-wave velocity 
within the elastic volume was 1.0  km/s. We employed 
ETOPO1 (Amante and Eakins 2009) as the bathymetric 
model. The model also includes seawater and air 
columns. The P- and S-wave velocities and density in the 
seawater layer were 1.5 km/s, 0.0 km/s, and 1.04 g/cm3, 
respectively. The air column was modeled as a vacuum 
condition with P- and S-wave velocities of 0.0  km and 
a density of 0.001  g/cm3. This layered structure model 
reproduces not only long-period ground motions (e.g., 
Takemura et al. 2018, 2019), but also the envelope shapes 
of high-frequency (> 1  Hz) seismic waves (Takemura 
et al. 2020b). 

Small-scale velocity fluctuations, which enhance the 
scattering of high-frequency seismic waves (summarized 
in Sato et al. 2012), were modeled by embedding random 
velocity fluctuations, which were constructed using 
an exponential autocorrelation function (e.g., Klimeš 
2002; Sato et  al. 2012). The correlation lengths and RMS 
values within the oceanic mantle and others (Table  1) 
were obtained from previous studies (Furumura and 

Kennett 2005; Takemura et  al. 2017). Small-scale velocity 
fluctuations within the sedimentary layer have limited 
effects on direct-S waves (Iwaki et  al. 2018; Takemura 
et  al. 2020b); however, to enhance coda waves, we 
assumed the presence of small-scale velocity fluctuations 
within the sedimentary layer. Because this model is the 
reference model in the later discussions, we referred to this 
heterogeneous model as “Model 0”.

We used Open-Source Seismic Wave Propagation Code 
(OpenSWPC) (Maeda et al. 2017) based on the staggered 
grid finite-difference method. The model covered a volume 
of 200 × 160 × 62.5  km3 (Fig.  2a, blue rectangle), which 
was discretized by a uniform grid interval of 0.025 km. The 
cross-section of the S-wave velocity structure of Model 0 
along profile X’–X is shown in Fig. 2b. Because the mini-
mum S-wave velocity in the solid column is 1  km/s, as 
mentioned above, our simulations with a 0.025-km grid 
discretization can evaluate seismic wave propagation for 
frequencies up to approximately 6  Hz. Such large-scale 
simulations were conducted using the Earth Simulator at 
JAMSTEC. Each simulation for preparing 150-s seismo-
grams by 150,000 timesteps required 32  TB of computer 
memory and 4.4 h of computation time using 2000 vector 
elements (cores) of the Earth Simulator.

We synthesized seismograms for Events 1 and 2 (Fig. 2a, 
focal spheres). Event 1 was an interplate earthquake that 
occurred at 11:39 on April 1, 2016 (JST). To model the seis-
mic waves from an intraslab earthquake, we selected Event 
2, which occurred at 08:29 on September 7, 2004 (JST). The 
focal mechanisms and locations of these events were fixed 
as parameters from the centroid moment tensor solutions 
in Takemura et al. (2020a) (Table 2). To focus our attention 
on the effects of structural heterogeneities, we employed a 
0.1-s Küpper wavelet as a source time function.

To discuss the effects of various-type heterogeneities on 
high-frequency seismic wave propagation, we prepared 
three additional heterogeneous models: a model without 
sedimentary layers (Model 1), a model without a seawater 
layer (Model 2), and a model without both seawater and 
sedimentary layers (Model 3). In Model 1, the physical 
parameters of the sedimentary layers were replaced by 
those within the basement. In Model 2, the physical 
parameters of the seawater layer were replaced with those 
of the air. In Model 3, the physical parameters of both the 
sedimentary and seawater layer were replaced with those 
of the basement and the air, respectively. Recent studies 

Table 1 Parameters of small-scale velocity fluctuations in each 
layer

ACF: autocorrelation function

Layer ACF-type Correlation length RMS value

Air and sea water – – –

Sediment layers Exponential Isotropic: 1 km 0.03

Crust Exponential Isotropic: 1 km 0.03

Mantle – – –

Oceanic crust Exponential Isotropic: 1 km 0.03

Oceanic mantle Exponential Horizontal: 20 km Vertical: 
1 km

0.03

Table 2  Source parameters of Events 1 and 2

Lon. [°E] Lat. [°N] Dep. [km] mrr mθθ mφφ mrθ mrφ mθφ Exp.

Ev. 1 136.4 33.4 10.0 3.786 − 1.407 − 0.624 5.760 7.431 − 1.554 24

Ev. 2 137.3 33.2 24.0 4.326 − 11.195 − 0.4324 − 1.413 1.400 − 6.731 25
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demonstrated significant effects of later phases due to 
thick oceanic sediments and seawater on receiver function 
imaging (e.g., Akuhara and Mochizuki 2015; Kim et  al. 
2021). In the present study, we did not discuss the effects 
of bathymetry. The previous studies numerically revealed 
that the topographic scattering of seismic waves effectively 
generates early coda waves just after maximum S wave 
amplitudes but can be expected to be limited effects on 
direct-S and later coda waves (e.g., Imperatori and Mai 
2015; Takemura et al. 2015, 2017, 2020b).

The F-net N.KISF station, which was used as a refer-
ence, was located near the model boundary in our sim-
ulations. To assess the stability of the simulated coda 
envelopes at this station, we conducted a simulation of 
Event 1 using the model region (Fig. 2a, dashed blue rec-
tangle). Additional file  1: Fig. S1 shows comparisons of 
the horizontal envelopes at the N.KISF station between 
the model regions (Fig.  2a, blue solid and dashed rec-
tangles). The phases of small-scale random fluctuations 
differ in the models because we used the same random 
fluctuations data, but a certain specific numerical grid 
represents the different locations in the two models. 
Thus, the resultant envelopes are not identical. However, 
the envelope shape and temporal decay characteristics 
of the coda showed almost similar trends, and the differ-
ences are within the fluctuation range. Thus, we believe 
that simulation-region selection may have limited effects 
on our results. Hereafter, we discuss high-frequency S 
and S-coda waves at the F-net N.KISF and DONET sta-
tions using the simulation results in the model (Fig.  2a, 
blue solid rectangle).

Results: observed seismograms
The characteristics of high-frequency S and S-coda 
waves confirmed in Fig.  1b, c were also observed in 
other earthquakes (Additional file  1: Figs. S2–S51). 
Although envelope shapes at DONET stations were 
various due to source locations and the heterogeneous 
3D model, DONET coda amplitudes for both horizontal 
and vertical components are larger than those at F-net 
stations. In our data set (Fig.  1a and Additional file  1: 
Table  S1), more than ten intraplate earthquakes near 
the Trough axis exist. Vertical coda amplitudes of such 
earthquakes at KMA- and KME-nodes were smaller 
than others (as shown in the bottom panel of Fig.  1c). 
We recognized that coda signals for frequency ranges 
0.5–1.0  Hz and 0.75–1.5  Hz could be available in only 
a few moderate (MJMA > 4) earthquakes. Therefore, we 
focused our attention on the characteristics of seismic 
wave propagation at frequencies > 1  Hz. The coda 
amplitudes of the horizontal and vertical components at 
the DONET stations were larger than those at the F-net 
stations; however, the vertical Smax amplitudes at both 

DONET and F-net stations obeyed similar attenuation 
characteristics. DONET stations were deployed just 
above the thick sedimentary layers (Fig.  2a). The 
characteristic differences between S and S-coda waves 
within sedimentary basins were first described by Idei 
et  al. (1985), who pointed out that the amplification 
characteristics of S and S-coda waves may be different if 
the seismic station is located within a thick sedimentary 
basin. Additionally, we confirmed a similar possibility at 
DONET stations, where thick (> 2 km) oceanic sediments 
exist (e.g., Kamei et al. 2012; Tonegawa et al. 2017).

Figure  3 shows the relationship between hypocenter 
depths and relative coda amplitudes at four DONET 
stations (KMA03, KMB06, KMC09, and KMD13) 
normalized against those at N.KISF (the station locations 
are shown in Fig. 1a). In the coda-normalization method, 
these values are considered as the site-amplification 
factors of S waves. An earthquake that occurred at 
11:39 on April 1, 2016 (JST), was located at a depth of 
28 km in the JMA catalog; however, this earthquake was 
an interplate earthquake at a depth of approximately 
10 km (e.g., Wallace et al. 2016a; Takemura et al. 2020a). 
Therefore, we modified the depth of the earthquake to 
10 km (Additional file 1: Table S1). Because the oceanic 
Moho of the Philippine Sea plate in this region exists at 
depths of 10–15  km, other earthquakes are intraslab 
earthquakes occurred within the oceanic mantle. The 
relative coda amplitudes of intraslab earthquakes 
increased with increasing hypocenter depth. This 
tendency appeared to be due to the effects of depth-
difference in coda generation from intraslab earthquakes 
rather than local site effects.

We calculated horizontal-to-vertical (H/V) ratio 
envelopes and discarded envelopes with coda-to-noise 
ratios less than 5. Figure 4 shows the H/V ratio envelopes 
at M.KMB06 for available earthquakes. Owing to the 
differences in earthquake locations and source radiation 
patterns, the H/V ratios at lapse times of 20–40 s (body 
wave parts) exhibited temporal variations with larger 
fluctuations of each event. The H/V ratios were almost 
constant at lapse times ≥ 70  s, despite the variance in 
epicenter locations and earthquake depths (Fig.  1a). 
Figure  5 shows the map of the coda H/V ratios for 
frequency ranges of 1–2 Hz and 2–4 Hz. The coda H/V 
ratios were calculated using the average H/V ratios at 
lapse times of 70–90  s. The coda H/V ratios at F-net 
stations were almost 1. We compared estimated coda 
H/V ratios at DONET stations with horizontal site 
amplifications estimated by Yabe et al. (2019). Yabe et al. 
(2019) estimated site amplifications at DONET stations 
using distance attenuation curves of Smax from regular 
earthquakes in this region. Although estimated site 
amplification factors varied due to estimation methods 



Page 7 of 18Takemura et al. Earth, Planets and Space           (2023) 75:20  

(e.g., Kubo et al. 2020), these values correspond well with 
the horizontal site amplifications estimated by Yabe et al. 
(2019), except for M.KMC10 and M.KMC11.

The H/V ratio has been widely used for site-
amplification and shallower structure estimations at 
inland strong motion stations (e.g., Lermo and Chávez-
García 1993; Field and Jacob 1995; Konno and Ohmachi 
1998; Kawase et al. 2018). Recently, Dhakal et al. (2017) 
investigated H/V ratios of S waves to discuss nonlinear 
site effects at OBSs around Sagami Bay, Japan. We tried 
to correct the horizontal Smax amplitudes at the DONET 
stations using the average coda H/V ratio at each station. 
Figure  6 shows the relationships between the Smax 
amplitudes and epicentral distances for an earthquake 
that occurred at 08:00 on 30 November 2014 (JST). Both 
the vertical and corrected horizontal Smax amplitudes 
at the DONET stations obeyed similar attenuation 

characteristics. This result indicated that as well as 
inland seismometers, the H/V ratios for the coda part 
were practically able to correct site amplifications for 
horizontal ground motions at OBSs. This possibility will 
be numerically validated in a later section.

Results: simulations of seismic wave propagation
Numerical simulations of seismic wave propagation 
within various heterogeneous models help us understand 
the observed characteristics of high-frequency S and 
S-coda waves. As mentioned above, we assumed the uni-
form S-wave velocity of the sedimentary layer of 1 km/s 
to simplify the discussions on the effects of heteroge-
neities on high-frequency seismic wave propagation. In 
this section, thus, we focused our attention on observed 
characteristics of both Smax and coda amplitudes at both 
DONET and F-net stations.

Fig. 3 Coda amplitude ratios at DONET stations as a function of hypocenter depth. The stars, diamonds, triangles, and inverse triangles are 
coda-amplitude ratios at M.KMA03, M.KMB06, M.KMC09, and M.KMD13, respectively. The filled and open symbols represent coda amplitude ratios 
for the horizontal and vertical components, respectively
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Figure  7 shows the simulated envelopes for Events 1 
and 2 at stations N.KISF and M.KMB06. The amplitudes 
of the coda waves at M.KMB06 (blue lines) around lapse 
times of 60–100  s were larger than those at N.KISF 
(black lines). The differences between N.KISF and 
M.KMB06 coda amplitudes for Event 2 are larger than 
those for Event 1. Although the observed horizontal 
coda amplitudes at the DONET stations were much 
larger than those in the vertical component (Fig. 1b and 
Additional file  1), the simulated horizontal (solid lines) 

and vertical (dashed lines) coda amplitudes did not differ 
significantly.

The effects of thick sedimentary and seawater layers on 
S and S-coda waves are presented in Fig. 8, which shows 
the simulated horizontal envelopes at M.KMB06 and 
N.KISF for the additional three heterogeneous models 
(Models 1–3). The coda amplitudes of Model 1 (Fig. 8a) 
were smaller than those of Model 0. Additionally, the 
effects of the thick sedimentary layer appeared at N.KISF, 
because N.KISF is located close to the coastline. The 
influence of the thick, low-velocity sedimentary layer at 

Fig. 4 H/V ratio envelopes at M.KMB06. The gray lines are H/V ratio envelopes for each earthquake. Signal-to-noise ratios for coda parts of each 
envelopes are larger than 5. The blue envelopes are stacked H/V ratio envelopes for each frequency band

Fig. 5 Spatial variations of stacked H/V ratios of coda waves for different frequency ranges (1.0–2.0 and 2.0–4.0 Hz)
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M.KMB06 appeared to be stronger than that at N.KISF. 
Owing to the lack of a seawater layer (Model 2; Fig. 8b), 
the coda amplitude at M.KMB06 became slightly smaller 
than those in Model 0. Based on these comparisons, we 
confirmed that thick, low-velocity sediments had the 
strongest effect on S-coda amplitudes. However, the 
Smax amplitudes of each heterogeneous model did not 
drastically change relative to those of Model 0.

Figure  9 shows the simulated Smax and S-coda 
amplitudes at 2–4  Hz for different models (Models 0 
and 3). We also plotted the simulated Smax and S-coda 
amplitudes at other frequency bands (1–2 and 3–6  Hz) 

for Model 0 to discuss frequency-dependent features of 
Smax and S-coda amplitudes (Additional file 1: Fig. S52). A 
few F-net stations were included in our simulation region. 
Thus, we also evaluated amplitudes at virtual inland 
stations with an interval of 0.05º. The characteristics of 
simulated vertical Smax and S-coda amplitudes (Fig.  9 
and Additional file  1: Fig. S52) were in good agreement 
with the observations (Fig. 1c and Additional file 1: Fig. 
S2–S51). The simulated Smax at the DONET and inland 
(Figs. 9a, c, and Additional file 1: Fig. S52, blue diamonds 
and triangles, respectively) stations exhibited a similar 
attenuation trend against epicentral distance, even for 
Model 0. Although S-coda amplitudes in Model 3 (Fig. 9b 
and d) were almost the same irrespective of epicentral 
distance, coda amplitudes at DONET stations in Model 
0 (except for one or two DONET stations) were larger 
than those at inland stations (Fig.  9a, c, and S52). The 
frequency-dependent characteristics of differences in 
the S-coda amplitudes of Model 0 between the F-net and 
DONET stations were not clearly observed (Fig.  9a, c, 
and Additional file 1: Fig. S52). We found slightly smaller 
coda amplitudes at distances around 100 km for Event 2 
(intraplate earthquake; Fig. 9c). This feature vanished by 
replacing the physical parameters within the sedimentary 
layer with those within the basement (Fig. 9d).

Figure  10 (top panels) shows the spatial distributions 
of the horizontal coda amplitudes for Event 1 at the 
F-net, DONET, and virtual seismic stations at an 
interval of 0.05°. Moreover, we plotted the thickness 
of the Japan Integrated Velocity Structure Model 
(JIVSM) sedimentary layer and confirmed that areas 
with large coda amplitudes corresponded well to areas 
with thick (> 2  km) sedimentary layers. Furthermore, 
the coda amplitudes for sediments > 2-km-thick were 

Fig. 6 Attenuation characteristics of the Smax amplitude after correction using H/V ratios. The filled blue and open diamonds are horizontal and 
vertical amplitudes at DONET stations, respectively. The filled and open triangles are those at F-net stations

Fig. 7 Simulated horizontal (solid lines) and vertical (dotted lines) 
envelopes for frequency ranges of 1.0–2.0 Hz and 2.0–4.0 Hz for 
Model 0. The envelopes for a Event 1 and b Event 2. The blue and 
black lines denote envelopes at M.KMB06 and N.KISF stations, 
respectively
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almost constant (Fig. 10, bottom panels). This suggested 
that the energies of the coda waves were trapped and 
homogenized within the thick sedimentary layers.

We confirmed that large coda amplitudes appeared 
in the outer-rise region (Fig.  10, top panels). In the 

outer-rise region, the sedimentary layer is not so thick 
(< 2  km), but sea depths are greater than 4  km (Fig.  10, 
bottom panels). Additional file  1: Fig. S53 shows the 
simulated envelopes at a virtual station (137.05ºE, 
32.80ºN) in the outer-rise region. We confirmed that the 

Fig. 8 Simulated envelopes of Event 1 for a Model 1, b Model 2, and c Model 3 at M.KMB06 (upper) and N.KISF (bottom). The horizontal and vertical 
envelopes are illustrated by solid and dotted lines, respectively. The background gray envelopes are simulation results of Model 0

Fig. 9 Smax and coda amplitudes for the frequency range 2.0–4.0 Hz as a function of epicentral distance. Plotted simulated amplitudes of Event 1 
for a Model 0 and b Model 3 and of Event 2 for c Model 0 and d Model 3. The filled blue and open diamonds are horizontal and vertical amplitudes 
at DONET stations, respectively. The filled and open triangles are those at inland F-net stations. To increase the data of inland stations, we also 
evaluated simulated amplitudes at inland virtual seismic stations at an interval of 0.05° (gray triangles)
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seawater layer influenced coda amplitudes at a station 
located in the outer-rise region, although the effects of 
the seawater layer were limited in regains with a thick 
sedimentary layer (see Fig. 8). Unfortunately, because no 
observation station is deployed in the outer-rise region, 
we could not compare the characteristics of simulated 
envelopes with observations.

To discuss how seismic waves scatter at later coda 
parts, we then calculated the energy fluxes at M.KMB06 
for the simulations of Event 1 for each model. Using 
the stress (τ) and velocity (v) wavefields, we obtained 
the energy flux of the jth component (j = x, y, z), ej, by 
−

∑

k τjkvk . We evaluated the propagation directions of 
coda waves using energy flux vectors. Figure 11 shows 
the histograms of the propagation directions for coda 
waves at lapse times of 70–90 s in each model. We used 
a simulated time series of the velocity and stress fields 
at M.KMB06 from the simulation results of Event 1. 
The angle θ was measured from the z-axis, and θ = 0 
indicated downward propagation. Angle φ represents 
the horizontal azimuth measured from the X-axis, 
which is the same as that in Fig.  2a. The horizontal 

azimuth, φ, was uniformly distributed irrespective of 
the heterogeneous models. This indicated that scattered 
waves were randomly incident from the scatterers to 
the M.KMB06 station. In Model 3 (typical crust), the 
angle θ tended to be concentrated around 60° to 120º, 
indicating that scattered waves propagated horizontally 
from far scatterers. However, in the heterogeneous 
models, except for Model 3, angle θ was not localized 
around 60º–120º. This suggested that scattering within 
the sedimentary layer and/or multiple reflections 
between the bedrock and sea surface generates 
vertically propagating S-waves, which causes the 
amplification and elongation of coda waves.

According to the observed seismograms and simula-
tions in various-type heterogeneous models, we found 
that coda waves at DONET stations mostly comprise 
a superposition of scattered or reflected waves within 
a thick (> 2  km) sedimentary layer. Low-velocity sedi-
mentary basin was developed in 100-km scale along 
both strike and dip directions (Figs.  2a and 11). Once 
S waves radiated from a seismic source incident within 
thick low-velocity sediments, S-wave energy is trapped 

Fig. 10 Spatial variations of simulated coda amplitudes for Event 1. Coda amplitudes were evaluated by calculating the average of amplitudes 
at lapse times of 70 s–90 s. The upper panels are the map view plots of horizontal coda amplitudes for frequency ranges 1.o–2 Hz and 2.0–4.0 Hz. 
The blue contour lines are the thickness of the JIVSM sedimentary layer. The bottom panels show the horizontal coda amplitudes as a function of 
sediment thickness. The colors in circles of the bottom panels represent the bathymetric depths
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within the sediments; consequently, coda waves at 
DONET stations mostly comprise multiple scattered 
waves within the sediments. By contrast, direct S waves 
propagated through the sediments just beneath the sta-
tions only once. Thus, the amplification characteristics 
of high-frequency S and S-coda waves due to thick low-
velocity sediments are completely different.

Large-scale thick sedimentary structures also exist in 
various inland regions (e.g., the Kanto, Osaka, Niigata, 
Los Angeles, Seattle, and Mexico Basins). Additionally, 
thick oceanic sediments exist in other subduction zones 
(Straume et al. 2019), such as the Japan Trench (Takagi 
et  al. 2020; Yamaya et  al. 2021), Hikurangi margin 
(Eberhart-Phillips and Bannister 2015; Kaneko et  al. 
2019), and Cascadia (Ruan et al. 2014; Gomberg 2018). 

In such regions, as Idei et  al. (1985) first pointed out, 
the coda-excitation mechanism can differ from that 
in a typical lithosphere. Moreover, we found that the 
seawater layer also affected the coda at OBSs; however, 
the impact was limited in the regions with thick 
(> 2  km) sedimentary layer. The coda-normalization 
method for estimating or correcting site amplifications 
ageist a rock-site station cannot be applied to stations 
within thick sediments and seawater.

A realistic simulation for the 2016 southeast off Mie 
earthquake
In this section, we compared our simulation result 
with the observation of an interplate earthquake on 1 

Fig. 11 Distributions of directions of energy flux for coda waves in various types of heterogeneous models. The angle θ is measured from the 
Z-axis, and θ = 0 means a downward propagation. The angle φ is the horizontal azimuth measured from the X-axis. The X-axis is similar to that 
described in Fig. 2a
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April 2016. To directly compare the simulations with 
the observed strong motions, our simulation result 
was adjusted by estimated coda H/V ratios at DONET 
stations. This direct comparison between observed 
and simulated strong ground motion provided us the 
opportunity for discussion of practical ground motion 
simulation, including site amplification effects.

We conducted a finer-scale simulations of the seismic 
wave propagation for Event 1 in a model region that 
covered an area discretized by a finer grid (0.015  km) 
(Fig.  12a, blue rectangle). We employed the same 3D 
model and source model of Event 1 as in previous 
simulations but the minimum S-wave velocity is 0.5 km/s, 
which allowed evaluation of seismic wave propagation for 
frequencies less than 4.7 Hz. We conducted simulations 
of the model using five realizations of small-scale random 
velocity fluctuations. The simulated envelopes for 
each frequency band were then calculated by stacking 
the envelopes of the five random realizations. Each 
simulation for preparing 75-s seismograms by 150,000 
timesteps required 50  TB of computer memory and 
6.1  h of computation time using 2736 vector elements 
(available full vector elements) of the Earth Simulator.

Owing to our limited knowledge of small-scale 
heterogeneities, it is difficult to obtain a realistic moment 
rate function that includes high-frequency (> 1  Hz) 
components. Thus, after simulations using a 0.1-s 

Küpper source wavelet, the simulated envelopes for 
each frequency band were adjusted by ratios between 
the simulated and observed horizontal Smax amplitudes 
at N.KISF. Additionally, the horizontal envelopes at 
DONET stations were multiplied by the observed 
coda H/V ratios at the corresponding stations (Fig.  5). 
Because the simulation region was narrowed because of 
the finer spatial grids for a minimum S-wave velocity of 
0.5 km/s, F-net stations were consequently located close 
to the model boundaries (Fig.  13a). Thus, in our new 
simulations, we focused on the Smax amplitudes at the 
F-net and DONET stations and envelope shapes at the 
DONET stations.

Figure 12b shows a comparison of the Smax amplitudes 
between the simulations and observations. We discarded 
the data of the M.KME node (4 northwestern DONET 
stations just above the source of Event 1) because of 
strong nonlinear site responses during this event (Kubo 
et  al. 2019). The adjusted simulation results reproduced 
the observed Smax amplitudes of both horizontal and 
vertical component. Figure  13 shows examples of 
comparisons between the observed and simulated 
envelopes for the frequency range 2.0–4 Hz. Although we 
assumed an unrealistic 0.1-s Küpper pulse, the envelope 
shapes at the DOENT stations were characterized by 
spindle shapes. This significant pulse broadening was also 

Fig. 12 a Map of simulation settings and b comparisons between simulated and observed amplitudes for frequency ranges of 1.0–2.0 Hz and 
2.0–4.0 Hz. The blue solid rectangle and red focal mechanism in a are the model region and assumed source model, respectively. b Plots of the 
Smax amplitudes at the DONET and F-net stations. The filled blue and open diamonds are horizontal and vertical amplitudes at DONET stations, 
respectively. The filled and open triangles are those at F-net stations
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Fig. 13 Comparisons of observed and simulated envelopes for the frequency range of 2.0–4.0 Hz. Gray and blue lines represent observed and 
simulated envelopes, respectively. Station locations are given in Fig. 11a. The simulation results were normalized by the horizontal Smax amplitude at 
N.KISF

Fig. 14 Spatial variations in VRs between observed and simulated envelopes. The simulation results were normalized by the horizontal Smax 
amplitude for each frequency band at N.KISF
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caused by thick oceanic sediments beneath the stations 
(Takemura et al. 2020b).

To illustrate the reproducibility of our simulations in 
terms of amplitudes and envelope shapes, Fig. 14 shows 
the variance reductions (VRs) between the observed and 
simulated envelopes. The VRs of j-component (j = hori-
zontal or vertical) at ith station were evaluated as follows:

where vobs(t) and vsyn(t) were observed and simulated 
envelopes, and the length of time window (T) is 75  s. 
Although detailed parameters for the source time 
function and random small-scale heterogeneity within 
oceanic sediments are not well known, this simulation 
reproduced the characteristics of seismogram 
envelopes at the DONET stations, suggesting that the 
described simulation model and method for adjusting 
site amplification based on coda H/V ratios worked 
well. The stations at the KMA node (4 northeastern 
stations) exhibited low VRs, and the simulation using 
a point source model could not reproduce envelopes 
in directions close to the null axis of the Event 1 focal 
mechanism. The 10.6 × 3.4-km2 rectangle fault of this 
earthquake reproduced tsunami records at DONET 
stations (e.g., Wallace et  al. 2016a; Kubota et  al. 2018); 
therefore, a complicated rupture process for generating 
high-frequency seismic energy is expected on the fault of 
this earthquake. By introducing detailed source rupture 
heterogeneities, the discrepancies between the observed 
and simulated envelopes will be improved in future 
studies.

Conclusions
Using observed and simulated seismograms, we 
investigated the characteristics of high-frequency S and 
S-coda waves at the OBSs around the Nankai Trough. 
High-frequency coda waves at OBSs mostly comprise 
multiple scattered waves within a thick (> 2  km) 
sedimentary layer beneath OBSs. Although seismic 
waves of coda parts at DONET stations were trapped 
and scattered within the whole sediment, direct S waves 
propagated through the sediments just beneath the 
stations only once. This suggests that the amplification 
characteristics of high-frequency S and S-coda waves due 
to thick low-velocity sediments are completely different. 
Although we could not directly compare our simulations 
with observations, large coda amplitudes also appeared 
in the outer-rise region, where the sea depths are deeper 
than approximately 4 km. Thus, the coda-normalization 
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technique for estimating or adjusting site amplification 
against a rock-site station cannot be applied at stations 
within thick sediments and seawater, which are not only 
OBSs but also stations within large inland sedimentary 
basins.

The observed horizontal coda amplitudes at the OBSs 
are much larger than those of the vertical component, 
which is caused by site amplifications due to thin, lower 
(< 0.5 km/s) velocity structures just beneath the stations. 
We adjusted the simulated horizontal envelopes using 
the observed H/V ratio of the coda waves, resulting in the 
adjusted simulation results practically reproducing the 
observed high-frequency envelopes of the OBSs. These 
findings demonstrated that the H/V ratios of the coda 
waves worked well for correcting the site amplifications.
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