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Abstract

Seismic wave extractions have been performed using ambient noise records observed by distributed acoustic sensing (DAS)
technology. Extractions of microseisms can be investigated at a local scale using such DAS records observed in the ocean. Here,
we show P and Scholte wave extractions from ambient seafloor noise observed by DAS along a submarine cable deployed off
Cape Muroto in the Nankai subduction zone, Japan. The P waves can be observed at a frequency band of 0.1-0.3 Hz and
up to a distance of 6-7 km. The distance in which the P waves can be observed is controlled by the P incident angle and
the DAS sensitivity to the observable apparent velocity. The effective extractions of P and Scholte waves are performed in
correspondence to large significant wave heights of the sea surface, which indicate that these waves are originated from fluid

distturbances at the sea surface.
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Key Points:

e P waves were extracted from ambient seafloor noise records observed by
DAS at a frequency band of 0.1-0.3 Hz and up to a distance of 7 km.

e The extraction of P waves depends on weather conditions, and can be
perfomed on stormy days.

e The distance in which the P waves emerge is controlled by the P incident
angle and the DAS sensitivity to apparent velocities.

Abstract

Seismic wave extractions have been performed using ambient noise records ob-
served by distributed acoustic sensing (DAS) technology. Extractions of micro-
seisms can be investigated at a local scale using such DAS records observed in
the ocean. Here, we show P and Scholte wave extractions from ambient seafloor
noise observed by DAS along a submarine cable deployed off Cape Muroto in the
Nankai subduction zone, Japan. The P waves can be observed at a frequency
band of 0.1-0.3 Hz and up to a distance of 6-7 km. The distance in which the
P waves can be observed is controlled by the P incident angle and the DAS
sensitivity to the observable apparent velocity. The effective extractions of P
and Scholte waves are performed in correspondence to large significant wave
heights of the sea surface, which indicate that these waves are originated from
fluid distturbances at the sea surface.

Plain Language Summary

The density of seismic observations on land is typically higher than those in the
ocean. However, higher density observations in both land and ocean regions
can be made using the recently developed distributed acoustic sensing (DAS).
In this study, we focus on waves persistently propagating in the Earth, which
are excited by ocean swell and called microseisms. Ocean swell at the sea sur-
face primarily excites surface waves, but P and S waves excited by ocean swell,
especially during tropical storms, were observed on a global scale. Because this
indicates that body waves may be locally excited by sea surface disturbances,
we investigate this problem using DAS records. Our results show that large
amplitudes of P waves were observed when an atmospheric low pressure passed
around Japan, and those amplitudes became weak when the significant wave
height in the ocean was small. Although many previous studies on global or
regional scales have indicated that microseisms are originated from fluid distur-
bances at the sea surface, this study observed the excitation of P and surface
waves right beneath the sea surface disturbances.


mailto:tonegawa@jamstec.go.jp)

1 Introduction

Distributed acoustic sensing (DAS) using fiber optic cables is now a powerful
tool for detecting signals of various wave propagations, because the station den-
sity along a cable is higher than the typical density of seismic observations using
individual seismic sensors. For example, DAS on land is capable of observing
signals from regional (Lindsey et al. 2017) and teleseismic earthquakes (Yu et
al. 2019) and can estimate shallow S-wave velocity (Vs) structure from ambi-
ent noise records (Dou et al. 2017; Ajo-Franklin et al. 2019). P wave is also
extracted from ambient noise records acquired by downhole DAS on land (Lel-
louch et al. 2019). DAS in submarine cables can capture seismic waves from
earthquakes (Sladen et al. 2019; Lindsey et al. 2020; Lior et al. 2021) and also
ocean-specific wavefields, including infragravity waves (Williams et al. 2019)
and hydroacoustic waves (Matsumoto et al. 2021).

As with land cases, ambient noise records observed by DAS have recently been
used to estimate the seismic velocity structures beneath submarine cables. Previ-
ous studies have estimated the Vs structures within sediment layers in the Japan
Trench (Spica et al. 2020) and in the Monterey Bay, California (Cheng et al.
2021). These structure estimations are based on the retrieval of surface waves,
because DAS-based ambient noise records are dominated by surface waves re-
lated to microseisms. However, wave-wave interactions from ocean swells indeed
excite P waves (Longuet-Higgins, 1950; Hasselmann, 1963), as they can be ob-
served in global (Gerstoft et al., 2006; Landés et al., 2010; Farra et al., 2016;
Gualtieri et al., 2014; Koper et al., 2010; Nishida and Takagi, 2016) and regional
(Tonegawa et al. 2021) seismic observations. The teleseismic P waves can be
primarily observed at a frequency band of 0.1-0.3 Hz. These observations mean
that the ambient noise acquired by the DAS potentially contained P waves that
were excited at local scales.

In this study, ambient noise records observed by a submarine cable deployed
off Cape Muroto in the Nankai subduction zone, Japan (Fig. 1) are employed
to extract P and surface waves. We hereafter refer to the cable as the Muroto
cable. Because the ambient noise wavefield in the ocean is closely related to
the intensity of ocean swell, we investigate the retrieved waves based on the
significant wave height around the cable. The Philippine Sea Plate subducts
northwards in the Nankai Trough (Fig. 1), and the accretionary prism is lo-
cated north of the trough. The Muroto cable was deployed on the soft sediment
of the accretionary prism, and ambient noise records observed by the cable are
plausibly dominated by surface waves propagating within the prism. In order
to investigate the characteristics of the retrieved waves, we estimate the Vs
structure within the accretionary prism beneath the Muroto cable using the
retrieved Scholte waves: Scholte wave is a surface wave propagating at an inter-
face between solid and fluid, and it seems that the energy of the Scholte wave at
frequency < 2 Hz is concentrated on the seafloor, but its amplitude tails extend
to both the sea water and marine sediments.

2 Data



The Muroto cable is 128 km long (Fig. 1), of which the cable section from 0.35
km to 2.14 km is buried 0.5-1.0 m beneath the seafloor, but the rest of the cable
seawards is unburied and lays on the seafloor with its own weight (Matsumoto
et al. 2021). The DAS data was recorded by AP Sensing (model N5200A)
over a sensing length of 50 km along the cable, with a gauge length of 40.4 m
and a sensor spacing of 5.1 m, in which the differential phase at each channel
was measured by the interrogator: the differential phase can be converted to
strain. Detailed descriptions of the cable and AP Sensing observations can be
found in Matsumoto et al. (2021) and Ide et al. (2021), respectively. The
water depth of the cable ranges between 0 and 1,100 m, and topographic relief
is present at a cable distance of 30 km from the coastline. The relief continues
eastwards to a shallow bank called Tosa-Bae, beneath which a large seamount
is subducting (Kodaira et al. 2002). The sampling rate was decimated from
500 Hz to 50 Hz for the processing in this study. Here, we defined Stages
A-D by the ranges of significant wave height (SWH) observed off the Cape
Muroto, A: > 6 m, B: 36 m, C: ~1 m and D: 24 m. The periods of data
collection were January 27-31, 2020 and February 1-20, 2021, but we used the
data for 5 days for the 2020 observation and for periods of Stages C and D for
the 2021 observation. The SWH was observed by a Global Positioning System
(GPS) buoy (The Nationwide Ocean Wave information network for Ports and
HArbourS (NOWPHAS)) (Fig. 1).
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Figure 1. Geometry of the Muroto cable on the seafloor. (a) Black and red
lines show the location of the Muroto cable and the section used for the DAS
measurements with 10 km increments (yellow circles), respectively. (b) Water
depths along the Muroto cable. Red dots and red line represent the reference
points and the distance range of the 20-km subarray, respectively. (c) Significant
wave height (SWH) observed off the Cape Muroto, indicated by the red star in
panel (a). Stages A-D are defined by A: SWH > 6 m, B: SWH = 3-6 m, C:
SWH =1 m and D: SWH = 2-4 m.

3 Methods
3.1 Ambient noise analysis

The space sampling of 5.1 m on the continuous records was decimated to 51
m by stacking the records within a spacing of —20.5 to 25.5 m for each 51 m
station (stacking the records of 10 stations). The wavefield may change region-
by-region due to variations in the water depth along the cable. To extract
the wavefields region-by-region, we divided the cable into 16 subarrays with



reference point increments of 2.5 km, wherein each subarray that had a direct
separation distance of 5 km from the reference point to the farthest station was
secured. The stations at the cable distances slightly greater than 5 km from
the reference points were also used in the subarrays because the cable is not
linear (Fig. S1). The reference points along the cable are summarized in Table
S1. Moreover, to observe waves with longer wavelengths, we also prepare a
subarray with a distance of 20 km for the reference point of subarray 3, and 14
subarrays with a distance of 10 km for the same reference points as those for 5
km. Within each subarray, using the continuous records of the differential phase
with a time window of 75 s, cross-correlation functions (CCFs) were calculated
using the spectral whitening in the frequency domain (Bensen 2007; Brenguier
2007). The CCFs were stacked over each period of Stages A-D and every day
on January 28-31, 2020. Although the space sampling of the CCFs along the
cable was resampled to 51 m, the direct separation distances between the two
stations were various because the cable was not linear. The CCFs for all station
pairs in each subarray were stacked using a 50 m spatial bin. Figures 2a and
b shows that the obtained wavefield at a frequency of 0.4—-0.8 Hz is the Scholte
waves with a propagation velocity of < 1.0 km/s (first higher and fundamental
modes).

On the other hand, waves with higher apparent velocities can also be observed at
0.1-0.3 Hz in the 20-km subarray (arrows in Fig. 2c) and in the 10-km subarrays
(Fig. S2). The positive amplitudes at a zero lag time at separation distances of
two stations (L) greater than 8 km are caused by the instrumental noise. Figure
2d shows the peak traces of the maximum amplitudes of the waves observed at
the subarrays 1-14, in which the amplitudes in the positive and negative lag
times are stacked. Their apparent velocitites are around 1.5 km/s and 4 km/s
at L = 1.5-4 km and L > 4 km, respectively. Based on the apparent velocities,
we consider that the waves emerged at . 4 km and L. < 4 km are P wave and
the contamination of P and Scholte waves. At L < 4 km, the travel times of the
waves in the northern part of the cable (warm colors) tended to be slower than
those in the southern part (cool colors). In the subsequent section, to confirm
the velocity structure beneath the cable and compare it with the observed travel
times, we estimate the Vs structure using the dispersion curves of the Scholte
waves.
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Figure 2. Cross-correlation functions (CCFs) s in the time-distance and f-
k domains for subarray 9 for Stage A. (a) CCFs at 0.4-0.8 Hz aligned as a
function of the separation distance between two stations. Positive lag time
indicates the wave propagation northward along the cable. The line shows
the reference propagation velocity of 1.0 km/s. (b) CCFs in the f-k domain
with (blue lines) the picked dispersion curves (¢) CCFs at 0.1-0.3 Hz with the
reference velocity of 1.5 km/s for the 20-km subarray for Stage A. Positive and
negative lag times indicate the wave propagations northwards and southwards
along the cable, respectively. (d) The travel time curves of the P waves for the
10-km subarrays (Fig. S2) with the reference velocities of 1.5 and 4.0 km/s. The
gray line indicates the theoretical travel time curve of the P wave.

3.2 FK analysis of Scholte waves

We applied the Fourier transform to the one-day CCF dataset from each subar-
ray to obtain the CCFs in the f-k domain (Fig. 2b). To obtain the dispersion
curves of the fundamental and first higher modes of the Scholte wave, the max-
imum amplitudes at each frequency between 0.2 and 1.0 Hz and between 0.5
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and 1.3 Hz were searched within a phase velocity range of 200-1200 m/s and
700 and 1500 m/s in the f-k domain, respectively (Fig. S3), but these search
ranges were slightly changed by the velocities of the dispersion curves at each
subarray. Here, for some subarrays, because the dispersion curves of the higher
and lower frequency sides of the frequency range were unstable, we limited the
frequency bands at the stations for velocity estimations: these are summarized
in Table S1.

3.3 Vs profile estimation

For each subarray, we estimated the one-dimensional (1D) Vs model with the
dispersion curve of the Scholte wave using a non-linear inversion, simulated an-
nealing. Simulated annealing is a Monte Carlo method that searches the global
minimum by lowering the possibility of the acceptance of random perturbations
to the model parameters with decreasing temperature (e.g. Chevrot 2002). The
misfit function is described as

E= Zf\il |Cobs (fz) - Csyn(fi)| + Zjvzl |dobs (f]) - dsyn(fj)‘ (1)7

where c,;,(f;) and ¢, (f;) are the observed and predicted phase velocities, re-
spectively, for the i-th frequency (i = 1+ - - M) for the fundamental mode, and
dops(f;) and dg,, (f;) for the j-th frequency (j = 1 - - - N) correspond to the first
higher mode.. The predicted phase velocity was calculated using DISPERS0
(Saito 1988). A 1D Vs model averaged over all the 1D Vs models beneath the
seafloor obtained for the Nankai subduction zone (Tonegawa et al. 2017) was
selected as the initial Vs model, and Vs in the sea water was set to be zero. The
Vp and density models were converted from Vs using empirical relationships
(Brocher, 2005).

The update of v, is based on a previous study (Tonegawa et al. 2017), where
vy, is the 1D Vs profile at the k-th layer. At each iteration step, we perturbed
vy, by a depth interval of 0.1 km using random numbers, referring to a previous
study (Chevrot 2002). The updated v’ is described as

r Juy— v if a<0.5
Uk = {kar v if a>0.5 (2),

where is a random number between 0 and 1. The velocity perturbation is
Av = 0.02 km s '. The minimum perturbed velocity was set as 0.4 km s'.
Similar to the previous study (Tonegawa et al. 2017), the maximum velocity
gradients above and below 2 km beneath the seafloor were set as 2.0 s and
1.0 s1, respectively. The updated v’ is accepted when AE 0, where AFE is
the difference between E and that of the previous iteration. If AE 0, the

acceptance depends on the probability,
P =exp (—%) (3),

where T is the temperature. The annealing schedule at the n-th step can be
written as T,, = "T,, and we set = 0.996 and T, = 3E,, where E, is the
result of the first step of the estimation F. If a random number between 0 and



1, , is less than P, the updated v,’ is accepted. The Vp and density models

are also updated using the empirical relationships after the acceptance of v, ”.

The total number of iteration is 2000. In order to estimate the error of the Vs
profile at each subarray, we prepared 30 profiles of v, ” with changing random
number seeds for the inversion, and estimated the standard deviations from the
obtained profiles.
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Figure 3. CCFs at 0.1-0.3 Hz for the 10-km subarray 9 for (a) Stage A, (b) Stage

B, (c) Stage D, and (d) Stage C, with the reference velocities of 1.5 and 3.0 km/s.

Positive and negative lag times indicate the wave propagations northward and
southward along the cable, respectively.

4 Results

Figure 3 displays the stacked CCFs at the 10-km subarray 9 from stormy to calm
conditions in the ocean (Stages A-D). The P waves reaches to a distance of 6-7
km at stormy days (Stage A), but the distance at which the P waves appear
tends to be short with decreasing SWH (Stages B and C), and those amplitudes
disappeared at Stage D. Such weak wave propagations under calm conditions
result in the emergence of the instrumental noise at a zero lag time. This
observation indicates that the origin of the P and surface waves is presumably



located at the sea surface.

Moreover, various surface wave modes followed by the P waves can also be
observed (Fig. 2c¢). These modes are also excited by ocean swell, and the
amplitudes of the waves tend to be small according to the SWH as well as the P
waves. This feature can be clearly seen in the CCFs for the 20-km subarrays for
Stages A and D (Figs. S4a and S4b), in which only surface waves propagating
southward are dominant under calm condition (Fig. S4b). The features that
(1) the P waves reaches to L = 6-7 km and (2) surface waves propagate at
longer distances can be seen in the CCFs at 0.2-0.5 Hz (Fig. S4c), while large
amplitudes from the instrumental noise are dominant around a zero lag time at
0.07-0.1 Hz (Fig. S4d).

Figure 4a shows the 1D Vs structures for the 16 subarrays along the cable for
Stage A, in which the following two features were identified. (1) A shallow high
velocity region is present, and its peak is located slightly south of the seafloor
topographic high. This may be related to the deformation of the accretionary
prism due to the subducting seamount. (2) The shallow Vs values are relatively
high and low in the ridge and basin regions, respectively. The errors of the
Vs profiles are sufficiently small to observe the above two features (Fig. 4b).
Moreover, features (1) and (2) are enhanced in the Vs perturbation profiles
(Fig. S5), in which the perturbations were estimated with the reference profile
averaged over the 16 Vs profiles beneath the seafloor.
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observed (see detailed in the text). (b) Error for panel (a).
5 Discussion
5.1 P wave extraction and weather conditions

In this section, we confirm whether the waves with apparent velocity of 4.0 km/s
are P waves excited by ocean swell by investigating the travel time, apparent
velocity and incident angle. We calculated the travel time of P wave using the
reference Vp model used in the section 3.3 (Fig. S6) to reproduce the feature of
the observed travel time curves, particularly for the part of the gradient change
of the travel time curve at L = 4 km (Fig. 2d). However, the calculated travel
times were slightly faster than the observed ones. We therefore slightly reduced
the shallow Vp values (Fig. S6a) with trial and error, and then reproduced the
feature of the observed one. This means that, although the velocity structure
may be slower than the reference Vp model, the observed travel time curve can
be reproduced with the appropriate Vp model.

However, the travel time at L = 1.5—4.0 km is slightly delayed from the reference
velocity of 1.5 km/s. To investigate the wavefield excited by a vertical force at
the sea surface, we conducted a simple 2D numerical simulation with a water
depth of 1 km and the reduced Vp model beneath the seafloor (See details in
Text S1 and Figs. S7). As a result, large amplitudes of surface waves slightly
slower than 1.5 km/s were synthesized in the horizontal component (Figs. S7b
and S7d). It is considered that such surface waves are dominant in the ambient
wavefield during stormy condition, and that the waves in the observed CCFs at
the distance range consist of both P and surface waves. Moreover, the numerical
simulation results show that the propagation velocities of surface waves slower
than 1.5 km/s depend on Vs at shallow depths (e.g., ‘C’ in Figs. S7b and S7d).
Figure 4a shows that the relatively slow and fast velocities at the shallow depths
in the northern and southern parts of the cable. These results indicate that
the observed travel time difference (L < 4 km in Fig. 2d) reflects the shallow
velocity difference between the northern and southern subarrays. Furthermore,
although the apparent velocities of the P waves at L > 4 km become faster
seawards (green to blue lines in Fig. 2d), those at subarrays 1-7 are also fast
(yellow to red lines in Fig. 2d). Because the bottom depth of the diving P
wave reaches to 2.6 km from the seafloor with the reduced Vp model, the fast
apparent velocity may refect the deeper structure that is extended from land
than the obtained Vs profile.

The other points for considering the P wave extraction are the distance range
and incident angle of the observed P wave. We found that the maximum dis-
tance that a P wave reaches is roughly ~6-7 km (Fig. 1c¢), which indicates that
the raypath of the P wave to the seafloor has a larger incident angle, measured
from vertically downward, than those with greater offsets. Using the reduced Vp
model (Fig. S6a), the incident angle of P wave changes from 60° at L = 2-3 km
to 302 at L = 6 km (Fig. S6b), which indicate that the ray path of the P waves
within L 6 km reaches the cable with a larger angle than 30° from vertically
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downward. For the DAS observation, the P wave extractions are related to the
strain of the P wavefield observed in the horizontal plane. The ambient noise
records observed by DAS almost represent the horizontal component of seafloor
motion, which unables us to observe P waves with near-vertical incidences to
the seafloor (close to 0° measured from vertically downward). However, in our
case, observable amplitudes of the P wave can be projected onto the horizontal
plane due to a large incident angle of the P wave to the seafloor (Fig. S6d).
This feature is also confirmed by the numerical simulation (Text S1).

In addition to the incident angle effect, the disappearance of the P wave at L
= 6-7 km may have been caused by a lack of the fast apparent velocity in the
DAS observation. Because amplitudes of signals are reduced with increasing
apparent velocities (Lior et al. 2021), the amplitudes with apparent velocities
of faster than 4 km/s may not be observed by the cable.

Based on the above observations and simulations, the waves that we observed at
L = 4-7 km are P waves excited at a local scale, and we consider that P-wave
extraction quality is attributed to the weather conditions in the observation
period. An atmospheric low pressure system passed near Japan on January 27
affecting the intensity of the ocean swell until January 28. The P wave extrac-
tions in this study were performed at frequencies of 0.1-0.3 Hz (Fig. 2c¢), which
are within the typical frequency range at which teleseismic P waves excited by
atomospheric low pressure are observed at a global scale. The amplitudes of P
and surface waves responding to the SWHs in our results indicate that those
waves were effectively excited on stormy days. Therefore, our observations indi-
cate that P waves are originated from ocean swell at the sea surface, and that
the P wave retrievals depend on weather conditions.

5.2 Stability of the obtained velocity profiles

In contrast to P waves, the Scholte wave amplitudes were retrieved in the CCFs
even under calm conditions at frequencies higher than ~0.3 Hz. In order to
evaluate the stability of the obtained Vs profiles, we created profiles for 4 days
in January 28-31, 2020 (Fig. S8). The results for these days reproduced the
features (1)—(2) shown in Fig. 4a. The Vs values were stable and fluctuated
by less than ~0.06 km/s and less than 0.03 km/s at depths shallower than 0.5
km below the seafloor. If a large temporal change in Vs occurrs (due to a large
earthquake), it may be possible to monitor its variations at shallow depths.

6 Conclusions

We extracted P waves from ambient seafloor noise observed by DAS, and the
identification of the P waves are based on the distance for which the P waves
can be observed as well as their incident angle. Moreover, we estimated the
shallow Vs structure along the cable, and the travel times of the extracted
P and Scholte waves correspond to the lateral variation of the estimated Vs
structure. By comparing the SWHs with the wavefield emerged in the CCFs,
we found that P wave extractions depend on weather conditions and can be
accomplished on stormy days. Previous global or regional scale studies have
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reported that microseisms are originated by fluid disturbances at the sea surface,
but this study observed the excitation of P and surface waves right beneath the
sea surface disturbances. Although the wavefield was compared to a maximum
SWH of 6-8 m in this study, the investigation of extracted waves with larger
SWHs and longer durations may help to further understand the excitation of
microseisms including body waves. In addition, because the Vs profiles obtained
using the one-day CCFs were stable, we expect that the subseafloor structures
along the Muroto cable can be monitored if the observation periods can be
extended.
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Figure 1. Geometry of the Muroto cable on the seafloor. (a) Black and red
lines show the location of the Muroto cable and the section used for the DAS
measurements with 10 km increments (yellow circles), respectively. (b) Water
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depths along the Muroto cable. Red dots and red line represent the reference
points and the distance range of the 20-km subarray, respectively. (c) Significant
wave height (SWH) observed off the Cape Muroto, indicated by the red star in
panel (a). Stages A-D are defined by A: SWH > 6 m, B: SWH = 3-6 m, C:
SWH =1 m and D: SWH = 2-4 m.

Figure 2. Cross-correlation functions (CCFs) s in the time-distance and f-
k domains for subarray 9 for Stage A. (a) CCFs at 0.4-0.8 Hz aligned as a
function of the separation distance between two stations. Positive lag time
indicates the wave propagation northward along the cable. The line shows
the reference propagation velocity of 1.0 km/s. (b) CCFs in the f-k domain
with (blue lines) the picked dispersion curves (c) CCFs at 0.1-0.3 Hz with the
reference velocity of 1.5 km/s for the 20-km subarray for Stage A. Positive and
negative lag times indicate the wave propagations northwards and southwards
along the cable, respectively. (d) The travel time curves of the P waves for the
10-km subarrays (Fig. S2) with the reference velocities of 1.5 and 4.0 km/s. The
gray line indicates the theoretical travel time curve of the P wave.

Figure 3. CCFs at 0.1-0.3 Hz for the 10-km subarray 9 for (a) Stage A, (b)
Stage B, (c¢) Stage D, and (d) Stage C, with the reference velocities of 1.5 and 3.0
km/s. Positive and negative lag times indicate the wave propagations northward
and southward along the cable, respectively.

Figure 4. Seismic velocity profiles along the Muroto cable. (a) Vs profiles along
the cable, created using the CCFs for Stage A. Specific features (1)—(2) are
observed (see detailed in the text). (b) Error for panel (a).
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Text S1 explains the numerical simulation settings. Figure S1 show the geometry among
the reference point, station, and cable. Figure S2 shows the CCFs at 0.1-0.3 Hz for 10-km
subarrays for Stage A. Figure S3 shows the CCFs in the frequency-wavenumber domains
obtained for 5-km subarrays for Stage A. Figure S4 shows the CCFs at different
parameters for the 20-km subarray. Figure S5 shows the Vs perturbation profiles along
the cable. Figure S6 shows the incident angle estimation of P waves to the seafloor.
Figure S7 displays the synthesized wavefield associated with a source at the sea surface.
Figure S8 displays the Vs structures using the CCFs stacked for different days. Table S1
shows the reference points and frequency bands for the inversion at the 5-km subarrays.



Text S1. Numerical simulation

We conducted a 2D finite difference method with a rotated-staggered grid for
second order approximations in time and space (Saenger et al. 2000). The calculation has
been performed in the displacement-stress scheme with an absorbing boundary
condition (Clayton and Engquist, 1977). The model space is 200 x 20 km?, and the grid
size is 50 x 50 m?. The water depth is 1 km. We applied a vertical single force with Ricker
wavelets for central (maximum) frequencies of 0.22 Hz (0.29 Hz) at x = 100 km and z = 0
km (sea surface). Stations are set at the seafloor within a distance ranging between 50-
150 km with an interval of 0.5 km.

The seismic velocity structure at the subseafloor is based on the 1D Vp structure
with a reduction (orange line in Fig. S6a). The Vs and density were derived from Vp using
empirical relations (Brocher, 2005). In the sea water, Vp, Vs and density are 1.5 km/s, 0
km/s and 1.0 g/cm?®. Because the calculation was unstable in the cases where Vp/Vs of
the accretionary prism at shallow depths was large, we set Vp/Vs = 3.0 when Vp/Vs > 3.0.
Also, we prepare the velocity model by setting Vp/Vs = 2.5 when Vp/Vs > 2.5 for
comparing propagation velocities of surface waves.

In the numerical simulation results, the vertical component shows weak waves with
apparent velocities of 3—4 km/s ('Diving P wave 2" in Fig. S7a). These are diving P waves
excited by multiple water reverberations, and can also be observed in the horizontal
component. In the water layer, near-vertically (‘Diving P wave 1') and obliquely (in the x-z
plane) propagating reverberations are dominant at smaller and greater offsets from the
source, respectively (Fig. S7e). The diving P wave excited by the near-vertically
propagating wave emerges in the horizontal component at shorter distances, while the
diving P waves excited by the obliquely propagating waves emerge in the horizontal
component at longer distances. This appearance variation is caused by the incident angle
changes to the seafloor. The former wave is similar to the observed P wave that can be
seen up to a distance of 6-7 km, and the latter waves may contribute to form the
observed higher modes with higher apparent velocities.
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Figure S1. Sketch for the geometry among the reference points, station, and cable. (a) A
linear cable with (star) the reference points and (light-blue triangle) the farthest station
from the reference point. The reference point increment is 2.5 km. The distance between
the farthest station and the reference point along the cable slightly exceeds 5 km. (b) A
curved cable with (star) the reference points and (light-blue triangle) the farthest station.
The direct distance between the farthest station and the reference point significantly
along the cable exceeds 5 km. In this case, open-triangle stations that are located over a
cable distance of 5 km are used, because the direct distance between the reference point
and the stations is less than 5 km.
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velocity of 1.5 km/s. The positive and negative lag times indicate the wave propagations
northward and southward along the cable, respectively.
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Figure S7. Numerical simulation for a single vertical force at the sea surface. (a)
Synthesized waveforms in the vertical component observed at the seafloor, with
reference velocities of 1.5 km/s and 4.0 km/s. The origin time is 5 s, which refers to the
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Table S1. Frequency bands used for simulated annealing and reference points.

Subarray | Fun.mode Fun.mode 1% mode 1"*mode  Reference point
Min. freq.  Max. freq. Min. freq. Max. freq. (km)
(Hz) (Hz) (Hz) (Hz)

01 0.4 1.0 0.5 1.3 5.7
02 0.4 1.0 0.5 1.3 8.2
03 0.35 1.0 0.5 1.3 10.7
04 0.3 1.0 0.5 1.3 13.2
05 0.4 1.0 0.5 1.3 15.7
06 0.45 1.0 0.5 1.3 18.2
07 0.4 1.0 0.5 1.3 20.7
08 0.4 1.0 0.5 1.3 23.2
09 0.4 0.7 0.5 1.3 257
10 0.45 0.8 0.5 1.3 28.2
11 0.45 1.0 0.5 1.3 30.7
12 0.5 1.0 0.5 1.3 33.2
13 0.45 0.8 0.5 1.3 35.7
14 0.5 1.0 0.5 1.3 38.2
15 0.4 1.0 0.5 1.3 40.7
16 0.5 1.0 0.5 1.3 432
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