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Abstract

Seismic velocity structures have been estimated using ambient noise records observed by distributed acoustic sensing (DAS)
technology. Previous studies have obtained S-wave velocity (Vs) structures along submarine cables using surface waves; however
P-wave velocity (Vp) structure have seldom been constructed because ambient noise primarily contains surface waves. Here,
we show P and Rayleigh wave extractions from ambient seafloor noise observed by DAS, and also estimate the Vp and Vs
structures along a submarine cable deployed off Cape Muroto in the Nankai subduction zone, Japan. To extract the P waves,
we calculated the cross-correlation functions (CCFs) of the ambient noise and applied a frequency-wavenumber filter to the
CCFs to remove the effects of slower surface waves. The results indicate that similar features can be obtained in the Vp and

Vs profiles, and that the P wave extractions can be performed on days with poor weather conditions.
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Key Points:

e We estimated the shallow Vp and Vs structures below a submarine cable in the Nankai
subduction zone, Japan.

e P waves were extracted from ambient noise records observed by DAS using f-k filtering.

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

Seismic velocity structures have been estimated using ambient noise records observed by
distributed acoustic sensing (DAS) technology. Previous studies have obtained S-wave velocity
(Vs) structures along submarine cables using surface waves; however P-wave velocity (Vp)
structure have seldom been constructed because ambient noise primarily contains surface waves.
Here, we show P and Rayleigh wave extractions from ambient seafloor noise observed by DAS,
and also estimate the Vp and Vs structures along a submarine cable deployed off Cape Muroto in
the Nankai subduction zone, Japan. To extract the P waves, we calculated the cross-correlation
functions (CCFs) of the ambient noise and applied a frequency-wavenumber filter to the CCFs to
remove the effects of slower surface waves. The results indicate that similar features can be
obtained in the Vp and Vs profiles, and that the P wave extractions can be performed on days
with poor weather conditions.

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). DAS is capable of measuring the
wavefields of earthquakes and other natural phenomena in detail. The densely sampled
wavefields by DAS are also useful for investigating seismic velocity structures underneath cables
Previous studies have estimated S-wave velocity structures using ambient noise records from
submarine cables. Although methods for estimating P-wave velocity structures have not been
established in previous DAS studies, we successfully retrieved P waves from the ambient noise
using frequency-wavenumber filtering. We then applied the retrieved waves to estimate shallow
P-wave velocity profiles below a submarine cable in the Nankai subduction zone, southwest of
Japan. Because P and S wave velocities have different sensitivities to fluids in subseafloor
structures, estimating the physical properties aids our understanding of the detailed structure and
thereby makes the monitoring of the structure with high resolutions in space more effective.

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 density 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 ambient noise records (Dou et al. 2017; Ajo-Franklin 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. Previous 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). However, P-wave velocity (Vp) structures
have not been estimated using ambient noise observed by DAS. This is likely because DAS-
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based ambient noise records are dominated by surface waves related to microseisms. However,
wave-wave interactions from ocean swells indeed excite P waves (Longuet-Higgins, 1950;
Hasselmann, 1963), as they can be observed in global (Gerstoft et al., 2006; Landes et al., 2010;
Farra et al., 2016; Gualtieri et al., 2014; Koper et al., 2010; Nishida and Takagi, 2016) and local
(Tonegawa et al. 2021) seismic observations. This means that ambient noise acquired by DAS
potentially contain 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. Using the retrieved wavefields, we
estimate the Vp and Vs structures beneath the Muroto cable. The Philippine Sea Plate subducts
northwards in the Nankai Trough (Fig. 1), and the accretionary prism is located 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. We therefore apply a frequency-wavenumber (f-k) filter to remove
the effects of slowly-propagating surface waves. Such an approach can be accomplished with the
densely sampled seismic traces acquired by DAS.

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
observed 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 a 16-bit recording of the
differential strain (strain rate) at each channel was measured by the interrogator. 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
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subducting (Kodaira et al. 2002). The sampling rate was decimated from 500 Hz to 50 Hz for the
processing in this study. The observation period was January 27-31, 2021.

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.

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 —20.5~25.5 m for each 5.1-m station. We divided the
cable into 17 subarrays with reference point increments of 2.5 km, wherein each subarray that
has a separation distance of 5 km from the reference point to the farthest station was secured:
Stations at the cable distances more than 5 km from the reference points are secured in the
subarrays because the cable is not linear. The reference points along the cable are summarized in
Table S1. Within each subarray, using the continuous records 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 for all station pairs in each subarray were
stacked using a 50 m spatial bin and over one day in time. Fig. 2(a) shows that the obtained
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109  wavefield at a frequency of 0.4—0.8 Hz is the fundamental mode of a Rayleigh wave with a
110  propagation velocity of < 1.0 km/s.
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112 Figure 2. Cross-correlation functions (CCFs) s in the time-distance and f-k domains for subarray
113 16 (cable reference point D = 40.7 km) on January 27, 2020. (a) CCFs at 0.4-0.8 Hz aligned as a
114  function of the separation distance between two stations. The two lines show the reference

115  propagation velocities of 1.0 and 2.5 km/s. (b) CCFs in the f~k domain with (light-blue line) the
116  picked dispersion curve (¢) CCFs in the f~k domain after applying the Eq. (1) filter to those in
117 Fig. 2b. (d) CCFs in the time-distance domain with the f-£ filter of Eq. (1).

118
119 3.2 FK analysis of surface and P waves
120 We applied the Fourier transform to the one-day CCF dataset from each subarray to

121 obtain the CCFs in the f~k domain (Fig. 2b). To obtain the dispersion curve of the Rayleigh wave,
122 the maximum amplitude at each frequency between 0.2 and 1.0 Hz was searched within a phase
123 velocity range of 200—1200 m/s in the f-k domain. Here, for some subarrays, because the

124  dispersion curves of higher and lower frequency sides within the frequency range were unstable,
125 we limited the frequency bands at the stations for velocity estimations, which are summarized
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them in Table S1. Also, since the dispersion curve at a subarray near the coastline could not be
determined, we estimated vertical velocity profiles beneath only 16 subarrays.

We further applied a Gaussian filter to the CCFs in the f-k domain to remove waves with
slow propagation velocities, including the Rayleigh wave. The Gaussian filter is described as

G(f 1) = exp |- ()} (),

where c is a cutoff velocity and 4 is a constant, referring to Eequation (6) in Wilson & Aster
(2005). We set those as ¢ = 1600 m/s and 4 = 3.5. For example, at a frequency of 0.4 Hz, G
results in 0.8790, 0.3134, and 2.523 x 107 when £ = 0.0001, 0.0003, and 0.001. This function
suppresses the amplitudes corresponding to waves that are slower than 1600 m/s in the f-k
domain (Fig. 2¢), and also in the time-distance domain (Fig. 2d). Such suppressions can also be
observed at other locations along the cable (Fig. S1).

3.3 Vs profile estimation

For each subarray, we estimated the one-dimensional (1D) Vs model with the dispersion
curve of the Rayleigh wave using a non-linear inversion, simulated annealing. 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 = ZIiVLl'Cobs(fi) - Csyn(fi)l (2)’

where cops(f7) and cgn(fi) are the observed and predicted phase velocities, respectively, for i-th
frequency (i = 1---M). The predicted phase velocity was calculated using DISPER80 (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. The Vp and
density models were converted from Vs using empirical relationships (Brocher, 2005).

The update of vy 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 v by a depth interval of 0.1 km
using random numbers, referring to a previous study (Chevrot 2002). The updated v’ is
described as

, _(vk—Av if a<0.5
v"_{vk+Av if a>0.5 (3),

where a 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 s7!, respectively. The updated vi’ is accepted when AE < 0, where AE is the
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difference between E and that of the previous iteration. If AE > 0, the acceptance depends on the
probability,

P = exp (— A?E) 4),

where 7 is the temperature. The annealing schedule at the n-th step can be written as 75, = y" Ty,
and we set y = 0.996 and Ty = 3Ey, where Ej is the result of the first step of the estimation E. If a
random number between 0 and 1, a, is less than P, the updated vi’ is accepted. The Vp and
density models are also updated using the empirical relationships after the acceptance of vi’. In
order to estimate the error of the Vs profile at each subarray, we prepared 30 profiles of vi” with
changing random number seeds for the inversion, and estimated the standard deviations from the
obtained profiles.

3.4 Vp profile estimation

We estimated the Vp profile for each subarray using the z-sum inversion method (Diebold
& Stoffa, 1981; Stoffa et al. 1981; Shinohara et al. 1994). The CCFs in the distance-time domain
(e.g. Fig. 2a and Figs. Sla and e) can be converted to those in the 7-p domain (e.g. Fig. 3) using
slant stacking (Stoffa et al. 1981), where p is the slowness and 7 is the intercept of the tangent
line of the travel time curve to the time axis. The CCFs in a frequency band of 0.4—0.8 Hz were
used. The z-sum inversion using the discretely sampled 7-p data (Fig. 3) can be performed by,

(P%—P%) (5)
b
r(p;+1)_2}(—_11(p,%_plzc+1)1/2hk

(piz _pi2+ 1)1/2

where /4 is the thickness of a layer with a velocity of 1/p; (Shinohara et al. 1994). The standard
deviations of the 7-p data were estimated using a bootstrapping technique with 50 times (Fig. 3),
and the error in the Vp profiles were estimated using upper and lower bounds (+1c) of the z-p
data. Because it is difficult to precisely describe low velocity layers using this technique,
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velocities between the regions above and below a low velocity layer are connected in the
inversion and hence low velocity layers are neglected in the Vp profiles.

Fig. 3
D =25.7 km D =40.7 km
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Figure 3. Slant stacking results of the CCFs at 0.4-0.8 Hz for subarrays (left) 10 and (right) 16
on January 27, 2020. Black and light-blue lines indicate the z-p data and +1c from the
bootstrapping technique with 50 times.

4 Results

Figure 4a shows the 1D Vs structures for the 16 subarrays along the cable (January 29,
2020), in which the following four features were identified. (1) A shallow high velocity body is
present at the northern part of the cable (7—12 km in horizontal distance), which corresponds to
the high Vs landward structure. (2) From north to south, the high velocity region at the bottom of
the profile tends to be shallow and peaked slightly south of the seafloor topographic high. This
may be related to the deformation of the accretionary prism due to the subducting seamount. (3)
The shallow Vs values are relatively high and low in the ridge and basin regions, respectively. (4)
Moreover, a high velocity volume can be observed (at ~30 km in horizontal distance) within a
shallow slower velocity region. Although the errors of the Vs profiles at the bottom are relatively
large, these at other regions are sufficiently small (Fig. 4c). Moreover, the features (1), (3) and
(4) are enhanced in the Vs perturbation profiles (Fig. S2), in which the perturbations were
estimated with the reference profile averaged over the 16 Vs profiles beneath the seafloor. The
feature (2) was diminished when averaging the 16 Vs profiles, but a high velocity region located
south of the topographic relief was enhanced ((2)’ in Fig. S2).

The 1D Vp strucrure contained similar features to those observed in the 1D Vs profiles
(Fig. 4b), including (1) and (2). However, significant velocity changes at shallow depths (3) are
not observed. This may be because Vs is more sensitive to the amount of water in the marine
sediment than Vp. In addition, the high velocity volume at 30 km in horizontal distance (4)
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cannot be observed. Although the errors of the Vp profiles are relatilvey large compared with
those of the Vs profiles, they are largely less than 0.1 km/s (Fig. 4d).

(a) (b)
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Figure 4. Seismic velocity profiles along the Muroto cable. (a) Vs profiles along the cable,
created using the CCFs on January 29, 2020. Specific features (1)—(4) are observed (see detailed
in the text). (b) Vp profiles along the cable, generated using the CCFs on January 27, 2020. (c)
Error for panel (a). (d) Error for panel (b).

5 Discussion
5.1 P wave extraction and weather conditions

We only used the ambient noise records from January 27, 2020, for imaging the 1D Vp
structure, because the P wave extractions at some subarrays were failed when using the ambient
noise records from the other days in the observation period. Even if P waves could be
successfully extracted, their amplitudes were smaller. Figure S3 shows the daily P wave
extractions at 25.7 km and 30.3 km along the cable. The P wave retrievals on January 27 are
clear, wheares the P waves cannot be extracted at 30.3 km and has smaller amplitudes at 25.7 km
o the other three days of the observation period.

We attributed extraction quality to the weather conditions in the observation period. An
atmospheric low pressure system passed near Japan on January 27, and it affected the intensity of
ocean swell until January 27. The P wave extractions in this study were performed at frequencies
lower than ~0.8 Hz (Fig. 2c), which are within the typical frequency range of microseisms (e.g.,
0.05-2 Hz). Because microseisms are mainly excited by wave-wave interactions associated with
ocean swell (Longuet-Higgins 1950; Hasselmann, 1963), the P wave retrievals are likely affected
by the intensity of the ocean swell. Indeed, the significant wave height observed off Cape



232
233
234
235

236
237
238
239
240
241
242
243
244
245

246

247

248
249
250
251
252
253
254
255
256

257

258

259
260
261
262
263
264
265
266
267
268
269
270
271

manuscript submitted to Geophysical Research Letters

Muroto by a Global Positioning System (GPS) buoy (The Nationwide Ocean Wave information
network for Ports and HArbourS (NOWPHAS)) was large on January 27 and 28 (Fig. S4).
Therefore, our observations indicate that near-field P waves are excited by ocean swell, and that
the P wave retrievals depend on weather conditions.

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. However, we calculated the CCFs by removing the effects of waves
slower than 1600 m/s up to a separation distance of 10 km for each subarray. We found that the
maximum distance that a P wave reaches is roughly ~8—10 km (Fig. S5a-d), which indicates that
the raypath of the P wave to the seafloor has a larger incidence angle from the vertically
downwards than those with greater offsets (Fig. S5e). In this case, observable amplitudes of the
P wave can be projected onto the horizontal plane, and we consider that our observations
retrieved such near-field P waves.

5.2 Stability of the obtained velocity profiles

In order to evaluate the stability of the obtained Vs profiles, we created profiles for the
other 4 days (Fig. S6). The results for these days reproduced the features (1)—(4) shown in Fig.
4b. The standard deviations at the top of the shallow high velocity region at the northern part are
relatively large. This is probably because the velocity gradient in this region is large. To obtain a
reliable velocity structure in this region, the stacking period of the CCFs may be extended. In
contrast, the Vs in the other parts were stable and fluctuated less than ~0.06 km/s. Around the
relief, the Vs fluctuations were less than 0.03 km/s at depths less than 0.5 km below the seafloor.
If a large temporal change in Vs occurred (due to a large earthquake), it may be possible to
monitor its variations at shallow depths.

5.3 Interpretation of Vp and Vs structures

Although the Vp profiles did not include the feature (4) or the underlying lower
velocities, the obtained Vs profiles, which are sensitive to low velocity layers, shows an isolated
high velocity volume. Two possibilities are invoked for explaining the presence of this volume.
The first is that a high-velocity rock is isolated from the high velocity region at the bottom
during the formation of the accretionary prism. The second possibility is that gas-hydrate
sediments with a higher velocity are present in this area and overlie a free gas layer with a lower
velocity. The observed high velocity body has a Vs of 1.1 km/s, which is higher than the
surrounding sediment (0.8—0.9 km/s). Because the Vs of pure methane hydrate is 1.89 km/s
(Waite et al. 2000), the observed high velocity volume can be explained by a fraction of methane
hydrate within the sediment. Such gas-hydrate sediments have been detected and explored by
identifying bottom simulating reflectors (BSRs) from seismic exploration surveys. Indeed, BSRs
have been identified at other locations in the Nankai accretionary prism and occur intermittently
due to the deformation of the accretionary prism (e.g., Yamano et al. 1982; Ashi et al. 2002;
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Nouzé et al. 2004; Ohde et al. 2018). Since gas-hydrate sediments and a free gas layer may be
present in this region, additional investigation, including seismic surveys and sediment cores by
drilling, is expected to identify the high velocity body along the Muroto cable.

6 Conclusions

We estimated Vp and Vs profiles from the CCFs using ambient noise records observed by
DAS. In particular, P waves could be extracted by removing slower waves with an f-k filter.
Such filtering can be performed on spatially regular and densely sampled DAS records.
However, P wave extractions depend on weather conditions and can be accomplished on stormy
days. In addition, although the Vs profiles obtained using the one-day CCFs were slightly
unstable in specific regions, we expect that the subseafloor structures along the Muroto cable,
including gas-hydrates, can be monitored if the stacking period and 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 depths along the Muroto cable.

Figure 2. Cross-correlation functions (CCFs) s in the time-distance and f~k domains for subarray
16 (cable reference point D = 40.7 km) on January 27, 2020. (a) CCFs at 0.4-0.8 Hz aligned as a
function of the separation distance between two stations. The two lines show the reference
propagation velocities of 1.0 and 2.5 km/s. (b) CCFs in the f~k domain. (c) CCFs in the f~k
domain after applying the Eq. (1) filter to those in Fig. 2b. (d) CCFs in the time-distance domain
with the f-k filter of Eq. (1).

Figure 3. Slant stacking results of the CCFs at 0.4-0.8 Hz for subarrays (left) 10 and (right) 16
on January 27. 2020. Black and light-blue lines indicate the z-p data and +1c from the
bootstrapping technique with 50 times.

Figure 4. Seismic velocity profiles along the Muroto cable. (a) Vs profile along the cable,
created using the CCFs on January 29, 2020. Specific features (1)—(4) are observed (see detailed
in the text). (b) Vp profile along the cable, generated using the CCFs on January 27, 2020. (c)
Error for panel (a). (d) Error for panel (b).



