Geophysical Research Letters’

RESEARCH LETTER
10.1029/2024GL108714

Key Points:

e The countinuous records of our
distributed acoustic sensing
measuresment capture tsunami-related
signals

e The phase velocity dispersion of the
obtained signals matches that of
infragravity waves (high-frequency
tsunamis)

e The time-series of the tsunami gener-
ation obtained by the cable data are
consistent with those from nearby ab-
solute pressure gauges

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

T. Tonegawa,
tonegawa@jamstec.go.jp

Citation:

Tonegawa, T., & Araki, E. (2024). High-
frequency tsunamis excited near Torishima
Island, Japan, observed by distributed
acoustic sensing. Geophysical Research
Letters, 51, €2024GL108714. https://doi.
org/10.1029/2024GL108714

Received 5 FEB 2024
Accepted 6 MAY 2024

Author Contributions:

Conceptualization: T. Tonegawa
Data curation: E. Araki

Formal analysis: T. Tonegawa
Funding acquisition: T. Tonegawa,
E. Araki

Investigation: T. Tonegawa
Methodology: T. Tonegawa

Project administration: T. Tonegawa,
E. Araki

Resources: E. Araki

Software: T. Tonegawa

Supervision: T. Tonegawa
Validation: T. Tonegawa
Visualization: T. Tonegawa

Writing — original draft: T. Tonegawa
Writing — review & editing:

T. Tonegawa, E. Araki

© 2024. The Author(s).

This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

'.) Check for updates

A n . l ADVANCING
nu EARTH AND

-~ SPACE SCIENCES

'

High-Frequency Tsunamis Excited Near Torishima Island,
Japan, Observed by Distributed Acoustic Sensing
T. Tonegawa' © and E. Araki'

'Japan Agency for Marine-Earth Science and Technology (JAMSTEC), Yokosuka, Japan

Abstract Recent distributed acoustic sensing (DAS) experiments in ocean areas throughout the world have
accumulated records for various wavefields. However, there are few tsunami records because tsunami
observation depends on the DAS experimental period and its location. From continuous DAS records, we found
tsunami signals at a frequency band of 5-30 mHz, which correspond to high-frequency components of tsunamis
and their propagation velocities differ from low-frequency tsunamis. We estimated time series of the tsunami
excitations at the source using the DAS records, which are consistent with those using records of ocean-bottom
absolute pressure gauges. Our study suggests that DAS records can be used for detecting tsunami propagations
in the regions where other geophysical instruments are not available, and contribute to elucidating their
excitation mechanisms.

Plain Language Summary Using distributed acoustic sensing (DAS) techniques, various types of
wavefields, such as earthquake and ocean waves, have been captured by submarine fiber optic cables. However,
the recording of tsunamis has been limited, as their observation depends on the timing and location of the DAS
experiments. On 8 October 2023, in southern Japan, changes in sea level attributable to tsunamis were detected
by tide gauges. Continuous DAS records in southern Japan have enabled the capture of signals associated with
these tsunamis. The observed signals exhibit frequency-dependent propagation velocities, which correspond to
infragravity waves. These are essentially deep water waves or ocean surface gravity waves, representing the
high-frequency components of tsunamis. Using the DAS records alone, we were able to estimate the time-series
of the tsunami generation at the source location. The features obtained from the time-series were consistent with
those from records of absolute pressure gauges on the seafloor deployed in southwestern Japan. Our findings
demonstrate the utility of DAS records in detecting tsunami propagations and also elucidating excitation
mechanisms of tsunamis.

1. Introduction

With a high density of channels along the cable, the distributed acoustic sensing (DAS) technique can monitor the
horizontal component of strain along the cable direction, which allows us to investigate the spatial variation of
wavefields in detail, including on seafloor telecom cables (Lindsey et al., 2019; Sladen et al., 2019; Williams
et al., 2019). This technique has been widely used in marine geophysics for sensing distances of 50—120 km from
coastlines to investigate seismological subseafloor structures (Cheng et al., 2021; Fukushima et al., 2022; Lior
etal., 2022; Spica et al., 2020; Tonegawa et al., 2022; Viens et al., 2022, 2023), hydroacoustic waves (Matsumoto
etal., 2021), Scholte wave generation (Spica et al., 2022), ocean surface gravity waves (Williams et al., 2019), and
shallow slow earthquakes (Baba et al., 2023). Ocean DAS records were also uploaded to a repository (Spica
et al., 2023) as part of a project that collected DAS data for teleseismic events that occurred in February 2023
(Wuestefeld & Wilks, 2019). Xiao et al. (2024) recently detected tsunami singals; however, DAS observations of
tsunamis are still limited because they occur infrequently and their observations depend on the dates and locations
of DAS experiments.

On 8 October 2023, sea level changes caused by tsunamis were observed in coastal areas in southern Japan, and
repetitive T phases, which are hydroacoustic waves with a propagation velocity of 1.5 km/s (e.g., Ewing &
Worzel, 1948; Williams et al., 2006), were also observed at least 14 times by ocean-bottom instruments deployed
around Japan (Mizutani & Melgar, 2023; Sandanbata et al., 2023). Since October 2, earthquakes with magnitudes
of 4-6 have occurred southwest of the Torishima Island, Japan (Figure 1a), and more than 10 earthquakes with
magnitudes of 4-5 occurred immediately before the tsunami observation on October 8 (Table S1 in Supporting
Information S1). The tsunamis and T phases are considered to have originated near the areas where the seismic
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Figure 1. Maps showing the location of the cable and the propagation time of tsunamis. (a) A map showing the locations of
seismicity near Torishima Island (yellow circles) (from PDE catalog), the assumed source location (red circle), DONET
stations (pale-pink triangles), and the Muroto cable (red line). (b) Contour lines indicate the iso-propagation times of
tsunamis for a period of 100 s. Red and blue lines represent the cable and channels of 200-400 (cable distances of 9.8—
19.6 km), respectively. Red triangles are the stations of MRAO1 and MRBO7, respectively. (c) Water depth along the cable.

activity occurred. This area is 300 km west of the Izu-Bonin Trench (Figure 1a), indicating that the excited
tsunamis are not caused by large earthquakes around the trench, and the earthquake magnitudes are small to
generate tsunamis. Because the epicenters of the seismicity are located in the Izu-Bonin Island arc system, which
contains adequate rift zones and submarine volcanoes (Stern et al., 2003; Taylor et al., 1992), the generation of the
tsunamis is likely related to geophysical phenomena in such arc-related structures.

We are currently acquiring continuous DAS records using a submarine cable deployed off the Cape Muroto in the
southwestern Japan (Figure 1a), around which sea level changes caused by the tsunamis were detected (Mizutani
& Melgar, 2023; Sandanbata et al., 2023). In this study, we explore signals corresponding to the tsunamis using
continuous DAS records. We compare these signals with waveforms captured by nearby ocean bottom seis-
mometers (OBSs) and absolute pressure gauges (APGs), and investigate their characteristics, including the
frequency-dependent phase velocity. Furthemore, we attempt to estimate the energy time function of tsunamis,
that is, the time-series of the tsunami energy generation, using DAS and APG records. Such attempts and
comparisons contribute to validating whether DAS records are useful for the analysis of tsunamis if cables are
deployed without other geophysical instruments. We also discuss possible factors affecting the DAS strain
measurement during the tsunami propagation.

2. Data and Methods
2.1. DAS Data

The Muroto cable is 128 km long (Figure 1) with a water depth of 0-2,500 m. A cable section between 0.35 and
2.14 km is buried 0.5-1.0 m below the seafloor, but the other section is unburied. AP Sensing (model N5200 A)
acquires the DAS data throughout a sensing length of 120 km along the cable with a gauge length of 78.4091 m.
The interrogator measures the differential phase at each channel, and 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). The sampling rates of time and space were decimated from 500 to 100 Hz and from 4.9 to
49 m for the processing in this study, respectively. In addition to the cable data, we use OBS and APG records of a
permanent cabled network deployed off the coast of southwestern Japan (Dense Oceanfloor Network System for
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Figure 2. Waveforms and spectra for OBS, APG, and cable. (a) Waveforms in the vertical velocity and the pressure at MRAO1 at 5-20 mHz, and the APG spectrogram.
Dashed lines correspond to frequency-dependent propagation times for a source location of (29.75°N, 140.15°E) and the origin time of 20:00 (UT). (b) DAS waveforms
at 5-10 mHz. Cable distance 0 is located on land. The amplitudes of each trace are normalized by the root-mean-squared amplitude for a time window of 18:30-19:00
(UT). (c) The DAS waveform at 5-20 mHz and spectrogram at a cable distance of 15.435 km. (d) (top) Red and black lines show DAS spectra for the tsunami part
(21:40-03:40) and ambient noise part (15:00-18:00), which are the median values for cable distances of 12.25-14.7 km. The gray line shows spectra for the tsunami part
at cable distances of 12.25-14.7 km (bottom) Same as the top panel, but for the APG record at MRAO1. For each spectrum, the Parzen window with a width of 2 mHz
was applied for smoothing. Orange dashed lines correspond to 4, 6, and 8 mHz.

Earthquakes and Tsunamis: DONET) (Aoi et al., 2020; Kaneda et al., 2015; Kawaguchi et al., 2015; NIED, 2019,
2023). The seismometers of the DONET are buried 1 m below the seafloor (Nakano et al., 2013).

Figure 2a shows the waveforms of APG and OBS with a bandpass filter of 5-20 mHz, and the APG spectrogram
(MRAOLI, water depth of 1,375 m). The signal frequency range in the APG spectrum is 2-25 mHz (Figure 2d),
which is higher than typical long-period tsunamis caused by large earthquakes. A spindle-shaped waveform and a
dispersive feature observed after 22:00 (UT) indicate that the observed signals correspond to high-frequency
tsunamis (i.e., infragravity waves (IGWs), deep water waves, ocean surface gravity waves). The arrival times
of their long-period components are consistent with the tsunamis observed in the previous studies (Mizutani &
Melgar, 2023; Sandanbata et al., 2023). The DAS waveforms and spectrogram show similar features to the high-
frequency tsunamis observed by the APG and OBS (Figures 2b and 2c).
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Repetitive signals were observed between 19:00 and 21:30 (UT) (4:00-6:30, Oct. 9, JST) in the long-period
vertical component of MRAO1 (Figure 2a), and the timing of each signal calculated using the origin times of
the earthquakes, the distances and the propagation velocity of 1.47 km/s, corresponded to T-phase arrivals.
Similar signals are also discernible in the DAS records (Figure 2c), but not in the APG record of MRAO1
(Figure 2a). Because the dominant frequency of typical T phase is higher than 4 Hz, the reasons for the generation
of such large amplitudes in the long-period components are unclear and are investigated in future studies. We
assume in this study that these signals are T-phase-generated site phenomena (T-SP). Although the T-SP obscure
the onset part of the spindle-shaped waveforms of the high-frequency tsunamis in the DAS and OBS records, they
arrive at ~21:30 in the APG record (Figure 2).

2.2. Propagation Time Calculation of Tsunamis

We calculate the propagation times of IGWs using the method of Tonegawa et al. (2018). For a given angular
frequency @ and water depth (H), the phase velocity of IGWs can be estimated by the dispersion relationship
(Apel, 1987),

w? = gk tanh(kH), (1)

where k is the wave number, and g is the gravitational acceleration. Using bathymetry data (Smith & Sand-
well, 1997) and Equation 1, we assign the phase velocity to each grid (0.02° X 0.02°) within a latitude and
longitude range of (28°N-36°N) and (133°E-143°E), and calculate the ray paths from a source location (29.75°N,
140.15°E) to the channels of the cable based on the phase velocity map. The source location is approximately
determined by the seismicity distribution, and earthquakes on October 8 occurred in the southern part of the
seismicity distribution (Figure 1b) (USGS Preliminary Determination of Epicenters (PDE) catalog, (Sipkin
et al., 2000)). Here, we used a software FMST (Rawlinson & Sambridge, 2004) to calculate the raypath and the
propagation time based on the phase velocity map. Figure 1b shows an example of the propagation times at a
period of 100 s. As we also exploit the envelope waveforms with narrow bandpass filters, we integrate the
propagation time using the group velocity along each raypath that is calculated using the phase velocity
(Tonegawa et al., 2018) (Figure S1 in Supporting Information S1). A narrow-bandpass filter is defined as follows

(Dziewonski et al., 1969),
@ — wy\?
H(w) = exp{—a<—0> }, )
(2]

where @, is the center frequency and « is a parameter for controlling the width of the filter. We used a = 40.

2.3. Frequency-Dependent Phase Velocity Estimation

We measure the phase velocities of the dispersive signals to determine if they correspond to tsunamis. We select
channels of 200-400 (9.8-19.6 km in cable distance), in which coherent signals are clearly traced (Figure 2b). In
this study, records at channels with an increment of 5 within the channel range are used for the subsequent
processing. To measure the phase velocity, the arrival times of the signals and their durations should be roughly
estimated at each frequency. The duration of large amplitudes is approximately 2 hours (Figure 2). The arrival
time of the signals is estimated by both the propagation time based on the group velocity, as explained in the
previous section, and the origin time at 20:00. The origin time is determined manually by time-shifting the
frequency-dependent propagation time curve and roughly fitting it to the onset of the dispersed signals in the APG
spectrogram (bottom panel of Figure 2a). At frequencies where the arrival times are earlier than 22:00, we
measure the phase velocity within 2 hours from 22:00 because the T-SP predominated before 21:30. Within the
2 hours, we set a time window of 600 s with 600 s increments (Figure S2a in Supporting Information S1).

We show an example of the phase velocity estimation for a centered frequency of 0.01 Hz (Figure S2 in Sup-
porting Information S1). Using waveforms with a narrow bandpass filter centered at 0.01 Hz (Figure S2a in
Supporting Information S1), we calculate the cross correlation function (CCF) between the reference waveform at
a channel of 300 and waveforms at other channels of 200-400. An example of the calculated CCFs for one 600-s
segment (blue box in Figure S2a in Supporting Information S1) is shown in Figure S2b in Supporting

TONEGAWA AND ARAKI

4 of 10

85U SUOWILLIOD AIERID 8|qeal|dde au Aq peusenob aJe SajoiLe YO ‘88N Jo Sa|nJ Joj ARid18ulUQO 8|1/, UO (SUOTIPUCD-PUE-SWIS) 0D A8 |IM"Akeq 1 jpul UO//:SdNL) SUONIPUOD PUe SWIB 1 8Y) 89S *[202/90/GZ] Uo Akeiqiauljuo A8|IM ‘¥T280T 19v202/620T 0T/10p/wod A |1m Arelqpuluo'sgndnfe//:sdny wouy pepeojumod ‘TT ‘%202 ‘L0087Y6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL108714

—
)

0.18

—
o
~
2}
o
—
O
~

0.16
0.14
0.12
0.10
0.08
0.06
0.04

Phase velocity (km/s)

1e-07 + 4

1e-08 t+ ?

1e-09 + 4

N
o

OO CO
o o
QO OO

Amplitude

Azimuth difference (deg)
N
o

1e-10

0.00 0.01 0.02
Frequency (Hz)

0
0.03 0.00 0.01 0.02 0.03 DAS MRAO1  MRBO7
Frequency (Hz)

Figure 3. Measurements of properties of tsunami signals. (a) Circles show the measured phase velocities averaged for all of 600-s segments. Blue and red lines are the
observed and theoretical dispersion curves for IGWs, in which the observed one is fitted to the circles. (b) The estimated azimuthal difference between the incoming
direction of the tsunamis and the cable direction. (c) Red and blue circles indicate the pressure-induced length changes and deformation-induced strains using the
maximum pressure amplitudes obtained at MRAO1 and MRBO7, respectively. Black circle shows the strain of tsunamis derived from the DAS measurement.

Information S1. The gradient of the peaks with significant positive amplitudes flowing through a point at a
channel of 300 and a lag time of O s represents the phase velocity of the signal. Using a channel spacing of 49 m,
we applied a slant stack technique at each time step, stacking the CCF amplitudes by changing the phase velocity.
In this case, the phase velocity was estimated as 0.094 km/s (Figure S2c in Supporting Information S1). We repeat
this processing between 6 and 30 mHz with a 1 mHz increment and estimate the standard deviation of the
calculated phase velocity for all segments within 2 hours. We also calculate the theoretical dispersion curve of
IGW propagation using Equation 1 and a water depth of 1,020.5 m which is the averaged water depth for channels
of 200-400. These results are presented in Figure 3a.

2.4. Application for Estimating Energy-Time Function

We attempt to reconstruct the frequency-dependent temporal variations in the tsunami energies excited at the
source location. The source location is fixed at (29.75°N, 140.15°E) as well. The centered frequencies are 6, 8, 10,
14, 18, 22, 26, 30 mHz. For these frequencies, the total propagation times along the ray paths from the source to
the cable are calculated using the group velocity maps. Figures S3a and S3b in Supporting Information S1 show
the DAS records with narrow bandpass filters. The amplitudes of the DAS records are time-shifted to the
excitation (origin) time using the total propagation time at each channel, which results in the vertically aligned
coherent signals (Figures S3c and S3d in Supporting Information S1). The obliquely aligned signals before 20:00
and 21:35 in Figure S3c in Supporting Information S1 and before 19:00 in Figure S3d in Supporting Informa-
tion S1 are T-SP, and these signals are not related to the tsunami generation. The waveforms in the upper panels of
Figures S3c and S3d in Supporting Information S1 are calculated by stacking waveforms at channels of 400—
1,000 (19.6-49 km in cable distance), excluding channels of 600-750 that have no coherent signals, and
represent the energy-time functions. Similarly, we calculated the energy-time functions at each frequency using
APG records from all available DONET stations (water depths ranging from 1,070 to 4,449 m). The amplitudes of
these waveforms are normalized by their RMS amplitudes before stacking.

3. Results and Discussion
3.1. Tsunami Dispersion

The signal frequency range in the DAS spectrum is 625 mHz (Figure 2d). The APG spectrum shows three peaks
at approximately 4, 6, and 8 mHz. Although the 4-mHz peak is comparable to the noise level, the 6- and 8-mHz
peaks can be seen in the DAS spectrum. The spectrograms for the DAS (cable distance of 15.435 km, water depth
of 1,038 m) and APG records (Figure 2a) exhibit large amplitudes that delay with increasing frequency across a
time range of 22:00-03:30 and a frequency band of 5-30 mHz, which indicate that the detected signals show the
dispersion feature. The DAS spectrogram shows the amplitudes up to higher frequencies with a longer duration
than those in the APG spectrogram (Text S1 in Supporting Information S1). The APG spectrogram shows long-
continuing, large amplitudes at 4 mHz, but such signals cannot be identified in the DAS record due to the noise
levels.
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To confirm whether the dispersive signals are tsunamis, we measured their frequency-dependent phase velocities.
The obtained frequency-dependent phase velocities match the theoretical values of IGWs rather than those of long-
wavelength tsunamis (Figure 3a). The observed phase velocities, which are slightly faster than the theoretical ones,
are probably caused by the azimuthal discrepancy (#) between the incoming direction of tsunamis and the cable
direction. When a plane wave with a propagation velocity obliquely impinges to the cable, the apparent velocity
exceeds the propagation velocity (c, = ¢, /cost, where c, and ¢, is the apparent and phase velocities, respectively
(Lior et al., 2021)). Using the phase velocity difference at each frequency, we calculated the azimuthal difference
between the cable and the incoming direction, and obtained azimuthal differences of 10°-30° (Figure 3b). Indeed,
azimuthal differences between the cable directions and theoretically calculated ray paths for 10 mHz result in 0°—
40° at cable distances 0-50 km (Figure S1 in Supporting Information S1). The fact that the tsunami-related signals
were observed at cable distances 0—65 km may be related to the azimuthal difference (6) between the cable direction
and incident azimuth of the tsunamis, because the DAS observation has an amplitude sensitivity of cos*0 (Kuv-
shinov. 2016; Mateeva et al., 2014). When tsunamis approach to shallow water depths, their propagation speeds are
decelerated and the wavefront tends to be normal to coastlines. This indicates that tsunamis are possibly captured by
DAS when submarine cables are installed perpendicular to the dipping direction of the seafloor topography.

3.2. Energy-Time Function

Figures 4 and S4 in Supporting Information S1 depict the estimated energy-time functions from the DAS and
APG records. The amplitudes of each trace are normalized by their own RMS amplitudes. The highest peaks
emerge between 21:00 and 21:30 at frequencies lower than 8 mHz, except for 6 mHz, while the largest peaks are
identified at approximately 21:00 at frequencies higher than 14 mHz. In addition to those, distinct peaks appear at
approximately 20:00 at frequencies higher than 14 mHz. This indicates that the energy of the excited tsunamis is
shifted from high to low frequencies with time (Figures 4a and 4b). These features can be clearly recognized in
both the APG and DAS records.

To interpret the obtained energy-time function for the tsunamis, we also construct similar energy-time functions
of the repetitive T phases using high-frequency components of the OBSs. Figure 4c shows the normalized am-
plitudes of the envelope waveforms for the vertical component of the OBS with a bandpass filter of 3040 Hz at
MRADOI (Figure 4c). The distinct peaks correspond to the individual T phase events, and the waveform is time-
shifted to the origin time using a propagation velocity of 1.47 km/s. Because the dominant frequency of T phases
from earthquakes is typically 4-15 Hz, T phases with frequencies higher than 20 Hz and an impulsive peak are
possibly associated with explosive eruption of submarine volcanic activities (Hammond & Walker, 1991).
Sufficient high frequency components of the T phases as well as their sharp onsets detected in these events (right
panel of Figure 4c) suggest that the T phases are triggered by submarine volcanic activities. A relatively large
peak is excited at 20:00, then subsequent peak amplitudes tend to decrease until 21:00, while large peaks are again
recorded at 21:00-21:30. The temporal variations in these peak amplitudes indicate that the submarine volcanic
events started with small-sized eruptions and progressed to large-sized eruptions (Sandanbata et al., 2023).

The three peaks in the energy-time functions for the tsunamis are considered to be generated by either a single or
multiple events that are identified by T phase peaks. Although it is unclear whether volcanic explosions are
directly related to the tsunami generations, it is possible that smaller-sized volcanic activities generate a high-
frequency tsunami peak at an earlier stage (20:00), and middle-frequency and low-frequency tsunami peaks
are generated with increasing the volcanic-activity sizes at later stages (21:00-21:30). The earlier stage around
20:00 is consistent with the origin time estimated by fitting the frequency-dependent propagation time curve with
dispersive signals (Figure 2a).

We obtained the resembling characteristics of the large tsunami peaks in the frequency-dependent energy-time
functions between DAS and APG records, which suggests that DAS experiments alone can be used for not
only tsunami detection but also elucidating the tsunami generation at the source location. Our study indicates that
DAS records may be useful for complementing offshore tsunami information, particularly in the regions where
other geophysical instruments are not available.

3.3. Strain Estimation

To estimate sea level changes using DAS records, it is necessary to understand what factors affect the DAS strain
measurement. DAS potentially measures the strain originated from (I) the pressure variation of high-frequency
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Figure 4. Energy-time functions estimated using DAS and APG records. (a) Stacked energy-time functions at each center frequency. The amplitudes of each trace are
normalized by its RMS amplitude. Crosses indicate peaks that are produced by T-phase-generated site phenomena. Red and pale blue circles show possible peaks for
later and earlier stages, respectively. (b) Same as panel (a), but for APG records observed at DONET. (c) The left panel shows the envelope waveform in the vertical
component with a bandpass filter of 30—40 Hz at MRAO1. Peaks correspond to repetitive T phases. The right panel shows the zoomed-up envelope waveform of the left
panel.

tsunamis applied to the cable (pressure-induced length change of the fiber) (II) the seafloor deformation due to the
tsunami pressure variation (deformation-induced strain), and (III) the temperature variation along cables (Figure
S5 in Supporting Information S1). Although long-period components in the horizontal component of OBS
typically incorporate not only the displacement but also tilt at the seafloor (Araki et al., 2004; Bell et al., 2015),
DAS does not measure tilt. Here, long period components of DAS records, particularly tidal frequencies, are
sensitive to temperature fluctuations along cables (Ide et al., 2021; Williams et al., 2022, 2023), and we do not
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consider such effects in the frequency range of high-frequency tsunamis. It may be necessary to investigate the
frequency dependence of the temperature effects to the strain of DAS measurements in future studies.

We roughly estimated the degrees of both (I) the pressure-induced length change and (II) the deformation-induced
strain at a period range of 50-200 s, and compare the two components to the strain observed by DAS (Figure 3c).
We refer to the approach of Kuvshinov (2016) for (I), and the idea of the horizontal compliance of Craw-
ford (2004) for (II) (see details in Text S2 in Supporting Information S1). The obtained pressure-induced length
changes are ranged between 4.17e—9 and 2.25e—8, and the obtained deformation-induced strains are between
6.79¢—9 and 2.04e—8. Moreover, from the DAS records with the slant stacking technique, we obtained a strain
due to the tsunamis of 1.11e—8 + 8.34e—9. This value is comparable to both the pressure-induced length changes
and the deformation-induced strains (Figure 3c), and the summation of the two types of the changes is comparable
to or possibly exceeds the observed strain. This is probably caused by the ambiguities of the two estimated
changes. Our results suggest that the two types of the changes may be incorporated comparably when submarine
DAS experiments measure tsunami propagations, and that, if accurate information on cables and subseafloor
structures are obtained, sea level heights of high-frequency tsunamis can be obtained from DAS records. Here, the
above estimations are based on the first order assumption, because seafloor cables may have complicated internal
structures. In such cases, more cable-specific treatments may be useful.

4. Conclusions

We recorded high-frequency tsunamis (0.006-0.03 Hz) using DAS off the Cape Muroto, Japan. The dispersion
feature of the tsunamis is consistent with that of IGWs, indicating that the observed signal corresponds to high-
frequency tsunamis. As an application of the DAS measurement, we constructed the energy-time function of the
tsunamis at the source location, which yielded waveforms comparable to those using APG records.

Future studies focus on (a) DAS observations of large tsunamis with low frequency components excited by
earthquakes, (b) deployments of other geophysical instruments along the cable for low-frequency tsunami ob-
servations, and (c) their comparisons in terms of the amplitude difference and phase delay. Addressing such issues
contribute to conducting DAS experiments for tsunami observations in regions with less other geophysical
instrumentation.
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