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Abstract

Distributed acoustic sensing (DAS) is being explored in a variety of environments as a
promising technology for the recording of seismic signals in dense array configurations.
There is a particular interest for deploying DAS arrays on the ocean floor, presenting
formidable challenges for conventional seismology. Taking advantage of the availabil-
ity of a dark fiber on the Monterey Bay Accelerated Research System (MARS) 52 km

offshore cable at Monterey Bay, California, in July 2022, we installed a DAS interrogator
at the shore end of the cable with the intention of acquiring continuous data for a
period of one year. Here, we describe the experiment and present examples of obser-

vations over the first six months of the deployment.

Introduction

Distributed acoustic sensing (DAS) is an emerging geophysi-
cal technology that provides axial strain measurements along
fiber-optic cables by sensing optoelectronic signals (Zhan,
2020; Lindsey and Martin, 2021), turning any pre-existing
cable into a dense array of one-component broadband strain
sensors with meter-scale resolution in a relatively affordable
way. DAS was developed by the oil and gas industry
(Farhadiroushan et al., 2009; Daley et al., 2013) and more
recently has been used on land for global- and crustal-scale
seismology (e.g., Lindsey et al., 2017; Jousset et al., 2018;
Lellouch et al, 2019; Ajo-Franklin et al., 2019; Yu et al,
2019). Recently, it has started to be deployed in the marine
environment. Most permanent broadband seismic stations
are installed on land, given the difficult logistics and higher
cost of ocean deployment and despite the many efforts in the
last 40 yr to deploy seismic observatories in the oceans (H20,
ION, OSN... Le Pichon, 1987; Purdy and Dziewonski, 1988;
Forsyth et al, 1995; Montagner and Lancelot, 1995; Collins
et al., 2001; Suyehiro et al., 2006), including cabled observatories
(e.g., Kawaguchi et al., 2007; Barnes et al., 2008; Kanazawa, 2013;
Smith et al, 2018; S-net, ALOHA) and recent efforts at floating
arrays of hydrophones (e.g., Sukhovich et al, 2015) and large
aperture seafloor broadband seismic arrays (e.g., PacificArray,
Kawakatsu et al, 2019). Although there are still many issues
with DAS instrumentation, such as the cost of the instrument,
single component recording, and poor characterization of the
instrument response, DAS provides a complementary and
potentially unprecedented opportunity to instrument the
oceans, which cover more than 70% of the Earth’s surface, using
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existing submarine cables and filling gaps in seismic observa-
tions offshore.

DAS deployments are flourishing on land, providing valu-
able information on signal resolution, background noise,
instrument response, and calibration under various installa-
tion conditions (Wang et al., 2018; Lindsey et al., 2020; Paitz
et al., 2021; Muir and Zhan, 2022). Recent DAS studies
on submarine cables demonstrate promising data fidelity
showing detections of local and teleseismic events, as well
as microseisms, infragravity waves, and other oceanic signals
spanning a broad frequency range (Lindsey et al, 2019;
Sladen et al., 2019; Williams et al., 2019; Lior et al, 2021).
However, most of the experiments are short term (lasting a
few days to a few weeks) and lack systematic assessment of
the instrument response; background noise and its seasonal
variations; and, more generally, instrument capability. Here,
we describe and illustrate data from an on-going DAS experi-
ment on the Monterey Bay Accelerated Research System
(MARS) cable in Monterey Bay, California, that has been
deployed for a duration of one yr, starting on 21 July 2022.

www.srl-online.org

1. Berkeley Seismological Laboratory, University of California, Berkeley, California,
U.S.A., @ https://orcid.org/0000-0002-6208-6044 (BR); @ https://orcid.org/0000-
0003-4293-9772 (RA); ( https://orcid.org/0000-0002-9403-4505 (L-WC);  https:/
orcid.org/0000-0001-6313-0564 (YG); ( https://orcid.org/0000-0002-6170-797X
(TT); 2. Monterey Bay Aquarium Research Institute, Moss Landing, California, U.S.A.

*Corresponding author: barbarar@berkeley.edu

© Seismological Society of America

Volume 94 « Number 5 « September 2023


https://orcid.org/0000-0002-6208-6044
https://orcid.org/0000-0003-4293-9772
https://orcid.org/0000-0002-9403-4505
https://orcid.org/0000-0001-6313-0564
https://orcid.org/0000-0002-6170-797X
https://doi.org/10.1785/0220230047
https://orcid.org/0000-0002-6208-6044
https://orcid.org/0000-0002-6208-6044
https://orcid.org/0000-0003-4293-9772
https://orcid.org/0000-0003-4293-9772
https://orcid.org/0000-0002-9403-4505
https://orcid.org/0000-0001-6313-0564
https://orcid.org/0000-0001-6313-0564
https://orcid.org/0000-0002-6170-797X

-121.6°

-121.8°

-122.4° -122.2° -122.0°

m

-3000 2000

-2000 -1000 0

Elevation (m)

1000

Experimental Setup

The MARS node is located offshore on the west side of the
North America-Pacific plate boundary in a seismically active
region (Fig. 1). The 52-km-long MARS cable crosses the
mostly offshore San Gregorio fault, which is believed to have
experienced a magnitude 7+ earthquake after A.D. 1270
(Simpson et al., 1997) and several other poorly documented
faults. The 1989 M; 6.9 Loma Prieta earthquake occurred just
north of Monterey Bay. A seafloor very broadband seismic sta-
tion, MOBB (Romanowicz et al., 2003) was deployed 1.5 km
from the MARS node, collecting continuous three-component
data until 2014 (in real time from 2009 to 2014; Romanowicz
et al., 2009), demonstrating the benefit of offshore stations for
the Berkeley Digital Seismic Network (BDSN) earthquake
monitoring activities. Although MOBB is not currently opera-
tional, its archived data may be valuable as reference for DAS
observations.

Taking advantage of a four-day window during the annual
MARS node and cable maintenance in 2018, Lindsey et al.
(2019) installed a DAS interrogator in the MARS shore
terminus station, connected it to a single-mode dark fiber
inside the MARS cable, while the MARS cabled observatory
was unplugged and collected 3.5 TB of DAS data over a
20 km span of the cable. This experiment demonstrated the
technical feasibility and intellectual potential of a longer
seafloor DAS experiment along the MARS cable. Such an
experiment has now been made possible by funding from
the National Science Foundation and the availability of a dark
fiber on MARS. The goal of the seafloor fiber-optic array in
Monterey Bay (SeaFOAM) is to continuously monitor
Volume 94 .
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Figure 1. (a) The location of the Monterey Bay Accelerated
Research System (MARS) cable in Monterey Bay, California. The
distributed acoustic sensing (DAS) recording extends from the
shore station at MBARI to the MARS node, for a distance of
52 km, ranging from very shallow water to water depths in
excess of 850 m. Known offshore faults are indicated. The
location of NOAA buoy 46042 and of the three-component very
broadband buried MOBB seismic station is also shown,
~1500 m south of the MARS node, at a water depth of 1000 m.
Continuous three-component broadband data acquired at
MOBB from 2003 to 2016 on a CMG-3T instrument are
available through the Northern California Earthquake Data
Center (NCEDC). (b) Water depth profile along the cable
(broken line), showing the location of the steep cliff at a dis-
tance of 37 km from shore. The maximum noise power spectral
density (PSD; Julian day 2022.256) in the 1-100 s frequency
band is also shown, color coded by the type of soil in which the
cable resides. Note that 87% of the cable is buried beneath the
seafloor, except over the cliff. The water depth effect dominates
the PSD level. Inset shows the location of the map in panel (a) in
California.

microseismicity, regional or teleseismic earthquakes, ocean
currents and waves, and ambient seismic noise, as well as
marine mammals like whales or dolphins during a time span
of one year. This project also aims to explore the capability of
fiber-optic sensing on the ocean floor with data collection in
real time.

An Optasense DAS interrogator (model QuantX) was con-
nected to a dark fiber on the 52 km MARS cable Bay, in
Monterey Bay, California (Fig. 1). Recording started on 21
July 2022. Data are acquired continuously at a sampling rate

Seismological Research Letters 2349
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of 200 Hz from 10,245 channels with 5.1 m spacing along the
entire length of the cable. After some experimenting, we
chose a gauge length of 20.4 m. The corresponding daily
DAS archived data volumes average ~360 GB (in HDF5 for-
mat). The total volume of data to be archived over the one
year deployment is estimated at 130 TB. We have developed
a workflow for processing the data in real time. Raw data
(“Level 0”) are stored on a RAID-6 array of disks at
Monterey Bay Aquarium Research Institute (MBARI),
whereas spatially decimated data with 200 m spacing
(“Level 17) and 100 Hz sampling rate are streamed back
the Northern California Earthquake Data Center at the
Berkeley Seismological Laboratory for real-time earthquake
monitoring activities.

At the time this article was submitted, we have recorded
209 days of data, allowing us to start exploring the capabilities
and limitations of the system. More than 100 local and teleseis-
mic events have been detected, including the 25 October 2022
M, 5.1 earthquake that was widely felt in the San Francisco Bay
area. The smallest detected event is a local My 2.0 earthquake.
This was obtained by estimating the arrival times of P waves on
the DAS for earthquakes in the U.S. Geological Survey
catalog and matching them to peaks in the data using an empiri-
cal P-wave velocity in the region of 5.60 km/s. This average
apparent P-wave velocity was estimated from the analysis of
all My 4+ events recorded on the nearby very broadband ocean
bottom station MOBB (Fig. 1; Romanowicz et al., 2003, 2009),
within a radius of 100 km of MOBB. A more sophisticated
approach to detect local earthquakes on SeaFOAM, potentially
complementing the existing catalog, is currently being
developed.

Data Clipping
DAS data clipping and the resulting cycle skipping is a
common issue resulting from abrupt phase shifts during

2350 Seismological Research Letters

Downloaded from http://pubs.geoscienceworld.org/ssalsrl/article-pdf/94/5/2348/5945537/srl-2023047 .1.pdf
bv Stanford lniversitv user

www.srl-online.org

Period (s) Distance (km)

Figure 2. Power spectral density (PSD) of strain rate for every
fifth recorded DAS channel on the MARS cable for (a) a quiet
day (2022.256) and (b) a stormy day (2023.004). The

colors represent the water depth for each channel. The corre-
sponding distance to the shoreline is also indicated on the color
bar (red). At all periods, the PSD in shallow water depth
(bluish) is higher than in deep water (reddish). The PSD is
dominated by ocean surface gravity waves (OSGW) at shallow
water depths and by secondary microseisms in deep water and
its spectral content changes. Overall spectral energy is higher on
a stormy day.

intense ground motion, such as that caused by nearby
seismic activity, but not only. However, when first analyzing
data, we observed frequent wrapping of the signal phase in
random isolated channels in the absence of significant ground
shaking. We think this may be attributed to baseline drift
caused by instrumental issues that cause amplitude overflow.
We have been able to successfully correct for this cycle
skipping automatically; our approach is described in
Figure Al.

Background Noise
The depth of water varies significantly along the 52 km of the
cable (Fig. 1). For the first ~35 km (distance along the cable
from shore), the cable is buried at very shallow water depth
(<150 m). It then drops ~150 m over a steep cliff and continues
on a smooth ridge, reaching a depth of water of 850 m at the
MARS node (e.g., Kuhnz et al., 2020). The cable is buried along
almost its entire length, except where it is hanging over the
cliff. The character of the background noise varies accordingly
with much higher noise in shallow water (Fig. 2). Interestingly,
the power spectral density (PSD) is dominated by noise in the
ocean surface gravity waveband (OSGW; e.g., Guerin et al.,
2022; Williams et al., 2022) at shallow depths (Fig. 2). At larger
Number 5
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water depths, this is gradually reduced to lower amplitudes and
a narrower frequency band, likely caused by hydrodynamic fil-
tering. Over the last 15 km of the cable, which corresponds to
depths of water >600 m, the dominant noise is in the secondary
microseism band. This is also clearly visible in Figure 3 in
which spectrograms are compared for a shallow and a deep
channel for the same time period.

Automatic spike detection algorithm and
real-time data processing
To help us sort through the large amount of data generated
on the DAS and extract events of interest (not only
earthquakes), we first designed a simple automatic spike
detector. We use the volume size of the raw 1 min com-
pressed HDF5 files containing all of the “level 0” data and
applying a spike detection scheme, which is very fast
(Fig. 4). The detected spikes (dark inverted triangles) corre-
spond to seismic events and other sudden disturbances that
result in an increased volume of recorded data. Although this
spike detector only has 1 min temporal resolution and likely
misses some small local earthquakes at magnitudes lower
than M| 2, it provides a convenient means for identifying
larger events of interest (seismic or other) for further analy-
sis. Subsequently, we illustrate some of the events thus
detected, which include strong ocean currents, T phases from
distant earthquakes, human activities, and vocalizations of
whales and such. Only ~82 of the ~476 registered spike
detections in the first six months were identified as
earthquakes.

In parallel, a pipeline was developed to process Level 1 data
in real time. The main program reads the 256 channel 100
samples/s Level 1 CBT30 formatted DAS data from a port
on the remote acquisition machine and streams them in
real time to our processing center on the Berkeley campus.
A subset of the channels are converted to Earthworm
(Johnson et al., 1995) Tracebuf2 packets that are inserted into
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Figure 3. Spectrograms for DAS channels at different distances
from shore: (a) 25 km and (b) 45 km using the same color scale.
The black lines indicate days with missing data: the interrogator
swap on day 265 and the OPTASENSE license renewal on day
334. (a) The ocean surface gravity waves (OSGW) consistently
dominate (range 0.05-0.15 Hz), and we observe many dispersed
swell arrivals (dashed boxes), excited by distant storms (e.g.,
Dolenc et al., 2005). (b) Here, secondary microseisms can be
observed in the frequency range 0.2-0.4 Hz. The narrow
broadband peak observed on day 298 corresponds to a local
M,, 5 earthquake, whereas on day 262, an M,, 7.6 teleseismic
event occurred in Mexico. The interrogator swap on day 263
resulted in a slight decrease of noise, most notable around
20-30 s period. The infragravity wave energy level (in the
frequency band at 0.01-0.06 Hz) gradually increases after day
290 because of the onset of winter stormy weather.

an Earthworm memory ring. This makes them available for
inclusion in many real-time processing applications, includ-
ing the ShakeAlert earthquake early warning (EEW) system
(Kohler et al., 2020). Currently, these channels are being
processed by an instance of the Earthquake Point-source
Integrated Code (EPIC) (formally known an ElarmS$;
Chung et al., 2019) EEW waveform processor that has been
configured with an appropriate filter band and short-term
average to long-term average level to detect triggers. These
triggers are forwarded to an EPIC event associator in which
they are used along with triggers from other seismic stations
to detect local earthquakes. These instances of EPIC are for
research purposes and not part of the public alerting system
today. To date, this real-time EPIC has associated DAS trig-
gers with five events with magnitudes M 3.1-3.9 and distan-
ces of 27-90 km. In a waveform replay of the data from the 20
December 2022 M; 6.4 Ferndale event, EPIC also associated
DAS triggers with the event at a distance of 467 km. This
analysis is very preliminary.

Seismological Research Letters 2351
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Examples of detected events

In Figures 5-7, we present examples of different types of events
observed on SeaFOAM so far. Figure 5a shows the record section
of a small M; 2.7 local earthquake on the San Andreas fault with
clear P and S detections up to 20 Hz frequency. A comparison
of the strain record at channel 9000 (at large water depth) with
a nearby onshore shows comparable signal-to-noise ratio
(Fig. 5b,c). Figure 6 shows the record section for the 19
September 2022 M,, 7.6 Mexico earthquake, filtered to highlight
surface waves, well recorded along the entire cable, as well as a
comparison of the strain record at channel 9000 and the corre-
sponding velocity record at BDSN station FORD, for this event.
In Figure 7, we present a record section, high-pass filtered at
2 Hz, showing the T phase generated by the 4 September
2022 M,, 6.2 south Pacific earthquake, visible in parts of the
cable corresponding to water depths >400 m, which sense the
SOFAR channel. In fact, T phases are consistently observed
on the deeper part of the cable, from large earthquakes in the
south and southwest Pacific as illustrated in Figure 8. The cor-
responding great circle paths arrive on the cable with favorable
backazimuths for detecting axial strain from these acoustic
waves. Figure 9 shows the detection on 28 September 2022 of
one or several high-frequency source(s), which generate
Scholte waves propagating along the seafloor interface. The fre-
quency is too low for whale calls. The origin of these signals is yet
unknown, but probably, they are caused by local impacts on the
seafloor, such as fishing activities such as trawling or the use of
heavy fishing gear such as bottom-set longlines, traps, and nets.
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Figure 4. Example of automatic event detection around the
time of the 25 October 2022 M,, 5 San Jose earthquake. The
mainshock produced a very large spike, and some aftershocks are
also visible. The largest spike before the San Jose earthquake
corresponds to a nearby M,, 4 earthquake that occurred on

1 September 2022, 5 km east-northeast of Pinnacles, California.
The detection works as follows: we first process the data sampled
at 1 sample/min and remove long wavelength fluctuations. We
then compute the average amplitude and standard deviation for
each 100 min moving window. If the amplitude of any point
exceeds 3.6 standard deviation on top of the average within each
window, the data point is identified as a spike.

Observations of winter storms
As seen in the comparison of PSD on a quiet and stormy day
in Figure 2, the DAS records contain rich information about
the effects of storms on the background noise at the seafloor.
A series of large storms hit the California coast from the West
in late December 2022 and January 2023. Figure 10a shows
a spectrogram recorded at a deep water DAS channel for
the time period 28 December 2022-23 January 2023 in which
the onset of the storm that started on 23 December 2022
is clearly visible in the increased level of noise both in the
microseism band (1-10 s period) and in the infragravity wave-
band (30-100 s period). The filtered DAS record around
0.02 Hz (50 s period) in Figure 10b, whereas spectral wave
density (SWD) and significant wave height, SWH, at nearby
NOAA buoy 46,042 are shown in Figure 10c,d, respectively.
Number 5
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Figure 5. (a) Example of recording of a small local earthquake: the land station FORD (location indicated by a square in inset) and

12 November 2022 M, 2.7 earthquake on the San Andreas fault. corresponding spectrogram in units of ground velocity. The

(b) DAS record section in units of strain of all the 10,245 channels horizontal components have been rotated into the cable azimuth
after high-pass filtering at 2 Hz. The inset shows the location of at channel number 500. The insets in panels (b) and (c) show the
the epicenter with respect to the cable. The cable position origin Monterey Bay coastline, the location of the cable in the Bay, the
(0 km) is at the shoreline. P and S arrivals are clearly seen. Note event location (open circle), and the location of the DAS channel
that clear P- and S-wave arrivals can be observed up to 20 Hz. presented in (b) and of the station presented in (c) (black

DAS recording at channel number 500 and corresponding

spectrogram in units of strain. (c) Broadband seismic record at on electronic edition.
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Figure 6. (a) DAS recordings (in units of strain) of the 19 September
2022 M,,, 7.6 Mexico earthquake for channels 8,000-10,245 after
band-pass filtering between 0.01 and 0.5 Hz. (b) DAS recording of
the Mexico event shown in Figure 7 at channel number 9000
(cable distance 45 km and water depth 564.65 m) in units of strain
and corresponding spectrogram. (c) Seismogram recorded at on
land Berkeley Digital Seismic Network (BDSN) station FORD in units
of velocity rotated into cable azimuth at the on land station FORD
and corresponding spectrogram. Note the well-matched recording
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of fundamental mode and overtone surface wave energy. In
panels (b) and (c), we have indicated the predicted arrival times of
Pand S waves, computed in the Preliminary Reference Earth model
(PREM) (Dziewonski and Anderson, 1981). The insets in panels (b)
and (c) show the Monterey Bay coastline, the location of the cable
in the Bay, the event location (open circle), and the location of the
DAS channel presented in (b) and of the station presented in (c)
(black squares). The color version of this figure is available only in
the electronic edition.
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Figure 7. (a) DAS recordings (in units of strain) of the 4 September shows the spectrogram corresponding to panel (b). The inset

2022 M 6.2 Southern East Pacific Rise earthquake (epicentral map in panel (a) shows the great circle path from the event (open
distance = 10,291 km) for all the 10,245 channels after high-pass circle) to the DAS cable (black square). The inset in panel (b) is a
filtering at 2 Hz. (b) The DAS observations and spectrogram at the blow up of the map in panel (a) showing the location of channel
location of channel number 8000 (cable distance 40 km and 8000 on the DAS cable and a portion of the great circle path
water depth 368.16 m). The T waves travel with an apparent between the event and channel 8000. The color version of this
velocity of 1.5 km/s along the cable, which is consistent with the figure is available only in the electronic edition.
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Figure 8. DAS recordings at the location of channel number 8500 circle paths from the epicenters (open circles) to the MARS cable

(depth of water = 452.52) of multiple M| 5.8-7.3 teleseismic shown in a global map in the inset, and in zoomed view around
events aligned by epicentral distance. The triangles mark the Monterey Bay on the right. Note that T waves are observed
apparent velocity range of 1.45-1.52 km/s, which is consistent mostly for earthquakes in the southwest Pacific.

with a propagation path entirely in the water along the great
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The DAS clearly tracks the fluctuations in the storm energy
as recorded in the buoy data. Interestingly, the double-
frequency microseismic noise maximum period fluctuates
in time and closely tracks the longest period in the SWD rec-
ord. Investigating the relationship in time, frequency, and
amplitude of the strain records along the cable in the micro-
seismic and infragravity wavebands with those of the causative
storms may lead to improved understanding on the generation
of the former in this near-coast environment (e.g., Smit
et al., 2018).

Conclusions and Future Plans

The location of the MARS cable on the seafloor provides a
great opportunity to investigate the coupling mechanisms
between ocean waves and the seafloor temporally and spatially
using seafloor DAS. We observe OSGW and secondary micro-
seisms, infragravity waves, dispersed swell arrivals, and instru-
mental noise. We also observe several seismic events, including
regional, teleseismic earthquakes, and T waves from teleseismic
events, as well as some yet unidentified signals that may origi-
nate from marine mammals.

In addition to these observations, which we continue to
investigate, the submarine DAS deployment could be valuable
for enhancing earthquake monitoring efforts, including EEW
for offshore events. EEW is powered by rapid earthquake source
parameter estimation algorithms, which require seismic sensors
near to the epicenters. Harnessing seismic observations from
offshore fibers could facilitate and improve EEW systems
around the globe (Allen and Melgar, 2019), including the
ShakeAlert EEW system in the United States (Kohler et al.,
2020). One of our goals is to fully integrate the Level 1 DAS
data into the real-time seismic monitoring system in northern
California, including the EEW system. We are currently devel-
oping earthquake detection algorithms based on DAS data,
including seismic phase picking, earthquake location, and mag-
nitude estimation.

2356 Seismological Research Letters

Downloaded from http://pubs.geoscienceworld.org/ssalsrl/article-pdf/94/5/2348/5945537/srl-2023047 .1.pdf
bv Stanford lniversitv user

Strain

1x107°

90.0 95.0 100.0 105.0 110.0 115.0 120.0 125.0 130.0

www.srl-online.org

1.5 -180

Strain

-185

=190

SD (dB)

00 (C) 195 3

=200

|
=
1=}

—205

Frequency (Hz)

-15

60 80 100 120 140 160
Time (s)

Figure 9. (a) DAS recordings (in units of strain) of a series of events
on 28 September 2022 for the 8500-9500 channels after
high-pass filtering at 2 Hz that correspond to unidentified
sources. (b,c) The dashed boxes highlight the DAS observation
and spectrogram at the location of channel number 9000 (cable
distance 45 km and water depth 564.65 m). The seismic energy
asymmetrically propagates outward with an apparent velocity of
200-300 m/s which likely corresponds to fundamental-mode
Scholte waves. The color version of this figure is available only in
the electronic edition.

Data and Resources

Figures were drawn using PyGMT available at https://www.pygmt
.org/v0.4.0 (last accessed May 2023), a wrapper around Generic
Mapping Tools version 6 (GMT6; Wessel et al., 2019). All data shown
in this article are from the distributed acoustic sensing (DAS) deploy-
ment it describes.
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Figure 10. (a) Spectrogram of the DAS recording at channel interval. A storm began around 2022.357 as seen in the increase
10,020 (800 m water depth and 51.1 km along the cable) for in SWD and SWH at that time, correlated with an increase in
Julian day 2022.352-2023.023. (b) Strain rate record, narrow- noise on the DAS recording both in the microseismic band and in
pass filtered at ~0.02 Hz for the same time interval. (c) Spectral the infragravity waveband (0.01-0.03 Hz). The persistent noise
wave density (SWD) and (d) significant wave height (SWH) data oscillating around 500 s period is of instrumental origin, likely
recorded at NOAA buoy 46,042 (Fig. 1) for the same time generated by activity at the MARS node.
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