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Abstract The novel technique of distributed acoustic sensing (DAS) holds great potential for
underwater seismology by transforming standard telecommunication cables, such as those currently
traversing various regions of the world’s oceans, into dense arrays of seismo-acoustic sensors. To harness
these measurements for seismic monitoring, the ability to record transient ground deformations is
investigated by analyzing ambient noise, earthquakes, and their associated phase velocities, on DAS
records from three dark fibers in the Mediterranean Sea. Recording quality varies dramatically along the
fibers and is strongly correlated with the bathymetry and the apparent phase velocities of recorded waves.
Apparent velocities are determined for several well-recorded earthquakes and used to convert DAS S-wave
strain spectra to ground motion spectra. Excellent agreement is found between the spectra of nearby
underwater and on-land seismometers and DAS converted spectra, when the latter are corrected for site
effects. Apparent velocities greatly affect the ability to detect seismic deformations: for the same ground
motions, slower waves induce higher strains and thus are more favorably detected than fast waves. The
effect of apparent velocity on the ability to detect seismic phases, quantified by expected signal-to-noise
ratios, is investigated by comparing signal amplitudes predicted by an earthquake model to recorded
noise levels. DAS detection capabilities on underwater fibers are found to be similar to those of nearby
broadband sensors, and superior to those of on-land fiber segments, owing to lower velocities at the
ocean-bottom. The results demonstrate the great potential of underwater DAS for seismic monitoring and
earthquake early warning.

1. Introduction

To date, most observational earthquake research relies on ground motions recorded by seismometers. These
instruments are typically installed in proximity to active faults, as the most valuable observations are those
obtained very close to earthquake epicenters: they provide the most coherent view of source processes and
allow for early detection of large earthquakes and monitoring of small ones. However, there is a severe ob-
servational gap: the vast majority of seismometers are located on-land, while the largest earthquakes, and
most tsunami generating earthquakes, occur underwater. Existing technologies to overcome this observa-
tional gap, e.g., ocean-bottom seismometers (OBS), are very costly and thus not widely implemented. The
lacking ocean-bottom monitoring hinders the ability to conduct underwater seismological research. This
is especially critical for hazard mitigation tasks such as providing earthquake early warning (EEW) (e.g.,
Allen & Melgar, 2019; Lior & Ziv, 2020; Vallée et al., 2017) for underwater earthquakes, since precious time
is lost waiting for seismic signals to reach on-land stations. Filling this underwater observational gap will
greatly benefit hazard mitigation capabilities and constitute a major step forward in seismological research.

In recent years, the innovative approach of distributed acoustic sensing (DAS) is being used for many seis-
mological tasks (Zhan, 2019, and reference therein). This novel array based seismic measurement technique
produces strain (or strain-rate) measurements every few meters along tens-of-kilometers long fibers. Since
DAS is mostly sensitive to deformation along optical fibers, i.e., extension and compression (e.g., Ajo-Frank-
lin et al., 2019; Kuvshinov, 2016; Mateeva et al., 2014; Papp et al., 2017; Yu et al., 2018), only single com-
ponent measurements are obtained, oriented along the fiber. Previous studies demonstrate the broadband
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response of DAS by comparing DAS and co-located broadband seismometers (Jousset et al., 2018; Lindsey
et al., 2020; Paitz et al., 2020). These studies show that reliable deformation measurements can be obtained
for both low (e.g., ambient noise, large earthquakes) and high (e.g., active sources, small earthquakes) fre-
quency signals.

DAS enables the measurement of transient ground deformations along standard optical fibers such as those
inside the telecommunication cables currently traversing various regions of the world’s oceans. Implement-
ing DAS technology on available underwater fibers has great potential to fill the underwater observational
gap. The ability to record and analyze earthquakes using underwater DAS has been recently demonstrated
(Lindsey et al., 2019; Sladen et al., 2019; Williams et al., 2019), but is yet to be fully realized. To reliably
harness this technique for earthquake monitoring, the nature of underwater DAS measurements needs to
be better understood.

In a previous study, Sladen et al. (2019) used an underwater optical fiber offshore Toulon, South of France,
and showed that uneven cable-ground coupling and water-Earth interactions significantly affect the sen-
sitivity to ground motions thus limiting the reliability of earthquake monitoring on underwater telecom-
munication fibers. Because these underwater cables were installed for the sole purpose of power and data
transmission between two points in space, the mechanical coupling between the cable and the ocean-bot-
tom is not uniform along the fiber. This reduces the cable’s recording quality to a point that the coupling
of several cable segments is insufficient for seismic measurements. The studies by Lindsey et al. (2019)
and Willams et al. (2019) relied on seafloor buried cables, which reduced many of these problems. Cable
sections deployed at shallow depths are frequently buried to avoid fishing/trawling or prevent damage to
biological systems. However, such buried segments are just a small fraction of the global network of sea-
floor cables. Sladen et al. (2019) also found that underwater DAS earthquake recordings are dominated by
Scholte-waves, indicating that acoustic and seismic waves are converted and scattered at the ocean—sol-
id-earth interface. Moreover, interactions between the water-column and solid-earth generate several noise
sources, i.e., surface gravity waves and microseisms, which constitute coherent noise that could affect earth-
quake monitoring with underwater DAS measurements.

Fully unlocking the potential of underwater DAS will facilitate the use of optical fibers as next-generation
dense seismic networks, overcoming the disadvantages of discrete, mainly on-land, seismic sensors, thus
filling a vast observational gap. A significant first step, is to understand and quantify earthquake detec-
tion and measurement abilities and set detection thresholds by characterizing measured noise, seismic
signals, and their relation to ground motions. To this end, underwater DAS noise and seismic signals are
analyzed here using data recorded by three different underwater DAS fiber cables, one in France and
two in Greece. DAS records are then compared to those of nearby broadband stations, two of which are
located underwater.

This manuscript is organized as follows. In the next section, the data set used for this study is described.
Then, underwater DAS noise is characterized by computing noise power spectral densities (PSDs). In Sec-
tion 4, several cataloged earthquakes are used to analyze the response of the different fibers to ground
deformation and the conversion from DAS recorded strain to ground motions. Finally, implications for DAS
detection capabilities are discussed.

2. Data

This study uses a data set of underwater DAS records, acquired by Géoazur, from three underwater ca-
bles: two offshore Methoni, south-west Greece, and one offshore Toulon, South of France. In addition,
data from four on-land and two underwater broadband stations, installed near the cables, are used.
The cables’ locations, depth profiles, and broadband station locations are shown in Figure 1. Because
these cables were simply deployed to provide communication between the two ends of the fiber, the
cables’ exact geographical position and bathymetric profiles are not well constrained. Cable locations
are interpolated from the deploying ships’ trajectories, and bathymetric profiles along these paths are
obtained using available bathymetry maps. Several shallow cable segments are artificially buried, as
further detailed, yet are subject to natural sediment mobilization by currents, storms or other ocean-

LIOR ET AL.

20f 20



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2020JB020925

(a)
h S M=2.6
R=166km
38°N
37.5°N
M=3.3 o
o R=112km PR
he) ° —
2 2
= M=2.6 k=l
© /=50 ©
M=2.6
R=99km T
43°N S,
37°N
MSEAF
OB M=2.4
42.5°N| R=87km
km km
0 50 100
36.5°N L0 25 50
20.5°E 21°E 21.5°E 22°E 5°E 5.5°E 6°E 6.5°E 7°E 7.5°E
longitude longitude
(c) (d)
07 NESTOR 0.0 7= _ HCMR
T 71T T -0.5
= =
5 -2 £
5 @ -1.0
o o
_1.5 -
-4 T T I T T T T I T I T
0 5 10 15 20 25 0 2 4 6 8 10 12
(e) Distance along fiber [km] Distance along fiber [km]
0.0 7 MEUST
—-0.5 o~
€
X —-1.0 H
s
& _15
fa
—-2.0 H
=25 5 T T T T T T T T
0 5 10 15 20 25 30 35 40

Distance along fiber [km]

Figure 1. Maps of Methoni and Toulon regions along with cable depth profiles. Map of the (a) Methoni and (b) Toulon regions along with cable locations,
broadband stations, and analyzed earthquakes. The Hellenic Center for Marine Research (HCMR), Neutrino Extended Submarine Telescope with
Oceanographic Research (NESTOR), and Mediterranean Eurocentre for Underwater Sciences and Technologies (MEUST) cables, along with their recorded
earthquakes, are indicated in blue and red (left panel), and red (right panel), respectively. Insets correspond to regions marked by gray rectangles. Depth profiles
along the cables’ trajectories are shown in panels (c-e) starting at the on-land end of each cable (interrogator location) and ending at the ocean bottom end.
Sections used in subsequent analysis are indicated in red.

ographic effects that may expose previously buried segments and bury exposed sections. All cables
recorded several local earthquakes during the measurement campaigns; those analyzed in the next
sections are indicated in Figure 1 and listed in Table 1. Here, the cables and instrumental setup are
described.
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Table 1

Earthquakes Used in This Study

Location (latitude, longitude, depth

Cable name  Origin time (UTC) Magnitude (local) [km]) Catalog
NESTOR 22/04/2019 19:26:06 33 37.4185, 20.6897, 11.0 Athens University
23/04/2019 17:29:40 3.6 37.7753, 20.7658, 7.0 Athens University
21/04/2019 22:11:47 2.0 36.8335, 22.0382, 2.0 Athens University
23/04/2019 19:25:51 2.6 37.2528, 21.4593, 9.0 Athens University
HCMR 18/04/2019 21:44:42 3.7 37.57, 20.66, 8.0 EMSC
19/04/2019 03:30:19 2.6 37.1523, 20.6662, 1.0 Athens University
MEUST 19/07/2019 21:16:57 2.6 44.374, 6.913, 2.6 Géoazur
21/07/2019 23:01:58 24 42.516, 5.143, 2.0 Géoazur

DAS data from Greece were acquired on two adjacent dark optical fibers, situated on the central Hel-
lenic shear zone, near a triple junction: the Kephalonia Transform Fault to the north-west, and the
Hellenic Trench and Mediterranean Ridge to the south-east (Finetti, 1982). These cables are intended
for the HCMR (Hellenic Center for Marine Research) and NESTOR (Neutrino Extended Submarine
Telescope with Oceanographic Research) (Aggouras et al., 2005; Anassontzis & Koske, 2003) projects.
DAS data were acquired on April 18 and 19, 2019 on the HCMR cable and from April 19 to 25 on the
NESTOR cable. The HCMR and NESTOR cables span 13.2 and 26.2 km, respectively: from a common
landing point, they follow the same path for the first kilometer (at different conduits) inside the shal-
low Methoni Bay, and then diverge in different directions toward the bottom of the East Ionian Sea
(Figure 1). The NESTOR cable was deployed with 3% slack and consists of a heavy armor (HA) part for
the first 12.5 km, and a light armor (LA) part until the ocean-bottom end. The former is required owing
to the steep and rocky bathymetry. The cable is buried for the first 2 km, inside Methoni Bay, in a depth
of ~1 m. The HCMR cable was deployed with 2% slack and is a single armored (SA) cable. It is buried
for the first 1.8 km, inside Methoni Bay, and again from 3.8 to 6.3 km, in a depth of 0.5-1.5 m. These
cables were interrogated using an old generation Febus A1-R DAS interrogator, developed by Febus
Optics. This single-pulse phase-based system produces longitudinal strain-rate measurement. The op-
tical dephasing between two positions on the optical fiber at gauge length distance is directly linked
with longitudinal perturbations applied to the fiber. Raw DAS data was acquired with the following
parameter tuning: pulse width was set to 5 m, spatial resolution was set to 3.2 m, amplified power was
set to 33 and 30 dBm for HCMR and NESTOR, respectively, and pulse rate frequency was set to 500 Hz
for HCMR, and 1,400 and 1,000 Hz for the first 2 and last 4 days for NESTOR, respectively. Raw data
was then processed using gauge length and spatial sampling of 19.2 m for both cables, equivalent to
688 and 1,365 channels of strain-rate equally spaced along the HCMR and NESTOR cables, respec-
tively. Strain-rate was computed at intervals of 6 ms for HCMR and 5 ms for NESTOR, producing 68
and 740 GB of data for HCMR and NESTOR, respectively. In addition to DAS data, several broadband
seismometers were available during these DAS measurements: two on-land CMG40 sensors, deployed
near the interrogator for the duration of the measurements, and one permanent OBS near the end of
the HCMR cable. Calibration information for the latter, a Guralp CMG40T, was unavailable. The flat
frequency response of this sensor, between 30 s and 50 Hz, includes the recorded seismic signals, thus,
a simple empirical response was estimated by comparing available earthquake records between the
OBS and the on-land sensors.

The offshore Toulon data were acquired on the same fiber used by Sladen et al. (2019), between July 11
and 31, 2019. The path of this fiber was slightly modified in October 2018, after a first DAS acquisition
done by Sladen et al. (2019) (Figure 1). This cable is located in an area of moderate seismicity and is used
for the MEUST-NUMerEnv project (Mediterranean Eurocentre for Underwater Sciences and Technol-
ogies—Neutrino Mer Environnement) (Lamare, 2016). The cable spans 44.8 km: from the coast to the
deep Mediterranean plain and is buried for the first 500 m. The fiber is installed on-land, mostly under
a motorway, for the first 1.6 km, then in a double armoring heavy (DAH) for the next 2.1 km, a single
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armoring heavy (SAH) for the next 15.1 km, and then light weight screened (LWS) until its ocean-bot-
tom end. For this cable, a chirped-pulse hDAS interrogator (high-fidelity distributed acoustic sensor),
developed by Aragon Photonics, was used along with Raman amplification (Fernandez-Ruiz et al., 2019;
Pastor-Graells et al., 2016; Williams et al., 2019), which produces strain measurements. This system sends
linearly chirped-pulses along the fiber and detects minute changes in the pulse’s central wavelength
when the fiber is perturbed. These slight wavelength changes with time are mapped to strain or tempera-
ture changes at specific locations along the fiber. The optical pulses had 100 ns width (10 m optical spatial
resolution), 1 GHz spectral content, 50 mW peak power, and the gauge length and spatial sampling were
set to 10 m, equivalent to 4,480 equally spaced channels of strain measured along the cable. Distributed
Raman amplification with a pump power of 300 mW was used, ensuring an instrumental noise floor
variation of <5 dB across the full length of the fiber. The pulse repetition rate was 500 Hz and sampling
intervals were set to 10 and 2 ms for the first and last 10 days of the campaign (data downsampling, no
optical averaging was used), respectively, producing 16 TB of data. The instrumental strain noise floor
was observed to be <100picostrain/sqrt (Hz) along the entire fiber length, matching optimal laboratory
measurements of the technology for long fibers (Fernandez-Ruiz et al., 2019). In addition, two on-land
CMGS3-ESP (120 s—80 Hz) sensors, installed near the interrogator, were used. The OBS near the end of
the fiber (ASEAF station, CMG3-T) was inactive during this measurement campaign, but OBS records
from July 2017 were used for noise analysis. These were obtained at a similar time of year, and represent
equivalent water temperature (23°C-24°C) and wave height conditions, as obtained from the Coriolis
database (coriolis.eu.org). Ocean-bottom noise recorded at different times may differ due to compliance
and tilting effect (e.g., Webb & Crawford, 2010), thus ASEAF noise measurements may not be fully repre-
sentative of the conditions during the DAS measurement campaign.

3. DAS Noise Analysis

The recorded DAS noise arises from several natural sources, including ocean-solid earth interactions, which
produce surface gravity waves and microseisms, which are recorded at frequencies where DAS response is
flat (e.g., Lindsey et al., 2020; Paitz et al., 2020). The natural noise amplitude can be affected by local seis-
mic amplification effects. In addition, ground-cable coupling variations modulate the recorded noise and
signals, and instrumental noise dominates several frequency-bands along the fibers. In this section, under-
water DAS noise is analyzed and quantified.

The noise content of underwater DAS records and broadband sensors is quantified by computing PSDs.
These PSDs were calculated for the full duration of each campaign at every measurement point along
the fibers (Peterson, 1993). To this end, we closely follow the PSD calculation procedure described in
McNamara and Buland (2004). PSDs for the OBS at the end of the HCMR cable were not computed due
to missing instrumental response. Because seismic noise PSDs are typically obtained for ground motion
accelerations (McNamara & Buland, 2004), here they are calculated for strain-rate; the relationship be-
tween acceleration and strain-rate, though not straightforward (Section 4.2), facilitates a comparison
between both measures. While HCMR and NESTOR records were acquired in strain-rate, MEUST strain
records were differentiated to strain-rate in the frequency domain. For each virtual sensor along each fib-
er (at gauge length spacing), PSDs were calculated for the available records at one-hour intervals. These
1-h PSDs were averaged at each virtual sensor and are plotted in Figure 2 as functions of frequency and
distance from the interrogator along the fiber. PSDs for selected locations along the cables, as well as for
the broadband sensors, are plotted in Figure 3. The various noise sources shown in Figures 2 and 3 are
further described.

Solid-earth—ocean-bottom interactions generate several noise sources, recorded by the fibers. At shallow
water depths, DAS records are dominated by surface gravity waves at frequencies of 0.05-0.3 Hz (black
curves in Figure 2 and panels a and c of Figure 3). These waves induce primary microseisms when gravi-
ty-waves interfere with ocean-bottom topography, which are frequently measured by on-land seismic sta-
tions. The dominant frequency of these waves decreases with increasing water depth (red curves in Figure 2)
as predicted by the dispersion relation of surface gravity waves. This effect is also seen in the comparison of
HCMR and NESTOR PSDs at 1 and 2 km depths (Figure 3a). Surface gravity wave amplitudes are in close
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Figure 2. Noise analysis for the three cables: average nano-strain-rate power spectral density (PSD) as a function of frequency and distance along the fibers.
Left panels show the full cable and right panels show the cable up to a water depth of 120 m. Red line indicates bathymetric profiles (right axis), and black lines
indicate the peak frequency of surface gravity waves (frequency associated with the maximum PSD).

agreement for NESTOR and MEUST in-spite of the different regions and interrogators (panels b and f of
Figure 2 and panels a and c of Figure 3), while those recorded by HCMR are slightly lower. The disparity
between gravity wave amplitudes obtained by NESTOR and HCMR, both recorded in Methoni Bay, as well
as the variability in single one-hour PSDs (thin red and green curves in panel a of Figure 3), indicate that
they are affected by local meteorological conditions: during the NESTOR measurements a storm occurred,
inducing higher amplitude gravity waves.
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HCMR and NESTOR exhibit an additional signature at frequencies of
1-2 Hz. This signal is a local effect, only observed on cable sections inside
Methoni Bay, and thus likely related to the seismic response of a sedi-
mentary basin or resonance effects of multiple P-wave reflections in the
water column (e.g., Gualtieri et al., 2014). Full analysis of this signal, as
recently demonstrated by Spica et al. (2020), is beyond the scope of this
manuscript, yet its effect on earthquake ground deformations is further
described in Section 5.

Short fiber stretches are deployed on-land between the DAS interroga-
tors’ locations and the shorelines. These extra lengths of fiber provide an
opportunity to compare the characteristic noise levels on-land and un-
derwater. The PSDs for NESTOR and MEUST, shown in Figure 3 (panels
a and c), indicate lower noise levels than those of underwater segments.
However, these short on-land segments, do not record any seismic sig-
nals, as further discussed in Section 5.

At deeper sections, typically deeper than 2,000 m, the MEUST ca-
ble records secondary microseisms, as previously observed by Sladen
et al. (2019). These microseisms appear at frequencies of 0.3-2 Hz and
are the result of interference between ocean waves traveling in opposite
directions (Longuet-Higgins, 1950). As shown by previous studies (e.g.,
De Caro et al.,, 2014; Hasselmann, 1963), and similar to gravity waves,
secondary microseisms exhibit a frequency decrease with increasing wa-
ter depth, from 2 Hz at a water depth of 1.4 km to 0.4 Hz at a water depth
of 2.4 km, as shown in Figures 2e and 3c. The peak frequency recorded
at the end of the MEUST cable (green curve in Figure 3c) matches that
observed by the nearby ASEAF OBS (purple curve in Figure 3d), as they
are recorded at the same water depth (ASEAF is located 2.47 km beneath
sea level).

In addition to natural noise sources, instrumental effects are apparent
in Figures 2 and 3. In several frequency bands and distances along the
fibers, instrument (interrogator and fiber) related noise dominates the
PSDs (Figures 2 and 3), as also seen by the color code in Figure 2. These
are slightly higher for the old generation interrogator (used in HCMR and
NESTOR) than for the new generation one (used in MEUST), and higher
for high frequencies than low frequencies (Fernandez-Ruiz et al., 2019).
High frequency noise (where strain-rate noise amplitude spectra increase
as frequency) levels are characterized by spatial fluctuations along the
fibers that are persistent in time and similar for different frequencies.
This phenomena is demonstrated in Figure S1, where average PSDs are
plotted for a section of MEUST. These small fluctuations (typically lower
than 3 dB) are a result of statistical variability of the Cramer-Rao low-
er bound between adjacent measurements along the fiber (e.g., Costa
et al., 2019). The time persistency of these fluctuations are related to the
stability of the measurements: a stabilized laser, unperturbed fiber and
minute underwater temperature variations. These ideal conditions, typ-
ically unavailable on-land, preserve this fluctuation pattern over several
days. Even though the amplitude and distance scales of the high-frequen-
cy fluctuations could be viewed as similar to those observed for fading
(e.g., Gabai & Eyal, 2016), the statistical variability of the Cramer-Rao
bound is typically much lower from point to point (typically less than

3 dB over several km, Ferndndez-Ruiz et al., 2018) and tends to present longer lasting patterns over time
(analyzed PSDs are averaged over many hours). Low-frequency noise (where strain-rate noise amplitude
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spectra are invariant to frequency) is affected by the interrogator’s reference updates, which occur every few
seconds (Costa et al., 2019), thus a time-persistent pattern is not maintained. Further research is needed to
understand and characterize these phenomena over a broader frequency band and for other interrogator

types.

Since the used cables were deployed over mostly irregular bathymetry (Figure 1), their ocean-bottom—cable
coupling is nonuniform along the cables. This results in gaps in the measurements of coherent signals: grav-
ity waves, microseism signals (Figure 2), and earthquakes (Section 4). In addition, several fiber segments
display oscillating patterns, as seen in Figure 2 (e.g., between 12 and 17 km for NESTOR in panel a), which
may be related to the fibers’ layout, e.g., high tension segments, cables hanging over seafloor valleys. These
patterns will require additional research, possibly involving direct inspections of the cable for validation.

Finally, broadband seismometers’ noise (panels b and d of Figure 3) are mostly within the limits of the new
low/high noise models (NLNM and NHNM) of Peterson (1993). Expected exceptions are the slightly higher
low frequency noise, resulting from the proximity of the stations to the Mediterranean basin (e.g., De Caro
et al., 2014), and the high amplitude second microseism peak observed for the ASEAF OBS.

The described natural and instrumental noise sources affect earthquake detection and analysis abilities as
detailed in following sections. Next, underwater DAS earthquake signals are analyzed and their interactions
with observed noise are discussed.

4. DAS Earthquake Signals

Here, the ability to record earthquakes by underwater DAS, and the response of the different cables to
transient ground motions are investigated. Then, apparent velocities are inferred and strain-rate measure-
ments are converted to ground motion accelerations and compared with records of adjacent broadband
sensors. To this end, several cataloged earthquakes are analyzed: two earthquakes recorded by HCMR, four
earthquakes recorded by NESTOR, and two earthquakes recorded by MEUST. Earthquake locations and
magnitudes were taken from one of the available catalogs: European-Mediterranean Seismological Center
(EMSC), University of Athens, or Géoazur catalogs. The earthquake data is summarized in Table 1 and lo-
cations, magnitudes and distances to the interrogators appear in Figure 1. Each figure in this section refers
to a specific cable and equivalent figures for the other cables are found in the supplementary.

4.1. Cable Response

Transient deformations are recorded by underwater telecommunication fibers in a nonuniform manner,
as recorded earthquake signals vary in amplitude and frequency content along the cable. This is clearly
seen in Figure 4 for a magnitude 3.7 earthquake recorded on the HCMR cable (equivalent examples for the
NESTOR and MEUST cables are shown in Figures S2 and S3, respectively). The cable’s depth profile (panel
a), earthquake time series (panel b), amplitude spectra (AS) (panel ¢) and signal-to-noise-ratio (SNR) (panel
d) are plotted as a function of distance along the fiber. These signals are extremely segmented and exhibit
amplitude and frequency shifts and jumps (e.g., 5-6 km). While several cable segments record high ampli-
tude seismic signals, others exhibit very weak amplitudes (e.g., 2.5-4 km), or lack seismic signals as seen by
the onshore cable segment (0-400 m). Here, and in later parts of the manuscript, SNR is calculated in the
frequency domain between 1 and 15 Hz as:

f=15 . 2
_ Isignal(f)I° df
SNR = -2 )

T2 I noise(£) P ar’

¢y

where signal(f) represents earthquake strain-rate amplitude spectra and noise(f) represents strain-rate noise
PSD (obtained in Section 3) converted to amplitude spectra. In panel d, SNR are plotted for the displayed
earthquake (black curve) and the other analyzed event on the HCMR cable (gray curve). The similarity be-
tween SNR patterns along the fiber for different earthquakes (also seen in Figures S2 and S3) indicates that
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Figure 4. Example of a M3.7 earthquake at approximately 125 km recorded by HCMR. (a) depth profile, (b) earthquake signals, (c) amplitude spectra (AS), and (d)
signal to noise ratios along the cable’s path (black for this earthquake and gray for the second earthquake recorded by HCMR, see Table 1). Time in panel b is relative
to the theoretical P-wave arrival at the cable position of 0 km (closest point to the earthquake epicenter). S-wave spectra in (c) are computed in the interval indicated by
dashed black lines in (b). The slope of the cable is plotted in red in panel c. Sections that are used in subsequent analysis are indicted by orange rectangles.
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this cable specific property may be used to quantify ground-cable coupling as well as ground deformation
amplifications along the cable.

Sections where signals are weak typically correspond to irregular bathymetry, while high amplitude seis-
mic deformations are measured by fiber segments deployed on flat or smooth bathymetry. This correlation
is evident when comparing the recorded signals’ quality with the bathymetry (Figure 4a) and slope (red
dotted curve in Figure 4c) along the cable. For example, shallow sections of HCMR and NESTOR record
high-energy signals (Figures 4 and S2): these segments are deployed inside Methoni Bay, a sedimentary
basin characterized by flat bathymetry and low velocities (Section 4.2). In contrast, sections outside Me-
thoni Bay (toward the ocean bottom) exhibit irregular bathymetry and low amplitude signals. Thus, flat or
smooth bathymetry, characterized by high amplitude recordings suggests the presence of sediments, which
control amplification and slowness. In contrast, irregular bathymetry and low amplitude recordings may
suggest uneven coupling and/or lack of sediments. It is also possible that the observed response is related to
the buried/unburied character of the cable, yet it can only be tested using direct observations of the cables’
deployment, which are currently unavailable.

The SNR pattern (Figures 4d and S2d) smoothly increase and decrease when entering and exiting Methoni
Bay (0.3-2.3 km in Figure 4d and 2.3-2.8 km in Figure 4d). This observation suggests the presence of a
sedimentary basin: as sediment thickness increases from the edges toward the middle of the basin, so does
ground motion amplification (e.g., Gualtieri et al., 2015). This SNR pattern may thus be indicative of cable
segments traversing sedimentary basins.

In-spite of the often unfavorable ocean-bottom—cable recording quality, several cable segments record suf-
ficiently uniform signals for seismic analysis and specifically, apparent velocity estimation. Two such sec-
tions are identified for each cable, indicated by orange rectangles in panels b and c of Figures 4, S2, and S3.
Their signals are analyzed in the following sections.

4.2. Strain-Rate to Ground Motions Conversion

To further investigate the response of underwater DAS to transient ground deformations, DAS signals are
compared to the ground motion measurements recorded by nearby seismometers. The ability to convert
DAS records to ground motions was investigated and demonstrated by several previous studies (e.g., Daley
et al., 2016; Lindsey et al., 2020; Paitz et al., 2020; Wang et al., 2018). To convert strain-rate records to ground
motions, phase velocities need to be determined. Here, we use the waves’ apparent phase velocities along
the fiber, assuming the signal is dominated by a single plane wave:

bm Sl Th LR @
t0x  Ox ot Ox C,

where €, Uy, V4, Ay, and Cy are the strain-rate, ground displacements, ground velocities, ground accelera-
tions, and apparent phase velocity along the fiber (x direction), respectively. Equation 2 has been frequently
used for this purpose by various previous studies (e.g., Lellouch et al., 2019; Lindsey et al., 2020; Wang

et al., 2018). The relation between the phase velocity C and the apparent phase velocity is: C, = C / cos 0,

where @ is the angle between the wave’s propagation direction and the fiber. The apparent velocity is expect-
ed to change along the cable due to local conditions, sedimentary cover, seismic wave velocities and propa-
gation direction with respect to the cable’s orientation. Here, apparent velocities are estimated via frequen-
cy-wavenumber (f-k) analysis, and DAS strain-rate measurements are converted to ground accelerations in
the frequency-domain. DAS converted spectra are then compared to broadband seismometer spectra.

Apparent velocities are reliably estimated using homogeneous DAS signals recorded on sufficiently long
cable segments. Apparent phase velocities are defined as f / v where f and v are the temporal and spa-
tial frequencies, respectively. This analysis is performed on the segments identified in the previous section
(orange rectangles in panels b and c of Figures 4, S2, and S3). Example f-k plots are shown in Figure 5 (top
panels) for four earthquakes recorded on the NESTOR cable between 0.35 and 1.5 km from the interrogator,
on a section deployed in Methoni Bay. Similar f-k plots for all cable segments are shown in Figures S4-S8.
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Figure 5. Panels (a—d): Examples of f-k plot for four earthquakes on a segment of the NESTOR cable from 0.35 to 1.5 km. Earthquake magnitudes and
backazimuths (BAZ) values are indicated in each panel. The average cable orientation in this segment is 159° + 12°. The empirical dispersion curve is indicated
in magenta in panels (a—-d) and in panel (e). White lines correspond to nondispersive phase velocities of 500 m/s (solid line) and 250 m/s (dotted line). Panel (e)
shows the apparent velocity as a function of frequency obtained for all earthquakes at once (solid black curve) and for each event individually (dashed black

curves). Shaded

gray area indicates one standard deviation to solid black curve’s fit.

The observed low apparent velocities, generally symmetric f-k plots (as previously reported by Lindsey et al.
[2019], Sladen et al. [2019], and Williams et al. [2019]), and similarity between different earthquakes with
different backazimuths (BAZ) (receiver-to-source azimuth), suggest that underwater DAS signals are dom-
inated by Scholte-waves propagating in a broad range of horizontal directions.

Scholte waves are a result of body-wave scattering, and their polarization is radial and vertical, similar
to that of Rayleigh waves (Biot, 1952; Scholte, 1947). Since the analyzed fiber segments are installed on
typically flat bathymetry, the radial polarization dominates DAS measurements. Strain-rate measurements
of waves propagating at an angle @ relative to the fiber’s axis are modulated by a cos’0 (e.g., Kuvshinov
et al., 2016; Mateeva et al., 2014), significantly reducing the amplitude of waves closer to normal incidence.
Thus, it is expected that the highest amplitude waves recorded by DAS are those traveling along the fiber,
with C, = C (note that generally C, > C), i.e., the lowest apparent velocity in the f~k plot (top panels of Fig-
ure 5). Thus, the phase velocity used for DAS to ground motion conversion is the lowest apparent velocity,
represented by the purple curve in Figure 5 which separates the low and high energy regions in the f-k plots.
Apparent velocities as a function of frequency, deduced from the curves in Figure 5, are shown in panel e.
The dispersive nature of the waves further supports the conclusion that these are Scholte-waves.

Apparent velocities (purple curve in Figure 5) are obtained for all analyzed events per cable segment. That
f-k plots are symmetric and similar for different earthquakes recorded by the same segment suggests similar
propagation characteristics, as expected for scattered waves: their propagation and velocity is dictated by
local heterogeneities and velocity model. Thus, the same apparent velocity is used for all analyzed earth-
quakes regardless of source and backazimuth variations.
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For each event in a specific cable segment, the boundary between the low and high energy regions (top
panels of Figure 5) is determined per frequency by a simple amplitude threshold condition. Then, these
f — v combinations are averaged per spatial frequency v for all available events, and fitted with a third
degree polynomial passing through f = v = 0 to obtain the purple curve in Figure 5. Apparent velocity
errors, represented by the gray region in Figure 5e, indicate one standard deviation computed using the
polynomial fit. For comparison, dispersion curves were obtained independently for each earthquake fol-
lowing the same procedure (dashed curves in Figure 5e). The velocity error suggested by the polynomial
fit is larger than the standard deviation of the four different event specific apparent velocities (dashed
curves in Figure 5e). The latter are small: 18.9 and 8.6 m/s at 1 and 4 Hz, respectively, further justifying
the use of a single dispersion curve for all earthquakes. For several cable segments, the spatial resolution
is inadequate (short cable segments on HCMR and NESTOR, Figures S4 and S5) and f-k plots were fitted
with a simpler linear equation passing f = v = 0, corresponding to nondispersive waves. The dispersion
curves in Figure 5e (as well as Figures S6-S8) represents a frequency-band limited view of propagation
velocities. Since dispersion curves typically plateau at higher frequencies, in subsequent analysis higher
frequency phase velocities are approximated as the velocity of the highest resolvable frequency (e.g.,
3.9 Hz in Figure 5e). This conservative estimate may change should higher frequency observations be
available. In the following section, broadband sensors’ acceleration records are converted to strain-rate
using the empirical apparent velocities obtained per cable segment. Converted broadband spectra are
then compared to DAS spectra.

4.3. DAS and Broadband Comparison

Broadband earthquake acceleration spectra are converted to strain-rate and compared with DAS measure-
ments. The conversion was done using the same dispersion curve (Figure 6) or single apparent velocity (Fig-
ure 7) for each cable segment. Here, broadband spectra were corrected for hypocentral distance to match
with the different DAS cable segments. Figures 6 and 7 show DAS strain-rate time series along the cable (left
panels), S-wave spectra along the cable (middle panels), and a comparison between DAS and broadband
converted strain-rate spectra (right panels) for four earthquakes recorded on the NESTOR cable. In the right
panels, DAS earthquake spectra and mean noise (obtained in Section 3) for each measurement point along
the cable segment are plotted as thin black and red curves, respectively, while stacked signal and noise are
plotted as thick black and red curves, respectively. These earthquake spectra are resampled in the same
manner as noise spectra (McNamara & Buland, 2004) for comparability.

Broadband converted acceleration spectra agree with DAS strain-rate spectra when the latter are cor-
rected for site effects. Excellent agreement is observed between DAS and broadband converted spectra
for the two closest events in Figure 6 (M2 at 49 km and a depth of 2 km, and M2.6 at 63 km and a depth
of 9 km), while the agreement for farther earthquakes is less favorable (M3.3 at 130 km and a depth
of 11 km, and M3.6 at 149 km and a depth of 7 km), possibly a result of different propagation effects.
In contrast, DAS spectra in Figure 7, recorded in Methoni Bay, are rich in low frequencies and poor in
high frequencies. Similar behavior is observed for HCMR, when comparing signals recorded outside
(Figures S5) and inside (Figures S6) Methoni Bay, as well as for different MEUST sections (Figures S7
and S8). The amplification observed for MEUST (Figure S8) is related to the secondary microseismic
peak (Figure 2), while that observed in Methoni Bay is related to the presence of a low velocity (Fig-
ures 5 and S6) basin, as suggested by the noise peak at 1-2 Hz (Figure 2). The stronger attenuation
inside the basin may be modeled by a decaying exponential term in the form: exp(—ﬂAKf) (Anderson &
Hough, 1984), where Ax indicates additional attenuation. Imposing such attenuation on the observed
broadband spectra (dashed curves in the right panels of Figure 7) results in good agreement between
high frequency DAS and broadband spectra.

To quantify the amplification and attenuation observed by HCMR and NESTOR, the ratio between DAS
spectra recorded inside and outside Methoni Bay is inspected in Figure 8. The seemingly tapered edges of
these curves represent the signals’ amplitudes falling below background noise levels, thus, only frequencies
between ~1 and ~15 Hz (depending on SNR) should be considered. Earthquakes recorded inside Methoni
Bay show significant amplification of up to a factor of 10 at frequencies of 1-2 Hz, and stronger atten-
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Figure 6. Spectral analysis for four earthquakes recorded by NESTOR between 19.7 and 20.2 km from the interrogator, between 3.1 and 3.3 km depth.
Left panels: time series, middle panels: amplitude spectra (in linear scale), right panels: strain-rate spectra and converted broadband seismometer
spectra. Plotted time series (left) were filtered between 1 and 5 Hz. Time in the left panels is relative to the start of the analyzed interval. In the left and
middle columns, the minimum and maximum values plotted in each panel are indicated in parentheses in the top left corner. In the right panels, DAS
earthquake and noise spectra for each measurement location along the fiber are indicated by thin black and red curves, respectively, while averages are
indicated by thick lines. Noise amplitude spectra were calculated from noise PSDs (Section 3) using a duration equal to the earthquake time window.
Solid green and dark red curves correspond to records from on-land seismometers near the on-land end of the fiber, while the solid orange curve
corresponds to the record of an ocean-bottom seismometers (OBS) installed at the end of the HCMR cable. Dotted curves show seismometers’ noise
amplitude spectra, calculated from noise PSDs and converted to strain-rate. Note that DAS and seismometer PSD were converted to amplitude spectra
using different durations.
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Figure 7. Asin Figure 6 for a section between 0.35 and 1.5 km from the interrogator, between 3 and 18 m depth. Dashed curves indicate strain-rate converted
broadband spectra subject to additional attenuation (Ax = 0.04 s).

uation in the 2-20 Hz band compared with signals recorded outside the bay. This behavior is indicative
of sedimentary basins, which are generally characterized by low seismic velocities (e.g., Courboulex
et al., 2020; Pratt et al., 2003).

In the next section, we quantify the ability to detect seismic signals using underwater DAS and compare it
to that of broadband seismometers.
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them to those of broadband seismometers. For a valid comparison, this
analysis treats DAS signals as independent channels. The spatial coheren-
cy between waveforms recorded along the optical fiber, a unique strength
of DAS facilitating the implementation of high-performance array detec-
Pttty tion methods (e.g., Lindsey et al., 2017; Rost & Thomas, 2002), is expected
to enhance earthquake detection capabilities, but is not exploited here.

In that sense, our analysis is a conservative estimate of the performance
of seafloor DAS relative to conventional seismometers. In this section,
only the new generation interrogator is considered, since it better repre-
sents state-of-the-art DAS capabilities. Because the earthquakes we have
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recorded are typically observed at f > 1 Hz (Figures 5-7), this analysis is
limited to this frequency band.

Figure 8. Methoni Bay amplification. Spectral ratios of distance corrected

DAS spectra for events recorded in and out of Methoni Bay: thick black 5.1. S-wave Detection on Horizontal Underwater Fibers

curves in right panels of Figure 7 (averaged earthquake AS recorded

between 0.35 and 1.5 km along NESTOR) and S6 (averaged earthquake DAS detection capabilities are analyzed by considering an earthquake
AS recorded between 0.5 and 1.5 km along HCMR) divided by thick black model, DAS noise (obtained in Section 3), and the apparent velocities (ob-
curves in right panels of Figure 6 (averaged earthquake AS recorded tained in Section 4.2). Earthquake acceleration spectra are simulated us-

between 19.7 and 20.2 km along NESTOR) and S5 (averaged earthquake
AS recorded between 6 and 6.3 km along HCMR), respectively.

ing the omega-squared model (Brune, 1970; Madariaga, 1976) describing
far field body-wave radiation, and subject to high frequency attenuation
(Anderson & Hough, 1984). This model is found to be in good agreement
with observed DAS and broadband spectra (not shown). The model, and
associated parameter tuning, are described in the supplementary. Horizontally deployed fibers exhibit high-
er sensitivity to S-waves than P-waves, a function of the phase’s polarization with respect to the fiber (e.g.,
Ajo-Franklin et al., 2019; Kuvshinov, 2016; Mateeva et al., 2014; Papp et al., 2017; Yu et al., 2018). Owing
to the lower velocities and higher amplitudes of S-waves, they display higher strain amplitudes, compared
with P-waves (Section 6). Thus, only S-waves are considered in the following analysis. To determine DAS
detection thresholds, i.e., signal to noise ratios in a certain frequency-band, for specific cable segments, DAS
strain-rate are converted to acceleration noise PSDs (Equation 2) and compared to the earthquake model.

Using the apparent velocities for the slow Scholte-waves (e.g., Figure 5), detection thresholds are found to be
similar for DAS and broadband seismometers. Strain rate noise PSDs were converted to acceleration for the
MEUST cable at 12.4 and 30.2 km from the interrogator, constituting phase velocity dependent DAS detec-
tion thresholds. Figure 9 shows these DAS detection thresholds along with those of adjacent on-land (PO-
SAS) and ocean-bottom (ASEAF) broadband seismometers. Detection thresholds are compared to ground
motion accelerations for earthquakes of magnitudes 1 and 2 at a hypocentral distance of 50 km. These
thresholds indicate great similarity between the detection capabilities of DAS (solid curves in Figure 9) and
nearby broadband OBS (dotted orange curve in Figure 9) for the same underwater environment and noise
conditions (Section 3).

The ability to detect a seismic signal using DAS greatly depends on the apparent velocity: at similar accel-
eration amplitudes, the slower the wave, the higher its strain-rate values (Equation 2). This is illustrated
in Figures 10 and 11, by modeling DAS and broadband SNR values for different magnitude earthquakes
between 1 and 15 Hz. We use the SNR definition in Equation 1 where here signal(f) represents modeled
earthquake accelerations amplitude spectra (m/s), and noise(f) represents strain-rate noise PSD converted
to amplitude spectra (unitless) and multiplied by C, ( f ), the frequency dependent apparent phase velocity
(m/s). Signals are simulated using the same earthquake model used in Figure 9 at a hypocentral distance
of 50 km (Figure 10) and for various distances (Figure 11). Acceleration spectra noise thresholds are ob-
tained for MEUST at 12.4 km from the interrogator using different nondispersive apparent velocities. The
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tection threshold, while modeled earthquake acceleration spectra do not
account for apparent velocities (supplementary materials). This analysis
indicates that for a specific phase velocity, DAS and broadband SNR are
equivalent (green and blue curves in Figure 10), while slower and faster
waves produce higher and lower SNR on DAS, respectively. In Figure 11,
SNR = 1 curves are plotted for different magnitude-distance combina-
tions, constituting detection thresholds for various apparent velocities:
waves to the right of each curve are detected while those to the left are
not. This plot may be used to evaluate the ability to reliably use S-waves
for seismic monitoring for different magnitudes and distances. Phase
velocity uncertainties can be incorporated in this analysis: since SNR
is scaled by 1/ C, (Equation 1), for example, a 24% relative error in the
apparent velocity estimates (as identified for a frequency of 2 Hz in the
dispersion curve in Figure 5e), will cause an equivalent relative error in

140 - SNR estimate.
----- POSAS

..... ASEAF(OBS) The presented analysis indicates that for a given earthquake, and depend-
A, —— MEUST(12.4km) ing on the ground motion amplitudes, slow phases (e.g., scattered and
150 & L _| MEUSTB?‘ka) . surface waves) may be detected, while fast phases (e.g., body waves) may
100 100 not. For instance, plotting DAS earthquake (black) and noise (red) spec-
f[Hz] tra at two different HCMR cable segments (Figure 12), we can observe
either low velocity (240 m/s) high energy strain-rate signals (from 6 to
Figure 9. DAS and broadband noise spectra compared to theoretical 6.3 km, Figure S5), or high velocity (1,690 m/s) low energy strain-rate sig-

S-wave spectra. Magnitudes 1 and 2 at distances of 50 km and x = 0.04 s are
indicated by solid gray curves. Representative DAS noise curves are shown
for MEUST at 12.4 (solid green) and 30.2 km (solid red). Noise curves for

nals (from 2.3 to 2.85 km, Figure S9). Both slow and fast waves are detect-
ed for the M3.7 earthquake (panel a), while only slow waves are detected

broadband seismic stations on-land POSAS and underwater ASEAF, located for the M2.6 earthquake (panel b). Broadband converted strain-rate spec-
near MEUST, are indicated by dotted blue and orange curves, respectively. tra of the HCMR OBS using the obtained apparent velocities (orange and

green curves) further show that the fast waves of the M2.6 earthquake

are below DAS noise levels (green curve in panel b). Since both analyzed
earthquakes display similar backazimuths and distances, and thus similar propagation characteristics, the
apparent velocity obtained for the M3.7 earthquake (Figure S9) is used to convert the broadband spectra of
the M2.6 earthquake to strain-rate (orange dashed curve in Figure 12b).

In this analysis, on-land cable segments did not measure any earthquake ground deformations. The longest
on-land section is that of MEUST, deployed for 1.6 km: from the interrogator’s position to the coast, along a
two-lane motorway. This segment displays noise levels similar to those recorded at deeper underwater seg-
ments (Figure 3c), and clearly records vehicles driving along the road. That no seismic signals are recorded
on this segment is interpreted as a result of high apparent velocities, in agreement with previous stud-
ies, which show that on-land Rayleigh waves are faster than ocean bottom Scholte-waves (e.g., Biot, 1952;
Kruiver et al., 2010; Park et al., 2005; Scholte, 1947). This observation suggests that DAS detection capabil-
ities are enhanced for underwater fibers compared with those installed on-land. Since unlike DAS records,
ground motion amplitudes (and thus broadband detection capabilities) are invariant to the wave’s velocity,
OBS are not expected to outperform on-land seismometers.

5.2. P-wave Detection on Horizontal Underwater Fibers and Implications for EEW

That fast waves may not be detected by DAS has significant implications for several seismological tasks
that rely on the information carried by fast direct body-waves. These objectives include the determina-
tion of earthquake location and source parameters, both crucial for seismic monitoring and, in particular,
for EEW. Using the P-waves is particularly advantageous for EEW since waiting for the S-waves comes at
the cost of delaying alert issuance. However, the detection capabilities of fast, low amplitude, P-waves on
horizontal optical fibers is hindered by both the high apparent velocities and near-vertical incident angles;
vertically incident P-waves induce transverse deformations on a horizontal cable, while fibers are most-
ly sensitive to longitudinal deformations. This issue of broadside sensitivity has been demonstrated and
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Figure 10. S-wave signal-to-noise-ratio (SNR) calculated between 1 and
15 Hz for ground accelerations as a function of magnitude. Earthquake
spectra were simulated at a hypocentral distance of 50 km and « = 0.04 s.
DAS noise, calculated on MEUST at 12.4 km from the interrogator, was
converted to ground accelerations using several nondispersive apparent
velocities. SNR for ASEAF (the OBS at the end of MEUST) are indicated
by the dotted blue curve. SNR for DAS with apparent velocities of 200,
570, and 3,000 m/s are indicated by solid red, green and black curves,
respectively.
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Figure 11. S-wave detection thresholds (SNR = 1), calculated between

1 and 15 Hz, for ground accelerations at different apparent velocities.
Earthquake spectra and noise were simulated as in Figure 10 for various
magnitudes and hypocentral distances. For each apparent velocity, S-waves
at magnitudes-distances to the right of each curve are above noise level.

studied in both lab experiments (e.g., Papp et al., 2017), and seismic ex-
periments (e.g., Mateeva et al., 2014). The response of a fiber optic cable
to waves propagating at an angle 6 with respect to the fiber is modulated
by cos?6. Though signals do not vanish completely at § = 90° (Kuvshinov
et al., 2016; Mateeva et al., 2014; Papp et al., 2017), they have much small-
er amplitude and will hardly be detected.

In practice, P-waves are detected since underwater cables follow the ba-
thymetry and are thus not strictly horizontal (panels c-e of Figure 1), and
since incidence angles, especially for scattered P-waves, would typical-
ly be smaller than 90°. Even for small magnitudes at large distances, as
those analyzed, scattered P-waves are observed for several earthquakes
(e.g., in Methoni Bay, Figure 4). Thus, for earthquakes relevant for EEW,
i.e., medium to big magnitudes (M>~4) at close distances (R<~150 km)
(e.g., Lior & Ziv, 2020), whose ground motion accelerations are expected
to be at least two orders of magnitude higher than those recorded here
(e.g., Lior & Ziv, 2020) (Figures 6 and 7), P-waves will be detected. This in-
dicates that underwater telecommunication cables may be reliably used
for P-wave detection and thus for EEW, improving alert times for under-
water earthquakes. In-depth quantitative analysis of this issue requires
further research, beyond the scope of this manuscript, and additional
high amplitude earthquake observations.

If P-waves cannot be reliably analyzed, the use of S-waves for both tasks
is still expected to yield robust estimates, at the cost of time delays. For
closely recorded earthquakes, relevant for EEW, these delays are expected
to be small, since S-waves follow P-waves by approximately R/8 s, where
R is the hypocentral distance in km (e.g., Lior & Ziv, 2018).

6. Conclusions

This study presents a comprehensive analysis of underwater DAS meas-
urements, addressing both noise and earthquake recordings along three
underwater dark fibers in the Mediterranean Sea. This analysis presents
various noise sources including surface gravity waves, secondary mi-
croseisms and local basin resonance. The effect of these noise sources,
as well as ocean-bottom—cable coupling, on measured ground defor-
mations is demonstrated using several small (M;, < 3.7) well recorded
regional earthquakes. Finally, the ability to detect seismic phases using
underwater DAS is discussed for both P- and S-waves.

The bathymetric profiles along the different cables’ are found to be suf-
ficiently valid for this study’s purposes. Surface gravity waves and sec-
ondary microseisms frequency variations qualitatively agree with the
bathymetry (Section 3), bathymetry variations are found to be well cor-
related with earthquake recording quality (Section 4.1), and DAS and
seismometers’ spectra agree following hypocentral distance corrections
(Section 4.3).

A significant correlation is observed between irregular bathymetry and
unfavorable DAS measurements (Figures 4, S2, and S3). Flat or smooth
bathymetric slopes typically correspond to sediment accumulating re-
gions, while irregular bathymetry prevents sediment deposition. The for-
mer may create conditions for better coupling and even burial of under-
water cables by sediment deposition, while the latter will prevent cable
burial and may even represent regions of erosion. Sedimentary basins are
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Figure 12. Comparison between earthquakes recorded by two cable segments on HCMR. Solid curves and dashed
curves represent the analysis for recordings at 6-6.3 and 2.3-2.8 km along the cable, respectively. Black and blue curves
correspond to stacked DAS spectra, red and magenta curves correspond to stacked DAS noise, and orange and green
curves correspond to broadband converted strain-rate. Broadband spectra were converted to strain-rate using different
apparent velocities as noted by the legend. Magnitudes, distances and BAZ values are indicated in the top of each panel.

characterized by low seismic velocities (e.g., Figure 5) and excellent coupling (e.g., Figure 4), while regions
that lack sedimentary cover are characterized by higher seismic velocities (e.g., Figure S9). In addition,
deploying underwater fibers over irregular bathymetry may result in uneven coupling and even cable seg-
ments hanging in the water column. It is concluded that the bathymetry dictates the measurement quality,
by modulating phase velocities and ground-cable coupling.

Frequency-wavenumber analysis indicates that underwater DAS earthquake records are dominated by slow
scattered dispersive Scholte-waves. Broadband earthquake spectra are converted to strain-rate using appar-
ent velocities obtained via f-k analysis. Since this analysis was done for scattered Scholte-waves, a single
apparent velocity or dispersion curve was used for all earthquakes recorded by the same cable segment.
However, when analyzing direct phases, apparent velocities will differ depending on the propagation path
and wave-fiber incidence angle, requiring an earthquake specific analysis. Excellent agreement is found
between DAS and converted broadband spectra, when the latter is corrected for local amplification and at-
tenuation effects. A local sedimentary basin is identified using both coherent noise and earthquake signals,
and is shown to amplify and attenuate low and high frequency seismic signals, respectively.

Detection capabilities are enhanced by lower velocity seafloor sediments. DAS detection capabilities are
found to be strongly correlated with apparent velocities: for the same ground motion amplitudes, slow and
fast waves induce high and low energy DAS strain records, respectively. DAS and broadband detection abil-
ities were found to be similar for the recorded earthquake phases (Figure 9). That on-land sections did not
record the analyzed earthquakes is attributed to higher on-land velocities, a phenomenon that suggests that
DAS detection capabilities are enhanced underwater. Our conservative analysis does not use the spatial co-
herence of DAS data, a powerful property that may be used to associate and denoise coherent signals. Thus,
the ability to analyze earthquakes using underwater DAS is expected to be superior to that of broadband
sensors, even for equivalent SNR.

The results demonstrate the great potential of underwater DAS for seismic monitoring and for providing
EEW using standard underwater telecommunication cables. The latter will greatly enhance hazard miti-
gation capabilities, increase warning times for underwater earthquakes, and potentially save many lives.
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