Scholte wave inversion and passive source imaging

with ocean-hottom DAS

Ethan F. Williams', Maria R. Ferndndez-Ruiz?, Regina Magalhaes?, Roel Vanthillo®, Zhongwen Zhan', Miguel Gonzalez-Herrdez?, and Hugo F. Martins*

https://doi.org/10.1190/t1e40080576.1

Abstract

Geotechnical characterization of marine sediments remains
an outstanding challenge for offshore energy development, includ-
ing foundation design and site selection of wind turbines and
offshore platforms. We demonstrate that passive distributed
acoustic sensing (DAS) surveys offer a new solution for shallow
offshore geotechnical investigation where seafloor power or com-
munications cables with fiber-optic links are available. We analyze
Scholte waves recorded by DAS on a 42 km power cable in the
Belgian offshore area of the southern North Sea. Ambient noise
crosscorrelations converge acceptably with just over one hour of
data, permitting multimodal Scholte wave dispersion measurement
and shear-wave velocity inversion along the cable. We identify
anomalous off-axis Scholte wave arrivals in noise crosscorrelations
at high frequencies. Using a simple passive source imaging
approach, we associate these arrivals with individual wind turbines,
which suggests they are generated by structural vibrations. While
many technological barriers must be overcome before ocean-bottom
DAS can be applied to global seismic monitoring in the deep
oceans, high-frequency passive surveys for high-resolution geo-
technical characterization and monitoring in coastal regions are
easily achievable today.

Introduction

With the growth of both conventional and renewable offshore
energy production, high-resolution and low-cost methods for
geotechnical characterization of submarine sediments are of
increasing significance for site selection, design, and monitoring
of marine structures, pipelines, and cables. Of particular signifi-
cance is the shear-wave velocity profile of shallow sediments.
Shear-wave velocity parameters such as /;, and Z, ; are commonly
used in ground motion prediction equations, which are a primary
tool in estimating both probabilistic seismic and liquefaction
hazard (e.g., Abrahamson and Silva, 2008). Shear modulus or
shear-wave velocity is also used as a proxy for site properties such
as the small-strain stiffness and large-strain strength of sediments
(Seed and Idriss, 1970; Shi and Asimaki, 2017). In combination
with measurements of compressional wave velocity or bulk modu-
lus, shear-wave velocities are sensitive to the pore fluid saturation,
pore fluid composition, and porosity of sediments (Berryman
etal., 2002). Time-dependent changes in the shear-wave velocity
of shallow sediments may be utilized to monitor compaction and
deformation patterns associated with oil and/or gas production

(Hatchell et al., 2009).

Most conventional approaches to onshore seismic site char-
acterization, however, are challenging or even impossible to apply
offshore because the water column is opaque to shear waves. For
example, the popular multichannel analysis of surface waves
(MASW) method (Park et al., 1999) can be accomplished on
land by a small crew using only a hammer or weight-drop source
and standard geophone array. Conversely, underwater MASW
utilizing converted Scholte waves requires a towed source such
as an air gun, along with an array of ocean-bottom hydrophones
or seismometers (Bohlen et al., 2004; Park et al., 2005). On land,
the advent of ambient noise interferometry for surface wave
tomography has revolutionized seismic site characterization by
eliminating the need for an active source, permitting noninvasive
passive investigations using surface waves generated by distant
ocean—solid earth interactions (microseism) or local human activi-
ties such as vehicle traffic (Shapiro et al., 2005). Offshore studies
with ambient noise Scholte waves have shown significant potential
in creating highly repeatable maps of near-surface velocity structure
(de Ridder and Dellinger, 2011; de Ridder and Biondi, 2013;
Mordret et al., 2013). However, the trade-off between cost and
resolution in ocean-bottom seismometry limits the potential of
conventional instrumentation for high-resolution, shallow studies.
Where preexisting seafloor fiber-optic cables are available, such
as at offshore wind farms, distributed acoustic sensing (DAS)
offers a viable alternative to ocean-bottom seismometers because
deployment cost does not scale with the number of sensors.

DAS arrays leveraging preexisting fiber-optic cables have
shown tremendous potential for near-surface geophysics and
infrastructure monitoring onshore (Zhan, 2020). The particular
sensitivity of DAS to longitudinal waves renders it well-suited to
surface wave studies, which have been employed widely in seismic
site characterization and shear-wave velocity inversion (Dou et al.,
2017, Spica et al., 2020b). Further, the ability of DAS to record
strain signals across a broad frequency band has permitted such
diverse applications as pipeline integrity monitoring (Tanimola
and Hill, 2009), urban traffic monitoring (Wang et al., 2020),
active-source seismic imaging (Mateeva et al., 2013), and earth-
quake detection (Jousset et al., 2017; Lindsey et al., 2017; Li and
Zhan, 2018). Recently, three concurrent studies by Lindsey et al.
(2019), Sladen et al. (2019), and Williams et al. (2019) demon-
strated that DAS can have similar value when deployed on seafloor
fiber-optic cables, recording local, regional, and teleseismic
earthquakes along with ambient noise Scholte waves generated
by ocean—solid earth interaction. Subsequently, Spica et al. (2020a)
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and Cheng et al. (2021) demonstrated that Scholte waves in
ocean-bottom DAS data can be utilized for structural investiga-
tions, and Zhan et al. (2020) and Karrenbach et al. (2020) showed
that ocean-bottom DAS can record active source shots with fidelity
similar to ocean-bottom seismometers.

In this article, we demonstrate the utility of DAS for offshore
engineering applications by analyzing one hour of passive DAS
data from an ocean-bottom cable offshore from Belgium. Between
0.3 and 5 Hz, the data set is dominated by Scholte waves propagat-
ing along the sediment-water interface. We measure multimode
Scholte wave dispersion from ambient noise correlations and invert
for a shallow shear-wave velocity model along the cable. We then
investigate anomalous Scholte wave phases present in the noise
correlations that interfere with the direct wave between virtual
source and receiver. By migrating these off-axis Scholte waves,
we find they originate from individual wind turbines operating
near the cable.

Data overview

We analyze a one-hour passive DAS recording from an optical
fiber within a 42 km power cable servicing wind farms in the
southern North Sea, offshore from Zeebrugge, Belgium. Figure 1
shows the path of the cable relative to local bathymetry and
offshore wind farms. The water depth is less than 40 m along the
entire cable, which crosses several sand ridges. Most notable is
Thornton Bank, which has hosted the 54-turbine C-Power wind
farm since 2009. The burial depth of the cable varies between 0.5
and 3.5 m below the seafloor. While nine separate wind farm
projects are active or under construction on both sides of the
Belgium—Netherlands maritime boundary, only three were fully
commissioned (C-Power, Northwind, and Belwind/Nobelwind)
and one was partially commissioned (Rentel) at the time of data
acquisition on 19 August 2018 (Figure 1).

'The fiber was interrogated using a chirped-pulse DAS system
built by the University of Alcala (Pastor-Graells et al., 2016). A
major advantage of chirped-pulse DAS is its use of direct detection,
as opposed to coherent detection used in conventional DAS
systems, which eliminates fading sensitivity along the fiber
(Fernandez-Ruiz et al., 2018), permitting array processing directly

from the raw data. For the interested reader, extended reviews of
this technique outlining the instrumental details are available
(Fernandez-Ruiz et al., 2019). The channel spacing was set at
10 m, with 10 m gauge length and 10 Hz sampling rate
(downsampled from a 1 kHz original sampling rate), yielding
4192 channels of continuous data over the full 42 km range of
the cable. The DAS recorded ambient noise Scholte waves gener-
ated by ocean—solid earth interactions and anthropogenic sources.
'This data set also includes a teleseismic earthquake. While some
Scholte wave conversions from teleseismic P- and S-phases may
be present, we were unable to identify earthquake-related Scholte
waves and assume they do not contribute to the results presented
here. For more details about the data set, choice of interrogator,

and cable design, we refer the reader to Williams et al. (2019).

Phase velocity measurement and inversion

To compute ambient noise correlation functions, the one-hour
DAS record was divided into 3.4-minute windows (2048 samples
at 10 Hz) overlapping by 50%. The first 1000 channels near shore
and in the surf zone were discarded. Spectral whitening was
applied to each window, followed by crosscorrelation, normaliza-
tion, and stacking in the frequency domain. Scholte wave disper-
sion images were computed by applying the 7-p transform on a
100-channel (1 km) virtual source gather every 10 channels (100 m)
along the array, yielding 309 dispersion images (Figures 2a and 2b).
Initial phase velocity picks were chosen automatically as the
maximum value of the dispersion image in each frequency bin
and then reviewed manually to assign mode numbers and remove
spurious picks.

Scholte wave phase velocity picks for the fundamental mode
and first overtone were jointly inverted for a 1D local shear-wave
velocity profile, fixing density at 1600 g/cc (Figures 2¢ and 2d).
For simplicity, we use a power-law parameterization (¢ () = ¢yz")
for which an approximate analytical Scholte wave dispersion
solution is given by Godin and Chapman (Chapman and Godin,
2001; Godin and Chapman, 2001). A power-law velocity model
is convenient because it permits straightforward calculation of
common geotechnical quantities such as ¥;, — the time-averaged
shear-wave velocity of the top 30 m, ¢,(1 - v)30" —and Z, j— the
depth fo 1 km/s shear-wave velocity,
(100%0) " — without having to consider
the shallow resolution of a layered model
or apply nonphysical regularization to

the inversion. Theoretical and experi-
mental studies have demonstrated that
unconsolidated marine sediments typi-
cally exhibit power-law shear-wave
s velocity in the top tens of meters due to
the steep gradient in confining pressure
below the seafloor (Hamilton, 1976;
ok 1S Bryan and Stoll, 1988; Godin and

. fully commissioned

!:J partially commissioned

Figure 1. Map of seafloor power cable (red line) and wind farms (hoxes) offshore Belgium. Labeled wind farms are color coded
by degree of completion at the time of data acquisition in August 2018 and are as follows: (1) Mermaid, (2) Northwester,
(3) Belwind/Nobelwind, (4) Seastar, (5) Northwind, (6) Rentel, (7) C-Power, (8) Norther, and (9) Borssele.
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D planned or under construction

Chapman, 1999; Buckingham, 2005).
While this assumption may not apply
for regions of the cable where uncon-
solidated Quaternary sediments are
thin, consolidated/cemented sediments
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also exhibit nonlinear dependence of
shear-wave velocity on confining pres-
sure (e.g., Christensen and Wang, 1985),
and power-law or piecewise power-law
models are frequently used to represent
shallow consolidated sediments in
ground-motion studies (Boore and
Joyner, 1997; Brocher, 2008). Further,
choice of a power-law velocity model is

Time lag (s)

supported by the data, as phase velocity
is observed to scale as a power of fre-
quency (Figure 2b; Godin and Chapman,
2001; Tsai and Atiganyanun, 2014). The
inversion was carried out with the
Metropolis-Hastings algorithm, with
convergence determined by the effective
sample size. The marginal posterior
probability density functions for ¢, and
v are approximately Gaussian but exhibit

multiple local maxima due to the high
scatter among dispersion picks at low
frequencies (Figure 2¢). Consequently,
we consider the mean of the posterior as
the solution, instead of the maximum a
posteriori point (Figure 2d).

The inverted velocity profile and
associated geotechnical parameters are
shown in Figure 3. All along the cable, e
uncertainty decreases with water depth.
Because only one hour of data is avail-
able, the signal-to-noise ratio of Scholte
waves is a limiting factor in dispersion
measurement, and in shallow water
ocean surface gravity wave signals domi-
nate the data, inhibiting convergence of noise correlation functions
and resulting in more scattered dispersion picks. High uncertainty
between 32 and 34 km may also result from the rough bathymetry
of numerous short-wavelength sand dunes on the crest of Thornton
Bank. Localized extreme (greater than 50% 74;,) high-velocity
anomalies at 10-11 km and 39-40 km are likely a result of bends
in the cable (Figure 1).

'The resulting shear-wave velocity model is generally consis-
tent with known geologic information, despite the inability of
a power-law model to capture discrete interfaces. The shallow
stratigraphy of the Belgian Continental Shelf is characterized
by Eocene shelf deposits unconformably overlain by Quaternary
sands, which form a series of tidal sand banks. Between 10 and
20 km cable distance, the thickness of Quaternary deposits
decreases from approximately 15 m to less than 5 m, while the
composition of Eocene strata (clay to clayey sandstone) remains
similar (Le Bot et al., 2005; Mathys, 2009). The thinning of
unconsolidated Quaternary sands is consistent with the observed
decreasing trend in Vg, over this interval (Figure 3d). Several
strong anomalies in V3, and Z, , between 10 and 20 km may be
associated with early Quaternary channels incising the
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Figure 2. Scholte wave dispersion measurement and inversion. (a) Common-source gather with virtual source at 22 km, showing
three Scholte wave modes and a weak ocean surface gravity wave mode (near vertical, along the y-axis) propagating along the
array. (b) Normalized dispersion image computed with the 7—p transform. Dispersion picks for the fundamental mode (blue) and
first overtone (red) are shown with the mean posterior fit. (c) Marginal posterior probability density functions (PDFs) for the
two parameters ¢, and v. (d) Joint posterior PDF of ¢, and v, with the mean point and maximum a posteriori (MAP) point labeled.

top-Paleoene unconformity, such as have been mapped by Mathys
(2009) in multichannel seismic profiles near the cable path. A
small anomaly in both V5, and Z, ; at 22 km is likely associated
with a local increase in the thickness of the Quaternary sand.
Minimal velocity change is evident at Thornton Bank; rather,
significant (20%—-40%) high-75;, anomalies are observed in the
swales on either side of the bank, correlated with the deepest
bathymetry at 29 and 36 km (Figures 3d and 3e¢). Here, the
Quaternary deposits are thinnest (less than 5 m), and in places
erosion from tidal currents may expose the Eocene at the seafloor
(Le Bot et al., 2005; Mathys, 2009). The velocity model also
reveals an increase in Z,, across the last 15 km of the cable,
from approximately 400 to 450 m, with a step around 32 km
under the western flank of Thornton Bank (Figure 3¢). An
increase in Z, , while the background trend in ¥{;, remains
constant indicates a decrease in the gradient of shear-wave
velocity with depth. While this could be explained by the changes
in sand thickness at Thornton Bank, the cable also crosses several
boundaries in the Eocene section grading from clay to sandstone
in the last 15 km (Le Bot et al., 2005), so interpretation of this
trend is complex.
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Figure 3. Velocity model. (a) and (b) Inversion results for ¢, and v along the 30 km array segment from southeast to northwest,
showing the mean posterior solution (black dot), one standard deviation (black bar), and a the mean solution smoothed with a
500 m spatial window (red line). (c) Smoothed velocity model (same as smoothed red line in [a] and [b]) offset by bathymetry.

Panels (d) and (e) are the same as (a) and (b) but for geotechnical parameters ¥, and Z, .
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Figure 4. Common-source gathers with virtual sources at (a) 32 km and (b) 38 km showing interference between the direct Scholte

wave arrivals and strong secondary sources along the cable. Compare with Figure 2a where no off-axis arrivals are present.
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Interferometric imaging
of noise sources

In addition to the expected direct
Scholte wave modes propagating between
virtual source and receiver (Figure 2a),
noise correlation virtual source gathers
also exhibit hyperbolae indicative of
obliquely incident Scholte waves gener-
ated by a strong secondary source or
scatterer (Figure 4). These off-axis arriv-
als interfere with the second and third
overtones of the direct wave in dispersion
images, requiring us to exclude all picks
above 2 Hz from the shear-wave velocity
inversion above. Similar arrivals were
observed by Mordret et al. (2013) in noise
correlations across a dense ocean-bottom
node array at Valhall, where the source
was localized to the drilling platform by
beamforming and traveltime fitting.
Precursory and coda phases from second-
ary sources and scatterers are relatively
common features of continental-scale
noise correlations (e.g., Zhan etal., 2010;
Ma et al.,, 2013) and have also been
observed in high-frequency noise cor-
relations on terrestrial DAS arrays (Zeng
etal., 2017). Given these off-axis arrivals
only appear between 30 and 42 km
distance where the cable runs along the
northern edge of the C-Power, Rentel,
and Northwind wind farms, we infer
that off-axis arrivals in noise correlation
functions represent Scholte waves gener-
ated by the structural vibrations of wind
turbines. This interpretation is validated
by passive source imaging,.

To visualize the secondary noise
sources and prepare for migration, we
sort the noise correlations into common-
offset gathers (Figure 5). In common-
offset gathers, the traveltime curve for
an off-axis point source or scatterer
appears similar to an arc-tangent curve,
with zero crossing at the point where
the source is an equal distance from
both virtual source and virtual receiver
(i.e., located along a line perpendicular
to the array), permitting straightforward
visual identification of source locations
and minimizing the overlap between
each source. Conveniently, the travel-
time of the direct wave between virtual
source and virtual receiver is approxi-
mately constant in common-offset
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gathers (Figure 5a), so the direct wave
is effectively removed by subtracting the
mean trace from all midpoints
(Figure 5b). Residual common-mode
noise (generated by temperature or

Time lag (s)

vibrations of the DAS interrogator unit)
that was not completely removed before
crosscorrelation concentrates at zero
time lag in the crosscorrelation func-
tions and is also mitigated by removing

+ Direct wave

the mean at this stage.

Scholte waves from at least five
secondary noise sources are clearly pres-
ent in the data — one centered around
31 km, a second at 35 km, and at least
three more around 38 km. These arrivals

Time lag (s)

are only visible between 1 and 4 Hz and
have a strong spectral peak around

I v
i
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flac g
i M L

1.1 Hz that varies slightly among

sources. The narrow-band source sig-
nature combined with the dispersive
nature of Scholte waves results in ringy
waveforms almost 4 s long. By using the
envelope, the effect of dispersion can be

Time lag (s)

neglected during migration.

To compute the source image, we
migrated individual common-offset
gathers using the crosscorrelation

migration of Schuster et al. (2004),
which is simply Kirchhoff migration
reformulated for interferometric trav-
eltimes. Because the amplitude of
observed Scholte waves varies by an
order of magnitude among sources, we
divided the data into three continuous segments and migrate each
independently: 29.5-32.5 km, 32.5-36.5 km, and 36.5-41.5 km.
Because we are migrating the envelope and because we have no
information about velocity away from the cable, we used a constant
velocity, taken as the average group velocity for the fundamental
mode between 1 and 4 Hz, which is between 100 and 120 m/s
along the array.

Resulting source images are shown in Figure 6. For the first
two cable segments, the off-axis arrivals migrate clearly to a single
turbine source: turbine I3 in the C-Power wind farm (Figure 6b)
and turbine E4 in the Rentel wind farm (Figure 6¢). The smearing
of energy along the direction perpendicular to the cable is caused
by the linear and one-sided array configuration. For the third cable
segment (Figure 6d), interpretation of the source image is more
ambiguous. Two strong peaks appear at turbines F'1 and F2 with
two weaker peaks at turbines G1 and G2, due to crossing of trav-
eltime curves around the bend in the DAS array. There is also broad
smearing of energy across turbine rows C through E farther from
the array, which is caused by the overlap of the Scholte waves from
each of the sources at longer time lags. Though operational ground
truth is not available from the wind farm operators, at the time of
acquisition the Rentel wind farm was still under construction and
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Figure 5. (a) Common-offset gather (h = 500 m) showing three areas of strong off-axis Scholte wave arrivals around 31, 35, and
38 km. (b) Common-offset gather from (a) after filtering 1-4 Hz, calculating the envelope, and removing the mean. Panel (c) is
the same as (b) but with h=1km.

not fully commissioned until November 2018, which likely explains
why only a subset of turbines is observed. No turbines in the
Northwind wind farm are clearly identified, though this does not
necessarily require that the Northwind turbines were inactive at
the time of recording. Turbines in the Northwind complex are
smaller 3 MW Vesta turbines, compared with the larger 7 MW
Siemens turbines in the adjacent Rentel wind farm, and therefore
they likely generate weaker, higher-frequency vibrations. Similarly,
the majority of C-Power wind turbines were not observed, and the
one turbine identified (I3) was the weakest observed source. The
C-Power Phase-2 6 MW Senvion turbines nearest the cable are
installed on steel jacket foundations, while the Rentel turbines are
installed with monopile foundations, so some difference in soil-
structure interaction is expected.

Discussion and conclusions

The results of this study demonstrate that ambient noise
interferometry applied to passive ocean-bottom DAS recordings
is a powerful tool for subsurface structural investigation and has
the capability of detecting and localizing vibrations from oftshore
structures. The inverted shear-wave velocity model is generally
consistent with the known geologic information. Further, source
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images calculated using the measured Scholte wave velocities
migrated individual arrivals to within 100 m of known turbine
locations. These results were obtained from only about one hour
of passive data within the 0.3—4 Hz frequency band. With a longer
recording window, the degree of convergence of noise correlation
functions (and consequently the signal-to-noise ratio in dispersion
images) likely would improve. Similarly, recording at a higher
sampling rate would permit utilization of a broader spectrum of
environmental noise, such as from short-period microseism and
regional shipping traffic, thereby increasing the sensitivity of
Scholte wave dispersion spectra to shallow structure and permitting
more flexible shear-wave velocity parameterization. However, as
in this study, previous passive Scholte wave tomography by Mordret
et al. (2013) and de Ridder and Biondi (2013) has been limited
to below 2 Hz due to interference from strong, local sources of
high-frequency noise. Further work on deblending filters or joint
source-structure inversion is needed.

'The first proof-of-concept work exploring ocean-bottom
DAS deployments was motivated largely by the potential for
seismic monitoring in the deep oceans for global tomography
or hazard early warning (Lindsey et al., 2019; Sladen et al,,
2019; Williams et al., 2019). Today, this vision is not yet practical

because (1) subsea cable links are relatively sparse and have not
been made widely available to the geoscientific community, and
(2) without two-way optical repeaters, commercial DAS systems
are limited to less than 100 km operating range. By contrast,
application of ocean-bottom DAS for offshore engineering is
feasible today because (1) optical fibers are available in power
cable networks at existing wind farms, monitoring arrays at
subsea oil and gas fields, or along seafloor pipelines, and (2)
energy production and development sites are generally within
100 km of the coast or have an associated platform/substation.
Further, due to shipping and fishing hazards, ocean-bottom
cables in the near-shore environment can include dense armor
cladding and are more often buried than deep-sea cables, which
is likely to both enhance elastic coupling to the seafloor and
reduce temperature-noise in DAS.

Particularly for global wind energy development, deploying
DAS on preexisting optical fibers in power cable links has the
potential to become a mainstay of offshore engineering practice. For
example, shallow gas presents a hazard to drilling operations and
foundation integrity. Near the study area on the Belgian Continental
Shelf, gas has been identified in Holocene sediments using high-
resolution seismic reflection profiles (Missiaen et al., 2002). Because

gas concentration has a large impact on

bulk modulus but a small impact on shear

C.G4 55— <730 modulus and density, shear-wave velocity

profiling with Scholte waves comple-

58 Fa 55 J2—l1 menting conventional seismic investiga-

tions permits calculation of ¥,/V; for

Rentel ) J5—old o3 improved constraints on porosity and pore

. fluid composition. Similarly, soil-struc-

, [Ha s M2 ture interaction models, which are

D4 D5 D8 increasingly used in the design of wind

n G 83 82 turbine foundations, require accurate

ci .4% C—Power estimates of the stiffness and strength of

% " s P2 shallow sediments (e.g., Lombardi etal.,

1 km T E il * 2013). Shear-wave velocity measured in-

situ with ocean-bottom DAS can be

.@.__/\/ : incorporated in geologic site classification
Ji 2\ B4 A4 A5 8 Y gy 'A".Gz G364 to choose reference strength parameters,
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\ G4 s . o G5 9 zg /)6 82 o3 seafloor pressure perturbation from ocean
— > —_— /",’ Rentel surface gravity waves, which can not only
1 km oF4 o3 1 km i) be related to wave intensity (Lindsey etal.,

Figure 6. Scholte wave source images. (a) Overview map with locations of three images. The cable location is shown in red, and
individual wind turbines are black dots. (b) Source image from common-offset data with midpoints between 29 and 32.5 km

showing a single turbine source in the C-Power wind farm. (c) Source image from midpoints 32

turbine source in the Rentel wind farm. (d) Source image from midpoints 36.5-41.5 km showing multiple turbine sources in the
Rentel wind farm. Each panel has heen rotated relative to the local cable orientation, and the color scale is normalized between

0and 1in each image.
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2019) but also current speed (Williams
etal., 2019). Ocean-bottom DAS thereby
L offers diverse value for site selection and
.9-36.5 km showing a single . . )
foundation design in a geologically and
hydrodynamically complex environment

such as that of the Belgian offshore.
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One major engineering challenge for offshore wind turbines
is scouring at the base of the structure, which can jeopardize
the integrity of the foundation (Whitehouse et al., 2011).
Integration of sediment and water column properties measured
with ocean-bottom DAS provides the necessary parameters for
scour modeling. Further, our demonstration that ocean-bottom
DAS can detect seismic waves radiated from individual wind
turbines nearby suggests potential for remote operational and
structural health monitoring. Structural vibrations are efficient
at generating Scholte waves (or equivalently Rayleigh waves on
land) by rocking or shearing of the foundation and Love waves
by torsion of the foundation, especially at the natural frequencies
of the structure (Favela, 2004). The natural frequencies of wind
turbines are highly sensitive to modifications of the sediment-
foundation system, such as can be caused by scour (Prendergast
et al., 2015). The relative contributions of Scholte and Love
waves can also be an indicator of sediment properties and founda-
tion integrity (Favela, 2004). We reserve the development of
such methods for future studies where more comprehensive
operational ground truth is available.

Presently, the primary limitation of ocean-bottom DAS for
engineering applications is the location and timing of cable
installation relative to the need for geotechnical information.
Preexisting cables will never be installed at the exact site of
planned turbines, so ocean-bottom DAS is unlikely to replace
in-situ geotechnical coring or cone penetration tests unless
dedicated fibers are laid at the design stage. This challenge is
partly mitigated in the Belgian offshore by the long history of
wind energy development: the first power cable was laid in 2007
with the installation of the C-Power Phase-1 turbines at
Thornton Bank, and the cable routes for early installations run
through planned development sites (Figure 1). Given the diverse
applications of ocean-bottom DAS demonstrated here, offshore
wind developers should consider routes that optimize the site
selection, design, and monitoring value of seafloor cables for

future projects. [ TLE
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