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The global offshore cable and pipeline infrastructure is ever growing to fulfill our demand for renewable energy
-and internet communication. At the same time there is an increasing amount of vessel traffic due to the growth
of offshore activities, which also imposes an increased risk of damage done to seabed infrastructure. This
highlights the need to develop methods for continuously monitoring vessel traffic in the vicinity of seabed
infrastructure over its full extent. Recent studies have demonstrated that redundant optical fibers pre-existing in
offshore cables and pipelines (i.e., dark fibers), can be used to monitor vibrations along and over long distances
(>100 km) using a Distributed Acoustic Sensing (DAS) interrogator. Different vessel parts are inducing acoustic
vibrations, that subsequently propagate through the water column and shallow subsurface and temporarily
deform a fiber-optic cable present inside seabed infrastructure. We developed a migration-based source location
method to automatically detect and locate vessels using dark-fiber data and applied it both to a dataset acquired
on the Dutch North Sea and a dataset from the west coast of Oregon, USA. The track, speed and course of the
considered vessels determined from the analysis of DAS data show excellent agreement with the Automatic
Identification System data in the vicinity of the fiber-optic cable. The migration-based source location method
effectively uses the high spatial-temporal density of DAS data by constructive summation of coherent waveforms
over space and time. Furthermore, the method can be extended to construct and refine velocity models by
iteratively modifying the velocity model until a maximum of the objective function is found—corresponding to
an optimal fit between observed and synthetic travel-times—provided that the uncertainty in propagation speed
can be decoupled from position uncertainties in the fiber-optic cable. Thereby the method allows both for
optimizing the velocity model and inverting for the acoustic source location in a sequential manner, which makes
it additional valuable for subsurface studies.

1. Introduction surface vessel traffic in the vicinity of seabed infrastructure.

The most relevant methods capable of detection and/or tracking

The increasing demand for renewable energy and internet commu-
nication has led to the rapid expansion of the global offshore cable and
pipeline infrastructure. These underwater networks are vital for the
energy supply and digital connectivity. In parallel, the rise in offshore
activities such as wind farm operations, CO, storage, Hy storage, hy-
drocarbon production and fisheries has resulted in a noticeable increase
in vessel traffic. This significantly increases the risk of damage to seabed
infrastructure, such as from vessel anchors dropped nearby or fishing
trawlers operating in the area. This calls for the need for effective,
affordable and full-scale continuous methods for monitoring marine

surface vessels are Automatic Identification System (AIS) data, radar
systems, and satellite imagery. AIS data can be an excellent source of
vessel information, but this is not a definitive solution. Smaller recrea-
tional vessels are not always obliged to have an AIS transceiver, and
some vessels may disable or spoof their AIS signals. Radar systems and
satellite imagery are well-suited for scanning large areas with high
spatial resolution at relatively low cost. However, satellite imagery can
only be collected intermittently, therefore not allowing continuous
monitoring. Furthermore, radar and satellite do not sense possible
maritime activity below the sea surface close to infrastructure.
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Table 1
Characteristics of hardware, acquisition parameters and water depth for the
Oregon and North Sea dataset.

Specifications North Sea Oregon dataset
dataset
Acquired by TNO in 2023 Wilcock and Ocean Observatories
Initiative (2023)
Cable type Export cable Telecommunication cable

Interrogator type FEBUS Al- Optasense QuantX
LR
Sampling frequency 500 500
(Hz)
Gauge length (m) 30 30
Channel spacing (m) 5 2
Approximate water 20 450
depth (m)

DAS is a relatively new acoustic data acquisition method that has
been developing rapidly over the past years. An extensive description of
the principles of DAS measurements is for instance presented by Hartog
(2017), SEAFOM (2024). DAS measurements are acquired with a DAS
interrogator connected to an optical fiber. The interrogator emits
coherent laser pulses through the fiber, where each laser pulse is
partially scattered back (i.e., Rayleigh backscattering) at very small in-
homogeneities (nanometer scale) that pre-exist inside the fiber. The
interrogator receives the back-scattered pulses and strain is determined
from phase changes over a distance called the gauge length. Externally
induced acoustic waves propagating through a medium will locally and
temporarily apply axial strain to the fiber (i.e. along cable direction),
which can be incidentally or continuously measured by the DAS inter-
rogator over the full cable length.

DAS has become an attractive measurement technique complimen-
tary to traditional point sensors (e.g., hydrophones, geophones). There
are numerous examples where DAS has successfully been used for (time-
lapse) subsurface imaging for hydrocarbon production, geothermal, COy
Storage sites, as well as for earthquake monitoring (e.g., Mestayer et al.,
2012; Mateeva et al., 2013; Dean et al., 2017; Wang et al., 2018). DAS
data-acquisition has the advantage that fibers are cost-attractive and
that a very high spatial data density can be reached over long cable
distances in contrast to localized point sensors. Moreover, extended DAS
interrogator types have become available that can conduct measure-
ments on fibers in co-existence with telecommunication traffic (i.e. lit
fibers).

Various research groups have demonstrated the use of DAS for
interrogating pre-existing fibers (i.e., dark fibers) in seabed infrastruc-
ture, including studies on earthquakes and subsurface characterization
(Jousset et al. 2018; Lindsey et al., 2020; Landrg et al., 2022), envi-
ronmental noise and ocean waves (Williams et al., 2019; Landre et al.,
2022), and marine mammals (Bouffaut et al, 2022; Landrg et al., 2022).
Dark fibers are also recognized as promising complimentary approach
for monitoring marine vessels near subsea infrastructures more effec-
tively, since measurements can be conducted utilizing redundant
fiber-optic fibers within existing offshore cables and pipelines. This
potential has been recently demonstrated by several authors (Rivet
et al., 2021; Landrg et al., 2022; Wilcock et al., 2023, Thiem et al., 2023;
Drylerakis et al., 2024). Landrg et al. (2022), Bouffaut et al. (2022) used
a cross-correlation approach to locate acoustic source respectively of a
vessel and of whales as recorded on dark fiber data. Specifically, the
approach of Thiem et al. (2023) focused on the enhancement of coherent
signal through data denoising and subsequent source location by mini-
mizing the misfit between observed and synthetic travel times, while
only accounting for direct waves (i.e. waves directly travelling from
source to receiver through the water layer). Alternatively, Drylerakis et
al (2024) present a machine learning based approach to detect and
locate vessels, using an unsupervised dimensionality reduction tech-
nique based on principle component analysis. Challenges for vessel
monitoring mainly rely in (1) optimizing data quality, which is
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dependent on the hardware specifications and acquisition settings of the
interrogator, (2) tailoring processing algorithms to extract vessel spe-
cific characteristics from DAS-data, and (3) effectively handling large
data streams of continuously acquired DAS data to facilitate (near)
real-time data processing and dissemination. The data quality of DAS
data depends on various factors including the cable design (type and
embedding of fiber), cable coupling conditions, cable burial conditions,
environmental noise (e.g., sea state, anthropogenic noise), and the
performance of the used DAS interrogator. Specifically, when using dark
fibers from already existing infrastructure to acquire DAS data the cable
design and cable deployment condition is simply accepted without any
external interference, such that the quality and value of the data can
only be optimized by tuning the hardware components and the acqui-
sition settings of the DAS interrogator, and by developing dedicated
data-processing workflows.

This study focuses on the automatic detection and localization of
vessels near submarine fiber-optic cables using distributed fiber-optic
sensing employing a methodology that incorporates noise suppression,
migration-based source location, and k-means clustering. To evaluate its
performance, the methodology is applied to DAS data from two con-
trasting sources: a seabed cable transporting power generated by a wind
farm (i.e., an export power cable) in the Dutch North Sea, and a tele-
communication cable located off the west coast of Oregon, USA. These
datasets differ significantly in terms of the DAS interrogator used, cable
types (export power versus telecommunication cable), considered vessel
types, water depths (shallow versus deep waters), and noise conditions
(absence versus presence of surface gravity waves). These diverse con-
ditions make the evaluation particularly interesting, as they highlight
the methodology’s adaptability and robustness across varying scenarios.
Additionally, we use the migration-based source location algorithm to
optimize the velocity of the top sediment layer, ensuring accurate
modeling of the refracted wave travelling through the sediment layer.
This optimization, in turn, enhances the precision of the acoustic source
localization.

2. Datasets

Two datasets were considered in this study; the first acquired by the
authors on an export cable running to an offshore windfarm on the
Dutch North Sea, and the second being a publicly available dataset ac-
quired at the West coast of Oregon (USA) by Wilcock and Ocean Ob-
servatories Initiative (2023). The specifications of the two datasets are
listed in Table 1.

2.1. North Sea dataset

The North Sea data was acquired using a FEBUS A1-LR DAS inter-
rogator connected to a fiber-optic cable, part of the export cable con-
necting an offshore windfarm to shore. The windfarm is situated of the
west coast of the Netherlands in the North Sea. Because of confidenti-
ality reasons the location of the specific cable cannot be shared. Fig. 1
does show an overview of submarine cables, including export cables
from windfarms, in the Dutch North Sea, as well as the areas where wind
farm permits are assigned. Export cables from windfarms are usually
covered by a few meters of sediment. The North Sea DAS data was ac-
quired over the full length of the export cable (approximately 33 km
long) over an eight-day period in October 2023. The data was sampled at
500 Hz with a 30 m gauge length and 5 m channel spacing and retrieved
in strain rate (see Table 1). The total data volume amounted to
approximately 20 TB. There is extensive vessel traffic in this area of the
North Sea. During the DAS measurement campaign, we simultaneously
collected publicly available AIS data, providing real-time positions of
vessels in the area near the interrogated export cable. The study area is
characterized by shallow water depths of approximately 20 m and wave
heights reaching around 2 m, during the period of acquisition. The cable
has an average burial depth of 2 m and was predominantly overlain by
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Fig. 1. (a) Overview of submarine cables located in the Netherlands. Note that the exact location of the power cable on which DAS data for this study was acquired is
confidential and cannot be reported. Bathymetric data is obtained from Emodnet (2025). Cable location information and data of wind farm permit zones are obtained
from Rijkswaterstaat (2025) https://maps.rijkswaterstaat.nl. (b) Location of submarine telecommunication cable (black) and the considered vessel’s track (red)
situated west of Oregon, USA (see source data from Wilcock and Ocean Observatories Initiative (2023)). Bathymetric data was obtained from General bathymetric
Chart of the Oceans (Gebco, 2025) https://www.gebco.net/. Coordinates of Fig. 1a and b are both plotted in WGS’ 84 in degrees.

moderate to coarse sand.

2.2. Oregon dataset

Wilcock et al. (2023) acquired DAS data on a telecommunication
cable and published the observation of a passing cargo vessel (see Fig. 1
and Table 1). We used the DAS data acquired during the passage of the
vessel over the cable. The track of the cargo vessel was reconstructed
from the course over ground and speed over ground as reported by

Wilcock et al. (2023), and by using the approximate cable passage point
of the vessel as observed on the DAS data. The water depth in the area of
interest is approximately 450 m and the average cable burial depth is 1.5
m (Wilcock et al., 2023).

3. Methodology for automated vessel tracking based on DAS
data

The key-objective was to detect and locate acoustic signals resulting
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Fig. 2. Illustrations of the relevant wave types and geometrical aspects for vessel-induced acoustic waves recorded by a fiber-optic cable near the seabed. (a)
Different vibrating vessel parts of are here simplified as a composed acoustic point source (yellow star) that result in a direct acoustic wave travelling (grey arrow)
through the water column (z;) when the angle of incidence is smaller than the critical angle. Upon arriving at the seabed, the direct wave is partially converted in a
reflected wave and partially in a transmitted wave (grey arrows) travelling through the shallow subsurface to the buried fiber-optic cable (orange). When the angle of
incidence equals the critical angle, the direct wave is converted to a refracted wave travelling through the sediment layer towards the cable. See main text for further
explanation. (B) Geometrical altitude aspects that affect the acoustic wave paths and which had to be partially simplified due to a lack of data and to reach a feasible
methodological implementation. See main text for further explanation.
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Fig. 3. Concept of the migration-based source location method. First travel-time curves are calculated for different source-receiver pairs. Here, sources and receivers
respectively correspond to possible acoustic source (i.e. vessel) locations (blue and green circles on grid) and DAS receivers along the fiber-optic cable (grey line).
Next, recorded DAS waveforms are stacked (i.e. summed) over the spatial dimension (black arrow) within a pre-defined time window along the pre-calculated travel
time curve corresponding to the synthetic source locations on the grid at the right (green and blue). Finally, the absolute part of the resulting signal is stacked over the
time dimension (orange arrow) which results in a single positive stacking value per source location. The location with the highest stacking value as indicated with the
proportionally larger green circle, represents the most likely location of the actual acoustic source generated by a vessel. With DAS measurements only strain is sensed
in the axial direction making it a single-component measurement. This results in ambiguity in the estimated source location, with two possible source locations
symmetrically positioned on both sides of the fiber-optic cable (1a and 1b). Note that for the real application we employ a full grid search.

from vessels in the vicinity of the considered seabed cables. The various sensed by a DAS interrogator.
components of a vessel (e.g., propellors, engines, pumps, generators)
induce hydroacoustic waves at particular frequency bands (Malinowski,
2001; Zak, 2008; Chung et al., 2011). These acoustic waves can be
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Table 2
Characteristics of different vessel types considered in this study.
Aspect North Sea dataset Oregon
dataset
Vessel type 1. 2. LPG 3. Cargo
Tugboat vessel vessel
Length (m) 59 118 180
Speed (knots) 3.2 14.0 13.2
Assumed vertical source-receiver 15 15 450
distance (m)
Distance along cable where vessel 24250 19600 48750
passed (m)
Table 3

Data processing- parameters and aspects relevant for the considered North Sea
and Oregon datasets.

Processing phase Processing North Sea Oregon
dataset dataset
Preprocessing Taper to suppress edge - Tukey
effects
Bandpass filter 15-240 Hz 5-100 Hz
FK-filter (low- and high-end 1400-3500  1400-
slope) m/s 15100 m/s
Migration-based Velocity in sea water velocity =~ 1500 1500
source location - v (m/s)
Velocity in upper subsurface 1700 1550
layer -v, (m/s)
Critical distance (m, see Eq. 28 1728
(2))
Grid size - x/y (m) 4000/ 5000/6000
4000
Grid point spacing 10 x 10 m 20 x 20 m
Length of used cable segment 2000 m 4000 m
Stacking window for 1.0s 1.0s
migration-based source
location

3.1. Considerations for fiber-optic monitoring of vessel-induced acoustic
waves

The concept of the most relevant acoustic wave types induced by a
vessel and geometrical aspects is presented in Fig. 2. We assume the
various vibrating parts of a moving vessel can be simplified as a
composed point source (yellow star in Fig. 2a), which is valid for far-
field observations. Out of practical reasons we extend this point source
approximation to the near-field, which we are also observing and
neglect the actual volume in which different acoustic sources exist that
correspond to different parts of the vessel. For small-receiver offsets the
considered acoustic waves will travel as straight direct waves with the
water sound velocity v; to the seabed (grey downward arrow in Fig. 2a),
where it is converted in an upward reflected- and downward transmitted
wave (grey arrows). If the cable is exposed, the direct wave will reach it,
whereas when buried, the transmitted wave will penetrate and reach it.
When the angle of incidence exceeds the critical angle, direct waves will
solely be converted to refracted waves traveling through the top layer of
the subsurface with velocity v, to the cable (black arrow in Fig. 2).

The critical angle 6, is given by Snell’s law:

0. = asin (V—1> (@D)]
Va

The corresponding critical distance(xy..;) at which refracted waves
originate that travel through the sediment (in the remainder of this work
referred to as refracted wave), can be geometrically deduced from the
water depth (z;) and defined by:

XYerie = %1 * tan (6.) ()]

The travel time T(x;,y,,2,) of the direct wave from source (s) to

Applied Ocean Research 154 (2025) 104422

receiver (r) can be expressed in 3D space as:

\/(Xr —X5)2 + (,Yr _ys)2 + (Zr - ZS)Z

V1

3

T(X, 1Y zf)dirett =

And the travel time of the refracted wave as:

Z3 > + (xyrotal - X}'cm) (4)

v * cos(6,) vy

T(xrvyrvz")refmcted = <

Where

XYtotal = \/(xr - Xs)z + (_yr _ys)z (5)

Note that in practice, for shallow-buried cables surrounded by un-
consolidated sediments, the direct wave may still be observed in DAS
measurements to some extent at distances beyond the critical distance. It
is essential to highlight the role of various geometrical variables and
their associated uncertainties in the context of our field application (i.e.
dark fiber data-acquisition of vessel-induced acoustic waves). Oceans
can be highly dynamic systems, which especially holds for the Dutch
North Sea, where dynamic bedforms exist at the seabed with different
spatial characteristics. This includes tidal sand waves that can reach
heights over 5 m and are highly mobile with lateral movements of tens of
meter per year (Cheng et al., 2020). Both bathymetrical charts and
measurements of cable burial depth data are periodically acquired,
typically at a minimum of 1 year interval due to associated costs.
Therefore, as illustrated in Fig. 2b, the reported cable burial depth (Az,)
and bathymetry (z;) have limited reliability given the dynamic nature of
the seabed (Azg,). Also, uncertainty is associated with the vessel source
depth (Az), that results from (1) short period ocean wave height vari-
ations (Az,), (2) the position of the active acoustic source region which
depends on design and draught of a vessel, and (3) tidal variations (Az)
at the location of the considered DAS cable segment.

Given these unknowns and uncertainties we simplified the geometry
by approximating the vertical source-receiver distance as:

7 ~ 21— (AZ o+ AZy) 6)

With 2; the mean bathymetric depth, AZ, the mean cable burial
depth and Az an estimate of the depth of the vessel’s source region
(AZ).

We also made several assumptions concerning the role of other
acoustic waves. We neglected the contribution of the small extra path
from seabed to cable as travelled by the transmitted wave and assumed
that below the critical distance the total travel time can be approximated
by only considering the path of the direct wave (see Egs. (2) and (3)). We
assume that above the critical distance the first arrival reaching the
cable is given by the refracted wave as given (Eq. (4)). Additionally,
other converted wave types will originate and be recorded on the cable
with DAS measurements. At relatively small source-receiver offsets,
subsurface reflections, subsurface multiples and water multiples will be
continuously generated. At larger source-receiver offsets refractions and
reflections will originate in the deeper subsurface. Although these
various wave types will be recorded as well with DAS measurements, we
neglected them to reach a simplified representation of primary arrivals
within the migration-based source location method, as described next.

3.2. Migration-based source location method

Because DAS data can have relatively high noise levels (especially on
dark fibers) as well as an extensive data-volume, we needed an efficient
and robust detection- and location method for acoustic events. We
anticipated that especially the North Sea dataset could suffer from
higher noise levels due to its shallow waters (~ 20 m) and often tur-
bulent sea state. Here wave heights can reach 4 m during a wind force 7
on the Beaufort scale. The combination of these wave heights with
shallow water depths, results in significant water pressure variations
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Fig. 4. Example of effect of data preprocessing on strain rate data. The panels show 60 s of data acquired from the North Sea export cable during the passage of a
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highlighted by the grey ellipse. (d) Close-up of the preprocessed data within the time window highlighted by the grey rectangle in b, showing the clear presence of the
vessel-induced acoustic event. Note that we plotted the absolute strain rate to enhance data visualization.

applied to the seabed and underlying cable. These pressure variations
result in considerable strain changes on the cable and further increase
the noise levels on the DAS data.

Various automated methods exist for detecting seismic events, which
are equally applicable to acoustic events. This includes detection based
on short term averaging/long term averaging (STA/LTA) in the time or
frequency domain (Vanderkulk et al., 1965, Withers et al., 1998), radon
transform based (Butcher et al., 2021), cross-correlation with template
waveforms (Gibbons and Ringdal, 2006) and machine learning based
detection and location approaches (e.g. Curilem et al., 2009;
Doubravova et al., 2016; Tiira, 1999, Shen et al., 2020; Alvaro et al.,
2021; Anikiev et al, 2023; Drylerakis et al. (2024)). Here, an unsuper-
vised neural network approach can offer an efficient way to detect and
locate acoustic events (Drylerakis et al., 2024). Thiem et al. (2023)
presented a workflow focusing on tracking vessels using DAS data, that
consists of noise suppression, image enhancement to identify coherent
signals, persistent homology to verify if the coherent signal corresponds
to a direct wave and subsequent traveltime inversion by fitting poly-
nomials to coherent signals to estimate the source location. Here, they
only considered direct waves originating from the vessel and traveling
through the water layer. Results for the considered vessel show its po-
sition can be reasonably estimated, although the method does not allow
reconstruction of its full continuous track.

In this study, a migration-based source location method was imple-
mented (Gharti et al., 2010; Smith et al., 2020; Winder et al., 2020),

which is also known as diffraction stacking or waveform stacking and
migration. This method has strong similarities to beamforming as
commonly used to process radar data (Yongtan, 1996; Chen et al., 2021;
Cahl et al., 2023.), as well as to semblance-based velocity analysis as
used in active seismic data processing (Gan et al., 2015). The
migration-based source location method constructively combines
coherent waveform data from an array, in our case a fiber-optic cable on
which DAS data is acquired, and back-projects it to determine the source
location. It has the advantage that weaker coherent signals in more noisy
data are enhanced through constructive summation enabled by DAS’s
high spatial channel density, and that it can be applied in a fully auto-
mated fashion.

The method is presented in Fig. 3, where individual time samples of
recorded trace data are first stacked (i.e. summed) in the spatial
dimension along precalculated travel time curves for source-receiver
pairs (obtained with Egs. (3) and (4)). This operation is conducted for
a series of time samples within a pre-defined time window t, for all
considered traces and basically results in a single stacked signal for each
grid point (see Fig. 3). In turn the absolute part of this stacked signal is
stacked along the time dimension resulting in a single stacked value per
grid point (see Fig. 3). This operation can be expressed by the following
objective function:
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.

Sx) =Y

t=0

irn(t+ Tu(x))

n=0

)

Where S(x) is the objective function for the position vector x = (x,y,
2) at the source grid, and T, (x) is the travel time from source position x
to receiver n (given by Egs. (3) and (4)). Furthermore r, is the recorded
sample at time ¢ for receiver n, N is the total number of considered re-
ceivers, and t, defines the selected time window within which the time
series is stacked. When a coherent signal from an acoustic source is
present within DAS data in a specific time window, the position vector x
of the source is identified as the location where the objective function S
(x) in Eq. (7) reaches its highest values. Note that in Fig. 3 the vessel-
induced signal is simplified with a duration corresponding to a single
wavelength, whereas in reality it is a continuous signal as the vessel
constantly generates acoustic vibrations. We implemented a full-grid
search where the objective function is calculated for all grid points in
the considered area of interest.

In case there is an acoustic source at a specific location, this will
result in the constructive summation of waveforms along the travel-
times for the respective source-receiver pairs, which in Fig. 3 is illus-
trated by the high stacking value found for the vessel at the position of
the green circle. This process enhances coherent signals (those aligned
with the travel time curves) while attenuating incoherent noise. The
result from the objective function (Eq. (7)) can be visualized in an in-
tensity heatmap, with stacking values corresponding to the relative
likelihood of the location of coherent signals (e.g. blue and green circles
in Fig. 3). Similar to linear hydrophone arrays, DAS arrays do not allow
differentiation from which side of the cable signal arrives resulting in
two possible locations, as indicated in Fig. 3 by the mirroring of the blue
and green dots around the cable. To calculate source locations, we
adopted k-means clustering imposing two clusters and applied it to the
spatial occurrence of the 10 highest stacking values from the heat map
obtained from Eq. (7). The selection of these 10 highest stacking values,
corresponding to 10 position vectors x in Eq. (7), was based on initial

testing of the k-means clustering method, which demonstrated that this
number effectively represents the region of the estimated source loca-
tion. This results in two clusters, where in turn we took the mean
location of each cluster as two final locations per analyzed data-block.
We run the corresponding code on a high-performance cluster to effi-
ciently process large volumes of successive DAS datafiles.

4. Results

During the research various vessels were detected, localized and
identified. We consider the raw and processed DAS data and the
outcome of the location algorithm for two vessels passing the export
cable in the Dutch offshore and one vessel passing the telecommunica-
tion cable offshore the USA. Specifications of the considered vessels are
indicated in Table 2, which shows variation in type, length, speed and
water depth at the specific cable crossing location.

4.1. DAS recordings of vessel induced acoustic events

The DAS data was pre-processed to increase the signal to noise ratio,
by applying a bandpass filter and successive frequency-wavenumber
(FK) filter with settings prescribed in Table 3. As shown in Table 3,
the optimal parameter settings differed between the two datasets, due to
differences in their data- and signal characteristics. The settings for the
bandpass filter and FK-filter were determined through initial data in-
spection and parameter testing. This showed that for the North Sea
dataset vessel related signal was still present at relatively high fre-
quencies compared to the Oregon dataset. Therefore, we used a higher
high-cut value for the bandpass filter for the North Sea dataset than for
the Oregon dataset. Also, for the Oregon dataset vessel related signal
was identified in the FK spectrum at relatively high apparent velocities
compared to the North Sea dataset. Therefore, we used a higher upper
bound for the FK-filter for preprocessing of the Oregon dataset compared
to the North Sea dataset, as shown in Table 3.
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Fig. 6. Power spectral density plots for three raw DAS recordings corresponding to the three considered vessels (black) against background noise (grey). (a) North
Sea Tugboat, (b) North Sea LPG vessel, (c) Oregon Cargo vessel. Here, the same DAS channels were selected for the three vessels as the reference channels highlighted
by the black lines in Fig. 5 j-1. The DAS data time window for each case was chosen to correspond to approximately 100 m of vessel travel over the fiber-optic cable,
based on the reported GPS position and speed over ground. Background noise data was evaluated at the same fiber-optic cable segment where each vessel passed,
acquired an hour before the vessel passage. In each individual subplot the PSD of vessel and noise data are both normalized by the maximum PSD value of the

respective vessel data.

Fig. 4 shows a comparison of absolute strain rate data as a function of
time and distance for the North Sea dataset at the time a tugboat passed
over the cable (see Table 2 for details on the vessel). Fig. 4a shows that
the combined effect of ocean surface gravity waves and shallow water
depths encountered at the North Sea causes significant water mass
variations acting on the fiber-optic cable. The direction of the ocean
surface gravity waves is marked by the black dashed arrow with an
estimated apparent wave speed of approximately 11.8 m/s. Fig. 4b
shows that we could significantly reduce the ocean gravity wave imprint
using the afore mentioned pre-processing steps. Fig. 4c reflects the dif-
ference between preprocessed and raw strain rate data with subtle dif-
ferences highlighted by the grey ellipse. Fig. 4d shows a close-up on a
time window of Fig. 4b (marked by grey rectangle) with a clear presence
of the vessel-induced acoustic event.

The recorded DAS data of the different vessels is shown in Fig. 5.
Fig. 5a—c and Fig. 5 d-f, respectively show time-frequency and time
domain waveform plots of raw strain rate data corresponding to a

selected DAS channel. Fig. 5 g-i shows the result of application of the
pre-processing on the raw time signals from Fig. 5 d-f. Fig. 5j-1 show the
absolute strain rate as a function of time and distance along the cable,
clearly depicting the DAS response due to acoustic waves generated by
the considered vessels. Fig. 5j-1 show the position of the DAS channels
that was selected for the plots in Fig. 5a-i, as indicated by the black
horizontal lines.

Fig. 5 shows that the acoustic signals generated by the considered
vessels are more clearly defined for the North Sea- than for the Oregon
dataset. For the North Sea data, the time-frequency plot (Fig. 5a and b)
shows a finite and broadband response at the time the vessels passed as
well as a clear response on the pre-processed time domain waveform
data (Fig. 5 g and h). For the Oregon data the response of the passing
vessel is weaker as expressed on the time-frequency and time waveform
plots of the single channel visualization (Fig. 5 ¢, f and i). The signal
shows periodic amplitude amplifications and attenuations (Fig. 5iand 1)
whereas the DAS data for the North Sea vessels show a more gradual
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the datasets considered in this study. (A) DAS amplitude response as a function of wavelength. (B) DAS amplitude response as a function of frequency.

strengthening and weakening when a vessel approaches and leaves the
cable (Fig. 5 g and h). This might be related to a stronger effect of ocean
waves on vessel movements for the Oregon case, resulting in spatial
oscillations of the radiated wavefield. Also, the intensity plot for the
Oregon case (Fig. 51) shows a zone with a very weak response (blue zone
at about 48,700 m cable length), which is probably caused by the vessel
approaching the cable from an orthogonal direction. In this specific case,
no acoustic signal is detected at the cable segment where the vessel
crosses due to the cable’s lack of sensitivity in the radial direction of the
cable.

Fig. 6 presents a comparison of the power spectral density (PSD)
expressed in dB for the raw DAS recordings of the three considered
vessels (black) against the background noise (grey). Here, both the
vessel and noise data spectra are normalized by the maximum spectral
value of the respective vessel data in each subplot of Fig. 6. This
normalization highlights the differences in frequency characteristics
between the vessel-generated signals and the background noise. The
time window selected to calculate the PSD of the background noise data
was set equal to the time window of the corresponding selected vessel
data. Based on the AIS data we selected a specific time window of the
DAS data for each considered vessel, representing approximately 100 m
of the vessel’s travel over the fiber-optic cable. Background noise data
was gathered from the same fiber-optic cable segment one hour before
the vessel passed, such that the sea state can be assumed approximately
constant while comparing data from identical cable segments.

The PSD curves of the considered vessel data recordings (black) is
significantly higher compared to the background noise (grey) in Fig. 6.
Various narrow frequency bands with increased magnitude are observed
for the North Sea vessels (Fig. 6a and b). These likely represent char-
acteristic frequencies of acoustic waves induced by the mechanical vi-
bration of different vessel parts, which can be relevant for further vessel
classification (Malinowski, 2001; Zak, 2008; Chung et al., 2011). More
extensive research is needed to determine the precise cause of these
frequency peaks and its potential use for vessel classification. Further-
more, a 100 Hz peak is observed on the North Sea data (Fig. 6a and b),

possibly induced by the alternating current inside the power cable.
When inspecting smaller time windows of the North Sea- and Oregon
datasets, the acoustic signatures of the considered vessels show similar
hyperbolic shaped travel-time delays as a function of distance as illus-
trated in Fig. 8 a and c.

4.2. Application of migration-based source location algorithm

The parameters used for the migration-based source location method
are listed in Table 3, which shows we assumed a velocity v1 of 1500 m/s
for the water layer in both datasets. This is a standard representative
value for water, though the true velocity can vary depending on salinity
and temperature.

The DAS cable response is affected by the spatial sampling settings of
the considered datasets and related to the gauge length Ry. Following
Eq. (10) by Nasholm et al. (2022), the DAS cable response can be
approximated by:

Rah) = ®

sin (7G/2)
E

Where G is the gauge length and 1 the wavelength. As shown in
Table 3, the considered datasets have a gauge length (G) of 30 m.
Assuming an average propagation velocity of 1500 m/s, Eq. (8) predicts
the DAS response will decrease for wavelengths (1) of 30 m and shorter
and frequencies of 50 Hz and higher. This is illustrated in Fig. 7, showing
the normalized DAS response as a function of wavelength (a) and fre-
quency (b), with notches occurring at integer multiples of 50 Hz. Still, as
shown in Fig. 6 the frequency response of the DAS recordings of the
vessels clearly shows vessel-related energy (black) above 50 Hz when
compared against the background recordings (grey). Furthermore, while
doing initial tests, the outcome of the migration-based source location
algorithm showed a clear improvement when including higher fre-
quencies (above 50 Hz), because this further contributed to constructive
summation of coherent signal. Since our goal was to maximize the
performance of the location algorithm we preserved higher frequencies
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Fig. 8. Examples of the application of location algorithm approach for vessel 2 (LPG) of the North Sea dataset (a, b) and vessel 3 (Cargo) of the Oregon dataset (c, d).
(a, ) Block of pre-processed strain rate data together with the travel time curve giving the highest stacked value within the time window marked by the curved black
dashed lines. (b, d) Heat map of the stacking results from the location algorithm. The zone with the highest stacking values is assumed to be the most likely location of
the acoustic source, which is in our case the vessel. The location of the DAS cable segment selected for corresponding analysis is shown by the straight blue line and
the full DAS cable by the dashed blue line. The AIS data is indicated by the grey dashed line. See Tables 2, 3 and for specifications of considered vessels and DAS
processing parameters. Note that panel b corresponds to the same snapshot as Fig. 9e (stacking result at 1700 m/s) and Fig. 10f. Panel d corresponds to the snapshot

shown in Fig. 10i.

in the analysis.

The results of the application of the migration-based source location
algorithm can be visualized as a heat map where high stacking values
resulting from the objective function (Eq. (7)), correspond to a possible
acoustic source location (also see Fig. 3). In Fig. 8 a and c the two dashed
hyperbola indicate the travel time function corresponding to the highest
value from the heatmap shown in b and d (dark red/colors). Note the
symmetry of the heat map in Fig. 8b and d, which is caused by the
inability to distinguish the direction of signal arrival from fiber-optic
data, as it is essentially a single-component measurement in the axial
direction of the fiber.

After initial testing we selected a larger search area, coarser grid
point spacing and longer DAS cable segment (used for processing) for
the Oregon case than for the North Sea case, because the vessel
considered at Oregon could be sensed at larger distances than the ones
considered for the North Sea case. Here, we balanced the choice between
grid size and grid resolution to maintain acceptable calculation times for
both cases.

Although the performance of the migration-based source location is
dependent on several variables (see Eq. (7)), the result appeared to
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especially benefit from optimizing the velocity of the upper subsurface
layer (v, in Fig. 2), which determines the arrival time of the refracted
wave. The effect of successively increasing the p-wave velocity of the top
layer on the performance of the migration-based source location algo-
rithm is visualized in Fig. 9. Fig. 9a—i show the effect of varying velocity
(v2) on focusing of the source location region on the heat map. Fig. 9j
shows the corresponding mean of the 10 highest stacking values
resulting from the location algorithm, as a function of velocity (v;). This
shows a clear peak value around v;=1700 m/s corresponding to the heat
map depicted in Fig. 9e, that indeed shows optimal focusing of the
source location. Similarly for the North Sea tugboat we found v,=1700
m/s, which we adopted for further travel time calculations for the North
Sea case. For the Oregon case we similarly determined a velocity for the
subsurface of v,=1550 m/s (see Table 3). Note that the role of the
refractive layer (v;) is more crucial for the North Sea- than for the
Oregon case. Due to the small water depths at the North Sea, there is an
approximate critical distance of 28 m, whereas for Oregon it is
approximately 1728 m (see Table 3). Thus, for the North Sea a major
part of the recorded vessel-induced acoustic waves originating in the
region around the cable are refracted waves travelling at vo, whereas for
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Fig. 9. Effect of velocity of refracting layer on the heat maps obtained from the migration-based source location algorithm. This result is based on the DAS recording
of vessel 2 (LPG) of the North Sea dataset (see Table 2). Panels a-i show the effect of different velocities on the migration-based source location outcome visualized as
heat map. Panel j shows the mean (solid black) with the standard deviation (shaded grey) of the 10 highest stacking values from the heat map with a peak value

around 1700 m/s as indicated by the dashed black line.

Oregon these will mostly be direct waves travelling through the water
traveling at v;.

The results of the location algorithm additionally benefitted from
increasing the time window used for waveform stacking up to a certain
extent. The length of this time window should be constrained by the
maximum velocity of the vessels of interest; if the window is chosen too
large the synthetic travel times do not adequately fit with the observed
ones anymore in the given time window due to waveform phase
changes, which will result in destructive interference upon waveform

11

stacking. Similarly, for the choice of the grid point spacing it is impor-
tant to make sure travel-time curves calculated on adjacent grid points
have limited variation in similarity, such that they adequately capture
subtle phase variations of the wavefront as it spreads, assuring
constructive waveform stacking in the migration-based source location
method.

The migration-based source location algorithm was applied to
consecutive data files, encompassing a time frame of several minutes,
during which the AIS data reported the presence of a vessel near the
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cable. Fig. 10 shows successive snapshots of the heatmaps resulting from
the location algorithm for the three vessels as they pass over the mea-
surement cable. The blue circles represent the locations determined by
applying k-means clustering to the heat maps, which are clearly posi-
tioned near the independently reported GPS locations of the vessels
(dashed grey line).

The misfit between the vessel locations reported by AIS and the lo-
cations based on the location algorithm applied to the DAS data is shown
in Fig. 11. To calculate this misfit, we selected one of the two clusters
that was positioned closest to the vessel position at the specific time as
reported by AIS (i.e. one of the two blue circles in panels of Fig. 10). Note
that in the analysis we have chosen to use recorded DAS time series of
vessels approximately present within 1.5 km from the fiber-optic cable
as shown in Fig. 11. The results are not reflecting the detectability of
vessels by DAS, as this depends on many different factors (e.g. vessel
types, data quality, data processing). However, the results do illustrate
that a fiber-optics based monitoring approach benefits from additional
data-processing efforts.

Based on the successive locations found from k-means clustering
applied to the heat maps in combination with the time of the recorded
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DAS files, we also determined the vessel’s speed over ground (SOG) and
course over ground (COG), which is compared against AIS data in
Table 4. For all three vessels, Table 4 shows a clear correlation of the
SOG and COG values based on the DAS data and from the AIS data.
Among the different variables analyzed, we observed that both the
sediment velocity (also see Fig. 9) and the length of the time window t,
used to sum waveforms within the objective function (Eq. (7)) have a
significant impact on the locations calculated with our methodology.
Fig. 12 addresses how these two variables affect the misfits between AIS-
and DAS derived vessel locations. Here, stacked histogram plots for the
misfit are shown for two velocities of the upper sediment layer (Fig. 12a)
and 5 different time windows (Fig. 12b) for the LPG vessel on the North
Sea, where mean misfits are indicated by the dashed lines. Fig. 12a
considers two velocities of the upper sediment layer; v, = 1700m/s
(green) and v, = 1500m/s (light-red). This respectively corresponds to
the optimized v, based on results of Fig. 9, and the case with v, = vy, in
which case the refracted sediment wave does not originate due to
absence of velocity contrast between the two layers (see Egs. (1) and
(2)). It clearly shows smaller misfits when assuming a sediment velocity
of 1700m/s (green) instead of 1700m/s (light-red). This indicates the
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Table 4

Vessel movements based on the results of the stacking algorithm applied to the
DAS data. For the three vessels it lists the speed over ground (SOG) and course
over ground (COG) reported by AIS data and independently derived from DAS
data. The SOG and COG were derived from DAS analysis using the sequence of
calculated locations of the vessel sources (e.g. blue dots in Fig. 10) in combi-
nation with the UTC times of the DAS files. The COG from the DAS data has two
values with a 180° phase shift because of the inability of DAS to discriminate
from which side of the cable the signal is arriving. Here we list the azimuth
closest to the one reported by AIS.

Dataset North Sea Oregon

Vessel type 1. Tugboat 2. LPG vessel 3. Cargo vessel
SOG from AIS (m/s) 1.7 7.2 6.8

SOG from DAS (m/s) 1.5 6.8 6.2

COG from AIS (°) 209.9 12.9 26.0

COG from DAS (°) 202.2 11.6 27.3

importance of adequately accounting for the refracted layer travelling
through the sediment, ensuring that observed travel times of coherent
events are better represented by synthetic travel times, thereby
improving the performance of the migration-base source location
method and reducing location misfits. (B). Fig. 12b illustrates how an
increase in t, (from red to green) used within Eq. (7) contributes to
smaller misfits between the AIS location and the DAS derived location of
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a vessel. This shows that t,, = 1.0s, also used as default throughout our
analysis gives the smallest misfits, while still being small enough such
that vessels remain with grid point distance of 10 m given the speed of
the considered vessels.

5. Discussion

The presented data-processing method applied to the considered
DAS-data has shown to give robust results with resulting vessel locations
confirmed by reported AIS data. The approach highly benefits from the
high spatiotemporal- resolution and extent of DAS data by construc-
tively stacking coherent signals both in space and time. The results show
that the performance especially increases when adequately accounting
for the velocity of the upper sediment layer and by carefully choosing
the time window over which data is integrated in the objective function.
When employed in a (near) real-time application the presented method
can be a valuable tool for detecting and locating acoustic sources in the
vicinity of fiber-optic cables pre-existing at the seabed.

The migration-based source location algorithm is expected to further
benefit by accommodating (1) the geometrical aspects of the water layer
more realistically (tidal variations, wave heights, bathymetry), (2) a 3D
layered subsurface model with refined layer- geometries and properties
(including cable burial depth) and (3) additional acoustic wave types (e.
g. multiples in water and subsurface, deeper reflections, deeper re-
fractions) within travel-time computations. In this way the coherency of
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and both correspond to the case where v, = 1700m/s and t,,=1.0s.

different observed wave types can be better captured by the calculated
synthetic travel-times, which upon waveform stacking will likely result
in improved focusing, and a more sensitive and powerful performance of
the location algorithm.

Another interesting aspect is the complimentary use of the method to
determine the velocity of the upper sediment, where the maximum of
the objective function can be optimized by iteratively modifying the
velocity model. In this way a preferential velocity model is found where
corresponding synthetic travel-times have an optimum fit with the
observed travel times resulting in a maximum of the objective function
with the best focusing result on the heat map. Thereby it allows for
optimization of the velocity model followed by inversion of the acoustic
source location, which we demonstrated for a simple two-layer
approximation, but that can be extended to a 3D layered subsurface
velocity model. In this way vessel-induced acoustic events can be
recorded on fiber-optic cables embedded in seabed infrastructure and
used to build velocity models in the surrounding of this seabed infra-
structure. This local velocity information can in in turn be integrated in
regional subsurface velocity models and used for other subsurface
studies.
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A general limitation of the method where we consider data acquired
on a linear array, is its incapability to distinguish from which side a
signal arrives with respect to the cable orientation (i.e. directionality
effect). This can further be addressed by accommodating fine-scale
bathymetric field data in the model representation where local bathy-
metric asymmetry in the cable surroundings can be used to determine a
unique source location. Also, incidental curvature in certain cable seg-
ments can help to better constrain the source location. Moreover, the
method can benefit by simultaneously monitoring and processing data
from neighboring submarine cables that are often aligned within
corridors.

We assumed the contribution of different vessel parts to an overall
composed acoustic source signal can be simplified as a point source and
neglected a vessel-specific acoustic radiation pattern. Especially with
shallower water depths (such as the North Sea case) the source-receiver
offsets are relatively small, such that the volume where different
vibrating vessel parts are present become increasingly significant.
Although the point source representation and neglection of the radiation
pattern is becoming decreasingly valid in this case, we still observed
accurate locations determined by the location algorithm when the vessel
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is positioned near or above the cable (at small source-receiver offsets).
Nonetheless, more advanced source modelling could help to see if
further improvements in the location algorithm may be gained by ac-
counting for a more accurate source representation and corresponding
radiation pattern of the vessel.

It was beyond the scope of this research, to determine detection
thresholds of various vessels or even classify them from DAS data. This
would help to set trigger thresholds on the magnitudes of the acoustic
locations found from the algorithm, such that potential false alarms are
minimized. Further in-depth research could focus on analysis of DAS
data for diverse vessel characteristics and environmental conditions.
This includes vessels that differ in various aspects such as size, speed,
course, propeller type, and engine specifications. Furthermore, one
should consider the effect of various infrastructure types, fiber aspects,
interrogator types, water depths and burial depth on recorded DAS data.
We foresee that an extensive knowledge database can be built relatively
straightforwardly, basically using AIS data to label DAS-data. Machine
learning approaches in combination with labelled DAS data in turn may
be used complimentary to the migration-based source location algo-
rithm to both locate and classify vessel-induced acoustic events.

6. Conclusions

We successfully applied a processing method to automatically detect
and locate vessel-induced acoustic events using two DAS datasets from
two types of pre-existing seabed infrastructure, each with different field
conditions. The location method consists of a migration-based source
location approach and subsequent k-means clustering, and results show
a clear correlation between DAS derived vessel locations with the lo-
cations from independently reported AIS data. The method makes
effective use of the high spatial-temporal density of DAS data through
constructive summation of coherent waveforms over space and time.
The track, speed and course of the considered vessels could be derived
from the analyzed DAS data in the vicinity of the fiber-optic cable and
showed consistent agreement with the AIS data. This demonstrates the
potential of using DAS measurements to monitor acoustic sources, such
as from vessels, in the vicinity of seabed infrastructure. Finally, the
method allows for first optimizing the velocity model and then inverting
for the acoustic source location in a sequential manner. This highlights
the complimentary value of the method for subsurface studies.
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