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Abstract

Subsurface monitoring plays an important role in utilising subsurface resources
and preventing geologic hazards. This thesis comprises dissemination of the re-
search in using seismic methods for subsurface monitoring. Here I demonstrate
various applications of ocean-bottom fibre-optic distributed acoustic sensing (DAS)
technology to marine seismic exploration and subsurface monitoring using active
and passive seismic sources. These include conventional marine seismic sources,
whale vocalisations and subsurface shear-wave resonance. In addition, I develop
a new time-lapse (4D) seismic method based on traveltime, called “4D seismic
time-strain inversion,” to monitor the time-lapse changes in geophysical proper-
ties of the subsurface. This method can determine the subsurface changes without
prior knowledge nor assumption about geomechanical properties in the field of
interest. All the research work done in this thesis could contribute to the advance-
ment of fibre-optic DAS and 4D seismic technologies for subsurface monitoring.
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Sammendrag

Undergrunns overvéking spiller en viktig rolle i utnytting av ressurser under over-
flaten og for & forhindre geologiske farer. Denne oppgaven inneholder forsknin-
gen pa bruk av seismiske metoder for overvéking av undergrunnen. Her demon-
strerer jeg ulike anvendelser av havbunns fiber-optisk distribuert akustisk sensing
(DAS) teknologi til marin seismisk utforskning og undergrunns overvéking ved
bruk av aktive og passive seismiske kilder. Dette inkluderer konvensjonelle marine
seismiske kilder, hvalvokaliseringer og undergrunns skjerbglgeresonans. I tillegg,
utvikler jeg en ny 4D-seismikk metode basert pa reisetid, kalt “4D seismic time-
strain inversion,” for & overvake tidsforlgp endringene i geofysiske egenskaper
til undergrunnen. Denne metoden kan bestemme endringer i undergrunnen uten
noen forkunnskaper, eller antakelser, om de geomekaniske egenskapene til feltet
av interesse. Alt forskningsarbeidet som er gjort i denne oppgaven kan bidra til &
fremme fiber-optiske DAS og 4D-seismiske teknologier for undergrunns overvak-
ing.
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Chapter 1

Introduction

1.1 Motivation

Subsurface monitoring is an application of geophysics. It is used to investigate the
changes under the solid surface of the earth. Therefore, subsurface monitoring
plays an important role in utilising subsurface resources and preventing geologic
hazards. It also plays an important role in serving society and achieving the 17
United Nations (UN) Sustainable Development Goals (SDGs) [1].

For decades, subsurface monitoring has been conducted extensively in min-
ing and petroleum exploration industry to improve the efficiency in production.
In recent years, it has also become engaged in hydrogen and CO, storage, en-
hanced petroleum recovery, geothermal resource management, underground wa-
ter resource management, nuclear waste disposal management, and many other
near-surface investigations.

Subsurface monitoring can be done by using geophysical tools such as well
logging tools, downhole monitoring tools, subsurface fluid sampling, tracer ana-
lysis, seismic imaging methods, high-precision gravity methods, or electrical tech-
niques. Typically, the main purposes are to track the movement and pathways
of fluids through subsurface reservoirs, to track associated pressure changes and
other physical property changes in the reservoirs, and to define the reservoir
boundaries.

This thesis focuses on the use of seismic methods for subsurface monitoring.
Here, I demonstrate various applications of fibre-optic distributed acoustic sensing
(DAS) to marine seismic exploration, which is the basis of subsurface monitoring.
In addition, I develop a method that uses the traveltimes in time-lapse seismic
data to monitor subsurface changes. This method is called “4D seismic time-strain
inversion.”
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1.2 Literature Review

1.2.1 Marine seismic exploration

Near-surface seismic imaging is essential for investigating shallow gas, weak lay-
ers, faults, and other potential subsurface geological hazards. These elements can
adversely affect offshore activities such as drilling operations, offshore platform
and wind farm construction, and pipeline surveys. The oil and gas industry uses
near-surface information to improve the images of deeper structures and to reduce
risks in exploration and production. To accurately investigate near-surface irreg-
ularities, ultrahigh-resolution reflection seismic data acquisition and processing
techniques have been developed [2].

Marine seismic data can be recorded either by hydrophone streamers towed
behind sailing vessels or by seismic receivers deployed on the seafloor. Seismic re-
flections from near-surface structures are strongest at the receivers with short off-
sets from the source. To acquire near-offset seismic data, we may place the source
over the streamer spread, which requires separate vessels for sources and stream-
ers [3]. Another solution is to minimise the distance between sources and dense
streamers [2, 4]. However, the latter solution requires shortening the streamer
length for operation safety. The lack of far offset information consequently causes
high uncertainty in velocity model building. On the other hand, short offsets
and dense receiver spacing in streamers result in high stacking fold and nar-
row imaging bins for near-surface imaging. Hence, when combined with high-
frequency seismic sources, the vertical and horizontal resolution becomes signi-
ficantly higher than conventional broadband seismic data.

Seabed seismic acquisition has been growing in the marine seismic market for
its advantages over towed streamer techniques. The physics of seabed seismic ac-
quisition is more advantageous than towed streamer acquisition for the following
reasons [5]. First, seafloor receivers have lower noise level than towed streamers.
Second, there are no limits to the offsets and azimuths between sources and re-
ceivers, except for source-vessel considerations. Long offsets and wide azimuths in
the data can significantly improve the accuracy of seismic velocity models and the
seismic illumination of complex structures. Third, pressure and shear waves are
both recorded, so a seafloor receiver geometry can provide high-quality images
even in areas with strong amplitude absorption in the presence of gas. Finally,
there are fewer effects from the sea surface ghosts that limit the frequency band-
width of the seismic data and, hence, the image resolution.

Ocean bottom cables and ocean bottom nodes are common recording systems
in the seabed seismic market. The node system is a blind recording system, as it
acquires data internally and exports the data later. In addition, nodes are powered
by internal batteries which requires an effective power management plan during
the operation. In contrast, data recorded by ocean bottom cables can be viewed on
areal-time basis. Traditional cable systems for seabed seismic acquisition are bulky
electronic networks. However, the electrical cables can be replaced with fibre-optic
sensing cables, while maintaining the recording performance [6]. In addition to
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the real-time monitoring feature, a key advantage of fibre-optic sensing systems
is that no electronic and electrical power components are required at the sensing
points giving unsurpassed reliability for permanently installed sensing systems.

1.2.2 Distributed acoustic sensing for subsurface exploration

Distributed acoustic sensing (DAS) is a technology that uses fibre-optic cables
for acoustic measurements. It has been applied to military defence, engineering
structure monitoring and petroleum exploration [7]. DAS transforms a fibre-optic
cable into a densely sampled sensor array. The cable itself is the sensing element
without additional transducers in the optical path. Laser pulses transmitted into
the fibre are continuously reflected to the interrogator due to the Rayleigh backs-
cattering process inherent to all optical fibres. The phase of the backscattered light
is reconstructed within the interrogator typically for each meter of the fibre. As
the phase of the reflected optical light is proportional to the strain of the fibre, the
distributed strain modulation across a fibre segment (termed the gauge length)
can be computed. Therefore, DAS can sense seismic waves that modulate the ex-
tensional strain of the fibre segment [8]. Its seismic response is somewhat similar
to the inline component of conventional point accelerometers. In other words, it
is mainly sensitive to seismic waves creating strain along the cable direction [9,
10].

Over the past decade, many applications of DAS have been studied and intro-
duced to the applied seismology community and the petroleum industry. Daley
et al. [11] demonstrate a field test of DAS seismic acquisition of borehole seis-
mic data and land surface seismic data. Additionally, Dean et al. [12] discuss its
applications to marine seismic acquisition. Lumens [13] studies various applica-
tions of DAS in oil and gas wells. In addition to borehole applications, DAS can be
applied to fibre-optic telecommunication cables deployed on the ground and sea-
floor. Many case studies of DAS using onshore telecommunication infrastructure
have been conducted for passive seismic monitoring such as earthquake detec-
tion [14-17], near-surface soil studies [18, 19], ambient noise analysis [20-22],
urban traffic monitoring [23, 24], glacier flow monitoring [25], and other seismic
activities [ 26]. Moreover, it can monitor seismic waves from controlled sources to
study and prevent onshore geohazards [27]. In addition to onshore environments,
DAS in subsea fibre-optic telecommunication cables can detect ocean waves, mi-
croseisms, earthquakes [28, 29], and near-surface geological structures and faults
[30].

DAS can be used as surface seismic receivers in subsurface exploration. Bak-
ulin et al. [31] and Urosevic et al. [32] demonstrate the potential applications
of DAS to land seismic exploration. A comprehensive review of the recent DAS
technology for land surface seismic surveys is given in Bakulin et al. [33]. Never-
theless, the applications of DAS to produce subsurface seismic images in a marine
environment have not been widely presented. It is important to acquire manifold
and diverse examples to verify that DAS can be used for subsurface seismic explor-
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ation in any environment. This statement could be demonstrated by comparing
the marine seismic images from DAS with those from other conventional seismic
methods. The validity of DAS in marine seismic exploration has the potential in
the seabed seismic market.

1.2.3 4D seismic methods for subsurface monitoring

Time-lapse (also called 4D) seismic analysis has evolved as an essential integrity
of subsurface reservoir management in many regions since the early 1990s. In
the petroleum industry, 4D seismic is employed as a primary surveillance tool to
optimise the field-development plan and to improve energy efficiency in operation
and production. It is the process of using two or more seismic surveys acquired in
the same area to find changes that occur over time [5]. Subsurface changes due to
petroleum production or fluid substitution cause different responses of amplitude
and traveltime in the seismic data acquired at different times. The 4D seismic
responses are well depicted in Chadwick et al. [34, Figure 1] and Landre [35,
Figure 19.6].

Most 4D seismic time-shifts are measured from a pair of successive poststack
seismic volumes (baseline and monitor data) on a trace-by-trace basis using cross-
correlation methods [36] or nonlinear inversion [37]. It is important to measure
poststack time-shifts both inside and outside reservoirs. A significant observation
of the time-shifts up to 20 ms caused by the overburden stretching above com-
pacting reservoirs was reported at Ekofisk, where the seabed was sinking for a
few meters [38]. The subsidence of the seabed and the subsurface layers could
cause instability to the production platforms and other facilities attached to the
seabed, which is an element of hazards. Therefore, 4D seismic time-shift analysis
can play an important role in hazard management and field operation. Moreover,
4D seismic time-shifts are a robust and stable seismic attribute effectively used to
evaluate reservoir dynamics due to production [39].

4D seismic time-shifts are on the spot, because seismic interpretations are
done in the time domain of the seismic volumes, all of which have been migrated
with one common velocity model. Time-shift analysis using one common velo-
city model in seismic migration is widely performed, because it has a lower com-
putational cost and less uncertainty than migrating each of the seismic volumes
with its individually-updated velocity model [39]. Although data-fitting velocity
modelling methods such as 4D full-waveform inversion can possibly provide high-
resolution estimates of the 4D change, they are computationally expensive and
subject to improvement on reducing artefacts caused by non-repeatability of the
survey [40].

1.3 Aim of the Thesis

This thesis aims to demonstrate the use of fibre-optic DAS technology for sub-
surface seismic exploration and monitoring in marine environment. The thesis
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also aims to develop and demonstrate a new traveltime-based 4D seismic method
for subsurface monitoring. These two demonstrations could contribute to the ad-
vancement of fibre-optic sensing technology and to the development of the sci-
entific knowledge of subsurface monitoring.

1.4 Structure of the Thesis

This thesis is a collection of research articles. It is designed and written in such
a way that it presents the overall coherence of all the articles and situates their
results in the wider context.

Chapter 2 covers the necessary background that forms the methodological and
theoretical framework of the thesis. It serves as the introductory chapter for the
newcomers to the research areas of fibre-optic sensing and subsurface monitoring.

Chapter 3 sums up and integrates the contribution of the thesis as a whole.

Chapter 4 thoroughly discusses the contribution of the thesis as a whole.

Chapter 5 draws the overall conclusion of the thesis. It also presents an outlook
of the research and development of fibre-optic DAS for subsurface monitoring.






Chapter 2

Background

2.1 Fibre-Optic Distributed Acoustic Sensing

2.1.1 Ocean-bottom distributed acoustic sensing

Distributed acoustic sensing (DAS) is a technology that can exploit the optical
fibre in standard telecommunication cables as an extended spatial array of acous-
tic sensors [8]. Over 1.3 million kilometres of subsea telecommunication cables
have been deployed around the Earth. Many optical fibres in these cables, often
‘spares’, are not currently used for telecommunication. It is possible to repurpose
these unused ‘dark’ fibres to serve as ocean-bottom distributed acoustic sensors to
measure, among other signals, dynamic strains caused by ocean-bottom pressure
fluctuations. DAS measures the strain fluctuations at each sensing element of an
optical fibre. A DAS interrogator can measure the strain data along the fibre with
a length up to 171 km in a controlled experiment [41]. In addition, DAS measures
data with a spatial sampling interval of as little as 1 m, which creates arrays of
many tens of thousands of sensors at relatively low cost.

DAS in subsea fibre-optic telecommunication cables can measure pressure fluc-
tuations at the ocean bottom, originating from a variety of sources [42]. DAS
in ocean-bottom fibre-optic cables can also detect ocean surface gravity wave
(OSGW)’s, microseisms and earthquakes [28, 30]. Furthermore, Williams et al.
[29] demonstrate that DAS can record the seismic waves from a distant earth-
quake, OSGW, and Scholte waves.

The strain of a fibre section is a function of its particle motion along the fibre
[43]. Based on Newton’s second law of motion, the particle acceleration along the
fibre can be induced by the force endowed with the pressure changes with distance
(i.e., a pressure gradient) along the fibre [44, Chapter 10]. Based on Hooke’s law
in elastic media, the strain of the fibre section is proportional to that component
of the pressure gradient projected along the direction of the fibre [45, Chapter
1]. The transfer function between seafloor displacements and pressure fields as-
sociated with OSGWs, which is called the seafloor compliance, is discussed in
Crawford et al. [46]. Therefore, pressure changes in space and time are detect-
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able by DAS at the seafloor, providing they cause strains above the detection limit
(due to noise) in the order of 1 ne (nano-strain unit).

2.1.2 Principle of DAS measurement

Most DAS systems are based on phase-sensitive optical time domain reflectometry
(p-OTDR), because the phase change in Rayleigh backscattered light has a linear
relationship with the strains of the optical fibre in response to the acoustic wave
[8]. Typically, a DAS system uses a single-mode fibre as the sensing fibre. In this
thesis, we use this type of fibre in standard subsea fibre-optic telecommunication
cables for DAS measurement. However, the Rayleigh backscattered light in this
type of fibre could be weak resulting in poor signal-to-noise ratio (SNR). The
improvement of the SNR of DAS measurement is an ongoing research topic, which
is beyond the scope of this thesis.

To perform DAS measurement, we connect one end of an optical fibre to a
DAS interrogator. The interrogation is performed by sending frequency swept light
pulses into the sensing fibre which are backscattered at inherent anomalies from
the whole fibre length due to Rayleigh backscattering. The interrogator meas-
ures the time differentiated phase change of the backscattered response from one
sweep for each sampled fibre position (see Figure 2.1).

Wavefield

=

Attimet

Backscattered light returning to iDAS nth (n-1)th

Interrogator unit
(iDAS)

. .
Backscatter <§_ °
o signals " Impurity

] I
—
: x| stretched/compressed
! by wavefield
L
[
hd R .
Backscatter -15.
.signals hd

At time t+At AR

Interrogator unit

(iDAS)

Figure 2.1: Principle of DAS. Rayleigh backscattering occurs at anomalies in
the optical fibre which can be shifted by the surrounding wavefield. The phase
changes of successive pulses are recorded by the DAS interrogator (retrieved from

[26]).

The phase of a backscattered light pulse travelling in a fibre section is defined

in radians as L
=21 =], 2.1
¢ (AO ) 2.1

where L, and A, are the two-way optical travel-distance and the wavelength of
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the light pulse in free space (vacuum), respectively.
We recall that the refractive group index n, of an optical medium is defined
as the ratio of the speed of light in vacuum to that in the medium:
c L,

=20 2.2
= 2.2)

ng

where c is the speed of light in vacuum, vy, is the speed of light in the fibre, and L
is the two-way travel-distance of the light in the fibre. Given x is the length of the
fibre section associated with the two-way travel-distance L, we can write L ~ 2x.
Here, we neglect the fibre birefringence and consider a linearly polarised beam.
Hence,
L, ~ 2n,x :z(i)x, (2.3)
vph
We see from Equation (2.1) that a phase change is fundamentally caused by
an optical path change in vacuum. Given the light with a constant wavelength A,
in vacuum, we derive the phase change across the gauge length (x = L;) from
Equation (2.1) and rearrange it with Equation (2.3) as follows:

2 4nn,Ls ( AL
A¢=—”ALO~—gG( ").
2’O A’O LO

Therefore, the phase change of the light travelling across the gauge length L in
a optical fibre is proportional to the relative change in the optical path length in
vacuum.

From Equation (2.3), we derive the relative change in the optical path length
in vacuum as

2.4

AL Avpy
O Ngy, ——, (2.5)

o Vph

where ¢,, = Ax/x is the longitudinal strain of the fibre section across the gauge
length. Here, Equation (2.5) implies that the change in the optical path length in
vacuum is caused by the changes in either the physical length of the fibre or the
speed of light in the fibre.

Because the phase velocity of light depends on the dielectric tensor of the fibre,
Equation (2.5) for a uniform and isotropic material can be described by the Pockel
photoelastic constants (P, P15 and P,,) as follows [9, 47].

2
AL, ng

= —
L, o2

[(P11—Pas) €1 +Progrr] s (2.6)

where ¢ is the transverse fibre strain, and P;, = P;; — 2P44. This equation im-
plies that the DAS signal based on a phase change method is caused by either the
longitudinal strain ¢, or the transverse strain ¢ of the fibre section.

For very small transverse stress (0| — 0) in the optical fibre, the transverse
strain €| depends on the longitudinal strain ¢,, by Poisson effect [9]:

€] =€) 116] 2 R—2VEy,, 2.7)
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where v is the Poisson’s ratio of the fibre material. Applying Equation (2.7) to
Equation (2.6) in this limit, the relative change of the optical path in vacuum
AL,/L, is approximately proportional to the longitudinal strain ¢, , i.e.,

AL,
L

~N €y, (2.8)

o
where ( is the stain-optic coefficient defined by
y
C=1_7[P12_V(P11 +P12)] (2.9)

In this limit, we rewrite Equation (2.4) using the relation in Equation (2.8). Then,
the optical phase change is approximately proportional to the longitudinal strain

[8, 48]:
4mn, (L
Ap ~ (%{;G) Ery (2.10)

Rearranging Equation (2.10), we can approximately compute the longitudinal
strain of the fibre section from the corresponding phase change by

Ao

The linear relationship in Equation (2.11) is currently the commonly accepted
expression for converting the phase change into the longitudinal strain. This ap-
proximation works well in most applications. However, we discuss the precise
formula based on Equations (2.4) and (2.6) in detail in Paper I.

2.1.3 DAS data format

Continuously DAS recordings are saved to files every 10 seconds with file names
hhmmss . hdf5, where hhmmss is the start time of recording. The time differenti-
ated phase change data are stored as scaled integer values in a 2D array of time
and channel indices in Hierarchical Data Format 5 (HDF5) file format!. The data
are scaled and phase wrapped to be int32 format. The time differentiated phase
change data (A¢) is the spatial change over the gauge length of the derivative of
the phase with respect to recording time:

Ap = q5x+LG/2 - qsx—LG/Z . (2.12)

Therefore, the integration of the time differentiated phase change data along the
time axis is required to determine the spatial phase change (A¢) over a fibre
segment and, hence, the axial strain through the Equation (2.11). The integration
is computed by

t
A¢=J A¢dt. (2.13)
0

1See https://portal.hdfgroup.org/display/HDF5/Introduction+to+HDF5
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In most cases, three processing steps below are needed to convert the time
differentiated phase change data stored in HDFS5 file format into the spatial phase
change over a fibre segment:

1. Convert the stored integer values into radians by scaling them with 7/22°,
2. Unwrap the phase along the spatial axis by changing the absolute phase
jumps greater than 47 to the 8t complement. Note that the stored phase is

usually wrapped at £47, where all A¢ values outside the range [—4, 47)

are wrapped to be within this range.

3. Integrate the data along the time axis by doing a cumulative summation

along the time axis as in the Equation (2.13).

Then, we may convert the spatial phase change over a fibre segment into the
longitudinal strain using Equation (2.11) for further studies.

2.2 4D Seismic Methods for Subsurface Monitoring

2.2.1 4D seismic

4D seismic is referred to as the method in which a seismic survey is repeated over
a given area in order to monitor subsurface changes caused by petroleum produc-
tion, CO, injection, etc. Here calendar time represents the fourth dimension. By
this definition, a repeated 2D seismic survey is classified as a 4D seismic survey. A
brief overview of 4D seismic can be found in Landrg [35].

4D seismic analysis has evolved as an essential integrity of subsurface reser-
voir management in many regions since the early 1990s. In the petroleum in-
dustry, 4D seismic is employed as a primary surveillance tool to optimise the field-
development plan and to improve energy efficiency in operation and production.
It is the process of using two or more seismic surveys acquired in the same area
to find subsurface changes that occur over time [5].

Subsurface changes due to petroleum production or fluid substitution cause
different responses of amplitude and traveltime in the seismic data acquired at
different times. These 4D seismic responses are well depicted in Chadwick et al.
[34, Figure 1] and Landrg [35, Figure 19.6]. Therefore, we can divide the analysis
of 4D seismic data into two categories: (1) the detection of seismic amplitude
changes, and (2) the detection of seismic traveltime changes (time-shifts).

As discussed in Landrg [35], the 4D amplitude-based method is widely used in
practice because of its robustness. However, the 4D traveltime-based method (4D
time-shift method) is attractive, because the 4D time-shift is proportional to the
change in pay thickness. Hence, the 4D time-shift method gives a direct quantitat-
ive result. Both amplitude and time-shift methods are complementary in that the
amplitude measurement locally determines the changes close to an interface of
two layers, whereas the time-shift measurement determines the average changes
over an interval layer [35].

Because the accuracy of 4D seismic has been improved, we can measure small
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time-shifts between two seismic traces with an accuracy of a fraction of a milli-
second. These time-shifts are a reliable and informative seismic attribute that is
related to the subsurface changes caused by petroleum production [49]. There-
fore, the 4D time-shift method is increasingly a method of choice. Comprehensive
reviews of the 4D seismic poststack time-shift method and its application can be
found in MacBeth et al. [49] and MacBeth et al. [39], respectively. More value
could be added by extending the analysis to prestack time-shift analysis.

2.2.2 4D seismic time-shifts

Most 4D seismic time-shifts are measured from a pair of successive poststack seis-
mic volumes (baseline and monitor data) on a trace-by-trace basis using cross-
correlation [36] or nonlinear inversion [37]. It is important to measure poststack
time-shifts both inside and outside reservoirs. A significant observation of the
time-shifts up to 20 ms caused by the overburden stretching above compacting
reservoirs was reported at Ekofisk, where the seabed had been sinking over 8 m
[38]. The subsidence of the seabed and the subsurface layers could cause instabil-
ity to the production platforms and other facilities attached to the seabed, which
is an element of hazards. Therefore, 4D seismic time-shift analysis can play an
important role in hazard management and field operation. Moreover, 4D seismic
time-shifts are a robust and stable seismic attribute effectively used to evaluate
reservoir dynamics due to production [39].

4D seismic time-shifts are on the spot, because seismic interpretations are
done in the time domain of the seismic volumes, all of which have been migrated
with one common velocity model. Time-shift analysis using one common velo-
city model in seismic migration is widely performed, because it has a lower com-
putational cost and less uncertainty than migrating each of the seismic volumes
with its individually-updated velocity model [39]. Although data-fitting velocity
modelling methods such as 4D full-waveform inversion can possibly provide high-
resolution estimates of the 4D change, they are computationally expensive and
subject to improvement on reducing artefacts caused by non-repeatability of the
survey [40].

In 4D seismic, a time-shift of a reflection event is defined as the difference
between its two-way traveltimes measured from baseline and monitor data. Ac-
cording to MacBeth et al. [49, Equation 1a and 1b], we usually assume that the
monitor data m(t) are approximately a time-shifted version of the baseline data
b(t):

m(t) ~ b(t—71)+ As(t — 1)+ n(t), 2.149)

where T = f(t) is a time-dependent time-shift function, As(t) is a signal for time-
lapse amplitude changes, and n(t) is non-repeatable noise. Note that we use the
notation 7 as the time-shift that is different from At used in MacBeth et al. [49,
Equation 1a and 1b]. In this thesis, Equation (2.14) implies that the traveltime of
an event in the baseline data is lengthened by 7 to match the time of the same
event in the monitor data. For time-lapse changes in a homogeneous isotropic
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layer with a fixed top (zero time-shift at the top), the time-shift of the bottom
simply equals the change in the two-way traveltime (time thickness) of the layer.

2.2.3 From time-shifts to time strains

A 4D time-shift is a cumulative effect of subsurface changes from the surface down
to a particular depth. To study the properties of each subsurface rock interval in the
stratified isotropic layers shown in Figure 2.2, we have to convert time-shifts into
time strains, which are an interval seismic attribute. Here, a time strain is defined
as the fractional time-lapse change in the two-way traveltime (time thickness) of
the corresponding layer. For a thin layer of thickness dz in the multi-layer model
(Figure 2.2b), its time strain is derived by taking the time derivative of the time-
shift volume [36, 371]:
A(dt) Ot

dt — at’
where 7 is the time-dependent time-shift attribute, and dt is the two-way travel-
time of the thin layer.

(2.15)

a) b)
Source & ¥ =2h ——> Receiver

% AP

A 4
d@ <P \J/ vy <
< dh—>»

“dhad iy € dhs D>

Figure 2.2: Schematic diagram of 4D time-shift analysis in stratified layers: (a)
a surface seismic survey on a pile of homogeneous layers, and (b) a single homo-
geneous layer in microscale (retrieved from Paper IV).

2.2.4 Effect of subsurface changes on time strains

Fundamentally, a traveltime change of a layer is caused by changes in the seis-
mic velocity and the thickness of the layer. Landrg and Stammeijer [50] propose
an approximate solution for normal incidence to estimate the 4D time thickness
change from the thickness and velocity changes of a homogeneous flat layer:

A(dt) A(dz)  Av

~ 2.16
dt dz vy’ ( )

where dt represents the normal-incident two-way traveltime (time thickness), dz
represents the layer thickness, and v represents the seismic velocity of the layer.
Therefore, the term A(dt)/d¢t is the time strain of the layer. Similarly, A(dz)/dz
and Av/v are referred to as thickness strain and velocity strain, respectively. Time
strain is measurable from 4D seismic data, making up a set of observed data, while
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thickness and velocity strains are the two parameters that must be solved in Equa-
tion (2.16). Equation (2.16) implies that a positive change in the time thickness
is caused by either an increase of the thickness or a decrease of the velocity. Note
that this equation is valid for vertical wave propagation in a single horizontal
layer, where the relative changes are sufficiently small, i.e., A(dz)/dz < 1 and
Av/v L 1.

Interpretations of 4D time-shifts are usually simplified by either neglecting dis-
placement changes (strains) or assuming a linear relation of thickness and velocity
strains [51]. Assuming that the fractional change in the velocity is proportional to
the fractional change in the thickness, i.e., Av/v = —R A(dz)/dz, Equation (2.16)
could be simplified to

A(dt) A(dz)

~(1+R)—— 2.1
T (1+R) Frt (2.17)
where R is a positive dimensionless dilation factor [52, 53]:
Av/v
= 2.18
A(dg)/dz ( )

Here, the dilation factor R of a layer is defined as the negative velocity strain
divided by the thickness strain of the layer. Then, we can simplify the time strain
formula to be proportional to the thickness strain.

R factor depends on the lithology. Hatchell and Bourne [52] suggest that the R
factor ranges from 4 to 6 for non-reservoir rocks in extension and from 1 to 3 for
reservoir rocks under compression. However, several studies suggest that the R
factor also varies with stress conditions [54, 55]. Because the R factor depends on
the physical properties of rocks, the R factor is not a constant. Therefore, both R
factor and thickness strain A(dz)/dz are the two parameters in Equation (2.17).
Thus, Equations (2.16) and (2.17) have the same number of parameters to be
solved. That is, the use of R factor does not reduce the number of variables in
computation. Unless the accurate model of the R factor of a rock is given, the
linear relationship between the thickness and velocity strains does not reduce the
complexity of the problem.

2.2.5 Time-shift variation with offset

We can measure and analyse 4D seismic time-shifts in prestack and poststack time
domains. In the poststack domain, the processed seismic data are assumed to
be zero-offset and associated with vertical ray paths. However, multi-offset seis-
mic data are normally acquired in 4D seismic surveys. The 4D time-shifts in such
prestack seismic data are offset (angle) dependent. Therefore, they provide more
information for subsurface characterisation than zero-offset time-shifts.

Landrg and Stammeijer [50] and Reste et al. [56] propose models to de-
scribe time-shift variation with offset in homogeneous isotropic media. Moreover,
prestack seismic time-shift analysis has the advantage of interpretation over post-
stack analysis [57]. In practice, prestack seismic time-shifts can be used to estimate
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the 4D velocity changes through time-shift tomography [58, 59]. Moreover, they
can be used together with 4D amplitude analysis to estimate both thickness and
velocity changes [60].

In our understandings, no methods based on time-shifts only have been pro-
posed to estimate the thickness and velocity changes independently. In addition,
most of the 4D seismic methods for estimating thickness and velocity changes have
been developed only based on isotropic media with little heterogeneity. In fact,
we should incorporate the heterogeneity and anisotropy in the subsurface into 4D
models, because both of them can significantly affect the time-shift variation with
offset [61, 62].
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Contributions

3.1 Summary

The research work that constitutes this thesis was conducted at the Acoustics
Group, Department of Electronic Systems, Faculty of Information Technology and
Electrical Engineering, Norwegian University of Science and Technology (NTNU),
from February 2020 to March 2023. It was conducted under the supervision of Pro-
fessor Martin Landrg (NTNU), and the co-supervision of Professor Bgrge Arntsen
(NTNU). The work was funded by the Research Council of Norway (RCN) and the
sponsors of the Geophysics and Applied Mathematics in Exploration and Safe pro-
duction Project (GAMES; RCN grant no. 294404), and the SFI Centre for Geophys-
ical Forecasting (CGF; RCN grant no. 309960). In addition, I received financial
support from PTT Exploration and Production Public Company Limited (PTTEP)
to pursue the PhD at NTNU.

This chapter summarises the research work that constitutes this thesis. The
thesis comprises four research articles listed in Section 3.2. My contributions to
each individual article are also described. Other results of my research dissemin-
ation, which are not attached to this thesis, are listed in Section 3.3.

This thesis contributes to the advancement of two research areas that are asso-
ciated with subsurface monitoring: (1) the use of fibre-optic DAS technology for
subsurface seismic exploration and monitoring in marine environment, and (2)
the traveltime-based 4D seismic method for subsurface monitoring. An overview
of the research articles and their contributions to the two research areas are given
in the later sections in this chapter.

3.2 List of Publications

The list below contains the key research articles recently published or in peer-
review that constitute this thesis. These research articles are reproduced and at-
tached to the end of this thesis.

Paper I: K. Taweesintananon, M. Landrg, J. K. Brenne and A. Haukanes, ‘Distrib-

17
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uted acoustic sensing for near-surface imaging using submarine telecommu-
nication cable: A case study in the Trondheimsfjord, Norway,” en, GEOPHYS-
ICS, vol. 86, no. 5, B303-B320, Sep. 2021, 1SSN: 0016-8033, 1942-2156.
DOI: 10.1190/9e02020- 0834 . 1. [Online]. Available: https://library.
seg.org/doi/10.1190/9e02020-0834.1 (visited on 03/05/2022)

Summary: Taweesintananon et al. compare the near-surface seismic images
from a hydrophone array and distributed acoustic sensing (DAS) applied to
a submarine telecommunication cable in Trondheimsfjord, Norway. Their
study shows enormous potential of DAS applications for marine seismic ex-
ploration.

Contributions: M.L. and J.K.B. conceived and designed the experiment. K.T.,
M.L. and A.H. collected data. K.T. developed methodology, processed data
and prepared visualisations. K.T. and M.L. analysed the data with support
from J.K.B. M.L. validated research outputs, acquired funding, and managed
the project. K.T. wrote the original draft of the manuscript. All the authors
conducted review and editing of the manuscript.

Paper II: L. Bouffaut, K. Taweesintananon, H. J. Kriesell, R. Rgrstadbotnen, J. R.
Potter, M. Landrg, S. E. Johansen, J. K. Brenne, A. Haukanes, O. Schjelderup
and E Storvik, ‘Eavesdropping at the speed of light: Distributed acoustic
sensing of baleen whales in the Arctic,’ en, Frontiers in Marine Science, vol. 9,
p. 901 348, 2022. DOI: 10.3389/fmars.2022.901348. [Online]. Available:
https://www.frontiersin.org/articles/10.3389/fmars.2022.901348/
full (visited on 01/07/2022)

Summary: Bouffaut et al. present the first case of wildlife monitoring using
distributed acoustic sensing (DAS). By repurposing the globally-available in-
frastructure of subsea telecommunication fibre-optic cables, they show that
DAS can (1) record vocalising baleen whales along a 120 km fibre-optic
cable with a sensing point every 4 m, from a protected fjord area out to the
open ocean; (2) estimate the 3D position of a vocalising whale for animal
density estimation; and (3) exploit whale non-stereotyped vocalisations to
provide fully-passive conventional seismic records for subsurface explora-
tion.

Contributions: L.B. wrote the manuscript, read and approved by all co-authors.
L.B. and H.J.K. conducted the acoustic data analysis; L.B. designed and pro-
duced most of the results shown in the manuscript, interpreted together
with H.J.K., M.L. and J.R.B; K.T. and M.L. produced and wrote about the
subsurface exploration results and interpretation. L.B., K.T. and R.A.R. de-
veloped data handling and processing routines. M.L., J.K.B., A H., S.E.J.,
0.S., and ES. conceived the experiment. A.H. and ES. collected the DAS
data. All authors contributed to the article and approved the submitted ver-
sion.

Paper III: K. Taweesintananon, M. Landrg, J. R. Potter, S. E. Johansen, R. A.
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Rorstadbotnen, L. Bouffaut, H. J. Kriesell, J. K. Brenne, A. Haukanes, O.
Schjelderup and E Storvik, ‘Distributed acoustic sensing of ocean-bottom
seismo-acoustics and distant storms: A case study from Svalbard, Norway,’
GEOPHYSICS, vol. 88, no. 3, B135-B150, May 2023, 1ssN: 0016-8033. DOTI:
10.1190/9ge02022 - 0435. 1. [Online]. Available: https://doi.org/10.
1190/ge02022-0435.1 (visited on 29/04/2023)

Summary: Taweesintananon et al. review the mechanisms of ocean-bottom
vibrations recorded by distributed acoustic sensing (DAS) in a submarine
telecommunication fibre-optic cable in Svalbard, Norway. They show that
ocean-bottom DAS data can be used to map near-surface geologic structure
and to trace ocean swells back to their storm origins as far as 13,000 km
away from the cable.

Contributions: M.L., S.E.J., JK.B., A.H., O.S. and ES. conceived and de-
signed the experiment. A.H. and ES. collected data. K.T. processed data and
prepared the visualisations. K.T. and M.L. analysed data with support from
J.R.P, S.EJ., R.A.R,, L.B. and H.J.K. M.L. and J.R.P validated research out-
puts, acquired funding, and managed the project. K.T. wrote the original
draft of the manuscript. All the authors conducted review and editing of the
manuscript.

Paper IV: K. Taweesintananon, M. Landrg, S. Narongsirikul and P G. Folstad,
‘Angle-dependent 4D seismic time-strain inversion for estimating subsurface
thickness and velocity changes,” en, Unpublished manuscript, Trondheim,
Norway, 2023

Summary: Taweesintananon et al. propose a method to estimate thickness
and velocity strains simultaneously from angle-dependent 4D seismic time
strains. The method is applicable for elliptical vertical transverse isotropic
(VTI) media.

Contributions: K.T. conceived and designed the research methods. S.N. and
PG.E collected field data. K.T. processed the data and prepared the visualisa-
tions. K.T. and M.L. analysed the data with support from S.N. and PG.E M.L.
validated the research outputs, acquired funding, and managed the project.
K.T. wrote the original draft of the manuscript. All the authors reviewed and
edited the manuscript.

3.3 List of Other Results

The list below contains my research dissemination that is not reproduced nor
attached to this thesis.

1. R. A. Rgrstadbotnen, J. Eidsvik, L. Bouffaut, M. Landrg, J. Potter, K. Tawees-
intananon, S. Johansen, E Storevik, J. Jacobsen, O. Schjelderup, S. Wie-
necke, T. A. Johansen, B. O. Ruud, A. Wuestefeld and V. Oye, ‘Simultan-
eous tracking of multiple whales using two fiber-optic cables in the Arctic,’
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Frontiers in Marine Science, vol. 10, p. 1130898, 2023, 1SSN: 2296-7745.
DOI: 10.3389/fmars.2023.1130898. [Online]. Available: https://www.
frontiersin.org/articles/10.3389/fmars.2023.1130898

2. M. Landrg, L. Bouffaut, H. J. Kriesell, J. R. Potter, R. A. Rgrstadbotnen, K.
Taweesintananon, S. E. Johansen, J. K. Brenne, A. Haukanes, O. Schjelderup
and E Storvik, ‘Sensing whales, storms, ships and earthquakes using an Arc-
tic fibre optic cable,” Scientific Reports, vol. 12, no. 1, p. 19 226, Nov. 2022,
ISSN: 2045-2322. DOI: 10.1038/541598-022-23606- x. [Online]. Available:
https://doi.org/10.1038/541598-022-23606-x

3. R. A. Rgrstadbotnen, M. Landrg, K. Taweesintananon, L. Bouffaut, J. Pot-
ter, S. E. Johansen, H. J. Kriesell, J. K. Brenne, A. Haukanes, O. Schjeld-
erup and E Storvik, ‘Analysis of a local earthquake in the Arctic using a
120 km long fibre-optic cable,” en, in 83rd EAGE Annual Conference & Ex-
hibition, ser. Conference Proceedings, vol. 2022, Madrid, Spain: European
Association of Geoscientists & Engineers, 2022, pp. 1-5. DOI: 10 .3997/
2214-4609.202210404. [Online]. Available: https://www.earthdoc.org/
content/papers/10.3997/2214-4609.202210404

4. K. Taweesintananon, M. Landrg, S. Narongsirikul and P G. Folstad, ‘Angle-
variant 4D seismic time-shift analysis for velocity change and subsurface
strain estimation,’ en, in 83rd EAGE Annual Conference & Exhibition, ser. Con-
ference Proceedings, vol. 2022, Madrid, Spain: European Association of
Geoscientists & Engineers, 2022, pp. 1-5. DOI: 10.3997/2214-4609.202210437.
[Online]. Available: https://www.earthdoc.org/content/papers/10.
3997/2214-4609.202210437

3.4 Ocean-Bottom DAS for Subsurface Exploration and
Monitoring

3.4.1 Use of active seismic sources

Paper I extensively describes the principle of DAS interrogation for fibre-optic
strain measurement. It also shows that DAS in a straight fibre-optic cable is sensit-
ive to both longitudinal and transverse strains of the cable. This concept is against
the commonly accepted practice of the fibre-optic sensing industry, in which only
longitudinal strains attribute to the optical phase changes interrogated by DAS
and DAS in a straight fibre-optic cable is not sensitive to broadside P-waves (in-
ducing transverse strains in the cable) that are propagating in the perpendicular
direction to the cable axis. In Paper I, we show that broadside P-waves associated
with transverse strains in the cable become significant and must not be negligible
for high-frequency waves (> 100 Hz in this case).

In addition, Paper I discusses the procedures and demonstrates how to produce
subsurface seismic images from ocean-bottom (seabed) DAS recording data of act-
ive marine seismic sources. It compares the seismic images from the seabed DAS
data with the seismic images from a single-channel hydrophone streamer towed
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near the sea surface. The comparison confirms the potential of using seabed DAS
for subsurface seismic imaging. In my understanding, Paper I is the first research
article that demonstrates such a potential of marine subsurface seismic imaging
using active seismic sources and DAS receiver arrays deployed on the earth’s sur-
face.

Prior to the publication of Paper I, there were several research articles discuss-
ing DAS applications to seismic imaging from borehole seismic data. There were
also articles that used DAS deployed on the earth’s surface for passive seismic
monitoring in land and marine environment. A few articles used DAS as surface
seismic receivers in land surface seismic exploration. However, DAS applications
to produce subsurface seismic images in marine environment had not been widely
presented nor published. Therefore, Paper I advances the fibre-optic sensing in-
dustry with the verification that DAS can be used for subsurface seismic explor-
ation not only in land environment but also in marine environment. The validity
of DAS in marine seismic exploration given in Paper I could pave the potential
growth of DAS technology in the seabed seismic market.

3.4.2 Use of passive seismic sources

Paper II demonstrates another seabed DAS application for subsurface seismic ex-
ploration. Here, vocalising baleen whales were used as fully-passive marine seis-
mic sources for DAS data recording. As shown in Paper II, whales frequently be-
have like marine vibrators, because whale vocalisations have similar characterist-
ics to the wave trains in time-variant frequency sweeps of vibroseis used in land
seismic surveys. Therefore, it is possible to obtain conventional seismic records
from whale vocalisations using the same process as land vibroseis data.

The key requirement of using whale vocalisations for subsurface imaging is
to determine the seismic source parameters, i.e., the position and the time that
a whale starts vocalising. With some constraints discussed in Paper II, the source
position and start time can be estimated approximately from the direct arrival
times of the whale vocalisation to the seabed DAS receiver array. When the source
position and start time of a whale vocalisation are known, we can process and pro-
duce conventional seismic records from whale vocalisations as shown in Paper II.
With sufficient amount of such seismic records, we could further obtain subsur-
face seismic images using a conventional seismic data processing techniques for
seabed seismic data.

3.4.3 Use of shear-wave resonances

In addition to marine seismic sources discussed in Paper I and Paper II, seabed DAS
can measure the ocean-bottom vibrations excited by many types of sources. Pa-
per III reviews the mechanisms of ocean-bottom vibrations recorded by seabed
DAS in Svalbard, Norway. Some mechanisms are related to the loading pres-
sure changes caused by OSGWs, which help us identify their storm origins up
to 13,000 km distant from the fibre-optic cable. Some excitation mechanisms are
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associated with the subsurface layers below the seabed. The signals corresponding
to these mechanisms could be used for subsurface characterisation.

Paper III shows that we can use shear-wave resonances within the near-surface
low-velocity layers as recorded by seabed DAS to map the geologic structures of
these layers. The shear-wave resonance signals used for this structural mapping
are fully passive and generated from natural phenomena. Hence, Paper III demon-
strates another DAS application for subsurface exploration and monitoring using
shear-wave resonances to map the near-surface geologic structures.

3.5 4D Seismic Time-Strain Inversion for Subsurface Mon-
itoring

In a 4D seismic analysis, the time-shift of a certain seismic reflection event is
caused by the changes in the seismic velocity and the depth of the correspond-
ing reflector. An interpretation of 4D seismic time-shifts is normally simplified by
neglecting displacement changes (strains) or assuming a linear relation of thick-
ness and velocity strains. Paper IV goes beyond these assumptions and proposes a
least-squares optimisation method to simultaneously estimate the thickness and
velocity strains in elliptical vertical transverse isotropic (VII) media from angle-
dependent 4D seismic time strains.

To determine subsurface changes from 4D seismic time-shifts, we have to know
the angle-dependent relation between time strains and the changes in thickness
and interval velocity of a rock layer. In Paper IV, we extend the procedure used in
Taweesintananon et al. [69] to derive the angle-dependent time-strain equation in
anisotropic media. Here, we simplify the equation for elliptical VTI media, so that
we can approximately estimate the angle-dependent normal move-out (NMO)
time strain from the three parameters describing subsurface changes: thickness
strain, vertical velocity strain, and time-lapse change of the ¢ parameter. Using this
equation, we can establish an inverse problem to infer these subsurface changes
by minimising the misfit between the observed NMO time strain and their estim-
ated NMO time strain. In this inverse problem, we define NMO time strains as the
data, whereas the three subsurface change parameters are the model paramet-
ers. The observed NMO time strain data are angle-dependent, so the time strain
measurements must be made on NMO-corrected (migrated) seismic images at dif-
ferent incidence angles, which are called “angle stacks.” In Paper IV, we formulate
the inverse problem as a regularised convex least-squares optimisation problem
on a trace-by-trace basis, in which all the constraints are defined based on the
zero-offset NMO time strain equation. The convex optimisation requires no initial
model to determine the solution at the global minima.

In Paper IV, we propose the method called “4D seismic time-strain inversion”
to estimate the thickness strains, velocity strains and changes in anisotropic para-
meters simultaneously from angle-dependent 4D seismic time strains. The com-
putation is done without prior knowledge in stress paths and geomechanics in the
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survey area. We apply the method to both synthetic and field seismic data. As dis-
cussed in Paper IV, we believe that these time-strain inversion results can describe
the subsurface changes based on fluid types, fluid saturation, stress, mechanical
processes, chemical processes, etc. The results are the basis of many other at-
tributes for geomechanics studies and field management. Thus, we see that our
method has high potential in many other applications for subsurface monitoring.






Chapter 4

Discussion

4.1 DAS for Subsurface Exploration and Monitoring

The advantages of fibre-optic DAS technology for subsurface monitoring are dis-
cussed as follows. DAS is a linear array of strain sensors along a fibre-optic cable.
In field experiment, the receiver spacing of DAS could be as small as 1 m. There-
fore, the spatial resolution of DAS recording data is relatively high in comparison
with the use of conventional seismic point sensors in practice.

Moreover, the temporal resolution of DAS is comparable to conventional seis-
mic recording system. Unless the disk space for data storage is limited, the DAS
recording can be performed continuously at the same time sampling interval as or
even smaller than the conventional seismic data acquisition, in which 2 ms time
sampling interval is typical for petroleum exploration.

All the measurement and the power supplies to the sensing elements are con-
trolled by one DAS interrogator that is connected to one end of the cable. Once the
fibre-optic cable and DAS recording system are installed, the maintenance of the
system only occurs at the interrogator. This is one of the key advantages of DAS
over other conventional seismic point sensors in which more efforts are needed
to operate the power supplies connected to the groups of sensors deployed in the
field. Hence, DAS recording system is probably a method of choice for long-period
continuously seismic recording with high spatial and temporal resolutions.

The only drawback of DAS recording system is the sensitivity to broadside P-
wave propagation. The commonly accepted practice in the fibre-optic sensing in-
dustry is to neglect the DAS response to transverse strains, that is, the sensitivity
to the broadside P-wave propagation is negligible. Paper I shows that this assump-
tion is incorrect for the DAS response to high-frequency P-waves (> 100 Hz). In
Paper I, we show that DAS in a straight fibre-optic cable deployed on the sea-
floor can sense the broadside P-wave propagation from a high-frequency marine
seismic source. These broadside P-wave signals are not negligible in the DAS re-
cording data. The data can be processed further to construct subsurface seismic
images used for subsurface exploration and monitoring.
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4.2 Use of Natural Sources for Subsurface Imaging

As discussed above, we can process and construct seismic images from the data
acquired by using a seabed DAS array as the receivers and a marine impulsive seis-
mic source as the sources. We may generalise this DAS application for subsurface
seismic imaging using other types of seismic sources.

In Paper II, we initiate the idea of using whale vocalisations as the seismic
sources together with a seabed DAS array as the seismic receivers. However, whale
vocalisations are usually not impulsive. Here, we find that some of the whale vo-
calisations are time-variant in frequency and generate similar frequency-swept
wave trains to the vibroseis signals used in land surface seismic exploration. Ac-
cordingly, we consider whales as natural marine seismic vibrators. Then, we ap-
ply the same data processing technique as in vibroseis-based land surface seismic
exploration to the DAS data from whale vocalisations. Finally, we obtain conven-
tional seismic recording profiles from individual whale vocalisations recorded by
seabed DAS. Like conventional seismic survey, these seismic profiles can be pro-
cessed further to construct subsurface seismic images and used for subsurface
exploration and monitoring.

The key requirements of using whale vocalisations for subsurface imaging are
discussed as follows. First, the spatial location and the start time of each whale
vocalisation must be known. These source parameters may be estimated by travel-
time inversion of the direct arrival of the whale-vocalised seismic waves to the DAS
array. Second, the source wave train of each whale vocalisation must be known.
This source wave train could be obtained by stacking the whale-vocalised seismic
data after time-delay correction for the direct arrival followed by the removal of
source seismic ghosts. Third, the source wave trains of whale vocalisation must
have frequency variation with time, so that conventional seismic profiles can be
constructed by the cross-correlation between the source wave trains and the DAS
data. In Paper II, the data processing techniques used to meet these requirements
require human intervention such as picking of the time of direct arrivals and de-
termining the source locations. Hence, data processing techniques should be fur-
ther studied and developed to meet all these requirements without human inter-
vention. Then, I hope that we can find effective data processing techniques to
process the DAS data and construct the subsurface seismic images from whale
vocalisations in the near future.

Shear-wave resonances in low-velocity layers can be another type of sources
for subsurface imaging. Paper III demonstrates this application using the shear-
wave resonances recorded by DAS in a seabed fibre-optic cable in the Isfjord,
Svalbard. The shear-wave resonances can be measured only in association with
a low-velocity layer with strong velocity contrasts to the upper and lower lay-
ers. This geologic setting is presented in the Isfjord, in which low-velocity shal-
low glacimarine sediments were deposited on a consolidated bedrock. The use
of shear-wave resonances for subsurface characterisation is probably applicable
only in marine environment, in which the oceanic dynamics are continuous and



Chapter 4: Discussion 27

sufficiently strong. The seismic waves caused by oceanic dynamics are the key
energy contributors to the shear-wave resonances underneath the water column.
In contrast, the shear-wave resonances could be hardly observed in land surface
DAS measurement, because the impact of continuous atmospheric dynamics on
the solid earth is much lower.

4.3 4D Seismic Time-Strain Inversion for Subsurface Mon-
itoring

Paper IV greatly contributes to the advancement and development of the scientific
knowledge of 4D seismic methods for subsurface monitoring. In Paper IV, I de-
velop mathematical formulae of the angle-dependent 4D seismic time strains into
a new traveltime-based 4D seismic method to determine the subsurface changes
in elliptical VTT media. The new method is called “4D seismic time-strain inver-
sion.” As shown in Paper IV, preliminary results of this method are promising and
reveal high potential in commercialisation.

The 4D seismic time-strain inversion method presented in Paper IV is a trace-
by-trace operation, and it is developed based on one-dimensional (1D) velocity
model. That is, it assumes that there is no lateral variation of velocity and thick-
ness of the subsurface layers around the seismic reflection points. The presence
of lateral velocity variation may cause errors in fitting the angle-dependent time
strain data in time-strain inversion. Paper IV illustrates such errors in the case of
two-dimensional (2D) synthetic data. The development of the 4D seismic time-
strain inversion method to handle more complicated velocity models could be a
challenging research area for the upcoming years.

As discussed in Paper IV, 4D seismic time-strain inversion requires accurate
measurement of the 4D seismic time-shifts and, hence, the corresponding time
strains. A small error in 4D seismic time-shift estimation may cause a large error
in the successive 4D seismic time-strain inversion. Therefore, the research and de-
velopment in the 4D seismic time-shift measurement are still required to improve
the accuracy of 4D seismic time-shift measurement and reduce uncertainty in 4D
seismic time-strain inversion.






Chapter 5

Conclusion

5.1 Summary

This thesis clearly demonstrates the applications of seabed fibre-optic DAS techno-
logy to subsurface monitoring. It also develops and demonstrates a new traveltime-
based 4D seismic method, called “4D seismic time-strain inversion,” for subsur-
face monitoring. All the work done in this thesis contributes to the advancement
of fibre-optic DAS and 4D seismic technologies for subsurface monitoring.

5.2 Technology Outlook

Fibre-optic DAS technology could be used in an enormous number of seismo-
acoustic applications, thanks to its detectability of the waves in broadband fre-
quency ranges and its high spatial resolution discussed in Paper III. Although this
thesis focuses on subsurface monitoring, I foresee a great opportunity of fibre-
optic DAS technology in a wide range of applications which include, but not lim-
ited to, subsurface exploration and monitoring, earthquake monitoring, storm
monitoring, geohazard monitoring, infrastructure monitoring, land and marine
traffic monitoring, land and marine wildlife monitoring, medical imaging, and
acoustic engineering.

Nevertheless, we shall not avoid the fact that DAS in straight fibre-optic cables
is not measurement of full wavefields, and that it is more sensitive to longitud-
inal strains than transverse strains of the cables. The partial measurement of full
wavefields is probably one of the key challenges and obstacles for DAS technology
to be mature. I believe more attentions should be paid on the development of DAS
to sense full seismo-acoustic wavefields while maintaining their other advantages
of high spatial resolution and large dimension of the linear sensing arrays.

On the other hand, angle-dependent 4D seismic time-strain inversion presen-
ted in Paper IV would raise awareness to all geophysicists who have been working
on 4D seismic for subsurface monitoring. This method can determine the subsur-
face changes without prior knowledge nor assumption on geomechanical proper-
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ties in the field. It is easy to implement this method for field data. I hope Paper IV
can attract many geophysicists to review their 4D seismic interpretation and to
re-evaluate their 4D seismic data sets using 4D seismic time-strain inversion.
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Distributed acoustic sensing for near-surface imaging using submarine
telecommunication cable: A case study in the Trondheimsfjord, Norway

Kittinat Taweesintananon’, Martin Landrg?, Jan Kristoffer Brenne®, and Aksel Haukanes®

ABSTRACT

Distributed acoustic sensing (DAS) transforms submarine
telecommunication cables into densely sampled seismic receiv-
ers. To demonstrate DAS applications for seismic imaging, we
have used an optical cable on the seafloor in the Trondheimsfjord,
Norway, to record seismic data generated by a controlled seismic
source. The data are simultaneously recorded by a towed hydro-
phone array and the fiber-optic cable. Following our data process-
ing methods, we can produce seismic images of the seafloor and

underlying geologic structures from the hydrophone array and
DAS data. We find that the hydrophone and DAS data have a
comparable signal-to-noise ratio. Moreover, DAS images can
be improved by using a seismic source that has sufficiently large
energy within the frequency range matching the spatial resolution
of DAS. The temporal resolution of the DAS images can be im-
proved by minimizing the crossline offset between seismic
sources and the DAS cable. The seismic images from DAS
can be used to support geohazard analysis and various subsurface
exploration activities.

INTRODUCTION

Near-surface seismic imaging is essential for investigating shal-
low gas, weak layers, faults, and other potential subsurface geologic
hazards. These elements can adversely affect offshore activities
such as drilling operations, offshore platform and wind farm con-
struction, and pipeline surveys. The oil and gas industry uses near-
surface information to improve the images of deeper structures and
to reduce risks in exploration and production. To accurately inves-
tigate near-surface irregularities, ultrahigh-resolution reflection
seismic data acquisition and processing techniques have been de-
veloped (Monrigal et al., 2017).

Marine seismic data can be recorded either by hydrophone
streamers towed behind sailing vessels or by seismic receivers de-
ployed on the seafloor. Seismic reflections from near-surface struc-
tures are strongest at the receivers with short offsets from the source.

To acquire near-offset seismic data, we may place the source over the
streamer spread, which requires separate vessels for sources and
streamers (Vinje et al., 2017). Another solution is to minimize the
distance between sources and dense streamers (Thomas et al.,
2012; Monrigal et al., 2017). However, the latter solution requires
shortening the streamer length for operation safety. The lack of
far-offset information consequently causes high uncertainty in veloc-
ity model building. However, short offsets and dense receiver spacing
in streamers result in high stacking fold and narrow imaging bins for
near-surface imaging. Hence, when combined with high-frequency
seismic sources, the vertical and horizontal resolution becomes sig-
nificantly higher than conventional broadband seismic data.
Seabed seismic acquisition has been growing in the marine seismic
market for its advantages over towed-streamer techniques. The physics
of seabed seismic acquisition is more advantageous than towed-
streamer acquisition for the following reasons (Landrg and Amundsen,
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2018). First, seafloor receivers have a lower noise level than towed
streamers. Second, there are no limits to the offsets and azimuths be-
tween sources and receivers, except for source-vessel considerations.
Long offsets and wide azimuths in the data can significantly improve
the accuracy of seismic velocity models and the seismic illumination
of complex structures. Third, pressure and shear waves are recorded,
so a seafloor receiver geometry can provide high-quality images even
in areas with strong amplitude absorption in the presence of gas.
Finally, there are fewer effects from the sea-surface ghosts that limit
the frequency bandwidth of the seismic data and, hence, the image
resolution.

Ocean-bottom cables and ocean-bottom nodes are common re-
cording systems in the seabed seismic market. The node system
is a blind recording system, because it acquires data internally
and exports the data later. In addition, nodes are powered by internal
batteries, which requires an effective power management plan dur-
ing the operation. In contrast, data recorded by ocean-bottom cables
can be viewed on a real-time basis. Traditional cable systems for
seabed seismic acquisition are bulky electronic networks. However,
the electrical cables can be replaced with fiber-optic sensing cables,
while maintaining the recording performance (Langhammer et al.,
2010). In addition to the real-time monitoring feature, a key advan-
tage of fiber-optic sensing systems is that no electronic or electrical
power components are required at the sensing points giving unsur-
passed reliability for permanently installed sensing systems.

Distributed acoustic sensing (DAS) is an emerging technology
that uses fiber-optic cables for acoustic measurements. It has been
applied to military defense, engineering structure monitoring, and
petroleum exploration (Wang et al., 2019). DAS transforms a fiber-
optic cable into a densely sampled sensor array. The cable itself is
the sensing element without additional transducers in the optical
path. Laser pulses transmitted into the fiber are continuously re-
flected to the interrogator due to the Rayleigh backscattering proc-
ess inherent to all optical fibers. The phase of the backscattered light
is reconstructed within the interrogator typically for each meter of
the fiber. Because the phase of the reflected optical light is propor-
tional to the strain of the fiber, the distributed strain modulation
across a fiber segment (called the gauge length) can be computed.
Therefore, DAS can sense seismic waves that modulate the exten-
sional strain of the fiber segment (Hartog, 2017). Its seismic
response is somewhat similar to the inline component of conven-
tional point accelerometers. In other words, it is mainly sensitive
to seismic waves creating strain along the cable direction (Kuvshi-
nov, 2016; Papp et al., 2017).

a)

Figure 1. Photos of (a) NTNU’s research vessel Gunnerus (photo courtesy of Port of
Trondheim IKS) and (b) the crew in action to recover the HMS-620 BubbleGun source.

Over the past decade, many applications of DAS have been
studied and introduced to the applied seismology community
and the petroleum industry. Daley et al. (2013) demonstrate a field
test of DAS seismic acquisition of borehole seismic data and land
surface-seismic data. In addition, Dean et al. (2016) discuss its ap-
plications to marine seismic acquisition. Lumens (2014) studies
various applications of DAS in oil and gas wells. In addition to
borehole applications, DAS can be applied to fiber-optic telecom-
munication cables deployed on the ground and on the seafloor.
Many case studies of DAS using onshore telecommunication infra-
structure have been conducted for passive seismic monitoring such
as earthquake detection (Biondi et al., 2017; Ajo-Franklin et al.,
2019; Yu et al., 2019; Fernandez-Ruiz et al., 2020), near-surface
soil studies (Dou et al., 2017; Fang et al., 2020), ambient noise
analysis (Ajo-Franklin et al., 2015; Martin et al., 2017, 2018), urban
traffic monitoring (Kowarik et al., 2020; Lindsey et al., 2020), glacier
flow monitoring (Walter et al., 2020), and other seismic activities
(Zhu et al., 2021). Moreover, it can monitor seismic waves from con-
trolled sources to study and prevent onshore geohazards (Ajo-Frank-
lin et al., 2017). In addition to onshore environments, DAS in
underwater telecommunication fibers can detect ocean waves, micro-
seisms, earthquakes (Sladen et al., 2019; Williams et al., 2019), and
near-surface geologic structures and faults (Lindsey et al., 2019).

DAS can be used as surface-seismic receivers in subsurface ex-
ploration. Bakulin et al. (2019) and Urosevic et al. (2019) demon-
strate the potential applications of DAS to land seismic exploration.
A comprehensive review of the recent DAS technology for land sur-
face-seismic surveys is given in Bakulin et al. (2020). Nevertheless,
the applications of DAS to produce subsurface-seismic images in a
marine environment have not been widely presented. It is important
to acquire multifold and diverse examples to verify that DAS can be
used for subsurface-seismic exploration in any environment. This
statement could be demonstrated by comparing the marine seismic
images from DAS with those from other conventional seismic meth-
ods. The validity of DAS in marine seismic exploration has poten-
tial in the seabed seismic market.

This article demonstrates seabed seismic applications of DAS for
near-surface seismic imaging. The experiment is done by using an
existing submarine telecommunication cable in the Trondheimsfjord,
Norway. We first use DAS to record seismic waves generated from a
bubble gun towed near the sea surface. Then, we analyze and process
the data to produce seismic images of the seafloor and its underlying
geologic structures. Then, the results are compared to the seismic data
simultaneously recorded by a conventional towed hydrophone array.

Finally, we discuss the requirements and limita-
tions of DAS for seabed seismic acquisition
and subsurface imaging.

EXPERIMENTAL SETUP AND DATA
ACQUISITION

We conduct a marine seismic survey in the
Trondheimsfjord using NTNU’s research vessel,
the R/V Gunnerus, as shown in Figure 1. A single
marine seismic source and a single-channel hydro-
phone streamer are towed behind the vessel. The
seismic data from the streamer are recorded by the
HMS-620 BubbleGun recording system with sub-
bottom sonar interface software from National In-
struments. Simultaneously, we record the seismic
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data using an OptoDAS interrogator connected to a dark fiber in a
seafloor telecommunication cable. The OptoDAS interrogator, which
was developed by Alcatel Submarine Networks, is based on the use of
linear frequency-modulated optical pulses (Waagaard et al., 2021).
The DAS data are continuously recorded throughout the survey pro-
gram. The map of the source line and DAS cable is shown in Figure 2.

The seismic recording system of the vessel consists of an HMS-
620 Bubble Pulser electric seismic source and a short hydrophone
streamer with 7 m of a single-channel array comprising 24 ele-
ments. The source and streamer are towed approximately 20 m be-
hind the vessel’s reference position, and they are separated by 10 m
perpendicular to the sail line. The source and streamer depths are
approximately 1 m below the sea surface. The recording time sam-
pling interval is 0.25 ms, and the maximum recording time for each
shot is 266.25 ms. The recording start time is synchronized with the
gun firing time. The layout diagram of the source and streamer
towed behind the vessel is shown in Figure 3.

The acoustic source energy is approximately 50 J, which is equiv-
alent to 200 dB relative to the reference pressure 1 pPa at reference
distance 1 m. The frequency bandwidth ranges from 350 to 1000 Hz
at 10 dB down, in which the dominant frequency is approximately
600 Hz. The shot time interval, namely, the gun firing time interval,
is set to 267.75 ms in the system. Our analysis shows that the actual
shot time interval is slightly shorter than this value due to instrument
errors. The actual shot time interval estimated by our calibration
method is approximately 267.67 ms. The vessel is navigated as
close to the DAS cable as possible. The vessel speed averages 2
knots to acquire high-density seismic data with minimal noise from
the vessel’s propulsion. Hence, the average shotpoint interval is ap-
proximately 0.275 m.

The DAS recording system is independent of the vessel’s equip-
ment. The OptoDAS interrogator is connected to one end of the
telecommunication cable in Trondheim. The cable was already laid
into the soft sediments at approximately 0—2 m below the seafloor
of the Trondheimsfjord from Trondheim to Kvithylla. An SMF-28
single-mode silica fiber in the cable is used in our experiment. The
interrogation is performed by sending frequency-swept light pulses
into the sensing fiber. Then, the light pulses are backscattered at the
inherent anomalies presented in the fiber due to Rayleigh backscat-
tering. After receiving the backscattered pulses, the OptoDAS inter-
rogator calculates the time-differentiated phase change of the
backscattered response from consecutive sweeps for each sampled
fiber position. Thereafter, the recorded time-differentiated phase
change can be converted to the longitudinal strain of the corre-
sponding fiber section. The DAS data are continuously recorded
using a 0.44 ms time-sampling interval throughout the survey.
The channel spacing is 2.04 m, whereas the gauge length is 4.08 m.

DAS recording system

In this experiment, we repeatedly send light pulses with a free-
space wavelength (4,) of 1550 nm, in which the sampling period at
the optical receiver (A7) is 1 x 10~ s. The spatial sampling interval
(SSI) is defined by the sampling period as

c

SSI = ( — | Az, (1)
2n,

where ¢~ 3x10% m/s is the speed of light in vacuum and

n, = 1.47 is the refractive group index of the SMF-28 fiber. Hence,
SSI~ 1.02 m.

Let ¢, be the phase of the light backscattered from the spatial
sampling location x, which can be expressed in radians as

drngx
b= @

The interrogator extracts the rate of phase change between con-
secutive time samples associated with this location, namely, the
time-differentiated phase (¢,). In this study, the time-sampling in-
terval (A7) is 0.44 ms, which is defined by the cable length of
44 km. The SSI is decimated to the desired spatial resolution by
applying a spatial moving average to the time-differentiated phase
(q.bavgvx) around the location x. In this experiment, the resolution is
calculated by averaging across four spatial samples (Nye = 4) to
achieve a full width at half maximum (Ly = N, X SSI), that
is, Ly =~ 4.08 m. Then, the difference of the average time-differen-
tiated phases between the two spatial locations separated by four
spatial samples (N, =4) is defined as the time-differentiated
phase change (Az}bx):

==== Source line
= DAS array

o

Water depth (m)

Figure 2. Source and receiver location map of the marine seismic
survey in the Trondheimsfjord, Norway. The vessel route (the
dashed red line) is controlled to be as close to the DAS receiver
cable (the solid magenta line) as possible. The receiver positions
are annotated as the distance along the DAS cable. The background
water depth map is shown courtesy of the Kartverket (Norwegian
Mapping Authority).

+—20m———»

Source
(HMS-620 Bubble Gun) 10 m
Vessel =)
Hydrophone streamer
(7 m, 1-channel, 24 elements)
Figure 3. Top view of the acquisition layout. The source and the

streamer are towed approximately 20 m behind the R/V Gunnerus.
The diagram is not to scale.
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A¢x = d’avg,x+LG/2 - (bavg.}c—LG/Qv 3)

where L; = N, X SSI is the gauge length; hence, L ~4.08 m.
The gauge length is an acquisition parameter that affects the
signal-to-noise ratio (S/N) and the spatial resolution of the raw
DAS data (Dean et al., 2017).

The longitudinal strain rate (¢,,,) of the fiber section can be
derived from the time-differentiated phase change by

1 .
po=— 0 A 4
6IX.X 4ﬂng§LG (i)z\ ’ ( )

where { is the strain-optic coefficient described by
n?
Czl—jg[Pm_”(PnJFP]z)]s ®

where P, and P, are the Pockel photoelastic constants and v is
the Poisson’s ratio of the fiber material (Bertholds and Dandliker,
1988; Hartog, 2017). In this experiment, we use ¢ ~ (.78 for the
silica fiber.

Thus, the longitudinal strain (e, ) of the fiber section can be
determined by integrating the strain rate along the time axis, that is,

"t
Exx.x:/ éx)uxdt- (6)
JO

In addition, the maximum number of recording channels is given
by At/Az, which is 44,000 channels along the cable length of
44 km. In this experiment, we extract only 10,500 channels sampled
at every 2.04 m from 0 to 21 km from the optical circulator for
recording the time-differentiated phase change data. The extracted
subsections of the data are defined by the regions of interest. In this
case, the channel spacing is larger than SSI by a factor of two.

Strain-optic relation

Equation 4 can easily mislead. Because a constant strain-optic
coefficient is used, equation 4 implies that the time-differentiated
phase change is merely a function of the longitudinal deformation
of the fiber. In fact, the strain-optic coefficient defined in equation 5
is implicitly affected by the longitudinal and transverse deforma-
tions of the fiber. The phase of the light in radians is defined as

$=2n (i—) @)

where L, and 4, are the optical path length and wavelength in free
space, respectively. The optical path length is defined as

L, =nL— <L>L, ®)

Dph

where c is the speed of light in vacuum, v, is the speed of light
in the fiber, and L is the distance traveled by the light inside the
zone in which the interference effects are observed. Equation 8 also
suggests that the change in the optical path length is caused by
the changes of either the physical length of the fiber or the phase

velocity of the light. The relative change of an optical path can be
written as

AL

0 _ Avph

=g R 9
L L ™ )

where &, = AL/L is the fiber strain in the direction of the light
propagation (Kuvshinov, 2016).

For backscattering measurement, two-way propagation of light
along the fiber axis gives L ~2x. Here, we neglect the fiber
birefringence and consider a linearly polarized beam. Thus, the op-
tical strain is approximately equal to the longitudinal strain:
e N &, = Ax/x. Moreover, we see from equation 7 that a phase
change is fundamentally caused by an optical path change. Given
light with constant wavelength, the phase change across the gauge
length (x = L) can be written as a function of the optical path
change:

2r 4zn,Ls (AL
Ap=""AL, v —L 2 (=22, 10
$=3, 80~ <L> 1o

Because the phase velocity of light depends on the dielectric ten-
sor of the fiber, equation 9 for a uniform and isotropic material can
be described by the Pockel constants as follows (Bakku, 2015; Kuv-
shinov, 2016):

AL, n2
L fw —7[(1’11 = Pyy)ey + Piaen], (11)
o

where ¢ is the transverse fiber strain and P\, = P|; — 2Py4. For
the parameters given by Kuvshinov (2016), equation 11 reduces to

AL
220 0.7, — 026, . (12)

o

This equation implies that the DAS signal based on a phase change
method results from the strains in any direction.

For very small transverse stress (6, — 0), the transverse fiber
strain depends on the longitudinal strain by the Poisson effect (Kuv-
shinov, 2016):

e =€)+ &2~ —-2UE,,. (13)

Then, the relative change of the optical path in a fiber is proportional
to the physical longitudinal strain, that is,

AL,
~ (€. 14
L, (e 14

In this limit, the optical phase change is proportional to the longi-
tudinal strain as described by equation 4. The linear relationship in
equation 14 is currently the commonly accepted expression for the
length change. It is also the basis of all practical DAS applications,
whereas equation 12 is not widely adopted.

DATA CHARACTERISTICS

The seismic data recorded by the single-channel streamer can
be displayed as a common channel gather as shown in Figure 4.
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The data are formed by summing a linear array of 24 hydrophone
elements within a 7 m streamer length into one recording channel.
The data contain direct and reflected compressional waves (P-waves).
The direct wave as marked by “A” does not propagate through the
subsurface. Therefore, only the reflected waves are used to image the
seafloor and subsurface geologic structures. In Figure 4, two strong
seismic reflections are observed: the seafloor reflection marked by
“B” and the crystalline bedrock reflection marked by “C.” The stra-
tigraphy between the seafloor and the bedrock should be divided into
two units as described by L’Heureux et al. (2009). The lower unit
comprises deposits of Allergd and Younger Dryas age overlying bed-
rock. The upper unit comprises Holocene deposits of bioturbated
clay, silty, and sandy sediments, and it is overlain by poorly sorted
sand with anthropogenic drops at the seafloor. However, the base
Holocene reflection is not clearly observed in our data.

In contrast, the DAS data are continuously recorded. Each seis-
mic trace corresponds to an individual recording channel resulting
from the strain demodulation across a fiber segment of 4 m gauge
length, in which the channel spacing is 2 m. To derive shot records
for further analysis, every continuously recorded seismic trace is
edited and broken into several shorter traces associated with differ-
ent shot numbers. This trace editing requires the precise gun firing
time of each shot, which is determined by the calibration method
discussed in the next section.

Typical seismic profiles derived from DAS contain obvious hy-
perbolic events generated by our seismic sources. The data also con-
tain low-frequency signals, as shown in Figure 5a, that might
include surface waves. However, our study focuses on the direct
and reflected P-waves, because the other source-generated waves
such as surface waves and converted waves are incomparable to
the streamer data. A simple band-pass filter (160-960 Hz) can at-
tenuate most of the undesired low-frequency contents and reveal the
seismic signal directly propagating from the source as shown in
Figure 5b. The direct wave is presented as a hyperbola on at least
40 recording channels (approximately 80 m of the cable). Reflected
waves are barely observable in the shot profile, even after filtering.
However, they can be enhanced and observed after supergathering
as we will discuss. Because the DAS receivers are trenched into the
seafloor, the direct wave can be used to image the seafloor topog-
raphy. The waves reflected from the subsurface below the seafloor
are used to image subsurface geologic structures.

Seismic response of DAS in straight fiber

To demonstrate the seismic response of DAS to the direct P-
wave, we analyze the source directivity and receiver response.
We assume that our source size is much smaller than the wave-
length, such that the far-field from a point source can be used.
Due to spherical divergence, the amplitude of the seismic wave trav-
eling from a point source to a receiver decreases linearly with the
travel distance (r). Moreover, we consider the effect of the source
ghost on the propagating wavefield. The directivity of a harmonic
source and its ghost can be combined with the spherical divergence
to describe the propagating strain field as follows:

Erp = ! {2 sin (2ﬂfzs
r v

where &, is the strain field of frequency f generated by the seis-
mic source at the depth z, v is the wave velocity in the water, and ¢

cos ¢) } SSU\IICCY (15)

is the angle between the wave propagating direction and the vertical
axis as shown in Figure 6 (Drijkoningen, 2003). For the source
depth z; = 0.60 m and the velocity v = 1490 m/s, the directivity
of the source with the ghost associated with the square bracket in
equation 15 is illustrated in Figure 7.

The P-waves generate strains parallel to the direction of the wave
propagation. Hence, the impinging seismic waves induce strains in
the cable, which are also transported from the buffer layer to the
fiber core. Suppose a planar P-wave propagates along the r-axis
that forms the grazing angle @ with the straight cable along the
x-axis as shown in Figure 6. The only nonzero strain component
carried by the wave is ¢,,. Therefore, the projection of this strain
component onto the cable axis is equal to
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Figure 4. A common-channel seismic gather recorded by a towed

single-channel streamer. It is also a common-offset gather at 10 m

offset. Highlighted by the letters are the direct wave (A) and the
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Figure 5. A shot profile (shot number 951 at 2546 m inline posi-
tion) of multichannel DAS seismic records: (a) raw data and (b) data
after applying a band-pass filter of 160-960 Hz for illustration. The
yellow arrow indicates the direct wave from the source to the seabed
receivers.
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7
,-’Sea surface

Figure 6. DAS recording system and its seismic source, where 7 is
the traveltime of direct wave propagation with velocity v from the
source to a receiver at the inline offset /,. At the receiver with zero
inline offset (h, =0), the traveltime is shortest and equal to

Tn,—o} = d/v, where d is the distance between the source and
the' DAS cable.
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Figure 7. Amplitude directivity of a harmonic point source with
ghost as a function of wave frequency and propagating angle from
the vertical axis as defined in the square bracket in equation 15. The
spherical divergence (1/r) is excluded in this plot. The source depth
is 0.60 m below the sea surface, and the wave velocity is 1490 m/s.
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Figure 8. The optical point strain variation with the grazing angle of
a plane wave impinging the DAS cable with different coupling co-
efficients (@) (see equation 20).

£ = €, cos> 0. (16)
However, the projection onto the normal axis to the cable is equal to

el =g, sin?0. (17)

‘We now consider the anisotropic physical properties of a straight
optical fiber embedded in a cable (elastic filler) as discussed by
Kuvshinov (2016). Assuming that the fiber is perfectly coupled
to the cable, the longitudinal deformation of the cable and fiber
in response to longitudinal forces forms the isostrain loading con-
dition. That is, the longitudinal strain ., is transported from the
cable to the fiber without losses:

ef) =9, (18)

where the superscripts (f) and (c¢) denote the fiber and cable, re-
spectively. In contrast, the forces perpendicular to the cable axis
with perfect coupling form the isostress loading condition, that
. Hence, the transverse strain of the fiber is equal
to the transverse strain of the cable multiplied by the ratio of the
effective Young’s modulus of the cable (E(©)) to the effective
Young’s modulus of the fiber (E(/)):

E©
) = (E(f)>e<f> =ael?, 19)

is, O'(l) = a(f)

where « is referred to as the ratio E(¢)/E() implying the efficiency
of the transverse strain transfer from a cable to the embedded fiber.
The coupling coefficient @ becomes one when the cable and fiber
are made from the same material. However, the layered materials of
the cable surrounding the fiber usually have a smaller effective
Young’s modulus than the fiber core.

Using equation 12 and the definitions of fiber strains discussed
previously, we find that the relative change of an optical path in
DAS varies with the grazing angle as

AL (f)

° ~0.7e%) — 026} = (0.7cos? 0 — 0.2asin? O)e,,

(20)

Figure 8 shows the responses of mapping the propagating strain
field onto the optical path change as defined in the parentheses
in equation 20 with different coupling coefficients (a). For nonzero
coupling coefficients, this expression implies that the P-wave am-
plitudes become a small negative value (reverse polarity) when the
grazing angle is near 90°. This agrees with the measurement done by
Papp et al. (2017). It also supports our observation in Figure 5b that
the amplitude of the direct P-wave does not fade toward the zero
inline offset. Nevertheless, many studies assume that the effective
Young’s modulus of the cable materials is much smaller than the
fiber (@ — 0), so that the contribution of the transverse strain to
the optical path change is negligible. Then, the optical path change
is dominated by the cos”  function (Mateeva et al., 2014; Kuvshi-
nov, 2016). Therefore, they conclude that a P-wave arriving with
an angle close to 90° will be poorly detected using DAS in a straight
fiber.
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The uses of the spatial moving average and the spatial phase
change defined by gauge length form two field arrays for a record-
ing channel of DAS. The recorded signal (Apag) is the average

strain at each sensing element. The average strain at a DAS channel
is related to the point strain, that is, the optical path change, through
the combined array response:

1200 1.0
1000 0.8 sin kXZLG) sin k*é‘”) AL
— _ o
£ 800 N Apas = tig Tiw <7L ) 21
> 063 2 2 0
o =
§ 600 —g
0.4
g 400 <
w
200 0.2 where k, is the angular wavenumber along the fiber axis, L is
the gauge length, and Ly is the pulse width (Bakulin et al.,
0 0.0 2020). Given the grazing angle 6, we obtain k, =

0 1000 2000 3000 4000 5000
Velocity (m/s)

Figure 9. The variation of the DAS array response
(Lg = Ly = 4.08 m) with the frequency and velocity of the wave
propagating in the same direction as the fiber axis (6 = 0).

k cos 8 = (2zf /v) cos 6. Therefore, equation 21 can be rewritten
as

: nfL, . . nfL
sin <T‘;cos 0) sin (T‘”cos 0) (AL,,)

Apas =
%cos 0 ”’:#cos 0 L,

1200 1.0 (22)

1000 0.8
\I'j 800 o where f and v are the frequency and velocity of the wave, respec-
> . E tively. Figure 9 shows the variation of the DAS array response with
§ 600 ng the frequency and velocity of the wave propagating in the same di-
g 400 04 2 rection as the fiber axis (@ = 0). However, Figure 10 shows its
e variation with the frequency and grazing angle of the wave in
200 0:2 the water, where v = 1490 m/s. In this experiment, we use Lg =
0 0.0 Ly, = 4.08 m. The combined response of the point strain response

0 30 60 90 120 150 180
Angle [6] (degree)

Figure 10. The variation of the DAS array response
(Lg = Ly = 4.08 m) with the frequency and grazing angle of
the wave in water, where v = 1490 m/s.

in equation 20 and the DAS array response in equation 22 is the
product of the two responses. This product contributes to the total
DAS receiver array response as illustrated in Figure 11.

Combining the response of the source and receiver arrays from
equations 15, 20, and 22, we obtain the total directivity of the DAS
system for a marine seismic survey as follows:

a) b) ©)
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Figure 11. The total DAS receiver array response of the response to the strain field in Figure 8 and the DAS array response in Figure 10:
(@) a =0, (b) a = 0.5, and (c) @ = 1. Each plot is equivalent to the product of the point strain response with the associated coupling coefficient
a in equation 20 and the DAS array response in equation 22.
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” fI s j . We can further rearrange equation 23 to determine the DAS
sm <cos 0 s % cos ¢ amplitude variation with the receiver depth z and the inline offset
Apas & nfL(, 0 fLy 0 h, at different crossline offsets hy. Here,d = /22 + 12, r = VB2 + &,
cos v COS h = /®+#, 0 =arctan(d/h,), and ¢ = arctan(h/z). For a wave
frequency at 600 Hz and perfect coupling in the DAS cable (@ = 1),
x (0.7 cos2 0 — 0.2asin 6) Figures 12 and 13 show different relative amplitude responses of
DAS to the direct P-wave generated from a marine point source

1 f s at 0.6 m depth, where the crossline offsets are 0 and 60 m, respec-

= |2 sin[ ——co0s ¢ | | &ource- (23) . .

r tively. The amplitude responses at key water depths are also plotted
at the bottom of each corresponding figure for clarity. For a wave
with 600 Hz frequency and 1490 m/s velocity, we observe that the

a) Source-ghost directivity b) DAS array directivity c) Total directivity

r 0.10 - 0.2 - 0.010 £

25 25 25 4 e
£ S - 0.05 - 0.1 - 0.005 &
= 501 ¢ 50 - 50 S
— =
£= o
£ 75 L 0.00 75 - L 0.0 75 7 I 0.000 3
]

© 100 A 100 100 -
L E
5 125 - -0.05 155 - - -0l 15 - —0.005 o
]
150 1 150 + 150 - N
T T T - —0.10 - —-0.2 T T - —0.010 —

—100 0 100 —100 0 100 -100 0 100
g 0.1 0.5 0.01 E——
= A — 7 =60 M
é 0.0 0.0 —_—\ 0.00 it FETO0 [
< _01 T T T _05 T T T _001 T T T

—-100 0 100
Inline offset [hy] (M)

—-100 0 100
Inline offset [hy] (m)

-100 0 100
Inline offset [hy] (M)

Figure 12. Responses of the DAS system in a straight fiber (« = 1) to a spherical P-wave from a point source at 0 m crossline offset: (a) the
array response of the source and its ghost with spherical divergence term applied, (b) the combined DAS array response to the strain field, and
(c) the total response of the source and DAS arrays. The responses at key water depths are plotted at the bottom. The source is at 0.6 m depth
and the wave propagates with 1490 m/s velocity at 600 Hz.
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Figure 13. Responses of the DAS system in a straight fiber (¢ = 1) to a spherical P-wave from a point source at 60 m crossline offset: (a) the
array response of the source and its ghost with a spherical divergence term applied, (b) the combined DAS array response to the strain field, and
(c) the total response of the source and DAS arrays. The responses at key water depths are plotted at the bottom. The source is at 0.6 m depth,
and the wave propagates with 1490 m/s velocity at 600 Hz.
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DAS receiver response negatively boosts the DAS amplitude at
small inline offsets as shown in Figures 12b and 13b. However,
it reduces the negative amplitude response at large inline offsets,
in which the response is a positive side lobe. This variation is also
observed in the total response of the combined source and DAS
arrays in Figures 12c and 13c.

‘We now consider the DAS amplitude response corresponding to
shot number 951 at the position of 2546 m as shown in Figure 5. At
this position, the water depth is approximately 20 m and the cross-
line offset is approximately 60 m. Figure 13c illustrates that the di-
rect P-wave from this source position is presented at small inline
offsets in the DAS data. The amplitude should fade toward the
larger offsets until approximately a 40 m inline offset, at which
the amplitude begins changing to the opposite polarity. At larger
offsets, the amplitude continues in this reverse polarity and tends
to increase gently with offsets.

Thanks to the reciprocity relation of the source and receiver, we
can also observe this amplitude variation in a common-receiver
gather from channel number 1251 at the position of 2555 m as plot-
ted in Figure 14. Here, all of the seismic traces are associated with
the same seabed condition at the receiver. Because the source signal
is approximately identical for all of the shots, the amplitude varia-
tion of the direct wave in this receiver gather mainly depends on the
propagation angle of the wave. In Figure 14b, we observe the polar-
ity flips of the direct wave at the inline offsets of —47 and 56 m as
marked by the green arrows. The inline offsets in which polarity
flips occur are approximately 10 m larger than our estimate from
Figure 13c. The discrepancy could result from the uncertainty of
the source depth, wave frequency, velocity, and coupling coefficient
parameters used in our calculation. The actual source depth depends
on the sea state, whereas the actual wave is a multifrequency wave
pulse. Moreover, the actual P-wave velocity of the media around the
fiber may be higher than the velocity in the water used in our cal-
culation. It is also difficult to determine a precise critical offset from
the real data, because this is the point at which various types of
waves including reflection, refraction, direct wave, and surface
wave are juxtaposed. Because the amplitude of the direct P-wave
in DAS is very small at this point, all of the other waves become
dominant. Despite some deviations, our observations are generally
described by equation 23.

Note that the amplitude response based on equation 23 depends
on several factors including the dominant frequency of the signal
being recorded and the physical properties of the telecommunica-
tion cable. This equation gives a possible explanation for the am-
plitude characteristics observed in our DAS data generated from a
high-frequency seismic source. It is beyond the scope of this article
to precisely determine the parameters, especially the coupling co-
efficient a, contributing to the amplitude response. For the further
analysis in this article, we focus on the methods to produce subsur-
face images, for which the coupling between impinging seismic
waves and the DAS recorded signals is irrelevant.

METHODS

As a key reference, the seismic image of the seafloor and the
subsurface from the single-channel streamer data is obtained
through the following processes:

1) Apply a static time shift to redatum the source and receiver to
the sea surface.

2) Apply normal moveout (NMO) correction to correct the
traveltime from arbitrary offsets to zero offset, in which the
source and receiver are virtually at the same position. To be
compared with the DAS data set, the NMO velocity from
DAS data processing is used.

3) Mute the undesired direct wave.

4) Apply zero-offset time migration using the NMO velocity.

We also resample the streamer seismic data from 0.25 to 0.44 ms
to match the time-sampling interval of the DAS data.

Calibration of DAS seismic data

In contrast to streamer data, DAS data are continuously recorded
along the cable with many more recording channels. To extract a
shot profile from this continuously recorded data, we need to know
the precise gun firing time of the source. However, it is our limi-
tation that synchronous sampling of the DAS and streamer record-
ing systems was not used in our experiment. Therefore, we use the
Coordinated Universal Time (UTC) time stamps of the gun firing
from the recorded streamer data to tailor the continuously recorded
DAS data into several shot profiles. Unfortunately, the streamer data
are recorded in SEG-Y format, in which the time stamps are stored
at the accuracy of 1 s only. In contrast, the recording time interval of
the DAS data is 0.44 ms. Therefore, uncertainty exists in defining
the exact time sample in the DAS data when the gun is fired from
the given time stamp with lower precision. To overcome this chal-
lenge, we propose a data-driven method to estimate the start time of
each shot record from the corresponding first-arrival time in our
DAS data.

Assuming that the DAS receivers are on the seafloor, the first-
arrival event at near offsets is the direct wave propagating from
the source to DAS receivers as shown in Figure 6. Given time picks
of the first arrival at the inline offset of 4, =0 and any h,, we
can estimate the source-to-cable distance (d) and, then, the start
UTC time of a DAS shot record (#,) using the following expressions
(see Appendix A for derivation):

a) Inline offset (m) b) Inline offset (m)
100 0 —100 100 0 -100

Time (ms)
Strain (x1079)

750 1000 1250
Shot number

750 1000 1250
Shot number

Figure 14. A common-receiver gather (channel number 1251 at the
2555 m inline position) of DAS seismic records: (a) raw data and
(b) data after applying a band-pass filter of 160-960 Hz for illus-
tration. The direct P-wave from consecutive shots to the receiver on
the seafloor is indicated by the yellow arrow. Polarity flips of the
direct arrival are highlighted by the green arrows.
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v h% N data by analyzing the traveltime of the direct wave. Then, we may
d=-—(—5-(4a7) 24 the signals f k for subsurface imagi
2A7 \ 2 use the signals from unknown sources for subsurface imaging,

and

d
f0 = =0} = T{h,-0} = Hn=0) = » (25)

where v is the P-wave velocity in the seawater, ¢ is the picked UTC
time at which the direct wave arrives at a receiver on the DAS cable,
7 is the traveltime for the wave that propagates directly from
the source to a receiver, and Az is the difference between 7 at
h,=0 and 7 at any h, That is, Az =1y, — 7 o), Where
T(n,—0} = d/v by definition. In this study, we assume the velocity
in water to be constant at 1490 m/s. Using these expressions, we can
derive the start UTC time of every shot and construct individual shot
profiles of DAS.

It should be noted that equation 24 can determine the distance (d)
between the source and DAS cable, even if no information of the
source position is given. Consequently, equation 25 requires no
source parameter to determine the gun firing time. Using this
method, we find that the actual gun firing time interval is slightly
shorter than the value we set to the shooting box. Moreover, given
the water depth (z) of a receiver, we can estimate the crossline offset
(hy) using the expression:

hy = Vd* - 2% (26)

Therefore, with sufficient constraints from the recording geometry,
it is possible to derive the positions and time of sources from DAS

Ot=0

a) Source

7 =
Zhy f&/’ Y /1‘ *V/U“V /’/Sea surface
/

b) Shot gather before NMO Shot gather after NMO

—————————»h,
i = (i

ot

Figure 15. Description of NMO correction for the one-way travel-
time of the direct wave in the DAS recording system: (a) the geom-
etry of the direct wave and (b) the schematic plot of the direct wave
in a shot gather before and after NMO correction. The NMO-cor-
rected traveltime of the direct wave is equal to the one-way trav-
eltime along the vertical axis to the seafloor.

which should be studied further. Nevertheless, this article will focus
on the DAS application using controlled seismic sources. Even if
there are no time synchronization issues in the survey, our proposed
method can still be used to calibrate the positions and times of the
seismic sources.

DAS seismic processing

Given shot profiles recorded by DAS, we do preconditioning
steps to enhance the S/N of the data followed by imaging steps.
Because the receivers are located at the seafloor, the seismic images
of the seafloor and its underlying subsurface structures are gener-
ated from different seismic events. The seafloor image, that is, the
water depth topography, can be derived from the direct wave from
the source to the receivers on the seafloor. However, the structural
image below the seafloor can be derived from the corresponding
seismic reflections. Hence, we require two different imaging meth-
ods to generate the complete subsurface image comprising seafloor
topography and its underlying structures. The processing sequence
for DAS data is summarized in Appendix B.

NMO correction for the direct wave

The direct wave from the source to the DAS receivers on the sea-
floor is illustrated in Figure 15. The NMO traveltime correction
(AtNMO direet) 18 to map the traveltime (Z4i.;) Of the direct wave
event to 7., which is the one-way traveltime for the vertical propa-
gation distance of z. The NMO correction for the direct wave is

2

h
— — 2
A[NMO,direcl = Tdirect — tz - tz + F - lzs (27)

where tgireee = /12 + (B2 /1), h=\/h% + h2, hy = Vd® — 2%, and
z is the known water depth for the central receiver (h, = 0). Thus,
the correction will produce the one-way traveltime zero-offset seis-
mic gather where the source is virtually right above the central
receiver. Multiplying the time axis by two will convert the gather
into two-way traveltime to be comparable with the seismic reflec-
tion data from the streamer.

In practice, we redatum the source and receivers to be at the sea
surface prior to NMO correction to output the two-way traveltime
seismic image. That is, the receiver static correction of ¢, is added to
the traveltime of the wavepath in Figure 15a. Then, the traveltime of
the shot profile after redatuming to the sea surface is defined as

Tdirecl = ldirect T 1 4 (28)

where 7. is the one-way traveltime of the direct wave from the
source to a receiver. Here, the NMO correction is to map the reda-
tumed traveltime 7y, into the two-way traveltime for the vertical
propagation distance from the source to the seafloor, i.e.,

T, =21, (29)

Hence, the NMO correction for the direct wave after redatuming to
the sea surface is
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ATNMo direct = Tdireet = Ty = Tirect = Tz = AINMO direct-
(30)

Using equations 27 and 29, we can explicitly derive the NMO cor-

rection for redatumed traveltime of the direct wave in equation 30 as
follows:

ATNMOAirect = Tgirect — T =

NMO correction for the reflected wave

After redatuming source and receivers to the sea surface, we can
apply a conventional NMO correction to the reflected wave. The
NMO correction for the two-way traveltime of the reflected wave
can be written as follows:

ATNMO.reﬂeclecl = Trefectea = T, =

where T pefiecieq 1S the two-way traveltime of the reflected wave to the
virtual receiver at the sea surface, 7', is the two-way traveltime for
the vertical propagation distance from the source to the reflector,
and vy, is the root-mean-square (rms) velocity from the sea surface
to the reflector. Velocity analysis is required to estimate proper
velocities for different reflectors.

‘When the NMO correction for the direct wave using equation 31
is applied, the direct wave becomes flat in the common-shot gather;
however, all of the subsurface reflections below the seafloor are
overcorrected. On the other hand, the reflections will become flat
if the NMO correction for the reflected wave in equation 32 is ap-
plied using the proper velocity. However, the direct wave would
then be undercorrected.

NMO stretch

NMO correction causes an inevitable frequency distortion,
namely, NMO stretching, especially for shallow events and at large
offsets. As a result of stretching, seismic events are shifted to lower
frequencies. The wavelet with a dominant period 7 is stretched such
that its period after NMO correction becomes 7yyp, Which is
greater than 7. That is,

Mo = T + ATnmo- (33)

Stretching is quantified by the change in the period of the wavelet
divided by the initial dominant period, that is, Aryyo/7. Hence,
stretching for direct wave NMO correction for 7 < T, is quantified
by

ATNMO,direct ~ ATNMO,direcl (34)
T T. + ATxmo direct

where T, is the two-way traveltime for the vertical propagation dis-
tance from the source to the seafloor and AT'\vo girect 1S given by
equation 31. This equation implies that the NMO stretch can be

increased by the decrease of the water depth and the increase of
offset. The derivation of equation 34 is given in Appendix C.

However, stretching for reflected-wave NMO correction for 7 <
T, is quantified by

A""NMO,re[’lecled ~ ATNMO.re(’le(:led
T T, ’

(35)

where T, is two-way traveltime for the vertical propagation distance
from the source to the reflector and AT \uo refiected 1 giVen by equa-
tion 32. This expression is the same as NMO stretch for two-way
traveltime reflections for any surface source and surface receiver
(Yilmaz, 2001).

Temporal resolution

We now analyze a combined effect of the two DAS arrays asso-
ciated with pulse width Ly, and gauge length L; on the temporal
resolution of a plane wave propagating with velocity v and the graz-
ing angle 6 to the fiber axis. The effective fiber length of the com-
bined array is the summation of the length of the two arrays, that
iS, Leggective = Lw + Lg. Then, the arrival time of a plane wave
at the two ends of this effective array is different by
Atpas = (Lefrective €08 6)/v. A plane wave with a dominant period
7 is transformed by DAS arrays to be extended along the time axis
by this time delay. Hence, the ratio of the time delay to the dominant
period of the wave is determined by

Atpas _ f(Lg +Lw) cos 0 (36)
” ,

T

where f = 1/7 is the dominant frequency of the wave and
cos @ = h,/\/s*+ i+ k. The ratio of the time delay to the wave
period given by this equation may be interpreted as the stretching
due to the DAS response, because it is similar to the definition of
NMO stretching. DAS stretching vanishes at the zero inline offset,
in which the wave propagates in the direction perpendicular to the
fiber axis. Therefore, DAS stretching can be neglected for the data
at nearly zero inline offset, whereas NMO stretching dominates the
temporal resolution of the final images.

Image quality

The quality of an image can be evaluated by its S/N. Hence, we
use the S/N to quantitatively compare the quality of the DAS and
streamer images. In our analysis, S/N of the ith trace is defined as
the ratio of the power of the signal (Pg,p ;) Within the trace to the
average background noise power (P;) of the whole survey:

(S/N)l _ Psignal.i _ (Asignal.i>2‘ (37)

P noise Anoisc

where Agjgpy; is the rms amplitude of the samples within the signal
window from the ith trace and A, is the rms amplitude of the
samples within the background noise window from all of the traces.
The ratio can be expressed in decibels (dB) as

(S/N)4g = 101og;o(S/N). (38)
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RESULTS AND DISCUSSION

The key seismic imaging from DAS data begins with NMO cor-
rections. Figure 16 illustrates the results of NMO corrections for the
direct wave and reflected waves in a super shot gather of the real
data. The figure illustrates a supergather at shot number 2161, which
is approximately at 2877 m distance on the cable, which is aligned
with the horizontal axis in Figure 17. An offset trace in a super-
gather is derived by summing the seismic traces from nearby shots
at the same offset bin. Supergathering can significantly enhance the
S/N. However, it typically causes lower temporal resolution, be-
cause it stacks the waves with inconsistent phases. This supergather-
ing technique is also applied to enhance the key seismic events for
velocity analysis. The NMO corrections for the direct wave and re-
flected waves are carried out independently after noise attenuation,
redatuming to the sea surface, and data regularization. The velocity
models used in the NMO corrections are obtained by time-velocity
scanning semblance analysis, in which the velocity in water is as-
sumed to be 1490 m/s. Note that the minimum offset in this shot
gather is approximately 30 m. Hence, the first arrivals in all of the
existing traces in this gather are reflected waves, not the direct wave.

After NMO corrections are applied, we mute the data with severe
NMO stretch at a far offset and stack all the traces below the mute
function. Then, two stacked sections are derived, that is, one from
direct wave and the other from reflected waves. After stacking the
NMO-corrected gathers of DAS data, we combine the two stacked
sections by summing the traces from the same shot. Then, we
broaden the amplitude spectrum to be comparable with the reference
seismic data from the streamer. We finally apply zero-offset time
migration to the stacked data and compare the result with the image
from streamer data in Figure 17. Figure 17a and 17b shows the

a)

——- Direct wave
Reflected wave
Mute

Time (ms)

0 50 100 0O 50 100
Offset (m) Offset (m)

Offset (m)

Figure 16. NMO corrections for the real DAS data set after reda-
tuming to the sea surface and regularization. Supergathering the
data from 21 shots around the shot number 2161, of which the po-
sition is approximately at 2877 m on the cable, is made to enhance
the S/N for illustration: (a) a supershot gather sorted by regularized
absolute horizontal offsets from the source to the DAS receivers.
(b) The result of NMO correction for the direct wave. (c) The result
of NMO correction for the reflected wave. The dashed blue line is
the direct wave event and the dashed orange line is a key reflection
event, which are estimated by the associated time-velocity picks.
The solid yellow line is the external mute function to be applied
before stacking the data along the offset.

migrated images from the streamer and DAS, respectively. The
DAS image contains stronger high-frequency noise than the streamer
image. The dominant frequency of the DAS image is also somewhat
lower and the bandwidth is narrower than the streamer image.

We observe that the DAS image below the seafloor is contami-
nated by high-frequency noise, whereas the streamer image is some-
what cleaner. Therefore, we apply additional signal enhancement
processing to the image by trace mixing of the surrounding 21
traces and applying a high-cut filter at 480 Hz. These additional
steps are applied to the streamer and DAS images, and the results
are shown in Figure 17c and 17d, respectively. After signal en-
hancement, the continuity of the seafloor images is improved,
and the subsurface reflections in the images become obvious and
easy to interpret. Key seismic reflections can be observed in both
images as highlighted by the yellow arrows in the figures. However,
the signal enhancement reduces the frequency bandwidth and,
hence, the image resolution. Therefore, the trade-off between
enhancing the signal and maintaining the frequency bandwidth
should be carefully tested to optimize the DAS image quality.

The geologic image from streamer data results from seismic
reflections, whereas the direct wave does not penetrate through
any structure below the seafloor. However, the DAS seismic im-
aging uses the direct wave and reflections to construct the geo-
logic image. Figure 17d illustrates that the seafloor and the
underlying subsurface structures can be imaged from DAS seis-
mic data by our processing sequence. The seafloor and subsurface
image from DAS data is comparable to the reference image from
streamer data in Figure 17c. Note that the DAS image represents
the image at a different position from the streamer data, because
their receiver positions are different. Therefore, the subsurface
structures in the images from the streamer and DAS are slightly
different.

We observe that the DAS image has low resolution in the shal-
lowest part of the line between 2500 and 2700 m, in which the
crossline offset is larger than the water depth. The primary reason
is that our DAS data lack near-offset information, whereas the water
depth is shallow at these locations. Therefore, the effect of NMO
stretch becomes significant and causes a low dominant frequency
content in the NMO result, especially for the water bottom event.
Note that NMO stretch for the water bottom event depends on the
water depth and offset according to equation 34. The stretch in-
creases with the decrease of the water depth and the increase of
the offset. Figure 18a illustrates the variations of water depth
and minimum offset at different receiver positions. The minimum
offset is the crossline offset (h,) as illustrated in Figure 6. The
source-to-cable distance (d) is also plotted in Figure 18a. In addi-
tion, Figure 18b shows the minimum stretch associated with the
water bottom event. The minimum offset for the towed streamer
is assumed to be 10 m throughout the survey. We observe that
the minimum NMO stretch for DAS data is significantly larger than
the minimum stretch for towed-streamer data. Thus, the water-bot-
tom image from DAS has lower resolution than the image from the
towed streamer as shown in Figure 17. The resolution of the DAS
image is extremely low in the shallow water area at 2500-2600 m
along the cable. To obtain a higher resolution image, we should
have controlled the seismic source to be laterally closer to the
DAS cable. That is, we must reduce the crossline offset between
the source and the DAS cable during the survey, so that the
NMO stretch is minimized. Then, a higher resolution seismic image
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can be achieved. The requirement of a short crossline offset is
crucial especially for any shallow-water environment.

The effect of NMO stretch is illustrated in Figure 19, which com-
pares a near-trace gather of the DAS data before and after NMO
correction for the direct wave. Each trace of the near-trace gather
is formed by stacking those seismic traces with inline offsets less
than 2 m from the corresponding shot gather. The gather represents
the DAS data with a nearly zero inline offset. That is, the offset of
each trace in the gather is approximately equal to the crossline off-
set. In Figure 19a, we observe coherent seismic events (the direct
wave) before NMO correction that would contribute to the seafloor
image. These events have temporal resolution comparable to the
streamer data as shown in Figure 4. The key coherent seismic events
are indicated by the black arrows in Figure 19. When the NMO
correction for the direct wave is applied, the events are shifted
in time and their characteristics are deformed by NMO stretch.
NMO stretch deforms the wavelet to have a lower frequency than
the original form. As shown in Figure 19b, the stretch is enormous
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especially in the shallow water depth and large crossline offset such
as in event A. In contrast, we see less NMO stretch where the cross-
line offset is short and the water is deep such as in event B. This
observation is aligned with the plot of minimum stretch in
Figure 18b.

Figure 20a compares the S/Ns in dB of the images from DAS and
towed streamer around the water bottom. As plotted in Figure 17,
the signal window is defined between the orange and green hori-
zons, whereas the noise window is defined between the blue and
orange horizons. We observe that the images from the towed-
streamer data generally have a higher S/N than the DAS images,
especially when the seafloor is shallow. However, Figure 20b com-
pares the normalized power spectrum of the images in the signal
window from streamer and DAS after the same postmigration signal
enhancement processing. We observe that the DAS image has a
lower dominant frequency than the streamer image. Moreover,
the DAS image has more low-frequency content than the streamer
image.
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Figure 17. Poststack time-migrated seismic images from different data sets: (a) the reference image from a towed single-channel streamer with
a 24-element hydrophone array of 7 m active length, (b) the image from seabed DAS with a 4 m gauge length, (c) the image of (a) with
additional signal enhancement applied, and (d) the image of (b) with the same enhancement applied. The seismic events associated with the
water bottom and subsurface reflections are presented in both images. Subsurface reflections in the DAS image are highlighted by yellow
arrows in comparison with the reference image. The horizontal axis is the distance along the cable. The horizons plotted in (c and d) define the
signal and noise windows for computing the S/N and spectrum in Figure 20. The signal window is defined between the orange and green
horizons, whereas the noise window is defined between the blue and orange horizons.
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Figure 18. Plots of the following variables at different positions
along the DAS cable: (a) the water depth (blue), the crossline hori-
zontal offset from the source to the DAS cable (orange), and the
distance between the source and the DAS cable (green); and,
(b) the minimum NMO stretch associated with the water-bottom
events in DAS data (the solid blue line) and towed-streamer data
(the dashed orange line).
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Figure 19. Tllustration of the NMO stretch effect on a near-trace
gather of DAS data in which the sources and receivers are reda-
tumed to the sea surface: (a) a near-trace gather from the DAS data
with common inline offset and (b) the same gather after NMO cor-
rection for the direct wave is applied. The black arrows indicate the
two events before and after NMO correction as described in the text.

Limitations of the study

‘We emphasize that our comparison is not one to one in the sense
that the streamer data result from the summation of the 24 hydro-
phone elements (approximately 7 m) into a single channel. Stacking
of 24 hydrophone elements corresponds to an improved S/N of the
square root of the number of stacking elements (nearly five times in
this case). This is the major explanation for why the raw streamer
data have less noise compared to the raw DAS data. The DAS data
are recorded from each sensing element with a gauge length of 4 m.
Furthermore, under an angle mute function, we sum the recorded
data from at least 40 channels of 2 m spacing (approximately 80 m)
with obvious signals as observed in Figure 5 to form a single trace
of the DAS image in Figure 17b and 17d. The multichannel sum-
mation of the DAS data significantly enhances the S/N. However,
the optimal number of channels to be summed is still limited by the
desired temporal resolution associated with the offset-dependent
NMO stretch. Therefore, we recommend testing the mute function
for stacking to find a compromise between the signal enhancement
and the temporal resolution.

Our seismic analysis covers the range from 160 to 480 Hz, cor-
responding to the wavelengths in the range of 9.4-3.1 m with the
velocity of 1490 m/s. However, the bandwidth of the seismic source
used in this experiment ranges from 350 to 1000 Hz with the dom-
inant frequency at approximately 600 Hz. For wave velocities on the
order of 1490 m/s, this corresponds to wavelengths in the range of
4.3-1.5 m, with the dominant energy at a wavelength of 2.5 m.
Thus, with a DAS interrogator operating with a 4 m gauge length,
the seismic waves propagating in parallel to the cable with fre-
quency greater than the 375 Hz notch cannot be properly resolved
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Figure 20. Line plots corresponding to the seismic images from
DAS (blue) and towed streamer (orange) with additional signal en-
hancement applied as shown in Figure 17¢ and 17d: (a) S/N at dif-
ferent seismic traces and (b) normalized amplitude spectra within
the signal and noise windows. The signal window is defined be-
tween the orange and green horizons, whereas the noise window
is defined between the blue and orange horizons in Figure 17.



Downloaded 08/18/21 to 129.241.154.16. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/page/policies/terms
DOI:10.1190/ge02020-0834.1

Paper I

57

DAS for near-surface imaging B317

by DAS (see Figures 9 and 10 for the DAS array response). Using a
seismic source with stronger low-frequency emission or operating
the DAS interrogator at shorter gauge lengths should, therefore, im-
prove the DAS image resolution. Furthermore, with a more power-
ful source at low frequencies, it might be possible to use more DAS
channels at larger inline offsets (a longer cable length) to construct a
larger aperture that might improve the spatial resolution and provide
deeper imaging capabilities with DAS. Note that the seismic source
used in our experiment is relatively weak compared to conventional
seismic sources such as air guns.

Our major objective of this article is to achieve a qualitative com-
parison of the two types of data to demonstrate the enormous po-
tential for DAS data, despite its higher background noise level. The
tremendous advantage for the DAS data is the number of channels
in the long fiber-optic cable. We aim to indicate that it is possible for
DAS to record data over a long distance (several kilometers) to form
subsurface images with comparable quality to those formed with the
conventional streamer. The advantage of having excessive receivers
over a long distance can be exploited for several other applications,
such as tracking the positions of marine vessels, marine mammals,
earthquakes, and so on. However, this article is limited to a simple
comparison of conventional seismic imaging to DAS imaging for
seismic exploration based on different acquisition geometries.

The results shown in this article clearly prove that we can use
DAS cables together with controlled seismic sources to construct
a subsurface image comparable to a conventional seismic survey
using towed streamers. To obtain a DAS image with high quality
and high S/N, we require sufficient source energy within the fre-
quency range limited by the gauge length, which implies the spatial
resolution of DAS. Moreover, we have to minimize the crossline
offset between the source and the DAS cable during the survey to
prevent excessive stretch and improve the image resolution. Thus,
we can conclude that it is possible to use DAS from existing dark
fiber-optic cables together with appropriate seismic sources for sub-
surface imaging. If a conventional seismic survey is conducted above
recording DAS cables, the near-surface seismic image from DAS can
be obtained and can be used for geohazard analysis prior to any con-
struction on the seafloor. Hence, we envisage many possibilities of
DAS to support various subsurface exploration activities.

CONCLUSION

‘We can produce subsurface images from seismic data acquired by
DAS in a submarine telecommunication cable. The quality of the
images can be improved by using a seismic source with sufficiently
large energy within the low-frequency range matching the spatial
resolution of DAS. A low-frequency seismic source would also im-
prove the penetration to deeper geologic structures, and, hence,
deeper seismic images. The temporal resolution can be improved
by minimizing the crossline offset between seismic sources and
the DAS cable. For water depths larger than the offset range used
for DAS imaging, we find that DAS and hydrophone data have
about the same quality. The DAS recording can be carried out
simultaneously with any conventional seismic survey to support
geohazard analysis below the seafloor and various subsurface ex-
ploration activities. The operational advantages of DAS over node
systems and the validity of DAS for near-surface seismic imaging
will sustain the growth of DAS in the seabed seismic market.
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APPENDIX A
DISTANCE BETWEEN SOURCE AND CABLE

From Figure 6, we define that ¢, is the UTC time when the source
is fired, ¢ is the UTC time when the direct wave arrives at a receiver,
and 7 is its traveltime from the source to the receiver. Thus,

T=1—1. (A-1)

Assuming the constant velocity v, we can compute the travel dis-
tance of the direct wave from source to the receiver with the inline

offset &, as follows:
vt = /d* + h2, (A-2)

where d is the distance between the source and the DAS cable.
Hence, the traveltime of the direct wave can be written as a function
of the inline offset &, as follows:

1
Ty = \/d®+ K. (A-3)

The subscript on variable 7 denotes its functional dependence on
the inline offset /. To the receiver at zero inline offset (h, = 0), the
traveltime has a minimum at

d
T{h,zO} = Z (A'4)

Hence, the difference between the traveltime at zero inline offset
and the traveltime at an arbitrary offset is defined as follows:

1 d
Ar = — T =—A\/dEP+hE——. A-
T =T{p} — T{n,=0} . d° + h: . (A-5)

Rearranging equation A-5, we obtain equation 24 via the follow-
ing steps:
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<A1+‘—Z>2 :iz(dl+h§), (A-7)
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APPENDIX B

DAS DATA PROCESSING SEQUENCE

The processing sequence for DAS data is listed here:

Perform radial trace mixing by summing the seismic traces
from neighboring shots (3:1 shots).

Apply a band-pass frequency filter for 160 Hz/20 dB —
960 Hz/20 dB.

Apply static correction to redatum the source and receivers to
the sea surface.

Regularize data using offset bin spacing of 1 m.

Apply NMO correction to correct the traveltime from arbitrary
offsets to zero offset for the following two events separately
using different correction methods:

« the direct arrival from the source to the DAS receivers on
the seafloor

¢ the primary reflections from the geologic structures
underlying the seafloor.

Attenuate multiple reflections in the Radon domain.

Mute the undesired NMO stretch at far offsets (0°-30° with
76 m preserved minimum offset).

Stack the NMO data from all offset bins.

Combine the NMO stacks from the direct arrival and reflec-
tions to construct a zero-offset seismic reflection data set in
which the source and receivers are virtually at the sea surface.
Apply spectral whitening.

Apply zero-offset time migration using the NMO velocity for
primary reflections.

Perform radial trace mixing by summing the seismic traces
from the surrounding 21 traces.

Apply a high-cut filter at 480 Hz/20 dB.

Taweesintananon et al.

APPENDIX C
MOVEOUT STRETCH FOR THE DIRECT WAVE

Considering the DAS data after redatuming the source and
receivers to the sea surface, the direct wave moveout equation as-
sociated with the onset of the wavelet with the arrival time 7 g; o, at
offset & is given by equation 31. This expression can be rearranged
as follows:

T\*> T: W
<Tdirecl - j) = 4~ + 17 s (C-l)
12 R
Tﬁirecl = Tgirea T, + 4~ = 4~ + ? s (C-2)
h2
T(Zlirect - Tdirecth = ﬁ . (C-3)

After applying NMO correction for the direct wave, the wavelet
of dominant period 7 is stretched, and then its dominant period be-
comes Tnvo = 7 + ATnmoudieer @8 previously defined in equa-
tion 33. Thus, the moveout equation associated with the
termination of this wavelet can be derived by replacing 7 g, With
T gireet + 7, and replacing 7', with T, 4 7yyo in equation C-3. That
is,

hZ
(Tdirecl + T)z - (Tdirect + T)(Tz +7+ ATNMO,direct) = ? ’
C4
(Tgirecl + 2Tdirec17 + 72)
- Tdirecth - TdirectT - TdireclATNMO.direcl
h2
=T, = 7° = TATNMO direct = el (C-5)
h2
(Tgirect - TdirchTz) - F + (Tdircct - Tz)T
= (Tdirec[ + T)ATNMQdirect' (C'6)

The first term on the left side of equation C-6 becomes zero by
the relation in equation C-3. Accordingly, using the definition of
AT Mo direet from equation 30, we can derive the moveout stretch
for the direct wave from equation C-6 as follows:

(ATNMO,direct)T = (Tz + ATNMO,direct + T)ATNMO,directs
(&)
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. . distributed acoustic sensing: Conventional and neural network data analy-
ATNyO direct _ AT MO diree . (C-8) sis: Sensors, 20, 450, doi: 10.3390/520020450.
T T, + AT\modirect + T Kuvshinov, B., 2016, Interaction of helically wound fibre-optic cables with

Assuming that 7 < T, the moveout stretch for the direct wave
can be approximated by the following expression:

ATNMO direct ~ AT\MO direct (C-9)
T T, + AT\wmo direct
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In a post-industrial whaling world, flagship and charismatic baleen whale species are
indicators of the health of our oceans. However, traditional monitoring methods provide
spatially and temporally undersampled data to evaluate and mitigate the impacts of
increasing climatic and anthropogenic pressures for conservation. Here we present the
first case of wildlife monitoring using distributed acoustic sensing (DAS). By repurposing
the globally-available infrastructure of sub-sea telecommunication fiber optic (FO) cables,
DAS can (1) record vocalizing baleen whales along a 120 km FO cable with a sensing point
every 4 m, from a protected fiord area out to the open ocean; (2) estimate the 3D position
of a vocalizing whale for animal density estimation; and (3) exploit whale non-stereotyped
vocalizations to provide fully-passive conventional seismic records for subsurface
exploration. This first example’s success in the Arctic suggests DAS’s potential for real-
time and low-cost monitoring of whales worldwide with unprecedented coverage and
spatial resolution.

Keywords: distributed acoustic sensing, bi acoustic

conservation, blue whale, fin whale

istics, p ing, baleen y 1

1 INTRODUCTION

While slowly recovering from industrial whaling, many baleen whale species [Mysticeti; Bannister
(2018)] are still threatened or critically endangered TUCN, 2021 (Version 2021-2). Simultaneously,
these animals and their vast ocean habitat are subject to an increasing number of stressors driven
directly or indirectly by anthropogenic activities, e.g., entanglement in fishing gear, ship strikes and
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noise pollution associated with the global increase in ship traffic.
Additionally, alteration of water and nutrient cycles by plastic
and chemical pollution affects the entire food web (Thomas et al.,
2016). Climate change has further forced cetaceans to adapt their
migration routes (or their timing). Globally, many species shift
poleward to their preferred sea-surface temperature (van
Weelden et al., 2021).

In the Arctic, the climate is changing faster than anywhere
else in the world. It has been linked to major shifts in species
distributions related to sea-ice loss and the Atlantification of the
region (Hamilton et al, 2021). In the high latitudes of the
Svalbard archipelago, boreal species, e.g., blue whales
(balaenoptera musculus), fin whales (balaenoptera physalus),
humpback (megaptera novaeangliae) and sei whales
(balaenoptera borealis), have been considered seasonal
residents, traditionally present from late spring/early summer
to the fall and spending their winters at lower latitudes (Moore
et al,, 2019). Recently, however, fin whales have been observed
year-round (Klinck et al,, 2012; Lydersen et al., 2020). Furthermore,
with sea-ice loss came an increase in human activities. While ship
traffic is already abundant between the Barents and North sea and
Svalbard (Reeves et al,, 2014; Eguiluz et al, 2016), it will likely
intensify in species-rich areas (Hamilton et al, 2021) with the
impending cross-Arctic shipping routes (Ng et al,, 2018). Airgun
signals can already be recorded all year round in the western Fram
Strait (Ahonen et al, 2017). Therefore, it is urgent to establish a
baseline of the environment’s exposure and marine mammal
vulnerability to these anthropogenic stressors to mitigate their
impacts, which requires monitoring.

From fixed autonomous archival recorders to moving near-
real-time multi-sensory platforms (Mellinger et al., 2007;
Baumgartner et al, 2018), passive acoustic monitoring has
proven to be a reliable and suitable mean for baleen whale
studies (Howe et al., 2019). However, it is still relatively
expensive to deploy conservation-focused hydrophones and
despite the research community’s global efforts and the
exponentially increasing amount of data collected worldwide
(Kowarski and Moors-Murphy, 2021), recorders are sparse and
unevenly spread: the oceans are under-sampled (Eguiluz et al.,
2016; Ahonen et al., 2017; Ahonen et al, 2021; Hamilton
et al., 2021).

Meanwhile, Distributed Acoustic Sensing (DAS) has started
to conquer many fields both at sea (Lindsey et al., 2019; Sladen
etal,, 2019; Williams et al., 2019) and on land (Daley et al., 2013;
Parker et al., 2014), with exponential progress in terms of data
quality, spatial coverage and bandwidth (Parker et al., 2014;
Waagaard et al,, 2021). Using an interrogator, DAS technology
re-purposes existing dark fiber optic (FO) cables to record nano
strain (Culshaw and Kersey, 2008) and has the potential for real-
time monitoring over tens of kilometers (up to 171 km
(Waagaard et al., 2021)) with a spatial resolution of a few
meters (Goertz and Wuestefeld, 2018; Waagaard et al,, 2021).
Initially applied to geophysical data collection (Schenato, 2017;
Hartog et al., 2018), DAS has recently aroused interest with
waterborne sound sources, e.g, it has been used for near-surface
ship detection and bearing estimation in the Mediterranean sea

(Rivet et al., 2021). Quality assessment of the data was performed
using controlled airguns sources compared (a) to ocean bottom
seismometers recordings in Japan (Matsumoto et al., 2021) and
(b) to seismic streamers in Norway (Taweesintananon et al,
2021). Both studies showed similar capabilities between DAS and
known instrumentation in terms of frequency response and signal-
to-noise ratio (SNR). This article demonstrates the untapped
potential of DAS for baleen whale monitoring (Figure 1).

Data was acquired during the summer of 2020 around
Isfjorden, Svalbard, Norway, at the doorstep of the Arctic
(Figure 2). At that time of the year, sightings and a previous
acoustic study around the archipelago demonstrate the
consistent presence of blue, fin and humpback whales, and
possible presence of sei whales (Nieukirk et al., 2020; Ahonen
et al., 2021; Hamilton et al., 2021). Raw DAS data used for this
work is available in open access (Bouffaut and Taweesintananon,
2022). Note that, to ease the reader in, the Method section (§ 4) is
the last section of this article.

2 RESULTS AND DISCUSSIONS
2.1 Experimental Setup

It is common practice to lay spare fibers in telecommunication
cable bundles to minimize the cost of installation. On shore, one
end of such a dark fiber can be tapped without disturbing data
streams and, converted into DAS using an interrogator
(Figure 1A). The interrogator injects linear frequency-
modulated optical pulses which are backscattered by anomalies
in the fiber (Waagaard et al., 2021). These defects are displaced at
the nanometer scale under the influence of acoustic pressure
waves [but also seismic, oceanographic (Landro et al.,, 2021)],
introducing delays in the backscattered pulse (Figure 1B)
(Nishiguchi, 2016). The interrogator calculates the time-
differentiated phase change of the backscattered response from
consecutive sweeps at regularly spaced intervals along the fiber,
further named channels (Figure 1C). The phase change is
averaged over a section of the fiber, the gauge length, and
converted into longitudinal strain waveforms, analogous to
acoustic pressure, for each corresponding fiber section (Hartog,
2017; Taweesintananon et al., 2021). The resulting strain data,
sampled in both time and space is streamed in near-real-time from
the experiment site to a remote data-processing center (Figure 1D).
In this experiment, we re-purposed a dark fiber (SMF-28
single mode silica) in an existing Uninett submarine
telecommunication cable connecting Longyearbyen to Ny-
Alesund in Svalbard, Norway (Figure 2A). The fiber, heading
out to the open ocean from Longyearbyen, through Isfjorden was
trenched 1 to 2 m into soft sediments all along the used section
and, followed the seafloor bathymetric variations (Figure 2B).
The Longyearbyen end of the fiber was connected to an Alcatel
Submarine Networks OptoDAS interrogator, converting the first
120 km of fiber into a DAS array. We used light pulses of 1500 nm
free-space wavelength with a duration of 100 s to sample along the
120 km with a 4.08 m spatial sampling, resulting in 30000 DAS
channels. In the remainder of the article, we refer to channel
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Laser pulse

Backscattered pulse

Perturbations from acoustic waves displace
defects in the fiber, delaying the backscattered
pulse. This time delay is converted into
spatialized strain by the interrogator.

——

Distributed acoustic
sensing channels

FIGURE 1 | Distributed acoustic sensing (DAS) for baleen whale monitoring. (A) On shore, an interrogator is connected to one end of an existing fiber optic cable to
repurpose it into DAS. (B) It interrogates the fiber by sending laser pulses that are backscattered by anomalies while simultaneously, these defects are shifted under
the effect of incoming acoustic waves. (C) The interrogator calculates time delays of the backscattered response at regularly spaced intervals along the fiber, named
channels. Time delays are averaged over the gauge length and converted into longitudinal strain waveforms analogous to acoustic pressure. (D) DAS two-

dimensional data is streamed in near-real-time to a remote data processing center.

positions along the FO cable from the Longyearbyen shore as
simply distance, as illustrated on Figure 2. Normal signal strength
decay along the fiber is 0.2 dB/km, such that the returned signal
strength from 100 km is ~—40 dB with respect to 1 km. A gauge
length of 8.16 m was chosen as a compromise between maximizing
the signal-to-noise ratio for the 4.08 m channel spacing (Dean et al,,
2017), giving sufficiently large bandwidth for different applications
(Landre et al, 2021) and, optimizing the near-real-time data
transmission rate. Data was streamed from Svalbard to NTNU
(Trondheim, Norway) in near-real-time via Uninett’s research
network, using the 1 Gbit/s network interface of the interrogator.
There, the data was recorded at a sampling frequency of f; = 645.16
Hz, providing just over 300 Hz of bandwidth. The DAS data was
continuously sampled over 44 days, between June 23 and August 5,
2020 and the experiment generated around 7 TB/day.

DAS instrumentation is not limited to low frequencies but its
implementation is constrained by the relationship between the
interrogating optical pulse intervals (the inverse of the sampling
frequency) and 2-way light travel times along the physical length
of the FO cable L such as L = % with cjign, = 299798458 m/s the
speed of light in the fiber and n = 1.4667 the group refractive
index of the fiber. For example, a 10 km-long DAS could record
up to f; = 10 kHz, without aliasing.

DAS array response to strain for a specific fiber optic/
interrogator combination is a function of the gauge length,

wave frequency, wave velocity and grazing angle between the
source and the receivers. Due to the nature of the coupling
between acoustic stress and FO cable strain, a notch in the
impulse response of the fiber can be observed for perpendicular
arrivals (Taweesintananon et al., 2021). The conversion from
strain to acoustic pressure is a linear relation that depends on the
Young’s modulus of the seafloor, which varies along the FO
cable. During this first experiment, calibration, e.g., using a
known and georeferenced active source and co-located
hydrophones as demonstrated locally in (Matsumoto et al.,
2021; Taweesintananon et al., 2021) was not performed.
Therefore, the results are presented in nano strain (adimensional)
or in dB re. 10”°. More broadly, the calibration of DAS systems has
not yet been systematic and the community is working towards
standardization procedures (Lindsey and Martin, 2021).

2.2 Acoustic Data Analysis

A sparse visual and aural inspection of the entire dataset (every
10 km; method described in § 4.1) revealed the presence of
different known baleen whale low-frequency signatures along the
fiber (Figures 2C, D and Supplementary Audio $1-S3). Of the
832 annotated calls, we identified 38% as North Atlantic blue
whale stereotyped signals (AB call, peak frequency at 16.9 Hz;
arched sounds, 9-Hz call) conforming to previous call
descriptions (Mellinger and Clark, 2003). They were found
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FIGURE 2 | Baleen whale vocalizations detected over the 120 km of the Svalbard underwater distributed acoustic sensing (DAS) array. (A) The DAS crosses
Isfiorden out to the open sea, bypassing the South of Prins Karls Forland in Svalbard, Norway. The interrogator end of the fiber is located on shore in Longyearbyen,
recording data with a spatial sampling of 4.08 m at a sampling frequency of fs = 645.16 Hz between June 23 and August 5, 2020. (B) The DAS fiber optic cable is
trenched 1-2 m deep in the seafloor and follows bathymetric variations with an average depth of ~216 m. Number of calls (C) and examples (D) representative of
the diversity of baleen whale vocalizations detected along the DAS during the entire recording period. Associated sounds are available in supplementary material

during the entire recording period with a higher number of calls
detected after July 23, 2020. In four instances, sightings from
whale-watching tours confirmed the presence of a blue whale in
the area. Various species overlap within the observed bandwidth
and produce down-sweeps (Ou et al., 2015), that were the most
commonly labeled calls (60% of the annotations; peak frequency
45 + 15 Hz, average duration 5.4 + 2.4 s). They can be attributed
to blue whales [D-calls; high variability but ~2 s long (Oleson
et al,, 2007)], fin whales (40 Hz call; a 0.3 s down-sweep from
75 Hz to 40 Hz (Watkins et al., 1987)), humpback whales (non-
song frequencies occur under 200 Hz and last between 0.1-4 s.
(Recalde-Salas et al., 2020)), but also sei whales [e.g, a < 2's
down-sweep from 80 to 30 Hz (Tremblay et al., 2019; Nieukirk
et al., 2020)]. Note that during this inspection of the (raw)
unprocessed data, a unique vocalization was rarely found on
two 10 km-spaced channels.

North Atlantic blue whale low frequency stereotyped calls
were mostly recorded outside Isfjorden, between 70-90 km
(Forlandsundet Graben), while non-stereotyped down-sweeps

were detected in higher numbers in the more sheltered waters of
the fjord. For blue whales, stereotyped calls have been associated
with male vocal behavior (song), whereas non-stereotyped
down-sweeps (D-calls) can be produced by all males, females
and calves and have been associated with group social or foraging
contexts (Oleson et al., 2007). No clear fin whale 20 Hz song was
detected during the recording period. However, some of the
down-sweeps could be fin whale 40 Hz calls, which have been
linked to feeding behaviors (Sirovi¢ et al., 2013; Romagosa et al.,
2021). The spatial distribution of these two call types indicates
potential variation in habitat use in the monitored area. The call
abundance has good overlap with sighting-based models that
demonstrate the increasing importance of Isfjord as habitat for
large baleen whales in Western Svalbard (Storrie et al., 2018).
The spatially distributed observations provided by DAS add a
new dimension to the previous (and ongoing) passive acoustic
monitoring of baleen whales in Western Svalbard (Ahonen et al.,
2021), highlighting potential variations at an unprecedented
scale. However, in regard to the amount of data recorded, i.e.,
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almost 7 TB a day during our experiment, there is a need for big-
data processing methods to scan through, detect and classify
vocalizations and improve species identification, specifically in
heterogeneous call types such as down-sweeps (Ou et al., 2015).

2.3 Changing Perspectives: From Single
Point to Distributed Sensing

One of the advantages of distributed acoustic sensing compared
to typical single-point sensing is that it provides a continuity of
measurement in both time and space, which requires “new”
representations of the data. A common representation in the
geophysical community is spatio-temporal plots also known as ¢-
x plots, showing temporal variations of the strain along the FO
cable (Parker et al.,, 2014; Lindsey and Martin, 2021). Figure 3 is
a spatio-temporal representation of two successive stereotyped
blue whale calls (at 70 and 110 s), intertwined with down-sweeps
(likely D-calls; at 90, 95 and 127 s) between 68 and 84 km of
the Svalbard DAS array, recorded on July 10, 2020 at
035530UTC. One channel of this strain data matrix (at
76.6 km) was used to draw the spectrogram in Figure 2D,
starting 50 s earlier than Figure 3. A narrow [15-18] Hz
butterworth band-pass filter is applied to the data to enhance
the t-x plot’s contrast. Detailed information on the pre-
processing of Figures 3 and 4 is given in § 4.2.

The low-frequency whale vocalizations (< 100 Hz) are
transient acoustic signals emitted in the first tens of meters of
the water column and observed on a very long array, the Svalbard
DAS FO cable, trenched in the bottom of relatively shallow water
(< 410 m). Therefore, signals are received only on limited
portions of the array [as opposed to DAS recordings of distant
earthquakes, received on the total length of an array (Lindsey
et al., 2019; Sladen et al., 2019; Landre et al.,, 2021)], with time

delays corresponding to the difference of travel times between the
source and the numerous 4.08 m-spaced channels. These time
delays are inherent to the source-channel configuration and the
sound speed in the water column. Spatio-temporal
representations highlight the time delays on the received
signals as hyperbolic wavefront arrivals, whose apex indicates
the point on the FO cable closest to the source. In Figure 3 the
whale is closest to the channel at 76.3 km, and the single apex
location suggests that the series of signals are emitted by a single
individual (or a tight group). Benefiting from the pre-processing
(§ 4.2), stereotyped signals at 70 and 110 s are recorded on ~15
km of fiber, contrasting with the detection range of D-calls. This
variation could be explained by the narrow band filtering that
does not encompass the full D-calls’ bandwidth and potential
differences in source levels. Note that the slope of the down-
sweep hyperbolas tends towards sound speed away from the
apex. The received strain amplitude decay is not constant along
the fiber which can be interpreted as (1) DAS directivity & local
variations in the coupling between the fiber and seafloor
(Matsumoto et al., 2021; Taweesintananon et al., 2021),
(2) Coherent interferences in the wavefield due to a near-
surface source (Lloyd’s mirror effect) (Carey, 2009; Bouffaut
et al, 2021), (3) Upward refracting trends in arctic waters
sound propagation, with potential shadow zones and complex
fjord and coastal 3D propagation (Jensen et al., 2011).
Instrumental vertical and horizontal noise lines appear on the
t-x plot. They could be removed with an additional pre-
processing step, such as filtering in the frequency-wave
number domain (known as f-k filtering) to keep only signals
propagating at the speed of sound (Lindsey et al., 2019).
Figure 4 presents 130 s of recording on June 27, 2020 at
052440UTC, between 35 and 90 km of the Svalbard DAS FO
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FIGURE 3 | Spatio-temporal representation of blue whale vocalizations recorded on the Svalbard DAS array. The t-x plot displays the temporal variations of the
strain between 68 and 84 km of FO cable when receiving two successive stereotyped blue whale calls (at 70 and 110 s), intertwined with down-sweeps (D-calls;
at ~90 , 95 and 127 s) recorded on July 10, 2020 at 035530UTC. The channel at 76.6 km was used to produce for the spectrogram in Figure 2D.
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FIGURE 4 | Vocalizing baleen whales recorded simultaneously at three different locations along the Svalbard DAS array. (A) Spatio-temporal (t-x), (B) Spatio-
spectral (f-x) and (C) Spectro-temporal (spectrogram) representations of a 130 s-long portion of recording from June 26, 2020 at 052440UTC, between 35-90 km of
fiber optic cable. Each whale position (around 76.5 km, 57.5 km and 44.2 km) is given a number 1-3, to facilitate panel associations.

cable. It reveals the presence of at least 3 individuals at different
locations along the cable, indicated by the dashed lines and
numbers. Figure 4A is a spatio-temporal representation of the
strain measured along the FO cable, in absolute value and
separated around the mouth of the fjord at 62.25 km. To
enhance the contrast, the signal out of the fjord (62.5-90 km)
is band-pass filtered in the frequency domain between [16.7-
17.2] Hz in (Figure 4A), highlighting the contribution of North
Atlantic Blue whale stereotyped signals while it is band-pass
filtered between [30-43] Hz to enhance down-sweeps inside the
fjord (35-62.5 km). Lines with a 1500 m/s slope are added to
(Figure 4A) to highlight the received signals.

A 16.9 Hz North-Atlantic blue whale signal is received on all
represented channels outside the fjord over 27 km Figure 4A.
The apex indicates that the vocalizing individual is closest to
channels at ~77 km. In the fjord, the down-sweeps are recorded
over ~5 km around the apexes, indicating two distinct vocalizing
positions around 57 and 44 km. Figure 4C are spectrograms of
the strain content recorded at 76.54, 57.46 and 44.22 km
(Distances represented by the dashed lines from matching
numbers), averaged over 2 juxtaposed channels (4.08 m apart)
for noise removal and displayed in dB re. 10°. The channels used
to compute the spectrograms are chosen near the apex to
maximize the received amplitude.

Different features are considered to identify the calling species
such as the rhythmic or inter-call intervals, the intensity or
received levels, the contours in the time-frequency domain.
However, the decisive characteristics to classify baleen whales
is the spectral content of the signal (McDonald et al., 20065
Sirovic et al., 2017). We therefore propose a spatio-spectral
representation of the DAS recordings or f-x plot, as employed
in (Rivet et al, 2021), to show the spectral signature and its
evolution against the distance. The method is detailed in § 4.3.

An animation, showing the successive 2-s f-x plots is available in
supplementary material Video S1 while the integrated
representation, over the 130 s of recording is displayed in
Figure 4B with a time window duration of 2-s and 4096
samples fast Fourier transform, resulting in a f-x matrix with a
frequency resolution of 0.16 Hz. For the three distances along the
FO cable where signals were emitted, the measured bandwidth
gives an indication on the species: for example, the clearly tonal
signals around 70 km can be easily identified as Blue whale
stereotyped call. At the two other locations, they cover a wider
band, between 35-60 Hz around 57 km (whale 2) and wider 30-
70 Hz around 42 km (whale 3). The received signals also show
pattern of multi-path coherent interferences (e.g., notches on
signals coming from whale 2), modulated by the FO cable
reception sensitivity null.

Figure 4 reveals the full potential of DAS: it can
simultaneously record vocalizing individuals over tens of
kilometers from a protected fjord area out to the open Ocean,
despite varying noise conditions. In addition to the change of
environment, the increase of background noise along the length
of the FO cable is due to the attenuation of the optical
interrogation pulses. It can also be the effect of changes in the
coupling between the FO cable and the seafloor (Matsumoto
et al, 2021). The calibration of the system would enable the
conversion of the measured strain into acoustic pressure,
providing measurement of ambient sounds at the regional
scale. The spatial distribution inherent to DAS also opens
localization and near-field beamforming possibilities (§ 2.4).

2.4 Localization, Tracking and
Beamforming

The localization problem is seen as an optimization process that
aims to find the best match between measured and theoretical
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time difference of arrivals (TDOA), estimated for different source
positions (varying closest FO channel and range). Successive
positions are linearized for individual tracking and the time delay
information is used for near-field beamforming. The method is
described in § 4.4. It was previously ground-truthed using
acoustic signals received from a cargo ship and corresponding
Automatic identification system (AIS) positioning, crossing the
Svalbard DAS array at 86.6 km (Landre et al., 2021).

The localization, tracking and beamforming method is
illustrated in Figure 5, using a long (more than 10 min)
recording with noticeable movement of a blue whale. t-x plots
of portions of the recording containing calls and corresponding
beamformed signals are represented. The white line indicates the
variation of the estimated position of the whale along the FO
cable (x,,) in time, moving from 86.4 to 87.5 km with an apparent
speed of 5.4 km/h. The estimation of the range was not as precise
as x,,, with a maximum of 700 m and the closest calls emitted
(between 420-520 s) within a ~100 m range. Considering the few
numbers of points, no specific trend emerged, so the
beamforming is set for a 200 m range. The resulting
spectrogram shows a combination of singular stereotyped unit
and D-calls, emitted in series, likely from the same animal.

The estimated apparent swim speed of 5.4 km/h is a
minimum as the actual value increases with the angle between
the FO cable and the whale’s trajectory (which might not be a
straight line). Nevertheless, it is within the bounds of transiting
swim speeds reported for blue whales on feeding grounds,
between 2-8 km/h (Bailey et al, 2009; Hucke-Gaete et al.,

2018), and consistent with the behaviors associated with
stereotyped singular unit and D-call vocal production (Oleson
et al., 2007). A variation can be observed in the bandwidth of the
beamformed down-sweeps between the successive panels
Figures 5E-H. Besides the natural variability of D-calls, these
could be introduced by the range x, = 200 m used for the
beamforming as well as the inter-channel amplitude variability
(as observed in the received amplitudes Figure 3).

TDOA measured from D-calls are narrower than TDOA
from long blue whales stereotyped calls and generally provided
higher cross-correlation coefficients, ensuring better estimates of
X, In addition, refining the range estimation would increase the
resolution of the localization process and improve
the beamforming. The FO cable is close to a straight line on
the portion used for the localization, introducing a left/right
ambiguity. This issue could be solved in Svalbard by
instrumenting another already-installed FO cable running
parallel to the used FO cable, only a couple of kilometers away.
More generally, localization improvements require a
georeferenced source to calibrate and test algorithms. Such
information could be obtained using an active source, e.g.,
during DAS calibration experiments. Without this information,
our take was to use the acoustic signal from a ship and its AIS
positioning (Landre et al., 2021). However, ship signals are
continuous while whale calls are transient, requiring a different
initial processing step. Another option to keep the experiment
entirely passive could be to use acoustic bio-logging with Global
Positioning System (GPS), combining rich information from
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FIGURE 5 | Tracking and beamforming of series of blue whale calls recorded with a moveout on the Svalbard DAS array. (A-D) Spatio-temporal (t-x)
representations of the recorded observation where the white line indicate the tracking of the apex, beamformed signals’ spectrogram (E-H) and waveforms
(I-L), displayed as successive 100 s-long windows. The audio associated to (C, G, K) is available in supplementary material Audio S4.
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calling individuals and their behavior to DAS observations
(Oleson et al., 2007; Lewis et al., 2018).

The example in Figure 5 demonstrates that whales passing
over or near a FO cable can be detected and tracked. The
information can subsequently be employed to, e.g., estimate
the number of individuals in the vicinity of the array for
animal density estimations and, overall, contribute to safer
human/whale interactions. Figure 5 also shows that the high
SNR gain available from extended aperture array processing can
be used to construct high-quality audio waveforms (Audio $4),
with interest, e.g., for subsurface exploration (§ 2.5).

2.5 Subsurface Exploration

Recent work demonstrated that recordings of fin whale
vocalizations by seabed vibration sensors contain seismic
responses to subsurface geologic structures (Kuna and Nabelek,
2021). The fin whale song produced by males is composed of
series of repeated short and low frequency pulses that share
similarities with airgun blasts (Watkins et al., 1987; Croll et al.,
2001) and when produced at different locations (e.g., while
traveling) in the vicinity of a single sensor, they can be used
for a common receiver song gather (Kuna and Nabelek, 2021).
Concurrently, DAS has demonstrated its ability to produce
seismic images of the subsurface geologic structures using
conventional sources (Taweesintananon et al., 2021). This
section investigates the combined use of a non-stereotyped
single whale down-sweep and DAS to provide interpretable
seismic profiles at two locations along the FO cable. The
method is detailed in § 4.5.

Figure 6 displays correlated seismic profiles (Figure 6A,B)
and associated received interference pattern introduced by the
sea surface [Figure 6C, D; Lloyd’s mirror effect (Carey, 2009)]
obtained from two down-sweeps: one inside Isfjorden
(Figure 6A-C) around 25 km of FO cable (Figure 2D, last
call) and the other around 87 km of FO cable (D-call at 458 s on
Figure 5) in Forlandsundet Graben (Figure 6B, D). The water
depth at both location is ~260 m explaining similar first arrival
times (direct waves). The analysis and modeling of the
interference patterns (Figure 6C-D) show a good match for a
~20 m source depth, in the bounds of reported values for blue
whales (Oleson et al., 2007; Lewis et al., 2018). Specifically source
depth and range are set at z,, = 15 m and r,, = 40 m for the call
emitted inside the fjord (Figure 6A) and z,, = 20 m and r,, =
110 m in Forlandsundet Graben (Figure 6B).

The correlated call profiles show direct waves, subsurface
reflections, and strong water-layer multiple reflections,
annotated on both panels. Comparing the sub-surface reflected
waves at the two locations shows longer travel times in Isfjorden
(Figure 6A) than in Forlandsundet Garben (Figure 6B),
indicating a thicker shallow sedimentary rock layer in the fjord
(see insets). The short-time subsurface reflections on the thinner
layer of Forlandsundet Garben occur in the interference analysis
window (110 ms), introducing additional lower frequency
interference notches in (Figure 6D). Two and three
(respectively Figures 6A, B) waterborne multiples are visible in
the call profiles, indicating higher stiffness of the seafloor in
Forlandsundet Garben due to different surface geology, matching

traditionally-obtained subsurface structural models (Blinova
et al., 2009, Figure 5F) (Asghar, 2011; Blinova et al., 2012) and
reference seismic images (Schaaf, 2018, Figure 47) for the area.
The subsurface primary reflection events observed in these two
call profiles are reflected shear waves, which are probably
corrupted by refracted shear waves from the same interfaces.

Figure 6 demonstrates that each whale frequency-modulated
call recorded by DAS can be used to provide conventional
seismic records for subsurface exploration. If produced and
recorded at multiple locations along the array, we would
obtain multiple seismic shot profiles sufficient for subsurface
imaging. This example goes further than the proposal made by
Kuna and Nabelek (2021) to use stereotyped fin whale male song
in its use of non-stereotyped vocalizations such as D-calls,
produced by all individuals in various baleen whales species
(Oleson et al., 2007; Ou et al., 2015). We show that in areas where
vocalizing baleen whales and DAS overlap, seismic exploration
could be replaced - at least partially - by an entirely passive
method keeping the environment and ecosystems undisturbed
and unharmed. Therefore, DAS could reduce human activities
and anthropogenic stressors such as noise in the oceans.

3 CONCLUSIONS AND PERSPECTIVES

Portions of the 1.2 million km of FO cables installed at the
bottom of the world’s oceans can be converted into DAS using
off-the-shelf interrogators. We demonstrate through this work
that, with tailored filtering, analyzing, and visualizing methods,
DAS can provide cost-effective data for passive acoustic
conservation with an unequaled and unprecedented spatial
coverage and resolution. As a result, we are on the brink of
a revolution.

However, there are a few challenges to overcome to enable
worldwide eavesdropping at the speed of light. Regarding the
instrumentation, telecommunication FO cables belong to various
entities and require specific agreements to be accessed
and tapped"

Because the primary purpose of these fibers is real-time data
transmission, they are often equipped with signal-boosting
repeaters blocking the interrogator’s laser pulses and reducing
the usable length to the first 50-70 km (Hartog et al., 2018)
(which has the advantage of enabling higher sampling
frequencies). Dedicated DAS cables are also being installed and
used to improve SNR. An existing DAS system review is available
in Hartog et al. (2018). Access to DAS interrogators through
vendors (rent or purchase) is currently limited and negotiated by
a few dedicated research groups. Making DAS instrumentation
available through shared community instrument pools® is at the
center of ongoing conversation within geophysical communities
(Lindsey and Martin, 2021). Innovative applications, such as the
passive subsurface exploration from whale calls depicted in § 2.5,
only add to multi-disciplinary collaboration opportunities

! https://www.submarinecablemap.com.
Zhttps://www.iris.edu/hq/initiatives/das_rcn.
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FIGURE 6 | Correlated seismic profiles from non-stereotyped whale calls. Analysis of a D-call (A, C) inside [last from Figure 2D (25.1km] and (B, D) outside
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models in the insets. Observed and modeled interference patterns generated by (C) the sea surface (D) the sea surface and a thin sub-surface layer.

fostered by DAS, contributing to a holistic approach to studying
our Oceans.

Additionally, to reach its fullest potential, DAS demands big
data handling methods and real-time processing along with
efficient ways to scan through fast computed time-space-
frequency representation of the data (the 120 km of FO cable
sampled for this work generated 7 TB of data a day), process and
detect potential signals of interest. Furthermore, a better
understanding of the system’s response to various sound
sources and the availability of sensitivity response and
calibration is critical in reliably estimating detection ranges.
The estimation of this parameter is crucial to animal density
estimations and the missing link to create occupation and
presence maps to communicate to local stakeholders for
conservation actions (Marques et al., 2013). This additional
step can fast-track DAS from an engineering-oriented system
to a robust, scalable, real-time and data-driven wildlife
management information supplier, contributing to filling up
the worldwide monitoring gaps for conservation.

4 METHODS

4.1 Acoustic Analysis

Benefiting from the near-real-time transmission of the data from
Svalbard to Trondheim, Norway, the strain data was stored in
10 s long x 30000 channels matrices in Hierarchical Data Format
(HDF5) format. For the acoustic analysis and labeling, DAS-
recorded data was exported as a multichannel audio file (.wav)

per day after each day, keeping a channel every 10 km of the
fiber, starting from 20 km off-shore. The entirety of the 42 days of
acquisition was visually (from spectrograms) and aurally
examined by two independent and experimented analysts
(HJ.K. & L.B.), using Raven Pro v1.6.1 (K. Lisa Yang Center
for Conservation Bioacoustic, 2019). Any potential whale call
was then annotated with a time-frequency-bounded box and
given a label. This analysis was conducted in the same timeframe
as the experiment.

4.2 Spatio-Temporal Representation
Conditioning

The raw data matrices (amplitude versus time and distance) are
pre-processed to improve the Signal to Noise Ratio (SNR) and
contrast in the spatio-temporal representation. For Figure 3, a
narrow [15-18] Hz butterworth band-pass filter is applied to the
data and channels are stacked in pairs to reduce the background
noise without altering the low frequency content. Absolute values
are used in the t-x representation.

More processing is used for Figure 4, first the signal is band-
pass filtered: in the frequency domain between [16.7-17.2] Hz
out of the fjord (62.5-90 km) to enhance the strereotyped blue
whale calls and butterworth band-pass-filtered between [30-
43] Hz to enhance down-sweeps inside the fjord (35-62.5 km).
Then, a 3 x 3 symmetrical 2D median filter (resolution of 12 m/
4.65 ms) is applied. Absolute values are used in the f-x
representation. The median value is successively subtracted
from each time and space sample of the absolute amplitude
(median subtracted from each row and column).
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4.3 Spatio-Spectral Representation

For the spatio-spectral representation Figure 4B, a [5-110] Hz
butterworth band-pass filter is applied. Then, the recordings are
analyzed with a time window duration relevant to the minimum
duration of whale calls. The frequency content is then evaluated
on each channel by a fast Fourier transform, constructing the t-x
matrix. The median value is subtracted from each row and
column for noise reduction. It is possible to generate an image
for each time window. For a representation integrated over a
longer time period, we used for each point of the t-x grid the
difference between its maximum and average value in time.

4.4 Localization, Tracking and
Beamforming

DAS receivers at the positions R{x,r=0,z} and whale position is at
S {x =x,, r =r,, z = z,} where x is the position along the FO
cable, r the cross-line range from the FO cable, z the depth and
the subscript w stands for the whale. A grid of potential whale
positions along the FO cable x,, and ranges r,, is established for
the optimization problem, assuming a fixed calling depth z,, =
30 m (Lewis et al., 2018; Bouffaut et al, 2021). The source
position is estimated by finding the theoretical TDOA that
matches best the observed TDOA between all receivers an
arbitrary chosen reference receiver position Ry{x,m=0,20} such as

h

TDOA,,, = " — o

c

n,m

1)

with ¢ = 1500 m/s the constant sound speed, h,, =

\/\x —x,[> + 7% +|z - z,|* where |x - x,|* represents the
distance between each receiver position and the tested position
along the FO cable and hy, is h,,,, but for the reference R,. The
search grid used has a resolution of 50 m in x, within predefined
5 km bound around observed signal apexes ([85-90]km) and a
20 m resolution in ranges, from [0-4] km. Note, that the water
depth is deeper than 300 m before 87 m and about 180 m
at 90 km.

The t-x observation is sectioned in 5-s windows and band-
pass filtered between [5-80] Hz. The 5-s-duration of the window
allows for integrating the calculation over a period within the
same order as the observed signals and covering potential time
delays over the entire observed FO length. In the t-x
representation of the TDOA, the apex gives information on x,,
while the opening of the hyperbola gives information on r,,. The
TDOA are estimated for each receiver position as the lags
corresponding to the maximum of the cross-correlation
between R, and the other receivers. Unrealistic values, e.g.,
| TDOA | = observed FO length over ¢ are discarded along
with | TDOA | £ 5 ms.

The optimization process is performed in 3 steps. First, the
initialization cross-correlates measured and theoretical TDOA,
where the maximum outcome initializes S {x =x,,, r = 1,,, z = 2,,}.
The process is run a second time after filtering out measurement
points that diverge from the initialization fit of more than the
standard deviation of the difference between the theoretical and

measured data points. This second run gives the best x,,. A third
step is added to improve the r,, estimation by minimizing the
root mean square error between the theoretical and measured
points in a 1 km window around x,,..

To extend the single point localization to tracking, the
localization procedure is applied iteratively to each 5-s window
and only S {x =x,, r = r,, z = z,} points with a correlation
coefficient higher than 0.85 are kept. The threshold is chosen to
differentiate between signal and noise windows. A similar
localization and tracking method was applied to signals
received from a ship on the Svalbard DAS array and its
positioning system (Automatic identification system; AIS) was
used to ground-truth this localization method (Landre
et al., 2021).

Once S {x =x,, r = 1, z = z,,} known, time delays can be
compensated to beamform the received signal. In practice, only
the 10 receivers with the most energy are summed-up, to limit
the influence of coherent destructive interferences.

4.5 Seismic Profiles and

Interferences Analysis

This method investigates the possibility of subsurface
exploration from frequency-modulated whale vocalizations
measured by the seabed DAS array in Svalbard. To that extent,
we used 4 - 8 s long down-sweeps recorded by the array, sharing
similarities with the seismic signals from vibroseis (Crawford
et al,, 1960), a commonly used source in land seismic
exploration. Classically, shot profiles are obtained by cross-
correlating the known source signal to the received signals.
The following describes a method to estimate a whale call
source signal from data recorded by DAS, which is then cross-
correlated with the same received call over multiple channels to
produce an interpretable seismic profile.

First, TDOA between channels are compensated as in § 4.4.
These time-compensated signals contain coherent interferences
introduced by multi-path propagation and reflection with a
change of phase at an interface (e.g., at the surface), known as
the Lloyd’s mirror effect (Carey, 2009) or ghost effect.
Specifically, destructive interferences create notches in spectral
representations of the signal, varying with the source depth, the
wavenumber, and the grazing angle between the source and
receivers (Carey, 2009). Additionally, the time-compensated
signals are auto-correlated to estimate the time of arrival of the
sea-surface-reflected wave. This information is further used to
remove the contribution of the interferences by applying
predictive (gapped) deconvolution to the time-compensated
signals (Robinson and Treitel, 2008). The result of this process
is stacked to produce the source signature. Finally, the DAS
strain data associated with a whale call is cross-correlated with
the corresponding source signature to obtain a seismic profile.

Following the method in Pereira et al. (2020); Bouffaut et al.
(2021), a side analysis provides an estimate of the source depth from
frequency notches associated with the interferences patterns, using a
100 s window on the time-compensated signals to include the
waterborne direct arrival and the sea-surface reflection (Figure 6).
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Distributed acoustic sensing of ocean-bottom seismo-acoustics
and distant storms: A case study from Svalbard, Norway

Kittinat Taweesintananon', Martin Landrg?, John Robert Potter?, Stale Emil Johansen?,
Robin André Rarstadbotnen?, Léa Bouffaut*, Hannah Joy Kriesell®, Jan Kristoffer Brenne®,
Aksel Haukanes’, Olaf Schjelderup®, and Frode Storvik®

ABSTRACT resonances in the water column, and propagating seismic waves.
We find that DAS can record high-quality low-frequency
Distributed acoustic sensing (DAS) leverages an ocean-bot- seismo-acoustic waves down to 0.01 Hz, which could be used
tom telecommunication fiber-optic cable into a densely sampled for subsurface exploration. Using the shear-wave resonances re-
array of strain sensors. We demonstrate DAS applications to corded by DAS, we can determine the subsurface structure of
passive acoustic monitoring through an experiment on a subma- near-surface sediments with low velocity. In addition, we can
rine fiber-optic cable in Longyearbyen, Svalbard, Norway. We trace ocean swells back to their origins of distant storms as
find that DAS can measure many types of signals in the fre- far as 13,000 km away from the cable. Because DAS is capable
quency range from 0.01 to 20 Hz generated by dynamics in of seismo-acoustic monitoring with a high spatial resolution of
the atmosphere, ocean, and solid earth. These include ocean- approximately 1 m over a cable of approximately 100 km long
bottom loading pressure fluctuation of ocean surface waves and with a broadband sensitivity down to 0.01 Hz on the low
generated by storms, winds, and airflow turbulence, shear-wave end, it can deliver great scientific value to the ocean observation
resonances in low-velocity near-surface sediments, acoustic and geophysics community.
INTRODUCTION weather and, over the longer term, the climate of the planet. Oceans
play a significant role in the climate, because they can retain heat
The earth’s atmosphere and oceans are continuously in coupled and distribute it around the globe (Schmitt, 2018). Large-scale
motion. These complex motions and interactions determine the ocean currents, which are driven by variations in water density
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caused by temperature and salinity gradients, influence the climate
by exchanging heat and water with the atmosphere. A change in
ocean dynamics could induce major climate variations over large
areas of the earth in the long term (Bigg and Hanna, 2016). Hence,
ocean surface winds, currents, and surface gravity waves are key
climate variables that induce exchanges of momentum, energy, heat,
salinity, gases, and other tracers between the ocean and the atmos-
phere (Villas Bdas et al., 2019).

Ocean surface gravity waves (OSGWs) have random properties
and evolve from complex mechanisms, where gravity is the prin-
cipal restoring force. Their modern studies started in the 1940s
(Mitsuyasu, 2002; Wunsch, 2021), with seminal contributions from
Sverdrup (1947), Stommel (1948), and Munk (1950). Wind blow-
ing on a water surface generates OSGWs, which are modulated via
breaking and nonlinear interactions. The wave breaking affects ex-
changes between the sea and the atmosphere (Cavaleri et al., 2012).
Therefore, OSGWs are an important factor in the air-sea momentum
transfer. Moreover, OSGWs are a primary source of turbulence in
the upper ocean, so that they directly affect navigation, offshore
structure design, and coastal erosion (Abolfazli et al., 2020). How-
ever, they are not used explicitly in constraining most ocean-atmos-
phere models, because high-spatial-resolution (spatial sampling
under 25 km) 2D measurements of waves are normally unavail-
able. Such measurements could significantly improve ocean models
(Wu et al., 2019).

Many instruments have been developed to measure directional
OSGWs  (European Cooperation in Science and Technology
Action 714, Working Group 3, 2005). The classical methods such
as spatial arrays and pitch-and-roll buoys have been complemented
by new technologies such as displacement and Global Positioning
System buoys, acoustic Doppler current meters, microwave and
marine radars, coastal high-frequency radars, and real and synthetic
aperture radars. However, none of these instruments can provide all
the data needed to make a complete and robust estimate of the direc-
tional properties of OSGWs. Data with high spatial resolution and
extensive spatial coverage would be necessary to overcome this
limit. In principle, the subsurface instruments that measure ocean-
bottom pressure fluctuations due to OSGWs could be deployed in
spatially extended arrays for an accurate estimation of the swell direc-
tional spectra, but this would be prohibitively expensive. Therefore,
compact subsurface instruments, the dimensions of which are smaller
than the typical wavelength, are more widely used by the oceano-
graphic community. Ardhuin et al. (2019) review the modern meas-
urement techniques of OSGWs and discuss key requirements for
future sea-state observation.

Distributed acoustic sensing (DAS) is a technology that can
exploit the optical fiber in standard telecommunication cables as
an extended spatial array of acoustic sensors (Hartog, 2017). More
than 1.3 million km of submarine telecommunication cables have
been deployed around the earth. Many optical fibers in these cables,
often “spares,” are not currently used for telecommunication. It is
possible to repurpose these unused “dark” fibers to serve as ocean-
bottom distributed acoustic sensors to measure, among other signals,
dynamic strains caused by ocean-bottom pressure fluctuations. DAS
measures the strain fluctuations at each sensing element of an optical
fiber. A DAS interrogator can measure the strain data along the fiber
with a length of up to 171 km in a controlled experiment (Waagaard
etal., 2021). Therefore, DAS can form spatially extended arrays with
very large dimensions compared with the typical length of OSGWs.

In addition, DAS measures data with a spatial sampling interval of as
little as 1 m, which creates arrays of many tens of thousands of sen-
sors at a relatively low cost.

DAS in submarine fiber-optic cables can measure pressure fluc-
tuations at the ocean bottom, originating from a variety of sources
(Landrg et al., 2022). DAS in ocean-bottom telecommunication fi-
ber-optic cables can detect OSGWs, microseisms, and earthquakes
(Lindsey et al., 2019; Sladen et al., 2019). Furthermore, Williams
et al. (2019) demonstrate that DAS can record the seismic waves
from a distant earthquake, OSGWs, and Scholte waves. However,
their spectral analyses were performed on a data record of only one
hour. DAS data with a longer recording length are necessary for
studying the dynamics of ocean swells, which are OSGWs originat-
ing from distant storms. For example, Zhan et al. (2021) show sev-
eral dispersed signals from ocean swells from distant storms in a
spectrogram computed from more than 11 days of fiber-optic sens-
ing data using the state-of-polarization technique.

In this paper, we show that DAS can be used as a valuable tool for
studying ocean dynamics. First, we describe the DAS data used in
our study and their acquisition parameters. Second, we review the
mechanisms of the ocean-bottom vibrations that are recorded by
DAS along an ocean-bottom telecommunication cable. We also re-
view the characteristics of the DAS data corresponding to different
mechanisms of ocean-bottom vibrations. Then, we discuss the re-
sults of our analysis related to OSGWs corresponding to distant
storms. Finally, we address some potential applications of DAS
in the oceanographic and geophysics communities.

METHODS
Data acquisition

We used a standard single-mode G.652D fiber within an existing
submarine telecommunication cable, which was installed into soft
sediments at 0-2 m below the seafloor, from Longyearbyen to Ny-
Alesund in Svalbard, Norway (Figure 1). The cable is approxi-
mately 250 km long and contains 24 fibers. Here, we used one avail-
able dark fiber for DAS recordings, reaching approximately one-
half of the total cable length. The cable is owned and operated
by Uninett AS (merged into Sikt in January 2022), which is the
National Research and Education Network in Norway.

We connected an OptoDAS interrogator, developed by Alcatel
Submarine Networks, to the cable end onshore Longyearbyen. The
OptoDAS interrogator sends linear optical frequency-modulated
swept pulses into the fiber and receives backscattered pulses from
inhomogeneities in the fiber (Waagaard et al., 2021). It calculates
the time-differentiated phase changes of consecutive backscattered
pulses corresponding to every spatially sampled position along the
fiber. These are used to estimate the longitudinal strains of the fiber
at each sampling point.

In this experiment, we use light pulses with a free-space wave-
length of 1550 nm and a sampling period of 1 x 10~ s at the optical
receiver. Defined by regions of interest, we extract 30,000 channels
sampled every 4.08 m along the fiber from 0 to 120 km from the
interrogator. Figure 1 shows a map of the active DAS array used in
our experiment. The DAS data were continuously recorded using a
1.55 ms time-sampling interval throughout the survey. The gauge
length is 8.16 m. The backscattered signal strength decays by ap-
proximately 0.2 dB/km along the cable, amounting to —40 dB over
100 km. We acquired the data over 44 days from 23 June 2020 to 5
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August 2020 and transferred them in near-real-time to NTNU in
Trondheim over Uninett’s telecommunication network for further
analysis.

Data processing

The phenomena investigated in this study occur below 20 Hz.
Therefore, we resample the DAS strain data from 1.55 to 20 ms
with an antialiasing filter at 80% of the output Nyquist frequency.
The resampled data with the Nyquist frequency of 25 Hz are used in
our analysis. Data resampling also reduces the computational cost
of analyzing data over a long time window. We also attenuate the
interrogator noise that occurs in the whole DAS array, where the
noise model is obtained by stacking all the DAS data traces from
the onshore channels in a calm environment. To understand the
characteristics of the data corresponding to the different mecha-
nisms of ocean-bottom vibrations, we compare the processed data
with and without the excitation from seismic waves. With this com-
parison, we can distinguish seismo-acoustic signals from ocean-bot-
tom pressure fluctuation exerted by loading under ocean surface
waves.

To distinguish different wave types, we analyze DAS strain data
in different domains including the time-distance (¢-x) domain, the
frequency-distance (f-x) domain, the time-frequency (7-f) domain
(also called a spectrogram), the frequency-wavenumber (f-k)
domain, and the frequency-velocity (f-v) domain.

Mechanisms of ocean-bottom vibrations

The strain of a fiber section is a function of its particle motion
along the fiber (Lior et al., 2021). Based on New-
ton’s second law of motion, the particle acceler-
ation along the fiber can be induced by the

a) 180° 120°W 60°W
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Loading pressure responses

The total or absolute pressure under an overlying wave such as
OSGWs is the summation of dynamic and static pressures. The dy-
namic component is the pressure fluctuation caused by the wave
motion. In contrast, the static component comprises the atmospheric
pressure and the hydrostatic pressure corresponding to the weight of
the overlying water body.

For a progressive wave with small amplitude, we consider an
OSGW as a simple sinusoidal wave profile as a function of time
t and the x and y coordinates on the horizontal plane:

n(x,y.t) = a cos(kyx + kyy — wt), (1)

where 7 is the elevation of the water surface relative to the still-water
level (SWL); a is the wave amplitude equal to one-half of the wave
height (the vertical distance to its crest from the preceding trough);
® = 2xf is the angular frequency; and k, and k, are the x- and
y-components of the horizontal angular wavenumber k = 27/1 =

K2+ kf, respectively. Here, f and A are the frequency and wave-

length of the OSGW, respectively. Hence, the total pressure at the ver-
tical displacement z from the SWL is given by (Coastal Engineering
Research Center, 1984)

cosh(k(z+H))

cosh (k) n(x,y,)=pgz+Pq, (2)

Proat(%.3,1,2) =pg

where z equals zero at the SWL and is negative downward (toward the
seafloor), H is the water depth (the depth measured from the SWL

0° 60°E 120°E  180° b) 0° 5°E 10°E 15°E 20°E 25°E  30°E

force endowed with the pressure changes with
the distance (i.e., a pressure gradient) along the
fiber (Stull, 2017, chapter 10). Based on Hooke’s b

H

79°N

law in elastic media, the strain of the fiber section

5

is proportional to that component of the pressure 30°N .

77°N

gradient projected along the direction of the fiber 0

(Robein, 2010, chapter 1). The transfer function 30°S
between seafloor displacements and pressure 60°

fields associated with OSGWs, which is called
seafloor compliance, is discussed by Crawford “{H

75°N

etal. (1991). Therefore, pressure changes in space

and time are detectable by DAS at the seafloor, )
provided they cause strains above the detection

limit (due to the noise) in the order of 1 ne
(nano-strain unit).

Ocean-bottom vibrations are excited by two
mechanisms. The first mechanism is the loading
pressure change under an overlying wave, which
is attributed to the atmosphere and ocean dynam-
ics. The second mechanism is an interaction of the
ocean bottom and the propagating seismo-acous-

m— DAS array (km)
— * Earthquakes for analysis
_. ¥ Seismometer

A Weather stations

tic waves, which are generated by an earthquake,
explosion, or similar energetic source. In this con-
text, seismo-acoustic waves include not only com-
pressional (P) waves but also shear (S) waves and
interface waves.

Figure 1. Maps of the ocean-bottom DAS array. (a) World map showing the array location
in Longyearbyen, the epicenter of the 22 July 2020 M,,,, 7.8 earthquake on the Alaska
Peninsula, and the approximate storm locations marked in Figure 9c. (b) Regional map
showing the array and the KBS seismic station. (c) Local map showing the array in the
Isfjord, annotated with the distance in kilometers from the shore in Longyearbyen, and
nearby weather stations.
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to the seafloor), p is the mass density of water, g ~ 9.81 m/s? is the
gravitational acceleration, and P,, is the atmospheric pressure. On the
right side of equation 2, the first term represents a dynamic compo-
nent, whereas the second and third terms are the hydrostatic and
atmospheric pressures, respectively.

Because only the dynamic component is transferred to strains
measured by ocean-bottom DAS, we derive the dynamic pressure
at the seafloor (z = —H) from equation 2 as

pan(x.y.t
Pd.osgw(xvyat’Z:_H):Ptolal_ng_Pa:W(kI_I))- 3)

Because this dynamic loading pressure is a direct impact of the
OSGW #(x, y, t) as shown in equation 1, it has the same dispersion
relation as the OSGW (Airy, 1841; Craik, 2004):

@? = gk tanh(kH). 4)

In addition, equation 3 implies that the dynamic loading pressure at
the seafloor decays exponentially with water depth through the hy-
perbolic cosine function.

We may define the maximum frequency limit of OSGWs as the
highest frequency at which the OSGW dynamic loading pressure is
observable using the same approach as Williams et al. (2022), based
on Crawford et al. (1991). Let n = 1/H be the ratio between wave-
length and water depth, so that the angular wavenumber can be writ-
ten as k = 2z/(nH), and, hence, the frequency of OSGWs is derived
from equation 4 as

Fosgw = {|7— tanh<27”>. )

2znH

By using n = 0.827 with an approximation that tanh(2z/n) ~ 1, we
derive the maximum frequency of OSGWs from equation 5 as

/ g
fosgw.max ~ m (6)

This maximum frequency corresponds to the dynamic loading pres-
sure with a sufficiently low magnitude at P g, = 0.001 X pgn.
Here, we derive equation 6 by using n = 0.827 in equation 5,
such that the corresponding dynamic loading pressure (using
1/ cosh(kH) = 1/ cosh(2z/n) =~ 0.001 in equation 3) has a suffi-
ciently low magnitude at 0.1% of the dynamic loading pressure at
SWL, i.e., Pyosew & 0.001 X pgn. This low-magnitude threshold is
lower than the threshold of 0.37% using n = 1 by Williams et al.
(2022). Note that the choice of selecting this low-magnitude thresh-
old is arbitrary. It can be any sufficiently low number that highlights
the high-frequency limit of observable OSGWs in DAS data.

The tide can also affect the OSGW dynamic loading pressure at
the seafloor, as discussed in Williams et al. (2022). Here, we derive
an explicit formula of its maximum frequency in the presence of
the tide, which causes SWL to change with time. Let {(7) be the
sea-level change defined as the vertical displacement with positive
upward from the mean-sea level (MSL) to the time-variant SWL.
Then, the water depth is written as H(r) = H,y, + {(f), where H
is the time-invariant depth measured from MSL to the seafloor.
From equation 2, we derive the dynamic pressure at the seafloor
associated with OSGWs and the tide as

Pd,osgw-lide(xs)’ytyzz_H):Plolal _ngavg_Pa
pgn(x.y.t)
= —~+pgl(1). @)
co(k(Hyg ) )

From equation 4, based on equation 7, we can determine the
maximum frequency of OSGWs corresponding to the sufficiently
low dynamic pressure at P ogw-ige & 0.001 X pgn:

fosgw-lide.max

1
:Z \/gkosgw—tide.max tanh(kosgwflide,max (Havg + Z:(t) ) ) ’

®

where

k

) n
arccosh <0.001 ><i7—§(t)> - O

1
osgw-tide, max Havg+§(t)
Equation 9 only exists if 0 <0.001 x# —{(¢) <#. Later in this
paper, we visualize the effect of the tide on the maximum frequency
of the OSGW dynamic loading pressure at the seafloor by applying
1 = 1000 X {ax to equations 8 and 9. Here, {,,, is the maximum
sea-level change from MSL over the entire recording period.

It is important to note that any ocean surface wave can cause dy-
namic loading pressure on the seafloor. The ocean surface waves
can be classified by wave period or frequency, disturbing force,
and restoring force (Coastal Engineering Research Center, 1984).
For waves in the frequency range from 0.01 to 20 Hz, the ocean
surface waves are typically generated by the friction exerted by
winds on the ocean surface. Either gravity or surface tension can
be the principal restoring force, i.e., the force that attempts to return
the fluid to its equilibrium position. OSGWs have gravity as the
restoring force. They are called “seas” when the waves are under
the influence of local wind in a generating area, and they are called
swells when the waves move out of the generating area and are no
longer influenced by significant wind action. On the other hand,
ocean surface waves are called capillary waves when the surface
tension is the principal restoring force. The ocean surface waves
that are affected by gravity and surface tension are called grav-
ity-capillary waves (Pardu et al., 2005). The impact of surface ten-
sion on the wave amplitude is lower than gravity, such that the
dynamic loading pressure on the seafloor is dominated by
OSGWs.

Nevertheless, strong winds and airflow turbulence may cause
unstable ocean surface waves and disruptions to the sea surface.
Surface disruptions such as wave breaking could cause additional
forces and, hence, slamming pressure onto the ocean bottom.
Breaking wave loads are an element of the dynamic loading
pressure on the seafloor. Reviews of the breaking waves and
their characteristics in deep and intermediate waters can be found
in, e.g., Perlin et al. (2013), Robertson et al. (2013), and
Barthelemy et al. (2018). In addition, the slamming pressure
resulting from breaking wave loads in shallow water is studied
by Yang and Cai (2022). However, the wave-breaking mechanism
and the breaking wave loads onto the seafloor, especially in deep
and intermediate waters, have not been fully understood and are
still under research.
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Seismo-acoustic responses

Seismo-acoustic waves propagating through the seawater and the
solid earth cause strain fluctuation in an ocean-bottom fiber-optic
cable upon their arrival. Seismo-acoustic waves are emitted by a
great variety of sources from natural and anthropogenic origins,
as discussed by Schwardt et al. (2022). At some specific frequencies
equal to or close to the natural frequencies (also known as the ei-
genfrequencies) of the system, the seismo-acoustic waves can excite
modes of vibration in the media where they are propagating, which
are called standing waves or normal modes. Normal modes can oc-
cur naturally in any layer and be caused by either P or S waves, even
in the absence of any external driving force. In each mode, the wave
amplitude significantly increases if we apply a periodic force with a
frequency close to the natural frequency. This phenomenon is called
resonance.

In seawater, seismo-acoustic waves can propagate in a long range
via bottom-interacting paths in the form of guided waves at different
propagation modes (Landrg and Hatchell, 2012). The lowest fre-
quency in which a certain mode can propagate is the cutoff fre-
quency. That is, a cutoff frequency is the critical frequency
below which the water channel ceases to act as a waveguide, caus-
ing energy radiated by the source to propagate directly into the bot-
tom (Jensen et al., 2011). The cutoff frequencies for the guided
waves in the water layer can be determined from

fu= (2n - l)cw

= (10)
4H\ /1= (c,/c))?

where n is a positive integer, indicating the order of the normal
mode (Landrg and Hatchell, 2012). This expression is exact only
for a homogeneous water column with water depth H and sound
speed c,, overlying a homogeneous bottom with sound speed c,.
In the case of a rigid seafloor (c,,/c, < 1), the cutoff frequencies
in equation 10 can be written as

2n-1)c,

fnzT. (11)

Assuming that the P-wave velocity below the seafloor is higher than
the P-wave velocity in the water, we use equation 11 as a simple
guide in this paper to characterize the normal modes of acoustics
in the water layer.

At a soft sedimentary seafloor (a fluid-solid interface), of which
the S-wave velocity in the bottom layer (c,) is much lower than the
P-wave velocities in the water (c,,) and the bottom layer (c,,), there
exists the Scholte interface mode (the zeroth mode). This Scholte
interface mode has no cutoff frequency, and its (horizontal) phase
velocity is identical to the Rayleigh-wave velocity for extremely
low frequencies and approaches the Scholte-wave velocity for
extremely high frequencies (Rauch, 1980). Raising the frequency
scale, the dispersion curves for the (horizontal) phase velocities
of the higher-order modes correspond to the propagation modes
of the body waves (either P or S waves) in the layers above and
below the fluid-solid interface, i.e., the water and ocean-bottom
layers (Westwood et al., 1996).

Wave propagation modes can occur for either P or S waves in any
solid layer below the seafloor. The S-wave resonances can be ob-
served at frequencies between 0.3 and 7.5 Hz, when surficial marine

sediments over a rock substrate have low S-wave velocities (Godin
et al., 2021). These resonances are generated by the normal reflec-
tion of S waves. The S-wave resonances as well as the normal
modes and propagation modes of S waves in the seafloor sediments
are discussed and studied in several publications (Webb, 1998;
Stephen et al., 2003). Based on the theoretical explanation given
by Godin and Chapman (1999), we may investigate this phenome-
non using a power-law S-wave velocity profile of the soft seafloor
sediments in the form ¢,(z,) = ¢, z%, where z; is the depth below
the seafloor (a fluid-solid interface). Here, ¢, and v are the two
nonnegative constants, whereas z; equals zero at the seafloor
and is positive downward (toward the center of the earth). Let z; =
H, be arigid boundary, so that the soft-sediment thickness is equal
to H,. According to Godin and Chapman (1999, equation 17), the
nth S-wave resonance frequency can be determined from

CA',O(I - U)jm.n

fs.n = ZIIHAI._Z/ )

(12)

where n is a positive integer indicating the order of the normal
mode, m = (2v—1)/(2(1 —v)) is a monotonically increasing
function of v, and j,, , is the nth positive zero of the Bessel function
J,u(x). For n > 1 + m?, we can apply the asymptotic expansion for
the Bessel function zeros to equation 12, and then we obtain (Godin
and Chapman, 1999, equation 18)

<n+%—%>c&0(l—v) |

For the homogeneous sediment with a constant S-wave velocity
(v = 0giving ¢; = ¢, 9 and m = —(1/2)), equation 13 has the same
form as the cutoff frequencies in the homogeneous water layer in
equation 11, i.e., f,,~ (2n—1)c,o/(4H,).

Later in this paper, we show that ocean-bottom DAS can measure
the S-wave modes in seafloor sediments. Using the relation in equa-
tion 13, we can determine the seafloor soft-sediment thickness (H)
from the first S-wave resonance frequency (f ), which is estimated
from the frequency analysis.

Origin of ocean swells

Ocean-bottom seismic sensors can detect the loading pressure as-
sociated with ocean swells generated from large storms occurring
several thousand kilometers away. Bromirski and Duennebier
(2002) discuss the amplitude characteristics and wave spectra of these
swells. The dispersion relation for OSGWs in deep water predicts that
low-frequency waves will arrive before higher-frequency waves.
Also, it depicts the resulting linear upsweep characteristics of ocean
swells in spectrograms (time-frequency representations) computed
from ocean-bottom seismic data (Bromirski and Duennebier, 2002,
Figure 11). Using the method described by Lin et al. (2018)
based on Munk et al. (1963), we can also trace ocean swells, mea-
sured by DAS, back to their originating distant storms. We use the
time-frequency gradients measured in spectrograms to calculate the
great-circle distances and traveltimes of the storm-induced ocean
swells traveling from the storm centers to the DAS receiver.

Lin et al. (2018), based on Munk et al. (1963), derive the expres-
sion for the propagation distance of an ocean swell as
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— 14

where fis the frequency of the ocean swell. Here, df /dt is the time-
frequency gradient or slope of the linear upsweep trend. Further-
more, the group velocity (c,) of the swell in deep water can be

computed from
L Jg., 9
=/ —, 15
K 2\/; dnf a5

where f is the frequency of the wave. Then, we can estimate the
traveltime (7) of the ocean swell from the storm center to the DAS
receiver from

(16)

In short, we first estimate the slope of a linear upsweep trend in
the spectrogram and determine the propagation distance of the swell
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using equation 14. Next, we use the starting frequency of the trend
in the spectrogram to compute the group velocity and the traveltime
using equations 15 and 16, respectively. The estimated distance and
traveltime help to characterize the storms that produced the ob-
served ocean swells.

RESULTS AND DISCUSSION
Data characterization

Based on our analysis of the data in the frequency range between
0.01 and 20 Hz, we observe six signatures associated with different
wave types in the ocean-bottom DAS strain data in Svalbard.
Figures 2, 3, 4, 5, 6, 7, and 8 are used to identify the phenomena
behind the six wave types marked as events 1-6 in Figure 3. These
phenomena shall be discussed in detail in the next subsections, but we
here provide a brief overview as follows. Events 1-3 are associated
with the loading pressure responses of ocean swells (OSGWs origi-
nating from distant storms), OSGWs exerted by winds, and ocean sur-
face disruptions caused by strong winds and airflow turbulence,

respectively. In contrast, events 46 belong to
4 the following seismo-acoustic responses, respec-
tively: S-wave resonances in the seafloor sedi-
ments, seismic waves generated from various
2 sources (earthquakes, microseisms, anthropogenic
sources, etc.), and acoustic propagation modes in
the water channel.

This section is structured into three subsec-
tions. First, we introduce the data and relevant
illustrations used for characterizing different
- wave types in ocean-bottom DAS data. Second,
we discuss the wave phenomena related to
ocean-bottom loading pressure responses. Fi-
“a nally, we discuss the seismo-acoustic responses

observed in the ocean-bottom DAS data.

Strain (ne)

Data description

2 On 22 July 2020 at 06:12:44 Universal Time

Coordinated (UTC), represented as 2020-07-
B 22T06:12:44Z according to the extended format
defined in International Organization for Stand-
ardization (ISO) 8601-1:2019, an earthquake with
a moment W-phase magnitude (My,) of 7.8
- occurred at a depth of 28 km approximately
100 km south of the Alaska Peninsula (Figure 1a).
The earthquake was detected by seismic stations
i worldwide and our DAS array near Longyearbyen,

which is approximately 5100 km away from the

Strain (ng)

100 +

Water depth (m) &

epicenter on a great circle. At the DAS channel
at 36 km inline distance from the shore, the
approximate arrival times of the P, S, and SS waves
are 510, 950, and 1200 s, respectively, from the

wooN
S o
s o

L

T T T T T T T

14 12 10 8 6 4 2

Distance (km)

5 earthquake’s origin time.
We compare the DAS strain data before and
after the seismic waves from the earthquake in

Figure 2. DAS strain data from 0 to 15 km along the cable. (a) The strain data in the 1200 s
time window from 2020-07-22T06:00:02Z containing no strong seismic waves from signifi-
cant earthquakes. (b) The strain data in the 1200 s time window from 2020-07-22T06:20:02Z
containing strong seismic waves (P, S, and SS waves) from the 22 July 2020 M,,, 7.8
earthquake on the Alaska Peninsula. (c) The water-depth profile along the cable.

Alaska arrive. As shown in Figure 2a, the data
in the 1200 s time window from 2020-07-
22T06:00:02Z contain no seismic waves from sig-
nificant earthquakes. In contrast, Figure 2b shows
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the data in the 1200 s time window from 2020-07-22T06:20:027Z that
contain strong seismic waves from the earthquake in Alaska. The
P, S, and SS waves arrive at the DAS array 72, 512, and 762 s from
2020-07-22T06:20:02Z, respectively. The seismic waves are marked
as event 5 in Figure 2b (for consistency with the annotation in Fig-
ure 3). In this paper, our discussion is primarily based on a series of
figures representing different domains of the data from the two 1200 s
time windows shown in Figure 2.

From Figure 2a, we observe low-frequency right- and left-dip-
ping wavetrains (marked as event 1) with an apparent velocity
of approximately 30 m/s in all the channels from 0 to 15 km from
the shore, where the water depth ranges from 0 to 280 m. In addi-
tion, we observe right- and left-dipping wavetrains (marked as event
2) with the higher frequency and the lower apparent velocity at
20 m/s only in shallow water with less than 100 m water depth.

Figure 3a and 3b shows the f-x spectral analysis from 0.01
to 20 Hz of the processed DAS strain data from the 1200 s time
window before the arrivals of strong seismic waves from the
Alaska earthquake, which corresponds to the strain data shown in

a)
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— Distance: 1.75 km
@ —— Distance: 4.20 km
—— Distance: 11.56 km

100 - @
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Figure 2a. Note that the processed data have a time-sampling in-
terval of 20 ms, i.e., the Nyquist frequency is 25 Hz. A power
spectrum is computed by a discrete Fourier transform along the
time axis of the processed data within the whole 1200 s time
window, in which the normalization factor is one (unscaled) for
the forward transform. The average power spectra over 251 chan-
nels (500 m radius) around three selected locations are shown in
Figure 3a. The locations are selected to represent the data recorded
at different water depths and distances from the shore. The power
spectra of individual channels are combined to produce the dis-
tance-frequency plot shown in Figure 3b. Similarly, the f-x spectral
analysis of the DAS strain data in Figure 2b, from the 1200 s time
window containing strong seismic waves from the Alaska earth-
quake, is shown in Figure 3c and 3d.

In three different frequency bands, Figure 4 shows the band-limited
DAS strain data in the time window between 100 and 130 s from
2020-07-22T06:00:02Z, i.e., the data without strong earthquake sig-
nals in Figure 2a. The band-limited data are used to understand the #-x
characteristics of the wave types in different frequency bands. Based
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Figure 3. Spectral analysis of DAS strain data. (a) The average power spectra at selected locations along the cable and (b) the power spectral
profile in the 1200 s time window from 2020-07-22T06:00:02Z containing no strong seismic waves from significant earthquakes. (c) The
average power spectra at the same locations and (d) the power spectral profile in the 1200 s time window from 2020-07-22T06:20:02Z con-
taining strong seismic waves (P, S, and SS waves) from the 22 July 2020 M,,,, 7.8 earthquake on the Alaska Peninsula. The average power
spectra in (a and c) are computed over 251 recording channels (500 m radius) around each location. The numeric annotations highlight the six
key events discussed in the text. The colored triangles in (b and d) mark the locations associated with the power spectra in (a and c).
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on the annotations shown in Figure 3a, events 1 and 2 are observed in
0.005-0.2 Hz (Figure 4c), events 3 and 5 are observed in 0.2-1.2 Hz
(Figure 4b), and event 4 is observed in 1.2-20 Hz (Figure 4a).

Figure 5 shows the frequency analysis of the data without strong
earthquake signals from 0 to 76 km distances along the cable at the
same time window as shown in Figure 2a. To avoid poor quality due
to image downsampling, we only plot the data along the 76 km dis-
tance of the fiber-optic cable in this paper. Figure 6 shows the f-k spec-
tra of the DAS strain data at four individual spatial locations, with and
without the strong seismic waves from the Alaska earthquake. Figure 7
shows the spectrograms of the DAS strain data calculated at three indi-
vidual recording channels. Figure 8 shows the same frequency analy-
sis as Figure 5 on the data with strong earthquake signals from Alaska
at the same time window as shown in Figure 2b.

Loading pressure responses

The 0.06 Hz peak marked as event 1 in Figure 3b presents in all
the recording channels from 0 to 15 km along the cable, where the
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water depth ranges from 0 to 280 m. In Figures 2a and 4c, the waves
associated with event 1 are seen to propagate at the apparent veloc-
ity of 30 m/s mainly toward the shore, and their reflections at the
shore cause weaker wavetrains to propagate back to the open ocean.
As shown in Figure 3b, the frequency of event 1 is lower than the
maximum frequency of OSGWS (fosew.max) Calculated from equa-
tion 6 using the water depths from local bathymetry along the fiber-
optic cable. This frequency characteristic is also observed in Fig-
ure 5b, which shows the frequency analysis on the data without
strong earthquake signals from 0 to 76 km distances along the cable
at the same time window as shown in Figure 2a.

If event 1 is the dynamic loading pressure response of OSGWs, its
amplitude must decay with water depth, as described in equation 3.
To clarify this, we will compare the root-mean-square (rms) of the
amplitude at a frequency of approximately 0.06 Hz from the f-x
power spectra with an amplitude trend modeled by equation 3 as plot-
ted in Figure Sc. In Figure 5c, we model the strain amplitude asso-
ciated with OSGWs at a constant frequency of 0.06 Hz using an
approach similar to Williams et al. (2019, Figure 6), as described

next. First, we solve the dispersion relation in equa-
tion 4 for the angular wavenumber (k) using the

T 10 Newton-Raphson method (You, 2008, equations
2 and 3). Then, we compute the dynamic pressure
Fos at the seafloor (Pgesew) using equation 3.

Finally, we convert the seafloor pressure into a
fiber strain by multiplying P o, With a scaling
factor, which is determined by data fitting for a
[ o8 linear relationship between pressure and strain.
This model assumes that OSGW amplitude
(one-half of the wave height) is invariant with

Strain (ne)

L -1.0

10 water depth.
Figure 5¢ compares the powers corresponding
Los to the observed rms amplitude and the modeled

amplitude at 0.06 Hz. We observe a good corre-
spondence between the observed and modeled
amplitude for the distance greater than 20 km
- -05 from the shore. In contrast, the strain amplitude

of event 1 in the inner part of the Isfjord (<20 km
- =10 from the shore) is obviously weaker than the
- modeled amplitude. This amplitude mismatch
La implies that the OSGW amplitude in the inner
part of the Isfjord is smaller than the wave in the
deeper water in the outer part. According to
Kakinuma and Kusuhara (2022), the amplitudes
of the ocean-surface waves depend on not only
the water depth but also the width of the water
channel (lateral). Because the width of the Isfjord
mostly increases from the outer to the inner parts
(from west to east), the OSGW amplitude in the

o
°
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°
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inner part near Longyearbyen tends to be lower
than the OSGW amplitude in the outer part. Hence,
the amplitude mismatch of event 1 and the OSGW
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Figure 4. Band-limited DAS strain data. The strain data from Figure 2a are decomposed
by band-pass filters into three frequency bands: (a) 1.2-20 Hz, (b) 0.2-1.2 Hz, and
(c) 0.005-0.2 Hz. (d) The water-depth profile. The recording time starts from zero
at 2020-07-22T06:00:02Z. The colored triangles mark the locations associated with

the spectra shown in Figure 3.

model shown in Figure 5c could be an effect of the
topography of the water channel.

Figure 6 shows the f-k spectra of the DAS
strain data at four individual spatial locations,
with and without strong seismic waves from
the Alaska earthquake. In all the fk spectra,
we observe that the 0.06 Hz peak is aligned with
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the OSGW dispersion curve (the dashed blue line), which is calcu-
lated from equation 4. From the spectrograms shown in Figure 7, we
observe that the frequency of event 1 slowly increases with time.
According to equation 14, the low time-frequency gradient or slope
of event 1 implies that the sources of the OSGWs are thousands of
kilometers away from Svalbard. Thus, event 1 corresponds to the
loading pressure fluctuation associated with the overlying ocean
swells originating from distant storms. In the next subsection,
we study event 1 for storm monitoring in more detail.

The 0.12 Hz peak marked as event 2 in Figure 3b is pronounced
only in shallow water (<100 m deep) within a 5 km distance from the
shore. The water-depth profile is shown in Figure 2c. In Figures 2a
and 4c, the waves associated with event 2 are observed clearly at the
first 5 km distance from the shore. They propagate approximately at
an apparent velocity of 20 m/s forward with reflections backward to
the shore. As shown in Figure 3b, the frequency of event 2 is higher
than event 1 but lower than the maximum frequency of OSGWs
(fosew.max) calculated from equation 6. The ampli-
tude of event 2 is bound by this maximum fre-
quency limit in all recording channels along the
cable, as shown in Figure 5b. By conforming to
this frequency limit, the amplitude of event 2 de- 200
cays with water depth exponentially, as described
in equation 3. In Figure 6, we observe in the f-k
domain that event 2 is generally aligned with the
OSGW dispersion curve (the dashed blue line)
calculated from equation 4. The small deviation 800
of event 2 from the OSGW dispersion curve oc-
curs when the propagating direction of an OSGW
is oblique to the cable axis. Therefore, we con-
clude that event 2 is the dynamic loading pressure
response of OSGWs excited by winds.

Because events 1 and 2 are direct responses to 10
OSGWs, their amplitude and frequency must be
affected by the tide described in equations 7 and
8, respectively. Figure 7 shows the spectrograms
for three individual channels along with the tide
and weather data in the study area. The maximum
frequency limit of OSGWS (fosgw-tide.max) from 01
equation 8 is plotted in red. Here, we can observe
that the high-frequency OSGWs, i.e., event 2, are
strongly modulated by sea-level changes caused by o1 L

600

Time (s)

1000

1200

Frequency (Hz)

fosgw, max

87

B143

The energy peak at 1.0-1.2 Hz is marked as event 3 in Figures 3
and 5. Similar to event 2, event 3 can be observed only in shallow
water (<100 m deep) within a 5 km distance from the shore.
This implies that the amplitude of event 3 decays with water
depth in a fashion similar to event 2. However, we see that the
frequency of event 3 is almost invariant with water depth. Because
the frequency of event 3 is not a function of water depth, event 3
does not involve seismo-acoustic wave propagation in the water
layer. In addition, because its amplitude decays with water depth
to a greater extent than spherical divergence, event 3 does not
involve seismo-acoustic wave propagation from earthquakes or
other seismic sources. Hence, event 3 may result from dynamic
loading pressure on the seafloor caused by some wave motions
above.

As observed in Figures 3 and 5, event 3 has a higher frequency
than the maximum frequency limit of OSGWs. Therefore, event 3 is
definitely not caused by an OSGW. In Figure 4b, we observe that

2020-07-22T06:00:02Z
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e e

the tide. The variation of the amplitude and fre-
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quency in shallow water (Figure 7a) is larger than — Data
in deep water (Figure 7c). In Figure 7a, we clearly

see that the spectral amplitude and the maximum
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frequency of OSGWs become highest at high tide
(high sea level), as plotted in Figure 7d. This tidal
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modulation of OSGWs agrees with their maximum
frequency limit defined in equation 8, which indi-
rectly validates the dynamic pressure response in 4001

200

Depth (m)

—— LVL base

equation 7. Note that our observation here is differ- 70
ent from Williams et al. (2022, Figure 3), in which
they infer that the spectral amplitude and maxi-
mum frequency become highest during low tide
with frequency-dependent phase delays affected
by nonlinear wave-current interaction. We believe
that their observation could be explained by equa-
tion 8 in this paper.

no strong seismi

power spectra i
0.06 Hz. (d) Th
of the LVL.

T
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Figure 5. Frequency analysis of DAS strain data from 0 to 76 km along the cable.
(a) The strain data in the 1200 s time window from 2020-07-22T06:00:02Z containing

c waves from significant earthquakes. (b) The f-x power spectra. (c) The

rms of the power (the blue) extracted from the frequency range 0.05-0.07 Hz in the f-x

n comparison with the modeled power (the red) for the OSGWs at
e depth profile below the SWL of the seafloor and the estimated base
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the waves associated with event 3 are scattered with unclear patterns
across the time and space axes. However, we can estimate from the
same figure that the apparent velocity of their diffraction tails could
be as high as 200 m/s. This estimation agrees with the f-k spectrum
shown in Figure 6c. The velocity is too high for event 3 to be in-
terpreted as ocean surface waves or ocean currents.

One possible generating mechanism of event 3 could be an effect
of the slamming pressure exerted onto the seafloor caused by tur-
bulence in the upper ocean or ocean surface disruptions such as
wave breaking. Weather and wind conditions can affect the fre-
quency of such surface disruptions and their subsequent ocean-bot-
tom pressure. In addition, the slamming pressure on the seafloor
caused by these disruptions could be impulsive and sufficiently
strong to generate seismo-acoustic waves such as P waves, S waves,
and Scholte interface waves. The Scholte interface waves, which
longitudinally propagate along the seafloor, can be measured by
ocean-bottom DAS and have relatively high-amplitude responses
(Spica et al., 2022). In addition, the apparent velocity of 200 m/s
for event 3 is reasonable for the Scholte-wave velocity, which is
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typically on the order of 0.86 times the S-wave velocity (c;) in
the seafloor sediments if ¢, < ¢,, (Westwood et al., 1996).

Figure 7a and 7b shows the spectrograms from two channels in
shallow water. We clearly see that the frequency of event 3 varies
with time. Its amplitude is also strongest during strong wind con-
ditions (high wind speed), as compared with the wind speed data,
especially from the Isfjord Radio weather station in Figure 7d. Be-
cause the amplitude of event 3 is modulated with the wind speed
and its apparent velocity matches with the Scholte-wave velocity at
the seafloor, we believe that event 3 has a relation with the Scholte
interface waves generated from the dynamic ocean-bottom loading
pressure caused by wind-driven ocean surface disruptions. More
detailed studies are required to verify our speculation on event 3.

Seismo-acoustic responses

Event 4 marked on the f-x spectra in Figures 3 and 5 is observed
in all the recording channels along the cable. Its frequency is spa-
tially variant. Event 4 is associated with harmonic wave patterns. As
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Figure 6. The f-k spectra of DAS strain data. (a—d) The f~k power spectra of the DAS recording from 2020-07-22T06:00:02Z (Figures 2a and
Sa) at 34.03, 11.56, 4.20, and 1.75 km along the cable from shore, respectively, each of which is computed from the 1200 s time window over
its surrounding 1001 recording channels (2 km radius). (e~h) The f-k power spectra of the DAS recording from 2020-07-22T06:20:02Z (Fig-
ures 2b and 8a) at the same positions and the same window sizes as for (a-d). The wavenumber k/(2r) is referencing the cable distance from
the shore in Longyearbyen: k£ > 0 for waves propagating to the west (the North Atlantic Ocean) and k < 0 for waves propagating to the east (the

inner part of the Isfjord).
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shown in Figure 5b, the first harmonic is observed in the data even
in the absence of strong seismic waves from earthquakes. When
strong seismic waves from the Alaska earthquake dominate the data
(Figure 8a), the harmonics at the higher orders can be observed, as
shown in Figure 8b. Because event 4 occurs naturally and can be
enhanced by external seismic waves, we relate event 4 to normal
modes driven by seismo-acoustic waves.

In Figures 5b and 8b, the first (f;) and second (f,) cutoff
frequencies for the guided acoustic waves in the water layer are
plotted as dashed black lines on the f-x spectra. Here, the cutoff
frequencies are calculated from equation 11 using the water sound
speed c,, = 1490 m/s and the water-depth profile along the fiber-
optic cable. In the f~x spectra, the energy peak associated with event
4 does not spatially conform to these water-related cutoff frequen-
cies, especially in the shallow water within a 5 km distance from the
shore. Hence, event 4 must be associated with the normal modes in
a different layer than the water layer.

The time-invariant frequency of event 4 as
shown in Figure 7 also confirms that event 4 is a)
not related to normal modes in the water column,
of which the thickness varies with time due to the
tide. The f~k spectra in Figure 6 show that event 4
is dispersed and its apparent phase velocity is be-
tween 100 and 1000 m/s. From Figure 6, the ap-

Frequency (Hz)

—— fosgw-tide, max

We manually pick the first S-wave resonance frequency f;; at
the onset of the lower-frequency energy peak associated with event
4 in the f-x spectra, as shown in Figures S5b and 8b. Based on Albaric
et al. (2021), we assume the LVL to be homogeneous with the con-
stant S-wave velocity of 200 m/s. Given the first S-wave resonance
frequency f,; as picked and the homogeneous S-wave velocity
model, we can determine the thickness H; of the LVL from equa-
tion 13 withn = 1, v =0, ¢;9 = 200m/s, and m = —(1/2). As a
result, we can plot the structural depths below the SWL of the sea-
floor (H) and the LVL base (H + H,), as shown in Figures 5d and
8d. As also plotted in Figures 5b and 8b, we determine the second
S-wave resonance frequency f,, from equation 13 using the pre-
viously estimated LVL thickness H.

As discussed previously, we can use passive DAS recording to
map the subsurface structure of the LVL below the seafloor. This
also implies that we can delineate the base of shallow glacimarine
sediments in the Arctic using the S-wave resonance observed in

Distance: 1.75 km, water depth: 79 m
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e e

parent phase velocity approximately decreases
from 1000 to 200 m/s by increasing the frequency
above the cutoff frequency for S-wave modes. Be-
cause its velocity is significantly lower than the
water sound speed (approximately 1490 m/s)
and subsurface P-wave velocity, event 4 should in-
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volve S-wave propagation below the seafloor.

According to Albaric et al. (2021), we can ex- ¢)
pect the low-velocity layer (LVL) with an S-wave
velocity of approximately 200 m/s in the upper
50 m of the near-surface sediments in Long-
yearbyen. A strong velocity contrast can be ob-
served at approximately 100 m depth below the
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surface, in which the S-wave velocity abruptly
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changes from 450 to 1800 m/s within a few meters d).,
(Albaric et al., 2021, Figure 8). This velocity con- . osd
trast may be interpreted as the interface between %
frozen and unfrozen strata in permafrost underly- % 7
ing most of the land surface in Svalbard. In Sval- 7 051
bard, there is a low probability of finding 10 .
submarine permafrost, which is the relict terres- €)
trial permafrost that was inundated when sea
levels rose after the Last Glacial Maximum .3 7
(Angelopoulos et al., 2020). Therefore, we would %% 1
refer the strong velocity contrast below the 22107
seafloor in Svalbard to the interface between 1
o

unconsolidated sediments (the LVL) and consoli-
dated rock strata. According to Forwick and
Vorren (2011), this LVL is interpreted as the
shallow glacimarine sediments below the water
column in the Isfjord. Because DAS is sensitive
to the particle motions along the cable axis, it
is likely that event 4 results from S-wave resonan-
ces corresponding to horizontally polarized shear
(SH) wave propagation in the LVL.

Month-date

Figure 7. Spectrograms (z-f spectra) of the DAS strain data. Spectrograms at (a) 1.75 km,
(b) 4.20 km, and (c) 11.56 km along the cable from shore. (d) Sea level in Longyearbyen
(Svalbard) with respect to the average sea level during the experiment. (e) Maximum wind
speeds measured at Isfjord Radio and Svalbard Lufthavn weather stations (see Figure 1c).
All of the spectrograms are computed from the average power spectrum over 251 record-
ing channels (500 m radius) around the selected locations within a 300 s time window on
an hourly basis. White vertical stripes in the spectrograms indicate the dropout periods in
the real-time data transfer.



Downloaded 04/29/23 to 88.89.7.132. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/page/policies/terms
DOI:10.1190/ge02022-0435.1

90 K. Taweesintananon: DAS & 4D Seismic Time-Strain Inversion

B146 Taweesintananon et al.

DAS data. Similarly, we may use DAS to determine the structure of
any other LVL such as near-surface unconsolidated sediments or
weathered layers in tropical survey areas. Hence, the ocean-bottom
DAS is a potential tool for exploring and characterizing the near-
surface geologic structure.

In this paper, event 5 denotes ocean-bottom DAS responses to
seismo-acoustic waves directly propagating from any source type
such as earthquakes, cryoseisms, microseisms, seismic air guns,
whales, and ship propellers. Hence, event 5 is representing seismic
waves in any frequency range depending on their source types. In
Figure 3a, there is a slight increase in energy of approximately
0.36 Hz marked as event 5 in the power spectra. An increase in
energy of approximately 0.36 Hz has been reported as the secon-
dary microseism associated with the 0.18 Hz opposing surface grav-
ity wave groups in an ocean-bottom DAS experiment in Belgium by
Williams et al. (2019, Figure 2). In our data, we observe no energy
peak of approximately 0.18 Hz. Moreover, the 0.36 Hz energy
(event 5) appears as flat low-frequency wavetrains in Figure 4b.

a) 2020-07-22T06:20:02Z
m <

Time (s)

Frequency (Hz)

This characteristic is obviously different from the highly dipping
linear wavetrains associated with the OSGW responses (events 1
and 2) observed in Figure 4c. Therefore, it is unlikely that the O
.36 Hz energy directly involves OSGWs. In addition, its frequency
is not close to the frequency limits of OSGWs, normal modes of
acoustics in water, or S-wave resonances in the LVL below the sea-
floor. Thus, we believe that the 0.36 Hz energy shown in Figure 3a
results from seismo-acoustic waves and could be marked as event 5,
although we cannot identify their seismic origins.

Figure 3c and 3d shows the spectral analysis of the DAS strain data
in Figure 2b that contain strong seismic waves (P, S, and SS waves)
from the 22 July 2020 My, 7.8 earthquake on the Alaska Peninsula.
Here, the responses caused by these seismic waves arriving at the
seafloor significantly boost the strain power in all frequencies below
4 Hz. This strong seismic energy is classified as event 5, and it is
superimposed on the initial ambient levels shown in Figure 3a
and 3b. Figure 8a shows the seismic recording profile measured
by DAS that contains strong seismic waves from the Alaska earth-

quake. The recorded data are similar to the hori-
zontal component seismogram measured from the
N KBS seismic station in Global Seismograph Net-
work (FDSN, 2014), which is located in Ny-Ale-
sund. The arrival times of the P, S, and SS waves

2 marked in Figure 8a also agree with the KBS seis-
1 mogram and the traveltimes modeled by ray trac-
. % ing from the epicenter.

4 The particle motions perpendicular to the fiber-

optic cable can be sensed by DAS with less sen-
-2 sitivity than the parallel motions (Taweesintananon
et al., 2021). Hence, the normal modes of acoustic
wave propagation in the water column marked as
event 6 are hardly observed in all the f~x spectra in
100 Figures 3, 5, and 8. Although it is much weaker
than the S-wave resonance (event 4), we can
see the energy peak for the first mode of the acous-
tics in the water column marked as event 6 in the
-k spectra in Figure 6a and 6e. Here, we observe
that event 6 is dispersed, in which its apparent
phase velocity is between 1000 and 10,000 m/s
and decreases with an increasing frequency above
40 the first cutoff frequency (f) for acoustic normal
30 modes in the water column.

Power (dB re. 1 ne)

Ocean wave monitoring

Ocean-bottom DAS can be used for monitoring
low-frequency ocean-bottom vibrations corre-
sponding to OSGWs and, hence, ocean swells.

In this section, we elaborate on our detailed analy-

sis of the same DAS data for storm monitoring as
presented by Landrg et al. (2022). Figure 9 shows
spectrograms from three individual DAS record-
ing channels at different water depths and distan-
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Figure 8. Frequency analysis of the DAS strain data from 0 to 76 km along the cable.
(a) The strain data in the 1200 s time window from 2020-07-22T06:20:02Z containing
strong seismic waves (P, S, and SS waves) from the 22 July 2020 M,,, 7.8 earthquake on
the Alaska Peninsula. (b) The f-x power spectra. (c) The rms power extracted along the
first S-wave resonance frequency (f ;) picks in the f~x power spectra. (d) The depth
profile below the SWL of the seafloor and the estimated base of the LVL.

ces from the shore. Figure 9a—9c shows the linear
upsweep trends of different ocean swells ranging
from 0.04 to 0.1 Hz. Their frequencies monoton-
ically increase with time. These linear trends
correspond to the ocean swells produced by dis-
tant storms. Over the entire period of recording,
we can identify 12 linear trends in the spectro-
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grams. Most of them last between 50 and 100 hours and can overlap
in time and space.

Figure 9¢ shows the maximum speed of local winds measured at
the Isfjord Radio and Svalbard Lufthavn weather stations near the
DAS array. The Isfjord Radio station is located at the entrance of the
Isfjord and close to the 55 km distance point along the DAS array,
whereas the Svalbard Lufthavn station is located at the Svalbard
Airport in Longyearbyen and close to the start of the DAS array
(see Figure Ic). We find no correlation between the local wind
speeds and the responses associated with the OSGWs. Therefore,
we deduce that the OSGW responses visible in the spectrograms are
mostly generated from winds or storms outside the Isfjord.

Four linear upsweep trends of the ocean swells corresponding to
distant storms are highlighted in the spectrogram shown in Figure 9c.
Using the procedure described in the “Methods” section, we can cal-
culate the distance and time taken by an ocean swell to travel from
each storm center to the DAS array. Although this
procedure has widely been applied to many data
sets measured by conventional sensors, we demon- a) .,
strate it using the ocean-bottom DAS data with
detailed calculations for the first time. Table 1 sum-
marizes the calculation of the four storms marked
in Figure 9c. By applying geographical and topo-
logical constraints (there must be an open seaway
between our DAS array and the source of the b)
OSGWs), we can retrieve their approximate loca- 02
tions for comparison with public records. The Arc-
tic Ocean is isolated from other oceans by land.
The Fram Strait, which lies between Svalbard and
Greenland, is the only deep passage into the Arctic
Ocean. In addition, the main orientation of our 0
DAS array points toward the Atlantic Ocean.
Therefore, the ocean swells detected by our DAS
array are produced by storms in the Atlantic
Ocean. It is unlikely that our DAS data are domi-
nated by the swells caused by storms in the Pacific
Ocean through the shallow Bering Strait.

From public records, we can trace all four lin-
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similar to storm 4 and the stronger trend in the rightmost of the
time-frequency spectra shown in Figure 9¢ come from remote re-
gions in the South Atlantic Ocean between the eastern coast of
South America and the western coast of Africa. As discussed by
Landrg et al. (2022), the storms in these remote regions might
not affect humans and, hence, not be documented. However, they
are obviously detected by DAS. Thus, DAS could be a potential
storm monitoring system with global coverage.

Future applications
Subsurface exploration

Ocean-bottom DAS can record seismo-acoustic vibrations in
broadband frequency ranges. Taweesintananon et al. (2021) use
DAS data resulting from marine impulsive seismic sources at a
few hundred Hertz for subsurface seismic imaging. In addition,
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ear trends shown in Figure 9c back to their cor-
responding storms in the Atlantic Ocean. Storm 1 05 4

corresponds to Tropical Storm Edouard near Ber- % 0ol

muda at approximately 4100 km away from j;
Longyearbyen, occurring from 4 July 2020 to 7 -051

6 July 2020 (Pasch, 2021). Storm 2 possibly cor- -10 ;
responds to the bomb cyclone in offshore south €) 5

Brazil at approximately 13,000 km from Long-
yearbyen from 30 June 2020 to 2 July 2020,
as reported by Gobato and Heidari (2020) and
Khalid et al. (2020). According to weather news
in Iceland (Ciﬁé, 2020), storm 3 should corre-

Max wind
speed (m/s)

— Isfiord Radio
—— Svalbard Lufthavn

spond to an extratropical depression between Ice- 0708
land and Greenland at approximately 2400 km
away from the DAS array from 15 July 2020
to 17 July 2020. Finally, storm 4 probably comes
from a storm in a remote region in offshore south
Brazil at approximately 11,000 km from the
DAS array on 12 July 2020.

These four storms are examples of the total 12
storms observed in our data set. Many events

Month-date

Figure 9. Spectrograms for storm monitoring. The same spectrograms as Figure 7, but with
alinear scale for the vertical axes, (a) 1.75 km, (b) 4.20 km, and (c) 11.56 km along the cable
from shore. (d) Sea level in Longyearbyen (Svalbard) with respect to the average sea level
during the experiment. (¢) Maximum wind speeds measured at Isfjord Radio and Svalbard
Lufthavn weather stations (see Figure 1c). Four storm events marked in (c) are discussed in
the text. All the spectrograms are computed from the average power spectrum over 251
recording channels (500 m radius) around the selected locations within a 300 s time window
on an hourly basis.
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Table 1. The estimated origins of the four storms producing the ocean swells marked in Figure 9c.

Parameters Storm 1 Storm 2 Storm 3 Storm 4

Start time at DAS (¢,) 7 July 2020 10 July 2020 18 July 2020 19 July 2020
T00:00:00Z T00:00:00Z T12:00:00Z T00:00:00Z

End time at DAS (1) 9 July 2020 16 July 2020 20 July 2020 25 July 2020
T12:00:00Z T00:00:00Z T00:00:00Z T00:00:00Z

Frequency at start time (f) (Hz) 0.046 0.045 0.044 0.038

Frequency at end time (f) (Hz) 0.087 0.076 0.086 0.075

Travel distance (x in equation 14) (km) 4113 13,055 2409 10,938

Group velocity for the lowest-frequency swell 16.97 17.35 17.74 20.54

(¢, in equation 15 with f = fj)) (m/s)

Traveltime for the lowest-frequency swell 67.32 209.03 37.71 147.89

(t in equation 16) (hours)

Estimated time at source (¢, — 1) 4 July 2020 1 July 2020 16 July 2020 12 July 2020
T04:40:00Z T06:58:00Z T22:17:00Z T20:06:00Z

Bouffaut et al. (2022) use DAS to record frequency-swept acoustic
waves at a few dozen Hertz produced by whales and generate their
corresponding seismic profiles for subsurface exploration. Our data
characterization affirms that DAS can record high-quality, low-fre-
quency seismo-acoustic data ranging from 0.01 to 10 Hz, as also
shown in other publications (e.g., Sladen et al., 2019; Williams
et al., 2019).

In subsurface seismic exploration, the seismo-acoustic waves at
frequencies lower than 10 Hz are usually treated as noise to be re-
moved in data processing. However, the waves in this low-fre-
quency range interact with subsurface layers. We clearly see
from Figure 3 that the earthquake-related waves give additional data
between 0.01 and 10 Hz, in which the S-wave resonances become
more pronounced. Previously, we show that the S-wave resonances
can be used to determine the structure of the subsurface LVL.

Therefore, it could be possible to further apply DAS to seismic
imaging using data with a frequency below 10 Hz. In addition to the
higher-frequency data, we could expect more applications of DAS
in making use of these low-frequency data for subsurface imaging
and exploration. Examples of such applications can be found in Lior
et al. (2022) and Spica et al. (2022).

Ocean observation

Functioning marine ecosystems are vital to healthy oceans on
which a sustainable future on earth for all living beings ultimately
depends (Danovaro et al., 2020). Marine acoustics play an impor-
tant role in studying physical processes in the oceans and their in-
teraction with the solid earth, atmosphere, and living organisms.
Therefore, passive acoustic monitoring (PAM) is recognized as
an important surveillance tool for the earth’s ecosystems, through
the studies of ocean ambient sound, marine mammal behavior, gla-
cial/iceberg noise, anthropogenic ocean use, unsanctioned nuclear
or other polluting activity, earthquake, and tsunami warning, in ad-
dition to search and rescue.

We have shown that DAS, as a PAM system, can detect waves
from various sources through dynamic interactions among the atmos-
phere, ocean, and solid earth. It effectively measures ocean-bottom
vibrations at a low frequency down to 0.01 Hz corresponding to
OSGWs. Moreover, it can be used to monitor ocean currents
(Williams et al., 2022). Accordingly, the sea state can indirectly

be monitored by ocean-bottom DAS. Therefore, DAS has many valu-
able attributes to offer the oceanographic community, nicely comple-
menting existing sensing systems such as satellites (which are
broadly limited to very near-surface observations), buoys, moorings,
and floats (which have limited spatial coverage and resolution). The
advantages of DAS include broadband and high-resolution spatial
and temporal measurement capacities, with data available in real time
to support active marine management and decision-making. Its real-
time capability, bringing data from the seafloor, is unmatched
by any other system other than fixed installations cabled to shore
or supporting long lines to surface buoys, both of which represent
expensive and complex engineering challenges. The potential for
earthquake and tsunami warning systems alone is therefore remark-
able. This sensing network may also be created at a low cost, because
we can use the existing submarine telecommunication cables. These
cables span more than one million kilometers around all the oceans
on the globe, potentially bringing a sensing capability to many less-
sampled environments, and perhaps also able to support less devel-
oped countries in responsibly managing their maritime resources.

Thus, DAS brings an innovative and game-changing new sensing
modality to oceanographic and geophysical observation systems in
general. The ocean-bottom DAS can be used to monitor the sea
state, which is one of the essential climate variables specified by
the Global Climate Observing System (WMO, 2016). Therefore,
we believe that DAS can become a valuable new component of
the Global Ocean Observing System of the Intergovernmental
Oceanographic Commission of UNESCO, as discussed in Howe
et al. (2019).

CONCLUSION

DAS in an ocean-bottom telecommunication fiber-optic cable
can measure various types of ocean-bottom vibrations that are
caused by dynamics in the atmosphere, ocean, and solid earth. They
comprise (1) the ocean-bottom loading pressure fluctuation corre-
sponding to dynamics in the ocean and atmosphere and (2) the re-
sponses corresponding to seismo-acoustic wave propagation. We
clearly describe and compare their characteristics in the ocean-bot-
tom DAS data. Our interpretations are validated by redundant sam-
ples from the data that were acquired extensively in spatial and
temporal dimensions, over 44 days along 120 km of a submarine
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fiber-optic cable, extending along the Isfjord in Longyearbyen,
Svalbard, across different water depths from 0 to 400 m.

In the ocean-bottom DAS data, we observe the signals associated
with OSGWs originating from winds and distant storms, together
with their reflections at Longyearbyen’s shore in shallow water.
This observation enables us to trace several responses of ocean
swells back to their origins of distant storms in the South Atlantic
Ocean up to 13,000 km away from the DAS array in Svalbard.
Moreover, we demonstrate a DAS application for near-surface
structural mapping using the recorded S-wave resonances. Hence,
we may use DAS to delineate the base of the LVL, which is shallow
glacimarine sediments in the Arctic. Thanks to its high spatial and
temporal resolution, real-time data availability, broadband low-fre-
quency sensitivity, and ability to sense what is happening close to
the seafloor, capturing ocean surface waves and seismo-acoustic
events, DAS offers great scientific value to observation systems
for the earth and the oceans.
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