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ABSTRACT

Distributed Acoustic Sensing (DAS) is a new method for recording oceanographic processes using seafloor fiber-optic cables, such as telecommunication cables. DAS
returns spatially distributed measurements of cable strain, which can be related to hydrodynamic pressure, turning a submarine cable into a dense sampling array. A
reinforced fiber-optic cable was installed in the cross-shore from the dune toe to ~15-m-water depth at the USACE Field Research Facility in Duck, NC to quanti-
tatively compare DAS strain to co-located pressure sensors. We develop a methodology for transferring DAS strain to dynamic pressure and evaluate the performance
of DAS to measure shallow- and intermediate-water waves in the incident band (0.04-0.4 Hz). A frequency-dependent empirical transfer function from DAS strain to
dynamic pressure at the seabed is derived from the ratio of strain and pressure power spectra. DAS-derived significant wave heights and peak periods were consistent
with pressure sensors (typical rmse = 0.2 m and 1 s) over a wide range of dynamic conditions (0.24—4 m wave heights and 3-18 s periods). DAS data were input into
the cBathy algorithm to calculate cross-shore bathymetric profiles and were used to calculate cross-shore wave reflection. Preliminary applications of DAS to record
wave splitting and shoreline position were explored. With this field data, we demonstrate new applications of DAS for measuring nearshore processes and encourage
further exploration. The promising potential of DAS lies in the near-bed data volume provided, real-time capability, and ability to sample in any weather or light.

1. Introduction

In-situ observation of nearshore hydrodynamic and geomorphic
processes is fundamentally important for predicting shoreline change
and storm impacts (Chardon-Maldonado et al., 2016a; Gomes da Silva
et al., 2020; Holman and Haller, 2013), tracking pollutants (Boehm
etal., 2017), and predicting rapid-onset hazards like sneaker waves and
rip currents (Dalrymple et al., 2011). These processes operate and evolve
over a wide range of spatial and temporal scales, which can be chal-
lenging to capture in traditional instrument records without assimilating
many data streams (Holman and Haller, 2013; Wilson et al., 2014).
Ideally, in-situ measurements of the nearshore should be collected across
a comparably wide range of scales.

Distributed Acoustic Sensing (DAS) is a rapidly expanding mea-
surement technique with the potential to measure near-bed, nearshore
processes at a wide range of spatial resolutions using existing fiber-optic
cables, such as telecommunication or power cables that contain a fiber
for data transmission. A DAS interrogator turns a fiber-optic cable into
an array of strain sensors by measuring the phase-shift in reflected light
from a laser. This technology has already been widely applied in onshore
and offshore seismology, stratigraphy, and the oil and gas industry
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(Jousset et al., 2018; Lindsey and Martin, 2021; Mateeva et al., 2014;
Spica et al., 2020, 2022). Oceanographic applications for DAS have been
expanding, and recent work has demonstrated that submarine DAS
strain records distant storms (Bouffaut et al., 2022; Landrg et al., 2022)
and surface gravity waves (Lindsey et al., 2019; Smith et al., 2023;
Williams et al., 2019, 2022). Here we present novel findings from the
first applications of DAS to measure nearshore waves and bathymetry.

Historically, in-situ observations of surface waves were primarily
collected by deploying individual, fixed or free-floating sensors to
measure water pressure, sea surface elevation or slope, and/or water
velocity. Logistical challenges and cost limit the spatial and temporal
resolution of point sensor deployments, especially in energetic or
extreme environments (Strefer et al., 2022). Yet, capturing measure-
ments during storm events and in energetic regions is critical for theory
and model development (O°Grady et al., 2019; Senechal et al., 2011).
Measurements in the swash zone are especially important for under-
standing the physical drivers of wave runup and total water level, TWL
(Gomes da Silva et al., 2020). However, these in-situ instruments can
interfere with flow in the swash zone, altering the fundamental pro-
cesses of interest (Chardon-Maldonado et al., 2016b). Similar logistical
and safety constraints have also limited direct measurements of
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associated, nearshore bathymetry. Historically, bathymetric measure-
ments have been made with amphibious or shallow-water vessels
equipped with sonar systems (Anderson et al., 2023; Holman et al.,
2013).

More recently, remote sensing methods have significantly expanded,
providing new ways to generate 2D arrays of measurements. Nearshore
hydrodynamics and bathymetry can be recorded from cameras (Bus-
combe et al., 2010; Carini et al., 2015; Holman et al., 2013; Holman and
Bergsma, 2021; Martins et al., 2023; Palmsten and Holman, 2012;
Splinter et al., 2018), radar (Ardhuin et al., 2019; Bell, 1999; Hauser
et al., 2023; Holman and Haller, 2013; Honegger et al., 2019), and lidar
(Almeida et al., 2020; Brodie et al., 2017, 2015; Carini et al., 2021;
O’Dea et al., 2019). These remote-sensing techniques all target the
ocean surface, providing only inferred information about near-bed
processes. Such techniques are also often limited by weather or light
conditions, which inhibit data collection during both energetic storms
and extremely calm conditions with minimal foam or surface roughness.
Furthermore, these techniques are generally limited to a cross-shore
spatial range of 100s of meters for lidar and imagery, and kilometers
for radar.

DAS has recently demonstrated promising potential for supple-
menting existing, nearshore observational techniques, providing sig-
nificant spatial and temporal resolution for near-bed measurement at
limited cost. DAS data can be collected along a submarine cable at
kilohertz frequencies with meter-scale spacing over 10s-100s of kilo-
meters, providing 1000s of sampling locations. Surface waves have been
reported in DAS datasets collected on the continental shelf (Lindsey
et al., 2019; Williams et al., 2019, 2022) and recent work has demon-
strated that there is a positive relationship between cable strain and
wave height (Taweesintananon et al., 2023; Williams et al., 2022).
However, quantitative relationships between strain and hydrodynami-
cally relevant parameters (e.g., pressure and bed shear stress) have yet
to be developed, and the full capabilities of DAS as an oceanographic
measurement technique have not been explored.

The goal of this paper is to quantify, ground-truth, and explore hy-
drodynamic signals in DAS strain data collected on a fiber-optic cable
during a three-month-long experiment at the U.S. Army Corps of Engi-
neers’ Field Research Facility (FRF) in Duck, North Carolina. DAS strain
data was collected along a 1.5 km long cross-shore cable and compared
against robust point and array measurements of nearshore hydrody-
namics and bathymetry. This combined dataset is used to:

1. Provide methodology for and validate an empirical transfer function
for converting DAS strain to dynamic pressure;

2. Validate applications of the DAS-derived pressure data for calcu-
lating bulk wave statistics, calculating wave-reflection, and extract-
ing bathymetry; and

3. Explore a range of nearshore processes recorded by DAS.

2. Theory behind submarine Distributed Acoustic Sensing

DAS takes advantage of the natural Rayleigh backscatter of light in
single-mode optical fibers. The glass in fiber-optic cables contains
random impurities that generate an unknown but relatively uniform
field of weak-backscatter sources. A DAS interrogator emits short laser
pulses with a known length and shape and measures the phase difference
of signals reflected from the field of impurities. Changes in the phase are
linearly related to the cable strain, where strain is the fractional change
in cable length over a known reference distance, called the gauge length.
The gauge length is limited by the characteristics of the interrogator and
the laser-pulse length, with typical values in the range of 2-20 m. This
method is called phase-sensitive optical time-domain reflectometry (-
OTDR). DAS interrogators can output either strain or strain rate,
depending on the exact interferometric method used. Either technique
provides a record of nanoscale, longitudinal strain at 100s-1000s of
user-defined points along a cable.
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The along-cable resolution of the strain field is fundamentally the
gauge length, however strain can be recorded at user-defined intervals,
called channels, to reduce data storage or improve the signal-to-noise
ratio (SNR). The SNR can be improved by stacking measurements
from adjacent channels. This stacking reduces the probability of signal
loss due to optical fading effects (Lindsey and Martin, 2021), which are
spatially static patterns generated by interference between scatterers.
Channel locations are uniformly spaced along the cable and are defined
by the distance from the interrogator. Geolocating channels requires the
input of an identifiable signal at a known location (colloquially called
tap-testing, Peng et al., 2023).

When a surface gravity wave propagates across the ocean surface it
imposes a pressure gradient on the seafloor in shallow and intermediate
water depth conditions. The pressure at the bed can be partitioned into a
hydrostatic component, py, and a dynamic component, p’,

o _ pga cos (kx — wr)
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Dynamic and hydrostatic pressure can be respectively represented by
the corresponding terms on the RHS, where p is water density, g is
gravity, a is the wave amplitude, k is the wavenumber, h is the water
depth, and w is the wave frequency. Pressure gradients impose an
implied strain on the seabed. The DAS interrogator records the total,
integrated cable strain over the gauge length (Fig. 1), imparting a
wavelength dependence. In essence, the strain response will vary
depending on the ratio between wavelength and gauge length (Martin,
2018; Vantassel et al., 2022), where a wave with the same wavelength as
the gauge length would impart net-zero integrated strain (Fig. 1). The
recorded strain will also vary based on the relationship between water
depth and wavelength (Eqn. (1)), as the wave-induced dynamic pressure
decays as cosh(kh). A deep-water wave would impart no direct strain
due to dynamic pressure on the cable (Taweesintananon et al., 2023).
Additionally, the measured strain will decay as cos(0), where 0 is the
angle between the cable and the wave ray (Hubbard et al., 2022; Martin,
2018; Taweesintananon et al., 2021). A wave propagating normal to the
along-cable direction would impart no along-cable strain, assuming the
wave crest is longer than the gauge length. The recorded strain will also
depend on the seafloor compliance, the cable compliance, the cable
temperature, and the characteristics of the transmitted laser pulse
(Hubbard et al., 2022; Reinsch et al., 2017; Williams et al., 2022).

All of these factors must be addressed when quantifying pressure and
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Fig. 1. Diagram of a submarine fiber-optic cable under a surface gravity wave.
The colormap shows the dynamic pressure, or variation in pressure from hy-
drostatic pressure. This cartoon is not shown to scale.
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wave parameters using DAS strain. Thus, an analytical transfer function
between strain and dynamic pressure under a wave would require a piori
knowledge of the cable composition, bed material, burial depth, and
water temperature over the entire deployment at each channel location.
The focus of this study was to instead develop an empirical calibration
between dynamic pressure at the seabed and DAS-measured strain,
based on co-located measurements of seabed strain and dynamic pres-
sure in the field (Fig. 2). The calibration accounts for the relationship
between wavelength and DAS-measured strain by comparing power-
spectral density in frequency space and calculating a frequency-
dependent correction from DAS-measured strain to near-bed dynamic
pressure. For linear waves, frequency and wavelength are related by the
dispersion relation (w? = gk tanh(kh), where w is wave frequency, g is
gravity, k is wavenumber, and h is water depth). This calibration method
assumes that the dominant strain signal in the incident wave band
(0.04-0.4 Hz) is the dynamic pressure (Eqn. (1)).

Here, the correction factor C is calculated as,

Px.f)
E(x.f)

Clxf)= @

where C(x,f) is the frequency-dependent correction factor at channel x,
P(x,f) is the PSD (power spectral density) of pressure measured near
channel x, and E(x,f) is the PSD of strain at channel x. This correction
factor inherently incorporates the impacts of seafloor compliance, cable
compliance, the shape of the transmitted laser pulse (Hubbard et al.,
2022; Reinsch et al., 2017), and the relationship between gauge length
and wavelength (Fig. 1). The accuracy of this method is evaluated using
field data collected at the USACE Field Research Facility.
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3. Study site and methods
3.1. Field site

The US Army Corps of Engineers Field Research Facility (FRF),
provides an ideal location for developing new, nearshore measurement
techniques. USACE maintains instrumentation to monitor nearshore
processes using both point-instruments and remote sensing techniques
(USACE, 2023 https://frfdataportal.erdc.dren.mil/), providing robust
ground-truth for evaluating new methods. The facility encompasses ~1
km of linear beach backed by vegetated dunes, located on a barrier is-
land near Duck, North Carolina. The tidal range is ~1 m. The beach is
primarily composed of mixed fine and coarse sand with a D5y ~ 0.2 mm,
and the average foreshore slope is ~1:12 (Birkemeier et al., 1981; Plant
et al., 1999). There is a ubiquitous offshore bar or set of bars that mi-
grates seasonally between an offshore position of ~100-300 m
(Anderson et al., 2023).

3.2. Field data collection

A 1700-m-long segment of reinforced fiber optic cable was deployed
on November 3, 2021 along the northern boundary of the FRF (yFRF =
985 m, Fig. 2). The cable was a 9.4 mm OD Single Armor Umbilical with
two single-mode and two multimode, tightly buffered fibers inside a gel-
filled steel tube, covered in plastic and surrounded by a spiral of steel
wire with a plastic sheath. The cable had a specific gravity greater than
that of sand. A spool of the fiber was staked and buried in the dune toe,
and the cable was trenched into the beach to the waterline. The sub-
marine portion of the cable was laid from an amphibious vehicle, and
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Fig. 2. Overview of field site and instrument locations. A) Map of the FRF facility with relevant instrument locations and cable path. B) Bathymetric cross-sections at
the cable location (yFRF = 985 m) collected by the LARC throughout the study period. The initial cable deployment profile is shown with a black, dashed line.
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the cable weight promoted self-burial.

DAS data were collected from 3-Nov-2021 to 10-Feb-2022 with a
Sintela Onyx interrogator sampling at 20 kHz with a 4.8 m gauge length
and 3.2 m channel spacing (552 channels). Data files were saved at 500
Hz in 17-min segments, for an individual file size of ~1.14 GB and a total
of ~10 Tb of data. Sample time was continuously synched to GPS time.
Channel locations were calibrated based on the passage of a vehicle over
the buried cable (see Figs. S1-S2 for more details). Unfortunately, a kink
in the cable was introduced during the deployment process around
channel 143 (xFRF ~ 400 m); this kink impacted measurements of signal
in the frequencies lower than 0.07 Hz offshore of channel 143 periodi-
cally from 9-Nov onwards and permanently from 12-December onwards.

Ground-truth measurements of hydrodynamics and morphology
were provided by the FRF (https://frfdataportal.erdc.dren.mil/). Three
Nortek Acoustic Wave and Current profilers (AWACs) are permanently
deployed at 4.5 m, 6 m, and 11 m water depths (Fig. 2), which provide
bulk wave parameters and current measurements at hourly intervals.
The published bulk wave parameters are calculated using pressure, ve-
locity, and surface tracking (Nortek, 2022). These instruments also re-
cord the raw pressure at 2 Hz for 107 min starting every other hour.
Unfortunately, the AWAC clocks are not continuously synched to GPS
time, and the internal drift is ~60 s per year (Nortek, 2022). Addition-
ally, the exact distance between the AWACs and each DAS channel was
not known. Consequently, it was not possible to make direct, time-series
comparisons between strain and pressure. Instead, the pressure spectra
were compared against the DAS strain spectra from the same 30-min
window.

Bathymetric surveys have been conducted at the FRF on a monthly to
biweekly basis since 1981 using amphibious vehicles (Forte et al., 2017).
Additionally, nearshore bathymetry is derived during daylight hours
from the application of cBathy to Argus camera array imagery collected
every half hour (Palmsten and Brodie, 2022).

3.3. Data processing

The principle focus herein is the ability of DAS to measure near-bed,
dynamic pressure and calculate the characteristics of the nearshore
wave field (i.e., wave height, period, and spectrum). This analysis is the
focus of Sections 3.3.1, 4.2, and 5.1. The evaluated DAS wave array
provides an opportunity to explore additional nearshore dynamics.
Thus, we also test cBathy predictions, wave reflection estimates, and
show some DAS capabilities for measuring wave non-linearities, wave
breaking, and estimates of shoreline position (Sections 3.3.2-3.3.4, 4.2,
and 5.2). While these examples represent powerful applications, the
latter studies are exploratory rather than exhaustive.

3.3.1. Calculating strain and the empirical correction factor

For each DAS channel, the raw phase was detrended with a 9-min
moving average to decrease low-frequency signals likely related to
temperature fluctuations in both the cable and the interrogator (Sidenko
et al., 2022). Strain was then calculated from optical phase following the
standard, linear method described in Lindsey and Martin (2021),

AAD

€= 4rngl¥ 3
where ¢ is cable strain (m/m); A is the light wavelength (1550.12e-9 m);
A® is the change in phase recorded by the DAS (rad.); n is the fiber index
of refraction (1.46);y is Pockel’s coefficient for single-mode fiber glass
(y = 0.79); and gl is the gauge length (4.8 m). The DAS records were
then decimated to 2 Hz and compiled by day for efficient processing.
Decimation was accomplished by first applying a low-pass, zero-phase
Butterworth filter with a cutoff frequency of 4 Hz and then selecting
every 250th sample. This sample frequency is comparable with imagery
techniques, like Argus, which provide efficient yet robust signal-
processing resolution (Holman et al., 2013).
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DAS-derived pressure at the seabed was calculated by empirically
calibrating strain at each channel to pressure recorded by the nearest
AWAC. The pressure and strain PSD spectra were calculated using
Welch’s method for 30-min segments with 512-sample, 50%-over-
lapping Hanning windows. The correction factor C was calculated as in
Eqn. (2). Any given spectrum has uncertainty, leading to variability in
the C ratio. The ratio also varied as cable burial depth changed. The
cable buried during a storm from 5-Nov to 9-Nov resulting in greater
strain signal after burial, likely related to associated seafloor coupling
(Figs. S3-4). Consequently, the correction factor varied in time, and a
temporal median was taken to generate a single correction for each
channel using only data after the storm.

The accuracy of the DAS calibration was evaluated by calculating
incident-band wave parameters from the spectra of AWAC pressure and
DAS-derived pressure in the frequency range from 0.04 to 0.4 Hz. Sig-
nificant wave height, Hy, was calculated as 4 \/mg, where my is the zeroth
moment of the spectrum. Peak period, Ty, was calculated as the inverse
of the frequency of the peak of the spectrum. Energy-weighted average
period, T,, was calculated as the inverse of the energy-weighted fre-

quency (T, = fle’ fe = Zm—ff), which more accurately represents the energy
of the wave field. The fit and rmse were calculated for each wave
parameter at each channel using k-fold cross-validation. Cross-valida-
tion is a robust method to evaluate the performance of a model using
multiple subsets of calibration data and withheld testing data. Here, the
performance was evaluated from the average of 10 subsets of calibration
and testing data. For reference, the bulk wave parameters published by
the FRF from the AWAG:s are also included, which were calculated using
pressure, velocity, and surface tracking (PUV, Nortek, 2022). The im-
pacts of the length of the calibration period, distance between channel
and AWAC, and time from initial calibration were also evaluated.
However, for the additional analyses below, DAS-derived pressure was
calculated using the median, frequency-dependent correction factor
derived for each channel from the nearest AWAC.

3.3.2. Wave reflection

The DAS-derived pressure was used to calculate a wave reflection
coefficient centered on each channel. Incident and reflected waves were
separated using two methods: the pressure-array method for waves
propagating over a sloping bed (Baldock and Simmonds, 1999; Inch
et al., 2016, 2017a) and the Radon Transform (Almar et al., 2014). For
the array method, shoreward and seaward wave trains were separated
using the pressure at five DAS channels, spaced five channels apart
(16-m spacing), for 30-min segments. Channel spacing was selected to
avoid integer multiples of half the wavelength to reduce reflection
calculation errors (Lin and Huang, 2004). For the Radon Transform
method, the entire DAS array was used in 30-min segments. The
reflection coefficient, K,, was calculated as the square root of the ratio of
outgoing to incoming energy flux, which was calculated from the
separated wave spectra at each channel. A value of 1 would indicate
total wave reflection and 0 would indicate no wave reflection. The 15
channels around the kink were removed from the analysis to avoid noise
produced by erroneous strain measurements. All other channels were
included. Wave reflection coefficients were also calculated at each of the
AWAC locations using the cross-correlation between pressure and
cross-shore velocity (Huntley et al., 1999; Sheremet et al., 2002).

3.3.3. cBathy

The DAS-derived pressure was used to calculate a bathymetric profile
using the cBathy algorithm (Holman et al., 2013). The cBathy algorithm
is designed to operate with a 2D data grid, and two methods were
explored for adapting the algorithm to work with linear DAS data. For
the first method, the DAS data was artificially replicated at ten, parallel,
alongshore locations, centered on the actual cable location, to create an
artificial 2D grid of strain. For the second method, the cBathy algorithm
was linearized to operate in 1D, eliminating considerations of wave
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angle (herein called Linear cBathy). Note that cBathy needs at least five
cross-shore datapoints per wavelength for accurate calculation of ba-
thymetry. With 3.2 m channel spacing, we can resolve down to ~16 m
wavelength waves, which is close to the limit of relevant frequencies
(period ~ 4 s). Pressure was input to cBathy in 20-min segments and the
results for each hour (3 runs) were Kalman filtered using the functions
built into the cBathy toolbox (Holman and Bergsma, 2021). The ba-
thymetry was also calculated from the standard Argus camera imagery
for the corresponding time periods with Kalman filters.

3.3.4. Shoreline position

Finally, the cross-shore DAS strain gradient was used to estimate the
shoreline position of the Total Water Level (TWL), which is the sum of all
contributions to the water elevation at the coastline. The main contri-
butions to TWL are mean sea level, tides, storm surge, and wave setup
and runup (Mull et al., 2014; O’Grady et al., 2019; Ruggiero et al.,
2001a; Serafin et al., 2019). At the FRF, a fixed lidar system is used to
record TWL at 7 Hz for 30 min periods (O’Dea et al., 2019). The average
gradient of the strain magnitude between adjacent channels was
calculated at the xFRF shoreline position measured by the lidar on
12-Nov. This gradient value was significantly greater than the average,
in-water strain gradient and was used to identify the channel position of
the shoreline using the along-cable strain gradient at all times in the DAS
record. The DAS-derived shoreline was low-pass filtered at 60 min for
comparison with the lidar-derived shoreline position. Considering the
3.2 m spatial resolution of the DAS channels, these shoreline estimates
are only presented in the Supporting Information (Text S1).

4. Results

4.1. The relationship between nearshore wave conditions and DAS strain
signals

During the deployment period, significant wave height varied be-
tween 0.24 and 4.0 m (Fig. 3B), and the peak period varied between 3
and 18 s (Fig. 3C). The cross-shore direction at the FRF is nominally 72°
from North, and waves arrived between 30 and 126° (<54° to shore,
Fig. 3D). The largest storm event occurred at the beginning of the
deployment, on November 6-9th with a maximum significant wave
height of 4 m at ~10 s period.

— 11 m AWAC

—— 8 m Array
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Onshore propagating waves were recorded in the DAS measurements
as bands of compression and extension (Fig. 4A). Strain magnitude
generally increased over the shore parallel sandbar (xFRF = 200-300)
and in the wave-breaking region at the shoreline (xFRF = 95-120). The
cross-shore profile of DAS also captured the reduction in strain magni-
tude at the waterline. Strain magnitude decreased at non-uniformly
spaced channels due to optical fading and the cable kink at
xFRF~400 m. In f-k space, the DAS strain recorded energy propagating
onshore (positive frequencies) and offshore (negative frequencies)
(Fig. 4B). Energy was concentrated along the curves predicted by the
dispersion relation for the water depths in this example (2.5-12 m). The
energy content of the incident frequency bands for the strain and the
pressure were consistent between adjacent channels and AWACs
(Fig. 4C and D). Example DAS time-stacks look remarkably similar to
those of the ground truth AWACs (Fig. 4), revealing the spectral details
of wave energy changes over time. The ratio of the two spectral time-
stacks also shows the frequency dependence of DAS strain, consistent
with the theory we present in Section 2, as well as some variation with
time (Fig. 4E).

4.2. Empirical calibration of DAS strain to pressure

The empirical correction equation (Eqn. (2)) was evaluated from
spectra of pressure and strain, as demonstrated for the three channels
nearest the AWACs (Fig. 5A-F). The shape of the correction factor
remained constant throughout the calibration period and is on the order
of 10e9 in magnitude. In the incident band, the correction factor de-
creases with increasing frequency and varies over an envelope of values
of 1e9 with the spread consistently lower in the frequency bands con-
taining the dominant energy. The temporal median of the correction
factor captured this shape and magnitude while reducing the influence
of outliers at any given frequency. Sources of outlying calibration ratios
are described in the Discussion.

The DAS-derived pressure was used to calculate bulk wave statistics
(Fig. 5 G-L). The DAS-derived wave statistics for November are consis-
tent with the published values from the AWACs (PUV method) and with
wave statistics calculated from the AWAC pressure spectra alone
(Table 1). For the three channels nearest each AWAC, the R? and rmse
are 0.84-0.88 and 0.21-0.63 m, respectively, for significant wave
height, evaluated against the AWAC-pressure wave statistics (Fig. 6). For

— 6 m AWAC 4.5 m AWAC
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Fig. 3. Overview of nearshore conditions throughout the DAS deployment as measured by four seabed instruments (see Fig. 2 for instrument locations). A) Water
level, B) significant wave height, C) peak period, and D) dominant wave angle with a black line showing the shore normal direction.
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Fig. 4. Examples of raw DAS and pressure data. A) Time stack of strain for 5 min on November 12th. Waves appear as propagating bands of compression and
extension. Optical fading appears as vertical lines of consistently low strain. B) frequency-wavenumber PSD from channels 70-540 for the 30-min window starting at

0-500 on November 12th. The theoretical dispersion curve for 10 m (solid line)

and 2 m (dashed line) water depths are included for reference. C) Time stack of strain

spectra at channel 436 every 30 min from November 11-23. D) Time stack of pressure spectra at the 11-m AWAC every 30 min from November 11-23. E) Time stack
of the ratio between the spectra shown in C and D, demonstrating the frequency dependence of the strain-pressure relationship.

the energy weighted average period, the R? and rmse are 0.74-0.90 and
0.51-1.2 s, respectively, while for peak period estimates, the R? and
rmse are 0.75-0.81 and 0.78-1.8 s, respectively. These values include
time periods when the AWACs exhibit inconsistent wave-period esti-
mates (e.g., Figs. 3C and 15-20 November). There are differences be-
tween the AWAC wave statistics calculated using the PUV method and
the pressure alone (Table 1), with R? values of 0.58 for energy-weighted
average period, 0.88 for peak period, and 0.9 for significant wave
height. The accuracy of the DAS-derived wave statistics is constant over
a wide range of dynamic conditions. The DAS and AWAC pressure

records produced the least similar wave statistics during storm events,
when DAS tended to estimate a shorter peak period than the AWACs.
Overall, using the proposed calibration technique tended to under-
predict the smallest measured significant wave heights and overpredict
the largest measured significant wave heights (Fig. 6A, Fig. S5). The fit
between calculated significant wave height and energy-weighted
average period from the DAS and AWACs did not vary consistently
with wave angle to shore (Fig. 6 A-B).

Variability in predicted wave height between adjacent DAS channels
was typically <5 cm, especially offshore of the bar (Fig. 7). However,



H.E. Glover et al. Coastal Engineering 190 (2024) 104487

4.5m AWAC; Channel 155

= B G) m— 4.5m AWAC (pressure)
E 3 A) o 3 O 4.5m AWAC (PUV)
~ Be” ° ~ } === DAS Channel 155
o 23 £
c 0 ~
.@ -11 = - o]
b= 3e 1 3)
) pa
@ N
1011
o 0
} o
- =
© 10
0.04 01 0.4 9 11 14 16 19 21 24 26 29
Frequency (Hz)
I) — 6M AWAC (pressure)
6m AWAC; Channel 215 - 3 o 6m AWAC (PUV)
N 0 = = DAS Channel 215
* C) o -
‘[‘\5 3e10 2 % ol
c -2
£ by
3 1e10 ! 3)
[a) T
wn » N
[ i —~
k)
11
~ 10 o
>
© 100
0.04 01 0.4 3 K) —— 11m AWAC (pressure)
PR o 11m AWAC (PUV)
FreqSRBY. kHHz) £ —— DAS Channel 436
11m AWAC; Channel 436 i
= O =
b S
T12elt 1.2.9‘
£ G
C pett 0.6
5 6e 3 -
fa) = 2
7 N ©
a Y =
3 9 11 14 16 19 21 24 26 29
8] Day of November

Day of November

0.04 0.1 0.4
Frequency (Hz) 11 15 19 23

Fig. 5. Example calibration procedure and results for the three channels nearest to the AWACs (Channel 155 and 4.5-m AWAC; Channel 215 and 6-m AWAGC;
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Table 1
Comparison of the performance of DAS and AWAC methods for calculating significant wave height and energy weighted average period through November 2021.
Range of rmse (m or s) values between the AWAC-pressure method and the nearest 3 DAS channels and between the AWAC-pressure and AWAC-PUV methods.

DAS vs AWAC-P (11 AWAC-PUV vs AWAC-P (11 DAS vs AWAC-P (6 AWAC-PUV vs AWAC-P (6 DAS vs AWAC-P (4.5 AWAC-PUV vs AWAC-P (4.5

m) m) m) m) m) m)
Hg 0.2-0.21 0.12 0.19-0.21 0.19 0.13-0.63 0.11
(m)
Te (s) 0.7-1.3 0.60 1.3-1.4 0.60 1.0-1.1 0.63
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215 and 6-m AWAC; Channel 436 and 11-m AWAC) in November 2021. Points
are colored by the mean wave angle. The 1:1 line is included in black.

there were times when groups of DAS channels significantly under-
estimated the significant wave height (Fig. 7A and B). The channel-
channel variability increased during time periods when the wave field
was more three-dimensional. During these same time periods, the ratio
of strain to pressure was also more variable (Fig. S6). The cross-shore

3.0
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trend in wave height was consistent between the DAS and the AWAGCs.
The significant wave height immediately offshore of the bar was
consistent with prediction of shoaling by linear wave theory (Fig. 7C).
Inshore of the bar, the calculated wave height varied significantly from
channel to channel.

The median correction factor varies spatially along the cable (Fig. 8);
however, the shape of the calibration is consistent with the three ex-
amples shown in Fig. 5. The magnitude and shape of the correction
factor does not vary consistently with distance from the nearest AWAC.
The average R? and rmse values calculated using cross-validation at each
channel for each month also vary spatially along the cable (Fig. 8). The
channels nearest the AWACs have an average rmse of 0.13-0.63 m for
significant wave height and 0.77-1.4 s for periods, with the poorest
correlations occurring during the extremes of wave conditions. Channels
periodically located in the swash zone are not consistent with the
AWAC-derived wave statistics in deeper water, with R? < 0.5 and rmse
values up to 1 m and 2-3 s. For December and January, the average
accuracy is low at channels offshore of the kink, with most channels
averaging R? < 0.5 (Fig. 57).

Calibration scenarios with limited validation data were evaluated to
consider the influence of location of the AWAC with respect to DAS
channel used for calibration. DAS strain was empirically calibrated to
pressure at each channel using only one of the three AWACs. Calibrating
using either the 11-m or 6-m AWAGCs results in performance comparable
to the calibration generated using the nearest AWAC (Fig. 8). Across all
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unfaded channels, the median R? is 0.82 and 0.65 and rmse is 0.34 m
and 1.6 s for significant wave height and energy-weighted average
period, respectively. There is no clear trend in performance with dis-
tance from the calibration point using either of the deeper moorings. The
performance decreases when only raw, un-shoaled data from the 4.5-m
AWAC is used, with an average R? of 0.78 and 0.37 and rmse of 0.77 m
and 2.7 s for significant wave height and energy-weighted average
period, respectively.

The impact of calibration duration was also evaluated (Fig. 9).
Initially, DAS is not well calibrated for wave height. Using only one day
of calibration data to calculate a correction factor results in poor wave
predictions of wave height from the DAS with R? as low as 0.32 and rmse
of 6.2 m. The accuracy rapidly increases with increased calibration time,
reaching maximal values between 10 and 15 days, depending on the
channel. The accuracy of the energy-weighted average period is
consistently >0.7 with any amount of calibration. Peak period is
calculated accurately without calibration data, with a constant R? >
0.75. The impact of time elapsed since calibration was assessed by
evaluating the accuracy of wave parameters calculated in February
using a November calibration. Channels inshore of XFRF~400 m have an
average R2 of 0.80 and 0.77 and rmse of 0.22 m and 1.6 s for significant
wave height and energy-weighted average period, respectively.
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4.3. Applications of DAS-derived pressure

The DAS-derived pressure at each channel records waves propa-
gating onshore and shoaling (Fig. 10), much like the strain (Fig. 4). The
frequency content of the derived pressure is consistent with the fre-
quency content captured with the Argus camera array (Fig. 10C). The
frequency content of the strain is remarkably consistent with the pres-
sure over the incident band (Fig. 4C and D). This DAS-derived array of
pressure also captures the evolution of waves as they interact with the
shoreline. The cross-shore array revealed non-linear wave evolution
over the sand bar (Fig. 11). Secondary waves were generated over the
sandbar, which propagated onshore at a slower speed than the primary
waves (Fig. 11B).

The DAS-derived pressure was also used to calculate wave reflection
coefficients, centered at each channel, for the incident wave band
(Fig. 12). The two DAS methods showed the same temporal and spatial
trends with different magnitudes (Fig. 12A). The AWACs consistently
provided higher estimates of reflection, and the coefficients calculated
from the 4.5 m AWAC were anomalously high (>1). There was low
correlation between the three methods for calculating wave reflection
(Figs. 58-9). Reflection coefficients calculated using the RT method
were generally <0.4 In the region approaching and over the sandbar, the
wave reflection varied tidally and increased slightly with longer wave
periods (Fig. 12B). Inshore of the sandbar, the wave reflection increased
up to a maximum of 0.5, with greater variability between channels.

The DAS-derived pressure was used as an input for the cBathy al-
gorithm, and the resulting bathymetry was compared against an inter-
polated cross-section from the most recent LARC survey (Fig. 13).
cBathy is based on wave speeds, so any errors in calibration magnitude
should have little effect. During the experiment, the nearshore bathy-
metric slope remained constant, and the sandbar migrated onshore over
the study period (Fig. 2B). Creating a replicate 2D grid of DAS pressure is
most accurate to the LARC survey in water depths <10 m with an
average rmse of 0.64 m and 95% confidence interval of 0.14 m. The
predicted bathymetry is least accurate in water >10 m and least precise,
with an average rmse of 2.9 m and 95% confidence interval of 0.42 m
(Fig. S10). The water depth is overpredicted in deeper waters. Using the
1-D version of cBathy results in slightly more accurate predictions of
bathymetry with less precision. The average rmse to the LARC survey is
0.93 m and the average 95% confidence interval is 0.94 m. For the 1-D
method, the water depth is underpredicted in both the shallowest and
deepest regions and is overpredicted in the region between xFRF =
600-800 m. With both methods, the slope of the foreshore is well
captured. Much of the misfit between DAS-derived bathymetry and the
LARC survey appears as 10-m-scale oscillations (Fig. 13G). For an
example comparison time on 17-Nov, the Argus cBathy output along the
cable transect has an average rmse of 0.45 m and 95% confidence in-
terval of 0.29 m out to ~450 m from the shoreline (~6 m water depths)
and does not provide a depth estimate farther offshore.

5. Discussion
5.1. Empirical calibration of DAS strain to dynamic pressure

The primary goal of this study is to validate an empirical transfer
function for converting Distributed Acoustic Sensing (DAS) strain to
pressure at the seabed. A frequency-dependent coefficient was calcu-
lated from spectra of strain and in-situ pressure at three locations (Fig. 5),
and the DAS-derived dynamic pressure (Fig. 10) was used to calculate
bulk wave statistics. This simple and computationally efficient calibra-
tion method provided robust results (Fig. 5), demonstrating for the first
time that DAS can be used to quantitatively measure nearshore wave
heights and periods. The error between the DAS and AWAC-PUV outputs
was comparable to the error between the AWAC-PUV and AWAC-
pressure methods (Table 1), demonstrating the relative robustness of
this DAS calibration method and the challenges of accurately measuring
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nearshore wave conditions. Calculations of wave statistics can be
impacted by 3D wave fields, breaking waves, and sources of instrument
noise (e.g., bubbles). It is worth noting that the AWAC can have its own
known issues with estimating accurate wave period; the reported sta-
tistics do not reflect this observation and are purely comparing the
AWAC derived estimate with the DAS derived estimate. The DAS-
derived wave measurements were calculated during extremely calm
and extremely energetic or stormy periods, which can create issues for
camera imagery and radar (Holman and Haller, 2013). This type of
real-time and continuous data could provide significant support to the
development of offshore wind and wave-energy converters that are
already connected to shore via fiber-optic cables. And, telecommuni-
cation cables and other existing cabled array networks could be lever-
aged to provide arrays of wave statistics with a single, onshore
instrument.

Using a median correction factor for the empirical calibration did
result in imperfect calculations of the extremes of wave conditions. The
DAS spectral peaks were slightly high for the highest energy conditions
and slightly low for the lowest energy conditions, leading to errors in the
calculation of significant wave height (Fig. 6, Fig. S5). Variability in the
correction factor estimated at any given wave condition is not only due
to inherent measurement variability of DAS (i.e., fading), but also due to
the 2D vs 3D nature of the wave field (Fig. S6). The median correction
factor performed poorly during times when the wave field was chaotic
and spatially variable (Fig. S6), likely related to differences between the
actual spectral content recorded at the AWAC and at the DAS channel.
Calibration and validation remain challenging issues. The method used
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here works well for the DAS locations closest to ground truth sensors,
but optimal calibration would account for shoaling transformation. The
4.5 m AWAC does not provide a good validation point for channels
located in the surf zone, and R%/rmse values were worse in this region, as
expected (Fig. 8). An optimal, though computationally expensive solu-
tion would be to calibrate against numerical models of the shoaling
waves, seeded at ground truth points, or to develop machine learning
models to relate pressure to strain, which may be better at capturing
deviations at the extremes.

Calculations of wave height at adjacent DAS channels were most
consistent offshore of the sandbar, and the performance was more var-
iable between adjacent channels near the shoreline (Fig. 7). This vari-
ability may be related to changes in cable burial and coupling over the
course of the deployment and optical fading, in addition to wave
shoaling and breaking. Cable coupling to the seafloor is fundamentally
related to the recorded strain (Reinsch et al., 2017; Ugalde et al., 2022;
Williams et al., 2022), making the use of a single empirical correction
factor for the whole month less accurate. Additionally, in the shallowest
water depths, DAS may be measuring strain signals related to more than
just water surface deviation (e.g., wave breaking impact, bed shear
stress). Overall, collecting a cross-shore array of observations with DAS
produces substantially more datapoints, providing the ability to
cross-check and remove measurements with high uncertainty.

The dataset presented here was collected at the USACE FRF, where
there are multiple, continuously operated systems for recording waves.
However, this volume of pressure calibration data will not always be
available, and the impact of limited spatial and temporal calibration was
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Fig. 11. Wave evolution over the sand bar. A) Time series of pressure derived at channel 97. B) Time stack of pressure at the channels between the bar and the swash
zone, highlighting secondary waves generated over the bar (crest is near XFRF = 243 m). The primary wave crest is highlighted with a solid line and the secondary
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been validated.

considered. Using only one calibration sensor moderately reduced the
accuracy of the DAS-derived wave parameters for locations offshore of
the sandbar. Using only the AWAC nearest the sandbar resulted in a poor
calibration (Fig. 8), which was likely related to wave shoaling as well as
the attenuation of higher-frequency pressure signals with depth. As ex-
pected, the shape of the pressure spectra in 4 m of water was not
representative of the strain spectra in 11 m of water.

Varying the timing and length of the calibration also demonstrated

the importance of considering low-frequency and monthly signals. The
magnitude of the signal recorded on the cable changed as the cable self-
buried over the course of a week (Fig. S3). This increase in recorded
strain is consistent with previous studies of cable coupling and strain
resolution (Ide et al., 2021; Lior et al., 2021; Matsumoto et al., 2021;
Ugalde et al., 2022; Vantassel et al., 2022). Optimal calibration was
achieved after burial (Fig. S4). In the post-burial period, 10-15 days of
calibration were required to calculate a representative conversion factor
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Fig. 12. Wave reflection coefficient, K, calculated from DAS using the Radon Transform (RT) and array methods and from the AWACs using pressure and velocity.
A) DAS K; calculated every 30 min at XFRF = 413 and at the 6 and 11 m AWACs. B) DAS K, from the RT method calculated every 30 min from 10 to 20 November
2021. The tidal stage, significant wave height, and peak period at the 11-m AWAC are shown for reference.

for the more frequency-sensitive parameters of significant wave height
and energy-weighted average period (Fig. 9). The length of this cali-
bration period may be related to optical interferometric uncertainty in
gauge length and location. Peak period was accurately captured by DAS
strain with no calibration. The accuracy of wave statistics calculated
using a single correction factor from the beginning of the deployment
did decrease even for channels unaffected by the kink, suggesting that
long-term changes in cable burial or coupling can impact the calibration.
Future investigations of the low-frequency signals could provide a
stronger understanding of the fundamental physical processes underly-
ing this temporal variability in the calibration. Specifically, changes in
the frequency content of the strain signals may be related to changes in
cable temperature (Sidenko et al., 2022) and cable burial. Targeted,
long-term experiments with DAS could provide insight into the param-
eters necessary for ongoing calibration, as have been developed for
photogrammetry or acoustic instrumentation.

The physical shape of the frequency-dependent correction factor, C,
(Eqn. (2)) could be explained by analytically accounting for the mech-
anisms generating stress on the cable and calculating transferred cable
strain from that stress, a subject of ongoing work. Shallow-water ocean
waves generate a seafloor pressure gradient (Fig. 1, Eqn. (1)) as well as
bed shear stress. Cable stress is also generated by seafloor compliance,
which may dominate the strain signal in some cases, as well as micro-
seism in other cases (Mecozzi et al., 2021; Taweesintananon et al., 2023;
Williams et al., 2022). Here, these stresses as well as the stress-strain
transfer function are encompassed by the frequency-dependent correc-
tion factor. Consequently, seismologic studies of seafloor compliance
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from DAS and ocean waves may require a fundamentally different
methodology. Fully accounting for these variables would require
knowing the modulus of elasticity of the cable, the coupling or
strain-transfer efficiency of each cable component, the composition of
the seabed, the depth of burial, and the properties of the transmitted
laser pulse (Hubbard et al., 2022; Sidenko et al., 2022; Taweesintananon
et al., 2021; Vantassel et al., 2022). All of these variables may not be
known a priori for all points along a cable, especially for commercial
telecommunication cables installed on the continental shelf. The
empirical calibration method presented here may be the most logisti-
cally realistic method for many oceanographic DAS applications. It is
also important to note that wave angle did not significantly impact the
calculation of wave parameters in this study (Fig. 6). However, the in-
tegrated strain recorded by DAS will decrease sinusoidally with
increasing wave angle, and it is likely that this experiment did not record
waves with a large enough angle to the cable to result in this signal loss.
Future experiments should account for signal loss if the wave angle to
the cable exceeds 45°.

Overall, the methodology for transferring DAS-measured strain to
dynamic pressure and the validation of DAS-derived dynamic pressure
of propagating shallow and intermediate water depth waves is a major
contribution of this study. The calibration method here is specifically
tailored towards capturing the near-bed dynamic pressure under
shallow-water waves, where dynamic pressure is the dominant strain
source. The pressure and strain records in this dataset were not time-
synched to sub-minute accuracy and cannot be used to directly
compare phase-resolved pressure between methods of measurement.
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tion (Fig. S10).

However, the success of the calibration suggests that DAS strain can
record the dynamic pressure of individual waves propagating over a
gauge length (Fig. 10), as long as the gauge length is set short enough to
generate multiple strain measurements within a wavelength. This
method would not be physically appropriate for recording deep-water
waves. Previous applications of DAS to observe surface waves have
primarily utilized the strain generated by microseism associated with
wave-wave interactions in deeper water (Viens et al., 2022; Williams
et al., 2019, 2022). The empirical calibration developed here, as well as
the calibration method, can be tested at more field sites. New field ex-
periments should also examine the deep-water boundaries of this type of
dynamic-pressure-based calibration.

13

5.2. Using DAS-derived measurements to explore a cornucopia of
nearshore processes

The DAS provides measurements of wave parameters throughout the
nearshore (Figs. 7 and 9), which is logistically challenging and prohib-
itively expensive with point sensors. Understanding the nearshore
sources and sinks for incident-band wave energy is fundamental for
predicting nearshore processes and beach evolution. The dense, cross-
shore array of DAS data was used to explore some of these processes
(Fig. 7). It is important to note for these analyses that the phase rela-
tionship between DAS strain and pressure has not been resolved and that
DAS has not been tested against co-located and time-synched surf-zone
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instrumentation. Despite these considerations, the data show some
interesting features.

During moderate wave conditions (Hs = 0.74 m, T, = 11 s), it ap-
pears that secondary waves were generated over the sandbar (Fig. 11).
This generation of secondary, harmonic waves over a sand bar under
moderate wave conditions has long been observed in laboratory and
field studies (Beji and Battjes, 1993; Byrne, 1969; Elgar et al., 1997;
Norheim et al., 1998). Non-linear wave transformation has important
consequences for wave reflection and dissipation (Masselink, 1998), and
models that apply a frequency-integrated or bulk energy dissipation
coefficient will not capture this evolution. The range of wave conditions
that promote the release of harmonics over a bar are not fully defined,
and the importance of collecting better measurements of non-linear
wave evolution has been highlighted (Martins et al., 2020; Saprykina
and Kuznetsov, 2022; Senechal et al., 2002). DAS-derived cross-shore
profiles of pressure, coupled with traditional point measurements, could
provide new insights into wave-shape evolution across the surf zone,
especially with future advances in our understanding of the relation-
ships between DAS strain and hydrodynamic signals.

DAS-derived pressure was also used to calculate incident-band wave
reflection (Fig. 12). Generally, cross-shore field measurements of wave
reflection coefficients are limited by the logistical feasibility of installing
pressure sensors or lidar arrays (Martins et al., 2017b), with many
calculation methods based on the use of 3-4 sensors (Baquerizo et al.,
1997, 1998; Lin and Huang, 2004; Zelt and Skjelbreia, 1992). In the
region offshore of the sandbar, the overlapping arrays of DAS channels
produced consistent estimates of wave reflection with 95% confidence
intervals <0.1, indicating that any single array would accurately
represent this region. The ratio of reflected energy was generally
0.2-0.4, consistent with value expected for a natural, sandy beach and
increased during times with longer wave periods and greater wave
heights as predicted by theory (Ardhuin and Roland, 2012; Elgar et al.,
1994). Inshore of the sandbar, the reflection coefficients were greater
overall and estimates between locations were more variable.

The calculations of wave reflection demonstrate the combined power
of the DAS array and the Radon Transform separation method, which
can utilize a dense data array (Almar et al., 2014). Visually, it appears
that the RT method outperforms the array method in separating
incoming versus outgoing waves (Figs. S7-8). Consequently, the
reflection coefficients calculated using the RT method were less variable
between adjacent channels. The two methods produced consistently
different estimates of reflection, and both estimates derived from DAS
were lower than the reflection coefficients calculated from the AWAC
pressure and velocity. This difference is consistent with previous com-
parisons between array and single-point methods in the infragravity
band (de Bakker et al., 2014), indicating that comparisons between the
AWAC and DAS array methods may not be valid for evaluation.

Overall, the cross-shore DAS data demonstrate the challenges of
accurately capturing wave energy flux in this complex region using just
one array of sensors. The increase in reflection over the bar and up to 0.5
near the shoreline is consistent with theory and previous field experi-
ments (Almar et al., 2019; Baquerizo et al., 1997; Martins et al., 2017a).
Models accounting for both bathymetric and shoreline sources of
reflection will be better able to capture this cross-shore variability
(Zhang et al., 2021), instead of applying a single offshore coefficient.

The continuous DAS record also captured variability in reflection
through a range of wave conditions, especially at the sandbar (Fig. 12B).
Wave reflection was greatest during times with longer period waves and
high tide, consistent with previous observations of wave reflection
correlating positively with bathymetric slope and offshore wave period
(Almar et al., 2018; Battjes, 1974; Gomes da Silva et al., 2019; Martins
et al., 2017a). However, the role of tidal stage has been challenging to
capture since many of these field experiments are designed to only
collect data at high tide. Tidal stage may impact wave reflection both
through water depth and the presence of currents, which can diffract
waves (Ardhuin et al.,, 2012; Hauser et al., 2023). DAS techniques
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provide a promising opportunity to explore the relationships between
wave reflection, dissipation, runup, and tidal stage. The continuous DAS
data stream could also be used to examine cross-shore changes in
infragravity wave reflection, which can strongly impact runup (Bertin
et al., 2020; De Bakker et al., 2014; Inch et al., 2017b; Melito et al.,
2022; Sheremet et al., 2002, 2014; Thomson et al., 2006). The investi-
gation of infragravity wave reflection from DAS would also require
specific validation, as we only focus on incident-band waves here.

The bathymetry derived from DAS and cBathy captured the slope of
the nearshore region and the location of the sandbar (Fig. 13). cBathy
relies on wave phase speed to determine depth, normalizing the spectral
magnitude. The successful use of DAS with cBathy suggests that DAS can
accurately track the progression of wave even in the absence of good
calibrations. Both the nearshore slope and cross-shore sandbar locations
are important parameters for predicting beach stability, runup, and
wave reflection (Almar et al., 2019; Battjes, 1974; Gomes da Silva et al.,
2020, 2019; Grossmann et al., 2023; Ruggiero et al., 2001b). However, a
linear cable deployment does not capture along-shore variability, which
can have a strong impact on beach processes especially rip current for-
mation and evolution (Almar et al., 2018; Baker et al., 2021). Neither
linear adaptation of cBathy resulted in bathymetric predictions with
cm-scale precision or accuracy. This sub-meter-scale accuracy is chal-
lenging to obtain with any remote method, and cBathy derived from
Argus camera imagery has a rmse of 0.38 m at the FRF (Holman and
Bergsma, 2021) and up to 2.05 m at other sites (Brodie et al., 2018 and
references therein).

Collecting measurements in the swash zone and nearshore is chal-
lenging, and DAS can serve as a multifaceted tool for monitoring mul-
tiple processes simultaneously. In this experiment, the shoreline position
was identified to within a gauge length (Fig. S11, Text S1), and future
experiments targeting the shoreline could use a smaller gauge length
than that used here (3.2 m). The most compelling advantage of DAS is its
spatial resolution and coverage (Fig. 10); it provides insight into the
spatial variability of nearshore processes at the seabed without altering
flow, which no other technology can provide at this time. Many near-
shore signals were recorded within this dataset that are not explored
here. Future applications of DAS could focus on acoustic signals from
wave breaking, bedform migration, beach infiltration/exfiltration,
infragravity waves and wave reflection. There are also opportunities for
exploring interdisciplinary topics across physical oceanography and
marine geophysics, such as the relationship between infragravity waves
and seismic hum (Bromirski, 2002; Traer et al., 2012) or submarine
landslide hazards at the shelf break (Spica et al., 2020, 2022).

6. Conclusions

Distributed fiber optic sensing is an emerging technology that pro-
vides a dense spatial array of measurements along a fiber optic cable.
The goal of this work was to demonstrate, validate, provide methodol-
ogy for, and explore a new method for measuring nearshore and fore-
shore processes using Distributed Acoustic Sensing measurements of
fiber-optic cable strain. DAS data were collected continuously at 3.2 m
spacing to ~1500 m offshore at the USACE FRF, where ground-truth
data was provided by AWAC sensor packages in 4.5, 6 and 11 m mean
depth. An empirical calibration from DAS strain to pressure was devel-
oped based on the frequency-dependent gain, C(x,f). The DAS-derived
pressure was used to calculate measurements of bulk wave statistics
throughout the nearshore and foreshore, with typical rmse of 0.2 m for
significant wave height and 1 s for energy-weighted average period for
channels near the ground-truth. Of note, DAS comparisons were made
with AWAC-derived significant wave height and energy containing
period, which have their own inherent estimate uncertainty. Wave
reflection was calculated from the array of DAS-derived pressure. This is
the first field experiment to show that DAS data collection on telecom-
munication cables can be used to measure waves in the coastal zone.
Measurements were successfully collected through a wide range of
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dynamic conditions, including storm events. The calibration optimally
required at least 1-2 pressure sensors deployed for 10-15 days. The
success of this simple, empirical calibration suggests that DAS could be
used to leverage existing cable array networks to monitor wave
conditions.

Preliminary applications for this cross-shore array of near-bed data
were also explored. The data were used to determine bathymetry with
cBathy and approximate the shoreline position. DAS has the capability
to monitor nearshore and foreshore processes simultaneously and non-
intrusively, providing a promising new method for continuous sea-bed
measurement. There are numerous possibilities for the expansion of
oceanographic DAS techniques, and this study is not intended to be
comprehensive. Future projects could also explore the integration of
DAS strain with complimentary data streams from remote sensing and
in-situ point sensors.

Many questions remain in understanding the full range of signals
recorded by DAS strain. Future work should explore the strain signals
induced by oceanographic temperature fluctuations, cable burial and
bedform migration, and groundwater flow. Yet, these results show that
fiber-optic methods provide a promising new opportunity for contin-
uous, dense, spatially distributed oceanographic data collection in
challenging coastal environments.
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