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Abstract: Coastal defense strategies based on structures are increasingly unpopular as they are costly,
leave lasting scars on the landscape, and sometimes have limited effectiveness or even adverse
impacts. While a clear improvement concerning aesthetic considerations using soft submerged
breakwater is undeniable, their design has often focused on wave transmission processes across
the crest of the structure, overlooking short- to medium-term morphodynamic responses. In this
study, we used a time- and depth-averaged morphodynamic model to investigate the impact of the
implementation of a submerged breakwater on surf zone sandbar dynamics at the beach of Sete, SE
France. The hydrodynamic module was calibrated with data collected during a field experiment
using three current profilers deployed to capture rip-cell circulation at the edge of the structure.
The model showed good agreement with measurements, particularly for the longshore component
of the flow (RMSE = 0.07 m/s). Results showed that alongshore differential wave breaking at the
edge of the submerged breakwater drove an intense (0.4 m/s) two-dimensional circulation for low-
to moderate-energy waves. Simulations indicated that inner-bar rip channel development, which
was observed prior to the submerged reef implementation, was inhibited in the lee of the structure
as rip-cell circulation across the inner bar disappeared owing to persistently low-energy breaking
waves. The cross-shore sandbar dynamics in the lee of the structure were also impacted due to the
drastic decrease of the offshore-directed flow over the inner-bar during energetic events. This paper
highlights that implementation of a submerged breakwater results in larges changes in nearshore
hydrodynamics that, in turn, can affect overall surf zone sandbar behavior.

Keywords: submerged breakwater; morphodynamic model; sandbar dynamics

1. Introduction

Coastal protection hard structures such as groynes, breakwaters, seawalls, and revetments have
been implemented worldwide to limit coastal erosion and to provide flooding protection to the
hinterland [1,2]. However, this traditional coastal defense strategy is increasingly unpopular, as it is
costly, leaves lasting scars on the landscape, and sometimes has limited effectiveness or even adverse
impacts [3,4]. Mimicking natural reefs, the idea to implement submerged breakwaters (SBWs) a few
hundred meters from the shore appeared rapidly [5,6]. While clear aesthetic improvement using such
structures compared with classical coastal management practices is not questionable, SBWs have been
often designed only considering wave transmission processes across the crest of the structure [7].
The design of SBWs not only depends on certain short timescale considerations, such as wave energy [8],
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wave breaking [9], wave set-up [10], or scour characteristics [11], the short- to medium-term (storms to
decade) morphodynamic responses and shoreline evolution resulting from SBW deployment need to
be carefully considered as well.

The recent amount of defecting SBW deployments driving increased shoreline erosion [12]
confirms the importance of understanding the complex influence of the structure on the mode of
shoreline response. Field observations reveal that formation of a salient or any shoreline accretion
pattern is not dictated by wave energy dissipation considerations in the lee of the SBWs [13-15].
To help coastal engineers to design efficient SBWs, a better understanding of the interplay between the
structure characteristics, wave transformation, and wave-driven currents is required.

Traditionally, the study of the effects of SBWs in terms of transmission, reflection, and wave
overtopping has been done in flume experiments, in which only one horizontal direction is considered.
However, a proper understanding of the effects of SBWs on nearshore waves and horizontal
circulation is necessary for the calculation of sediment transport and morphological evolution [16,17].
These structures result in wave energy dissipation through depth-induced wave breaking. At the
alongshore edges of the SBW, adjacent regions of breaking and non-breaking waves form a large
differential in wave forcing and, in turn, a vertical vorticity forcing [18], which is key to rip-flow
circulation formation [19]. This results in two-dimensional horizontal (2DH) flow and sediment
transport patterns [17].

The published literature primarily reports the use of two types of numerical models to simulate
shoreline response to SBWs, namely one-line models and 2DH (depth-averaged) coastal area models.
Applicability of one-line models, which all predict the formation of salient or tombolo in the lee of the
structure when breaking occurs, is questionable as the role of 2DH nearshore circulation is disregarded.
Contrarily, 2DH models are capable of reproducing two-dimensional complex nearshore circulation
making them more suitable to study shoreline response to SBWs. However, when sediment transport
and morphological changes are switched on, the strongly nonlinear nature of these models can result
in an inescapable build-up of errors and unreliable simulations on long timescales. For instance,
simulating the morphological behavior of the shoreface at a highly protected beach (Punta Marina, Italy)
was challenging [20], primarily because of the long time series addressed, the difficulty to correctly
account for permeable reef structure, and inaccurate cross-shore sediment transport parametrization.
Therefore, morphological changes are often switched off to address the influence of the SBW in terms
of hydrodynamics only.

Using 2DH numerical models or 2D laboratory experiments, several relationships elucidated
the influence of SBW characteristics on hydrodynamics and shoreline response. The first empirical
relationship was obtained from observations on natural reefs [5] linking shoreline response (salient
formation) and natural reef characteristics (length and width). The equation was then revised
considering surf zone width, SBW position (distance from the shore) and wave incidence [17].
More recently, shoreline response appeared to be driven by additional SBW characteristics (depth from
the crest to the surface, width, or position) and wave conditions (wave height and direction) using
nearshore circulation patterns as an indication of the mode of shoreline response [21]. Nevertheless,
results indicated that shoreline response to SBW implementation was governed by 2DH nearshore
circulation patterns, consisting of longshore flows in the lee of the structures, and offshore flow
outside. Shoreline accretion/erosion patterns depend on the cross-shore position of those circulations.
Noteworthy, to our knowledge, most of the numerical experiments were undertaken on idealized [17,21]
and real [22] cases consisting of alongshore uniform, non-barred beach morphology and overlooking
potential feedback with nearshore sandbar(s).

Nearshore sandbars potentially enforce alongshore morphological variability at the beach up to
the shoreline and the coastal dune (e.g., [23-25]). Recent developments of video monitoring techniques
can provide high-frequency, remotely sensed optical information from which morphological changes
and hydrodynamic data can be derived. Shoreline-sandbar geometry as well as rip-channel positions
have long been measured with reasonable accuracy using video stations (e.g., [26-31]). Based on such



J. Mar. Sci. Eng. 2019, 7,117 30f17

techniques, recent observations at the Lido of Sete (SE France) evidenced the impact of an SBW 800 m
in length and 12 m in width on the nearshore system, particularly on the response of the coupled
shoreline-sandbar system [32]. The authors showed that the expected salient formation was not
observed. Instead, shoreline coupled to the modified sandbar geometry, which resulted in a slight
seaward migration of the shoreline in front of the structure. Overall, this study highlighted that
the role of the sandbar was critical to shoreline response to the implementation of SBWs on barred
beaches [32,33].

This paper aims to characterize for the first time the complex 2DH nearshore circulation induced by
SBWs at the Lido of Séte by combining field observations and numerical modeling. After a comparison
between measured and computed current velocity in the vicinity of the SBW extremity, we address the
complex wave transformation across the SBW and the impact on inshore rip currents. We further run
the model during two representative real storms to address sediment transport patterns and further
diagnose the morphological changes observed through video monitoring. After a brief description of
the field site (Section 2), the data and method used to characterize the influence of SBW on nearshore
hydrodynamics at Séte are given in Section 3. Results (Section 4) are discussed in Section 5 before
conclusions are drawn.

2. Study Area

The Lido of Sete is a narrow coastal sandy barrier facing the Mediterranean Sea located in the
northern part of the Gulf of Lions (Figure 1a). The studied coast (red box in Figure 1a) is a semidiurnal
microtidal environment, with a moderate-energy modal wave climate and episodic severe storms.
The annual mean significant wave height is 0.52 m while the 98% quantile reaches 2.2 m, defining
the episodic storm signature with events typically characterized by wave periods around 8 s [32].
Waves associated with storms do not exceed 3.5% of occurrences and arrive mainly from ESE (77%
of occurrences), almost normal to the coastline, while storms from the S are less frequent (16% of
occurrences) [34].
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Figure 1. Large-scale (a) and nearshore-scale (b—d) bathymetries, which were further used for
the computations. (a) Bathymetry of the Gulf of Lions (copyright Service Hydrographique et
Océanographique de la Marine (SHOM)) with the directional wave buoy (B), meteorological station
(M), and tidal gauge (T) locations indicated. (b—d) High-resolution bathymetry of the measurement site
in local coordinates with the submerged breakwater (SBW) and instrument locations indicated.

The Lido of Sete has experienced chronic marine erosion during the last decades, with a 50 m beach
retreat in less than 50 years [35]. This is particularly problematic as the beach system is of major interest
from the perspective of socio-economic activity with an attendance of up to 1 million beachgoers per
year [36]. A large beach management program was developed at the Lido to fight against chronic
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erosion [37] involving the installation of an SBW 800 m in length in early 2013 (extended to 1 km
shortly after) on the subdued outer bar located 350 m from the shore (Figure 1b). The breakwater
consists of two rows of sand containers 50 m in length and 6 m in width, extending 1 km and 12 m in
the alongshore and cross-shore directions, respectively. It is 3 m high, with its crest in approximately
2 m water depth [32].

The impact of the SBW has been previously investigated using a series of topo-bathymetric
data [38] and video monitoring [32]. Observations indicated that the structure had a profound impact
on nearshore system morphological behavior. In the protected sector just shoreward of the reef,
the initially crescentic and slightly oblique sandbar located close to the shore initiated a clockwise
rotation and became progressively linear predominantly under high wave energy events (Figure 1b-d).
One kilometer away, southwestward along the adjacent coast, the inner bar pursued its natural net
offshore migration (NOM) cycle. Such contrasted cross-shore behaviors between the two sectors led
to the split of the entire inner bar a few hundred meters away from the SBW extremity. The typical
formation of a salient was not observed. Instead, shoreline coupled to the new alongshore uniform
sandbar geometry, which resulted in a slight seaward migration of the shoreline in the lee of the SBW.

3. Data & Methods

3.1. Field Measurements (April-May 2018 Field Campaign)

A field experiment was conducted at the Lido of Sete during almost one month from 27 April to
25 May 2018 to address the hydrodynamics in the vicinity of the SBW. The experiment consisted of
two Nortek Aquadop profilers (S1 and S3 Figure 1d, sampled at 2 MHz) and one RDI (RD Instrument)
acoustic Doppler profiler (S2 Figure 1d, 1200 KHz) moored in 5, 3, and 4.5 m depths, respectively.
All instruments were set up from a boat at a location determined by preliminary numerical modeling
experiments indicating potential locations to capture relevant wave-driven circulation patterns. While
the southwest extremity of the SBW was not accessible during the measurement period because of
coastal work on the SBW in this sector, the three acoustic Doppler profilers were deployed around the
northeast side (Figure 1d). For all instruments, velocity measurement accuracy was about +0.1 m/s.
Velocity data were averaged over 15 min in the entire water column and decomposed into 30 cm
vertical cells.

A few days after instrument deployment (gray line in Figure 2), a bathymetric survey was
performed consisting of approximately 100 m spaced echo sounding transects. Vertical and horizontal
accuracy were about £0.05 m and 1 m, respectively, for each survey point. The survey area extended
from the very nearshore area (almost at the shoreline) to 10 m water depth offshore and extended
3.5 km alongshore (Figure 1d).

A directional wave buoy moored approximatively 10 km off the study site provided hourly
incident swell conditions (B in Figure 1a). Water levels were measured every 30 min in the harbor
of Sete (T in Figure 1a) and a meteorological station recorded hourly mean wind conditions a few
kilometers away from the study site (M in Figure 1a).

3.2. Model and Simulation Setup

3.2.1. Numerical Morphodynamic Model

Here we used the morphodynamic model 2DBeach described in [39] that described nearshore
hydrodynamics, coupling a spectral wave model with a short-wave-averaged and depth-integrated
flow model. Hydrodynamics in turn drove a model addressing sediment transport and bottom changes
that looped back in the hydrodynamics. 2Dbeach is briefly described below.

e  Wave module

The wave field was computed from the spectral wave model SWAN (41.10 version) [40],
which solved the spectral wave-action balance. Radiation stress components, which drove



J. Mar. Sci. Eng. 2019, 7,117 50f17

set-up/set-down and nearshore circulations, were computed on the same computational grid as
that of the nearshore circulation, which was nested in a larger and coarser wave grid (Section 3.2.2).

e  (irculation module

The circulation module was the same as in [39]. It was based on the depth- and phase-averaged
nonlinear shallow water equations using an implicit method to obtain quasi-steady mean water depth
and water volume flux [41]. The shallow water equations comprised the water mass conservation and
momentum conservation equations, which, using the Einstein summation convention, read:

90 9 (QQ)\ . an 19S; 19Ty I!
Q+ L+ on n __]___]_|__’:0, 1)
ot ' oxj\ dxj pdx; padx; p

o, 2

= =0, 2

at o @
where h is the mean water depth and Q; = hl; is the water volume fluxes with subscript i referring to
the two horizontal coordinates (x and y). U, is the depth-averaged velocity according to Mei et al. [42].
Bed return flow can also be computed according to Phillips [43]. 1 is the mean surface elevation, g is
the gravitational acceleration, p the water density, and S;; the radiation stress tensor [43]. The bed

shear stress tensor 1”5’ is described according to Phillips [43],

where U, is the root-mean-square wave orbital velocity at the bottom and C risa bottom friction
coefficient. Tj; is the lateral mixing term which describes the horizontal momentum exchange due to
the combined action of turbulence and mean current, using the formulation proposed by Battjes [44]:

. au; auj
Tij = phv(8_x]- + o) 4
where v defines the eddy viscosity,
3
v = Mh(%) +vo, ®)

where D is the rate of energy loss through depth-induced wave breaking; M is a dimensionless
coefficient and vy is a constant eddy viscosity.

e Sediment transport module

The sediment transport module computed the total sediment transport Q;o; with an energetics-type
sediment transport equation, based on [45] and [46], consisting of three modes [47] reading:

Qtot: QZU+QC_Qd/ (6)

with transports related to wave velocity skewness Qy,, wave-induced mean current Q., and gravitational
downslope effects Q;. Each mode of transport contained both bed load and suspended load [47].
The bed level was updated through the sediment mass conservation equation that looped back into the
wave model.
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Figure 2. Time series of wind velocity (a); water levels (b); offshore significant wave height Hs, and
peak period Tj; (c); and wave direction Dg and angle of wave incidence with respect to shore-normal
0p (d) during the field experiment. Wind velocity and direction are decomposed into longshore (U, ,
positive northeastward) and cross-shore wind velocity components (Uy,.., positive onshore). Water
levels (1) are given with respect to lowest astronomical tide reference. The vertical gray line indicates
the date of a bathymetric survey.

3.2.2. Model Setup

The implementation of the modeling system at Sete involved two nested Cartesian grids: one
large coarse grid (30100 m x 8800 m; 100 m X 100 m meshes; black box in Figure 1a) for the offshore
wave model (1) and a nested, finer grid (3400 m x 1000 m; 10 m X 10 m meshes; red box in Figure 1a)
for the nearshore circulation (2) and sediment transport model (3).

(1) The wave field was computed from the wave buoy (B in Figure 1a) to a 10 m depth using an
hourly spatially constant tidal range (T in Figure 1a) and spatially averaged wind forcing (M in Figure 1a).
The bathymetry of the continental shelf was provided by the SHOM (Service Hydrographique et
Océanographique de la Marine). Wind effects were activated through a linear wind wave growth [48]
and a linear dissipation by whitecapping [49]. Energy lost from bottom friction was computed using
Madsen et al. [50] with a default constant bottom roughness length scale of Kn = 0.05.

(2) Nearshore waves and currents were computed on the fine grid, using lateral periodic conditions
for the circulation module. Different representative nearshore bathymetries were used, all derived from
bathymetric surveys, and depicting different steps of the morphological changes observed following
SBW implementation (Section 3.3). To complete the survey in shallow water, the shoreline was extracted
from video images (Section 3.3) using a shoreline detection method based on a boundary extraction
procedure from the automatic segmented coastal area [51]. Given the abrupt water depth changes
across the SBW, owing to the sandbag shape, the structure was implemented schematically according
to grid resolution. Energy loss due to depth-induced breaking was computed with the dissipation
model of [52] with a constant breaker parameter y = 0.73 [53]. To avoid non-physical wave refraction at
the SBW extremities, limiters (I = 0.25) were used for spectral wave propagation [54]. Hydrodynamic
free parameters C £ Y0, and M, were tuned to give the best agreement of the simulations with the
field measurements (Section 4.2). To objectively assess model skill, linear squared-correlation (R?),
root mean square error (RMSE), and Brier skill score (BSS [55]) between the observed and simulated
current velocities were computed (Table 1).
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Table 1. Performance of the hydrodynamic model during the storm.

Station BSS RMSE R? std (V,ps)
Vi, 0.52 0.06 0.26 0.07
Vi, 0.83 0.08 0.63 0.13

L 0.45 0.08 033 0.1
Ve, 0.13 0.05 0 0.04
Ve, 0.33 0.07 0 0.07
Ves 0.77 0.10 0.42 0.14

(3) The total sediment transport was computed with a spatially constant 450 of 250 pm in agreement
with the beach grain size at the Lido of Sete. Coefficients Cy, C,, and C,; that scaled the contribution
of each corresponding transport (Qw, Qc, and Qy, respectively) were adjusted following a sensitivity
analysis. From default coefficients (Cy,:Cc:Cy = 0.08:0.08:0.24), we adopted Cy:C.:Cy = 0.005:0.08:0.24.

3.3. Video Data and Historical Storm Events Scenario

An Argus video monitoring system [56] consisting of eight cameras had been collecting images
of the beach of Sete since mid-April 2011 [32,57]. Ten minute averaged images were merged and
transformed into real world coordinate plan view images [58] extending 650 m in the cross-shore and
3550 m in the alongshore directions (Figure 3a). Sandbar crest positions were extracted before and after
every energetic event through the sampling of pixel luminosity intensity [26]. Figure 3 illustrates the
morphological response of the inner bar to the SBW implementation with Figure 3a—e showing the time
exposure plan view at different dates. In order to provide a measure of the inner bar’s morphological
change from a given initial situation, the inner bar morphological change index (IMxp,,, Figure 3f) was
computed as:

N

2
IMxpar = Z (Xtya,gus - Xrefyargus) /N, @)
yargus=1

with Xt,argus the cross-shore sandbar position along the time and X, a reference, here the initial

ef, yargus
bar extracted.

401-Jan-12

101-Jul-12

101-Jan-13

QL_%:
1 "{% 101-Jul-13
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2500 1500 500 -500 20 40 0
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argus XBar S

Figure 3. (a—e) Plan view time-exposure images showing inner bar morphology (green curve) and SBW
position. (f) Temporal evolution of the inner bar change index (IMxp,,). Green crosses indicate the date
and value obtained from the illustrated time exposure panels (a—e), while blue triangles correspond to
the date and value computed from bathymetric surveys. Black dashed line corresponds to the date of
SBW implementation. (g) Temporal evolution of significant wave height (Hs,) measured at the offshore
wave buoy location.
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Within the entire time series shown in Figure 3, the October 2011 and December 2013 storm
events stood out in terms of inner bar morphological changes (Figure 3f). The October 2011 event was
characterized by energetic waves from ESE (0p ~ —14°) with significant wave height and peak wave
period reaching 3.7 m and 8.1 s, respectively. This event, when the SBW was not implemented yet,
drove the development of inner bar rip channels and a slight onshore sandbar migration (Figure 3a,b).
The December 2013 event was characterized by energetic waves from the S (0 ~ 32°) with significant
wave height and peak period reaching 4.3 m and 8 s, respectively. This event drove the inner bar
splitting next to the SBW and inner bar straightening in its lee (Figure 3d,e). These two events were
modeled (Section 4.4) with and without the SBW to address the impact of its implementation on
nearshore hydrodynamics and morphological response using representative nearshore bathymetries
surveyed before each storm (blue triangles in Figure 3f).

3.4. Residual and Vorticity Forcing

The influence of the SBW on wave-driven circulation was addressed with two approaches:

. . - . pd 9S;;
(1) The first approach was based on the combination of radiation stress gradients (F = —% 5
j
5
and pressure gradients (F, = — gh%). Previous works showed that the major driving mechanism for

nearshore circulation was the vectoral sum of the two components (F};), as it indicated how much net
forcing was available to drive nearshore currents [39,41]:

Fyi=—ghol - 220 ®

(2) The second approach was based on the differential broken wave energy dissipation derived
from the depth-integrated and time-averaged momentum equations. Previous studies showed that the
strength and rotational nature of nearshore circulations were essentially governed by the wave-induced

vorticity forcing terms Fp [18,39]:
10 A N
—k ]}ez, 9)

orph

FDZ(V/\

where D’ is the roller energy dissipation, o, the relative frequency, and k the wave number. The
vorticity forcing terms, therefore, provide better insight on the origin of nearshore circulation without
having to consider pressure gradients (no need to run a circulation model).

4. Results

4.1. Wave-Driven Circulation Measurements

During the field campaign, the bathymetry exhibited a reasonably alongshore uniform double
bar system (Figure 1d) that barely evolved throughout the measurement period. The well-developed
inner bar was located 150 m from the shore with its crest 1.5 m in depth. The subdued outer bar was
aligned with the submerged breakwater approximatively 300 m from the shore with its crest 3.5 m
in depth. During the experiment, one energetic event with Hs, reaching 2 m was captured around
29 April (Figure 2c). During that period (shaded area in Figure 2), the beach of Sete was exposed to
relatively energetic and obliquely incident waves coming from the south (0 ~ 26°) with short peak
wave periods (Tp, ~ 65). The rest of the field campaign was characterized by strong offshore winds
generating seaward propagating waves and low-incident wave energy. Therefore, hereafter only the
hydrodynamics during the energetic event were described.

A detailed inspection of pitch deviation of S3 indicated that at approximately 10:00 on 29 April
the sensor strongly deviated vertically. Therefore, subsequent S3 data were removed from the analysis.
Figure 4 shows that, for all instruments, a strong change in longshore velocities occurred on 29 April.
While prior to 29 April 00:00 weak negative longshore currents were measured, velocities dramatically
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increased as a result of the increased wave height (Figure 4b), and concurrent changes in wave direction
(Figure 4c). During the rest of the experiment, the longshore current remained positive with intensity
ranging from 0 to 0.4 m/s depending on instrument location. It was important to note the reasonable
vertical uniformity of flow velocities when the longshore current became significant (V; > 0.3 m/s),
giving confidence in the application of a 2DH model to simulate longshore currents. Substantial
positive cross-shore currents were measured, particularly at S3 with velocity reaching 0.4 m/s close to
the peak of the event, with substantial variability within the water column.
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Figure 4. Times series of wind velocity (a); offshore significant wave height Hs, and peak period
Tp; (b); wave direction Dp and angle of wave incidence with respect to shore-normal 03 (c) along
the energetic event; (d) bathymetry of the instrumented barred morphology around the SBW (black

lines illustrate the bathymetric survey); and (e—j) vertical profile of longshore (V1) and cross-shore (V)
current velocities (Vi to Vi,).

4.2. Model Calibration/Validation

To test the ability of the model to accurately simulate wave-induced currents around the
SBW, the measured flow was depth-integrated and averaged on a period larger than typical very
low-frequency pulsations (moving average of 30 min). Model calibration was realized by tuning the
bottom friction coefficient C fs which controlled flow intensity, and the mixing terms vy and M, which
affected the shape and size of the horizontal circulation. The best agreement with field data was found
for C F=0.012,v9 =10 m2s~1, and M = 5 and was within the range of earlier studies [39,41].

Figure 5 shows the time evolution of the computed/measured flow intensity. During low-energy
conditions (Hs, < 1 m), the model indicated that waves did not break across the SBW (Figure 5b)
with near-zero flow velocities (Figure 5c-e). When wave energy increased, waves broke across the
reef resulting in systematically low-energy waves in the lee (Figure 5b). Despite an increase in wave
energy offshore, measured and modeled flow velocities remained weak (<0.1 m/s) at S1. At S2,
velocities were much more variable in time. The longshore current reached 0.4 m/s around the peak
of the event (Figure 5d) and varied slightly in intensity depending on the offshore wave energy and
direction. Variations in magnitude were well reproduced by the model (BSS = 0.83, RMSE = 0.08 and
R? = 0.63 in Table 1). In the cross-shore direction, flow velocities were also simulated with fair accuracy.
Cross-shore, offshore-directed flows were stronger at S3, with a maximum close to 0.4 m/s. While the
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model underestimated cross-shore velocities at this location, the weak longshore flow component was

fairly simulated.
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Figure 5. Comparison of measured (dots) and computed (line) flow quantities during storm. (a) Offshore
wave energy measured by the buoy and (b) computed significant wave height through a cross-shore
transect located in the SBW area (white transect Figure 4d). Panels (c—e) show in black (grey) the
depth-averaged alongshore (cross-shore) velocity component (wave return flow activated in equations).

Results indicated that the model was more skillful in simulating longshore current when the
wave heights increased. In contrast, non-surprisingly, the cross-shore currents, which were vertically
non-uniform, were poorly reproduced. Observations and simulations clearly indicated the generation
of a circulation at the extremity of the SBW when waves broke across the SBW. This is addressed in
more detail in Section 4.3.

4.3. Driving Mechanisms of Rip-Cell Circulation at the Extremities of the Submerged Breakwater (SBW)

Figure 6 shows the hydrodynamic patterns during the field experiment at the peak of the event
for offshore waves with Hy;; =2 m, T, = 6.3 s, and 0 = 26°. Intense depth-induced breaking across
the SBW resulted in an important decrease in the significant wave height (Figure 6b) and large wave
set-up (Figure 6c) in its lee. In the regions adjacent to the SBW, the onset of breaking (primarily across
the inner bar), and resulting wave set-up, was observed much closer to the shore, resulting in highly

variable pressure gradlents Fp (Figure 6¢). The 1mbalance between radiation stress gradients Fw and

pressure gradients Fp, namely residual forcing Fy (Section 3.4), indicated the net forcing available to
drive nearshore currents. Clearly, this imbalance was maximized at the edges of the SBW (Figure 6d),
where the vorticity forcing term Fp (Section 3.4) owing to alongshore variation in breaking wave energy
was also maximized (Figure 6d). This meant that the dominant source of vorticity within the entire



J. Mar. Sci. Eng. 2019, 7,117 11 0f 17

nearshore domain was located at the edges of the SBW. More subtle sources were away from the SBW
(Figure 6d) as a result of alongshore variability in depth-induced breaking enforced by the alongshore
variability in depth of the inner bar. This resulted in the mean circulation field shown in Figure 6e,
with dominant circulation at the edges of the SBW.
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Figure 6. Hydrodynamics pattern at the peak of the event for offshore waves with Hy, = 2 m,
Tp; = 6.3 s,and O = 26°. (a) Nearshore bathymetry; (b) significant wave height field colored and
resulting gradients in radiation stress F;, (arrows); (c) pressure gradients F, (arrows) superimposed

on the mean surface elevation field (17) colored; (d) residual forcing F, (arrows) superimposed on the
vorticity forcing term fleld related to differential broken wave energy dissipation Fp; and (e) resulting

wave-driven circulations LI (arrows) and vorticity (V A U)

4.4. Hydrodynamics During Representative Severe Storms

4.4.1. The October 2011 Event

During the storm, the initial crescentic patterns slightly developed and migrated westward by a
few hundred meters alongshore (Figure 3a,b). Figure 7 shows the wave-driven circulation and vorticity
over the inner bar during the growth of the October 2011 storm event with H;, T;, and 6 reaching 2 m,
7.5 s, and 8° at the nested offshore grid boundary. Simulations were performed without (left-hand
panels) and with (right-hand panels) the SBW based on a bathymetry surveyed a few days before the
storm to address the potential impact of the SBW under such event.
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Figure 7. Wave-driven circulation during October 2011 storm without (left) and with SBW (right).
(a,d) Bathymetry with the inner-bar crest location (black line) superimposed and resulting wave

driven circulations U (arrows) at the storm peak. (b) Time series of offshore wave height (Hs) and

water level (17) at the nested grid boundary. (c,e) Time series of vorticity V A U across the inner bar
superimposed on the current field velocity (arrows). Thick looped arrows indicate the dominant
rotational characteristic of the flow.

Without the SBW, classic rip-flow patterns were observed across the rip-channeled inner bar
owing to near-normal wave incidence. This resulted in positive and negative vorticity alternating
alongshore (Figure 7c), close to the shore, with onshore and offshore flow across the shoals and deeper
channels, respectively. Such a well-developed rip-cell system typically resulted in a positive feedback
mechanism between flow (waves and current), sediment transport, and the evolving bathymetry that
resulted in the further growth of the rip channels, as observed in (Figure 3a,b). In contrast, in line with
the simulation shown in (Section 4.3), implementing the SBW resulted in a larger number of offshore
and more intense rip-cell circulations observed at the edges of the SBW (Figure 7d) where the vorticity
field was maximized (Figure 7e). In the lee of the SBW, depth-induced breaking across the inner bar
was negligible, as waves mostly dissipated further offshore across the SBW. These low-energy waves
could not drive rip-cell circulation over the reasonably well-developed inner-bar rip channels. Instead,
the circulation over the inner bar was dominated by a longshore current, which, very likely, drove the
progressive straightening of the inner-bar rip channels observed after SBW implementation.

4.4.2. The December 2013 Event

The December 2013 storm event led to an important net offshore sandbar migration at a few
hundred meters from the SBW, while the morphology remained stable in its lee, resulting in sandbar
splitting (Figure 3d,e). Figure 8 shows the wave-driven circulation and the computed sediment
transport at the peak of the December 2013 storm event with H; =3 m, T, = 9.3 s, and 6 = 21° at
the nested offshore grid boundary. For this simulation, differences in cross-shore sandbar migration
needed to be addressed carefully. Because cross-shore sandbar migration is primarily triggered by the
imbalance between onshore sediment transport, driven by wave nonlinearities, and offshore sediment
transport, driven by the undertow, sediment transport and morphological changes were switched on.
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Figure 8. Hydrodynamics and sediment transport at the peak of the December 2013 storm event for
offshore waves with Hy = 3 m, Ty = 9.3, and O = 21° at the nested grld boundary (a) Resulting

wave-driven circulations U (arrows) and (b) erosion/accretion patterns (V Qtot) driven by the total
sediment transport with the arrows indicating the sediment fluxes.

Although intense rip-cell circulations at the edges of the SBW were still observed (Figure 8a),
sediment transport patterns and resulting morphological changes shed light onto the underlying
driving mechanism of sandbar splitting (Figure 8b). In the lee of the SBW, low-energy waves resulted in
almost no net sediment transport. In contrast, as a result of intense depth-induced breaking across the
bar away from the SBW (e.g., at Y = =500 m in Figure 8b), offshore transport driven by the undertow
dominated compared to onshore transport driven by wave nonlinearities. This resulted in sediment
transport gradients forming erosion and accretion patterns at the shoreward and seaward part of the
sandbar, respectively, which was the signature of offshore migration. Therefore, the dramatic change
in cross-shore sediment transport patterns was induced in the lee of the SBW, inhibiting offshore
migration, while the sandbar away from the SBW continued its natural NOM behavior, which was
primarily triggered by storm events.

5. Discussion and Conclusions

The results presented in Section 4 showed that the SBW deployed at the beach of Séete induced
large changes in hydrodynamics and sediment transport patterns in the nearshore area. Our results
show that implementing such a shallow alongshore uniform SBW, with abrupt alongshore depth
variabilities at both extremities, dramatically changes wave-driven patterns and resulting sediment
transport pathways. Clearly, two counter-rotating rip-cell circulations dominate the nearshore
hydrodynamics, pending waves are breaking across the reef. These circulations are essentially enforced
by a strong alongshore differential broken wave energy dissipation. This contrasted with other,
smoother, SBWs where the control of nearshore hydrodynamics was more subtle [59].

Despite it being based on a depth-averaged approach, the model skillfully simulates the circulation
at the edges of the SBW, allowing to subsequently investigate the underlying processes driving
observed sandbar straightening in the lee of the SBW and sandbar splitting nearby. Results suggest that
depth-induced breaking wave energy dissipation across the SBW systematically results in low-energy
waves in the lee of the SBW, even for moderate- to high-energy waves. Such systematically low-energy
waves across the inner bar in the lee of the SBW cannot drive rip current circulation, and therefore
cannot further develop or even sustain existing rip channels. To further test this hypothesis leading
to inner bar straightening in the lee of the SBW, Figure 9 shows a morphodynamic simulation
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starting from an alongshore uniform double-barred system based on Sete beach characteristics.
One simulation was performed without the SBW (left-hand panel in Figure 9), and the other with
the SBW implemented as a non-erodible structure (right-hand panels in Figure 9) for time-invariant,
slightly oblique, incident moderate-energy waves. In line with existing nonlinear stability analysis
of wave-dominated beaches [47,60-62], inner bar rip channels formed within a few days as positive
feedback between the hydrodynamics (waves and current), sediment transport, and the evolving
bathymetry. In contrast, with the SBW rip channels only developed apart from the SBW, in line with
our hypothesis. Despite using a depth-averaged approach, using a nonlinear morphodynamic model
appears relevant to predict the potential development of straightening of rip channels following the
implementation of an SBW.

2500 2000 1500 1000 2500 2000 1500 1000
Y (m) Y (m)

Figure 9. Bathymetry with superimposed wave-induced currents at (a,c) t =0 h and (b,d) t = 50 h for
waves with Hs = 1.5m, T, = 8 5, and 0 = 15° starting from an alongshore uniform morphology for a
beach without (left-hand panels) and with SBW (right-hand panels).

Following the implementation of the SBW at the beach of Sete, the bar continued its natural
NOM cycle in the undisturbed sector while offshore migration was inhibited in the lee of the structure,
resulting in bar splitting [32]. Our simulations show that, once again because of persistently low-energy
breaking waves in the lee of the SBW, the imbalance between offshore sediment transport driven by
the undertow and onshore by wave nonlinearities is inhibited. Therefore, in addition to the dramatic
control on rip-cell circulation and resulting rip channel dynamics, the implementation of an SBW can
also have a profound impact on cross-shore sediment and resulting cross-shore sandbar behavior.
To our knowledge, such behavior had never been simulated so far. We therefore anticipate that the
recent development of morphodynamic models, including a detailed description of cross-shore sand
transport processes [47], can be used to predict the impact of SBWs on cross-shore sandbar behavior.

The influence of SBW on sandbar morphodynamics is critical to shoreline evolution. At Séte,
the initial shoreline—sandbar coupling was still observed after the implementation of the SBW, and
given that sandbar rhythmicity progressively disappeared, the shoreline realigned to the inner bar,
resulting in 15 m beach widening within a year [32]. Overall, our results illustrate the importance of
considering nearshore sandbars when designing coastal structures. The impact of the design of an
artificial reef is complex and case-sensitive. The present work suggests that nonlinear morphodynamic
models accurately describing the dynamics of surf zone sandbars are now mature to predict SBW
impact on sandbar(s) and, in turn, on shoreline response.
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