N

N

The Morphodynamics of a Double-Crescent Bar System under
a Mediterranean Wave Climate: Leucate Beach
Pierre Feyssat, Raphaél Certain, Nicolas Robin, Olivier Raynal, Antoine Lamy,

Jean-Paul Barusseau, Bertil Hebert

» To cite this version:

Pierre Feyssat, Raphaél Certain, Nicolas Robin, Olivier Raynal, Antoine Lamy, et al.. The Morphodynamics
of a Double-Crescent Bar System under a Mediterranean Wave Climate: Leucate Beach. Journal of Marine
Science and Engineering, 2024, 12 (6), pp.969. {10.3390/jmse12060969). <hal-04786168)

HAL Id: hal-04786168
https://hal.science/hal-04786168v1

Submitted on 15 Nov 2024

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Au‘to'flizition
HAL Authorization


https://hal.science/hal-04786168v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Journal of /
Marine Science ﬂw\D\Pﬂ
and Engineering 7

Article

The Morphodynamics of a Double-Crescent Bar System under
a Mediterranean Wave Climate: Leucate Beach

Pierre Feyssat *, Raphaél Certain, Nicolas Robin, Olivier Raynal, Antoine Lamy, Jean-Paul Barusseau and

Bertil Hebert

Citation: Feyssat, P.; Certain, R.;
Robin, N.; Raynal, O.; Lamy, A,;
Barusseau, J.-P.; Hebert, B.

The Morphodynamics of a Double-
Crescent Bar System under a
Mediterranean Wave Climate:
Leucate Beach. ]. Mar. Sci. Eng. 2024,
12, 969. https://doi.org/10.3390/
jmse12060969

Academic Editor: Daniel L. Harris

Received: 3 May 2024
Revised: 21 May 2024
Accepted: 30 May 2024
Published: 8 June 2024

Copyright: © 2024 by the authors.
Submitted for possible open access
publication under the terms and
conditions of the Creative Commons
Attribution  (CC  BY) license
(https://creativecommons.org/license

s/by/4.0).

CEFREM, UMR CNRS 5110, Université de Perpignan Via-Domitia, 66100 Perpignan, France
* Correspondence: pierre.feyssat@univ-perp.fr

Abstract: The morphodynamics of the Leucate double-crescent bar system was studied over twenty
years using bathymetric data supplemented by satellite images and video monitoring. Eleven dif-
ferent bar typologies were identified, mostly based on existing beach state classifications (Low-Tide
Terrace, Transverse Bar and Rip, Rhythmic Bar and Beach), also including new heterogeneous ty-
pologies (TBR/LTT, RBB HP/RBB, TBR/RBB). The inner bar shows greater variability, with 10 differ-
ent typologies observed, while the outer bar shows only three different typologies. Summer low-
energy periods are dominated by TBR/LTT and TBR typologies, while RBB, although common
throughout the year, dominates winter periods along with disrupted bar configurations. The return
to less energetic periods in spring is associated with the establishment of heterogeneous typologies.
The outer bar has a fairly stable position, although breaches at the embayments and slight move-
ments of its horns can occur following particularly energetic episodes. The inner bar, on the other
hand, is much more dynamic, with more common breaches at the embayments and significant cross-
shore movement of the horns. Seasonal changes in bar typology do not lead to bar renewal through
destruction/reconstruction. Overall, the morphological and typological characteristics of the bar sys-
tem described here seem somewhat unique compared to the existing literature.

Keywords: nearshore bars; double-crescent bar; morphological coupling; Mediterranean Sea; Gulf
of Lions

1. Introduction

Sandy beaches on wave-dominated coasts often feature nearshore bars [1]. These bars
serve as preferential points of wave energy dissipation by surf breaking [2], and thus pro-
vide a primary form of beach protection, which has important implications for both short-
and long-term coastal mobility [3,4].

Three main beach states have been identified in relation to environmental parame-
ters: dissipative, intermediate and reflective [5]. Intermediate beaches have been divided
into four sub-states ranked in order of decreasing energy supplied to the system and ac-
cording to the resulting morphologies: Longshore Bar and Trough (LBT), Rhythmic Bar
and Beach (RBB), Transverse Bar and Rip (TBR) and Low-Tide Terrace (LTT) [2,5-7]. These
classifications have subsequently been supplemented by specific studies on various envi-
ronments—e.g., Refs. [8-15]. However, these classifications represent a static and ideal-
ized view of nature, and we require a better understanding of the processes and control-
ling factors associated with morphological changes within intermediate beach state tran-
sitions [8].

Typology transitions are most often attributed to the quantities of energy delivered
to the bar system [5,7,16], expressed either in terms of significant wave height (Hs), wave
energy (P) or a dimensionless number (). These transitions in beach state can also be
attributed to wave incidence [17-19]. These studies generally focus on beaches
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characterized by a large tidal range (>1 m) and a high-energy wave climate—e.g., Refs.
[17,20,21]. There are fewer studies of crescentic bars in low-energy environments with a
small tidal range (such as in the Mediterranean Sea), but we can cite the following studies
that provide an overview of sandbar dynamics in the Mediterranean: Spain [22,23], France
[12,13], Israel [24] and Italy [25-27]. It is essential to acquire some knowledge of beach
dynamics in varied and contrasting environments to get insight into physical mechanisms
driving bar transitions, thus enabling effective management strategies and improving the
assessment of sandbar resilience [28,29].

Various conceptual models have been proposed to describe the morphology and be-
havior of nearshore bars on a seasonal to multi-annual scale [30]. The Net Offshore Mi-
gration (NOM) model is commonly observed and recognized, particularly in the case of
straight bars. It describes the creation, offshore migration and degeneration of nearshore
bars, which can take years or even decades [27,31-36]. Certain authors suggest that the
NOM model can also be applied to slightly crescentic bars [23]. The Oscillation around a
Point of Equilibrium (OPE) model for crescentic bars implies that a bar oscillates around
a long-term equilibrium position under the constraint of a diverse energy spectrum [37].
So far, only a few studies have been carried out on Mediterranean crescentic bars, which
are characterized by low tidal amplitudes—e.g., Refs. [23,25,27,37]. The low agitation that
characterizes these environments makes direct bathymetry measurements (e.g., single or
multi-beam echo sounder) relatively straightforward [38].

Regarding the specific dynamics of crescentic bars (RBB) on an event scale, numerical
models can satisfactorily reproduce field observations. For example, models can simulate
the formation of crescentic bars for shore normal waves—e.g., Refs. [39-44], and their lin-
earization during periods of oblique incidence waves [17,20,45,46]. Models also predict
that the formation of crescentic bars is strongly linked to the underlying bathymetry [47-
50]. However, model predictions are not always consistent with field observations, and
model validation is generally difficult due to the lack of appropriate field data [51]. Alt-
hough the results of such studies can be very revealing, they are most often limited to
single-bar systems with very energetic forcing conditions, both for models—e.g., Refs.
[52-56], and for observations [3,51,57]. Few studies address the case of RBB double-bar
systems in Mediterranean-type environments (low tidal range, long periods of good
weather, short intense storms).

In double-bar systems, seaward bars are characterized by a greater amplitude of cres-
cents [58] with the inner and outer bars evolving on different spatiotemporal scales [8].
The outer bar tends to be inactive, and when a crescentic form has developed, it can persist
for long periods (up to months) [10,21,59]. The inner bar tends to be less regularly spaced
and more active than the outer bar, as the horns may connect with the coastline. In a sys-
tem with multiple nearshore bars, it is also possible to observe coupling mechanisms be-
tween two distinct bars, or between crescentic bars and beach megacusps [6,11,23,60-62].
The height and angle of incidence of offshore waves, as well as the morphology of the
outer bar, strongly influence the coupling between bars [8,11,60,61,63,64]. Out-of-phase
coupling (the horns face each other) develops during periods of small waves perpendicu-
lar to the coast [23,54,65,66], favoring a two-cell hydrodynamic circulation. In-phase cou-
pling (patterns are expressed in parallel) develops with medium-intensity waves perpen-
dicular to the coast, favoring a single-cell circulation [23,54,65,66]. Finally, downwave cou-
pling (lateral offset between bar horns and embayments) is the result of meandering cur-
rents (flowing on either side of the bar longshore) created by moderately energetic but
highly oblique waves [23,62].

The full dynamics of rhythmic sandbars in nature are far from being understood due
to many factors interacting. To get insight into this issue, observational studies in as many
different types of beaches as possible are highly valuable. The aim of this study is to de-
scribe the general functioning and changes in the typology of a double-crescent bar system
at the Leucate site evolving in a Mediterranean regime, based on 20 years of observations
(from 2000 to 2020) mainly based on accurate bathymetric surveys. We also set out in
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particular (1) to define the typologies of the inner and outer bar system; (2) to observe
their representativeness over the 20 years of observations and identify a seasonality; (3) to
describe the event dynamics of the bar system and the transitions from one typology to
another, with the aim of identifying the controlling parameters; (4) to characterize the
coupling relationships in the bar system; and, finally, (5) to suggest a conceptual model
voluntarily, mainly based on morphological evolution observed for this Mediterranean
bar system, and confront it with the general classification already established. The latter
will enable us to determine the specificity of the Mediterranean regime.

2. Study Site

The study site is located in the southern part of the Gulf of Lions, along the French
coast of the Mediterranean Sea (Figure 1a,b). The mean tidal range is around 0.3 m, which
is among the smallest amplitudes observed in microtidal environments. The Mediterra-
nean climate is characterized by long periods of fair weather, interrupted by short periods
of storms, which can be violent. Offshore-directed winds predominate at Leucate [67,68]
(blowing 73% of the time, Figure 1c), generating offshore-directed waves that do not im-
pact the study site (grey area on the wave rose, Figure 1d). The onshore wind is less fre-
quent (blowing 27% of the time) and is accompanied by S/SE waves; it is associated with
strong winter storms of short duration [69]. The onshore-directed waves are characterized
by greater heights and longer periods (5 < Ts <10 s) due to their more extensive fetch [70].
In this present study, a storm is defined as a wave event in which Hs exceeds the 2m
threshold value commonly used in the region [13,71]. According to this definition, at the
Leucate site, about seven to eight storm events are reported per year [72]. Hs can reach up
to more than 6.5 m during severe storms [72,73]. A certain seasonality can be observed in
these forcing regimes: in summer, sea breezes are frequent, while in late autumn, winter
and spring, they are characterized by more violent onshore wind events, punctuated by
storms induced by sea winds [70].

Wind speed m/s

<
=-5:10

- 13 & w
Mediterranean

Bathymetric
Survsy route

Nojimpact on N\
the study area

Wave height (m)

Video monitoring 3:4
area - 4:5

Figure 1. Location of the study site (outlined in red). (a) Typologies of nearshore bars (in white) in
the central and southern parts of the Gulf of Lions (from Aleman et al., 2015, [69]). The resulting
annual longshore drift current directions are shown in orange. The study site is outlined in red. (b)
The study site, Leucate Beach, with bathymetric profile positions in red and video imagery footprint
in white. (c¢) Wind conditions (measured at the tip of Cap Leucate, 2.1 miles offshore at a depth of
40 m; see panel a). (d) Wave conditions (measured at 40 m depth, about 3.9 km ahead of the weather
station; see panel a). Meteorological data are given for the period 2007-2022.
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Leucate beach (2.8 km long) is described as intermediate (Q2 = 3.7), with a permanent
double-crescent nearshore sandbar system giving an undulating pattern to the shoreline
[13,69]. The inner bar is located around 200 m from the shore at a depth of between -1 and
-2 m, with a wavelength of around 300 m. The outer bar is located around 600 m from the
shore at a depth of around -5.5 m, with a wavelength of around 600 m (Figure 2). The
average sediment grain size on the coast is 0.43 mm and the slope is 1.2°.

i

Inner Bar

N

Rip Channels
/Y

Elevation (m)

Figure 2. LiDAR topo-bathymetry (Litto3D 2014) of the study site with bar crest lines highlighted in
white. LBB: Low Beach Bars.
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The configuration of the double-bar system refracts and attenuates waves, particu-
larly as they pass over the outer bar [5,42,52,74]. Similar systems of double crescentic bars
are found throughout the southern sector of the Gulf of Lions, which covers 40.5 km of
coastline (Figure 1a). In the central sector, which covers 67 km of coastline, only the inner
bar is crescentic, with the outer bar being linear [13]. In some parts of the southern and
central sectors of the Gulf of Lions, one horn of the inner bar is less developed and is
located further offshore [13], leaving a larger accommodation space between the bar and
the shoreline (Figure 2), allowing for the growth of a third proximal bar system known as
a Low Beach Bar (LBB) [12,13,75]. The LBB is very reactive to changes in hydrodynamic
conditions due to their positions in the very shallow water and responds along an increas-
ing morphological continuum from sandy plateaus to RBB and disrupted RBB if the en-
ergy level increases. The LBB is distinct from other transitory proximal systems observed
in the literature due to its resilience over several years and lack of offshore migration to
replace the inner bar. It does, however, appear to be able to merge and exchange sediments
with the beach face [75].

3. Materials and Methods
3.1. Morphology of the Nearshore

The methodology is primarily based on the analysis of event-driven bathymetric data
(39 surveys). Once the main typologies have been identified, this analysis is extended and
completed by the use of satellite images (40 images). Twice a year (between 2000 and 2020),
before and after the winter season, the morphology and typology of the bars are visually
assessed on satellite images. Lastly, a video monitoring campaign was carried out to track
the dynamics of the bar system during storm events. This methodology has enabled con-
tinuous monitoring of the bar system at the study site over the past 20 years.

3.1.1. Bathymetric Survey

Several instruments have been used over the years for bathymetric surveys. First, a
Tritech ST500 single-beam echo sounder was used (TriTech, San Diego, CA, USA), coupled
to a DSNP NR51 GNSS DGPS receiver. Then, in 2019, a Tritech PA500 echo-sounder was
coupled to an Ashtech Proflex 500/800 (Ashtech, Mumbai, India) or a Trimble R8s DGPS
receiver (Westminster, CO, USA). Bathymetric surveys were carried out with a small ves-
sel, using Hypack 2012 software for survey design, data collection and post-processing,
with data then being processed on Qgis 3.16. The area from the coastline to 600 m offshore,
where the crescentic bars are located, was surveyed with a 50 m x 50 m grid. A second
zone extending between 600 m and 900 m from the coast was surveyed with a 100 m x 100
m grid. Z-accuracy is +/— 0.1 m for a single survey and +/- 0.15 m for differential DTMs.
The bathymetric approach is easy to implement here, due to the long periods of fair
weather between storms. The survey is event-based, with measurements taken before and
after morphogenetic periods (i.e., wave episodes Hs >2 m). A total of 39 digital elevation
models (DEM) were used for this study (for survey dates, see Figure 6a), divided into two
high-frequency monitoring periods, between March 2006 and January 2009, and a second
period between July 2019 and July 2020. All levels expressed in this study are in NGF
meters, the official French topographic reference: Lambert 93/RGF93.

3.1.2. Remote Sensing Data

Satellite images were acquired using the open-source CoastSat toolkit [76]. This al-
lows the user to obtain public satellite data (Landsat 5,7,8,9 and Sentinel-2) by exploiting
the capabilities of the Google Earth Engine. For each defined region of interest, the result-
ing images are pre-processed to remove cloudy pixels and improve spatial resolution.
Once the images have been downloaded (periods of calm weather with clear water and
no surf), the morphological characteristics of the bars (i.e., bar crest position) are digitized
manually and measured in Qgis 3.16. The resolution of the digitized ridge positions is
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estimated at around 10 to 12 m (similar to the shoreline positions detected by the tool, Vos
et al. 2019, [76]). Between January 2000 and December 2020, two images per year were
processed, in late summer and late winter (40 images processed over the period; see Fig-
ure 6a for survey dates). This allows coverage of the most energetic and morphogenic
period of the year.

Video monitoring of bar positions took place from 22 March 2020 to 24 April 2020
during periods of marine storms, leading to the acquisition of 17 images (see Figure 6a for
survey periods). A high-resolution digital camera was positioned at a fixed lookout point
on the Leucate cliffs (around 40 m above the study area). A series of images was taken
using 10-20 min exposures with one shot per second. The images were then averaged
(using ImageMagick), corrected for lens distortion (using DxO View Point), the horizon
leveled (using XnView), the image registered to allow for superposition (using Gimp) and
finally reframed on the study site (using XnView). The images were then georectified us-
ing Qgis 3.16, and the positions of shorelines and bar crests were manually picked. The
resolution of digitized ridge positions is estimated at around 7 to 10 m.

3.1.3. Classification of Bar Typologies

The following conceptual model was proposed for the typology of bar systems, based
on observations made using 2009 LiDAR data in the Gulf of Lions [13]. While this model
complements the terminologies proposed in the literature (TBR, RBB, LBT, LTT) [2,5,6],
certain characteristics have been added to give a more precise and specific description of
the Mediterranean regime. This nomenclature is used to identify the different bar typolo-
gies observed during this present survey. The RBB typology (Figure 3a) includes configu-
rations with high points (see also Figure 2) where the bar horn is outlined by a wide depo-
center and normal configurations where the horn and embayment have the same width.
The TBR typology (Figure 3b) is characterized by crescent-shaped bars connected to the
coastline by an elongated depocenter giving a transverse bar that can be either normal to
the coast or oblique. A crescent usually has two identical horns, but a heterogeneous state
is also possible (Figure 3c) when one of the horns is connected to the coast or the preceding
bar, but not the other horn (TBR/RBB). Depending on their orientation with respect to the
coast, crescents can be oblique or normal (regular), and their embayments may be either
uninterrupted or disrupted by rip channel incisions [12]. Finally, a hybrid TBR/LTT state
(Figure 3d) has long seaward-curving sandbanks connected to the beach [12].

In the results section, we classify the bars observed at the study site according to the
typologies described in Figure 3. The system is classified as disrupted if there is at least
one bar breach in the observation zone.

3.1.4. Classification of Bar Coupling Types

The classification of coupling typologies between the two nearshore bars of the sys-
tem is based on the typology used by de Swart et al., 2022, on a geographically close Med-
iterranean site [23]. Three types of coupling are possible: in-phase, where bar patterns are
expressed in parallel; out-of-phase, where bar horns face each other; and downwave,
where there is a lateral offset between bar horns and embayments.
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Figure 3. Classification of bar typologies observed in the Gulf of Lions, France (after Aleman et al.,
2011 [13], modified from Wright and Short, 1984 [5], and Ferrer et al., 2009 [12]). This classification
is applied to the inner and outer bars.

3.2. Hydrodynamic and Meteorological Forcing

Morphological and typological evolutions will then be compared with offshore forc-
ing conditions in the following sections (see Sections 4.3—4.5).

Offshore wave conditions are given for the Leucate buoy (moored around 4 km from
the study area at a depth of 40 m) using modeling data from the Puerto del Estado website,
publicly accessible at the following address: (https://www.puertos.es/; accessed on 4 No-
vember 2023).

The wave energy density E (in J/m?) is calculated according to the linear wave theory
(1), where Hwmo is the spectral significant wave height:

1
E = 2pgHin @)

4. Results
4.1. Nearshore Typologies Based on 20 Years of Observations

Figure 4 illustrates the 11 different typologies of bars observed during bathymetric
surveys at the Leucate site. Figure 5 shows the percentages of occurrence for each typology
from LTT to RBB, distinguishing between interrupted and disrupted patterns.

Only three typologies are observed on the outer bar, all of them belonging to the RBB
beach state (Figure 5), most often RBB HP Regular (Figure 4a,e-h) (54%) and RRB Regular
(Figure 4c,i) (41%), while the RBB Disrupted state accounts for 5% of occurrences (Figure
4b,d,j).



J. Mar. Sci. Eng. 2024, 12, 969 8 of 27

The inner bar displayed a wide variety of typologies (10) during the monitoring pe-
riod, with RBB (Disrupted, Figure 4c; HP Oblique Disrupted, Figure 4b; Disrupted Regu-
lar, Figure 4c) being the most common (51%, Figure 5) and RBB HP Regular being the
dominant state (34%). There are no regular TBRs, only oblique TBRs (7%, Figure 4d) and
oblique disrupted TBRs (10%, Figure 4e), the latter representing the only case where the
disrupted pattern is more common than the corresponding uninterrupted morphology
(Figure 5). The TBR/LTT typology (Figure 4j) is poorly represented, with only 7% of ob-
served states. Finally, the most complex cases correspond to heterogeneous states account-
ing for 25% of observations.

1. RBB HP/RBB (Figure 5) is the most common case (15% of observations), including 5%
that are disrupted (Figure 4f);

2. TBR/RBB (Figure 4h,i) in our case corresponds to oblique TBRs (which show an elon-
gated depocenter connected to the coastline), with one of the horns not connected to
the coastline, which therefore do not develop an RBB configuration (10% of observa-
tions, Figure 5).

There is a certain homogeneity in the bar system, with a dominance of RBB typologies
(accounting for 51% of cases in the inner bar and 100% in the outer bar; Figure 5), while
other states are nevertheless represented over time. In addition, the embayments of the
crescents often show persistent channeled incisions following storm events (Figure 4).

{18 RBB HP Oblique Disrupted |IB : RBB Disrupted IB :TBR Oblique IB : TBR Oblique Disrupted

Depth
. |OB:RBBDisrupted OB:RBB HP q. ‘ epth (m) A
/ ‘ | / ] K]
! y “ o ! ¥ 7 b y ¢ N
i 7 N
-4 0 200 m
[

—> RIP channels

}/(@\ B IN D/ |

Bars crests

~ {IB :RBB HP/RBB Regular 5 TBR/LTT
OB : RBB HP Regular High points

Figure 4. Examples of different types of bars observed at the study site (a—j), taken from bathymetric
surveys. See Figure 5 for classification and occurrence.
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Figure 5. Typology of bars observed at Leucate (from 2000 to 2020), based on 79 observations. Gray
areas indicate no observations. IB: inner bar; OB: outer bar. The same color code is used for each
typology in the following figures.

4.2. Temporal Evolutions of Bar Typologies on a Seasonal Scale

Wave measurement statistics show two distinct periods (Figures 6 and 7): a summer
period (July to September) marked by waves of rather low significant height (Hs <1 m
and Hmax < 1.5 m) (Figure 7a) with short periods (between 2 and 4 s) (Figure 6c) and no
storm episodes (Hs > 2 m) (Figure 6a). During winter, the significant mean wave heights
are rather high (Hs around 1 m and Hmax > 1.5 m, Figure 7a). During this period, storms
can occur with Hs close to 5 m (Figure 6a), and waves show periods of the order of 6 to 8
s (Figure 6b), resulting in wave energy flux of more than 10 kJ/m? during storm events
(Figure 6c).
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RBB Regular typologies with or without high points are the most common states ob-
served throughout the year on the outer bar (Figures 6g and 7b). During the most energetic
months, RBB Disrupted states (Figure 7b) may be observed, whose existence seems to be
linked to particularly energetic episodes (Figure 6c¢), although it is not possible to deter-
mine the effect of wave direction on the development of such typologies.

Inner-bar morphologies, although highly diversified, are dominated by RBB typolo-
gies, regardless of the season (Figures 6g and 7c). It is possible, however, to notice a certain
seasonality in some observed typologies. RBBs are never disrupted at the beginning of
summer (Figure 7c), while Disrupted RBBs are mainly observed during the most energetic
months of winter and autumn (Figure 7c), particularly following storm events (Figure 6).
TBR variants are observed between April and September (Figure 7c), corresponding to
periods of decreasing energy (April to July) and summer calms (July to September) (Fig-
ure 7a). Heterogeneous typologies (TBR/RBB and RBB HP/RBB) are observed outside the
summer period (Figure 7c); i.e., they are associated with moderately energetic forcing re-
gimes, essentially between January and April (Figure 7a,c). TBR/LTTs, on the other hand,
are mainly observed during less energetic periods, notably in September (Figure 7a,c).
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Figure 6. Time series of daily records of (a) wave height, periods and type of survey; round: bathym-
etry; triangle: satellite; star: LIDAR; red square: video monitoring period. (b) Wave direction given
from shore normal. (c) Wave period. (d) Wave energy density. For reasons of clarity, periods during
which waves are directed offshore are not shown. (e) Average distance between coastline and bar
embayment (solid line) and between coastline and horn (dashed line) for inner (yellow) and outer
(orange) bars. (f) Ratio of distance between coastline and horn to distance between coastline and
embayment, with 1 representing less marked crescent shapes and 0 very marked. (g) Bar typology;
outer bar on top and inner bar on bottom. In graphs (e,f,g), each point is an observation.
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Figure 7. (a) Monthly averages of wave conditions over the study period. (b) Observations per
month for the outer bar. (¢) Observations per month for the inner bar. HP: high point.
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4.3. Temporal Evolutions of Bar Typologies at the Event Scale

Table 1 shows the bar type at t + 1, thus highlighting the changes in bar type. Gener-
ally speaking, if we consider the evolution of the inner bar, most of the observed changes
occur towards RBB types (RBB HP Regular, RBB HP Disrupted, RBB Disrupted; 43/79 ob-
servations), implying that the bar system is converging towards a dynamic equilibrium
state. In detail, heterogeneous typologies remain primarily heterogeneous (stability) or
may change towards RBB, i.e., towards the homogenization of the system in a RBB-type
beach state. TBR types also change primarily to RBB or remain as TBR (indicating stability,
despite applied forcing). RBB types show the greatest diversity of change, giving rise to
all the other bar types. In the majority of cases, however, the typologies remain as RBB
after a storm, illustrating once again the great resilience of these bars. To a secondary ex-
tent, these RBB types can change to TBR types or heterogeneous shapes. The graph (Figure
6g) shows, however, that if we wait long enough (several storm episodes), the inner bar
always reverts to an RBB-type configuration.

Table 1. Changes in inner-bar typology during monitoring. On the left, the initial typology; on the
top, the final typology. Cell coloring depends on the number of observations, darker for more ob-
servations.

Final Typology
TBR TBR/RBB RBB RBB
TBR/LTT TBR  Oblique TBR/RBB Oblique HP/RBB RBB HP RBB HP

HP/RBB Dis-  Total

Oblique Oblique Dis- Oblique Dis- Regular Dis- Regular Disrupted rupted
rupted rupted upted
TBR(LTT 1 ’ 1 6
Oblique
TBR Oilique 1 1 2 1 5
TBB Oblique 4 3 » 10
disrupted
TBR(RBB 1 1 1 3
Oblique
TBR/RBB
Oblique dis- 1 1 2
Initial rupted
typol- RBB HP/RBB 1 5 1 3 -
ogy Regular
RB}.S HP/RBB 1 » 4
Disrupted
RBB HP Reg- 4 3 1 1 1 27
ular
RBB HP Dis- 1 1 1 9
rupted
RBB Dis- 2 1 1 5 6
rupted
Total 6 8 1 4 10 3 27 10 5 79

Here, a focus is brought to typology changes in relation to mean wave height and
shore normal wave direction (Figure 8), highlighting the three most frequent final typolo-
gies (Table 1): RBB HP Regular (27/79 observations), RBB HP Oblique Disrupted (10/79
observations) and RBB HP/RBB Regular (10/79 observations).

(1) The RBB HP Regular typology is the one for which the most changes have been ob-
served, accounting for almost 34% of the total (27/79 observations, Table 1). This is
also the most common initial typology and the most stable: on 11 occasions during
the monitoring period, this bar morphology withstood various forcing conditions
without changing typology (Figure 8a). In the case where a change of typology is
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observed, seventeen of the twenty-seven cases are within the RBB category, while in
seven of the twenty-seven cases, the change is to the TBR category (Table 1).

(2) Ten changes are observed towards the RBB HP Oblique Disrupted typology (nearly
13% of the total), which take place following energetic forcing conditions, with an
average Hs between 1.5 and 3 m (Figure 8b). Once established, in six cases out of
nine, these typologies will evolve towards a RBB HP regular typology (Table 1) by
infilling of the rip channel.

(3) The heterogeneous typology RBB HP/RBB Regular (Table 1 and Figure 8c) remains
either within the heterogeneous category (four/ten observations) or changes into RBB
(four/ten observations) or TBR Oblique (two/ten observations), especially when the
waves are very oblique to the shoreline (>20°, Figure 8c).

(a) From RBB HP Regular
®
® 0 ® o
) ® ) ® e ®
o
-20 . _1'0 20 30 40
Mean wave direction from shore normal (°)
6
(b) From RBB HP Oblique Disrupted
- O
g 0 . _1'0 20 30 40
Mean wave direction from shore normal (°)
(c) From RBB HP/RBB Regular
O
o
o ) °
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Mean wave direction from shore normal (°)
® TBR/LTT Oblique * RBRHP/RBB Regular @ RBB HP/RBB Disrupted ® 78R Oblique Disrupted ® RBB HP ObliqueDisrupted ® RBB Disrupted
® TBR/RBB Oblique ® TBR/RBB Oblique Disrupted ® TBR Oblique RBB HP Regular ® RBB Regular

Figure 8. Possible changes in typology as a result of forcing conditions. The initial morphologies are
(a) RBB HP; (b) RBB HP Oblique Disrupted; (¢) Regular RBB HP/RBB Regular. Wave direction is
given from shore normal; 0 indicates a direction perpendicular to the shoreline, and 90° is parallel
(i.e., southerly).

For the outer bar (Figure 9¢c,d), there appears to be an increase in energy between the
RBB HP Regular, RBB Regular and RBB Disrupted typologies (Figure 9c), which occurs
after periods of high-energy storms (Figure 6g). The wave direction shows little change
between typologies but is concentrated around 30° with respect to perpendicular lines to
the coast in the case of RBB Disrupted morphologies with waves coming from the south-
east (Figure 9d). This sector is also where the most energetic storms are concentrated,
which may explain the disrupted nature of the bars (Figure 1c).

For the inner bar (Figure 9a,b), the disrupted form shown by three typologies
(TBR/RBB; TBR oblique and RBB) seems to be linked to slightly larger waves than for the
uninterrupted form (Figures 9a and 10). Moreover, a wave direction > 20° seems to be
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linked to the emergence of inner bars showing 60% heterogeneous typologies (RBB
HP/RBB Disrupted; TBR/RBB Oblique; TBR/RBB Oblique Disrupted) (Figures 9b and 10)
associated with average wave heights of around 0.75 m.
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Figure 9. Inner bar typologies according to (a) average wave height and (b) average wave direction.
Outer bar typologies according to (c) average wave height and (d) average wave direction. In brack-
ets, number of observations per typology. Wave direction is given by the shoreline normal.
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Figure 10. Typology of the inner bar according to average forcing conditions. Wave direction is given
from shore normal.

4.4. Bar System Dynamics
4.4.1. Pattern Dynamics over 20 Years of Observation

For the outer bar, the cross-shore position of the embayment is relatively stable (Fig-
ure 6e), with only the horns fluctuating forward and backward within a mobility envelope
of around 100 m (corresponding to 1/4 of the bar amplitude, Figure 6e). This bar corre-
sponds to the same feature that has been mapped over the last 20 years and shows no
seaward movement of the Net Offshore Migration type (Figure 11). The longshore posi-
tion of the horns is contained within a mobility range of 150 m maximum (i.e., 1/4 of its
mean wavelength) without any longshore migration of the entire system. In fact, the po-
sition of the outer bar in 2020 returned to the same position as recorded in 2000 (Figure
11). As observed with the cross-shore position, the longshore position of the horns oscil-
lates around an equilibrium position. The crescentic pattern also remains constant over
time and, therefore, shows no linearization (Figures 6f and 11). Bar breaches are rarely
observed: five out of seventy-nine observations in 20 years (Figure 6e). However, it is im-
portant to note that since part of the monitoring is performed by visual photo interpreta-
tion of satellite images, the disrupted nature of the bar may be difficult to see.

On the other hand, the cross-shore position of the inner bar varies quite considerably,
showing a noticeable mobility near the horns, which change their position within an en-
velope of 200 m (corresponding to 4/3 of the bar amplitude, Figure 6e) and can even come
up against the coastline (Figure 6e). Although some movement is recorded, the bar never
disappears by merging with the coastline or by seaward migration (Figure 6e), nor does it
exhibit continuous longshore migration in the direction of longshore drift (to the north in
the studied case; Figure 11), even under highly dynamic conditions. The inner bar merely
oscillates around an equilibrium position over the 20 years of monitoring (Figure 6e). Bar
breaches are quite common at the embayments (26 out of 79 observations in 20 years),
particularly following winter storms (Figure 6e). Although the general pattern of the bars
is always crescentic, strong variations in crescent amplitude are observed, although they
never reach a linear state (Figure 6f). This pattern is most pronounced during periods
when the horns are closest to the coastline (Figure 6e).
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Figure 11. Position of inner and outer bars since 2000, color scale according to date.

4.4.2. Syn-Storm Evolution of Nearshore Bars

In the two series of averaged images presented here, each depicting a storm event (1
April 2020 and 22 April 2020) (Figure 12a,b), the inner bar typology remains homogeneous
throughout the duration of each event, and the outer bar is only slightly impacted by the
breakers (breaker marks are barely visible over the bar (Figure 12a), or not visible at all
(Figure 12b)).

The multi-year monitoring shows that the inner bar is not linearized by either of these
events, even with an Hmax greater than 3 m (Figure 6a). There appears to be very little
syn-storm evolution of the inner bar since the RBB typology remains throughout the
storm, in agreement with the observations shown in Figure 8. The crest of the inner bar
remains at the same location on all images, indicating that no change of beach state oc-
curred during these two storm events. The most notable morphological changes, however,
appear to take place at the level of Low Beach Bars that were formed in very shallow wa-
ters connected with the shoreline and then disrupted during the second storm event (Fig-
ure 12b).
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1 Aprl 2020 9:50 N 1 April 2020 16:40 NN 2 April 2020 10:50
Hs: 2.7 m Hs:2.1m Hs: 1.2 m
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Figure 12. Leucate nearshore bars during two medium-intensity storms (a) 01/04/2024; (b)
22/04/2024. Black crosses are spaced 200 m apart.
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4.5. Coupling between Inner and Outer Bars

Downwave coupling (when the two bars are in-phase opposition and slightly offset)
was observed in 45% of cases; it is most prevalent for wave heights between 1 and 6 m,
with incoming wave directions between -20° (NE) and 30° (SE), and systematically when
wave heights exceed 3 m, whatever the wave direction (Figure 13). For the remaining 55%
of cases, for medium waves (between 0.5 and 2.5 m) with wave directions between 15° and
38°, the two bars are in-phase in 20% of observations. For waves of less than 2 m with a
wave direction of 5° to 35°, the two bars are out-of-phase in 35% of observations.
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Figure 13. Type of coupling between outer and inner bars in relation to mean wave height and mean
wave direction between two observations.

5. Discussion
5.1. Classification of Nearshore Bar Typology

The classification of bar typologies at the Leucate site is quite similar to what is al-
ready accepted in the literature [2,5,7,21,77]; however, there are some notable differences
that will be discussed here. Low-energy waves (i.e., waves < 1 m) generate transverse bar
typologies, while more energetic waves generate crescentic bars (Figure 14), revealing a
seasonal signature. However, the slope, granulometry and energy characteristics of the
Leucate site prevent the formation of linear bars, which represent the most energetic stage
of the intermediate beach state [5,20,45,46,59,78]. The bars are thus always crescentic (Fig-
ure 14), unlike other more exposed Mediterranean sites outside the Gulf of Lions where
the bars are only intermittently crescentic [51,79]. These typologies are grouped according
to various sub-states based on already accepted classifications [13]: TBR/LTT, heterogene-
ous (RBB HP/RBB and TBR/RBB), TBR and RBB, showing either normal or oblique con-
figurations, with uninterrupted or disrupted embayments (Figure 14). Heterogeneous
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Fair weather

conditions

typologies (RBB HP/RBB, TBR/RBB; Figure 5) are rarely described in the literature [13] but
represent 25% of the inner bars observed here, which is in line with the results of previous
studies (16.7%) in this part of the Gulf of Lions [13]. At Leucate, on the other hand, the
outer bar never shows a heterogeneous configuration, whereas 34.9% of outer bars show
this pattern over the whole Gulf of Lions [13]. Locally, the larger space made available
between the inner bar and the shoreline allows for the development of a proximal Low
Beach Bar (LBB) system interspersed within the accommodation space (Figure 14), which
is described in more detail in Ref. [75].
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Figure 14. Typology of bars based on wave forcing intensity at the Leucate site; Feyssat et al., 2022
[75].

5.2. Nearshore Morphodynamics

Bar type combinations are more varied for the inner bar (ten typologies) than for the
outer bar (three typologies).

Thus, the outer bar shows less typological variability (Figure 14); it is always of the
RBB type, most often RBB HP Regular or RBB Regular. In the event of strong waves (Hs >
3 m), a breach may occur in the embayment (RBB Disrupted). The persistence of the RBB
pattern is explained by the rarity of forcing conditions that can reach this bar (breaking
waves: Hs > 4 m; [12]), which is quite commonly described at other sites [8,10,21,59].
Within the RBB typology, however, the bar shape can change if the storm episode is suf-
ficiently energetic (change in horn shape and possible breaching). In contrast to single-bar
sites, no linearization is observed during the most energetic episodes [20,46,59,78]. Fur-
thermore, storm episodes at the Leucate site are not intense enough to reach a linearized
beach state. At Leucate, Hm0 Q95% = 1.92 m compared to Hm0 Q95% = 4.08 m on the
French Atlantic coast [80], where linearization episodes are observed on double-bar sys-
tems [11]. In the case of weaker forcing on the outer bar, the horns may migrate towards
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the coast [81,82] and connect to the underside of the inner bar embayments, resulting in a
lower-energy form whose horn elongation is reminiscent of TBR substates [19,39,52,83].

The inner bar is more mobile, as is commonly accepted [8], and exhibits a wide vari-
ety of states. The TBR/LTT typology is a low-energy pattern (Figure 14), which is present
in summer following long periods of fair weather. At the other end of the spectrum, the
RBB Disrupted typology on the outer bar results from higher energy (Figure 14) condi-
tions in winter as well as following storms. In the case of storms of decadal recurrence
(Waves > 6 m), the highly disrupted character of the inner bar system gives the impression
that it has been reworked [84]. Between these two extremes, it is difficult to characterize
the other bar typologies in terms of an energy scale, due to the transformation of the waves
by refraction as it passes over the horns of the outer and inner bars [5,42,52,74]. On the
other hand, according to accepted classifications [2,5,7], we can rank the typologies in or-
der of increasing energy as follows: TBR/LTT, heterogeneous and oblique TBR (Figure 14),
then RBB [52]. The presence of heterogeneous states implies that the entire bar pattern
does not exhibit the same typology; a majority of the typologies (60%) appear to be created
by medium-intensity wave conditions accompanied by rather high obliquity of wave in-
cidence (>20°).

Attempts to associate one type of coupling between the bars with offshore forcing
conditions are not conclusive at the event scale. However, the physical explanations for
the different types of coupling (including the currents that generate them) appear to be in
agreement with the results of previous studies carried out at the site [12,84,85]. The out-
of-phase configuration develops during periods of low-intensity waves and becomes in-
phase with more energetic waves, while downwave coupling (45% of observations) is as-
sociated with strongly oblique waves [23,39,54,62,63,65,66,86,87]. The dominance of this
coupling configuration is explained here by the dominance of oblique mean forcing at the
site (Figure 1d).

5.3. A Bar System Predominantly Characterized by RBB Typologies

One of the particularities of the study site is the high proportion of RBB types (100%
outer bar; 51% inner bar; see Figure 14). In fact, even if the inner bar changes typology, it
always tends to return to RBB types. The RBB-type outer bar imposes variable incident
wave conditions along the coast that can control the longitudinal configuration of the in-
ner bar [11,54,61,88,89]. Although changes are observed following intense forcing events
at Leucate, several typologies are not smoothed out by a single event nor its decline, as
observed at other sites [3]. The stability of the beach state and resilience of the RBB system
at Leucate are unprecedented features—when compared with the literature—that reflect
the unique character of this Mediterranean site.

One possible explanation for the prevalence of RBBs is that during low-intensity forc-
ing conditions, which are the most common, the surf concentrates over the horns of the
crescentic bars. This creates a return current opposing the bottom swell current directed
towards the beach [30,84,85,90,91]. At Leucate, this mechanism may induce the growth of
the horns and the establishment of the high points (Figure 14), thus concentrating a large
proportion of the sediment and conferring great stability to these high points over time,
similar to the mechanism behind the growth of transverse bars [74]. The onshore current
created by wave asymmetry on these horns [92-94] can also explain their coastward mi-
gration, as observed in a downstate beach sequence [16,17,52,57,95,96]. However, Trans-
verse Finger Bars connected to the coastline cannot be formed here as in other microtidal
environments [74,97,98] due to the rather steep slope at Leucate (1° compared with the
required threshold of <0.6°) and the coarser granulometry.

5.4. Low Mobility of the Bar System

Another special feature of the study site is the stability of the bars (both inner and
outer), which show rather low-amplitude movements concentrated mainly at the crescent
horns. These movements occur within a mobility envelope of around 150 m to 200 m
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longshore (corresponding to 1/2 of the wavelength of the inner bar in and 1/4 for the outer
bar, Figure 11) and around 50 m to 150 m cross-shore (corresponding to 1/4 of the ampli-
tude of the outer bar and 4/3 of that of the inner bar, Figure 11). In the case of Leucate, we
can apply a model of cross-shore bar dynamics known as oscillation around a Point of
Equilibrium (OPE), as already defined for linear bars in the northern part of the Gulf of
Lions [37]. The OPE mechanism can also be evoked on another scale to describe the long-
shore movements of the outer bar, which show a displacement of around 150 m to the
north and then a return to the starting position within 20 years (Figure 11). This phenom-
enon is more difficult to observe on the inner bar, given the numerous changes in typology
and horn location.

Despite the relatively low average forcing compared to the Atlantic Ocean, for exam-
ple, bar wavelengths can reach significant dimensions here (L = 400 m for the inner bar
and L = 600 m for the outer bar), similar to the systems in southwest France [8,99], which
are located in a much more energetic environment (the Atlantic coast). The imposing size
of these sedimentary bodies inevitably contributes to their inertia [100] and is also possi-
bly controlled by the size of the outer bar, which is itself built up only during the strongest
storms.

The slow evolution of the bars and the relatively minor syn-storm changes in mor-
phology could also account for the absence of SPAWs (Shoreward Propagating Accretion-
ary Waves; see Ref. [9]) at the Leucate site, although such features can be observed at ge-
ographically close, albeit more energetic sites (Sete, 75 km farther north see [101]). These
features usually emerge during rapid bifurcation of the bar horns (during a linearization
episode, for example) and then migrate towards the coast [9,10,102]. The absence of line-
arization episodes may also explain the absence of SPAWSs.

There are a few possible explanations for the relative stability of these systems.
Firstly, the filtering effect of the outer bar on the incoming waves [5,42,52,74], thus limiting
the energy transferred towards the shore. Secondly, although storms are potentially in-
tense, they are short-lived (a few days, max.; see [73,103]) and are interspersed between
long periods of calm, which also limits the amount of energy that can be transferred to the
coast during these events. Due to the large size of the bars, it is possible that the storm
duration is too short and the amount of energy delivered is insufficient to induce any
rapid or major changes in beach morphology [104-106]. This hypothesis then raises the
question of the initial formation of the bar system at the study site, one possibility being
that it might have formed during extreme storm events, although this possibility cannot
be validated or invalidated.

5.5. Development and Evolution of Rip Channels

During the most energetic events, it is possible to observe localized ruptures in the
embayments of the inner and outer bars (Figure 14), creating channels that incise the crest
of the bar and allowing for the expulsion of rip currents [95,107-109]. The latter is more
frequent on the inner bar (35% of observations; Figure 14) than on the outer bar (5% of
observations; Figure 14) and may give rise to asymmetrical inner bars, confirming that
oblique waves are required for their formation [8,110,111].

Modeling studies on the crescentic bars of the Leucate sites [12,84] indicate the de-
velopment of circulation cells on the inner bar with strong rip currents normal to the coast
during storm events, causing the crest of the inner bar to break at its embayment. Wave
heights above 4 m are required for these circulation cells to encompass the outer bar
[12,84,85]. Once developed, these channels remain visible on bathymetric observations for
long periods (up to several months for the outer bar; see Ref. [13]) and can be subsequently
reactivated. The persistence of the disrupted patterns can be explained by the morpholog-
ical hysteresis in the evolution of the bars, which break up faster than they rebuild. This
is because the accretionary mechanisms on these bars are lower-energy phenomena that
take place over long periods of time. These bar ruptures subsequently resolve under the
action of smaller waves without leading to the establishment of rip channels, leaving space
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available for the formation of TBR-type systems (TBR Oblique of the Aquitaine coast,
known as Transverse Rip-Bars; see Refs. [3,39,42,43,49,95,109,112,113]).

6. Conclusions

The morphodynamics of the Leucate double-crescent bar system have been studied
over the last twenty years using bathymetric data supplemented by satellite and video
images. Due to the inertia of the system, we can determine the sequence of typologies and
describe them in detail using bathymetry during periods of good weather between storm
events.

During the monitoring period, 11 different bar typologies were identified, derived
from those already described in the literature (LTT, TBR and RBB), with downwave cou-
pling between bars in 45% of cases. The outer bar is always of the RBB type, most often
RBB HP, and its position is relatively stable, although breaches can occur in the embay-
ments. Movements of the outer bar horns are possible following particularly energetic
episodes with cross-shore mobility of around 50 m. In addition, a northward to-and-fro
movement of around 150 m (i.e., 1/4 of the wavelength) of the outer bar was visible over
the 20 years of monitoring. On the other hand, the inner bar is more dynamic, exhibiting
ten different typologies (categorized as TBR/LTT, heterogeneous, TBR and RBB), alt-
hough, as with the outer bar, RBB substates are predominant. Breaching at the embay-
ments is more common than on the outer bar, and the cross-shore movements of the horns,
although similar in amplitude to those of the outer bar, represent a larger proportion rel-
ative to the size of the sedimentary body (i.e., 1/2 of the wavelength). Cross-shore move-
ments of the inner bar are of the order of 200 m (for a bar amplitude of 150 m). While it is
difficult to classify these bar typologies according to offshore wave forcing at the event
scale, it appears more appropriate to do so at the seasonal scale. Low-energy summer
waves are dominated by TBR/LTT and TBR, while RBB remains common throughout the
year and becomes dominant in winter. The majority of disrupted bar configurations (inner
and outer) are observed during this high-energy period. Due to the low recurrence of
winter storms and long periods of fair weather, disrupted typologies can persist for sev-
eral weeks to months. Eventually, however, the channels in the disrupted embayments
are filled in. The return to less energetic periods at the end of winter is accompanied by
the establishment of heterogeneous typologies (RBB HP/RBB, TBR/RBB), favorable to the
development of a Low Beach Bar system intercalated between the inner bar and the shore-
line at the level of the retreating horns. The seasonal nature of bar typologies does not lead
to bar renewal through destruction/reconstruction. Morphological changes occur gradu-
ally on existing bars, with no new entities being created over the 20 years of monitoring.
Over the multi-decade monitoring period, the inner/outer bar complex appears surpris-
ingly stable.

Several areas of research could be explored to further develop the results of this work,
in particular through modeling to gain a more detailed understanding of the establish-
ment and behavior of heterogeneous states, and by extension the establishment of Low
Beach Bars. This could also help to explore the development of the outer bar system, the
dimensions of which are close to those observed in much more energetic environments
(on the Atlantic coast). Lastly, as the coupling study was carried out on a relatively small
stretch of beach compared with the size of the objects studied, it would be necessary to
work on larger stretches of shoreline to reinforce the results obtained on bar couplings.
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