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Abstract

:

This study focuses on the dynamics of an intermittent estuary in a wave-dominated (microtidal) area, with low fluvial discharges and strong dominant offshore wind regimes. The aims are to understand the effect of these particular environmental factors in the dynamics of such estuaries. The results allow us to propose a synthetic morphodynamic model of evolution whereby opening phases are predominantly controlled by offshore winds, which have a significant influence in the northern Mediterranean. Inputs from rainfall/karst discharge and the overtopping of storm waves cause the lagoon to fill. Closing phases are controlled by the slight easterly swell which forms a berm at the inlet entrance. On occasion, major storms can also contribute to barrier opening. Nevertheless, offshore wind remains the main controlling factor allowing the surge of lagoon waters behind the beach barrier and the lowering of the berm by wind deflation. This leads to opening of the barrier due to the overflow of lagoon waters at the beach megacusp horns, thus connecting the sub-aerial beach with the inner bar system that is developed on topographically low sectors of the barrier. To the best of the authors’ knowledge, this type of estuary is not described in the literature.






Keywords:


intermittent estuaries; microtidal; wind-driven opening; coastal lagoon; Gulf of Lions












1. Introduction


Intermittent estuaries (or inlets) are small channels (<100 m wide, a few metres deep) which develop on narrow low-lying barriers, and which allow the connection of brackish coastal water bodies with the ocean. This connection is periodically closed due to the accumulation of marine sediments forming a berm at the inlet entrance [1,2,3,4]. Intermittent estuaries are primarily observed in wave energy-dominated sandy microtidal environments and show a broad spatial distribution worldwide [5,6,7]. For example, on microtidal coasts they account for 15.3% of all estuaries, with a larger proportion in Australia (21% of total), South Africa (16%) and Mexico (16%) [7]. The highly variable connections of these estuaries to the sea can lead to considerable changes in physicochemical variables [8], the disruption of fish habitats and migration [9,10] as well as the degradation of river/lagoon water quality during periods of mouth closure or semi-closure [11,12,13]. The degree of closure also results in an increased vulnerability of coastal areas to risks of flooding [14]. Furthermore, during periods of closure, intermittent estuaries can act as accumulation basins. They are emptied only periodically and may be vulnerable to anthropogenic activities, thus being considered as very sensitive to anthropogenic disturbance [2].



The dynamics of the inlet are primarily controlled by external forcings (sediment transport and hydrodynamic forcings) [15]: fluvial, tidal, and/or gravity waves [4,6,16,17,18] but also infragravity waves [19,20,21,22,23]. These systems are particularly difficult to study because of the concomitant forcings, coupled with the complexity of wave-current interactions [24,25,26]. A seasonality can be observed in the functioning of these systems, with summer being more favorable to closure (low river discharge and less energetic swell). Conversely, winters are more favorable to opening (heavy precipitation and high marine energy), during which the inlets are generally open [4].



Several possible mechanisms have been proposed to explain the opening of intermittent estuaries:




	
Increased fluvial discharge during rain events that lead to barrier breaching [4,12,16,27,28];



	
Liquefaction of barrier sediments by percolation caused by large differences in water level on either side of the barrier [29,30];



	
The influence of high-energy marine conditions where waves cause breaching by overwash and overtopping [3,31,32];



	
More complex mechanisms coupling the impact of storm swell submergence with flooding generated by heavy precipitation (flash floods) [33,34]. These opening phases cause a wide redistribution of sediment in and around the inlet system [35]. The response to an event is not identical over time, and depends on the inherited topographic state [36], itself linked to processes operating on event scales up to several decades [31];








Concerning the closure mechanisms, two main processes can be identified:




	
Marine longshore transport is dominant over fluvial flow, and the migration of the spit leads to displacement of the estuary and its eventual closure. This mechanism is most applicable in the case of straight shorelines subject to oblique swells [4,37,38];



	
Cross-shore transport, when the swell is able to remobilize sediments in the surrounding area or in the nearshore bars, which then nourish the sub-aerial beach and fill the outlet. This shoreline feeding mechanism is commonly evoked in the case of long-period swells with frontal incidence coupled with a low longshore transport rate and low outflow velocities <0.1 m.s−1 [4,12,19,37,39,40,41];








The impact of wind is rarely considered when describing the multiple and complex mechanisms driving the morphodynamics of intermittent estuaries, even though wind can have a considerable influence on the internal lagoon morphology [42,43]. This is especially important in shallow basins where wind forcing can produce surges of significant amplitude [44,45,46,47,48]. These surges can be comparable in magnitude to the effects produced by river discharges and could thus potentially contribute to controlling an intermittent estuary if the surge is directed toward the barrier. However, this aspect deserves further investigation. In addition, wind is at the origin of processes that can give rise to considerable sediment transport on the barriers causing major morphological changes [49,50,51,52]. This is especially important in environments with low tidal ranges (lower part of the microtidal classification). In the absence of a tidal range, the beach exposure time is sufficient to cause morphological changes on the backshore or beachface [53,54,55]. This is despite the fact that the width of the beach is generally reduced in microtidal environments, limiting the fetch area that can accommodate aeolian sediment transport (onshore or offshore). Considering the capacity of the wind to induce currents or even surges in lagoons but also its ability to transport sediment and reshape sub-aerial morphology, the wind is a potential forcing agent that should be taken into account in intermittent estuary dynamics.



This study focuses on the dynamics of an intermittent microtidal inlet in a wave-dominated area with a marked seasonality. This inlet is characterized by very low river discharges and strong offshore wind regimes (typical of the Gulf of Lions and the northern Mediterranean coast). To the best of the authors’ knowledge, this type of inlet has not yet been described in the literature. The methodology is based on topographic monitoring over a period of five years (25 surveys), coupled with two periods of high frequency monitoring of lagoon level (7 February 2019 to 27 March 2019; 16 November 2021 to 3 February 2022), swell and wind conditions. The aim of our study is to understand the mechanisms that control the functioning of intermittent estuaries in this type of environment. In particular, we focus on the effect of offshore wind in the dynamics of estuaries in addition to the more commonly cited controlling factors (atmospheric pressure, precipitation, riverine inputs, and tides). As a result, we present a conceptual morphodynamic model of an intermittent estuary in a microtidal environment, combining a set of controlling factors (mainly offshore wind and onshore waves) that are not usually considered simultaneously. More broadly, the objective is to contribute to the understanding of intermittent estuaries by investigating some possible controlling factors that may be minor at most sites but dominant at others. This leads to a discussion on the integration of these controlling factors into our overall knowledge of the dynamics of intermittent estuaries, particularly in other sectors of the Gulf of Lions but also over a significant part of the northern Mediterranean where estuaries with similar controlling factors may be present.




2. Study Site


The Gulf of Lions (France, from Cape Creus to the south to Cape Couronne to the north) is a wave-dominated microtidal environment with a tidal range of 0.3 m (mean spring tide). Exceptionally, storm surges can reach more than 1 m under the combined effect of storm waves and swell [56]. Weather patterns can be divided into two main sets of conditions as follows:




	
Dominant offshore winds (NW) blowing 70% of the time, commonly reaching daily average speeds above 10 m.s−1 and even 30 m.s−1 for a few hours (gusts > 40 m.s−1), with between 10 and 30 days average wind speed above 27 m.s−1 [57]. This violent and cold offshore wind blows from the west along the foothills of the Pyrenees and the southern mountains of the Massif Central. Two meteorological situations classically generate this wind, either an anticyclonic zone between Spain and the SW of France or an N/NW flow often in the form of a cold front bringing cold air to the Mediterranean between a high-pressure area in the west and a low-pressure area in the east located on the Gulf of Genoa or the Tyrrhenian Sea [58]. This offshore wind regime generates seaward-directed waves that have no impact on our study site.



	
Onshore winds are the least frequent (30% of the time) and can be accompanied by swell; these winds are associated with severe winter storm events [59]. The S/SE swell, associated with onshore winds, is characterized by significant wave height (Hs) of 2.5 m for annual storms and up to 6 m for a decadal storm, with a period (Ts) of around 5 to 10 s [56]. Here, a storm is defined as a wave event in which Hs exceeds a threshold value of 2 m [60,61]. A seasonality is observable in the wind regime, with severe offshore wind events from late autumn through to spring interspersed by marine storm events, and with low-intensity sea breezes during the summer [56]. Spring and summer are characterized by low-energy conditions, whereas autumn and winter are more energetic periods [59,62]. Longshore drift is locally directed to the north [56,63].








The study site, the sandy barrier of Coussoules (Figure 1), is located in the central part of the Gulf of Lions north of Cap Leucate, with particular attention focusing on the dynamics of an intermittent estuary, Le Grau de la Franqui. This inlet is a narrow body of water connecting the Mediterranean Sea in the east to the La Palme lagoon in the west. In this study, the inlet is defined as open when there is a clear connection of the lagoon to the sea without any sand bodies blocking the water circulation. It is defined as closed when an emerged berm blocks the inlet or when the barrier is fully formed (no visible channel). The lagoon has an area of 5 km² and an average depth of ≈0.9 m (1.8 m maximum), containing a water volume of 2.6 × 106 m3 [64]. It is divided into three basins (Northern, Central, and Southern) delimited by constrictions or embankments that correspond to the salt ponds, the railway bridge, and the Coussoules bridge. The exchange of waters between the lagoon and the sea takes place through the inlet when it is open, or during episodic overwash due to strong storm surges [65] or by percolation through the barrier beach [66]. Although observable on the seaward side, the tidal signal does not propagate into the lagoon and is attenuated by the passage of the estuary and successive bridges. Thus, tidal variations are not a significant factor in the exchange between the sea and the Northern basin of the lagoon [67]. The lagoon is supplied with fresh water via one or more karst resurgences in the northwestern sector. Measured flow rates range from (3 ± 15) × 103 m3.d−1 in June 2016 to (25 ± 9) × 103 m3.d−1 in November 2016 [68]. Most of the inputs to the lagoon’s annual water budget are provided by karst discharges (27 × 106 m3), 3 × 106 m3 by precipitation (between autumn and spring), and 7 × 106 m3 by marine inflow. At the outflow, 30 × 106 m3 of this water input goes to the sea and 8 × 106 m3 evaporates (potential evapotranspiration of 1700 mm.y−1, with a maximum in summer). The lagoon level is thus at its lowest during the summer before rising again in early autumn [66,69].



The maximum elevation of the beach barrier varies between +1 and +1.5 m NGF. The nearshore zone has a slope of 0.6° and is classified as dissipative [59]. It displays a double crescentic Rhythmic Bar and Beach (RBB) system [60] that influences the morphology of the sub-aerial beach. The positions of the megacusp horns correspond to the points of connection of the inner bar horns with the sub-aerial beach [59,70]. In periods of low energy, the berm of the megacusp horns is poorly marked, creating low points on the coastline. During periods of higher energy, the shoreline retrogrades and gains in altitude. This results in a higher berm with a steep seaward slope [70].




3. Materials and Methods


3.1. Topographic Survey


Morphological monitoring of the beach (Figure 1) was carried out using a DGPS-RTK system (Ashtech Proflex 500/800) following cross-shore transects (10 m apart) and longshore transects on the top of the berm and along the shore. The shoreline is defined as the static position of the water body on both the seaward side and the lagoon side. The DEMs were generated in the Lambert 93-NGF projection (French National Grid and Datum), using the Natural Neighbor interpolation method (accuracy in Z of about ±2.5 cm). Twenty-five DEMs were generated from November 2017 to January 2022 with a near-monthly survey frequency. Weather forecasts allowed us to anticipate morphogenic events for the beach and the inlet in order to carry out surveys before and after them. The state of the inlet was also monitored daily by surfcams and surveys were conducted during morphogenic periods. During the study period, no mechanical operations took place for opening or closing of the estuary. The frequency of surveys was weekly during the hydrodynamic campaign.



During the summer of 2014, a topo-bathymetric LiDAR dataset was acquired using a Hawk Eye III system as part of the Litto3d campaign. The accuracy is ±0.30 m in vertical and ±2.98 m in horizontal [71].




3.2. Hydrodynamic Measurements


Two pressure sensors (RBR Virtuoso) and a current meter (ADV NORTEK Vector) were deployed from 7 February 2019 to 27 March 2019 (positions 1,2, and 3 on Figure 1) to measure water level variations on both sides of the barrier. An additional campaign was carried out from 16 November 2021 to 3 February 2022 with only one pressure sensor at position 2 (Figure 1). Pressure sensors recorded at 2 Hz and the current meter at 1 Hz in 1 min bursts every 10 min. The instruments were calibrated on site before and after each deployment by gradually increasing the water level in a tank, to verify the calculated pressure/water height correlation. Moreover, water height above the instruments was measured to compare with instrumental values. Atmospheric pressure variations were corrected from the raw data using measurements from the nearby weather station. The accuracy is about ±2.5 cm. The position coordinates (X,Y,Z) of the sensors were determined with a centimetric DGPS-RTK system in Lambert 93-NGF projection, all level values being given in the NGF reference system (French National Datum).



Offshore wave conditions were recorded by the CANDHIS network at the Leucate buoy [72] moored 2.1 nautical miles off the study area in a water depth of 40 m.



Sea levels were measured using tide gauges located at Port-Vendres (45 km south of the study site).



To evaluate the extent of the marine influence on the beach, the 2% exceedance value of run-up on the beachface (R2%) was computed using the Stockdon et al. empirical formula [73].


   R  2 %   = W L +  [  1.1 +  (  0.35  β f     (   H 0   L 0   )    1 / 2   +      [   H 0   L 0   (  0.563  β f 2  + 0.004  )   ]    1 / 2    2   )   ]     



(1)




where WL is the water level, H0 is the deep water wave height, L0 the deep water wave-length and βf the beach slope from Aleman et al. (2015).




3.3. Meteorology


Hourly averaged wind data, atmospheric pressure, and daily precipitation were obtained from the Météo France station at Cap Leucate semaphore located about 2.5 km south-east of La Franqui beach, at an elevation of 42 m. It is important to note, however, that the method for sampling hourly average wind speed underestimates the gusts which represent the driving force in aeolian sand transport.





4. Results


4.1. Hydrodynamics and Water-Level Variations according to Prevailing Meteorological Forcings


During the survey period (2017–2022, Figure 2), we observed a seasonal weather pattern consistent with long-term statistics. The summer period is the least energetic, with wave heights around 1 m and rarely up to 2 m. The wind speed is lower than 10 m.s−1 most of the time (Figure 2b). The winter period is characterized by waves often higher than 2 m (≈5% of the time) and reaching more than 6 m during storm episodes (e.g., 5 March 2018, Figure 2a). Two main forcings can be distinguished: dominant offshore conditions with a NW wind (wind direction > 180°, Figure 2b), and less common onshore wind conditions (wind direction < 180°, Figure 2b). Most of the time, strong offshore winds generate offshore-directed swells that have no impact on the study site and are thus not shown here for sake of clarity. Offshore conditions occur throughout the year, but are more energetic in winter, when the wind can reach speeds of around 10 to 15 m.s−1 for several days, e.g., 27 January 2022 to 3 February 2022 or 28 September 2018 to 5 October 2018 (Figure 2b). Atmospheric pressure is usually high (≈1010 hPa) during offshore wind periods, and precipitation is scarce or non-existent due to mainly anticyclonic conditions (Figure 2c). Regarding onshore wind conditions, the most common forcing is represented by low-amplitude waves (Hs < 1 m) accompanied by sea breezes. Storms are common during the winter period, and swells can reach daily average heights close to 6 m with wind speeds > 20 m.s−1 (see 6 March 2018, Figure 2). Atmospheric pressures are low under stormy conditions (around 980 hPa), and the precipitation that accompanies these episodes can be substantial. Water-level measurements show large variations linked to storm surges in winter that can reach +0.2 m to +0.6 m (Figure 2d).



Long periods of inlet closure are observed in summer when swell and wind conditions are less energetic (usually from late July to late October, Figure 2e). Every year, the first episode of opening takes place during the autumn or even at the beginning of the winter season (e.g., 13 November 2017, Figure 2e). Observations tend to show that the first openings (of major extent) are associated with a succession of sustained offshore wind periods (Figure 2e). Then, several rapid opening/closing episodes can occur during the winter (secondary openings) depending on the weather conditions and water level in the lagoon (e.g., winter 2017/2018). The inlet then returns to a closed configuration during the following spring or summer and may remain closed throughout the summer (e.g., summer 2018, 2019, and 2020) until reopening in winter (e.g., 31 January 2022, Figure 2e). Throughout our study period, no mechanical opening or closing of the inlet was performed.



The first hydrodynamic campaign (Figure 3) allows a better characterization of the water level variations at the site when the inlet is closed (28 February 2019 and on 7 March 2019).



Over the period from 28 February 2019 to 2 March 2019 (Figure 3) the offshore wind speed is dominant with values around 18 m.s−1. The water level increases to reach about +0.3 m at station 2 whereas, at the same time, it reaches only +0.2 m at station 3 (e.g., 28 February 2019, Figure 3e). This difference in water level between these two basins of the lagoon indicates the existence of a slope of the lagoon surface. This transfer of water mass under the effect of the offshore wind generates a current at station 3 (Figure 1), oriented towards the SE with an average speed of about 0.8 m.s−1 (Figure 3f). Similar fluctuations are repeated on four occasions, interspersed with periods of lesser rise in water level (Figure 3e). There appears to be a relationship between the four periods of water level fluctuation (Figure 3e) and the intensification of offshore winds (Figure 3b). During each fluctuation, this transfer of water induces peak currents oriented to the SE, whereas they turn NW during the re-equilibration of the water body when the wind decreases (Figure 3f).



This phenomenon reflects the establishment of a surge induced by offshore winds in the lagoon. Figure 4 shows the variation of effective wind speed (Ve) as a function of the slope of the lagoon water surface between stations 2 and 3. Ve is positive for winds in the S/SE sector (onshore forcing) and negative for winds in the N/NW sector (offshore forcing). An increase in N/NW wind speed results in a sharp increase in lagoon slope, with a high point located along the beach barrier. Maximum slopes of almost 12 cm/km are measured for a NW wind forcing of 13 m.s−1.



During SE storms with Hs around 2 m (Hmax ≈ 3.5 m) and a maximum onshore wind of ≈15 m.s−1 (from 5 March 2019 at 12 pm to 6 March 2019, Figure 3), levels reach their minimum at both stations 2 and 3.



The second hydrodynamic campaign shows the evolution of water level in the southern part of the lagoon (station 2) near the barrier between the beginning of the 2021/2022 winter season and the first opening of the inlet (Figure 5). A strong increase in the lagoon level is observed on 20 November 2021 (Figure 5e) in relation to heavy precipitation, nearly 170 mm over 3 days (Figure 5c), coinciding with a strong easterly wind (Figure 5b). This massive inflow of rain runoff water leads to a rapid increase in the lagoon level (up to +0.7 m in 15 h), which then stabilizes at 1 m before decreasing to a stable level at around 0.8 m (Figure 5e). This evolution of water level does not lead to an opening of the inlet, as the barrier height remains around 1.4 m at this time (Figure 5e). During the months of December and January, only three minor episodes of precipitation are recorded (Figure 5c), without inducing any significant change in water level. Up until 15 December 2021, there are some episodes when offshore wind speeds reach 10 to 15 m.s−1. In the second half of December, a few low-intensity wave episodes (<1.5 m) could eventually bring water into the lagoon by slight overtopping (Figure 5d). After 20 January 2022, the offshore wind strengthens and stabilizes above 10 m.s−1, to reach an average of more than 20 m.s−1 (Figure 5b); at the same time, there is no swell (Figure 5a) and the atmospheric pressure is stable around 1015 hPa (Figure 5c). The offshore wind then induces a rise of +0.2 m in the lagoon level, attaining a peak at 0.85 m which also corresponds to the elevation of the barrier. This latter having decreased in altitude of nearly 0.5 m since the month of November 2021 (dropping from 1.4 m to 0.8 m). As a result, this leads to the breaching of the barrier on 31 January 2022 (Figure 5e). After this episode, the lagoon empties rapidly through the inlet into the sea, the level drops by nearly −0.5 m in a few hours and continues to empty during the following days (Figure 5e).




4.2. Morphological Evolution Associated with Prevailing Meteorological Forcings (2017–2022)


Morphological Evolution during Offshore Wind Forcing


	
The general morphodynamics of the beach under offshore wind conditions






Offshore wind forcing leads to erosion of the beach, particularly the upper and most exposed part of the barrier, which can lose up to 0.2 m in elevation (Figure 6I,II). This erosion is particularly marked on the berm (Figure 6a,e,f), and can reach a maximum of up to 1 m (Figure 6b). The sand is deposited at the shoreline, inducing a seaward progradation of up to several metres in a few days as well as a widening of the beach (e.g., Figure 6I–IV). Some of the windblown sediment can be blocked by anthropogenic development (i.e., along the boardwalk at the southern extremity of the beach, Figure 6I), or are deposited in flooded areas of the lagoon (i.e., in and around the channel, Figure 6III,IV).



During offshore wind episodes, the beach front is rather low-lying, notably around the beach horns which are associated with areas of even lower elevation (−0.2 m), thus inducing a higher vulnerability to breaching events (Figure 7). These low points connect the subaerial beach to the crescentic nearshore bar system.



	
Major opening phases






Openings are said to be major when they involve a barrier of large dimensions (Figure 8a,b). Without considering the pre-existing channel morphology (Figure 6I,c,II,b), they take place most often at the end of the summer after long periods of closure (Figure 2). These openings are characterized by the erosion of large amounts of sediment from the backshore and berm (Figure 6I,II) due to the reworking of a massive barrier (Figure 6c,d), but develop in the absence of any pre-existing channel morphology in the lagoon (Figure 6I,c,II,b). Following the opening, the lagoon outflow rapidly results in the incision of a channel (Figure 6I,II) which can reach 0.6/0.8 m in depth (Figure 6b,d). Sediment is deposited offshore near the inlet mouth (e.g., Figure 6II) and, in some cases, a subaqueous delta is formed (Figure 7 and Figure 9b).



During high-intensity offshore wind events associated with high lagoon water level, it is possible to observe the simultaneous opening of multiple active inlets (Figure 6II and Figure 9). This state is transient but can last from a few hours to several days before lowering of the water level dries out the northern inlets (Figure 9a,b). Only the southernmost inlet remains and continues to drain the lagoon (Figure 9c).



	
Secondary opening phases






After the initial major inlet opening, the main channel is well marked (Figure 6I,II and Figure 8b) and the closing phases during the winter only lead to filling of the entrance (Figure 8c,f,h), while leaving a well-marked channel. Openings are said to be secondary when the inlet morphology in the lagoon creates a weak zone in the barrier which conditions subsequent inlet openings by directing the water flow (Figure 8c–d,g–h).



	
Morphological evolution during onshore forcing






Onshore forcing is associated with two distinct types of conditions: low-energy E/SE swell (Hs < 2 m), which is relatively common, and rarer higher-energy but very short-lived storm events (Hs > 2 m).



	
Low-energy conditions (Hs < 2 m)






In the case of low-amplitude onshore waves, the maximum run-up usually only reaches the crest of the berm, so that the morphogenic impact is concentrated on the beach-face.



Low-amplitude onshore wave conditions are relatively constructive and create a narrow berm close to the shoreline (Figure 10a,b). Wave action leads to the preferential accumulation of sediment at the horns of the beach megacusps and slight erosion in the embayments (Figure 10I,II). These conditions of constructive forcing over a long period of time result in a sloping shoreface with a relatively high berm, between 0.9 and 1.2 m (Figure 10a,b).



This sediment input on the beachface can lead to closure of the inlet, especially when the inputs are concentrated on the horns where the inlet mouth is located (Figure 10I,c). In some cases, the morphogenic action of low-amplitude waves extends beyond the beachface and comes to rework the sediments of the subaqueous delta until an emergent sandbar is formed (Figure 9c and Figure 11f). This sandbar can also close the inlet by migrating and welding itself to the coastline. In both cases, the inlet is filled at its mouth by the construction of a berm (Figure 10I,c). This mechanism does not lead to filling of the rest of the inlet channel, which remains at first well marked on the lagoon side where it can locally reach a depth of −0.5 m (Figure 10I,II and Figure 8c,f,h). The filling can take place gradually by overtopping of the berm during swell episodes of moderate intensity (Figure 10II,d) or by the input of sand transported during offshore wind periods (Figure 6III,IV,g,h).



	
High-energy conditions (Hs > 2 m)






During easterly storm events, swell conditions are highly energetic (>2 m) and the beach is completely submerged. Figure 10III,IV illustrates the impact of high-intensity storms, from 1 March 2018, (Hs > 5 m and up to 10 m) (Figure 10III) to early October 2018, (Hs > 3 m and up to 7 m) (Figure 10IV). Large amounts of sediment are deposited on the backshore, forming a new well-marked berm which concentrates most of the sediment supply. The berm is raised 0.2 to 0.7 m higher than the original profile and shows a steeper beachface (Figure 10g,h). These very energetic events are also accompanied by a retreat of the coastline that can attain several tens of metres (Figure 10III,IV) associated with the possible deposition of washover fans (Figure 10III).



These conditions lead to deepening and widening of the inlet, provided that it was already open before the storm (Figure 10III,IV), and may even induce the opening of the inlet if it had been initially closed. However, only one such opening was observed during the monitoring.






5. Discussion


5.1. Morphodynamic Model of an Intermittent Microtidal Inlet


Based on the available data and observations, a morphodynamic model for the evolution of an intermittent inlet in a microtidal environment whose openings are dominated by the action of offshore winds is proposed (Figure 11).



5.1.1. Early Autumn, Beginning of the Annual Cycle with Lagoonal Impounding, and Increasing System Energy


In autumn (Figure 11a), the lagoon is gradually filled by waters derived from precipitation and the inflow of marine waters caused by overtopping of the barrier (Figure 12a). This pre-conditioning phase is essential in the evolution of the system, and can be relatively long, of the order of several months (Figure 2e and Figure 12a). During this period, the offshore wind events also intensify in duration and speed, while the influence of the offshore swell remains insignificant. However, wind is an essential parameter controlling the deflation and erosion which lowers the beach (Figure 12b). The offshore wind sweeps the surface sand towards the shoreline, where its deposition creates a significant progradation. Beach megacusp horns are particularly involved in this process since they exhibit a high degree of lowering and spreading out. Some of the sand transported from the backshore may accumulate in specific zones, such as around anthropic structures on the seafront in the south of the studied area, forming aeolian accretionary prisms. Alternatively, water table outcrops can locally create pellicular or even thicker accumulations. The presence of these small sandy landforms may constrain the later position of the inlet.



Similar phenomena are commonly observed in environments where offshore winds prevail. The sediment transport on the beach is mainly directed seaward [50,51], thus allowing beach deflation and progradation of the beachface [54,55].




5.1.2. Late Autumn, the First Major Opening of the Inlet


In addition to lowering the beach profile due to erosion processes, offshore winds cause a tilting of the lagoon water surface towards the barrier (Figure 12b); strong offshore winds can blow for weeks during this period. The amplitude of these surges is controlled by the shape of the basin (area and depth) as well as by the wind speed [44,45,46,47,48]. The surges are intensified by increasing basin length, higher wind speed, and increasingly shallow water depth. They may be comparable in magnitude to floods produced by river flows. In La Franqui, the shallow depth of the lagoon and its elongated shape in the direction of the prevailing offshore wind are favourable for the formation of a considerable wind tide (in terms of water depth) against the barrier.



Therefore, surges in La Franqui lagoon can lead to opening of the inlet when the topography of the beach allows overtopping by lagoonal waters. The barrier will be breached in front of the beach horns since these areas represent connections between the subaerial beach and the nearshore bar system. These areas also correspond to sectors where the berm is lowest, allowing lagoon waters to preferentially pass through. The surge in the lagoon combined with small choppy waves behind the barrier (Figure 12c), the scouring of the beach by the wind and the possible set-down on the nearshore, will lead to failure at one of the weak points in the berm represented by beach horns (Figure 11c). Such control of beach morphology by nearshore bar geometry and surf-induced circulation cells is common on open sandy beaches [70,74,75,76,77]. By contrast, the relationship between beach morphology and inlet functioning appears to be poorly studied.



If the lagoon surge is of large amplitude (e.g., very strong offshore wind over several days, >20 m.s−1), several inlets can form simultaneously along the shoreline and persist for a few hours or days (Figure 11b), before some of them are abandoned and the system tends to an equilibrium configuration with a single inlet. At La Franqui, only the southernmost one remains open as it is located in the wind axis opposite the lagoon’s water mass, and because it is the deepest part of the lagoon.



A second but much less frequent opening mechanism can occur during the most severe marine storms accompanied by major submergence of the barrier; these forcing conditions also lead to a massive rupture of the barrier (Figure 11f).



Regardless of the opening process, the outflow from the inlet locally erodes the barrier and excavates sediment on its bed which is deposited as an underwater delta at the mouth (Figure 12d).




5.1.3. Inlet Dynamics over the Winter Period


The inlet can undergo rapid closure and reopening phases over a period of days to weeks depending on alternating weather conditions and lagoon levels (Figure 11c,d,g). The duration of the closures is too short for the beach to return to a well-built state at the inlet location.



Closures occur when the offshore wind ceases, and moderate easterly wave action becomes the dominant forcing. These highly morphogenic conditions favour reworking of the available nearshore sediments, leading to the formation of a sandbank that becomes attached to the coastline (Figure 11d). If the outflow from the lagoon is low, then waves will rework the delta sediments and cause the formation of an emergent sandbar attached to the coastline that will block the inlet as a thin berm until the next opening. This closure mechanism is very similar to the widely described cross-shore transport model where the swell is able to remobilize sediments in the surrounding area or in the nearshore bars, which then nourish the sub-aerial beach, thus filling the outlet [4,12,19,37,39,40]. As regards the speed of closure of these inlets, the smaller the width of the channel, the faster it closes. For small inlets (such as La Franqui), the closure time is of the order of a few hours and can reach several days. For larger systems, the closure speed can range from several weeks to several months [7].



Following this inlet closure at the front of the barrier, a rather deep channel will remain at the back of the berm as a trace of the main opening phase. The berm blocking the inlet is rather narrow and not very high, which facilitates submergence during marine-dominated episodes, thus contributing to the recharge of the lagoon with marine waters. The fragility of the inlet mouth berm means that it cannot persist during subsequent offshore wind events coupled with high water levels in the lagoon. The former delimitation of the channel in the lagoon will help to guide the reopening by channeling the flow of lagoon waters and creating a weak zone behind the barrier (Figure 11c–g). These episodes of short duration are referred to here as secondary openings or closures.




5.1.4. Response to Easterly Winter Storms


Due to strong swell, the coastline records a major retrogradation that can reach several tens of metres and a new well-marked berm is formed at a higher position on the beach (Figure 11e). Regarding the functioning of the inlet, several situations are possible.



	
The inlet is closed when the storm occurs and strong flooding can lead to breaching of the beach barrier (Figure 11f). However, this phenomenon is rare (only 1 of the 27 openings observed during our monitoring period). The exact moment of the rupture is not well identified, but it is strongly linked to the large quantities of sea water filling the lagoon and the submergence of the barrier;



	
The inlet remains closed if conditions are not dynamic enough to cause a breach. In this case, the inflow of water will fill the lagoon and lead to flooding of the barrier which may facilitate a future opening during offshore winds in the following days or weeks;



	
The inlet is already open at the time of the storm, in which case it will be deepened and widened by currents generated by storm surge action, flooding, or possible watershed discharge usually associated with cyclonic storms (Figure 11e);






Later, the residual small swell following storms can lead to a rapid reconstruction and progradation of the beach. However, this process is strongly dependent on the sediment availability and the characteristics of the storm decay stage.




5.1.5. Spring, Last Closure at the End of the Annual Cycle with Decreasing System Energy


During late spring, when the offshore wind is weaker and less frequent, the moderate onshore wave conditions are constructive, and the less energetic hydrodynamic conditions cause the inlet to close over the entire summer season.




5.1.6. Summer, Evolution under Low-Energy Hydrodynamic Conditions


The inlet is closed, offshore winds are less intense, and moderate onshore wave conditions will consolidate the barrier and fill the channel with sand forming a strong beach barrier along the whole coast (Figure 11g back to a). The level in the lagoon is lower due to the high rate of evaporation in a Mediterranean climate and the almost complete absence of marine inflow by submersion.



The return of autumn forcing, dominated by strong offshore wind events, will initiate another annual morphodynamic cycle (Figure 11a).





5.2. Comparison of Control Parameters Commonly Accepted in the Literature


In the literature, the more inclusive term, “intermittent estuaries” used in this article are also referred to as ICOLL, Intermittently Closed/Open Lakes and Lagoons [78]; TOCE, Temporarily Open/Closed Estuaries [79]; seasonally open inlets [4,12]; bar-built estuaries [1,80] or IOCE, Intermittently Open/Closed Estuaries [7,81].



For these estuaries, openings are mostly caused by rising lagoon levels following strong fluvial discharge [12,39,82]. In the case of La Franqui, a sufficiently high water level in the lagoon before an offshore wind event is an essential but not sufficient condition to induce an opening. Over the observation period, the effect of precipitation alone is insufficient to cause an opening of the inlet. In some cases, openings can also be caused by storms, during which high-energy overwashes will breach the barrier [3]. At La Franqui, out of the 27 openings observed during the monitoring period, only one was caused by a storm. Flooding associated with storms is, however, still important and can represent a significant inflow of water to the lagoon when the inlet is closed [64,65]. A more complex opening mechanism can also be observed coupling the impact of storm swell submergence with flooding generated by heavy precipitation (flash floods) [33,34,35]. Although observed at many Mediterranean sites, this phenomenon is difficult to consider in the case of the study site since there is no river discharge into the lagoon. At La Franqui, river discharges are small, no major rivers flow into the lagoon, and the catchment area is small. Freshwater inflows through the karst system (3 to 25 × 103 m3.d−1) are also well below the discharges normally attained by rivers in flood [68]. Nearly all the observed openings (26 out of 27) are a consequence of offshore wind events that lower the barrier height and create a surge into the lagoon. These two controlling factors are not discussed on other intermittent estuaries to the best of our knowledge.



At most intermittent estuaries, closures occur when the outflow from the estuary (related to riverine inputs or tidal currents) is no longer sufficient to remove the sand deposited by coastal processes such as longshore and cross-shore transport [4,12,37,40,41,83]. These processes bring sand into the inlet and can have several origins. The primary driver of inlet filling is the tide, and its action begins with the first flood tide that follows establishment of the inlet. Sand from the nearshore zone is transported into the inlet by tidal currents and then deposited there. The ability of ebb currents to export sand from the inlet is limited by a lower flow velocity than during the flood tide, resulting in a net import of sand during the tidal cycle [84]. This tidal asymmetry is exacerbated by the inlet filling, which further promotes the net inflow of sand. However, at the study site, the tidal range is small, around 0.3 m at mean spring tide, which reduces the tidal transport capacity. In addition, studies have shown that the tidal signal propagates very little across the inlet, and not at all into the lagoon [67]. Onshore sediment transport, generated by wave asymmetry (outside of storms), has a tendency to bring sediment from the nearshore towards the coastline [85], and this also tends to fill the inlet if the outflow current is weak enough to allow deposition [4,12,19,37,39,40,41,86]. At La Franqui, this phenomenon of sediment deposition by the swell causes the closure of the inlet. Individual storm events can facilitate berm and inlet deposition at the entrances of intermittent estuaries when large waves increase the rates of onshore sediment transport [87,88]. At the study site, the massive sediment deposition observed on the upper part of the beach under storm conditions does not lead to the closure of the inlet, but rather to its deepening and widening. This may be due to the low-lying nature of the beach, meaning that storm surges can shift the active surf zone onto the barrier. This causes large amounts of water to flow into the channel, preventing synchronous storm sediment deposition. Finally, for straight shorelines subject to oblique swells, closures can be caused by longshore transport when it dominates the river flow, leading to migration of the downstream spit, displacement of the inlet and finally to its closure [4,37,38]. Here, the longshore current is oriented from south to north [63], but the presence of Cape Leucate deflects the main flow offshore, thus restricting or impeding the longshore transport of sand [89].



Finally, to the best of the authors’ knowledge, the impact of dominant wind forcing on the dynamics of intermittent estuaries does not seem to have been studied elsewhere and is merely considered as a minor parameter. Nevertheless, this factor may be important in the dynamics of other intermittent estuaries under similar environmental conditions (i.e., prevailing offshore wind, microtidal coast, and no river discharges into the lagoon). Such estuaries can be found not only in the Gulf of Lions, but also on a significant part of the northern Mediterranean coast.




5.3. Formation of Several Inlets and Self-Organization to a Single Active Inlet


The strongest offshore wind periods are associated with high surge levels in the lagoon, which results in multiple inlets being formed at the beginning of the morphogenic cycle in late autumn. The life span of most of these inlets is relatively short, lasting a few days at most before a single inlet remains. The position of the openings is controlled by the topography of the barrier (both on the lagoon side and on the seaward side), the height of the water, and the surge level in the lagoon. Only the inlet located in the deepest part of the lagoon and oriented in the direction of the main forcing factor will become the main inlet, thus outliving all the other inlets. In the case of this study, the southernmost inlet oriented in the direction of the prevailing offshore wind remains while the other inlets farther north are dried out.



This pattern possibly reflects a phenomenon of self-organization comparable to that involved in the establishment of beach crescents [90,91], shoreline sand waves [92], nearshore bars [93,94,95], or in the dynamics of delta channels [96]. The diversity of controlling factors presented here makes it particularly difficult to carry out numerical modelling of this phenomenon.





6. Conclusions


The aim of this study is to understand the mechanisms controlling the functioning of an intermittent estuary in a microtidal environment in a case where river discharge is too low to explain the breaching of a beach barrier. Our study of inlets on La Franqui beach is based on topographic surveys over a period of five years coupled with high frequency monitoring of lagoon level, swell, and wind conditions. This study shows the importance of offshore wind in the opening phase of an intermittent estuary, whereas the most common opening mechanisms are usually governed by fluvial discharges.



The detailed functioning of the La Franqui inlet is governed by complex processes with feedback effects between hydro-meteorological and morphological forcing parameters. Our results indicate the influence of the following factors:




	
The accumulation of lagoon waters behind the sandy barrier that makes up the beach;



	
The lowering of the berm by wind deflation during intense offshore wind events and the export of sand to nearshore areas, highlighting the importance of exchanges at the coastline;



	
The surge of lagoon waters behind the beach barrier during offshore wind events;



	
The position of nearshore bars, which will create areas of lower elevation of the berm in connection with beach megacusp horns;



	
Storms which can very occasionally lead to openings of the inlet concomitant with an overall retreat of the barrier, in contrast to the much more frequent openings related to offshore winds. However, the study does not address in detail the processes of syn-opening, to do so would require specific instrumentation and over significant periods of time.








As a result, this leads us to consider the integration of these controlling factors in the overall knowledge of intermittent estuary dynamics. Similar estuaries can be found in environments with similar forcing factors, especially in the Gulf of Lions, but also on a significant part of the northern Mediterranean coast.



On the other hand, the filling phases seem to be controlled by a slight easterly swell, which brings back to the coast sediments exported by the offshore wind or supplied via the inlet to the shoreface; this type of mechanism is already well documented in the literature.



The phases of opening and closing follow a seasonal cycle controlled by the variable intensity of offshore winds over the year (weaker in summer, with inlets most of the time in a closed configuration and stronger in winter with an open configuration).
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Figure 1. Location of the Coussoules barrier La Palme lagoon and Le Grau de La Franqui (42°55′56.12″ N; 3°2′23.54″ E) with instrument positions and main forcings. 
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Figure 2. Recorded daily forcing conditions during the monitoring period. (a) Wave direction and height (periods of offshore-directed waves are not indicated for sake of clarity as they are not relevant for beach morphodynamics); The dates of the surveys are indicated by the red circles; (b) Wind direction and speed; (c) Precipitation and atmospheric pressure; (d) Water level and calculated values of run-up; (e) State of the inlet (open in white/closed in red). 
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Figure 3. Recorded hourly forcing conditions during hydrodynamic monitoring with closed inlet. (a) Wave conditions measured at the Leucate buoy (periods of offshore-directed waves are not indicated for sake of clarity); (b) Wind conditions; (c) Precipitation and atmospheric pressure; (d) Water-level variations between the southern basin (green, see 3 in Figure 1); (e) Grazel (blue, see 2 in Figure 1); (f) Current velocities measured at location 3 between the southern basin and Grazel (black, see 3 in Figure 1). 
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Figure 4. Recorded hourly lagoon surface slope versus effective wind speed (Ve). Ve > 0 for onshore forcing and Ve < 0 for offshore forcing, where Ө is the angular difference between the recorded wind direction and the reference axis parallel to the Grazel (between sensors 2 and 3). 
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Figure 5. Recorded hourly forcing conditions before and during inlet opening. (a) Wave conditions measured at the Leucate buoy (periods of offshore-directed waves are not indicated for sake of clarity); (b) Wind conditions; (c) Precipitation and atmospheric pressure; (d) Seawater levels and run-up values; (e) Lagoon water level measured at Grazel (see 2 in Figure 1) and measured barrier height. 
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Figure 6. Morphological evolution of La Franqui beach, during periods of offshore wind with single (I, a,c) or multiple (III, e,g) inlet openings and during periods of offshore wind without inlet opening (II, b,d & IV, f,h). Dotted profiles correspond to the initial profile and solid profiles to the final situation. 
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Figure 7. Topo-bathymetric LiDAR (summer 2014) showing connections between the beachface, the inner bar system, and the position of the inlet. 






Figure 7. Topo-bathymetric LiDAR (summer 2014) showing connections between the beachface, the inner bar system, and the position of the inlet.



[image: Jmse 10 01817 g007]







[image: Jmse 10 01817 g008 550] 





Figure 8. Inlet dynamics over the winter periods of 2017/2018 and 2018/2019. 
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Figure 9. Photographs illustrating evolution in the development of inlets. (a) three active inlets at the time of opening; (b) a first inlet dries up in the north, the southernmost one is the widest and seems to be the deepest; (c) only the southernmost inlet remains, the others are filled in and dried up. 
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Figure 10. Morphological evolution of La Franqui beach, during periods of onshore-wave action closing the inlet (I, a,c) and building of the beachface (II, b,d) and for a storm of decadal recurrence at the La Franqui (III, f,h) and storm events of annual recurrence (IV, f,h). Dotted lines correspond to the initial profile and solid lines to the final situation. The beach is completely submerged during storms (III,IV) and the channel is too deep to be surveyed (>1.2 m). 
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Figure 11. Morphodynamic model of an intermittent microtidal inlet. The evolution of the inlet is shown in relation to the dominant forcing, with offshore processes upward and onshore downward. The pie chart shows the most common periods for each of the situations. (a) the state of the beach at the end of the summer period; opening by offshore wind (b,c); (f) opening following a storm event and (e) impact of a storm on an already open inlet. Wave closure mechanism (d,g). 
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Figure 12. Sectional diagram of the opening mechanisms during periods of strong offshore wind; (a) pre-conditioning of the barrier due to filling of the lagoon by precipitation and overtopping by waves; (b) Beach barrier erosion and reduction of beach height due to offshore wind erosion; (c) Barrier breaching due to lagoon water overtopping and lowering of berm zone due to connection of nearshore bars at the level of beach megacusp horns, associated with local progradation; (d) Opening of the inlet, with bed erosion by currents and deposition of a delta at the outlet. 
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