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Fortnightly tidal asymmetry inversion and its impact on salinity distribution and sediment net transport in a shallow macrotidal estuary (Charente, France)
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Tidal asymmetry has a strong impact on estuarine hydrodynamics and sediment dynamics. Extensive research has been dedicated to studying tidal dynamics in semi-diurnal macrotidal estuaries, leading to the expression of several generic behaviors. Maximum current velocities and durations of the ebb and flood are often used to characterize the asymmetry encountered in the estuary.

The Charente estuary (French Atlantic coast) presents the particularity of being connected to a basin where the oceanic tide is already modified by the interactions with the continental shelf. The interaction between these externally generated overtides and the estuarine dynamics results in a spatially and fortnightly variable tidal asymmetry. The studied estuary is alternatively dominated by the ebb during neap tides and by the flood during spring tides, whereas most macrotidal estuaries subject to a semi-diurnal tidal regime are flood-dominant, without asymmetry inversions.

A two-dimensional hydrodynamics model is used to investigate the connection between spring-neap inversions of the tidal asymmetry and the harmonic composition of the tide. Resulting salinity distributions and barotropic tidal currents are compared for different configurations, and the possible impact on sediment dynamics is discussed. Results show that asymmetry inversions tend to create sediment accumulation and salinity concentration in an intermediate zone between the river mouth and Rochefort, approximately 20 km upstream.

Introduction

Investigating estuarine hydrodynamics is essential to understand these systems that are critical for sanitary and economic reasons. At the interface between land and ocean, estuaries are submitted to an important anthropic pressure. Many activites (fisheries, harbours, leisure, . . . ) are strongly dependent on the water quality and sediment related issues such as siltation. Although generic behaviors can be deducted from the numerous studies carried out on estuarine hydrodynamics, each system has its specificities. This work focuses on the tidal asymmetry observed in the Charente estuary (Fig. 1). The distortion of the tide in estuaries is commonly observed, and has been the object of many studies [START_REF] Aubrey | A Study of Non-linear Tidal Propagation in Shallow Inlet / Estuarine Systems Part I : Observations[END_REF][START_REF] Bolle | The influence of changes in tidal asymmetry on residual sediment transport in the Western Scheldt[END_REF][START_REF] Fortunato | Influence of Intertidal Flats on Tidal Asymmetry[END_REF][START_REF] Friedrichs | Non-linear Tidal Distortion in Shallow Estuaries : a Synthesis[END_REF][START_REF] Prandle | Relationships between tidal dynamics and bathymetry in strongly convergent estuaries[END_REF]. Depending on several characteristics (bathymetry, geometry, tidal regime), estuaries can be ebb-dominant if the duration of falling tides exceeds that of rising tides, or flood-dominant in the opposite case. This asymmetry has a direct impact on the hydrodynamics, but also on the salinity and the sediment dynamics of the system. In estuaries where the mean water depth is larger than the tidal range, shorter rising (or falling) tides are associated with stronger flood (or ebb) currents. Current velocities have a direct impact on the bed shear stress which is one of the control parameter for erosion processes, with the nature and state of the sedimentary bed [START_REF] Mehta | Surface erosion of fine-grained sediment revisited[END_REF][START_REF] Tolhurst | A comparison and measurement standardisation of four in situ devices for determining the erosion shear stress of intertidal sediments[END_REF]. Consequently, ebb or flood dominance in terms of durations and velocities are often completed by a dominance in terms of net sediment transport [START_REF] Aubrey | A Study of Non-linear Tidal Propagation in Shallow Inlet / Estuarine Systems Part I : Observations[END_REF][START_REF] Friedrichs | Non-linear Tidal Distortion in Shallow Estuaries : a Synthesis[END_REF][START_REF] Fry | Tidal Velocity Asymmetries and Bedload Transport in Shallow Embayment8[END_REF]. Ebb dominated estuaries will tend to export sediment, whereas flood-dominated estuaries will generate upstream sediment transport [START_REF] Allen | Effects of tides on mixing and suspended sediment transport in macrotidal estuaries[END_REF][START_REF] Dyer | Estuaries: a Physical Introduction[END_REF]. Tidal asymmetry is also a driving mechanism controlling the formation and dynamics of the turbidity maximum in macrotidal estuaries [START_REF] Allen | Effects of tides on mixing and suspended sediment transport in macrotidal estuaries[END_REF].

The nonlinear interaction between the tide and the estuary provokes the growth of harmonics and compound tides of the main astronomical tidal constituents. [START_REF] Friedrichs | Non-linear Tidal Distortion in Shallow Estuaries : a Synthesis[END_REF] studied the interaction between the M2 and M4 harmonic constituents of the tide to determine the direction of the asymmetry (flood or ebb dominated) and the degree of distortion of the tide. The shorter rising tides of flood dominance correspond to a relative sea surface phase (2ϕ M2 -ϕ M4 ) between 0˚and 180˚. For shorter falling tides and ebb dominance, the relative phase is between 180˚and 360˚. The magnitude of the tidal asymmetry caused by the estuary is indicated by the ratio of the two constituents amplitudes (a M4 /a M2 ).

This distortion is determined by two effects related to the estuary characteristics: frictional effects of the interaction between the tidal currents and the channel, and intertidal stor-age occurring in the presence of tidal flats or marshes [START_REF] Boon | On basin hypsometry and the morphodynamic response of coastal inlet systems[END_REF][START_REF] Speer | A Study of Non-linear Tidal Propagation in Shallow Inlet / Estuarine Systems Part II : Theory[END_REF][START_REF] Speer | Nonlinear hydrodynamics of shallow tidal inlet/bay systems[END_REF]. To evaluate the impact of the frictional effects, the ratio of the M2 offshore amplitude and the channel depth at mean sea level (a/h) can be calculated. If a/h is greater than 0.3, the frictional influence is larger at low water than at high water, causing flood dominance. The water level propagation is slowed at low water, leading to shorter rising tides and greater flood velocities. If it is inferior to 0.2, the channels are deep compared to the degree of asymmetry and the estuary is expected to be ebb-dominant. The ebb duration is shorter and stronger ebb velocities are expected. For intermediate values of a/h, the system can be flood or ebb dominanted, depending on the intertidal storage.

The intertidal storage effect is evaluated by calculating the ratio of the volume of water stored between high and low water in intertidal areas divided by the channel volume of water at mean sea level (V s /V c ). When V s /V c is large in relation to a/h, the intertidal area is large enough to slow down the propagation of high water, causing longer flood durations and greater ebb velocities. A large reduction of the cross-sectional area of the channel at the entrance of a bay can provoke a long term asymmetry inversion from ebb to flood dominance [START_REF] Boon | On basin hypsometry and the morphodynamic response of coastal inlet systems[END_REF]. On the other hand, a weakly flood-dominant estuary could become ebb-dominant, due to the large import of sediment associated with strong flood currents, leading to an increase of the intertidal flats area [START_REF] Boon | On basin hypsometry and the morphodynamic response of coastal inlet systems[END_REF][START_REF] Friedrichs | Non-linear Tidal Distortion in Shallow Estuaries : a Synthesis[END_REF][START_REF] Speer | A Study of Non-linear Tidal Propagation in Shallow Inlet / Estuarine Systems Part II : Theory[END_REF]. Along the border between Belgium and the Netherlands, deepening of the channels by dredging in the Scheldt estuary also caused a diminution of flood dominance, evolving towards ebb dominance [START_REF] Bolle | The influence of changes in tidal asymmetry on residual sediment transport in the Western Scheldt[END_REF]. In the case of Skagit River [START_REF] Nidzieko | Tidal asymmetry and velocity skew over tidal flats and shallow channels within a macrotidal river delta[END_REF] or the Murray Mouth coastal lagoon [START_REF] Jewell | Tidal asymmetry in a coastal lagoon subject to a mixed tidal regime[END_REF], under the influence of mixed diurnal/semi-diurnal tides, spring-neap asymmetry alternation have also been observed. These inversions are all consequences of significant long term changes in the estuary characteristics or a mixed tidal regime, which is not the case in the Charente estuary. The objective of this study is to understand the tidal dynamics encountered in the area that are leading to short term inversions of the tidal asymmetry. The impact on salinity distribution along the estuary and on barotropic tidal currents is investigated, and possible effects on sediment dynamics are discussed. In-situ measurements and the hydrodynamic model MARS-3D [START_REF] Lazure | An external-internal mode coupling for a 3D hydrodynamical model for applications at regional scale (MARS)[END_REF] are used for this purpose.

Study site

The French Atlantic Coast is under the influence of a semidiurnal tide. The Charente estuary (45˚96'N, 1˚00'W, Fig. 1), located to the south of La Rochelle (France) is small, shallow and characterized by the presence of large intertidal flats. The river flows into the Marennes-Oléron Bay, in the southern part of the pertuis Charentais. A dam is located at Saint-Savinien, 50 km from the river mouth. The river catchment is about 10 000 km 2 and total river length is 365 km. The bay's total surface is approximately 150 km 2 , 60% of it being occupied intertidal areas.

The Charente tidal regime is macrotidal, with mean and maximum tidal ranges respectively of 4.5 meters and 6.5 meters. Mean river discharge is of 70 m 3 /s, lowest values are under 10 m 3 /s and floods can reach 600-700 m 3 /s. Sediments in the estuary and in the oriental part of the Marennes-Oléron Bay are exclusively cohesive, with a very fine grain size [START_REF] Strady | Spatial and temporal variations in trace metal concentrations in surface sediments of the Marennes Oléron Bay. Relation to hydrodynamic forcing[END_REF]. In the western part of the bay, sediments are more sandy [START_REF] Tesson | Aspects dynamiques de la sedimentation dans la baie de Marennes-Oleron (France)[END_REF][START_REF] Bertin | Tidal inlet response to sediment infilling of the associated bay and possible implications of human activities: the Marennes-Oléron Bay and the Maumusson Inlet, France[END_REF].

The river is connected to the Marennes-Oléron bay, in which the tide is already distorted. Le Cann (1990) applied a modified version of the [START_REF] Battisti | A Simple Method for Estimating Barotropic Tidal Currents on Continental Margins with Specific Application to the M2 Tide off the Atlantic and Pacific Coasts of the United States[END_REF] theory to the Bay of Biscay shelf, and showed that the quarter-diurnal tidal constituents (M4, MS4 and MN4) are strongly amplified shoreward, because of resonance occurring on the shelf. This behaviour was verified numerically by [START_REF] Bertin | Importance of wave age and resonance in storm surges: The case Xynthia, Bay of Biscay[END_REF], who showed that the largest amplification by resonance occurred for MS4.

Salinity variations in the estuary represent a very important issue, since the Charente river is a source of fresh drinkable water for the area. When the river flow is very small, salinity could enter further in the estuary and affect the drinkable water intakes. Extensive oyster farming in the Marennes-Oléron Bay and leisure activities are also strongly dependent on the Charente water quality and water level. According to [START_REF] Ravail | Incidence du débit de la Charente sur la capacité biotique du bassin ostréicole de Marennes-Oléron[END_REF], in Summer, 90% of the freshwater input in the bay come from the Charente river. The pertuis Charentais present a particular geometry, with two islands (Ré and Oléron) and a sinuous coastline, which has a direct influence on the estuarine dynamics.

Material and methods

Numerical modeling

The numerical model MARS-3D (Model for Applications at Regional Scale) used for this study has been fully described by [START_REF] Lazure | An external-internal mode coupling for a 3D hydrodynamical model for applications at regional scale (MARS)[END_REF]. It is a finite differences model, resolving the shallow water (or Saint-Venant) equations when running in 2D mode.

The model MARS-3D was used to determine the behavior of the estuary in response to different hydrodynamic conditions. The effect of the harmonic composition of the tide at the boundaries was investigated more particularly.

In order to determine the impact of the tidal harmonic composition, a 2D configuration was developed. Only the tide, computed from the SHOM CST-France model (Le [START_REF] Roy | Réalisation et validation d'un modèle de marée en Manche et dans le Golfe de Gascogne. Application à la réalisation d'un nouveau programme de réduction des sondages bathymétriques[END_REF], and the daily river discharge were considered for the open boundary conditions. In order to determine very specifically the impact of the harmonic composition of the tide, no atmospheric forcing was considered for this configuration. Horizontal grid resolution was of 30m (1405 x 766 grid points). Bathymetric data (Fig. 2) was provided through several organizations (SHOM, Ifremer, EPTB Charente) with datasets from 2003, 2007 and 2010.

In-situ measurements

Fixed ADCP measurements (Sentinel-RDI, 1200 kHz, 5 minutes sampling frequency) were carried out in 2011 (from February 11th to April 8th) at the mouth of the estuary, close to Port-des-Barques (Fig. 1). Tide gauge recordings are available at Rochefort. Depth was corrected using a Demerliac filter, in order to compare data with the water levels obtained from the model without atmospheric forcing. Due to the ADCP emersion during low waters of spring tides, comparisons with velocities is not available.

Results

Analytical analysis

The amplitudes and phases of the principal tidal constituents at the mouth of the estuary are summarized in Table 1. Results were obtained from a 57 days harmonic analysis performed with the MAS software of the French Navy Hydrographic Office (SHOM), which allows calculations with small time series. According to [START_REF] Friedrichs | Non-linear Tidal Distortion in Shallow Estuaries : a Synthesis[END_REF], the relative phase 2ϕ M2 -ϕ M4 is of 187.28 and the amplitude ratio a M4 /a M2 of 0.09, suggesting that the Charente estuary would be ebbdominated (Table 1). Considering the geometric and tidal characteristics of the area, the two dimensional parameters a/h and V s /V c have also been calculated. At the mouth of the Charente River, a/h is evaluated at 0.23, with a M2 offshore amplitude of 1.75m and average channel depth of 7.6m. This value alone does not allow concluding on the direction of the asymmetry encountered. The intertidal storage ratio (V s /V c ) is estimated at 1, which is large in comparison to a/h. These results suggest again that the tidal response of the estuary should be ebb-dominant. However, based on in-situ measurements at the river mouth, it appears that in the Charente estuary, the tidal asymmetry dominance is determined by the spring-neap tidal cycle. The estuary is flooddominant during spring tides, and ebb-dominant during neap tides. These short term inversions are observed systematically and the level of distortion is modulated by the river flow and the tidal range.

Observations

Water levels and durations of ebb and flood were obtained from ADCP measurements at the mouth, and tide gauge record-ings at Rochefort (Fig. 3). Dashed lines mark the asymmetry inversions. Inversion from flood to ebb dominance occurs at the same time for both locations: approximately at the beginning of neap tides (February,25). Inversion from ebb to flood dominance occurs sooner during neap tides at Rochefort. The level of distorsion is also different between the two areas. Flood dominance is much stronger at Rochefort, with a difference in duration up to 5.7 hours, against 3.8 hours at the river mouth. By opposition, ebb dominance is stronger at the river mouth (duration difference up to 3.2 hours) than at Rochefort (2.3 hours).

Numerical Analysis

Free surface elevation and 2D currents are analyzed in this section. The evolution of the free surface has been studied for four different harmonic compositions of the tide at the system's open boundaries (Table 2). 

Configuration A B C D Semi-diurnal constituents M2 M2,S2 M2,S2 M2,S2 Quarter- diurnal constituents - - M4 M4,MS4
In order to evaluate the impact of each component on the tidal asymmetry observed in the estuary, results obtained from numerical modeling are compared following several criteria: phase agreement, ebb/flood durations and maximum ebb/flood velocities. No comparison of the absolute water surface level is done since the objective is to study the distortion of the wave, and critical constituents are obviously missing to reproduce more precisely its variations.

Duration asymmetry

Water surface elevations at the mouth over a full neap/spring tidal cycle are obtained for each configuration (Fig. 4). Corresponding ebb and flood durations are presented. Asymmetry inversions are indicated with dashed vertical lines. Configurations A and B show almost no asymmetry inversion, with differences between ebb and flood durations respectively below 0.5 and 0.78 hours. Adding M4 to the harmonic composition at the mouth leads to an asymmetry inversion on the 27 th of February, which is exactly the day corresponding to the lowest tidal range. The maximum difference between ebb and flood durations is of 2.5 hours for spring tides and -2.25 hours for neap tides. A second inversion from ebb to flood dominance occurs on March, 4, as the tidal range is increasing. By taking into account MS4 in configuration D, both inversions occur sooner and the maximum (ebb-flood) duration reaches 2.5 hours during spring tides, against 2 hours during neap tides.

At the upstream station Rochefort (Fig. 1), the first noticeable difference is the response of the system to the basic configuration A (Fig. 5). When the tide was almost not distorted at the mouth, it is clear at Rochefort that a M2 incident tide provokes flood dominance (flood-ebb duration up to 2 hours). Configuration B returns the same type of results but with the modulation of the spring/neap tidal cycle, the level of distortion being stronger for high tidal ranges. Configurations C and D reproduce the asymmetry inversion observed at the mouth. However, ebb dominance is much weaker during neap tides: maximum duration difference is 4 hours during spring tides (flood dominance), against 1 hour during neap tides (ebb dominance). The ebb dominance phase is also shortened by more than two days, when comparing to the results at the mouth (Fig. 4).

Regarding the duration asymmetry, the mouth appears to be driven by an alternation between flood and ebb dominated periods, with comparable levels of distortion. On the other hand, the area of Rochefort is mostly dominated by the flood, with weaker and shorter ebb dominance during neap tides.

Velocity asymmetry

Tidal asymmetry in ebb and flood durations is often completed by an asymmetry in current velocities. Shorter rising tides and longer falling tides are then associated with stronger flood currents and weaker ebb currents, and vice versa in the opposite case. Fig. 6 and Fig. 7 present the same water level series as in Fig. 4 and Fig. 5, but completed by the ratio of the maximum flood velocity over the maximum ebb velocity. If the velocity ratio is over 1, flood currents are stronger than ebb currents, indicating flood dominance. Ebb dominance oc-curs for a velocity ratio below one. Dashed lines are indicating the moments of asymmetry inversions observed with ebb and flood durations in the previous section. At the river mouth, the velocity ratio is mostly following the same pattern as the duration asymmetry. Configuration A shows a constant slight flood dominance. Configuration B shows almost no asymmetry during spring tides, and flood dominance during neap tides. Asymmetry inversions are observed once the quarter-diurnal constituents are taken into account, in configurations C and D, and are almost in phase with duration asymmetry inversions. However, when duration asymmetries were almost equivalent between ebb and flood dominance, velocity asymmetry is a lot stronger for flood dominance than it is for ebb dominance.

At Rochefort, the velocity asymmetry is ebb-dominated for the simplest M2 tidal forcing, whereas duration asymmetry is flood-dominated (Fig. 3). The same opposition is noticeable for the M2S2 tidal forcing with stronger ebb dominance during neap tides. As in the previous paragraph, configurations C and D show velocity asymmetry inversions but with higher phase differences with the duration asymmetries. Moreover, ebb dominance during neap tides is stronger than flood dominance during spring tides, by opposition with the results at the river mouth.

Summary and comparison with measurements

The best agreement with data is observed with the last configuration (M2, S2, M4 and MS4 tidal forcing), even if differences remain for the exact moments of inversion.

Calculations on ebb/flood durations and flood/ebb maximum velocities are presented in Tables 3 and4, for the two locations.

At the mouth, duration asymmetry is of the same order of magnitude between ebb and flood dominance, with a good agreement with ADCP data. Both duration and velocity asymmetries are stronger for flood dominance.

The Rochefort area is characterized by an opposition between duration and velocity asymmetries. Duration asymmetries show stronger flood dominance than ebb dominance, which is confirmed by calculations made with tide gauge data. On the other hand, maximum velocity ratios show stronger ebb dominance. This is mostly explained by the presence of intertidal flats in the area, constraining the ebb flow for low water levels. Maximum flood velocity is reached between 1.5 and 2 hours after the beginning the flood, against 3.5 hours to 5 hours for the maximum ebb velocity. During spring tide, even if the flood duration is shorter, ebb currents are then equivalent or stronger than flood currents (Fig. 8, left), since the flow is limited to the channel when the water level reaches lower values. During neap tides (Fig. 8, right), tidal flats slow the flood tide when the water level reaches their height. Friction provokes then a decrease in flood velocities.

Discussion

Tidal asymmetry plays a very important role on estuarine dynamics. Extensive work has been done on determining the causes of flood or ebb dominance and its impact on sediment transport and hydrodynamics. In light of the particular situation encountered in the Charente estuary, the purpose of this study is to investigate the factors inducing tidal asymmetry inversion, to quantify the degree of distortion of the tide, and to evaluate its impact on the overall estuarine dynamics.

Origin and characteristics of the Charente tidal asymmetry

This study has shown the key role played by quarter-diurnal constituents in the tidal asymmetry inversion observed in the Charente estuary. The interaction between the M4 harmonic and the principal M2 constituent has already been proved [START_REF] Aubrey | A Study of Non-linear Tidal Propagation in Shallow Inlet / Estuarine Systems Part I : Observations[END_REF][START_REF] Friedrichs | Non-linear Tidal Distortion in Shallow Estuaries : a Synthesis[END_REF]. How-ever, the introduction of the M4 harmonic in the model is necessary but not sufficient to reproduce the asymmetry observed in the estuary. By taking into account the MS4 harmonic, the inversions of asymmetry are reproduced in phase with observations. In the Charente estuary case, tidal asymmetry is resulting from the combination of the well-known distortion of the semi-diurnal tide in estuaries and the incidence of a tidal wave already composed of high amplitude harmonics, developed by the interaction with the continental shelf [START_REF] Le Cann | Barotropic tidal dynamics of the Bay of Biscay shelf[END_REF][START_REF] Bertin | Importance of wave age and resonance in storm surges: The case Xynthia, Bay of Biscay[END_REF].

The Charente estuary presents a time and spatial dependent tidal asymmetry: (1) at the mouth, asymmetry is mostly determined but the spring/neap variations, duration and velocity asymmetries concur (Fig. 4 and Fig. 6); (2) upstream, asymmetry is still subject to spring/neap modulations, but velocity asymmetry is mostly ebb dominated (Fig. 7) whereas duration asymmetry is mostly flood dominated (Fig. 5). The impact of tidal flats on this phenomenon has been demonstrated by several authors [START_REF] Speer | A Study of Non-linear Tidal Propagation in Shallow Inlet / Estuarine Systems Part II : Theory[END_REF][START_REF] Friedrichs | Non-linear Tidal Distortion in Shallow Estuaries : a Synthesis[END_REF][START_REF] Fortunato | Influence of Intertidal Flats on Tidal Asymmetry[END_REF]. At the mouth, the estuary is wider, reducing the impact of mudflats on cross-section variations and current velocities, especially during spring tides. However, the Rochefort area, where tidal flats are highly present, is consistent with this phenomenon. Depth variations also need to be considered. At the river mouth, mean channel depth is around 7.5 meters. When moving upstream, [START_REF] Brown | Flood/ebb tidal asymmetry in a shallow sandy estuary and the impact on net sand transport[END_REF][START_REF] Friedrichs | Non-linear Tidal Distortion in Shallow Estuaries : a Synthesis[END_REF][START_REF] Moore | Morphological evolution of the Dee Estuary, Eastern Irish Sea, UK: A tidal asymmetry approach[END_REF][START_REF] Wang | Morphology and asymmetry of the vertical tide in the Westerschelde estuary[END_REF] deeper channels favor ebb dominance, against shallower waters for flood dominance. Combination of average depths and intertidal flats at the mouth would then favor asymmetry inversions in function of the tidal range. Depper upstream parts, also associated with intertidal flats would lead to ebb dominance most of the time, even if asymmetry inversions are observed.

Impact of tidal asymmetry inversions on salinity

Impact on spatial distribution

This section is focused on the impact of the different types of asymmetry described previously on the two-dimensional salinity distribution in and out of the estuary. Comparisons of salinity levels are made subtracting values from configuration D, which is the closest to reality, (M2, S2, M4 and MS4 tidal forcing) to values from configuration B (M2 and S2), in order to evaluate the differences between two cases with and without asymmetry inversion (Fig. 9).

Positive values indicate higher salinity levels for the M2S2 tidal forcing, against negative values, indicating higher salinity levels for configuration D (M2, S2, M4, and MS4). The strongest differences are observed at low water of spring tides, with a maximum difference above 12 psu.

At low water, both for spring and neap tides, salinity at the mouth and out of the estuary is stronger for the case without asymmetry inversion, at the exception of the channel sides. Upstream differences are negligible. At high water, the response of the system is different between spring and neap tides. The lowest tidal range induces higher salinity levels within the estuary for configuration D (up to 3.9 psu), whereas spring tides provoke lower salinity levels for this case (up to -3.6 psu).

Impact on saline intrusion

Contour comparisons are made during a spring-neap tidal cycle (Fig. 10), to evaluate the dynamics of the saline intrusion. Comparisons are made using the same configurations and calculations as in the previous section, with salinity levels extracted from the model at several points along the estuary.

Positive values of the distance are representative of points located upstream, negative values represent downstream points. The highest differences between the two configurations are observed during the transition from spring to neap tides (21 st to 25 th of February), especially at downstream low water (up to 16 psu) and upstream during the second part of the rising tide (up to -10.5 psu).

During neap tides, salinity is higher for configuration D for the most part of ebb and flood tide. This suggests that salinity is more concentrated by tidal oscillations when there are asymmetry inversions occurring during the cycle. On the other hand, salinity intrusion appears to be higher without asymmetry inversion.

Net sediment transport asymmetry

Brown and Davies (2010) proposed two ratios to determine the ebb or flood dominance of sediment transport over a crosssection: (1) the ratio of peak flood velocity over peak ebb velocity u p , (2) the ratio of flood and ebb durations during which the velocity is over a threshold for sediment movement T d . Ebb dominance is obtained for values of u p inferior to 1 and values of T d superior to 1. But they also show that it can be obtained for u p < 1.2 and T d < 1, representing a flood dominant duration asymmetry with ebb-dominant velocity asymmetry. Charente sediments are very fine, exclusively mud sediment, with a mean median grain size of 9 µm close to the mouth [START_REF] Strady | Spatial and temporal variations in trace metal concentrations in surface sediments of the Marennes Oléron Bay. Relation to hydrodynamic forcing[END_REF]. Moreover, as observed in Fig. 8, periods of slack water with very low velocities are short. In this paper, the velocity threshold is then considered to be exceeded for all ebb and flood durations, since very fine sediments in fluid mud can be easily resuspended in the water column by entrainment [START_REF] Mehta | Review notes on cohesive sediment erosion[END_REF]. Calculations are made over a full spring/neap tidal cycle to represent all possibilities equally, and u p is plotted against T d (Fig. 11).

Zone 1 is representative of the typical flood asymmetry with short and fast rising tides. Zone 2 is populated by points with longer rising tides but with higher flood velocities. Typical ebb dominant asymmetry corresponds to zone 3, and zone 4 is characterized by longer falling tides but with higher ebb velocities. Following [START_REF] Brown | Flood/ebb tidal asymmetry in a shallow sandy estuary and the impact on net sand transport[END_REF] criteria, points located in zone 1 below the solid line (u p < 1.2 and T d < 1) and in zones 3 and 4 (u p < 1 and T d < 1) are representative of ebb-dominant sediment transport. At Rochefort, sediment transport is then ebb-dominated for 90% of the cases, against 65% for the river mouth.

Comparisons of salinity levels show that asymmetry inversions tend to reduce saline intrusion. However, higher salinity levels are observed in the central part of the saline mass, suggesting that asymmetry inversions induce a "concentration" of salinity with tidal oscillations. These salinity dynamics can also be related to sediment dynamics exposed in Fig. 11. In terms of net sediment transport, the Rochefort area appears to be ebbdominated most of the time, inducing net sediment export. On the other hand, the river mouth is more equally divided between periods of ebb and flood dominance. Flood dominance and net import at the mouth, associated with ebb dominance and net export at Rochefort suggest that the intermediate zone between those two locations is prone to sediment accumulation. According to Fig. 6 and7, this configuration occurs mostly during the transition from spring to neap tides. The highest salinity differences are also observed during this transitional period (Fig. 10), suggesting again that salinity and sediment dynamics are closely related and impacted by asymmetry inversions.

These modeling results are consistent with sediment accretion measured on the mudflats in the estuary, since small variations are observed near the mouth (8 cm a month) whereas upstream measurements show accretion up to 40 cm a month during summer [START_REF] Coulombier | Seasonal monitoring of sediments dynamics in a highly turbid estuary (Charente Estuary, France): source and sink of the turbidity maximum[END_REF]. Sediment fluxes calculated with hydrodynamic modeling and turbidity measurements also suggest alternations between net import and net export at the river mouth, mostly determined by the spring-neap variations of the tide [START_REF] Toublanc | Salinity and suspended sediment dynamics in response to forcing changes in a small macrotidal estuary[END_REF]. Ebb dominance in the upstream part will most likely be enhanced by the accumulation of fluid mud in the upstream part and the associated decrease in friction, which is contributing to flood dominance.

A switch from flood to ebb dominance because of sedimentary infilling and flat formation and/or extension has been discussed by many authors [START_REF] Speer | A Study of Non-linear Tidal Propagation in Shallow Inlet / Estuarine Systems Part II : Theory[END_REF][START_REF] Fortunato | Influence of Intertidal Flats on Tidal Asymmetry[END_REF][START_REF] Moore | Morphological evolution of the Dee Estuary, Eastern Irish Sea, UK: A tidal asymmetry approach[END_REF]. In the Charente estuary case, we can wonder if the accumulation of sediment observed and suggested by this study could lead to a change in tidal propagation and therefore in net sediment transport. The relative equilibrium reached at the river mouth suggest that the possible morphological changes induced by tidal asymmetry in sediment transport are not strong enough to change the system dynamics. However, human intervention by regular dredging of this area tends to counteract the accumulation of sediment in the channel.

As demonstrated by [START_REF] Allen | Effects of tides on mixing and suspended sediment transport in macrotidal estuaries[END_REF], tidal asymmetry is a driving mechanism leading to the formation of a turbidity maximum in macrotidal estuaries. Since tidal asymmetry is strongly dependent on the spring/neap tidal cycle in the Charente estuary, turbidity maximum dynamics should also be partly determined by this cycle. Previous work already proved that neap tides favor sedimentation and depletion of the turbidity maximum, wheras spring tides favor resuspension and turbidity maximum extension [START_REF] Allen | Effects of tides on mixing and suspended sediment transport in macrotidal estuaries[END_REF][START_REF] Dyer | Estuaries: a Physical Introduction[END_REF]. In addition to these dynamics, related to the strength of current velocities, fornitghtly asymmetry inversions could also play a key role for the turbidity maximum. Transition from spring to neap tides is characterized by ebb-dominant current velocities at Rochefort against flood-dominant velocities at the river mouth (Fig. 6 and Fig. 7), which could lead to turbidity maximum concentration and trapping in an intermediate zone where current velocities would neither ebb or flood-dominated. Inversely, transition from neap to spring tides would favor extension and downstream movement of the turbidity maximum because of ebb dominance at both locations. 

Conclusion

In the case of a time and spatial dependent asymmetry, as observed in the Charente estuary, parameters such as V s /V c and a/h [START_REF] Friedrichs | Non-linear Tidal Distortion in Shallow Estuaries : a Synthesis[END_REF] cannot give a full representation of the tidal asymmetry. Moreover, by considering only the relative importance in phase and amplitude of M2 and M4, the strong impact of the MS4 harmonic, demonstrated in this paper, is left out. Finally, we showed that asymmetries in durations, velocities and net transport are not always related.

Asymmetry inversions provoke changes is salinity distribution, mostly resulting in weaker salinity intrusion and stronger salinity levels in the central part of the saline mass. Net sediment tranport calculations suggest that an accumulation occurs between the river mouth and Rochefort, which is confirmed by observations. Further investigation is needed to determine the possible impact of this behavior on the long-term morphological evolution of the Charente estuary.

Better understanding of the impact of asymmetry inversion on sediment dynamics could be achieved by applying the different configurations developed in this study to a nested 3D hydrosedimentary model. Net sediment transport calculations at different locations and turbidity maximum modeling would allow confirmation of the tendencies pointed out in this paper. The effect on mixing and stratification could also be investigated.

Figure 1 :

 1 Figure 1: Charente river, from the Saint-Savinien dam to the mouth. Framed: modeled area.

Figure 2 :

 2 Figure 2: Bathymetric data used for numerical modeling

Figure 3 :

 3 Figure 3: Surface elevation (left), ebb and flood durations (right) at the river mouth (up) and Rochefort (down).

Figure 4 :

 4 Figure 4: River mouth: water surface elevation (left), ebb and flood durations (right) for each harmonic composition of the tide at the model boundary.

Figure 5 :

 5 Figure 5: Rochefort: water surface elevation (left), ebb and flood durations (right) for each harmonic composition of the tide at the model boundary.

Figure 6 :

 6 Figure 6: River mouth: water surface elevation (left), velocity ratio Vmax f lood /Vmax ebb (right).

Figure 7 :

 7 Figure 7: Rochefort: water surface elevation (left), velocity ratio Vmax f lood /Vmax ebb (right).

Figure 8 :

 8 Figure 8: Current velocity and water surface elevation at Rochefort for spring (left) and neap tides (right).

Figure 9 :

 9 Figure 9: Salinity distribution differences between configurations B and D

Figure 10 :

 10 Figure 10: Top: water level at the mouth, configuration D. Bottom: salinity differences in function of the distance from the mouth and time, configuration B-D

  

Table 1 :

 1 Amplitudes and phases of the main tidal harmonic constituents (Charente river mouth)

	Harmonic	Amplitude (cm) Phase (deg)
	constituents		
	M2	174.34	112.43
	S2	60.96	144.29
	N2	38.17	87.88
	M4	15.75	37.58
	MS4	9.05	161.01

Table 2 :

 2 Amplitudes and phases of the main tidal harmonic constituents (Charente river mouth.)

Table 3 :

 3 Dimensionless parameters used to characterize the tidal asymmetry at the river mouth in function of the model configuration

	Location			River mouth	
	Configuration Harmonics	A M2 M2,S2 M2,S2,M4 M2,S2,M4,MS4 B C D	ADCP data
	Minimum ebb/flood dura-	1	0.89	0.7	0.72	0.6
	tion					
	Maximum ebb/flood dura-	1.08	1.14	1.5	1.5	1.88
	tion					
	Minimum flood/ebb max ve-	1.1	1.05	0.83	0.92	-
	locity ratio					
	Maximum flodd/ebb max	1.21	1.41	1.44	1.3	-
	velocity ratio					

Table 4 :

 4 Dimensionless parameters used to characterize the tidal asymmetry at Rochefort in function of the model configuration

	Location
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