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Storm surges and associated coastal ooding can result in major catastrophes.

Storm surges correspond to a temporary rise in sea level driven by atmospheric pressure gradients, wind and short waves. In particular, the dissipation of short waves in the nearshore drives a mean water level increase, the wave setup, which contributes to storm surges. This PhD thesis examines the contributions of short waves to storm surges, notably the wave setup, in contrasting coastal environments. To that end, the analysis of eld data is combined with high-resolution numerical modelling. First, this work investigates the contribution to storm surges of very large storm waves breaking at the inlet of two wavesheltered environments. The results indicate that the resulting wave setup contributes up to 40 % and 23 % to the storm surge peak in the Adour Estuary and the Arcachon Lagoon respectively. Second, the dissipation of storm waves and the resulting depthvarying circulation are analysed at a rock shore platform. Two counteracting eects of the high bottom roughness on the wave setup are identied: (1) waves suer a strong dissipation by bottom friction, which reduces the wave setup compared to a smooth bottom;

(2) the wave-induced circulation over a rough bottom enhances the wave setup. Lastly, waves and wave setup dynamics are investigated on a salt marsh. During the studied wind sea event, the halophytic vegetation of the salt marsh accounts for 65 % of the wave dissipation, which reduces the wave setup compared to a case without vegetation. New eld measurements on salt marshes are needed to explore the eect of wave non-linearities on the wave setup in vegetation elds.
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Introduction

Coastal areas have always been attractive due to the invaluable environment that they oer for the development of societal, economic and cultural activities. The near-coast zone, dened as the region closer than 100 km from the coastline and elevation less than 100 m above mean sea level [START_REF] Kummu | Over the hills and further away from coast: global geospatial patterns of human and environment over the 20th21st centuries[END_REF], has been densely urbanized over the 20 th and early 21 st centuries, with urbanisation rates rising from 25% in year 1900 to 63% in year 2010. Subsequently, the population living in these areas increased from 0.4 billion in year 1900 to 1.9 billion in 2010, with 17 megacities hosting more than 5 million inhabitants [START_REF] Kummu | Over the hills and further away from coast: global geospatial patterns of human and environment over the 20th21st centuries[END_REF]. Current trends as well as scenarios indicate that demographic growth in coastal zones will continue [START_REF] Neumann | Future coastal population growth and exposure to sea-level rise and coastal ooding-a global assessment[END_REF]; [START_REF] Kummu | Over the hills and further away from coast: global geospatial patterns of human and environment over the 20th21st centuries[END_REF]. For instance, [START_REF] Neumann | Future coastal population growth and exposure to sea-level rise and coastal ooding-a global assessment[END_REF] suggested that the population living in low-lying coastal zones (elevation less than 10 m above mean sea level) in 2000 will increase by 50% by 2030 and will double by 2060. While hosting a growing part of the population worldwide, coastal zones are particularly threatened by the ongoing climate change through the combination of sea level rise and possible changes in storminess (e.g., [START_REF] Pachauri | Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change[END_REF][START_REF] Tasnim | Field observation and numerical simulation of past and future storm surges in the Bay of Bengal: case study of cyclone Nargis[END_REF][START_REF] Oppenheimer | Sea level rise and implications for low lying islands, coasts and communities, The Intergovernmental Panel on Climate Change[END_REF]. With current rates of about 3-4 mm/yr, sea level rise promotes shoreline erosion [START_REF] Anderson | Doubling of coastal erosion under rising sea level by mid-century in Hawaii, Natural Hazards[END_REF] and groundwater salinization [START_REF] Ketabchi | Sea-level rise impacts on seawater intrusion in coastal aquifers: Review and integration[END_REF], modies wave dynamics [START_REF] Mentaschi | Global changes of extreme coastal wave energy uxes triggered by intensied teleconnection patterns[END_REF], and exacerbates the severity and frequency of coastal ooding [START_REF] Vitousek | Doubling of coastal ooding frequency within decades due to sea-level rise[END_REF], among other adverse eects.

Coastal ooding hazard is one of the most destructive natural catastrophes [START_REF] Smith | Environmental hazards: assessing risk and reducing disaster[END_REF].

It results from extreme sea levels, which mostly occur when a high spring tide coincides with a large storm surge, although the importance of this combination depends on the ratio between the storm surge and the local tidal range [START_REF] Pugh | Tides, surges and mean sea level[END_REF][START_REF] Flather | Storm surges[END_REF]; [START_REF] Resio | Modeling the physics of storm surges[END_REF]. Storm surges correspond to variations of the ocean free surface induced by tropical cyclones or extra-tropical storms [START_REF] Flather | Storm surges[END_REF]. As attested by historical dramatic events, storm surges can drive devastating coastal ooding which inicts major social, economic and environmental impacts [START_REF] Resio | Modeling the physics of storm surges[END_REF][START_REF] Hinkel | Coastal ood damage and adaptation costs under 21st century sea-level rise[END_REF][START_REF] Needham | A review of tropical cyclonegenerated storm surges: Global data sources, observations, and impacts[END_REF]. For instance, hurricane Katrina (2005) induced storm surges of up to 9 m in the Gulf of Mexico, which caused insured damages valued at $80 billion and more than 1800 casualties [START_REF] Fritz | Hurricane Katrina storm surge distribution and eld observations on the Mississippi Barrier Islands[END_REF]. The 1953 North Sea ooding [START_REF] Rossiter | The north sea storm surge of 31 January and 1 February 1953[END_REF][START_REF] Flather | A numerical model investigation of the storm surge of 31 January and 1 February 1953 in the North Sea[END_REF]), cyclone Nargis (2008) in the Gulf of Bengal [START_REF] Fritz | Cyclone Nargis storm surge in Myanmar[END_REF] and storm Xynthia (2010) in the Bay of Biscay [START_REF] Bertin | A modeling-based analysis of the ooding associated with Xynthia, central Bay of Biscay[END_REF], are other examples of major catastrophes associated with storm-induced ooding (Fig. 1.1 and Fig. 1.2). As coastal ooding risk increases under the combined eects of demographic growth and sea level rise, there is an urgent need to identify adaptation strategies in order to reduce risk exposure and improve coastal communities resilience in the near future [START_REF] Nicholls | Adapting to sea-level rise, Resilience: The Science of Adaptation to Climate Change[END_REF]. Toward that end, an ever deeper understanding of the physical processes driving storm surges is fundamental to accurately predict these phenomena and mitigate their impacts. Since the early 20 th century, wind-induced surface stress and atmospheric pressure gra- dients associated with these extreme storm events have been identied as the primary drivers to storm surges (Doodson , 1924) and were accounted for in pioneering modelling approaches to predict these phenomena [START_REF] Jelesnianski | A numerical calculation of storm tides induced by a tropical storm impinging on a continental shelf[END_REF][START_REF] Heaps | A two-dimensional numerical sea model[END_REF].

Tide-surge interactions were also shown early to signicantly inuence the development of storm surges locally (e.g., [START_REF] Proudman | Oscillations of tide and surge in an estuary of nite length[END_REF][START_REF] Prandle | Storm surges in the southern North Sea and River Thames[END_REF][START_REF] Flather | Practical surge prediction using numerical models[END_REF]. In the 1950s, a few studies highlighted for the rst time that wind-generated waves (frequency range ∼ 0.04 Hz-0.4 Hz, hereafter referred to as short waves) can contribute to storm surges through several mechanisms (e.g., [START_REF] Harris | Characteristics of the hurricane storm surge[END_REF]. For a long time, the wind surface stress has been commonly parameterized as a function of the wind speed and a drag coecient representing the sea surface roughness, which increases linearly with the wind speed under low to moderate winds (e.g., [START_REF] Smith | Variation of the sea surface drag coecient with wind speed[END_REF]. However, based on the earlier work of [START_REF] Charnock | Wind stress on a water surface[END_REF], [START_REF] Stewart | The air-sea momentum exchange[END_REF] suggested that the parameterization of the sea surface roughness should also vary with the wave age (representing the degree of development of the sea), such that a younger sea state induces a rougher sea surface roughness, and in turn a higher surface stress and storm surge. These pioneer results have been corroborated

later by [START_REF] Donelan | On the dependence of sea surface roughness on wave development[END_REF], [START_REF] Drennan | On the wave age dependence of wind stress over pure wind seas[END_REF], [START_REF] Mastenbroek | Large-scale 3-d experiments of wave and current interaction with real vegetation. part 2: Experimental analysis[END_REF], Bertin et al. (2015a) and [START_REF] Pineau-Guillou | Impact of wave-dependent stress on storm surge simulations in the North Sea: Ocean model evaluation against in situ and satellite observations[END_REF], among others. In shallow water, waves can also enhance the bottom stress. Indeed, the orbital velocities associated with short-wave propagation increase the level of turbulence in the wave bottom boundary layer, which causes currents to experience higher bottom resistance [START_REF] Rosales | Wave-current interaction in coastal waters: Eects on the bottom-shear stress[END_REF]. Besides these processes, the dissipation of short-wave energy in the nearshore drives an increase in mean water levels in the surf zone, referred to as wave setup. The wave setup has been investigated through a number of laboratory experiments (e.g., [START_REF] Saville | Experimental determination of wave set-up[END_REF][START_REF] Bowen | Wave `set-down' and set-up[END_REF][START_REF] Battjes | Set-Up Due to Irregular Waves[END_REF][START_REF] Stive | A study of radiation stress and set-up in the nearshore region[END_REF] and eld measurements (e.g., [START_REF] Munk | Surf beats[END_REF][START_REF] Goda | Irregular Wave Deformation in the Surf Zone[END_REF][START_REF] Guza | Wave set-up on a natural beach[END_REF]; [START_REF] Lentz | Field observations of wave setup[END_REF]. The original theoretical model that rst explained this process is the radiation stress formalism of Longuet-Higgins andStewart (1962, 1964), where radiation stresses correspond to the momentum ux associated with the propagation of short waves. The dissipation of short-wave energy in the nearshore induces spatial gradients of radiation stresses, which act as a horizontal pressure force driving currents and a wave setup along the shoreline.

Another wave-induced process that contributes to the total water level at the coast is the wave runup, which corresponds to the instantaneous water-level maxima across the swash zone. The swash zone, located at the landward edge of the surf zone, is alternatively covered and exposed by waves travelling up (uprush) and down (backwash). This water displacement is called the swash and is driven by the contributions of both short waves and infragravity waves (frequency range ∼ 0.004 Hz-0.04 Hz). The wave runup is dened as including the wave setup (slowing varying component) and the swash (uctuating component) (Fig. 1.3). When the wave runup exceeds the top of a dike (or a dune), overtopping (or overwash) occurs and can cause ooding.

Overall, total water levels at the coast can be decomposed into a (slowly-varying) mean water level associated with tides and storm surges, including the wave setup, and a uctuating component, the swash (Fig. 1.3).

Figure 1.3 Schematic processes that contribute to the total water level at the coast.

The need for predicting storm surge gave rise to a number of hydrodynamic models, which are predominantly based on the resolution of the depth-integrated shallow water equations.

A common approach to represent the eects of short waves on the mean circulation is to couple a 2DH hydrodynamic model with a spectral phase-averaged wave model. Phaseaveraged wave models do not solve the full wave motion but describe instead the evolution of the wave energy spectrum which is a phase-averaged quantity. Hence, such wave model can provide phase-averaged forces to represent the eect of waves on the mean circulation and particularly the wave setup, but cannot reproduce the wave runup, since the latter requires the resolution of the wave motion (individual waves). Phase-averaged wave forces are generally represented by the (depth-uniform) radiation stress formalism (2D RS) of [START_REF] Longuet-Higgins | Radiation stresses in water waves; a physical discussion, with applications[END_REF]. While 2D RS has shown to improve storm surge predictions through the representation of the wave setup in regional storm surge modelling (e.g., Roland et al., 2009b), this approach cannot reproduce the vertical structure of the wave-induced circulation. Over the last 15 years, new 3D theories have been developed such as the depth-varying 3D RS approaches [START_REF] Mellor | The three-dimensional current and surface wave equations[END_REF][START_REF] Mellor | The Depth-Dependent Current and Wave Interaction Equations: A Revision[END_REF][START_REF] Xia | Vertical variation in radiation stress and wave-induced current[END_REF] or the vortex force (VF) formalism [START_REF] Mcwilliams | An asymptotic theory for the interaction of waves and currents in coastal waters[END_REF]Ardhuin et al., 2008b;[START_REF] Bennis | On the coupling of wave and threedimensional circulation models: Choice of theoretical framework, practical implementation and adiabatic tests[END_REF]. While there is still a lack of consensus on the correctness and applicability between 3D RS and VF methods, both approaches are now commonly applied in 3D circulation models by the ocean and coastal scientic communities to simulate the depth-varying waveinduced circulation [START_REF] Xia | Implementation and comparison of the recent threedimensional radiation stress theory and vortex-force formalism in an unstructured-grid coastal circulation model[END_REF]. Using a fully coupled wave-current modelling system with a VF formalism, [START_REF] Guérin | Impacts of wave-induced circulation in the surf zone on wave setup[END_REF] reported that the wave-induced depth-varying circulation in surf zones can increase the maximum wave setup along the shoreline of sandy beaches. However, this study was based on idealized numerical modelling and should be veried on the eld. This would help to evaluate the potential benet to model the wave setup and hence the storm surge with a 3D fully-coupled modelling system.

The wave setup has been shown to substantially contribute to storm surges under energetic wave conditions, ranging from tens of centimetres to values of about 1 m near the shoreline [START_REF] Pedreros | Relative contribution of wave setup to the storm surge: observations and modeling based analysis in open and protected environments (Truc Vert beach and Tubuai island)[END_REF][START_REF] Guérin | Impacts of wave-induced circulation in the surf zone on wave setup[END_REF]. In specic areas such as coasts bordered by narrow to moderately-wide shelves [START_REF] Dean | Static wave setup with emphasis on damping eects by vegetation and bottom friction[END_REF]; [START_REF] Lerma | Simulating wave setup and runup during storm conditions on a complex barred beach[END_REF] or volcanic islands [START_REF] Kim | Wave set-up in the storm surge along open coasts during Typhoon Anita[END_REF][START_REF] Kennedy | Tropical cyclone inundation potential on the Hawaiian Islands of Oahu and Kauai[END_REF][START_REF] Pedreros | Relative contribution of wave setup to the storm surge: observations and modeling based analysis in open and protected environments (Truc Vert beach and Tubuai island)[END_REF], the wave setup can even dominate upon the other storm surge components. Also, several studies reported that the breaking of short waves occurring close to and over the ebb deltas of shallow inlets [START_REF] Malhadas | Eect of coastal waves on sea level in óbidos Lagoon, Portugal[END_REF][START_REF] Olabarrieta | Wave-current interaction in Willapa Bay[END_REF][START_REF] Dodet | Wavecurrent interactions in a wave-dominated tidal inlet[END_REF][START_REF] Wargula | Tidal Flow Asymmetry Owing to Inertia and Waves on an Unstratied, Shallow Ebb Shoal[END_REF] or large estuaries (Bertin et al., 2015a;[START_REF] Fortunato | A numerical study of the February 15, 1941 storm in the Tagus estuary[END_REF] can induce a wave setup that extends at the scale of the whole lagoon or estuary. The wave setup can thus raise the water level in coastal environments sheltered from the direct action of waves, such as lagoons, harbours or estuaries. In spite of these ndings, the potential contribution of the wave setup to the water level in wave-sheltered environments is not clearly recognized in the scientic community and often considered as negligible by a number of global-scale studies conducting coastal risk assessments (e.g., [START_REF] Melet | Under-estimated wave contribution to coastal sea-level rise[END_REF][START_REF] Lambert | Adaptation time to magnied ood hazards underestimated when derived from tide gauge records[END_REF][START_REF] Almar | A global analysis of extreme coastal water levels with implications for potential coastal overtopping[END_REF]. In this context, further research is needed to clarify the mechanisms through which the wave setup can raise the water level in wave-sheltered environments.

At a ner scale, the dynamics of the wave setup have been mainly investigated through eld measurements in sandy environments, which have been the main focus of nearshore hydrodynamics until recently [START_REF] Komar | Beach processes and sedimentation[END_REF]. In contrast, little attention has been paid to the dynamics of the wave setup in other widespread coastal environments such as rock shore platforms, steep rock shores [START_REF] Dodet | Wave Runup Over Steep Rocky Clis[END_REF] or vegetated coastal systems (van [START_REF] Van Rooijen | Modeling the eect of wave-vegetation interaction on wave setup[END_REF], although they can be substantially dierent from that on sandy beaches. This can be attested by the relatively limited number of wave measurements and near-absence of wave setup observations from eld experiments on shore platforms and vegetated coastal systems.

Shore platforms are distinctive landforms of rocky coasts, which are one of the most common environments of the world's coastal zones [START_REF] Trenhaile | Rock coasts, with particular emphasis on shore platforms[END_REF][START_REF] Griggs | Documenting a Century of Coastline Change along Central California and Associated Challenges: From the Qualitative to the Quantitative[END_REF]. They correspond to erosional rock surfaces which are found within or close to the intertidal zone and are usually backed by coastal clis, but can also be topped by beaches, dunes or coastal structures. They can act as the buer against coastal hazards, by protecting coastal clis from the erosion of waves [START_REF] Trenhaile | The role of wave erosion on sloping and horizontal shore platforms in macro-and mesotidal environments[END_REF] or potentially limiting ooding risks when they are backed by low-lying coastal zones, although the latter has yet to be more investigated. Also, shore platforms constitute the most common habitat worldwide for a diversity of aquatic plants and animals [START_REF] Thompson | Rocky intertidal communities: past environmental changes, present status and predictions for the next 25 years[END_REF]. They have been widely used as a model system for studying the fundamental mechanisms of the intertidal biodiversity over the past 50 years [START_REF] Connell | The Inuence of Interspecic Competition and Other Factors on the Distribution of the Barnacle Chthamalus Stellatus[END_REF][START_REF] Dayton | Competition, Disturbance, and Community Organization: The Provision and Subsequent Utilization of Space in a Rocky Intertidal Community[END_REF]. Although wave-induced transport and forces have a key control on the dynamics of this ecosystem and on the morphological evolution of the shore platform, wave transformation and induced-circulation in this environment have been little studied [START_REF] Naylor | Rock coast geomorphology: Recent advances and future research directions[END_REF]Stephenson, 2000a). There are few eld-based studies of wave processes conducted on shore platforms compared to beaches or estuaries, which have concentrated more scientic interests, and have been considered as more vulnerable to sea level rise due to faster morphological dynamics [START_REF] Trenhaile | Rock coasts, with particular emphasis on shore platforms[END_REF]. Very recently, wave transformation on shore platforms has been advanced thanks to a number of eld experiments (e.g., [START_REF] Beetham | Field observations of infragravity waves and their behaviour on rock shore platforms[END_REF][START_REF] Ogawa | Hydrodynamic constraints and storm wave characteristics on a sub-horizontal shore platform[END_REF][START_REF] Poate | The Role of Bed Roughness in Wave Transformation Across Sloping Rock Shore Platforms[END_REF]. Yet, few studies investigated wave processes using numerical models [START_REF] Mccall | Modelling incidentband and infra gravity wave dynamics on rocky shore platforms[END_REF][START_REF] Poate | The Role of Bed Roughness in Wave Transformation Across Sloping Rock Shore Platforms[END_REF] and there still are a number of gaps in knowledge, such as the understanding of wave processes under storm wave conditions in which a very limited number of datasets has been collected [START_REF] Ogawa | Hydrodynamic constraints and storm wave characteristics on a sub-horizontal shore platform[END_REF]. Also, only one study reported wave setup observations but did not examine the underlying mechanisms [START_REF] Ogawa | Hydrodynamic constraints and storm wave characteristics on a sub-horizontal shore platform[END_REF]. In particular, the role of bottom roughness on both waves (McCall et al., 2017; [START_REF] Poate | The Role of Bed Roughness in Wave Transformation Across Sloping Rock Shore Platforms[END_REF] and wave setup dynamics has been very little addressed, although bottom roughness can signicantly aect these processes [START_REF] Dean | Static wave setup with emphasis on damping eects by vegetation and bottom friction[END_REF]; [START_REF] Buckley | Wave setup over a fringing reef with large bottom roughness[END_REF]. For instance, the contribution of the wave-induced circulation to the wave setup highlighted by [START_REF] Guérin | Impacts of wave-induced circulation in the surf zone on wave setup[END_REF] on sandy beaches, has yet to be evaluated on such rough bottoms.

In recent years, vegetated coastal habitats have received a growing interest in the scientic community owing to their natural capacity in mitigating coastal hazards that worsen under the ongoing sea level rise. Aquatic vegetation, such as salt marshes, seagrasses, mangroves or kelps, is known to dissipate wave energy (e.g., [START_REF] Möller | Wave Transformation Over Salt Marshes: A Field and Numerical Modelling Study from North Norfolk, England[END_REF], reduce wind-induced storm surges (e.g., [START_REF] Wamsley | The potential of wetlands in reducing storm surge[END_REF] and mean ow velocities (e.g., [START_REF] Nepf | Drag, turbulence, and diusion in ow through emergent vegetation[END_REF]. Number of studies have contributed to better understand these wave-vegetation interactions through both numerical models (e.g., [START_REF] Dalrymple | Wave Diraction Due to Areas of Energy Dissipation[END_REF] and experiments. Although some of these experiments were conducted in the eld (e.g., [START_REF] Yang | Wave Attenuation at a Salt Marsh Margin: A Case Study of an Exposed Coast on the Yangtze Estuary[END_REF], the majority is based on laboratory measurements with vegetation mimics (e.g., [START_REF] Augustin | Laboratory and numerical studies of wave damping by emergent and near-emergent wetland vegetation[END_REF] • What are the underlying physical processes at the inlets during the storm ?

• Are the wave setup and the storm surge better predicted with a 3D than a 2DH simulation ?

• What is the mesh resolution needed in the surf zones to properly compute the wave setup ?

Objective 2 : Investigate short-wave dissipation and wave setup dynamics on a shore platform by combining new eld observations and high-resolution 3D numerical modelling.

The following questions raised :

• Can wave transformation on the shore platform be reproduced with the default parameterizations generally used in the spectral model, and what is the impact on the prediction of the wave setup ?

• Through which mechanisms the bottom roughness aects wave setup dynamics ? In particular, what is the contribution of the wave-induced depth-varying circulation to the wave setup on a rough bottom ?

Objective 3 : Investigate short-wave dissipation and wave-setup dynamics on a salt marsh by combining eld data analysis and high-resolution 2DH numerical modelling. The following questions raised :

• Can we accurately reproduce wave dissipation by the vegetation present on the salt marsh with the model ?

• To which extent the vegetation contributes to wave dissipation ?

• Through which mechanisms the presence of vegetation aects wave setup dynamics ?

OUTLINE OF THE THESIS

This thesis is organized in 8 chapters :

Following the introduction given in this rst chapter, Chapter 2 provides a literature review of storm surge generation mechanisms, exposes the key milestones of storm surge modelling development and presents the dierent theoretical approaches to represent the eects of short waves on the mean circulation.

Chapter 3 presents the dierent methods of data acquisition used in this thesis, from permanent sea surface monitoring techniques to complementary eld measurements. Procedures of data processing are then detailed and in particular, the methods that have been considered in this work to reconstruct the free surface elevation of surface waves and compute wave setup from bottom pressure measurements.

Chapter 4 describes the modelling system used in this thesis. The governing equations and numerical approaches of both the circulation and spectral phase-averaged models are described.

Chapter 5 investigates the contribution of wave breaking to storm surges in the Arcachon Lagoon and the Adour Estuary (France), through the hindcast of the storm surge and sea state associated with the storm Klaus. The underlying physical processes are analysed. In addition, the potential benet of 3D fully-coupled (wave-current) simulations to compute storm surges at regional scale and the importance of the mesh resolution in surf zones to accurately reproduce the wave setup are evaluated.

Chapter 6 is dedicated to the study of the wave dissipation and mean circulation on a shore platform located along the western coast of Oléron Island (France). The 3D fullycoupled modelling system is applied to a new eld experiment conducted in February 2020

under storm wave conditions. The predictive skills of the model in reproducing wave levels, wave transformation and the associated circulation are assessed. Wave setup dynamics are examined through the analysis of the role of bottom roughness on both wave energy dissipation and wave-induced circulation.

Chapter 7 examined wave dissipation and wave setup dynamics on the salt marsh of Brouage (France). Field data analysis is combined with 2DH fully-coupled simulations in which the eect of the vegetation is analysed. Perspectives for a future eld campaign are presented.

Finally, Chapter 8 summarizes the main ndings of this thesis and discusses several questions and perspectives raised during this work that deserve further investigations.

Chapitre 2

State of the art

Storm surge generation mechanisms

Storm surges result from a number of physical processes. While the wind eect and atmospheric pressure variations associated with tropical cyclones and extra-tropical storms are usually the primary drivers of a storm surge, other forcings and particularly waves, can also be important contributors. In addition, the generation of a storm surge can be aected by non-linear interactions between these dierent forcings and by several factors such as local topographic features. This section details the processes through which these dierent forcings and factors build and impact storm surges.

Storm surges propagate to the coast as shallow water waves, with heights up to ∼ 10 m and wavelengths of the order of hundreds of kilometres. Since horizontal scale length of the surge is much larger than the water depth, the generation and dynamics of storm surges are generally well described by the depth-integrated shallow-water equations [START_REF] Gill | Atmosphere-ocean dynamics[END_REF]. These are the Saint-Venant equations with additional source terms representing the atmospheric and wave forcings :

∂η ∂t + ∂(hU ) ∂x + ∂(hV ) ∂y = 0 (2.1) ∂U ∂t + U ∂U ∂x + V ∂U ∂y = f V -g ∂η ∂x + τ s,x -τ b,x ρh - 1 ρ ∂P A ∂x - 1 ρh ∂S xx ∂x + ∂S xy ∂y (2.2) ∂V ∂t + U ∂V ∂x + V ∂V ∂y = -f U -g ∂η ∂y + τ s,y -τ b,y ρh - 1 ρ ∂P A ∂y - 1 ρh ∂S yy ∂y + ∂S xy ∂x (2.3)
with (x,y) are the Cartesian coordinates, η is the mean free surface elevation, h is the total water depth (h = d + η with d the bathymetry), U and V are the horizontal components of the depth-integrated velocity, f is the Coriolis parameter, P A is the sea-level atmospheric pressure, τ s and τ b are the surface and bottom stress respectively, ρ is the water density and g is the gravitational acceleration. The last right-hand side terms in Eqs 2.2 and 2.3 correspond to the wave force terms with S xx , S yy and S xy being the components of the radiation stress tensor (Longuet-Higgins and [START_REF] Longuet-Higgins | Radiation stress and mass transport in gravity waves, with application to `surf beats[END_REF][START_REF] Longuet-Higgins | Radiation stresses in water waves; a physical discussion, with applications[END_REF].

Considering a prole perpendicular to an alongshore-uniform shoreline (x-axis) under steady state, the momentum equation given by Eq. 2.2 can be simplied as follows :

g ∂η ∂x = f V + τ s,x ρh - 1 ρ ∂P A ∂x - 1 ρh ∂S xx ∂x (2.4)
The right-hand side terms correspond to the Coriolis acceleration, the wind-induced stress, the atmospheric pressure gradients and the wave force terms. They are the main forcing processes for storm surges, which is detailed in the following subsections.

Atmospheric forcing

Storm surges are generated under extreme events and can last several hours to days (up to ∼ 3 days) [START_REF] Kim | Storm Surges, in Encyclopedia of Ocean Sciences (Third Edition)[END_REF]. The primary drivers of storm surges are the wind-induced surface stress and atmospheric pressure gradients associated with these extreme events. In deep water, the storm surge is mainly generated by the latter process through the so-called "inverse barometer" eect. The mean atmospheric pressure at sea level is 1013 hPa. 1 hPa drop in pressure with respect to this value induces a rise of approximately 1 cm in water level (e.g., Doodson, 1924;[START_REF] Pugh | Changing sea levels: eects of tides, weather and climate[END_REF]. For instance, the atmospheric pressure recorded during storm Xynthia decreased to 970 hPa, which corresponds to a barometric surge of 0.43 m. In shallower depths, the storm surge amplitude becomes more sensitive to the wind eect since the latter is inversely proportional to the water depth (Eq. 2.4). Hence, over large and shallow continental shelves, the wind-induced surface stress dominates and enhances storm surge generation [START_REF] Flather | Storm surges[END_REF][START_REF] Rego | Nonlinear terms in storm surge predictions: Eect of tide and shelf geometry with case study from Hurricane Rita[END_REF][START_REF] Resio | Modeling the physics of storm surges[END_REF]; [START_REF] Kennedy | Tropical cyclone inundation potential on the Hawaiian Islands of Oahu and Kauai[END_REF], which makes adjacent low-lying coastal zones particularly vulnerable to storm-induced ooding.

Storm surge generation can also be highly inuenced by the Coriolis eect. The windinduced surface stress drives currents in the upper ocean boundary layer, which are deviated to the right (respectively to the left) from the wind direction in the Northern (resp.

Southern) Hemisphere due to Earth rotation [START_REF] Ekman | On the inuence of earth's rotation on ocean currents[END_REF]. In more details, surface currents drift is theoretically directed 45

• but several studies reported smaller values of the order of 20 • (e.g., [START_REF] Holmedal | Combined tidal and wind driven ows and residual currents[END_REF]. This surface drift forces a circulation in the underlying layers with a decreasing current magnitude and a progressive stronger shift to the right (resp. to the left) in direction across each subsequent layer. This process, known as the Ekman spiral, occurs on the Ekman layer, dened from the ocean surface to the water depth at which the energy transferred between each layer is fully dissipated. In deep water, the wind-driven net transport (i.e. the Ekman transport) is oriented 90

• to the right (resp. to the left) of the wind direction. However, this value decreases in shallower water owing to the increase in bottom stress [START_REF] Rego | Nonlinear terms in storm surge predictions: Eect of tide and shelf geometry with case study from Hurricane Rita[END_REF]. This process can drive an "Ekman setup" when a storm approaches the coast, with a larger storm surge impacting the coastal region to the right-side (resp. left-side) of the storm track in the Northern (resp.

Southern) Hemisphere. This phenomenon explains the higher storm surge observed along the coasts of Louisiana and Texas (USA) which occurred 12-24 h prior to the landfall of hurricane Ike (2008) in the Gulf of Mexico (Kennedy et al., 2011) (Fig. 2.1). Similar to the "forerunner surge" during Ike, the Ekman setup can drive an "after-runner surge" which occurs after the main surge, such as the one that developed 15-18 h after the passage of a typhoon along the Sanin coast of Japan [START_REF] Kim | Storm surges along the Tottori coasts following a typhoon[END_REF]. In circulation models, the wind surface stress τ s is commonly parameterized with a bulk formula of the form :

τ s = ρ a C d U 2 10 (2.5)
where ρ a is the air density, U 10 is the wind speed at 10 m height above the sea surface and C d is a drag coecient related to the sea surface roughness z 0 through the following relationship in neutral conditions (with wind at 10 m height above mean sea level) :

C d = κ 2 [log( 10 z 0 )] 2 (2.6)
where κ is the von Kármán's constant (κ = 0.4). C d has been usually computed as a function of U 10 for low to moderate winds (i.e., [START_REF] Smith | Variation of the sea surface drag coecient with wind speed[END_REF][START_REF] Pond | Introductory dynamical oceanography[END_REF][START_REF] Geernaert | Measurements of the wind stress, heat ux, and turbulence intensity during storm conditions over the North Sea[END_REF]. However, in the 50s, [START_REF] Van Dorn | Wind stress on an articial pond[END_REF] has shown experimentally that the presence of waves can substantially increase the surface stress. This eect depends on the sea state, which can be characterized by the wave age, expressed as :

ξ = c p u * (2.7)
where c p is the phase velocity at the peak wave frequency and u * is the friction velocity.

Alternatively, the wave age can be formulated as :

ξ = c p U 10 (2.8)
A low wave age is characterized by steep waves propagating more slowly than the wind while a larger wave age describes a mature sea with smoother fully-developed waves moving faster than the wind. A younger sea state (low wave age) can hence increase the roughness of the sea surface and subsequently the surface stress compared to an old sea state. In particular, the wind surface stress is expected to increase in coastal areas [START_REF] Lange | Large-scale 3-D experiments of wave and current interaction with real vegetation. Part 1: Guidelines for physical modeling[END_REF][START_REF] Zheng | Study of the wind drag coecient during the storm Xaver in the German Bight using data assimilation[END_REF] since the wave phase speed decreases with the water depth. The wave eect on the wind surface stress has been accounted for through a number of parameterizations that depend for instance on the wave age [START_REF] Donelan | On the dependence of sea surface roughness on wave development[END_REF][START_REF] Drennan | On the wave age dependence of wind stress over pure wind seas[END_REF][START_REF] Oost | New evidence for a relation between wind stress and wave age from measurements during ASGAMAGE[END_REF] or the wave-supported stress [START_REF] Janssen | Quasi-linear theory of wind-wave generation applied to wave forecasting[END_REF]. Several studies have shown that wave-dependent formulations can improve storm surge predictions compared to bulk (wind speed-dependent) formulas (e.g., [START_REF] Mastenbroek | Large-scale 3-d experiments of wave and current interaction with real vegetation. part 2: Experimental analysis[END_REF][START_REF] Zhang | The synchronous coupling of a third-generation wave model and a two-dimensional storm surge model[END_REF]; [START_REF] Kim | Wave set-up in the storm surge along open coasts during Typhoon Anita[END_REF]Bertin et al., 2015a;[START_REF] Staneva | Coastal ooding: impact of waves on storm surge during extremes a case study for the German Bight[END_REF][START_REF] Pineau-Guillou | Impact of wave-dependent stress on storm surge simulations in the North Sea: Ocean model evaluation against in situ and satellite observations[END_REF]. While the wave eect on the wind surface stress is known and investigated for 70 years now, there is still a lack of consensus in the scientic community on how to represent this process. More recently, eld experiments have reported that under strong winds, the sea roughness could be capped or even decrease due to the generation of sprays and foams at such wind speed [START_REF] Powell | Reduced drag coecient for high wind speeds in tropical cyclones[END_REF][START_REF] Takagaki | Strong correlation between the drag coecient and the shape of the wind sea spectrum over a broad range of wind speeds[END_REF]. Hence, a threshold or a decrease in the drag coecient is usually used in numerical models for strong wind speeds (> 20-25 m.s -1 ) [START_REF] Dietrich | Modeling hurricane waves and storm surge using integrallycoupled, scalable computations[END_REF][START_REF] Zijlema | Bottom friction and wind drag for wave models[END_REF]. [START_REF] Kim | The role of sea surface drag in a coupled surge and wave model for Typhoon Haiyan 2013[END_REF] showed that using either wind speed or wave-dependent formulations without any treatment for the drag coecient at high wind speeds led overestimated storm surges compared to observations.

The wave setup

In coastal zones, waves can further contribute to the storm surge through the mechanism of wave setup. This process has been investigated for more than 50 years through a number of laboratory experiments (e.g., [START_REF] Fairchild | Model study of wave set-up induced by hurricane waves at Narragansett pier, Rhode Island[END_REF][START_REF] Saville | Experimental determination of wave set-up[END_REF][START_REF] Bowen | Wave `set-down' and set-up[END_REF][START_REF] Battjes | Set-Up Due to Irregular Waves[END_REF][START_REF] Stive | A study of radiation stress and set-up in the nearshore region[END_REF] and eld measurements (e.g., [START_REF] Munk | Surf beats[END_REF][START_REF] Goda | Irregular Wave Deformation in the Surf Zone[END_REF][START_REF] Guza | Wave set-up on a natural beach[END_REF]; [START_REF] Lentz | Field observations of wave setup[END_REF][START_REF] Raubenheimer | Field observations of wave-driven setdown and setup[END_REF].

Theoretically, the wave setup was rst explained by the radiation stress concept of Longuet-Higgins andStewart (1962, 1964), introduced in their analysis of the depth-integrated momentum ux of linear waves propagating over a horizontal bottom. Wave-induced momentum ux is equivalent to a stress. [START_REF] Longuet-Higgins | Radiation stresses in water waves; a physical discussion, with applications[END_REF] referred this stress as "radiation stress", dened as the excess ow of momentum due the presence of waves. Horizontal gradients in radiation stress are equivalent to horizontal pressure forces acting on the water. In coastal zones, and especially in surf zones, the dissipation of short waves can induce substantial gradients of radiation stress, which can drive currents and a mean sea level increase along the shoreline, i.e. the wave setup. The free surface elevation is tilted until a balance is reached between the wave forces (i.e. radiation stress gradients)

and the subsequent barotropic pressure gradient. (2.9)

The cross-shore component of the radiation stress tensor S xx in Eq. 2.9 is expressed as (Eq. 7 of [START_REF] Longuet-Higgins | Radiation stresses in water waves; a physical discussion, with applications[END_REF]) :

S xx = η -h (p + ρu 2 )dz - η -h p 0 dz (2.10)
where z is the vertical coordinate (positive upward from the still water depth). The rst term of the right-hand side is the total horizontal momentum ux while the second term corresponds to the horizontal momentum ux in the absence of waves. p is the pressure at any point in the water column, p 0 is the hydrostatic pressure and u is the horizontal component of the wave orbital velocity in the cross-shore direction.

S xx can be rewritten as :

S xx = η -h ρu 2 dz Sxx (1) + η -h (p -p 0 )dz Sxx (2) + η η pdz Sxx (3) (2.11)
Following the approach of [START_REF] Longuet-Higgins | Radiation stresses in water waves; a physical discussion, with applications[END_REF] to evaluate Eq. 2.11, the mean dynamic pressure below η (integrand of S xx (2) ) is approximated as -ρw 2 with w the vertical component of the wave orbital velocity, and the mean dynamic pressure above η (integrand of S xx (3) ) is considered as hydrostatic. Since the integrand of S xx

(1) is of second order in amplitude (the orbital velocity being proportional to the amplitude), the range η < z < η contributes to a third-order term and can thus be neglected in a second-order approximation. Under these assumptions, Eq. 2.11 reads :

S xx = η -h ρ(u 2 -w 2 )dz + 1 2 ρgη 2
(2.12)

Using the approximations from the linear wave theory for u, w and η, S xx nally reads :

S xx = (2n - 1 2 )E (2.13)
where n is the ratio of the group velocity over the phase velocity c g /c and E is the total wave energy.

From Eq. 2.9, positive gradients in radiation stress, typically observed in the shoaling zone, implies that the mean surface slope is negative, causing a wave set-down in this region. In the surf zone, short-wave dissipation drives negative gradients in radiation stress, which implies that the mean surface slope is positive, resulting in a wave setup maximum along the shoreline. These variations in mean free surface elevation induced by the transformation of short waves in coastal zones are well illustrated by the laboratory experiments of [START_REF] Bowen | Wave `set-down' and set-up[END_REF] in a wave channel (Fig. 2.2). 

Wave eect on the bottom stress

In shallow water, the presence of waves also aects the bottom stress. The orbital motion of waves induces an alternating current within the wave bottom boundary layer (WBBL).

This mechanism increases the level of turbulence in the WBBL, which in turn enhances the bottom stress felt by the current. In phase-averaged models, the bottom stress under the combined action of waves and currents has been computed with dierent parameterizations such as the ones of [START_REF] Soulsby | Dynamics of marine sands[END_REF] and [START_REF] Grant | Combined wave and current interaction with a rough bottom[END_REF], based on the near-bottom wave orbital velocity, or the mixing parameterization of [START_REF] Mellor | The three-dimensional current and surface wave equations[END_REF], that represents the near-bottom wave-induced turbulence on the mean current. The latter parameterization has been further extended to nearshore applications by [START_REF] Bennis | Mixing parameterization: Impacts on rip currents and wave set-up[END_REF] who additionally accounted for turbulence induced by breaking waves.

Additional processes and parameters controlling storm surges 2.1.3.1 Storm characteristics

The amplitude of the storm surge varies in time and space depending on the meteorological aspects of the storm including its intensity, its track, its temporal and spatial scales [START_REF] Flather | Storm surges[END_REF]; [START_REF] Rego | On the importance of the forward speed of hurricanes in storm surge forecasting: A numerical study[END_REF]. In particular, the storm track and associated wind direction dictate the Ekman transport and control the fetch width, and subsequently the sea state, which can aect the wind surface stress as shown earlier in this chapter.

Topographic features

Topographic features such as the nearshore bathymetry, controlling the development of the wave setup, along with the width and the slope of the continental shelf, are important factors that control the impact of the storm surge at the coast. In addition, coastal morphology can also play a key role in the distribution of the storm surge [START_REF] Flather | Storm surges[END_REF]. For instance, concave coasts and funneled-shape estuaries contain the storm surge, resulting in elevated water levels while convex coasts tend to spread the storm surge.

Tide-surge interactions

Non-linear interactions exist between tides and storm surges [START_REF] Wolf | Surge-tide interaction in the North Sea and River Thames, Floods due to high winds and tides[END_REF][START_REF] Flather | Storm surges[END_REF][START_REF] Horsburgh | Tide-surge interaction and its role in the distribution of surge residuals in the North Sea[END_REF][START_REF] Zhang | Tide-surge Interaction Intensied by the Taiwan Strait[END_REF]Idier et al., 2012, among others) and can locally increase or decrease the storm surge [START_REF] Idier | Tide-surge interaction in the English Channel[END_REF][START_REF] Krien | Towards improved storm surge models in the northern Bay of Bengal[END_REF]. For instance, [START_REF] Idier | Tide-surge interaction in the English Channel[END_REF] (3) the quadratic formulation of the bottom stress [START_REF] Flather | Storm surges[END_REF]; [START_REF] Zhang | Tide-surge Interaction Intensied by the Taiwan Strait[END_REF]. Through these non-linear eects, tidal water level and current directly interact with surge-induced hydrodynamics. Several empirical and theoretical studies showed that these interactions increase with larger storm surge and tidal range (e.g., [START_REF] Cartwright | A unied analysis of tides and surges round North and East Britain[END_REF][START_REF] Prandle | The interaction of surge and tide in the North Sea and River Thames[END_REF]. As a notable eect of tide-surge interactions, several authors have reported in certain areas that the peak storm surge preferentially occurs during the (early) ood [START_REF] Prandle | The interaction of surge and tide in the North Sea and River Thames[END_REF][START_REF] Horsburgh | Tide-surge interaction and its role in the distribution of surge residuals in the North Sea[END_REF][START_REF] Idier | Tide-surge interaction in the English Channel[END_REF]. While the development of the surge is modulated by the tidal stage, the surge induces a phase shift on tides [START_REF] Horsburgh | Tide-surge interaction and its role in the distribution of surge residuals in the North Sea[END_REF]. For instance, [START_REF] Plüÿ | Das Nordseemodell der BAW zur Simulation der Tide in der Deutschen Bucht[END_REF] reported that mean water level changes signicantly modulate tidal dynamics in shallow coastal areas, owing to the change in basin geometry and ooding of the at zones. Overall, it has been demonstrated for a long time that tide-surge interactions are far from being negligible at specic locations and should be accounted for to improve predictions of storm surges, by simulating these phenomena simultaneously with tides (e.g., [START_REF] Flather | A tidal model of the north-west european continental shelf[END_REF].

Resonant mechanisms

Storm surges can be amplied by resonant mechanisms such as Proudman, Greenspan, Helmholtz (i.e. seiches) or shelf resonance [START_REF] Moon | Eect of the surface wind stress parameterization on the storm surge modeling[END_REF][START_REF] Bertin | Importance of wave age and resonance in storm surges: The case Xynthia, Bay of Biscay[END_REF]. For instance, [START_REF] Bertin | Importance of wave age and resonance in storm surges: The case Xynthia, Bay of Biscay[END_REF] [START_REF] Monserrat | Meteotsunamis: atmospherically induced destructive ocean waves in the tsunami frequency band[END_REF], [START_REF] Pattiaratchi | Are meteotsunamis an underrated hazard?[END_REF], Thompson et al. (2020) and [START_REF] Shi | Tropical cyclone rainbands can trigger meteotsunamis[END_REF].

Compound ooding and mean sea level variations

In deltas and estuaries, rainfall and river discharges can occur concomitantly with storm surges which leads to compound events that strongly increase the potential risk of ooding (e.g., [START_REF] Wahl | Increasing risk of compound ooding from storm surge and rainfall for major US cities[END_REF][START_REF] Zheng | Modeling dependence between extreme rainfall and storm surge to estimate coastal ooding risk[END_REF][START_REF] Ward | Dependence between high sea-level and high river discharge increases ood hazard in global deltas and estuaries[END_REF]. Traditionally, these processes have been analysed and simulated separately, however, research eorts are actively ongoing to investigate their interactions and compound eects, notably through the development of coupled ocean-hydrological modelling systems (e.g., [START_REF] Ye | Simulating storm surge and compound ooding events with a creekto-ocean model: Importance of baroclinic eects[END_REF].

The total water level is also inuenced by seasonal and annual variations of the mean sea level due for instance, to the combination of seasonnal atmospheric settings and thermosteric dilatation (Payo-Payo and Bertin, 2020).

The following section reviews the evolution of storm surge modelling, from the pioneer stand-alone circulation models to fully-coupled modelling systems. Bidston, developed a number of 2D storm surge models [START_REF] Heaps | Development of storm-surge models at Bidston[END_REF]. The earliest one used the linearized depth-integrated hydrodynamic equations in spherical polar coordinates solved on a nite dierence grid covering the North Sea and shelf region of the British Isles [START_REF] Heaps | A two-dimensional numerical sea model[END_REF]. Other 2D models have been implemented on the North Sea and River Thames (e.g., [START_REF] Prandle | Storm surges in the southern North Sea and River Thames[END_REF] in which investigations on tide-surge interactions have been initiated and pursued by [START_REF] Prandle | The interaction of surge and tide in the North Sea and River Thames[END_REF] and [START_REF] Flather | Practical surge prediction using numerical models[END_REF] among others. This research led to the establishment of an OSSF system in the UK in 1978 covering mostly the North Sea (e.g., [START_REF] Flather | Recent Results from a Storm Surge Prediction Scheme for the North Sea[END_REF] and forced by forecasts of atmospheric pressure and winds originated from an atmospheric model (Fig. 2.3). Storm surges were computed as the dierence between a tide-only simulation and a simulation including both tides and atmospheric forcing, tide-surge interactions were therefore considered. At this stage, [START_REF] Donelan | The dependence of the aerodynamic drag coecient on wave parameters[END_REF] already suggested that the paramaterization of the wind stress in storm surge models should depend on the sea state. During the same period, 2D storm surge modelling and OSSF systems have been developed in the Netherlands, Denmark, Belgium, Germany and Norway but also further south in Europe, in the Adriatic Sea, where Venice experienced severe ooding [START_REF] Heaps | Storm surges, 19671982[END_REF]. Some attention has been paid to the use of real-time assimilation data [START_REF] Flather | Prediction of North Sea Storm Surges Using Numerical Models: Recent Developments in U. K[END_REF]) and wave-current interactions [START_REF] Hasselmann | The Marsen experiment: principal results and conclusions[END_REF] but further investigations were still needed. While 2D models were used for storm surge predictions, the oshore oil industry has raised the need for understanding the vertical structure of currents, which promoted the development of 3D numerical models in the early 1980s (e.g., [START_REF] Davies | Three-dimensional modelling of surges[END_REF][START_REF] Proctor | Tides and residual circulation in the Irish Sea: A numerical modelling approach[END_REF], while additional current measurements, particularly during storms, were required to support modelling.

Figure 2.3 Scheme for operational surge forecasting. From [START_REF] Flather | Recent Results from a Storm Surge Prediction Scheme for the North Sea[END_REF].

In other regions of the world exposed to storm surges generated by tropical cyclones, OSSF systems have been developed to minimize the impacts of these extreme phenomena. In the USA, OSSF systems became also a progressive alternative to statistical models although major advances in hurricane surge modelling have occurred later, in the late 1980s and the early 1990s [START_REF] Westerink | Progress in Surface Water Modeling[END_REF]. A linear two-dimensional depth-integrated nite dierence model, known as SPLASH, has been developed at the US National Weather Services's (NWS) National Hurricane Center (NHC), based on the pioneer works of [START_REF] Jelesnianski | Numerical computations of storm surges with bottom stress[END_REF] and his research in the following years. It did not include non-linear terms and has a xed boundary at the water-land interface. It was created to forecast hurricane surges along the Atlantic and Gulf coasts of the USA. Also, the US Army Coastal

Engineering Center established another 2D storm surge model using orthogonal curvilinear coordinates, known as SSURGE [START_REF] Wanstrath | Storm Surge Simulation in Transformed Coordinates[END_REF], for the design of coastal defence structures and coastal zone management. 3D numerical models have also been developed

to simulate the vertical structure of hurricane-generated currents (e.g., [START_REF] Forristall | Three-dimensional structure of storm-generated currents[END_REF]; [START_REF] Cooper | Modeling Wave-Enhanced Turbulence in the Ocean Surface Layer[END_REF]. In addition, other 2D numerical studies and forecasts have been conducted, notably on storm surges associated with typhoons in Japan [START_REF] Isozaki | An investigation on the variations of sea level due to meteorological disturbances on the coast of Japan Islands (II)[END_REF]) and tropical storms in the Bay of Bengal (e.g., [START_REF] Das | Prediction Model for Storm Surges in the Bay of Bengal[END_REF][START_REF] Johns | Numerical simulation of the surge generated by the 1977 Andhra cyclone[END_REF].

In the mid-1980s and early 1990s, several more sophisticated storm surge models have emerged, either based on the pre-existing circulation models described below (among others)

or newly developed. While the models already relied on a matured physical understanding of the main storm surge physics [START_REF] Gill | Atmosphere-ocean dynamics[END_REF], improvements since the mid-1990s have mainly focused on computational eciency, taking advantage of the development of parallel computing techniques, and also unstructured grids, horizontal and vertical coordinates systems, wetting and drying algorithms, coupling strategy between several models (e.g., wave-current or riverine-current models), among others features [START_REF] Dube | Storm Surge Modeling and Applications in Coastal Areas[END_REF][START_REF] Kohno | Recent Progress in Storm Surge Forecasting[END_REF]. In particular, an active research has been conducted on numerical methods since the earliest use of nite dierence schemes. While this method has proved to be robust, it is mostly used on structured grids, which prevents from rening the grid at the coasts to represent complex shorelines and coastal features. This has been partly improved by the use of curvilinear grids, in which the grid resolution increases towards the shoreline but does not allow local renements in coastal areas (e.g., [START_REF] Jarvinen | An evaluation of the SLOSH storm-surge model[END_REF]. Another technique is the grid nesting (e.g., [START_REF] Mcinnes | A numerical modelling study of coastal ooding[END_REF], in which grids of increasingly ne resolution are nested inside another. Later, the nite element method has also been progressively applied to the shallow water equations, which has enabled the use of unstructured grids in which the spatial grid resolution can vary in the modelled domain, being coarse in the deep ocean (several kilometres to tens of kilometres) and rened to a few hundreds of meters or less in the nearshore. The coarse resolution in the deep ocean, where storm surges are mainly driven by the inverse barometer (section 2.1.1), saves computational time while the use of a ner mesh in coastal zone allows to better represent the growth of the wind-driven surge in shallow waters, as well as complex shorelines, nearshore bathymetry and coastal features (barrier islands, inlets and bays). In addition, modelling eorts have been made to improve storm surge predictions through a better understanding of complex physical processes such as air/sea and wave/current interactions and through several features that impact the predictive skills of the model, such as bathymetry up-todate data and improved accuracy of the meteorological forcings [START_REF] Janssen | Progress in ocean wave forecasting[END_REF]. Storm surge modelling was progressively supported by a growing observational networks of tide gauges and wave buoys, used in the development stage of models and also for forecasting systems, through data assimilation.

Some of the numerical models that are currently used worldwide for storm surge model-ling are presented below. In the USA, the NWS developed a new OSSF system, known as SLOSH [START_REF] Jarvinen | An evaluation of the SLOSH storm-surge model[END_REF][START_REF] Jelesnianski | SLOSH: Sea, lake, and overland surges from hurricanes[END_REF], for Sea, Lake, and Overland Surges from Hurricane, which is a 2D nite dierence model as SPLASH but includes additional features (polar grid system, representation of sub-grid scale features and inland water bodies). SLOSH solves a set of equations derived from the shallow water equations in which the advective terms are neglected, but in contrast with SPLASH, this omission is compensated by the inclusion of small amplitude eects [START_REF] Jelesnianski | SLOSH: Sea, lake, and overland surges from hurricanes[END_REF] [START_REF] Rego | On the importance of the forward speed of hurricanes in storm surge forecasting: A numerical study[END_REF] and the 3D nite dierence models POM [START_REF] Blumberg | A Description of a Three-Dimensional Coastal Ocean Circulation Model[END_REF]; [START_REF] Peng | A numerical study of storm surge and inundation in the CroatanAlbemarlePamlico Estuary System[END_REF] and CH3D [START_REF] Sheng | A three-dimensional mathematical model of coastal, estuarine and lake currents using boundary tted grid[END_REF]Sheng et al., 2010a,b) using orthogonal and non-orthogonal curvilinear grids, respectively. In the present work, the 3D unstructured-grid nite element hydrodynamic model SCHISM is used [START_REF] Zhang | Seamless cross-scale modeling with SCHISM[END_REF], which is derived from the model SELFE [START_REF] Zhang | Selfe: A semi-implicit EulerianLagrangian niteelement model for cross-scale ocean circulation[END_REF].

Importance of accounting for waves in storm surge modelling

As shown in section 2.1, the mechanisms by which waves aect surge elevations, in particular wave eect on the surface stress, and the wave setup, have been identied since the 1950s. Hence, the need for a wave model to predict storm surges progressively arose and early attempts of wave-current coupling emerged in the 1990s-2000s. The study of [START_REF] Mastenbroek | Large-scale 3-d experiments of wave and current interaction with real vegetation. part 2: Experimental analysis[END_REF] presents one of the rst proper implementation of a coupling between a phase-averaged and circulation models, through which the authors reported that a wave-dependant stress results in signicant improvements in the surge calculations compared to a bulk formula. In the MAST III PROMISE (PRe-Operational Modelling

In the Seas of Europe) project, two existing pre-operational wave (WAM-PRO, [START_REF] Monbaliu | The spectral wave model, WAM, adapted for applications with high spatial resolution[END_REF] and circulation models were integrated into a coupling framework [START_REF] Ozer | A coupling module for tides, surges and waves[END_REF]. Its application to the North Sea suggested that a wave-dependant surface stress should be preferentially used for storm surge modelling. In the following years, the development of parallel computing and the access to more computational resources enabled the emergence of several coupled wave-current models (e.g., [START_REF] Zhang | The synchronous coupling of a third-generation wave model and a two-dimensional storm surge model[END_REF]; [START_REF] Osuna | Wavecurrent interaction in the Southern North Sea[END_REF][START_REF] Wolf | Coupling waves and currents in POLCOMS with measurements from the coastal observatory[END_REF]. The widely-used unstructured-grid model ADCIRC has been coupled to several structured-grid wave models, the nearshore STeady-state WAVE model STWAVE being nested inside the deep ocean, coarser, WAM model (e.g., [START_REF] Bunya | A High-Resolution Coupled Riverine Flow, Tide, Wind, Wind Wave, and Storm Surge Model for Southern Louisiana and Mississippi. Part I: Model Development and Validation[END_REF][START_REF] Dietrich | A high-resolution coupled riverine ow, tide, wind, wind wave, and storm surge model for southern Louisiana and Mississippi. Part II: Synoptic description and analysis of Hurricanes Katrina and Rita[END_REF]. However, in such coupling, the circulation and wave models run on dierent grids, which requires interpolation of the boundary conditions between the nested wave structured grids and interpolation of water levels, currents and wave characteristics between the structured wave and unstructured circulation grids. This coupling is called "loose" coupling, since this intra-model interpolation introduces inaccuracies and reduces the eciency of the simulation. The development of unstructured wave models (e.g., SWAN unstructured version ; [START_REF] Zijlema | Computation of wind-wave spectra in coastal waters with SWAN on unstructured grids[END_REF] allowed to vary the mesh resolution from deep to coastal waters without any nesting. In addition, both circulation and wave models can be run on a same unstructured grid, avoiding interpolation of variables between these models, which is referred as "tight coupling". [START_REF] Dietrich | Modeling hurricane waves and storm surge using integrallycoupled, scalable computations[END_REF] implemented a "tight coupling" between ADCIRC and SWAN. Delft3D-FLOW has also been coupled to SWAN in 1995 while SCHISM has been coupled to WWM-II by [START_REF] Roland | A fully coupled 3D wave-current interaction model on unstructured grids[END_REF].

The increasing computational power also allowed to rene the mesh resolution in coastal areas. This is of primary importance to compute the wave setup since this process requires very ne meshes in surf zones to be accurately computed. Hence, since this time, several numerical studies accounting for radiation stress gradients were able to represent the wave setup in coastal areas, showing that it can substantially contribute to the storm surge [START_REF] Brown | A case study of combined wave and water levels under storm conditions using WAM and SWAN in a shallow water application[END_REF][START_REF] Kim | Wave set-up in the storm surge along open coasts during Typhoon Anita[END_REF]Sheng et al., 2010a,b;[START_REF] Brown | Impact assessment of advanced coupling features in a tidesurgewave model, POLCOMS-WAM, in a shallow water application[END_REF][START_REF] Guérin | Impacts of wave-induced circulation in the surf zone on wave setup[END_REF] and can modify the spatial extent of coastal inundations (e.g., [START_REF] Xie | The eect of wavecurrent interactions on the storm surge and inundation in Charleston Harbor during Hurricane Hugo 1989[END_REF][START_REF] Xie | Application of SWAN+ADCIRC to tidesurge and wave simulation in Gulf of Maine during Patriot's Day storm[END_REF]; [START_REF] Murty | Eect of Wave Radiation Stress in Storm Surge-Induced Inundation: A Case Study for the East Coast of India[END_REF]. Nevertheless, the exact mesh resolution needed in surf zones to compute the wave setup remains unclear in the scientic community and should be better quantied.

While the eect of waves on the surface stress and the wave setup appear to be the dominant contributions to storm surges, the eect of waves on tides and surges through an enhanced bottom friction [START_REF] Rosales | Wave-current interaction in coastal waters: Eects on the bottom-shear stress[END_REF] has also been highlighted through numerical modelling (e.g., [START_REF] Roland | A fully coupled 3D wave-current interaction model on unstructured grids[END_REF].

Overall, it is now well recognized that accounting for waves in storm surge modelling improves the accuracy of the predictions. Hence, while in the 2000s, OSSF were usually based on a circulation model only [START_REF] Flather | Existing operational oceanography[END_REF], the use of coupled wave-current models is progressively extended nowadays to OSSF systems implemented at a regional or country scale (e.g., [START_REF] Gillibrand | Forecasting extreme sea level events and coastal inundation from tides, surge and wave setup[END_REF][START_REF] Ferrarin | Tide-surge-wave modelling and forecasting in the Mediterranean Sea with focus on the Italian coast[END_REF][START_REF] Sembiring | A validation of an operational wave and surge prediction system for the Dutch coast[END_REF]. However, this is not yet the norm at larger scales, such as global OSSF systems (GLOSSIS, [START_REF] Verlaan | GLOSSIS: Global Storm Surge Forecasting and Information System[END_REF], which can be partly explained by the additional computational cost required at such scale to run a wave model and dene a ne-enough resolution in coastal zones to compute the wave setup.

Apart from notable exceptions (e.g., [START_REF] Kennedy | Rapidly installed temporary gauging for hurricane waves and surge, and application to Hurricane Gustav[END_REF][START_REF] Kennedy | Origin of the Hurricane Ike forerunner surge[END_REF], one can note through the analysis of the existing literature on storm surge modelling, that numerical results of wavecurrent models are generally validated against wave parameters measured by deep water wave buoys and water levels monitored by tide gauges located in bays or harbours. However, these observations are limited and do not allow to verify the model parameterizations of shallow-water wave dissipation processes such as depth-induced breaking and bottom friction and the predicted wave setup along open-ocean coasts. This stresses the need to collect hydrodynamic data in various coastal environments in order to better understand the associated processes and verify the predictive skills of the model in these environments.

On a more theoretical perspective, most of storm surge modelling studies that account for the wave eects on the mean circulation are based on the 2D radiation stress formalism of [START_REF] Longuet-Higgins | Radiation stresses in water waves; a physical discussion, with applications[END_REF]. Over the last 20 years, new theories which represent the wave eects on the mean circulation in 3D have emerged. They are presented in the following section.

Modelling the eects of short waves on the mean circulation

The hydrodynamics of the coastal zone is usually characterized by the simultaneous presence of currents, wave and turbulent motions that interact each other through several mechanisms and energy transfers. One of the diculty in representing the circulation in the presence of waves is the dierence in time scales between the (orbital) wave motion and the slow-varying motion, induced for instance by tidal and wind-driven currents. Phaseresolving models explicitly describe the evolution of the free surface and hence resolve the wave motion. They are based for instance on the Boussinesq equations (e.g., FUN-WAVE ; [START_REF] Kirby | FUNWAVE 1.0: fully nonlinear Boussinesq wave model-Documentation and user's manual[END_REF], the Reynolds-averaged Navier-Stokes equations (RANS models, e.g., NHWAVE ; [START_REF] Ma | Shock-capturing non-hydrostatic model for fully dispersive surface wave processes[END_REF] or the non-linear shallow water equations including non-hydrostatic pressure (e.g., SWASH ; [START_REF] Zijlema | SWASH: An operational public domain code for simulating wave elds and rapidly varied ows in coastal waters[END_REF]. While phase-resolving models have demonstrated very good predictive skills in simulating wave-current interactions (e.g., [START_REF] Yoon | Non-hydrostatic Modeling of Wave Transformation and Rip Current Circulation: A Case Study for Haeundae Beach, Korea[END_REF], they are computationally expensive, which limits their use to small scale applications (typically O(1 km 2 )). For larger scale applications conducted over relatively long periods compared to the wave motion (e.g., from few days to several months), the ow velocity can be averaged over the wave phase, such that the eects of waves on the mean ow are represented without explicitly resolving the wave motion. In this framework, the total ow velocity u can be split into two components, namely the mean (phase-averaged) ow velocity ⟨u⟩ and the wave motion ∼ u (the turbulent uctuations being neglected here) :

u = ⟨u⟩ + ∼ u (2.14)
While their leading-order motion is periodic, short waves induce a net drift along the direction of wave propagation, the so-called "Stokes drift" (e.g., [START_REF] Stokes | On the Theory of Oscillatory Waves[END_REF][START_REF] Longuet-Higgins | Mass transport in water waves[END_REF], which is proportional to the square of the wave steepness. The Stokes drift can also be seen as the dierence between mean velocities following a uid particle (Lagrangian velocity) and in a xed reference frame (Eulerian velocity). The (Lagrangian) mean ow can thus be decomposed into two components, the (Eulerian) mean circulation (also expressed as mean current) and the Stokes drift. The total mean momentum m T can be expressed as the sum of the momentum of the mean circulation m and the mean wave momentum m W :

m T = m + m W (2.15)
In addition to the contribution of the Stokes Drift, momentum transfers occur from the wave motion to the mean ow, which can be particularly intense at the coast and generate sea level variations (i.e wave set-down/wave setup) and longshore currents (Longuet-Higgins, 1970a,b) as described in section 2.1.2.2. The concept of radiation stress introduced by Longuet-Higgins andStewart (1962, 1964) was used by these authors, and later by [START_REF] Phillips | The dynamics of the upper ocean[END_REF], to propose the rst depth-integrated (2DH) formulations of the conservation of the total mean momentum m T in the presence of waves. While these pioneer approaches have been widely used, other methods have been developed in which the conservation of the momentum of the mean circulation m and waves m T are formulated with two distinct equations [START_REF] Garrett | Generation of Langmuir circulations by surface wavesA feedback mechanism[END_REF][START_REF] Smith | WaveCurrent Interactions in Finite Depth[END_REF]. The equation for m, which includes wave-induced forcings terms for the mean circulation only, allows a new interpretation of the physics. 2DH approaches can be particularly suitable for the study of wave-current interactions in the coastal zone, where the horizontal dimensions are large compared to the vertical dimension, allowing to study a wide range of wave-induced hydrodynamics in the nearshore. Yet, these 2DH approaches do not allow to represent the vertical structure of the mean horizontal circulation such as the vertical shear in the cross-shore mean current near the coast. Indeed, the onshore-directed mass ux associated with the Stokes Drift near the surface results in a counterbalanced Eulerian oshore current referred to as undertow which is localized near the seabed in the surf zone. Also, the wave momentum source is not uniformly distributed over the depth, which contributes to the vertical shear of the cross-shore mean current in the surf zone. These vertical dynamics cannot be reproduced with 2D approaches. To address these shortcomings, fully 3D wave-current approaches have been developed over the last 20 years.

As in 2DH, the conservation of momentum of the mean circulation m and waves m W can be either treated separately or not. For instance, [START_REF] Mellor | The three-dimensional current and surface wave equations[END_REF] developed a depthvarying radiation stress formulation (3D RS) based on the conservation of the total mean momentum m T . While 3D RS was found to perform comparably or better than 2D RS in reproducing nearshore hydrodynamics [START_REF] Bolaños | Wavecurrent interactions in a tide dominated estuary[END_REF], 3D RS was questioned by Ardhuin et al. (2008a,b), mainly because the evolution of m and m W was not dissociated.

Indeed, with this approach, the momentum ux induced by the wave motion is distributed into m and m W (in order to conserve m T ), irrespective to their specic response. In addition, the evolution of m and m W is treated identically while they have dierent advection velocity and behaviour, notably with regard to the vertical mixing. The most criticized issue was the correctness of the vertical uxes of wave momentum, particularly on a sloping bottom [START_REF] Bennis | On the coupling of wave and threedimensional circulation models: Choice of theoretical framework, practical implementation and adiabatic tests[END_REF]. This inaccuracy led [START_REF] Mellor | Waves, circulation and vertical dependence[END_REF][START_REF] Mellor | A combined derivation of the integrated and vertically resolved, coupled wave-current equations[END_REF] to propose a correction to their 3D RS approach. Alternatively, a formulation for m was proposed by [START_REF] Mcwilliams | An asymptotic theory for the interaction of waves and currents in coastal waters[END_REF] based on an asymptotic theory (Craik and Leibovich, 1976), and by Ardhuin et al. (2008b) based on the GLM (General Mean Lagrangian) theory introduced by [START_REF] Andrews | An exact theory of nonlinear waves on a Lagrangian-mean ow[END_REF]. From the GLM equations, Ardhuin et al. (2008b) proposed an approximation to second order in wave steepness called the glm2z-RANS equations. It should be noted that the vertical integration of the glm2z-RANS equations leads to a formulation similar to the one of [START_REF] Smith | WaveCurrent Interactions in Finite Depth[END_REF]. [START_REF] Bennis | On the coupling of wave and threedimensional circulation models: Choice of theoretical framework, practical implementation and adiabatic tests[END_REF] derived a set of equations based on the glm2z-RANS theory with the hypothesis that the vertical shear of the mean current is neglected in the wave forcing terms. The approaches of [START_REF] Mcwilliams | An asymptotic theory for the interaction of waves and currents in coastal waters[END_REF], Ardhuin et al. (2008b) and [START_REF] Bennis | On the coupling of wave and threedimensional circulation models: Choice of theoretical framework, practical implementation and adiabatic tests[END_REF], also denominated as vortex force (VF) formalism, constitute three dimensional sets of equations for the quasi-Eulerian velocity, in which the vertical structure of the wave-induced forcing terms on the mean circulation can be represented. The formulation of [START_REF] Mcwilliams | An asymptotic theory for the interaction of waves and currents in coastal waters[END_REF] has been integrated to the ROMS model [START_REF] Shchepetkin | The regional oceanic modeling system (ROMS): a split-explicit, free-surface, topography-following-coordinate oceanic model[END_REF] and FVCOM [START_REF] Chen | An unstructured-grid, nite-volume community ocean model: FV-COM user manual[END_REF][START_REF] Xia | Implementation and comparison of the recent threedimensional radiation stress theory and vortex-force formalism in an unstructured-grid coastal circulation model[END_REF], while the glm2z-RANS approach has been implemented in the MARS3D code [START_REF] Lazure | An externalinternal mode coupling for a 3D hydrodynamical model for applications at regional scale (MARS)[END_REF] by [START_REF] Bennis | On the coupling of wave and threedimensional circulation models: Choice of theoretical framework, practical implementation and adiabatic tests[END_REF], as well as in SYMPHONIE [START_REF] Marsaleix | Energy conservation issues in sigma-coordinate free-surface ocean models[END_REF] and MOHID [START_REF] Martins | Modelacao matemática tridimensional de escoamentos costeiros e estuarinos usando uma abordagem de coordenada vertical genérica[END_REF] models by [START_REF] Michaud | Impacts des vagues sur les courants marins: Modélisation multi-échelle de la plage au plateau continental[END_REF] and [START_REF] Delpey | Etude de la dispersion horizontale en zone littorale sous l'eet de la circulation tridimensionnelle forcée par les vagues-Application à la baie de Saint Jean de Luz-Ciboure et au littoral de Guéthary-Bidart[END_REF] respectively. Also, the simplied glm2z-RANS approach of [START_REF] Bennis | On the coupling of wave and threedimensional circulation models: Choice of theoretical framework, practical implementation and adiabatic tests[END_REF] has been implemented in SCHISM by [START_REF] Guérin | Impacts of wave-induced circulation in the surf zone on wave setup[END_REF].

These approaches that represent 3D eects of waves on currents are now commonly applied by the ocean and coastal scientic communities to simulate the depth-varying, waveinduced circulation (e.g., [START_REF] Uchiyama | Wavecurrent interaction in an oceanic circulation model with a vortex-force formalism: Application to the surf zone[END_REF][START_REF] Kumar | Implementation of the vortex force formalism in the coupled ocean-atmosphere-wave-sediment transport (COAWST) modeling system for inner shelf and surf zone applications[END_REF]. In particular, [START_REF] Guérin | Impacts of wave-induced circulation in the surf zone on wave setup[END_REF] used the 3D modelling system SCHISM with a VF formalism (as mentioned above) and reported that the depth-varying, wave-induced circulation in surf zones can increase the maximum wave setup along the shoreline of sandy beaches, in comparison with a 2DH simulation that does not allow to represent 3D wave eects and the associated depth-varying circulation. Further analysis is needed to better understand the underlying processes and examine in which conditions the contribution of the wave-induced circulation can signicantly increase the wave setup.

Chapitre 3

The modelling system

In the scope of this work, the contribution of short waves to storm surges is investigated by combining eld observations and numerical modelling. As we focus on the development of storm surges in contrasting coastal environments, including lagoons and estuaries, the modelling system used should be capable of accurately represent complex nearshore bathymetry and shorelines, as well as coastal morphological features such as inlets and lagoons.

The most appropriate model for addressing this need seems to be an unstructured grid model, in which the use of only one grid whose resolution can be rened at the coast, allows to well represent these irregular coastal features without any grid nesting.

In this context, the unstructured-grid nite-element modelling system SCHISM (Semiimplicit Cross-scale Hydroscience Integrated System Model ; [START_REF] Zhang | Seamless cross-scale modeling with SCHISM[END_REF], derived from the model SELFE [START_REF] Zhang | Selfe: A semi-implicit EulerianLagrangian niteelement model for cross-scale ocean circulation[END_REF], appears to be suitable for our purposes. SCHISM is an open-source modelling system developed by Pr. Joseph Zhang at VIMS (USA), and other research groups worldwide. The core model of the system is a 3D hydrodynamic model which solves the Reynolds-averaged Navier-Stokes equations under hydrostatic and Boussinesq approximations. As one of the main characteristics of SCHISM, the use of a semi-implicit scheme, in conjunction with an Eulerian-Lagrangian Method to treat the advection in the momentum equations, allows to relax the numerical stability constraints of the model. SCHISM is coupled to the Wind Wave Model WWM-II (Roland , 2009a;[START_REF] Roland | A fully coupled 3D wave-current interaction model on unstructured grids[END_REF] which simulates the generation and propagation of short waves.

The whole system is parallelized via domain decomposition and Message Passing Interface (MPI). The hydrodynamic and spectral wave models share the same unstructured grid (and domain decomposition), which eliminates errors associated with interpolation.

The use of unstructured grids, combined with robust numerical methods in both the circulation and wave models, allows to cover large spatial domains with one grid whose resolution can vary from very coarse in deep oceans (e.g., tens of kilometers) to very ne in coastal areas (e.g., < 10 m), while maintaining computational eciency (e.g., see [START_REF] Bertin | A modeling-based analysis of the ooding associated with Xynthia, central Bay of Biscay[END_REF][START_REF] Ye | Simulating storm surge and compound ooding events with a creekto-ocean model: Importance of baroclinic eects[END_REF], for multiscale applications conducted with SCHISM). Another modelling system of similar characteristics and which could have been used here is TELEMAC-3D (Hervouet , 2007) which can be coupled to the spectral wave model TO-MAWAC [START_REF] Benoit | Development of a third generation shallowwater wave model with unstructured spatial meshing[END_REF] through the radiation stress or the vortex force formalisms (see [START_REF] Teles | Wave-current modelling at local and regional scales[END_REF], for the latter). However, to our knowledge, multiscale applications have not yet been conducted with TELEMAC-3D in contrast to SCHISM. In addition, developments on wave-current interactions, sediment transport and bed evolution in the modelling system SCHISM are mainly conducted at the Joint Research Unit LIENSs, which allows to benet from a network of collaborators (e.g., LNEC in Portugal or SCHISM research team at VIMS in the USA). For these dierent reasons, SCHISM has been the modelling system selected for the present work.

Besides WWM-II, the hydrodynamic model of SCHISM can be coupled with other modules incorporated in the modelling system such as turbulence, sediment transport, water quality, oil spills and biology. In our case, SCHISM/WWM-II is coupled to the General Ocean Turbulence Model (GOTM ; [START_REF] Burchard | GOTM, a general ocean turbulence model: theory, implementation and test cases[END_REF][START_REF] Umlauf | GOTM-scientic documentation: version 3.2[END_REF], which is used to simulate the hydrodynamic and thermodynamic processes related to vertical mixing in the water column.

The coupling between SCHISM, WWM-II and GOTM allows to represent the dierent eects of short waves on the mean circulation, i.e. the wave-induced forcings on the mean circulation and the Stokes drift, the wave-induced surface and bottom stress, and the waveinduced surface and bottom mixing. Also, water levels and currents provided to WWM-II by SCHISM allow to represent their eects on waves. Current eects are the Doppler frequency shift, current-induced refraction and their inuence on dissipation by whitecapping through the modication of the wave steepness (e.g., [START_REF] Ardhuin | Semiempirical dissipation source functions for ocean waves. Part I: Denition, calibration, and validation[END_REF][START_REF] Van Der Westhuysen | Spectral modeling of wave dissipation on negative current gradients[END_REF]. [START_REF] Komen | Dynamics and Modelling of Ocean Waves[END_REF] :

Forcings

∂N ∂t + ∇ x • ( . x N ) + ∂( . σ N ) ∂σ + ∂( . θ N ) ∂θ = S tot (3.1)
where σ is the wave relative angular frequency, θ is the wave direction and ∇ x = ( ∂ ∂x , ∂ ∂y ). The wave action density N (σ, θ, x, t), invariant in a slowly varying media [START_REF] Bretherton | Wavetrains in inhomogeneous moving media[END_REF], is related to the wave energy density E(σ, θ, x, t) by :

N (σ, θ, x, t) = E(σ, θ, x, t) σ (3.2)
In Eq. 3.1, .

x corresponds to the propagation velocity in space while .

σ and .

θ are the propagation velocities in frequency and direction respectively. The advection velocities in the dierent phase spaces are computed according to the Geometrics Optics Approximation (e.g., [START_REF] Keller | Surface waves on water of non-uniform depth[END_REF] :

. x= c x = dx dt = dw dk = c g + U A(k) (3.3) . θ = c θ = - 1 k ∂σ ∂h ∂h ∂m + k • ∂U A(k) ∂m (3.4) . σ= c σ = ∂σ ∂h ∂h ∂t + U A(k) • ∇ x h -c g k • ∂U A(k) ∂s (3.5)
where m and s are the coordinates along and perpendicular to the direction of wave propagation θ, and h = d + η is the mean water depth with d the bathymetry and η the mean (phase-averaged) free surface elevation provided by the hydrodynamic model. k is the wavenumber with k = |k|, c g is the group velocity, w is the wave absolute angular frequency and U A is the eective advection velocity which can be approximated as the depth-integrated current velocity, the surface current velocity or the depth-weighted average current value of [START_REF] Kirby | Surface waves on vertically sheared ows: Approximate dispersion relations[END_REF], that accounts for the eect of weak vertical current shear. In this work, the depth-integrated current velocity is considered to evaluate the propagation velocities. Since scales of variation of depths and currents are assumed to be much larger than those of an individual wave, the phase parameters can be interrelated by the dispersion relation derived from the linear wave theory and the Doppler-type equation :

σ 2 = gk tanh kh (3.6) ω = σ + k • U A (3.7)
Finally, S tot represents sources and sinks of wave energy and includes wind input S in , dissipation due to whitecapping S ds , bottom friction S db and depth-induced breaking S br , nonlinear quadruplet interactions S nl4 and triad interactions S nl3 . In addition, wave dissipation by vegetation S veg is accounted for in the study conducted over the salt marsh.

Source terms S nl3 and S nl4

In deep water, a pair of wave components (f 1 , f 2 ) can interact with another pair of wave components (f 3 , f 4 ) if the following resonance conditions are complied :

k 1 + k 2 = k 3 + k 4 w 1 + w 2 = w 3 + w 4 (3.8)
These interactions, called quadruplet interactions, result in wave energy transfers amongst the four wave components. [START_REF] Hasselmann | On the non-linear energy transfer in a gravity-wave spectrum Part 1. General theory[END_REF] provides the full expressions for these interactions, known as the Boltzmann integral, which can be solved with exact methods such as the Webb-Resio-Tracy method (WRT, [START_REF] Webb | Non-linear transfers between sea waves[END_REF]Tracy and Resio, 1982) or following [START_REF] Hasselmann | Computations and parameterizations of the nonlinear energy transfer in a gravity-wave spectrum. Part II: Parameterizations of the nonlinear energy transfer for application in wave models[END_REF]. However, these methods can be computationally expensive and thus not a viable solution for operation models, which led to the development of approximations such that the Discrete Interaction Approximation of [START_REF] Hasselmann | Computations and parameterizations of the nonlinear energy transfer in a gravity-wave spectrum. Part II: Parameterizations of the nonlinear energy transfer for application in wave models[END_REF]. The latter, yet less accurate, can be faster by two order of magnitude compared to exact methods and is thus adopted in WWM-II among other phase-averaged models.

As waves approach the coast, the transition to a shallow water regime allows near-resonance interactions of three wave components. These triad interactions transfer energy from the peak frequency to lower (subharmonics) and higher (superharmonics) frequencies. In the nearshore, this process plays a key role in redistributing wave energy within the spectrum, which can induce signicant changes in the wave eld (e.g., [START_REF] Elgar | Observations of bispectra of shoaling surface gravity waves[END_REF][START_REF] Herbers | Spectral Energy Balance of Breaking Waves within the Surf Zone[END_REF]Martins et al., 2021a). In WWM-II, triads interactions are originally formulated with the Lumped Triad Approximation (LTA) of [START_REF] Eldeberky | Nonlinear transformation of wave spectra in the nearshore zone[END_REF], based on a discrete triad approximation for co-linear waves that only considers the dominant self-self interactions.

The latter means that this approach only accounts for the energy transfers from the primary peak to its second harmonic at f = 2f p (with f p the peak frequency), which in turn, contributes to the development at most of its second harmonic at f = 4f p . More recently, the approach of [START_REF] Salmon | A consistent collinear triad approximation for operational wave models[END_REF] has been implemented, which proposed a Consistent

Collinear Approximation (CCA), that addresses certain inconsistencies resulting from the collinear approximation used in the LTA.

Source terms S in and S ds

WWM-II proposes two main parameterizations to compute wave generation by wind. The rst one is the WAM-Cycle 4 formulation [START_REF] Günther | The WAM model Cycle 4[END_REF], based on the wave growth theory of [START_REF] Miles | On the generation of surface waves by shear ows[END_REF], modied by [START_REF] Janssen | Quasilinear approximation for the spectrum of wind-generated water waves[END_REF], and improved notably by [START_REF] Janssen | Quasi-linear theory of wind-wave generation applied to wave forecasting[END_REF], [START_REF] Abdalla | Wind gustiness and air density eects and other key changes to wave model in CY25R1[END_REF] and [START_REF] Bidlot | A revised formulation of ocean wave dissipation and its model impact[END_REF]. The second and more recent parametrization is the one proposed by [START_REF] Ardhuin | Semiempirical dissipation source functions for ocean waves. Part I: Denition, calibration, and validation[END_REF], which is derived from the WAM-Cycle 4. Compared to WAM-Cycle 4, [START_REF] Ardhuin | Semiempirical dissipation source functions for ocean waves. Part I: Denition, calibration, and validation[END_REF] included a sink term to S in , to reproduce observations of swell energy dissipation owing to modulations of the air-sea stresses by swell orbital velocities [START_REF] Ardhuin | Observation of swell dissipation across oceans[END_REF].

In addition, both parameterizations provide a formulation for wave energy dissipation due to whitecapping S ds . The WAM-Cycle 4 formulation for whitecapping has been shown to yield inaccuracies in the presence of swell (van Vledder and Hurdle, 2002; [START_REF] Ardhuin | Semiempirical dissipation source functions for ocean waves. Part I: Denition, calibration, and validation[END_REF]. For instance, because of its dependence on the mean wavenumber and steepness, this formulation underestimates the dissipation of the spectral tail in the case of a swell is present (van [START_REF] Van Vledder | Performance of Formulations for Whitecapping in Wave Prediction Models[END_REF]. Alternatively, the expression given by [START_REF] Ardhuin | Semiempirical dissipation source functions for ocean waves. Part I: Denition, calibration, and validation[END_REF] comprises three terms : a saturation-based term relying on the approach of [START_REF] Phillips | Spectral and statistical properties of the equilibrium range in wind-generated gravity waves[END_REF], a cumulative breaking term, representing the smoothing eect of large breaking waves over smaller waves, and a wave-turbulence interaction term [START_REF] Teixeira | On the distortion of turbulence by a progressive surface wave[END_REF]; [START_REF] Ardhuin | On the Interaction of Surface Waves and Upper Ocean Turbulence[END_REF] related to the production of the turbulent kinetic energy induced by wave breaking processes at the surface.

Source terms S br and S bot

In shallow water, wave energy dissipation by bottom friction and depth-induced breaking become important. In WWM-II, wave energy dissipation by depth-induced breaking can be computed according to dierent formulations, such as the ones of [START_REF] Battjes | Energy loss and set-up due to breaking of random waves[END_REF], [START_REF] Thornton | Transformation of wave height distribution[END_REF] or van der Westhuysen (2010). In the dierent studies presented in this manuscript, the formulations of [START_REF] Battjes | Energy loss and set-up due to breaking of random waves[END_REF] and van der Westhuysen (2010) have been used. [START_REF] Battjes | Energy loss and set-up due to breaking of random waves[END_REF] proposed a bore-based model in which the local mean rate of energy dissipation per unit area is given by :

D br,BJ78 = α 4 ρgf mean Q b H m 2 (3.9)
where α corresponds to the breaking coecient and is often seen as a tunable coecient of the order of 1. ρ is the water density, g is the gravitational acceleration, f mean is the mean frequency computed from T m0,1 wave period, Q b is the fraction of breaking waves and H m is a maximum possible wave height, dened by [START_REF] Battjes | Energy loss and set-up due to breaking of random waves[END_REF] as a threshold height over which all waves of a random wave eld will break. H m is estimated by means of a parameterized Miche-type criterion :

H m = 0.88 k tanh γkh 0.88 (3.10)
where γ is the breaking index, that accounts for the eects of bottom slope compared to the theoretical value of 0.88 given by the Miche criterion derived for a at bottom [START_REF] Miche | Mouvements ondulatoires de la mer en profondeur constante ou décroissante[END_REF]. In shallow water (kh << 1), Eq. 3.10 reduces to :

H m = γh (3.11)
The fraction of breaking waves Q b is determined considering a clipped Rayleigh probability density function for all wave heights truncated at H m , which leads to the following expression for Q b :

1 -Q b -ln(Q b ) = H rms H m 2 (3.12)
where H rms is the root mean square wave height (H rms = H m0 / √ 2 with H m0 the signicant wave height). [START_REF] Battjes | Calibration and verication of a dissipation model for random breaking waves[END_REF] carried out an extensive calibration and verication of this model, based on several experimental and eld observations. Keeping the tunable coecient α equal to unity, the breaking index γ varied from 0.60 to 0.83, with an average value of 0.73. The latter is considered as the default value in WWM-II.

Alternatively, the approach of van der Westhuysen (2010) investigated the parameterization of the breaking index based on waveeld nonlinearity. As the approach of [START_REF] Thornton | Transformation of wave height distribution[END_REF], [START_REF] Van Der Westhuysen | Modeling of depth-induced wave breaking under nite depth wave growth conditions[END_REF] proposed that the distribution of breaking wave heights p b (H) is a weighting of the Rayleigh probability density function for all wave heights P (H) :

Q b = ∞ 0 p b (H)dH = ∞ 0 W (H)P (H)dH (3.13)
However, as compared to [START_REF] Thornton | Transformation of wave height distribution[END_REF], van der Westhuysen (2010) introduced an alternative weighted function W(H) that incorporates wave nonlinearity eects :

W (H) = β i β i,ref n (3.14)
where β i is the biphase, a third-order quantity related to the wave skewness and asymmetry of the wave prole (e.g., [START_REF] Hasselmann | Bispectra of ocean waves[END_REF][START_REF] Elgar | Observations of bispectra of shoaling surface gravity waves[END_REF]. In WWM-II, the parametrization of [START_REF] Eldeberky | Nonlinear transformation of wave spectra in the nearshore zone[END_REF] is used to approximate the biphase as phase-averaged wave models do not compute quantities at this order. It reads :

β i = -π 2 + π 2 tanh δ U r (3.15)
where δ is a parameter set to 0.2 according to [START_REF] Eldeberky | Nonlinear transformation of wave spectra in the nearshore zone[END_REF]. U r is the Ursell number [START_REF] Eldeberky | Nonlinear transformation of wave spectra in the nearshore zone[END_REF]; [START_REF] Doering | Parametrization of orbital velocity asymmetries of shoaling and breaking waves using bispectral analysis[END_REF], computed following the spectral mean expression given by [START_REF] Eldeberky | Nonlinear transformation of wave spectra in the nearshore zone[END_REF] :

U r = g 8 √ 2π 2 H m0 T 2 m0,1 h 2 (3.16)
where T m0,1 is the mean wave period. Following this approach, when waves are symmetric along the vertical axis, i.e β i = 0, the percent of broken waves is zero. As waves become more asymmetric, i.e. β i tends to -π 2 , the percent of broken waves increases. Yet, a scaled limit β i,ref was incorporated in the formulation of the weighting function (Eq. 3.14), since all waves are likely to break before the limit is reached. In Eq. 3.14, β i,ref and n are set to -4π/9 and 2.5 respectively, which are the values used by van der Westhuysen (2010) to obtain the best-t predictions of the observed fraction of breakers in the lab experiment of [START_REF] Boers | Simulation of a surf zone with a barred beach; part 1: wave heights and wave breaking[END_REF]. Finally, the local mean rate of energy dissipation per unit area is obtained by integrating the energy dissipation for a single broken wave multiplied by p b (H) (e.g., [START_REF] Pezerat | Simulating storm waves in the nearshore area using spectral model: Current issues and a pragmatic solution[END_REF], which results in the following expression :

D br,W 10 = 3 √ π 16 B 3 ρg f mean h β i β i,ref n H 3 rms (3.17)
where B is the breaking coecient that ranges between 0.5 and 1.5 (van der Westhuysen, 2010) and f mean is the mean wave frequency computed from the T m0,1 wave period.

In the spectral model, the local mean rate of energy dissipation D br (corresponding either to D br,BJ78 or D br,W 10 ) is distributed over frequencies and directions following the work of [START_REF] Eldeberky | Spectral modeling of wave breaking: Application to Boussinesq equations[END_REF] :

S br = - D br E tot N where E tot = ρg 2π 0 ∞ 0 Edσdθ (3.18)
where E tot is the total wave energy.

Recently, [START_REF] Pezerat | Simulating storm waves in the nearshore area using spectral model: Current issues and a pragmatic solution[END_REF] reported that common parameterizations for depth-induced breaking in spectral wave models yield signicant over-dissipation of storm waves propagating over gently sloping shorefaces, potentially leading to an underestimation of the wave setup at the shoreline. To address this shortcoming, the authors proposed an analytical derivation of the breaking coecient B (or α in the model of [START_REF] Battjes | Energy loss and set-up due to breaking of random waves[END_REF])

based on the local bottom slope, to account for its eect on the local energy dissipation rate. This adaptive breaking coecient is expressed as :

B ′ = 40 tan β (3.19)
with β is the local bottom slope. Substituting B 3 (or α in the model of [START_REF] Battjes | Energy loss and set-up due to breaking of random waves[END_REF]) by B ′ , the authors strongly improved their storm wave predictions, which results in an increase in the modelled wave setup along the coast by a factor of up to 2 for a 1:10000 slope. This adaptive breaking coecient proposed by [START_REF] Pezerat | Simulating storm waves in the nearshore area using spectral model: Current issues and a pragmatic solution[END_REF] is used in the present investigations conducted on the shore platform and on the salt marsh, where its eects on both wave dissipation and wave setup predictions is evaluated.

In intermediate to shallow water depth, corresponding to less than half of the dominant wavelength, interactions of waves with the bottom become signicant and can dissipate wave energy through dierent mechanisms such as bottom friction [START_REF] Putnam | The dissipation of wave energy by bottom friction[END_REF]. In the spectral wave model, the source term due to bottom friction is expressed as [START_REF] Hasselmann | Spectral dissipation of nite-depth gravity waves due to turbulent bottom friction[END_REF][START_REF] Collins | Prediction of shallow-water spectra[END_REF][START_REF] Wamdi | The WAM ModelA Third Generation Ocean Wave Prediction Model[END_REF] :

S bf = -C f σ 2 g 2 sinh 2 kh N (3.20)
where C f is a dissipation coecient. The latter can be set to the empirical value of 0.038 m 2 .s -3 found by [START_REF] Hasselmann | Measurements of wind-wave growth and swell decay during the Joint North Sea Wave Project (JONSWAP)[END_REF] during the JONSWAP experiment, or to 0.067 m 2 .s -3 as proposed by [START_REF] Bouws | On the Balance Between Growth and Dissipation in an Extreme Depth-Limited Wind-Sea in the Southern North Sea[END_REF] for wind sea conditions. Alternatively, C f can be calculated according to the eddy-viscosity model of [START_REF] Madsen | Spectral Wave Attenuation by Bottom Friction: Theory[END_REF] :

C f = f w g √ 2 U rms (3.21)
where U rms is the root mean square value of the maxima of the bottom orbital velocity :

U rms 2 = N σ 3 sinh 2 kh dσdθ (3.22)
and f w is a non-dimensional frictional factor which can be solved by iteration with the following equations [START_REF] Jonsson | Wave Boundary Layers and Friction Factors[END_REF] :

f w = 0.3 for a b kn ≤ 1.57 1 4 √ fw + log 10 1 4 √ fw = m f + log 10 a b kn for a b kn > 1.57 (3.23)
in which m f is a constant xed to -0.08, k n is the Nikuradse roughness length that depends on the bottom properties and a b is the near-bottom excursion amplitude :

a b 2 = 2 N σ sinh 2 kh dσdθ (3.24)
Recently, Marc Pezerat (PhD student at LIENSs 2018-2021) additionally implemented the SHOWEX moveable-bed bottom friction formulation initially proposed by [START_REF] Tolman | Theory and calculation of the nonlinear energy transfer between sea waves in deep water[END_REF] and further adjusted by [START_REF] Ardhuin | Swell transformation across the continental shelf. Part I: Attenuation and directional broadening[END_REF], that accounts for the formation of sand ripples and the transition to sheet ow regime.

Source term S veg

In a vegetation eld, wave energy is dissipated through the work done by the waves on the vegetation. The drag force model of [START_REF] Mendez | An empirical model to estimate the propagation of random breaking and nonbreaking waves over vegetation elds[END_REF] is implemented in WWM-II, following a similar approach to [START_REF] Suzuki | Wave dissipation by vegetation with layer schematization in SWAN[END_REF] for the SWAN model :

S veg = - D veg E tot N (3.25) D veg = ρ 2 √ π Cdv b v N v g k 2σ 3 sinh 3 kα v h + 3 sinh kα v h 3 k cosh 3 kh H 3 rms (3.26)
where Cdv is the drag coecient, b v is the plant diameter, N v is the vegetation density and α v h is the plant height (α v being the relative height of the plant). k and σ correspond to the mean wavenumber and mean wave relative angular frequency computed from T m0,1

wave period.

Following [START_REF] Mendez | An empirical model to estimate the propagation of random breaking and nonbreaking waves over vegetation elds[END_REF], Cdv can be related to the Keulegan-Carpenter (K) number as follows :

Cdv = exp(-0.0138Q) Q 0.3 7 ≤ Q ≤ 172 (3.27) with Q dened as : Q = K α 0.76 v (3.28)
where the Keulegan-Carpenter number K is given by :

K = u c T p b v (3.29)
with T p the peak wave period and u c is a characteristic velocity acting on the plant. It is dened as the maximum horizontal velocity at the top of the plants (z = -h + α v h) (e.g., [START_REF] Anderson | Wave attenuation by exible, idealized salt marsh vegetation[END_REF] :

u c = H rms π T p cosh kα v h sinh kh (3.30)

Surface roller model

Surface rollers are turbulent masses of mixed air and water advected by breaking waves (Svendsen , 1984a;[START_REF] Deigaard | Modelling of undertow by a one-equation turbulence model[END_REF]. Surface rollers contribute to the nearshore circulation through an additional mass transport in the surf zone and by causing an onshore shift in the transfer of momentum to the water column (e.g., over bars, see [START_REF] Reniers | Vertical ow structure during Sandy Duck: observations and modeling[END_REF]. The rate of energy dissipation by wave breaking controls the growth of surface rollers, while their energy dissipation occurs through shear stresses at the wave/roller inner interface [START_REF] Deigaard | Shear stress distribution in dissipative water waves[END_REF].

A surface roller model is integrated in WWM-II, which is based on the approach of [START_REF] Reniers | Vertical ow structure during Sandy Duck: observations and modeling[END_REF] with minor adjustments. The evolution equation for the surface roller bulk energy E rol can be read as follows (e.g., see [START_REF] Reniers | Vertical ow structure during Sandy Duck: observations and modeling[END_REF] :

∂E rol ∂t + 2∇ • (c p + U A )E rol = α r D br -D rol (3.31)
where c p is the phase velocity at the peak wave frequency, α r is the percentage of energy transferred from breaking waves to surface rollers and D rol corresponds to the rate of energy dissipated by rollers at the wave/roller interface. D rol can be computed as a function of wave and roller characteristics (i.e. Svendsen, 1984a). However, there is some uncertainties regarding the empirical formulations of the roller area and the void ratio in rollers [START_REF] Martins | Energy Dissipation in the Inner Surf Zone: New Insights From LiDAR-Based Roller Geometry Measurements[END_REF], it is thus preferred to calculate D rol as a direct function of the roller energy E rol following [START_REF] Reniers | Vertical ow structure during Sandy Duck: observations and modeling[END_REF] :

D rol = 2g sin β rol E rol c p (3.32)
where β rol is the angle at the wave/roller inner interface and sin β rol is set to the common value of 0.1 [START_REF] Reniers | Vertical ow structure during Sandy Duck: observations and modeling[END_REF].

The contribution of surface rollers to the total mass ux is related to the surface roller energy (e.g., [START_REF] Reniers | Vertical ow structure during Sandy Duck: observations and modeling[END_REF] :

u S,R , v S,R = 2 E rol ρc p h (cos θ m , sin θ m (3.33)
where θ m corresponds to the mean wave direction. Although this transport primarily occurs near the surface, there is no consensus on its vertical distribution. We here assumed that the transport is depth-uniform.

Numerical approaches

In its explicit formulation, WWM-II solves the wave action equation (Eq. 3.1) using the fractional step method as described by Yanenko (1971), which allows to resolve the dierent time-dependent dimensional problems of the equation with adapted numerical methods.

The overall numerical procedure is given below :

1. First, the geographical part is solved using a Conservative Residual Distribution (CRD) N-Scheme (see [START_REF] Abgrall | Residual distribution schemes: Current status and future trends[END_REF]Roland , 2009a).

2. Then, the Ultimate Quickest scheme [START_REF] Leonard | The ULTIMATE conservative dierence scheme applied to unsteady one-dimensional advection[END_REF] which is a third order nite dierence scheme, is used to treat the spectral advection in θ and σ space, following the approach implemented in WW3 [START_REF] Tolman | Eects of Numerics on the Physics in a Third-Generation Wind-Wave Model[END_REF].

3. Finally, the source term integration is carried out in two dierent steps. First, the shallow water source terms S br , S veg , S bf and S nl3 are integrated following the recommandations of [START_REF] Hargreaves | Comments on Improvement of the Short-Fetch Behavior in the Wave Ocean Model (WAM)[END_REF], i.e. by using a semi-implicit scheme applied in the framework of a dynamical time stepping scheme. In the latter scheme, integration over a global time step is performed in several dynamic sub-time steps, which depends notably on the corresponding source term and an associated maximum change in wave action density. The other source terms are integrated with a semi-implicit scheme without sub-iterations but the associated rate of change of the action density at each time step is restricted by a so-called "action density limiter" to guarantee numerical stability at relatively large time steps.

Alternatively, propagation (in geographical and spectral space) and source term integration can be treated implicitly. The non linear source terms of depth-induced breaking and vegetation dissipation are linearised by means of a Newton-Raphson iteration. The implicit scheme allows to avoid splitting errors (Roland , 2009a) and to use larger time steps, being thus more computationally ecient.

Hydrodynamic model

The hydrodynamic model of SCHISM solves the equation of mass conservation for an incompressible uid, and the Reynolds-averaged Navier Stokes equations describing the momentum conservation under hydrostatic and Boussinesq approximations. The model is mainly used in its 3D barotropic conguration, with the vortex force formalism of [START_REF] Bennis | On the coupling of wave and threedimensional circulation models: Choice of theoretical framework, practical implementation and adiabatic tests[END_REF] to account for the wave-induced forcings on the mean circulation. Since 2DH and 3D numerical simulations are compared in this work, the model is also described in its 2DH barotropic conguration (section 3.2.2), in which the vertical structure of the wave-induced circulation is not reproduced.

3D conguration -Vortex force formalism

The Vortex force (VF) framework considers the quasi-Eulerian velocity (û, v, ŵ), which equals the mean Lagrangian velocity (u L , v L , w L ) minus the Stokes velocity (u S , v S , w S ) :

(û, v, ŵ) = (u L , v L , w L ) -(u S , v S , w S ) (3.34)
The mass conservation is :

∂ û ∂x + ∂v ∂y + ∂ ŵ ∂z = 0 (3.35) ∂η ∂t + ∂ ∂x η -d (û + u S )dz + ∂ ∂y η -d (v + v S )dz = 0 (3.36)
and the momentum equations along the x and y-axis read :

∂ û ∂t + û ∂ û ∂x + v ∂ û ∂y + ŵ ∂ û ∂z = -g ∂η ∂x + ∂ ∂z ν ∂ û ∂z + F x (3.37) ∂v ∂t + û ∂v ∂x + v ∂v ∂y + ŵ ∂v ∂z = -g ∂η ∂y + ∂ ∂z ν ∂v ∂z + F y (3.38)
in which η is the mean (phase-averaged) free surface elevation, ν is the vertical eddy viscosity and (F x ,F y ) corresponds to :

F x = f v - 1 ρ ∂P A ∂x + α T g ∂ψ ∂x + ∂ ∂x µ ∂ û ∂x + ∂ ∂y µ ∂ û ∂y + F w,x (3.39) F y = -f û - 1 ρ ∂P A ∂y + α T g ∂ψ ∂y + ∂ ∂x µ ∂v ∂x + ∂ ∂y µ ∂v ∂y + F w,y (3.40)
where f is the Coriolis parameter, P A is the sea-level atmospheric pressure, α T is the eective earth-elasticity factor, ψ is the Earth tidal potential and µ is the horizontal viscosity (note that either the tidal potential nor the horizontal viscosity terms are considered in the simulations presented in this work). (F w,x , F w,y ) contains the wave-induced forcing terms which are entirely computed in WWM-II :

F w,x = v s f + ∂v ∂x - ∂ û ∂y -w s ∂ û ∂z A1 - ∂J ∂x A2 + Fbr,x + Fbot,x A3 (3.41) F w,y = -u s f + u s ∂v ∂x - ∂ û ∂y -w s ∂v ∂z B1 - ∂J ∂y B2 + Fbr,y + Fbot,y B3 (3.42)
where (A1, B1) is the Vortex force introduced by [START_REF] Garrett | Generation of Langmuir circulations by surface wavesA feedback mechanism[END_REF] and (A2, B2) is the wave-induced mean pressure term in which J reads :

J = 2π 0 ∞ 0 gkE sinh(2kh) dσdθ (3.43)
Physically, the wave-induced mean pressure term (A2, B2) represents an adjustment in the mean pressure to accommodate for the presence of waves [START_REF] Lane | WaveCurrent Interaction: A Comparison of Radiation-Stress and Vortex-Force Representations[END_REF], while the Vortex force (A1, B1) represents an interaction between the vorticity of the mean ow and the Stokes drift.

The horizontal components of the Stokes drift (u S , v S ) read :

(u S , v S ) = 2π 0 ∞ 0 σkE cosh(2k(z + d)) sinh 2 (kh) (cos θ, sin θ dσdθ + u S,R , v S,R (3.44) 
where u S,R , v S,R is the contribution of the surface rollers to the horizontal Stokes drift (Eq. 3.33).

Finally, in Eqs (3.41) and (3.42), the term (A3, B3) includes Fbr and Fbot which are the non conservative wave accelerations, i.e. the source of quasi-Eulerian momentum which are equal to the sink of wave momentum owing to wave breaking processes and wave streaming respectively. One can note that the Vortex force formalism decomposes waveinduced forcing terms into conservative (A1, B1, A2, B2) and non-conservative (A3, B3)

contributions. This representation is sound physically and allows to perform numerical experiments by turning o one or the other terms in order to better understand their respective eects on the mean circulation. In addition, this separation has a practical numerical aspect in the sense that the conservative forces have a known vertical distribution while the non-conservative ones are only known under their depth-integrated form (e.g., [START_REF] Smith | WaveCurrent Interactions in Finite Depth[END_REF], thus requiring the denition of an empirical vertical prole.

Fbr gathers the accelerations due to depth-induced breaking, whitecapping and surface rollers in a single term expressed as follows :

Fbr,x (z), Fbr,y (z) = -

f br (z) ρ 2π 0 ∞ 0 ρgk (1 -α r )S br + S ds (cos θ, sin θ)dσdθ + f br (z) ρ k p σ p D rol (cos θ m , sin θ m (3.45)
where k p and σ p are the peak wavenumber and peak wave relative angular frequency. f br (z) corresponds to an empirical vertical distribution function which can be dened with dierent expressions [START_REF] Uchiyama | Wavecurrent interaction in an oceanic circulation model with a vortex-force formalism: Application to the surf zone[END_REF]. In this study, f br (z) is dened such that accelerations by breaking-induced processes are applied in the surface layer [START_REF] Guérin | Impacts of wave-induced circulation in the surf zone on wave setup[END_REF], which is similar to representing them as surface stresses [START_REF] Deigaard | A note on the three-dimensional shear stress distribution in a surf zone[END_REF]; [START_REF] Delpey | Eects of waves on coastal water dispersion in a small estuarine bay[END_REF]. As highlighted by [START_REF] Rascle | Drift and mixing under the ocean surface: A coherent one-dimensional description with application to unstratied conditions[END_REF], the wave-enhanced vertical mixing associated with the production of turbulence by breaking waves (see section 3.2.1.3) mostly controls the vertical shear of the horizontal current velocity such that the near surface distribution of the breaking accelerations is not very important.

In intermediate to shallow water depths, the wave energy dissipated by bottom friction within the wave boundary layer induces a near-bottom current in the direction of wave propagation referred to as wave streaming (Longuet-Higgins , 1953; [START_REF] Phillips | The dynamics of the upper ocean[END_REF][START_REF] Xu | Wave-and Wind-Driven Flow in Water of Finite Depth[END_REF]. The acceleration associated with wave bottom streaming Fbot is computed as follows :

Fbot,x (z), Fbot,y (z) = - f bot (z) ρ 2π 0 ∞ 0 ρgkS bot cos θ, sin θ dσdθ (3.46)
The streaming acceleration is assumed to decrease upward across the wave boundary layer according to the vertical function f bot (z) [START_REF] Uchiyama | Wavecurrent interaction in an oceanic circulation model with a vortex-force formalism: Application to the surf zone[END_REF] given by :

f bot (z) = 1 -tanh(k wd (z + d)) 2 η -d 1 -tanh(k wd (z + d)) 2 dz (3.47)
where k wd = 1/(a wd δ wd ) is a decay length in which δ wd is the wave bottom boundary layer thickness computed according to Fredsøe and Deigaard (1992) in the circulation model :

δ wd = 0.09(30z bot,w 0 ) A orb 30z bot,w 0 0.82 (3.48)
with A orb the near-bottom excursion amplitude and z bot,w 0 the apparent bottom roughness length under the combined eects of waves and currents (see section 3.2.1.1). With a wd = 1, we retrieve the theoretical thickness of the wave bottom boundary layer under monochromatic waves. In the study related to the shore platform, a wd is xed to 5, which is discussed in the corresponding chapter.

Vertical boundary conditions

The dierential momentum equations require vertical boundary conditions to be solved.

SCHISM enforces the balance between the internal Reynolds stress with the wind stress τ s = (τ s,x , τ s,y ) at the surface and with the bottom shear stress τ b = (τ b,x , τ b,y ) at the bottom :

ν ∂ û ∂z = 1 ρ τ s , at z = η (3.49) ν ∂ û ∂z = 1 ρ τ b , at z = -d (3.50)
with û = (û, v). The parameterization of the wind stress is discussed in section 3.2.1.2.

Besides, the bottom stress is given by the following quadratic expression in a turbulent boundary layer [START_REF] Blumberg | A Description of a Three-Dimensional Coastal Ocean Circulation Model[END_REF] :

τ b = ρC bot d |û b |û b (3.51)
where C bot d is the bottom drag coecient and ûb is the velocity at the top of the bottom computational cell.

In the interior of the bottom boundary layer, the velocity prole obeys to a logarithmic law, by assuming that the vertical mesh is suciently resolved at the bottom such that the bottom cell is inside the boundary layer. From the latter consideration and with the expression of the vertical eddy viscosity ν given by the turbulence closure theory (section 3.2.1.3), the drag coecient can be calculated as follows :

C bot d =   κ ln δ bot z bot 0   2 (3.52)
where κ is the von Kármán's constant (κ = 0.4), δ bot is the thickness of the bottom computational cell and z bot 0 is the bottom roughness length, which is provided by the user, either constant or spatially-varying over the modelled domain. As terrain-following s-coordinates are used on the vertical (see section 3.2.3), a minimum threshold value for δ bot is used to avoid that C bot d blows up in very shallow depths.

The bottom stress τ wc under the combined action of waves and currents in SCHISM can be accounted for by the model of [START_REF] Grant | Combined wave and current interaction with a rough bottom[END_REF] or [START_REF] Soulsby | Dynamics of marine sands[END_REF]. In our case, the latter model is retained, following which τ wc is expressed as :

τ wc = τ b 1.0 + 1.2 |τ w | |τ w | + |τ b | 3.2 (3.53)
in which τ w is the wave-induced bottom stress, computed as :

τ w = 1 2 ρf ws |u orb |u orb (3.54)
where f ws is the wave friction factor computing according to [START_REF] Soulsby | Dynamics of marine sands[END_REF] and u orb is the bottom wave orbital velocity.

Parameterization of the wind surface stress

At the surface, the wind stress is commonly parameterized with a bulk formula of the form :

τ s = ρ a C d |U 10 |U 10 (3.55)
where ρ a is the air density, U 10 is the wind speed at 10 m height above the sea surface and C d is a drag coecient which represents the sea surface roughness z 0 . The drag coecient is usually computed as a linear function of U 10 , which can be done in SCHISM following the formulations of [START_REF] Pond | Introductory dynamical oceanography[END_REF] or [START_REF] Hwang | Airborne Measurements of the Wavenumber Spectra of Ocean Surface Waves. Part I: Spectral Slope and Dimensionless Spectral Coecient[END_REF]. However, as shown in chapter 2, the sea surface roughness also varies with the sea state, which in turn can impact the surface stress. To account for wave eects on the surface stress, the surface roughness can be related to wave parameters such as the wave age [START_REF] Donelan | On the dependence of sea surface roughness on wave development[END_REF] or the wave-supported stress [START_REF] Janssen | Quasi-linear theory of wind-wave generation applied to wave forecasting[END_REF]. In SCHISM, both approaches were implemented.

The formulation proposed by [START_REF] Donelan | On the dependence of sea surface roughness on wave development[END_REF] 

C d = κ log( z obs z 0 ) (3.57)
where z obs is the height at which the wind is taken (z obs = 10 m).

Alternatively, the wind stress can be expressed as the air-side stress τ a minus the momentum ux absorbed by waves (wave-supported stress) τ ws :

τ s = τ a -τ ws (3.58)
in which τ a is related to the wind friction velocity u * through the following quadratic function :

τ a = ρ a u 2 * (3.59)
and τ ws , the wave-supported stress, is expressed as :

τ ws = 2π 0 ∞ 0 ρgkS in dσdθ (3.60)

Turbulence closure model

In SCHISM, the hydrodynamic model is coupled to the General Ocean Turbulence Model (GOTM ; [START_REF] Burchard | GOTM, a general ocean turbulence model: theory, implementation and test cases[END_REF][START_REF] Umlauf | GOTM-scientic documentation: version 3.2[END_REF] which is a one vertical dimensional (1DV) model that simulates the hydrodynamic and thermodynamic processes related to vertical mixing in the water column. The model solves a generic length scale (GLS) two-equation turbulence closure model. The two equations describe the production and dissipation of turbulent kinetic energy (TKE) K, as well as the evolution of the GLS ψ, which are related by the following equation :

ψ = (c 0 µ ) p K m l n (3.61)
where l is the turbulent mixing length and c 0 µ is a stability coecient (∼ 0.54). Classic turbulence closure schemes can be retrieved from the GLS model through the denition of the coecients p, m and n. In this work, the k-ω turbulence scheme is considered and reproduced with p = -1.0, m = 0.5 and n = -1.0.

Wave breaking processes at the surface are an important source of turbulence which can greatly aect the vertical mixing across the water column [START_REF] Agrawal | Enhanced dissipation of kinetic energy beneath surface waves[END_REF]. The injection of TKE at the surface by breaking waves is modelled through the following ux-type boundary condition at the surface (z = η) (Craig and Banner , 1994; [START_REF] Feddersen | The Eect of Wave Breaking on Surf-Zone Turbulence and Alongshore Currents: A Modeling Study[END_REF] :

ν σ K ∂K ∂z = F K z s 0 -z ′ z s 0 3 2 α K (3.62)
where σ K is the turbulent Schmidt number for K, F K [m 3 .s -3 ] is the ux of energy injected into the water column, α K is the spatial decay rate in the wave-enhanced layer, z ′ is half the height of the top cell and z s 0 is the surface mixing length that dictates the distribution of the TKE in the water column. z s 0 has a strong inuence on vertical proles of currents but is dicult to measure, a number of parametrizations have thus been proposed for this quantity [START_REF] Moghimi | On the modeling of wave-enhanced turbulence nearshore[END_REF]. It has been either dened as a constant (z s 0 = 0.2 m ; [START_REF] Feddersen | The Eect of Wave Breaking on Surf-Zone Turbulence and Alongshore Currents: A Modeling Study[END_REF] or proportional to the signicant wave height H m0 : z s 0 = α w H m0 [START_REF] Terray | UK meteotsunamis: a revision and update on events and their frequency[END_REF] with α w an O(1) parameter. The latter parameterization is used in this work with α w xed to 0.8. Following the approach of [START_REF] Feddersen | The Eect of Wave Breaking on Surf-Zone Turbulence and Alongshore Currents: A Modeling Study[END_REF], F K is assumed to be function of the energy dissipated by wave breaking and whitecapping at the surface :

F K = c br ρ -(1 -α r ) 2π 0 ∞ 0 ρgS br dσdθ + D rol - c ds ρ 2π 0 ∞ 0 ρgσS ds dσdθ (3.63)
where c br and c ds control the amount of energy injected into the water column from wave breaking and whitecapping respectively. c br can range between 0.01 and 0.25 according to [START_REF] Feddersen | The Eect of Wave Breaking on Surf-Zone Turbulence and Alongshore Currents: A Modeling Study[END_REF] At the bottom, a Dirichlet boundary condition is used :

k = u bot * c 0 µ 2 (3.64)
where u bot * is the bottom friction velocity :

u bot * = τ wc + τ diss bot ,x 2 + τ diss bot ,y 2 (3.65) u bot * is typically taken equal to
√ τ wc where τ wc is the wave-current bottom stress. We additional account for the turbulent kinetic energy produced by wave frictional dissipation, which can be substantial on rough areas such as rock platforms. (τ diss bot ,x , τ diss bot ,y ) then correspond to the dissipation stress due to bottom friction.

2DH conguration -Radiation stress formalism

In order to analyse the eects of the depth-varying wave-induced circulation on the wave setup, comparisons between 3D VF and 2DH radiation stress (RS) congurations are conducted. The RS formalism of [START_REF] Longuet-Higgins | Radiation stresses in water waves; a physical discussion, with applications[END_REF] has been implemented in SCHISM by [START_REF] Roland | A fully coupled 3D wave-current interaction model on unstructured grids[END_REF]. In a 2DH horizontal barotropic conguration, the Saint-Venant Equations with additional source terms associated with storm surges (wind,atmospheric pressure,waves) are solved :

∂η ∂t + ∂(hU ) ∂x + ∂(hV ) ∂y = 0 (3.66) ∂U ∂t + U ∂U ∂x + V ∂U ∂y = -g ∂η ∂x + τ s,x -τ b,x ρh + F x (3.67) ∂V ∂t + U ∂V ∂x + V ∂V ∂y = -g ∂η ∂y + τ s,y -τ b,y ρh + F y (3.68)
in which (F x , F y ) are given by :

F x = f V - 1 ρ ∂P A ∂x + α T g ∂ψ ∂x + ∂ ∂x µ ∂U ∂x + ∂ ∂y µ ∂U ∂y + R sx (3.69) F y = -f U - 1 ρ ∂P A ∂y + α T g ∂ψ ∂y + ∂ ∂x µ ∂V ∂x + ∂ ∂y µ ∂V ∂y + R sy (3.70)
where (U, V ) are the horizontal components of the depth-integrated velocity. As in 3D

conguration, either the tidal potential nor the horizontal viscosity terms are considered in the 2DH simulations. (R sx , R sy ) corresponds to the divergence of the radiation stress tensor (Longuet-Higgins and [START_REF] Longuet-Higgins | Radiation stress and mass transport in gravity waves, with application to `surf beats[END_REF][START_REF] Longuet-Higgins | Radiation stresses in water waves; a physical discussion, with applications[END_REF], which additionally accounts for the surface roller contributions : [START_REF] Battjes | Computation of set-up, longshore currents, runup and overtopping due to wind generated waves[END_REF] for an irregular wave spectrum :

R sx = - 1 ρh ∂S xx + S xx,
S xx = ρg 2π 0 ∞ 0 N σ c g c (cos 2 θ + 1) - 1 2 dθdσ (3.73) S yy = ρg 2π 0 ∞ 0 N σ c g c (sin 2 θ + 1) - 1 2 dθdσ (3.74) S xy = ρg 2π 0 ∞ 0 N σ c g c sinθcosθdθdσ (3.75)
where c is the phase velocity.

S xx,r , S yy,r and S xy,r are the surface roller contributions to the radiation stress, given by :

S xx,r = 2E rol cos 2 θ m (3.76) S yy,r = 2E rol sin 2 θ m (3.77) S xy,r = 2E rol cos θ m sin θ m (3.78)
Since the velocity at the bottom is not available in a 2DH conguration, the bottom drag coecient is calculated according to the Manning's law :

C bot d = g.n 2 h 1/3 (3.79)
with n the Manning coecient, which is commonly xed to 0.02 in the open ocean while it can be spatially varying on continental shelves, coastal zones and estuaries with values adapted to the nature of the substrate (e.g., [START_REF] Bunya | A High-Resolution Coupled Riverine Flow, Tide, Wind, Wind Wave, and Storm Surge Model for Southern Louisiana and Mississippi. Part I: Model Development and Validation[END_REF].

Numerical approaches

In its 3D conguration, SCHISM solves the phase-averaged free surface elevation and the 3D velocity according to the following steps (Zhang and Baptista, 2008; [START_REF] Zhang | A new vertical coordinate system for a 3D unstructured-grid model[END_REF][START_REF] Zhang | Seamless cross-scale modeling with SCHISM[END_REF]) :

1. The depth-integrated continuity equation (Eq. 3.36) and the momentum equations (Eqs 3.37 and 3.38) along with the vertical boundary conditions (Eqs 3.49 and 3.50) are discretized semi-implicitly in time.

2. The velocity at time t n , called "back-tracked velocity", is calculated using an Eulerian-Lagrangian method. In more details, this method allows to nd the location of a particle at time t n from its position at time t n + ∆t, and calculate its velocity by interpolation. During the eld campaigns, wave measurements have been collected from surface-following buoys, and subsurface pressure sensors (PT) deployed during the experiment period. These are the most common instruments used on the eld to measure waves but other systems exist such that ADCP or PUV sensors which are deployed in the water column, video techniques such as stereo-photography (e.g., [START_REF] Benetazzo | Measurements of short water waves using stereo matched image sequences[END_REF], and radar remote sensing such as satellite altimeters (e.g., [START_REF] Queeulou | Long-Term Validation of Wave Height Measurements from Altimeters[END_REF] or airborne scanning radars (e.g., [START_REF] Hwang | Airborne Measurements of the Wavenumber Spectra of Ocean Surface Waves. Part I: Spectral Slope and Dimensionless Spectral Coecient[END_REF]. In addition, certain technologies are able to provide a direct measurement of the free surface elevation such as the AST (Acoustic Surface Tracking ; e.g., [START_REF] Mouragues | Field databased evaluation of methods for recovering surface wave elevation from pressure measurements[END_REF], the lidar scanner (LIght Detection And Ranging ; e.g., [START_REF] Martins | Energy Dissipation in the Inner Surf Zone: New Insights From LiDAR-Based Roller Geometry Measurements[END_REF] or capacitance/resistive types of wave gauges, the latter being rather used for laboratory experiments [START_REF] Flick | Coastal and Laboratory Wavesta System[END_REF]. We describe in more details the instruments used during the eld campaigns below. can also be used to compute long-term statistics of the sea state parameters (e.g., [START_REF] Butel | Spatial variability of wave conditions on the French Atlantic coast using in-situ data[END_REF], with applications to the reconstruction or the projection of the wave climate at regional and global scale (e.g., [START_REF] Komar | Ocean Wave Climates: Trends and Variations Due to Earth's Changing Climate[END_REF][START_REF] Ruggiero | Increasing wave heights and extreme value projections: The wave climate of the U.S. Pacic Northwest[END_REF]. More locally, these data can be used as boundaries conditions to wave models. In environments with strong currents (∼ 1 m.s -1 or higher), drifting buoys are usually used instead of moored buoys which can be hardly deployed in these conditions because of the tension on the mooring line. Drifting buoys or "drifters" allow to measure waves following currents on a short time period, providing informations on the sea state conditions in the ow eld (e.g., [START_REF] Thomson | Wave Breaking Dissipation Observed with SWIFT Drifters[END_REF].

A semi-implicit

Pressure sensors

Bottom-mounted pressure sensors have been widely used to measure water waves for more than 50 years now (e.g., [START_REF] Seiwell | Investigation of underwater pressure records and simultaneous sea surface patterns[END_REF][START_REF] Grace | Surface wave heights from pressure records[END_REF][START_REF] Bishop | Measuring waves with pressure transducers[END_REF][START_REF] Bertin | Energy Transfers and Reection of Infragravity Waves at a Dissipative Beach Under Storm Waves[END_REF]. They are robust, easy to deploy and relatively low-cost. Usually deployed near the bottom (Fig. 4.2-b and Fig. 4.3-c), the pressure sensors measure the pressure exerted by the water column from which both very long waves (e.g. tides) and short waves can be estimated. However, a reconstruction method is necessary to recover the free surface elevation from bottom pressure measurements (see section 4.2.3).

Direct measurements of the free surface elevation

Acoustic sensors are capable of directly measuring the free surface. One of these is the Acoustic Surface Tracking (AST), which is a newly-developed ADCP feature (see section 4.1.3 for ADCP description). A short acoustic pulse is transmitted vertically toward the free surface. This pulse is reected on the free surface and the time lag between the transmitted and reected ping is used to calculate the free surface elevation. The AST has been mainly tested and validated in water depth > 10 m (e.g., [START_REF] Pedersen | Wave height measurements using acoustic surface tracking[END_REF]. More recently, this technology has been successfully used to measure an undular tidal bore in the Garonne river (Martins et al., 2017b) and waves outside the surf zone [START_REF] Mouragues | Field databased evaluation of methods for recovering surface wave elevation from pressure measurements[END_REF]. However, the AST is sensitive to the presence of air bubbles in the water column such as under breaking waves in surf zones. The acoustic signal is reected before reaching the free surface, resulting in a severe underestimation of the measured water depth which prevents from reliably analysing waves in surf zones with the AST [START_REF] Birch | The capabilities of Doppler current prolers for directional wave measurements in coastal and nearshore waters[END_REF].

Direct measurements of surf zone waves can be alternatively obtained by lidar scanners, which are very powerful tools to investigate cross-evolution of surf zone waves (e.g., [START_REF] Brodie | Lidar and Pressure Measurements of Inner-Surfzone Waves and Setup[END_REF][START_REF] Martins | Energy Dissipation in the Inner Surf Zone: New Insights From LiDAR-Based Roller Geometry Measurements[END_REF]. By providing reliable direct measurements of the free surface elevation, AST and lidar scanners can be used to assess the performances of the reconstruction methods from subsurface pressure measurements (see section 4.2.3).

In-situ observations of water levels

Water levels uctuations are continuously monitored by tide gauges along the coasts. Storm surges are typically computed as the dierence between the observed total water level and a tidal prediction at tide gauges (Fig. 4.4) (e.g., [START_REF] Staneva | Coastal ooding: impact of waves on storm surge during extremes a case study for the German Bight[END_REF]Bertin et al., 2015a;Brown et al., 2013a) or pressure sensors. To compute a tidal prediction, a harmonic analysis using the UTide Code of [START_REF] Codiga | Unied tidal analysis and prediction using the UTide Matlab functions[END_REF] is rst applied to the water level time series to determine the amplitude and phase of the tidal constituents. The free surface elevation η T at any time t is typically expressed as the sum of the contributions of the individual tidal constituents [START_REF] Schureman | Manual of Harmonic Analysis and Prediction of Tides[END_REF] :

η T (t) = n i=1 b i A i cos(w i t + {V o + u} i -φ i ) (4.1)
where n is the number of tidal constituents. A i , φ i and w i are the amplitude, the phase and the angular frequency respectively, for the tidal constituent i. b i is the node factor and {V o + u} i is the equilibrium argument at t = 0 for the tidal constituent i. A i and φ i are extracted from a water depth time series by means of a least squares technique [START_REF] Foreman | Harmonic tidal analysis of long time series[END_REF]. The duration of the time series should be long enough to meet the Rayleigh criterion [START_REF] Foreman | The harmonic analysis of tidal model time series[END_REF] : to resolve two constituents that have frequencies f 1 and f 2 , which are relatively close to one another, the dierence between these frequencies must be greater than the inverse of the length of the time series

T (|f 2 -f 1 |> T -1
). For instance, resolving M2 and S2 requires at least 15 days of record [START_REF] Pairaud | Modélisation et analyse de la marée interne dans le golfe de Gascogne[END_REF]. For shorter records, the UTide code allows to compute the inference of multiple constituents based on a single reference one. This method requires the knowledge of inference parameters, which are amplitude ratios and phase dierences between inferred and reference constituents (e.g., S2 and N2 inferred from M2), obtained from a harmonic analysis conducted on a long-term record at a nearby tide gauge or pressure sensor (for a detailed description of this method, the reader is referred to [START_REF] Foreman | Manual for tidal heights analysis and prediction[END_REF]. The astronomic constituents previously extracted from the harmonic analysis are then used to reconstruct a tidal prediction. Note that the constituent Sa was not included in the tidal prediction since it results from a combination of thermo-steric and atmospheric eects as

shown by Bertin et al. (2015b) and [START_REF] Payo-Payo | The Seasonal Cycle of Mean Sea Level in the North East Atlantic Ocean[END_REF] in the North-East Atlantic Ocean, and by [START_REF] Marcos | Variations of the seasonal sea level cycle in southern Europe[END_REF] 

Relative estimation of wave setup

One of the main objective in this work is to better understand the development of the wave setup in contrasting nearshore zones. To investigate this process, wave setup estimations have been computed from water level signals obtained from pressure sensors deployed during the eld campaigns. The pressure sensors were deployed over short periods of time (few days) only and those located in the intertidal zone were not continuously submerged, which limit the application of the least squares harmonic analysis. Also, the harmonic analysis would induce additional uncertainties in the estimation of the wave setup (± 0.05-0.10 m). Hence, a solution that we used consists in computing the wave setup as the change in mean free surface elevations between the deepest pressure sensor and the pressure sensors further onshore [START_REF] Raubenheimer | Field observations of wave-driven setdown and setup[END_REF][START_REF] Lowe | Wave-Driven Circulation of a Coastal Reef-Lagoon System[END_REF][START_REF] Rijnsdorp | A Numerical Study of Wave-Driven Mean Flows and Setup Dynamics at a Coral Reef-Lagoon System[END_REF]. Considering PT 1 at the deepest pressure sensor and PT 2 closer to shore (Fig. 4.5), the wave setup is calculated as follows :

η s = ∆h + d 1 -d 2 (4.2)
where d 1 , d 2 is the bathymetry relative to mean sea level and ∆h = h 2 -h 1 is the difference between the mean (burst-averaged) water depths h 1 , h 2 determined from pressure measurements assuming hydrostatic pressure (see section 4.2.3.2). η s can be referred as a "relative wave setup", which nearly corresponds to the total wave setup since PT 1 is normally located outside the surf zone. Hence, η 1 includes tidal and atmospheric surge elevations only. d 2 is supposedly leveled in the eld while d 1 is not since the reference sensor (PT 1 here) is generally located in the subtidal zone where vertical levelling with a centimetric accuracy is very challenging. However, d 1 should be retrieved to compute the wave setup. For this, the calmest conditions of the experiment are identied (i.e. weak winds and both sensors located far outside the surf zone), so that the free surface elevation η can be considered horizontal between PT 1 and PT 2 at this instance (i.e. η 1 = η 2 with η 2 known as d 2 is levelled), which allows to estimate the vertical position d 1 as h 1 -η 1 .

At the sensors located in the intertidal zone, samples where the minimum water depth was less than 0.50 m were discarded from the computation of the wave setup to avoid accounting for swash processes. As shown above, pressure sensors have long been used to measure water waves in the nearshore but recovering the free surface from pressure measured near the bottom is not a trivial mathematical problem, particularly in the surf zone where waves are strongly non-linear. [START_REF] Mouragues | Field databased evaluation of methods for recovering surface wave elevation from pressure measurements[END_REF] provides a recent review of the existing reconstruction methods from pressure measurements. Here, we present three methods which can be used to reconstruct the free surface : the hydrostatic reconstruction, the classic transfer function method based on the linear wave theory, and the non-linear weakly-dispersive reconstruction method proposed by [START_REF] Bonneton | A nonlinear weakly dispersive method for recovering the elevation of irrotational surface waves from pressure measurements[END_REF]. The wave propagation can be characterized by two dimensionless parameters, namely a non linearity parameter ϵ and a dispersion (or shallowness) parameter µ, dened as follows :

ϵ = a h (4.3) µ = h L 2 = (kh) 2 (4.4)
where a is the wave amplitude, L is the characteristic horizontal length scale (L = λ/(2π) = 1/k with λ the wavelength and k the wave number) and h the mean water depth. Alternatively, ϵ and µ can be interrelated by the steepness parameter ς :

ς = ϵ √ µ (4.5)

Hydrostatic reconstruction

The hydrostatic reconstruction consists in converting observed bottom pressure measurements into time series of free surface elevation assuming the hydrostatic approximation, that is neglecting the vertical acceleration of the uid in the momentum equation. The hydrostatic free surface elevation η H reads :

η H = P m -P atm -P 0 ρg + δ m -h (4.6)
where η H is the free surface elevation, δ m is the height of the sensor above the seabed, P m is the pressure measured at a distance δ m from the seabed, P atm is the atmospheric pressure, P 0 is the zero of the PT when not recently calibrated (see section 4.2.3.5), ρ is the water density and g is the acceleration due to gravity (Fig. 4.6). h is the mean total water depth computed as :

h = P m -P atm -P 0 ρg + δ m (4.7)
where the overbar denotes typically 20 or 30-min burst averaging.

The hydrostatic reconstruction provides good estimates of the free surface elevation for very long waves such as tsunamis, storm surges and tidal waves, characterized by a very small dispersion. The hydrostatic reconstruction has also been applied to estimate the free surface elevation of short waves in the inner surf zone, where the non-hydrostatic processes have been considered to be negligible [START_REF] Raubenheimer | Wave transformation across the inner surf zone[END_REF][START_REF] Sénéchal | Observation of irregular wave transformation in the surf zone over a gently sloping sandy beach on the French Atlantic coastline[END_REF]. However, this method has been shown to substantially underestimate the signicant and individual wave height outside (e.g., Martins et al., 2017a) and inside the entire surf zone (e.g., [START_REF] Van Dorn | Breaking invariants in shoaling waves[END_REF]; [START_REF] Martins | Non-hydrostatic, Nonlinear Processes in the Surf Zone[END_REF]. Indeed, while it is expected that non-hydrostatic eects are strong near the breaking point where waves are characterized by steep faces and strong vertical accelerations, [START_REF] Martins | Non-hydrostatic, Nonlinear Processes in the Surf Zone[END_REF] shown that non-hydrostatic processes are also signicant in the inner surf zone. Hence, non-hydrostatic reconstruction methods are required to estimate the wave eld in coastal areas.

Transfer Function Method

The most commonly used non-hydrostatic method is the Transfer Function Method (TFM), which approximates the potential velocity to rst order in wave steepness based on the linear wave theory [START_REF] Bishop | Measuring waves with pressure transducers[END_REF]. This linear reconstruction method can be written as follows :

F{η L }(x, w) = K p,L (w)F{η H }(x, w) (4.8)
where w is the wave absolute angular frequency, F{•} is the Fourier transform and K p,L (w)

is the (non-hydrostatic) correction factor (transfer function) applied to the hydrostatic reconstruction of the free surface elevation which reads :

K p,L (w) = cosh(kh) cosh(kδ m ) (4.9)
where k is computed from the dispersion relation given by the linear wave theory :

ω 2 = gk tanh(kh) (4.10)
The presence of an ambient current induces a Doppler shift in the absolute wave frequency, such that the dispersion relation is modied as :

ω 2 = gk tanh(kh) + kU (4.11)
with U the velocity of a depth-uniform horizontal current. [START_REF] Bonneton | Recovering water wave elevation from pressure measurements[END_REF] have shown that the eect of current can be neglected if U < ϵ √ gh, which is usually veried in coastal zones located far from inlets. Using the TFM without accounting for an ambient current with U > ϵ √ gh, can substantially deteriorate its performance, leading for instance to large errors in the signicant wave height (e.g., [START_REF] Smith | Wave Pressure Gauge Analysis with Current[END_REF].

The TFM was early used to correct for the attenuation of the pressure signal with depth and compute wave characteristics in both deep and coastal waters [START_REF] Guza | Local and shoaled comparisons of sea surface elevations, pressures, and velocities[END_REF]; [START_REF] Jones | Measuring short-period wind waves in a tidally forced environment with a subsurface pressure gauge[END_REF]. The TFM has demonstrated to well estimate bulk parameters associated with linear waves with errors less than 10 % (e.g., [START_REF] Guza | Local and shoaled comparisons of sea surface elevations, pressures, and velocities[END_REF][START_REF] Tsai | On the recovery of surface wave by pressure transfer function[END_REF], however, the TFM is not recommended to estimate individual wave parameters such as wave height and shape of each wave [START_REF] Bishop | Measuring waves with pressure transducers[END_REF]; [START_REF] Mouragues | Field databased evaluation of methods for recovering surface wave elevation from pressure measurements[END_REF]. When non-linearities become important in shallower depths, the correction factor is overestimated at relatively high frequencies (generally for frequency f > 2f p with f p the peak frequency ; e.g., [START_REF] Smith | Wave Pressure Gauge Analysis with Current[END_REF][START_REF] Martins | Non-hydrostatic, Nonlinear Processes in the Surf Zone[END_REF], which leads to a blow up of the TFM solution in this part of the spectrum. This overestimation has long been attributed to the presence of noise in pressure measurements [START_REF] Guza | Local and shoaled comparisons of sea surface elevations, pressures, and velocities[END_REF][START_REF] Smith | Wave Pressure Gauge Analysis with Current[END_REF] (Fig. 4.7). Recently, [START_REF] Bonneton | Recovering water wave elevation from pressure measurements[END_REF] and [START_REF] Bonneton | A nonlinear weakly dispersive method for recovering the elevation of irrotational surface waves from pressure measurements[END_REF] showed that the blow up of the high frequency part of the spectrum is also due to wave non-linearities and the presence of secondary harmonics. Since these harmonics are phase-locked to the fundamental components, the use of the linear dispersion relation (Eq. 4.10) in the TFM leads to a strong overestimation of their wavenumber k, which in turn overestimates K p,L (Eq. 4.9) [START_REF] Bonneton | Recovering water wave elevation from pressure measurements[END_REF]. This problem is commonly overcome by the use of a cut-o frequency f max , which is usually dened empirically following two possible approaches [START_REF] Smith | Wave Pressure Gauge Analysis with Current[END_REF]. In the rst one, f max is dened as the frequency where the energy density is one order of magnitude higher than the noise oor. In the second approach, f max is xed such that K p,L is less than 10 to 1000. Nervetheless, the fact that the TFM requires a cut-o frequency prevents from accurately estimating the energy density in the high frequency part of the spectrum, which implies that the free surface of strongly nonlinear waves cannot be correctly described (Martins et al., 2017a;[START_REF] Bonneton | A nonlinear weakly dispersive method for recovering the elevation of irrotational surface waves from pressure measurements[END_REF][START_REF] Mouragues | Field databased evaluation of methods for recovering surface wave elevation from pressure measurements[END_REF][START_REF] Martins | Non-hydrostatic, Nonlinear Processes in the Surf Zone[END_REF]. For the NKE sensor, the noise oor appears from 0.5 Hz and reaches ∼10 -5 m 2 .Hz -1 , while for the RBR sensor, the noise oor appears from 0.6 Hz and is one order of magnitude lower.

Non-linear reconstruction methods

Recently, [START_REF] Bonneton | Recovering water wave elevation from pressure measurements[END_REF] derived a non-linear reconstruction method for fully-dispersive waves. This method was found to provide an accurate description of energy levels at high harmonics, leading to a better reconstruction of the free surface and better estimations of third-order bulk parameters (Bonneton and Lannes, 2017; [START_REF] Mouragues | Field databased evaluation of methods for recovering surface wave elevation from pressure measurements[END_REF]. Based on this work, [START_REF] Bonneton | A nonlinear weakly dispersive method for recovering the elevation of irrotational surface waves from pressure measurements[END_REF] derived a non-linear formula for weaklydispersive regime (µ << 1) (hereafter referred as SNL), which reads :

η SL = η H - h 2g (1 -(δ m /h) 2 ) ∂ 2 η H ∂t 2 (4.12) η SN L = η SL - 1 g ∂ ∂t η SL ∂η SL ∂t -(δ m /h) 2 ∂η SL ∂t 2 (4.13)
where η SL is a linear shallow water reconstruction of the free surface which is used to formulate the non-linear reconstruction η SN L . Unlike the TFM, the non-linear formula (Eq. 

Wave parameters

In the eld, bottom pressure sensors are generally congured in order to measure the pressure continuously with a sampling frequency of 1 or 2 Hz. Once collected, pressure time series P m are rst split into consecutive bursts of 20 or 30 min. P m are then corrected from the atmospheric pressure P atm recorded at the nearby meteorological station, and from the potential error of measurement of the sensor P 0 . P 0 is calculated as the value P m -P atm recorded when the sensor is out of the water, such that P m -P atm -P 0 at that time is zero. In practice, the pressure sensors deployed during the shore platform experiment have been installed in shallow water pools to avoid drifting in the measurements owing to air pressure and temperature variations. In this case, P 0 is evaluated by comparing the water depth above the sensor (measured in the eld) and the pressure measured by the sensor at a given time. The hydrostatic free surface elevation is then obtained by means of Eq.

4.6 and detrended to remove the tidal component. Non-hydrostatic eects can then be accounted for through the application of the TFM or the SNL (which is discussed later).

For each burst, the energy density spectrum E is computed using Welch's method : it is obtained by averaging spectra computed by means of a Fast Fourier Transform (FFT) on overlapping sub-segments of the free surface signal. Before applying the FFT, each subsegment is windowed (Hanning window) to reduce spectral leakage related to the niteness of the measured signal. In the application presented below, 10 Hanning-windowed segments are used, overlapping by 50%, which allows a good compromise between statistical stability and frequency resolution. Bulk parameters such as the signicant wave height H m0 , the mean wave period T m0,2 and the continuous peak period T pc are computed as :

H m0 = 4 √ m 0 (4.14) T m02 = m 0 m 2 (4.15) T pc = m -2 m 1 m 2 0 (4.16)
where p-order spectral moments are calculated with the following equation :

m n = fmax f min f n E(f )df (4.17)
In equation 4.17, f min corresponds to the frequency cut-o between short and infragravity waves usually dened at a value of ∼ 0. Recovering the free surface elevation is a complex task. In this section, we compared which of the TFM or the SNL is the most adapted method to estimate the signicant wave height and the mean wave period while assuming a relatively low frequency (e.g., 0.3 Hz), in order to make the most possible consistent comparison with the model. In the scope of this work, we did not calculate high-order parameters (i.e. asymmetry or skewness) nor investigate extreme waves.

The coastal application related to the shore platform used bottom pressure measurements collected from 10 m water depth to the swash zone under strong wind conditions, in a region surrounded by shoals promoting wave breaking and subsequent release of harmonics.

The choice of the reconstruction method was not obvious in these challenging conditions.

We thus compared the performance of the SNL and the TFM in such situation with direct measurements of the free surface, to retain the most adapted method to the need explained above. Since such measurements were not performed during the eld experiment on the shore platform, we used data collected during a recent eld campaign carried out along the south-western coast of Oléron Island. The instruments were deployed during a highly energetic event characterized by a swell reaching 10 m oshore in the Bay of Biscay.

Locally, winds reached up to 15 m.s -1 . The TFM and SNL methods were applied to pressure measurements collected at 12 m water depth and the resulting free surface time-series were compared to a direct measurement of the free surface obtained by an AST co-located with the pressure sensor. First, the AST data has been ltered to remove spurious values using the despiking method of [START_REF] Goring | Despiking Acoustic Doppler Velocimeter Data[END_REF]. Note that a large part of the AST data has been discarded due to incoherent signals during the most energetic events, probably explained by the presence of air bubbles in the water column induced by the breaking of storm waves. As a rst remark, µ values are most of the time superior to 0.3 indicating a dispersive regime, which hence restrains the theoretical applicability of the SNL method to few data bursts only (Fig. 4.8 -e). In the following, two of these bursts (µ = 0.17 and µ = 0.26) are selected to compare the energy density spectra obtained from the TFM and SNL. The TFM and SNL yield comparable results until 0.2-0.3 Hz, where the TFM blows up (Fig. 4.9-a and -b). The SNL allows to estimate energy density in higher frequencies compared to the TFM, however, the energy density seems to be quite underestimated beyond ∼ 0.3 Hz, which worsens for a larger µ, where the energy at this frequency is up to two orders of magnitude smaller than the value given by the AST (Fig. 4.9-b). This is likely due to the presence of free components associated with a wind sea that developed under the local winds during the period of the experiment (see the peak in energy levels at 0.2 Hz in Fig. 4.9-b, which frequency does not correspond to a higher harmonic). As noted by Martins et al. (2021b), for broad or bimodal spectra, the application of the SNL should be limited to µ ≲ 0.15. At the time of this work, it was not possible to account for nonlinear eects in the dispersive conditions described here. Recently, Martins et al. (2021b) proposed a non-linear moderately-dispersive reconstruction method, which is potentially more adapted to these conditions (which is presented at the end of this section). Since this method was out of the scope of this work, we retained the TFM here, which seems to be the best compromise for the objectives of this work, provided that the cut-o frequency is correctly dened. In the intercomparison performed in this section, the cut-o frequency was dened at 0.2 Hz, since the TFM blows up above this frequency (for instance, Fig.

4

.9-b). The TFM provides fair estimations of the signicant wave height and mean wave period computed from the AST over the same range of frequency (Fig. 4.8 -b and -c). For a sake of consistency, all the pressure sensors of a same eld campaign, from the subtidal to the intertidal zone, were treated with an identical reconstruction method. The TFM has been used in the eld experiments on the shore platform for the reasons detailed above, and on the salt marsh, for which the choice of the TFM is detailed in the relative chapter.

Water depth (m) 10 In the presence of strong wind seas or wave conditions characterized by broad or bimodal spectra, free components can still dominate over forced ones at high frequencies. In this case, the SNL is no longer valid since the conditions become too dispersive at high frequencies. For such situations, Martins et al. (2021b) proposed a non-linear fully-dispersive reconstruction method to account for both free components at high frequencies and nonlinear eects that occur in the shoaling region. The method of Martins et al. (2021b) is based on the non-linear fully-dispersive reconstruction of [START_REF] Bonneton | Recovering water wave elevation from pressure measurements[END_REF] and on the determination of the dominant wavenumber spectra, which allow to accurately assess the relative contribution of both free and forced components. They proposed two approaches to estimate the dominant wavenumber spectra. In a rst application conducted in laboratory conditions, dominant wavenumber spectra have been accurately

determined through cross-spectral analysis between adjacent wave gauges. The non-linear fully-dispersive reconstruction method of Martins et al. (2021b) was found to perform very well in contrasting non-linear and dispersive conditions, and for broad and narrow-banded incident wave conditions. In a second application conducted in the eld, where measurements of the dominant wavenumbers were not available (as in most eld situations), the dominant wavenumber spectra were approximated from the pressure and directly-measured surface elevation data obtained from single sensors, using the Boussinesq theory of [START_REF] Herbers | Spectral Energy Balance of Breaking Waves within the Surf Zone[END_REF]. This approximation of the dominant wavenumbers is weakly dispersive, such that the reconstruction method proposed by Martins et al. (2021b) for eld applications is currently applicable to moderately-dispersive wave conditions. While further research is required to dene a fully-dispersive approximation of the dominant wavenumber spectra in eld conditions, the non-linear moderately-dispersive reconstruction proposed by Martins et al. (2021b) appears to be a powerful method to reconstruct the free surface under storm wave conditions in the nearshore region (in intermediate water depths up to the surf zone). Martins et al. (2021b) provides a comprehensive schematic of the range of validity of the dierent reconstruction methods presented in this chapter.

Velocities

Both ADV and ADCP were deployed on the eld to measure currents. During the eld campaign on the shore platform, current data collected from a 2 MHz ADCP deployed in the surf zone showed incoherent patterns likely due to the presence of air bubbles which altered the acoustic signal. Little condence was given to this dataset and it was thus discarded from the analysis. Hence, a focus is made here on the processing of the ADV data. First, spike noise in the ADV recorded data was eliminated following the approach of [START_REF] Mori | Noise of Acoustic Doppler Velocimeter Data in Bubbly Flows[END_REF], based on the 3D phase-space method of [START_REF] Goring | Despiking Acoustic Doppler Velocimeter Data[END_REF] modied by [START_REF] Wahl | Discussion of "Despiking Acoustic Doppler Velocimeter Data[END_REF]. Then, since beam velocities are given in Earth normal coordinates (ENU -East, North and Up), they were corrected by the local magnetic declination and rotated into cross-shore and alongshore directions.

In order to compute the mean current, velocities were averaged over 20 min to avoid aliasing due to the presence of infragravity waves of period of about 50 s (Fig. 4.10). In addition, during the eld campaign on the shore platform, a bathymetric survey was conducted with the laboratory ship (ESTRAN ) on which can be installed a NORBIT iWBMS multi-beam echosounder equipped with an APPLANIX POS MV SurfMaster inertial unit. The sounder operates over a wide frequency range from 200 to 700 kHz, which allows the system to be very adaptable. The inertial unit provides in real-time the GPS positioning with centimeter accuracy and attitude data with a precision of the order of 0.03

• on roll and pitch. The acquisition and processing of the bathymetric data are based on the TELEDYNE PDS software, which oers all the appropriate functions. In particular, its processing module allows for quality control of all recorded data (positioning, attitude and bathymetric data) and oers state-of-the-art solutions for the complex task of data cleaning (e.g. via the CUBE algorithm, [START_REF] Debese | Multibeam echosounder data cleaning through a hierarchic adaptive and robust local surfacing[END_REF]. The multi-beam bathymetric survey allowed to dispose of high resolution (0.2 m x 0.2 m regular grid) bathymetric data on approximately 1.73 km 2 on the shore platform.

Finally, GNSS receivers were used to survey several cross-shore proles of the intertidal shore platform at low tide and carefully measure the position of each sensor, which was of particular importance to accurately calculate the wave setup (Section 4.2.2 and Fig. 4.11).

A similar operation was conducted during the eld campaign on the salt marsh of Brouage. Chapitre 5

Spatial extension of the wave setup in estuaries and lagoons can induce a wave setup that extends at the scale of the whole lagoon or estuary. However, the contribution of the wave setup to the water level in these wave-sheltered environments is not fully clear in the scientic community, and often considered as negligible by a number of global-scale studies conducting coastal risk assessments (e.g., [START_REF] Melet | Under-estimated wave contribution to coastal sea-level rise[END_REF][START_REF] Lambert | Adaptation time to magnied ood hazards underestimated when derived from tide gauge records[END_REF][START_REF] Almar | A global analysis of extreme coastal water levels with implications for potential coastal overtopping[END_REF]. In this context, we investigated the contribution of shortwave breaking to storm surges in wave-sheltered environments during storm conditions and examined the underlying processes. We performed a high-resolution hindcast of the sea state and storm surge induced by the violent extra-tropical storm Klaus, which made landfall in the Bay of Biscay on the 24 th of January 2009. As Klaus produced the most energetic waves ever recorded in the southern part of the bay, this storm represents a unique opportunity to investigate the contribution of short-wave breaking to storm surges. This process is examined in two sheltered areas of the French Aquitanian Coast where Klaus drove the largest storm surges observed over the last 20 years : the Arcachon Lagoon and the Adour Estuary. The 3D fully-coupled wave-current modelling system using the vortex force formalism is applied at the scale of the Bay of Biscay and the English Channel. The relevance of the 3D model in terms of storm surge and wave setup is compared against a conventional 2DH approach. Additional numerical experiments are conducted in order to analyse the impact of the wave forces on the momentum balance at the inlet of the Arcachon Lagoon and their tidal modulation at both studied locations. Lastly, a sensitivity analysis is carried out to analyse the impact of the grid resolution on storm surge and wave setup predictions. The results presented in this chapter were published in October 2020 (Lavaud et al., 2020a).

5.2

The studied area and storm

Study area

The Bay of Biscay is located in the North-East Atlantic Ocean, bordered by France to the east and Spain to the south. The study area is the Aquitaine coast in the south-eastern part of the Bay of Biscay, which comprises two major geomorphologic settings : a rst unit from the northern Spanish coast to the Adour Estuary, characterised by rocky clis and small creeks, and bordered by a continental shelf only 20 km-wide, and a second one from the Adour Estuary to the Gironde Estuary, with a sandy coast bordered by a continental shelf which width increases up to 150 km in front of the Gironde Estuary. This study focuses on two specic locations, the Arcachon Lagoon and the Adour Estuary further south (Fig. The tidal regime is semi-diurnal and mesotidal, with a tidal range from 0.94 m to 4.93 m and a mean value of 2.94 m (Dodet et al., 2019a). The channels are tide-dominated, with currents 20-30 % stronger in the North Pass than in the South Pass [START_REF] Salles | Wind-driven modications to the residual circulation in an ebb-tidal delta: Arcachon Lagoon, Southwestern France[END_REF].

Because of the well developed ebb delta and the sandbar (continuation of Cap-Ferret), the swells do not propagate inside the Arcachon Lagoon [START_REF] Nahon | Évolution morphologique actuelle d'une èche littorale holocène: le Cap Ferret, à l'embouchure du Bassin d[END_REF] and the outer inlet can be often saturated with wave breaking [START_REF] Senechal | Observations of waves' impact on currents in a mixed-energy tidal inlet: Arcachon on the southern French Atlantic coast[END_REF]. According to the hydrodynamic classication proposed by [START_REF] Hayes | General morphology and sediment patterns in tidal inlets[END_REF], the Arcachon Lagoon corresponds to a "transitional inlet" under a "mixed-energy regime".

The Adour Estuary (Fig 

Model implementation

In this study, the vortex formalism is used to represent the eects of waves on currents, in both 3D and 2DH congurations.

The wave model WWM-II accounts for wind input and energy dissipation by whitecapping following [START_REF] Ardhuin | Semiempirical dissipation source functions for ocean waves. Part I: Denition, calibration, and validation[END_REF]. Energy dissipation due to bottom friction is computed according to the JONSWAP formulation of [START_REF] Hasselmann | Measurements of wind-wave growth and swell decay during the Joint North Sea Wave Project (JONSWAP)[END_REF], and depth-induced breaking is calculated with the model of [START_REF] Battjes | Energy loss and set-up due to breaking of random waves[END_REF] in which the breaking index γ and the breaking coecient α have to be dened. Since wave measurements in the surf zone were not available during the storm, γ and α are set to the default values of 0.73 and 1 respectively. Yet, the adaptive approach proposed by [START_REF] Pezerat | Simulating storm waves in the nearshore area using spectral model: Current issues and a pragmatic solution[END_REF] to compute the breaking coecient has been also considered, which is discussed in section 5.6.1.

The circulation model is forced at its open boundaries by the 16 main astronomical constituents linearly interpolated from the regional model of [START_REF] Bertin | Importance of wave age and resonance in storm surges: The case Xynthia, Bay of Biscay[END_REF]. The tidal potential is switched o since a sensitivity analysis revealed a negligible eect on tidal predictions. In 2DH, the model uses a Manning coecient and the depth-integrated current velocity to evaluate the bottom stress, while in 3D, the model uses the bottom roughness and the velocity computed at the top of the bottom cell. The 3D model can account for the wave-enhanced bottom stress, but a sensitivity analysis did not result in signicant improvements, which corroborates the ndings of Bertin et al. (2015a) [START_REF] Hwang | Airborne Measurements of the Wavenumber Spectra of Ocean Surface Waves. Part I: Spectral Slope and Dimensionless Spectral Coecient[END_REF], and a wave-dependent approach using the friction velocity (Eq.

3.58 ; note that the air-side stress was not corrected from the wave-supported stress at the time of this study). The inuence of the surface stress and its eect on the storm surge are discussed later in the chapter.

The unstructured computational grid used to perform the hindcast of the storm covers the whole Bay of Biscay from 10

• W to the French coasts, the English Channel and a part of the North Sea (up to 55

• N) (Fig. 5.1-A). The grid has ∼ 281000 nodes in the horizontal, with a spatial resolution ranging from 5000 m along the open boundary to 35 m along the shoreline of the studied areas (i.e. the Arcachon Lagoon and the Adour Estuary). In the vertical, the grid is discretized in 35 S levels for the 3D simulations. The simulations are started on the 22 th of January 2009, two days before the peak of the storm and last 4 days.

The time step is set to 60 s for both the hydrodynamic and the wave models, in the 2DH and 3D simulations.

Over the whole domain, the circulation model is forced by hourly 10 m wind speed and sea-level pressure elds from the Climate Forecast System Reanalysis CFSR [START_REF] Saha | The NCEP climate forecast system reanalysis[END_REF]. The datasets are provided on a regular grid with a spatial resolution of 0.312 • and 0.5

• for the wind and the atmospheric pressure respectively. WWM-II is forced with the CFSR wind elds over the whole domain. WWM-II is also forced along the open boundaries by time series of directional wave spectra, previously computed from a regional application of the WaveWatch III (WW3) spectral wave model described in Bertin et al. (2015a). Wind elds from CFSR are also used to run the WW3 model over the North Atlantic Ocean.

Wave and water level observations

The accuracy of the wave predictions is evaluated with the measurements recorded by three buoys in the Bay of Biscay (see Fig. tidal prediction is obtained based on a 5 year-long time series (2008-2012) with a harmonic analysis using the UTide code [START_REF] Codiga | Unied tidal analysis and prediction using the UTide Matlab functions[END_REF]. Tides are reconstructed with the 67 main astronomical constituents previously computed. Storm surges are then computed as the dierence between the observed water level and the astronomic tidal prediction.

Modelling results

Comparisons between observations and modelled results are conducted. The model performance for each quantity is assessed by computed the BIAS, the root mean square error (RMSE) and the RMSE normalized by the mean of the observations (NRMSE) :

BIAS = T t=1 Xt -X t T (5.1) RM SE = T t=1 ( Xt -X t ) 2 T (5.2) N RM SE = RM SE X t (5.3)
where Xt and X t are the modelled and measured quantity respectively and T is the length of the time series. The overbar denotes the average over the time series.

Atmospheric forcing

In order to validate the atmospheric forcing originating from CFSR, a comparison is performed against eld observations available during the storm and collected at the meteorological stations of Cap Ferret and Bayonne (see Fig. 

Wave predictions

Modelled wave bulk parameters are compared against the measurements available during Klaus at Cap Ferret, Bilbao and Biscay buoys (Fig. 5.3). The comparison reveals a good agreement between modelled and measured data : H s is well reproduced with a RMSE ranging from 0.51 to 1 m which corresponds to a 10-17 % NRMSE. However, for the three stations, the model displays a positive bias of 0.35-0.50 m at Cap Ferret and Biscay buoys and 0.70 m at Bilbao buoy. It should be noted that the larger error at Bilbao buoy is partly due to a one-hour time lag, representing 35 % of the bias and the NRMSE, which we are unable to explain. The model correctly captures the peak storm wave height with less than 10 % error at the three buoys. T m02 , available at Cap Ferret and Biscay buoys, is well predicted with a NRMSE less than 6 % while at Bilbao buoy, T p is adequately reproduced with a 10 % NRMSE. 

Storm surge and water level predictions

A tide-only 3D simulation is rst performed and the modelled water levels are compared against the tidal predictions based on the observations at each station. The tidal forcing together with the distribution of the Manning coecient yields good results with a RMSE on tides of 0.11 m at Bayonne and 0.08 m at Arcachon (not shown).

The eect of the parametrisation of the surface stress on the storm surge is investigated by comparing 3D simulations using the bulk formula of [START_REF] Hwang | Airborne Measurements of the Wavenumber Spectra of Ocean Surface Waves. Part I: Spectral Slope and Dimensionless Spectral Coecient[END_REF] and a wave-dependent approach (see section 5.3). This comparison reveals moderate dierences between both parametrisations (lower than 0.05 m), with the predictions of the model using the bulk formula slightly better matching the observations. To explain the negligible eects of the wave-dependent approach on the storm surge predictions, the sea state is characterised by the wave age, dened as C p /U 10 where C p is the peak wave phase speed.

Considering a 20-hour window centred on the storm peak, the wave age varies from 0.7 to 2.3, with an average value of 1.32 (with a standard deviation of 0.5), which is characteristic of a mature sea state and explains the very slight impact of the wave-dependent approach on the results. This behaviour corroborates the study of Bertin et al. (2015a), who showed that the surface stress was little dependent on the sea state for the storm Joachim, characterised by comparable wave height and peak period as during Klaus. According to these results, the bulk formula of the surface stress is adopted in the rest of the study.

The contribution of short-wave breaking to the storm surge is analysed by comparing a 3D simulation without wave forces and a fully-coupled 3D simulation, i.e. including wave forces, hereafter referred to as the baseline model. The modelled storm surges are obtained by subtracting the tide-only simulation to each case of simulation. 5.6 Contribution of wave breaking to storm surges

Model predictive skills

Wave parameters are accurately reproduced by the model and correspond to the stateof-the-art considering previously published studies led under storm wave conditions (e.g., [START_REF] Kerr | US IOOS coastal and ocean modeling testbed: Inter-model evaluation of tides, waves, and hurricane surge in the Gulf of Mexico[END_REF][START_REF] Bertin | Importance of wave age and resonance in storm surges: The case Xynthia, Bay of Biscay[END_REF][START_REF] Staneva | Coastal ooding: impact of waves on storm surge during extremes a case study for the German Bight[END_REF]. Storm surges are also well predicted, with errors similar or even lower compared to previously published studies (e.g., [START_REF] Kerr | US IOOS coastal and ocean modeling testbed: Inter-model evaluation of tides, waves, and hurricane surge in the Gulf of Mexico[END_REF]Brown et al., 2013;Bertin et al., 2015a). In details, the storm surge is underestimated by up to 0.25 m during the rst part of the storm peak at Arcachon.

This can be explained by an underestimation of the CFSR sustained wind speeds by up to 4 m.s -1 during this period (Fig. 5.2), which leads to a wind-induced surge lower than expected. This hypothesis was tested by correcting wind speeds empirically on the time steps corresponding to this period (see Appendix). The results reveal that this correction almost cancels out the local underestimation in the surge, thus supporting this hypothesis.

In the Adour Estuary, model results at an earlier stage of this study showed a 0.05 to 0.1 m negative bias in the storm surge before the storm peak when the breakwaters bounding the estuary mouth were considered as impermeable wall. In fact, these breakwaters are made of large blocks (4 to 40 tons) that allow large amounts of water to ow through the structures when a gradient in water levels exists on both sides of the structure (Prof.

Abadie, pers. com.). Such ows can take place when a wave setup develops at adjacent beaches, a process already reported at other engineered estuaries [START_REF] Hanslow | Wave setup on beaches and in river entrances[END_REF][START_REF] Hanslow | Wave Setup at River Entrances[END_REF]. In order to account for these possible ows, we took advantage of hydraulic structure options implemented in the code. Although this parametrisation improves storm surge prediction by 0.04 m, verifying the adequate representation of these ows is outside the scope of the study and would deserve a specic analysis.

The comparison of the results between the baseline model and the model without wave forces (Fig. 5.4) reveals that including wave forces in the circulation model substantially improves its predictive skills. The analysis of the dierent terms included in wave forces (Eq. 3.41 and 3.42) shows that the wave dissipation term by depth-induced breaking is clearly dominant over the vortex force and the wave mean pressure terms. In accordance with previous studies [START_REF] Staneva | Coastal ooding: impact of waves on storm surge during extremes a case study for the German Bight[END_REF], this analysis highlights the importance of accounting for short waves in storm surge modelling systems, provided that wave energy dissipation due to wave breaking is correctly represented. [START_REF] Guérin | Impacts of wave-induced circulation in the surf zone on wave setup[END_REF] investigated wave-induced circulation in a surf zone with varying bed slope. The authors computed the wave breaking process according to the model of [START_REF] Thornton | Transformation of wave height distribution[END_REF] in which they calculated the breaking index γ and the breaking coecient B as a linear function of the beach slope. The authors showed that this adaptive approach improved the predictions of short-waves bulk parameters and wave setup by 30 %. Following this study, [START_REF] Pezerat | Simulating storm waves in the nearshore area using spectral model: Current issues and a pragmatic solution[END_REF] showed that a breaking coecient B ′ taken at 40 times the local bed slope strongly improves wave predictions at gently sloping shorefaces (∼ 1:1000). At both study sites, bottom slopes are much steeper (1:50 to 1:100), so that this adaptive parametrisation results in values for B ′ close to the default value of 1. Indeed, a sensitivity analysis shows that the adaptive parametrisation of [START_REF] Pezerat | Simulating storm waves in the nearshore area using spectral model: Current issues and a pragmatic solution[END_REF] yields very similar short wave and setup predictions compared to the default values for the breaking index γ and the breaking coecient α in the model of [START_REF] Battjes | Energy loss and set-up due to breaking of random waves[END_REF]. New eld experiments are required to investigate further wave dissipation mechanisms in coastal zones and validate the numerical model under very high energetic conditions, although such eld deployments remain very challenging. Finally, a 2DH simulation is performed and compared to our 3D baseline model. The comparison reveals only modest dierences, with water level and surge predictions slightly improved in 3D in Arcachon and slightly deteriorated in Bayonne (Fig. 5.6). In the Arcachon Lagoon, improved storm surge predictions are obtained before and during the storm peak, when winds blow from SW to W and drive an Ekman transport towards the coast, a process better represented with a 3D model [START_REF] Roland | A fully coupled 3D wave-current interaction model on unstructured grids[END_REF]. In the case of the Adour Estuary, maximum wave setup at adjacent beaches is slightly lower in 2DH compared to 3D but extends further oshore, thereby more impacting water levels in the estuary. [START_REF] Guérin | Impacts of wave-induced circulation in the surf zone on wave setup[END_REF] showed that the depth-varying circulation driven by short waves in surf zones can increase the wave setup along the coast but this process is only substantial at steep beaches (i.e. mean slope of 1:30 and over). Also, these authors reported that 3D runs yield larger wave setup compared to 2DH runs very close to the shoreline, so that reproducing these dierences requires a spatial resolution of a few meters, that is one order a magnitude ner than in this study.

Momentum balance

Previous studies already reported the development of a wave setup in inlets, river entrances and shallow lagoons [START_REF] Hanslow | Wave setup on beaches and in river entrances[END_REF][START_REF] Hanslow | Wave Setup at River Entrances[END_REF][START_REF] Dunn | Wave setup in river entrances[END_REF][START_REF] Oshiyama | Fluctuation characteristics of water level in medium-and-small scale River mouths[END_REF][START_REF] Tanaka | Observation of wave set-up height in a river mouth[END_REF][START_REF] Tanaka | Inuence of morphological change on water level rise at the Shiribetsu River mouth[END_REF][START_REF] Nguyen | Wave Setup at River and Inlet Entrances during the Low Pressure System in 2006[END_REF][START_REF] Bertin | A modeling-based analysis of processes driving wave-dominated inlets[END_REF][START_REF] Malhadas | Eect of coastal waves on sea level in óbidos Lagoon, Portugal[END_REF][START_REF] Olabarrieta | Wave-current interaction in Willapa Bay[END_REF][START_REF] Dodet | Wavecurrent interactions in a wave-dominated tidal inlet[END_REF][START_REF] Wargula | Tidal Flow Asymmetry Owing to Inertia and Waves on an Unstratied, Shallow Ebb Shoal[END_REF], which can be further investigated by analysing the momemtum balance at the inlet. [START_REF] Hench | Observing Directional Properties of Ocean Swell with an Acoustic Doppler Current Proler (ADCP)[END_REF] analysed the momentum balance without waves in the Beaufort Inlet in North Carolina and in an idealized inlet and reported that near maximum ood and ebb, the along-stream momentum balance in both cases is dominated by advection, barotropic pressure gradient and bottom friction. [START_REF] Olabarrieta | Wave-current interaction in Willapa Bay[END_REF] corroborated these results in a study conducted in Willapa Bay (USA) during a storm event. By activating the wave forces in their fully-coupled modelling system, they also revealed that they can substantially change the barotropic pressure gradient and the bottom friction while being one of the dominant terms in the momentum balance in the inlet area. These ndings were then corroborated by [START_REF] Dodet | Wavecurrent interactions in a wave-dominated tidal inlet[END_REF] and [START_REF] Wargula | Wave-driven along-channel subtidal ows in a well-mixed ocean inlet[END_REF]. In particular, [START_REF] Dodet | Wavecurrent interactions in a wave-dominated tidal inlet[END_REF] combined both modelling and observations to study wave-current interactions on the Albufeira Lagoon, a shallow wave-dominated tidal inlet in Portugal, during energetic oceanic swells conditions. The authors showed that the wave forces term oriented toward the lagoon was of the same order of magnitude as the other terms in the momentum balance in the inlet, which therefore had a signicant impact on the hydrodynamics, including a setup that developed within the lagoon. Recently, Fortunato et al. The analysis of Fig. 5.7 shows that the outer part of the inlet behaves like a sandy beach, with a balance between the wave forces (hereafter WF) and the barotropic pressure gradient (hereafter BPG) term [START_REF] Battjes | Calibration and verication of a dissipation model for random breaking waves[END_REF]; [START_REF] Lentz | Field observations of wave setup[END_REF]. In this area, the WF reach values one order of magnitude larger than the bottom stress (hereafter BS) and the surface stress (hereafter SS) terms. The dominant role of WF in the momentum balance at the inlet corroborates the ndings of [START_REF] Olabarrieta | Wave-current interaction in Willapa Bay[END_REF] and [START_REF] Dodet | Wavecurrent interactions in a wave-dominated tidal inlet[END_REF]. In the inlet channel, the WF become much weaker and the alongstream dynamics is controlled by a balance between the BPGR and the BS terms, which is typical of tidal channels [START_REF] Hench | Observing Directional Properties of Ocean Swell with an Acoustic Doppler Current Proler (ADCP)[END_REF]. Between the ood and the ebb, the signs of the BPGR and the BS terms are inverted, except in the outer part of the inlet where the BPGR term compensates the WF during all tidal phases.

The major contribution of the wave forces to the momentum balance in the inlet directly explains the strong eect of short-wave breaking on the hydrodynamics, the main impact being a wave setup that reaches several tens of centimetres within the lagoon (Fig. 5.4). In more details, the rapid decrease in WF inside the lagoon explains that wave setup displays a plateau inside the lagoon (Fig. 5.5-f ). Over the ebb delta, the wind-driven surge reaches approximately 0.4 m (Fig. 5.5-d and assuming 0.35 m of inverse barometer eect), which is comparable to the wave setup while SS are one order of magnitude lower than WF. This behaviour is explained by the fact that strong WF only extend over the 3 km-wide ebb delta while the wind eect is integrated across the 60 km-wide shelf. Inside the lagoon, the atmospheric surge further grows as the water depth decreases (Fig. 5.5-d). In the Adour Estuary, the weaker atmospheric surge (Fig. 5.5-c) is explained not only by weaker winds (Fig. 5.2) but also by the narrower continental shelf. Indeed, many studies already demonstrated that, for a given wind speed, the wind-driven surge is also controlled by the shelf width, such as in the Bay of Biscay [START_REF] Bertin | Importance of wave age and resonance in storm surges: The case Xynthia, Bay of Biscay[END_REF], in North Sea [START_REF] Wolf | Modelling waves and surges during the 1953 storm[END_REF] or in the Gulf of Mexico [START_REF] Kennedy | Tropical cyclone inundation potential on the Hawaiian Islands of Oahu and Kauai[END_REF].

Tidal modulation of the wave setup

Some of the studies that highlighted the development of a wave setup in tidal inlets also suggested that the wave setup can be tidally-modulated [START_REF] Olabarrieta | Wave-current interaction in Willapa Bay[END_REF][START_REF] Dodet | Wavecurrent interactions in a wave-dominated tidal inlet[END_REF][START_REF] Fortunato | A numerical study of the February 15, 1941 storm in the Tagus estuary[END_REF]. [START_REF] Fortunato | A numerical study of the February 15, 1941 storm in the Tagus estuary[END_REF] showed that the wave setup that developed in the Tagus Estuary mouth during the 1941 storm was strongly tidallymodulated with values of 0.10-0.15 m at high tide while being three times larger at low tide with values of 0.30-0.35 m. The authors attributed this phenomenon to more intense wave breaking on the ebb delta at low tide. When waves do not break over the ebb delta, they propagate into the inlet or to the coast in the vicinity of the estuary mouth, and thus, their contribution to the setup inside the estuary is lower. In this section, the tidal modulation of the wave setup is investigated at the Arcachon Lagoon and the Adour Estuary with additional numerical experiments.

The Arcachon lagoon exhibits large intertidal ats, which makes the tidal propagation and asymmetry very sensitive to the mean water depth. Therefore, tidal propagation is dierent when the wave setup raises the mean water level of the lagoon. Computing the wave setup as the dierence between a simulation including tides and waves and a simulation with tides only results in dierence not only including the wave setup but also the dierences in tidal levels due to the higher mean water level in the coupled simulation, a process also referred to as tide surge interactions. To overcome this problem, a series of stationary 3D runs is performed with constant water levels and wave forcing ( In the case of the Arcachon Lagoon, the results reveal a small tidal modulation of the order of 0.07 m (Fig. 5.8-B), the wave setup being larger at low tide. At the Adour Estuary, the tidal modulation is stronger with a wave setup reaching 0.60 m when the mean sea level is lowered by 1.5 m and decreasing to 0.45 m when the mean sea level is increased by 1.5 m.

Contrary to the Tagus Estuary where the ebb delta is submerged, with depths of the order of 5 m relative to the mean sea level, the ebb delta of the Arcachon Lagoon extends 3 km oshore and includes an elongated supratidal bank, the Arguin Bank. This setting causes the wave breaking to be almost full in front of the inlet, even at high tide. At lower tidal elevations, wave energy mostly dissipates on the terminal lobe while at higher tidal stages, waves also break over the supratidal sand bank. The wave setup exhibits therefore a slight tidal modulation, unlike the Tagus Estuary [START_REF] Fortunato | A numerical study of the February 15, 1941 storm in the Tagus estuary[END_REF]. At the Adour Estuary, the bathymetry is subtidal, which implies that the lower the water level, the larger is the wave energy dissipation and the wave setup.

These results indicate that tide-induced water level variations change the spatial gradients of short-wave energy dissipation rates, which in turn controls the wave setup. Depending on the morphology of the inlet, the wave setup along the shoreline and in the lagoons or estuaries can experience signicant tidal modulations as well. Tidal currents, which are strong in estuaries or tidal inlets, can also aect the propagation of short waves [START_REF] Ardhuin | Numerical wave modeling in conditions with strong currents: Dissipation, refraction, and relative wind[END_REF][START_REF] Rusu | Modelling the inuence of currents on wave propagation at the entrance of the Tagus estuary[END_REF][START_REF] Dodet | Wavecurrent interactions in a wave-dominated tidal inlet[END_REF]Bertin et al., 2019) and subsequently the wave setup. During ood, waves following currents decrease while during ebb, waves propagating against currents increase, shifting the position of the breaking point seaward [START_REF] Dodet | Wavecurrent interactions in a wave-dominated tidal inlet[END_REF]. The impact of tidal currents on short-waves propagation is veried by comparing water elevations from runs including tides and waves, and activating or not the feedback of currents on waves. Model results at the Arcachon Lagoon and at the Adour Estuary show that switching o the eects of tidal currents on short-wave propagation has a small impact on wave setup (lower than 0.01 m). This nding corroborates the study of [START_REF] Fortunato | A numerical study of the February 15, 1941 storm in the Tagus estuary[END_REF] which reported that the tide-induced water level variations at the mouth of the Tagus Estuary are the main driver for the tidal modulation of the wave setup compared to tidal currents eects.

The comparison of the eect of tides on wave setup between both studied locations emphasises that tidal modulation is site-specic. In areas such as the Adour Estuary, the higher wave setup is produced close to low tide, and the tidal modulation amplitude increases with increasing tidal range. Such tidal modulation can therefore limit the contribution of short-wave breaking to coastal ooding, which mostly occurs during high tide in macro tidal regions.

Sensitivity of storm surge and wave setup calculation to spatial resolution

Recently, several storm surge numerical models using unstructured grids have been developed (e.g., [START_REF] Kerr | US IOOS coastal and ocean modeling testbed: Inter-model evaluation of tides, waves, and hurricane surge in the Gulf of Mexico[END_REF]. Such models allow to correctly represent complex shorelines and coastal embayments, using a variable grid resolution, usually coarse in the deep ocean (several kilometers to tens of kilometers) and down to few hundreds of meters in the nearshore. However, such resolution in coastal areas may not be sucient to adequately represent small coastal morphological features, such as lagoons, and thus, enable the model to provide accurate storm surge predictions [START_REF] Shen | Improved Prediction of Storm Surge Inundation with a High-Resolution Unstructured Grid Model[END_REF]. Also, this study reveals that the wave setup generated by wave breaking during extreme events can greatly contribute to the storm surge, even in areas sheltered from wave breaking such as lagoons and estuaries.

Accounting for short waves in storm surge operational modelling is thus of key importance to correctly predict water levels in coastal areas during storm events and thereby, improve emergency responses. However, a good evaluation of the wave setup requires a resolution ne-enough in the surf zones, which is not always possible in operational modelling systems [START_REF] Kohno | Recent Progress in Storm Surge Forecasting[END_REF]. Therefore, an important question rises here : how well do surf zones need to be spatially resolved in order to correctly estimate the contribution of wave setup to the storm surge ?

The sensitivity of the storm surge/wave setup to the model resolution is analysed at the Arcachon Lagoon region by simulating the sea state and storm surge associated with Klaus with dierent grid resolutions in the 3D model. The grid resolution used for the baseline model (hereafter BM), which goes down to 35 m in the nearshore, is modied to get two additional computational grids with spatial resolution from the inner shoreface to the nearshore degraded to 200 and 1000 m. The surge is evaluated at two locations along the coastline : in the inner part of the lagoon at the Eyrac tide gauge and at the shoreline exposed to the ocean, computed as the average value of the storm surge in an area dened to the south of the inlet (see Fig. 5. 1-B). This sensitivity analysis is not carried out at the Adour Estuary since the inlet mouth, with a maximum width of 150 m, cannot be represented with such resolutions.

The results show that the modelled water levels and storm surge on the open ocean beach are lower when the grid resolution coarsens (Fig. 5.9). Indeed, while tidal predictions show little sensitivity to the grid resolution, the peak of the surge simulated with the BL resolution reaches 1.65 m while being 30 % and 65 % higher than the surges obtained with the 200 m and 1000 m resolutions respectively. A detailed analysis reveals that these dierences are mostly explained by wave setup, which is poorly represented with a coarse grid.

In the lagoon, the results reveal a dierent behaviour of the model (Fig. 5.9). Surprisingly, the predicted storm surge is less sensitive to the grid resolution compared to the open ocean beach. The three grid resolutions well reproduce the peak of the surge, with the 200 m and 1000 m grid resolutions resulting in a slightly lower surge than the BM resolution (0.05 m).

However, the storm surge modelled over the total duration of the storm is deteriorated with the 1000 m resolution (RMSE of 0.17 m) compared to the BM and 200 m resolutions (RMSE of ∼ 0.1 m). Also, water elevation is poorly predicted with the 1000 m resolution, which yields a RMSE of 0.48 m, against 0.085 m and 0.14 m with the BM and 200 m grid resolutions respectively. As soon as the channels of the lagoon are not correctly represented, the tidal propagation in the lagoon is poorly reproduced, which impacted the predictions of water level and storm surge. This sensitivity analysis of model results to grid resolution reveals a constrasting situation between the inner lagoon, where wave setup is reasonnably represented even with a coarse resolution and adjacent sandy beaches, where modelled wave setup is almost nil when using a coarse resolution. This behaviour is directly explained by the cross shore extension of the surf zone, which is of the order of 1000 m at adjacent beaches but range from 3000 to 5000 m in front of the lagoon. As a rough guideline, we estimate that accounting for wave setup in storm surge models requires at least 5 grid elements across the surf zone, which implies the use of a ner spatial resolution when the beach slope increases and the wave height decreases. This corroborates the ndings of [START_REF] Nayak | Near-shore wave induced setup along Kalpakkam coast during an extreme cyclone event in the Bay of Bengal[END_REF], who investigated the sensitivity of wave setup predictions to grid resolution considering idealized beaches of slope ranging from 1:80 to 1:10.

Conclusion

The 3D fully-coupled modelling system SCHISM using a vortex force formalism was used to hindcast the sea state and storm surge associated with the strongest storm that occurred in the southern part of the Bay of Biscay for the last 20 years. After the verication of the model with wave and water level observations available during the storm, the analyses of the simulations revealed that the predictions of the storm surges at the Arcachon Lagoon and the Adour Estuary were improved by 50 to 60 % when the wave forces were accounted for. The wave setup induced by the storm waves breaking in the vicinity of these two inlets extended outside the surf zones and signicantly increased the water level at the scale of the whole lagoon and estuary. This nding demonstrates that the wave setup can contribute to the water level, even in environments sheltered from the direct action of waves, such as lagoons and estuaries.

To understand the impact of storm wave breaking on the hydrodynamics of the tidal inlets, the local momentum balance was analysed at the inlet of the Arcachon Lagoon. By reaching values one order of magnitude larger than the bottom stress and the surface stress terms, the wave forces were one of the leading terms of the momentum balance and thereby greatly aected hydrodynamics in the inlet, the main impact being the development of a wave setup at the scale of the whole lagoon.

Further analysis showed that the wave setup in tidal inlets can be tidally-modulated while this phenomenon is site-specic and depends on the morphology of the inlet. At Arcachon, as the ebb delta is characterised by supra-tidal sand banks, wave breaking is total at all tidal phases, the wave setup exhibits therefore a slight tidal modulation. At Bayonne, waves are subjected to more intense breaking at low tide than at high tide, the tidal modulation of the wave setup is thus more pronounced.

Finally, a sensitivity analysis of the storm surge and wave setup to the spatial resolution of the computational grid was carried out. This work revealed that the calculated wave setup at the shoreline is highly sensitive to the grid resolution. In the lagoon, the modelled storm surge and wave setup were found to be comparable between dierent grid resolutions, while tidal propagation cannot be accurately represented with a resolution of 1000 m. This study highlighted the need to account for wave breaking in operational storm surge models, although resolving the wave setup requires a spatial resolution that depends on the width of the surf zone, itself controlled by the bottom slope and the wave height.

Appendix

The underestimation of the storm surge before the peak of the surge can be attributed to a negative bias in the 10 m wind speed of CFSR. In order to verify this hypothesis, the modelled wind speed from CFSR is increased by 12-15 % over three time steps before the storm peak (Fig. 5.10-A). The comparison between the original modelled storm surge and the storm surge computed with the tuned wind speed (Fig. 5.10-B) shows a signicant dierence at the considered period. The RMSE is improved by 20 % and the localised error is cancelled out. These results conrm that the underestimation of the storm surge at this stage of the storm is due to a local negative bias in the modelled wind speed of the order of 4 m.s -1 .

Chapitre 6

Wave dissipation and mean circulation on a shore platform 6.1 Introduction Shore platforms are distinctive landforms of rocky coast environments. These erosional rock surfaces are found within or close to the intertidal zone and are usually backed by clis, but can also be topped by beaches, dunes or coastal structures. They are generally classied into two dierent types : gently-sloping platforms that extend in the subtidal zone without a break in slope (Type A), and sub-horizontal platforms with a sharp seaward edge (Type B) (Sunamura , 1992). Sloping platforms are predominantly found in meso to macrotidal ranges while sub-horizontal, or Type B, platforms are more common on microtidal coasts [START_REF] Trenhaile | The geomorphology of rock coasts[END_REF]. While there has been a long-standing debate on which of wave processes or subaerial weathering dominate shore platform development, it is now recognized that these mechanisms act together [START_REF] Naylor | Rock coast geomorphology: Recent advances and future research directions[END_REF]. However, their relative contribution is still unclear, which is partly due to a limited number of eld observations of wave processes on shore platforms (Stephenson , 2000a;[START_REF] Naylor | Rock coast geomorphology: Recent advances and future research directions[END_REF]. Only recently, the understanding of wave processes on shore platforms has advanced thanks to eld-based studies examining the transformation of both short (frequencies > 0.04 -0.05 Hz) and infragravity (frequencies < 0.04 -0.05 Hz) waves over such environments [START_REF] Stephenson | Development of shore platforms on Kaikoura Peninsula, South Island, New Zealand: Part One: The role of waves[END_REF][START_REF] Trenhaile | The role of wave erosion on sloping and horizontal shore platforms in macro-and mesotidal environments[END_REF][START_REF] Beetham | Field observations of infragravity waves and their behaviour on rock shore platforms[END_REF][START_REF] Ogawa | Wave transformation on a sub-horizontal shore platform, Tatapouri, North Island, New Zealand[END_REF][START_REF] Marshall | The morphodynamics of shore platforms in a micro-tidal setting: Interactions between waves and morphology[END_REF][START_REF] Ogawa | Hydrodynamic constraints and storm wave characteristics on a sub-horizontal shore platform[END_REF][START_REF] Poate | The Role of Bed Roughness in Wave Transformation Across Sloping Rock Shore Platforms[END_REF][START_REF] Stephenson | Wave transformation across a macrotidal shore platform under low to moderate energy conditions[END_REF][START_REF] Savige | The role of seaward morphology on wave transformation onto and across a microtidal shore platform[END_REF]. Several of these studies reported the depth-limited character of surf zone waves [START_REF] Farrell | Wave Transformation across a Rock Platform[END_REF][START_REF] Ogawa | Wave transformation on a sub-horizontal shore platform, Tatapouri, North Island, New Zealand[END_REF][START_REF] Ogawa | Hydrodynamic constraints and storm wave characteristics on a sub-horizontal shore platform[END_REF][START_REF] Poate | The Role of Bed Roughness in Wave Transformation Across Sloping Rock Shore Platforms[END_REF] and the strong tidal modulation of wave energy dissipation across platforms [START_REF] Ogawa | Wave transformation on a sub-horizontal shore platform, Tatapouri, North Island, New Zealand[END_REF][START_REF] Marshall | The morphodynamics of shore platforms in a micro-tidal setting: Interactions between waves and morphology[END_REF]. In addition to the eect of tides, the morphological characteristics of the platform, such as the elevation, the gradient, the presence or absence of a seaward edge, and the width [START_REF] Ogawa | Wave transformation on a sub-horizontal shore platform, Tatapouri, North Island, New Zealand[END_REF][START_REF] Ogawa | Observation of wave transformation on a sloping type B shore platform under wind-wave and swell conditions[END_REF][START_REF] Marshall | The morphodynamics of shore platforms in a micro-tidal setting: Interactions between waves and morphology[END_REF][START_REF] Beetham | Field observations of infragravity waves and their behaviour on rock shore platforms[END_REF], have been observed to exert a key control on wave processes, likely explaining the contrasted rates of wave dissipation reported so far in the literature [START_REF] Stephenson | Development of shore platforms on Kaikoura Peninsula, South Island, New Zealand: Part One: The role of waves[END_REF]; [START_REF] Stephenson | Australian Rock Coasts: review and prospects[END_REF][START_REF] Ogawa | Field Measurements of Wave Characteristics on a Near-Horizontal Shore Platform, Mahia Peninsula, North Island, New Zealand[END_REF]. [START_REF] Poate | The Role of Bed Roughness in Wave Transformation Across Sloping Rock Shore Platforms[END_REF] combined eld data analyses and the application of a 1D model of wave energy ux conservation to investigate bottom roughness eects on wave transformation across several macrotidal platforms of contrasting roughnesses (measured bottom roughness ranging from 0.07 to 0.17 m). The authors suggested that bottom friction is only important outside the surf zone, for very rough, low gradient (< 1:50) platforms and weak wave conditions. The latter study, together with the work of [START_REF] Mccall | Modelling incidentband and infra gravity wave dynamics on rocky shore platforms[END_REF] using the same dataset to calibrate their model, are ones of the very few numerical studies investigating wave dissipation processes on shore platforms, particularly frictional eects.

Hence, additional eld deployments combined with numerical simulations are necessary to further understand short-wave dissipation on shore platforms through both wave breaking and bottom friction. This is critical to assess the role of waves in platform erosion and cli recession, which has been one of the main focus of studies conducted on shore platforms so far [START_REF] Stephenson | Development of shore platforms on Kaikoura Peninsula, South Island, New Zealand: Part One: The role of waves[END_REF][START_REF] Trenhaile | The role of wave erosion on sloping and horizontal shore platforms in macro-and mesotidal environments[END_REF], but also to investigate wave-induced hydrodynamics on shore platforms, such as the wave setup.

On mildly-sloping sandy beaches, the wave setup has usually been computed assuming a balance between the cross-shore radiation stress and barotropic pressure gradients in the wave-averaged cross-shore momentum equation [START_REF] Battjes | Calibration and verication of a dissipation model for random breaking waves[END_REF]; [START_REF] Lentz | Field observations of wave setup[END_REF]; [START_REF] Guza | Wave set-up on a natural beach[END_REF][START_REF] Raubenheimer | Field observations of wave-driven setdown and setup[END_REF] (see section 2.1.2.2). However, [START_REF] Guza | Wave set-up on a natural beach[END_REF] and [START_REF] Raubenheimer | Field observations of wave-driven setdown and setup[END_REF] reported severe underestimations of the wave setup in very shallow depths with this simple approach. [START_REF] Apotsos | Eects of wave rollers and bottom stress on wave setup[END_REF] suggested that wave setup predictions can be improved by including the mean bottom stress associated with the mean oshore-directed ow (the undertow) in the cross-shore momentum balance. The undertow causes the mean bottom stress to be onshore-directed, which increases the wave setup. More recently, [START_REF] Guérin | Impacts of wave-induced circulation in the surf zone on wave setup[END_REF] used a 3D phase-averaged modelling system and showed that the wave-induced circulation (mostly horizontal advection and vertical mixing) could increase the wave setup when the bottom slope steepens. The relevance of this process has yet to be evaluated on rough bottoms, where wave setup dynamics can be dierent from that on sandy beaches, principally due to a higher bottom roughness [START_REF] Dean | Static wave setup with emphasis on damping eects by vegetation and bottom friction[END_REF]; [START_REF] Buckley | Wave setup over a fringing reef with large bottom roughness[END_REF]. Indeed, platform roughness can range from smooth like a sandy beach, to extremely rough similar to coral reefs [START_REF] Poate | The Role of Bed Roughness in Wave Transformation Across Sloping Rock Shore Platforms[END_REF]. [START_REF] Lowe | Spectral wave dissipation over a barrier reef[END_REF] reported that rough coral reefs could induce energy dissipation rates by friction of similar order (or event dominant) with that induced by depth-induced breaking processes over the fore reef, which could decrease the wave setup on the reef [START_REF] Lowe | Wave-Driven Circulation of a Coastal Reef-Lagoon System[END_REF]. [START_REF] Buckley | Wave setup over a fringing reef with large bottom roughness[END_REF] veried these ndings by conducting high-resolution laboratory measurements of wave setdown and setup across a fringing reef prole characterized by a 1:5 reef slope and a large bottom roughness. The authors showed that the presence of bottom roughness enhanced wave dissipation by friction which in turn modied radiation stress gradients and resulted in a predicted wave setup 18 % lower on average compared to smooth experiments, when the mean bottom stress was neglected in the momentum balance. However, once accounted for, the mean bottom stress, generated by interactions of the undertow with roughness, increased the predicted wave setup by 16 % on average. Because of these two opposing mechanisms, the wave setup measured on the reef for both rough and smooth bottoms was similar.

To date, only one study reported observations of wave setup on shore platforms [START_REF] Ogawa | Hydrodynamic constraints and storm wave characteristics on a sub-horizontal shore platform[END_REF], but the inuence of bottom roughness on its development was not examined.

Understanding wave setup dynamics is important, as it can greatly contribute to extreme water levels [START_REF] Lerma | Simulating wave setup and runup during storm conditions on a complex barred beach[END_REF][START_REF] Guérin | Impacts of wave-induced circulation in the surf zone on wave setup[END_REF] and potential subsequent ooding.

At present, little is known about ooding risks when platforms are backed by low-lying coasts [START_REF] Naylor | Chapter 17 Synthesis and conclusion to the rock coast geomorphology of the world[END_REF][START_REF] Didier | Wave runup estimations on platform-beaches for coastal ood hazard assessment[END_REF], as most of the studies were conducted on shore platforms backed by coastal clis to study their vulnerability to the potential erosion of waves. In this study, wave transformation and wave setup dynamics are investigated on a gently-sloping shore platform that extends from the nearshore subtidal region to the intertidal zone and which is backed by a sandy dune. A rst eld campaign was carried out in fair weather conditions on the intertidal zone of the shore platform while a second one, more extensive, was conducted under storm wave conditions with instruments deployed on the platform from 10 m water depth up to the shoreline. Field data analyses are complemented with numerical simulations performed with a fully-coupled (wave-current) 3D modelling system that uses the vortex force formalism implemented in the model. The eld data collected in fair weather conditions are used to adequately represent wave bottom friction in the wave model, while observations in storm wave conditions allow to assess the ability of the modelling system to reproduce the transformation of short waves, as well as the resulting circulation and the wave setup on the platform. Based on the results, the relative importance of depth-induced breaking to wave bottom friction is examined. The impact of both wave dissipation and resulting circulation on the wave setup in such a rough environment is then analysed through additional numerical experiments considering idealised shore platforms and sandy beaches of varying uniform slopes. After presenting the study area in section 6.2, the model implementation for this application is described in section 6.3. The ability of the modelling system to simulate the transformation of short waves, water levels and mean current velocities over the considered shore platform is investigated in section 6.4. In section 6.5, the sensitivity of the model to parameterizations and the relative importance of short-wave dissipation by depth-induced breaking and bottom friction are discussed. The eects of bottom roughness aecting wave setup through wave dissipation and resulting circulation are then developed, followed by conclusions in section 6.6. This chapter is based on a rst publication that detailed the eld campaign conducted in fair weather conditions as well as the associated results (Lavaud et al., 2020b), and on a second publication related to the results of the eld campaign conducted in storm wave conditions [START_REF] Lavaud | Wave dissipation and mean circulation on a shore platform under storm wave conditions[END_REF].

Study area and eld experiments 6.2.1 Study area

The studied shore platform is located in the central part of the French Atlantic Coast along the western coast of Oléron Island (Fig. 6. 1-a). The coast in the region is bordered by a 150 km-wide shelf, which exhibits gently-sloping shorefaces. According to Dodet et al. (2019a), the tidal regime is semi-diurnal and macrotidal, with a tidal range varying from 1.10 to 5.50 m. These authors also analysed wave regimes along the 30 m isobath line of the metropolitan coasts of France and reported in the region, yearly-averaged signicant wave height (hereafter H m0 ) of 1.60 m and yearly averages of mean wave period and wave direction of 5.9 s and 275

• respectively. Winter storms can, however, drive waves of H m0 over 10 m in the Bay of Biscay (Bertin et al., 2015a). 

Field experiments

Two eld campaigns were conducted on the shore platform under contrasting wave-energy conditions. The rst one was carried out on the intertidal part of the platform during one day (two tidal cycles) in March 2019, under spring tides with a 5.50 m tidal range and weak-energy wave conditions (hereafter referred to as fair weather conditions). Maximum signicant wave height and peak period of 1.5 m and 15 s respectively, were recorded at the Datawell Oléron buoy (operated by CEREMA and located at a depth of 50 m ; see Fig. 6.1-a for its location). A detailed description of this campaign and the associated results on short wave transformation using a simple energy ux model can be found in Lavaud et al. (2020b). Since this eld experiment is characterized by small waves and low wind conditions, it is specically used in the present study to investigate bottom friction eects on wave dissipation and in particular, to determine the roughness length k n (see section 6.3) of the platform through a sensitivity analysis of the model to this parameter. The second eld campaign was conducted from February 7 to 13 2020, under spring tides with a maximum tidal range of 5.20 m, and storm wave conditions (maximum signicant wave height and peak period of ∼ 6 m and 17 s respectively, recorded at Oléron buoy). This eld campaign was more extensive than the rst one, since it covered not only the intertidal zone but also the subtidal part of the platform. In the intertidal zone, a 400 m-long crossshore transect was instrumented from February 9 with 7 pressure transducers (hereafter PT), a 2 MHz ADCP and a 6 MHz ADV, both equipped with an internal PT (Fig. 6.1c and Fig. 6.2). The instruments were spaced at 45 m intervals, allowing to cover most of the full spring intertidal zone, and were all housed in stainless steel tubes screwed to the bedrock (Fig. 6.2), except the most landward PT (PT 11) which was xed to a rock buried in 0.10 m of sand on the backing beach. However, this sensor was not considered in this analysis as it was located in the swash zone and hence, not continuously submerged.

Also, pressure signals recorded at PT 3 and 7 showed drifting and were therefore discarded from the analysis of water levels and wave setup. In the subtidal zone, a 600 kHz ADCP equipped with an internal PT (PT 1) and an additional PT aiming at identifying possible sensor drifting (PT 0, not shown) were deployed about 1750 m oshore at a depth of approximately 9 m relative to mean sea level. Another single PT was deployed closer to shore, at 1000 m in a depth of approximately 8 m relative to mean sea level (Fig. 6.1-b).

Both subtidal stations were located on the shore platform, although PT 2 was deployed in a small sandy zone surrounded by the rocky bottom. The PTs of the overall deployment measured at 2 Hz except the internal PT of the ADV, which measured at 16 Hz.

Data from both eld experiments were analysed following the procedure detailed in section 4.2.3.5. Bottom pressure measurements were rst corrected for sea level atmospheric pressure measured at the nearby meteorological station of Chassiron (Fig. 6. 1-a). Each data record was then analysed using consecutive bursts of 30 min (20 min for the internal PTs of ADCPs). At each sensor located in the intertidal zone, bursts of mean water depth less than 0.50 m were discarded from this analysis as the sensors were intermittently dry due to the presence of uctuations induced by infragravity waves. Hydrostatic surface elevation spectra were computed by averaging estimates from 10 Hanning-windowed segments overlapping by 50 % (20 degrees of freedom). Non-hydrostatic eects were accounted for using the TFM. As explained in section 4.2.3.6, the SNL was not used here as the development of wind seas under the strong local winds and the presence of rocky shoals promoting wave breaking and subsequent release of harmonics, can limit the applicability of this method.

The cut-o frequency f max in the TFM is set to 0.3 Hz. The frequency cut o between short and infragravity waves f min is adaptive and dened as 1/1.8T p with T p the continuous peak period recorded at Oléron buoy (Fig. 6.1-a).

In the subtidal zone, a high resolution (0.2 m x 0.2 m regular grid) multibeam bathymetric survey was performed on approximately 1.73 km 2 to dispose of accurate bathymetric data of the study area. This high-resolution dataset was also used to physically quantify the bottom roughness length k n of the platform : it was estimated as four times the standard deviation of the bed elevation [START_REF] Lowe | Spectral wave dissipation over a barrier reef[END_REF][START_REF] Poate | The Role of Bed Roughness in Wave Transformation Across Sloping Rock Shore Platforms[END_REF] and was computed by averaging several estimates from 1 m 2 tiles across the platform, leading to an averaged value of 0.15 m.

At the intertidal PTs (except stations 3, 7 and 11 discarded from this analysis), the wave setup was computed as the dierence in mean free surface elevations between each PT and the deepest one (PT 1), which requires an estimate of its vertical position (not known in the eld a priori). The Figure 6.3-a shows the mean free surface elevation η at the intertidal sensors at high tide on March 12 afternoon, which corresponds to the calmest conditions during the eld campaign (high tide, wind velocity inferior to 5 m.s -1 and weak wave contribution). The vertical position of PT 1 (in the subtidal zone) was determined at this instance, by assuming an horizontal plane between PT 1 and PT 4 (that is no contributions from surface stress or wave setup to the mean free surface elevation between PT 1 and PT 4). On the Figure 6.3-b, the mean free surface elevation was corrected from the modelled wave setup developed between the oshore PT (PT 1) and each sensor. At PT 4, the modelled wave setup is 0.01 m, which can support our assumption made in the determination of the vertical position of PT 1. Also, the resulting mean free surface elevation at all the intertidal sensors (from PT 4 to PT 10) are on a same horizontal plan (+/-0.01 m), which can attest of the accuracy of the levelling procedure. The wave setup was then calculated at each sensor except at PT 2, as this instrument progressively sank into the sand during the eld campaign. A detailed description of the procedure used to retrieve the wave setup between two pressure sensors is given in section 4. 

Model implementation

In this application, the 3D circulation module of SCHISM is coupled to WWM-II and the vortex formalism is used to represent the eects of waves on currents.

The wave model accounts for energy dissipation due to whitecapping and wind input according to the WAM-Cycle 4 formulation [START_REF] Bidlot | A revised formulation of ocean wave dissipation and its model impact[END_REF]. Wave energy dissipation by depth-induced breaking is computed following the approach of van der Westhuysen (2010). While the breaking coecient B is originally set to 1 in van der Westhuysen (2010), we use here the adaptive approach of [START_REF] Pezerat | Simulating storm waves in the nearshore area using spectral model: Current issues and a pragmatic solution[END_REF]. Both parametrizations are compared in section 6.4.1.2. In the bottom friction formulation, the drag coecient C f is computed according to the eddy-viscosity model of Madsen et al. (1989) (Eq. 3.21). The default value for the Nikuradse roughness length k n in WWM-II is 0.05 m, which relates to a sandy bottom with bedforms. The spatial distribution of bottom types, and in particular the extension of the studied rock platform, is here based on the sediment database of the SHOM (French Naval Oceanographic Service). Considering the direct estimates of k n from the high-resolution multibeam bathymetric survey (see section 6.2.2), the value of k n on the platform was then adjusted by minimizing the discrepancies between model predictions and observations during fair weather conditions (see section 6. 4.1.1). Outside of the rocky area, k n is set to its default value 0.05 m. In order to evaluate the inuence of the bottom friction formulation on the performance of the model, simulations were also carried out with the Madsen's formulation using a uniform k n set to 0.05 m, and with the widely-used JONSWAP formulation of [START_REF] Hasselmann | Measurements of wind-wave growth and swell decay during the Joint North Sea Wave Project (JONSWAP)[END_REF], based on a friction coecient C f spatially uniform and xed to the empirical value of 0.038 m 2 .s -3 .

The circulation model is forced at its open boundary with the 16 main astronomical constituents linearly interpolated from the regional model of [START_REF] Bertin | Importance of wave age and resonance in storm surges: The case Xynthia, Bay of Biscay[END_REF]. The bottom roughness length z bot 0 in the circulation model is spatially variable to account for the dif- ferent bottom types in the modelled domain. After a sensitivity analysis (see section 6.4.2), z bot 0 was set to 0.0001 m in sandy areas and to 0.02 m on the studied shore platform and other rocky bottoms. The model of [START_REF] Soulsby | Dynamics of marine sands[END_REF] is used to compute the bottom stress under the combined action of waves and currents. The surface stress is wave-dependent according to the formulation of [START_REF] Donelan | On the dependence of sea surface roughness on wave development[END_REF]. The wave streaming acceleration (Eq. 3.46) is assumed to decrease upward across the wave boundary layer according to the vertical function given by Eq. 3.47. In the expression of the decay length k wd , a wd = 1 allows to retrieve the theoretical thickness of the wave bottom boundary layer under monochromatic waves. In this study, a wd is xed to 5, which is discussed in section 6.5.1. We assume a full conversion of energy from breaking waves to surface rollers with α r = 1.

The unstructured computational grid used in the hindcast of the eld experiments extends over the Pertuis Charentais area (Fig. 6.1-a), from the land boundary to ∼ 73 km oshore corresponding to a depth of 90 m. Such a large extent is necessary to realistically reproduce the generation and propagation of storm surges over the continental shelf [START_REF] Blain | The inuence of domain size on the response characteristics of a hurricane storm surge model[END_REF][START_REF] Oliveira | OPENCoastS: An open-access service for the automatic generation of coastal forecast systems[END_REF]. The grid has ∼ 76000 nodes in the horizontal, with a spatial resolution ranging from 1800 m along the open boundary to 10 m along the shoreline in the study area. In the vertical, the grid is discretized in 24 terrain-following S-layers that are denser close to the bottom and surface. The hydrodynamic time step is set to 15 s while the wave model is run every 60 s and uses implicit schemes for propagation and source term integration [START_REF] Roland | A fully coupled 3D wave-current interaction model on unstructured grids[END_REF].

Over the whole domain, the circulation model is forced with hourly 10 m wind speed U 10 and sea-level pressure elds from the Climate Forecast System Reanalysis CFSR [START_REF] Saha | The NCEP climate forecast system reanalysis[END_REF]. The datasets are provided on a regular grid with a spatial resolution of 0.2 • and 0.5 • for the wind and the atmospheric pressure respectively. WWM-II is forced with CFSR wind elds over the whole domain and time series of directional wave spectra along its open boundary, which were previously computed from a regional application of the WaveWatch III spectral wave model also forced with wind elds from CFSR.

Results

In this section, we assess the ability of the modelling system to reproduce the observed water levels, the transformation of short waves and the associated circulation over the shore platform. Modelled wave parameters are rst compared against eld observations collected during fair weather conditions in order to determine the Nikuradse roughness length k n that characterized the platform. Indeed, at high tides during this period, waves are predominantly dissipated by bottom friction on a large portion of the intertidal shore platform as the surf zone is located very close to the shoreline, making this period particularly suitable for analysing wave bottom friction dissipation and the sensitivity of the model to k n . The value of k n yielding the best-t results is then used in the simulation of storm wave conditions, from which short waves, currents and wave setup predictions are examined. Model errors are quantied by computing for each variable, the BIAS, the RMSE and the NRMSE (Eqs. 5.1,5.2 and 5.3) . A sensitivity analysis to this parameter revealed that the value of k n = 0.13 m taken on the platform (and 0.05 m outside) best reproduces the observed wave height at the three oshore sensors with a RMSE of 0.023 m. Keeping the default value k n = 0.05 m uniform over the whole computational domain (model 2 in Fig. 6.4) or using the JONSWAP bottom friction formulation with C f = 0.038 m 2 .s -3 (model 3 in Fig. 6.4) leads to an underestimation of wave frictional dissipation with RMSE of 0.11 and 0.26 m respectively.

Based on these results, the Madsen's formulation with k n set to 0.13 m on the platform was used in the hindcast of the second eld campaign conducted in storm wave conditions.

Storm wave conditions

As in fair weather conditions, simulated oshore wave parameters are compared against measurements recorded at Oléron buoy (Fig. 6. 1-a). The comparison reveals a very good agreement between observed and modelled signicant wave height H m0 with a RMSE of 0.26 m which corresponds to a 6 % NRMSE. The mean wave period T m02 was of the order of 8-10 s and the peak period T p varied between 13 and 17 s during the eld campaign, which is well reproduced by the model with RMSE of ∼ 0.40 and 0.50 s respectively, corresponding to NRMSE less than 5 %. The peak direction P dir is also well predicted by the model with a RMSE of 6

• . It is worth noting that H m0 reached almost 6 m during the eld campaign, a value reached 5 times since January 2020, therefore corresponding to energetic but not exceptional winter conditions (Fig. 6.5). .5 Assessment of the model at the oshore Oléron buoy with comparisons of the modelled (blue line) against observed signicant wave height H m0 , peak direction P dir (black dots), mean wave period T m0,2 (red dots) and peak period T p (green dots).

In the nearshore region, the water levels at PT 1 and PT 2 are well reproduced by the model with RMSE of 0.08 -0.09 m (Fig. 6.6). At both sensors, H m0 is tidally-modulated with H m0 decreasing as the water depth decreases, suggesting that wave breaking is already signicant at these depths. Maximum H m0 values were measured at PT 1 in the morning of 10/02 at high tide, with a value of 3.60 m for a corresponding mean wave period T m02 of ∼ 7.5 s. At PT 1, H m0 is predicted relatively accurately with RMSE of 0.30 m, yielding a 13 % NRMSE although H m0 is slightly over-estimated during the whole period with a positive bias of 0.26 m. At PT 2, H m0 is well predicted by the model with a NRMSE of 9.6 %. Mean wave periods T m02 are slightly over-estimated at PT 1 with a positive bias of ∼ 0.40 s, while at PT 2, it is accurately reproduced by the model with a NRMSE of 3.6 %. Similar to the signicant wave height, T m02 also exhibits a tidal modulation at both sensors, which is slightly more pronounced at PT 2, with T m02 being smaller at low tides by up to 2 s. When the triad interactions source term is turned o in the simulation, the wave period exhibits an inverse and weaker tidal modulation, revealing that the observed tidal modulation is due to triad interactions in shallow waters. At a given sensor, more energy is transferred from the primary peak to super harmonics as the water depth decreases, explaining the lower wave period. As a general trend, wave heights in the intertidal zone (Fig. 6.7-b to Fig. 6.7-g) are highest at the most seaward sensor (PT 4) and decrease across the platform towards the shoreline.

At the rst sensor in the intertidal zone (PT 4, Fig. 6.7-b), the wave height is depth-limited over the rst 6 tidal cycles. Over the last one, the same behaviour can be observed from low to mid tidal stages while from mid to high tidal stages, the wave height does not increase when the water depth increases (water depth at PT 1, Fig. 6.7-a), suggesting that this sensor was located outside the surf zone. At the landward sensors (from PT 5 to PT 10 ; Fig. 6.7-c to Fig. 6.7-g), short waves are depth-limited during the whole period, so that they were always located in the surf zone. The comparison with the model shows that wave heights at all stations are well predicted by the model with NRMSE ranging from 8 to 14 %. In more details, H m0 is slightly underestimated by 0.15 to 0.20 m at PT 9 and 10 at high tides over the last two days of the experiment, which is possibly due to wave reection on the 1:10 sloping beach, a process not represented in the model. Note that using a default parameterization for depth-induced breaking (B = 1), wave predictions considerably deteriorate at PT 2 (negative bias of 0.60 m and NRMSE of 30 %) and in the intertidal zone with a negative bias of 0.40 m resulting in a NRMSE of 43 % in average. On the contrary, using a default parameterization for bottom friction (JONSWAP formulation with C f = 0.038 m 2 .s -3 ) results in positive bias of 0.70 m and 0.17 m and NRMSE of 30 % and 20 % in average, at the sensors of the subtidal and intertidal zones respectively. The importance of accurately representing short-wave dissipation on wave setup is discussed in sections 6.4.3 and 6.5.1. Similar to the surge computed from the measurements, the modelled surge was calculated as the dierence between mean free surface elevations at each PT in the intertidal zone and the most seaward sensor (PT 1). The modelled and observed surges comprise the wave setup and a part of the wind-induced surge that developed from PT 1 to the shoreline.

According to the model results, the atmospheric surge ranged from 0.00 to 0.03 m most of the time during the eld campaign but could reach up to 0.06 m at low tide during episodic strong wind events of up to 15 m.s -1 recorded at the meteorological station of Chassiron (see Fig. 6.1-a for its location). Besides this eect, the surge was mainly due to the wave setup, representing at least 80 % of the surge. The measured surge reached up to 0.30 m at low tide during energetic wave conditions in the evening of the 9 th of February. The comparison between the surge measured and simulated with the baseline model shows a relatively good agreement with RMSE of the order of 0.02-0.03 m for all the PTs. In more details, the model displays local underestimations of up to 0.08 m at certain low tides. In comparison, the model using a default parameterization for depth-induced breaking (B = 1) results in an underestimation of the wave setup at the water line, with negative bias up to 0.04 m at PT 10 and RMSE increased by 50 to 90 % compared to our baseline model. In opposite, using the default JONSWAP bottom friction formulation (C f = 0.038 m 2 .s -3 ) leads to a wave setup overestimated at all sensors in the intertidal zone with a positive bias of 0.065-0.085 m and RMSE 2 to 4 times larger compared to our baseline model (Fig. 6.5 Discussion

Model sensitivity to parameterizations

The accurate modelling of short-wave energy dissipation and the associated wave setup over the studied shore platform largely relies on the correct representation of the depthinduced breaking and bottom friction processes. Recently, [START_REF] Pezerat | Simulating storm waves in the nearshore area using spectral model: Current issues and a pragmatic solution[END_REF] reported that common parameterizations for depth-induced breaking in spectral wave models yield signicant over-dissipation of storm waves propagating over gently-sloping shorefaces, potentially leading to an underestimation of the wave setup at the shoreline. In line with their ndings, our results showed that the approach proposed by these authors (Eq. 3.19) strongly improves wave height and wave setup predictions (Fig. 6.9). Regarding frictional wave dissipation, the evolution of the wave height on the shore platform is only correctly represented with a parameterization that accounts for its roughness, which here corresponds to the Madsen's formulation with k n = 0.13 m. This value is close to the platform roughness length of 0.15 m obtained from our centimetre-scale bathymetric survey (see section 6.2.2), which is in the range of the values measured by [START_REF] Poate | The Role of Bed Roughness in Wave Transformation Across Sloping Rock Shore Platforms[END_REF] on contrasting shore platforms (0.07 to 0.17 m). This value is also comparable to the values of 0.10 m used by [START_REF] Delpey | Eects of waves on coastal water dispersion in a small estuarine bay[END_REF] and 0.12 m used by [START_REF] Roland | On the developments of spectral wave models: numerics and parameterizations for the coastal ocean[END_REF] to represent rocky bottoms in their modelling systems. In these studies, together with the one of Guillou (2014), representing shallow rough areas in spectral wave models was also found to improve nearshore waves predictions. In addition, the present results showed that an inadequate modelling of the dissipation by bottom friction impacts wave setup predictions (Fig. 6.9).

Once well represented, the strong frictional eects occurring on the platform seaward o the surf zone dissipate more wave energy before wave breaking, which modies wave accelerations and results in a decreased wave setup, a process that was already reported by [START_REF] Buckley | Wave setup over a fringing reef with large bottom roughness[END_REF] on a fringing reef. In spite of the limitations suggested above, the JONSWAP bottom friction formulation with the constant value C f = 0.038 m 2 .s -3 is still commonly used in spectral wave models implemented at regional scales, possibly because sediment distribution in many coastal zones is not available [START_REF] Siadatmousavi | The eects of bed friction on wave simulation: implementation of an unstructured third-generation wave model, SWAN[END_REF].

Wave dissipation by friction at the bottom also aects the nearshore circulation through the generation of a near-bottom streaming along the wave propagation direction (Longuet- [START_REF] Longuet-Higgins | Mass transport in water waves[END_REF]. [START_REF] Wang | Eects of Wave Streaming and Wave Variations on Nearshore Wave-Driven Circulation[END_REF] suggested that a high bottom roughness, which enhances the dissipation by wave bottom friction, can result in a stronger bottom streaming that can weaken the undertow close to the surf zone. A similar behaviour was observed in our study, in which both the undertow and the wave setup were found to be sensitive to the vertical distribution of the bottom streaming (Eq. 3.47), and particularly to the decay length k wd . While k wd with a wd taken to 1 corresponds to the theoretical thickness of the turbulent wave bottom boundary layer, the laboratory experiments of [START_REF] Klopman | Stokes transport[END_REF] suggest that a wd can signicantly increase under random waves. A value of 5 for a wd was here retained, which is close to the value of 3 used by [START_REF] Reniers | Vertical ow structure during Sandy Duck: observations and modeling[END_REF]. Taking such a small value of a wd may excessively reduce the undertow in the surf zone, which could partly explain the underestimated cross-shore current velocities at the ADV (Fig. 6.8).

This hypothesis was veried by running the model with a uniform vertical distribution of the bottom streaming acceleration, which indeed increased the undertow and almost cancelled out the remaining bias in the wave setup. The present approach to represent the eects of the bottom streaming on the nearshore circulation follows [START_REF] Uchiyama | Wavecurrent interaction in an oceanic circulation model with a vortex-force formalism: Application to the surf zone[END_REF] and is based on theoretical analyses for progressive waves propagating in deep to intermediate water depths. However, several studies reported that the bottom streaming is reduced under asymmetric oscillatory ows (e.g. non-linear waves) and can even become oshore-directed [START_REF] Trowbridge | Turbulent wave boundary layers: 2. Secondorder theory and mass transport[END_REF][START_REF] Kranenburg | Net currents in the wave bottom boundary layer: On waveshape streaming and progressive wave streaming[END_REF][START_REF] Xie | Flow structure and bottom friction of the nonlinear turbulent boundary layer under stormy waves[END_REF].

Hence, the present modelling approach of the bottom streaming might not be adapted in the surf zone, which is characterized by strongly asymmetric ows. Further research is needed to better understand the contribution of the bottom streaming to the surf zone mean circulation, and in particular, the vertical distribution of the associated acceleration should be veried. Other potential processes might also contribute to the discrepancy between modelled and measured cross-shore current at the ADV. The latter exhibits an asymmetric form between ood and ebb, suggesting the presence of tidal currents in addition to the undertow. A detailed inspection of the intertidal zone indicates that the rock topography is very complex, likely driving specic patterns of tidal-induced currents and locally forcing rip currents of small amplitude. In addition, the ADV location is surrounded by topography features of the same order of magnitude than the setting height of the ADV (0.25 m from the bed ; see the photo of the ADV site, Fig. 2), locally aecting the circulation. However, this topography is not well represented with the 10 m grid resolution, possibly explaining a limited prediction of these processes.

Relative importance of wave breaking to frictional dissipation on the platform

The importance of wave breaking and wave bottom friction processes is analysed by calculating rates of wave energy dissipation D br /ρ and D f r /ρ along a cross-shore prole at high tide during both fair weather and storm wave conditions (Fig. 6.10). D br /ρ and D f r /ρ are then integrated along the cross-shore prole to analyse their relative contribution to the total wave dissipation. In both contrasting wave energy conditions (calm/storm), the analysis reveals that wave energy dissipation is dominated by bottom friction outside the surf zone. In more details, during fair weather conditions, bottom friction occurring on the subtidal part of the platform and on a major part of the intertidal region accounts for 40 % of the total wave energy dissipation, before wave breaking becomes the leading process of dissipation in the surf zone located very close the shoreline (from x = 1500 m, Fig. 6.10e). In storm wave conditions, wave breaking occurs locally in the subtidal zone but with dissipation rates weaker than bottom friction, the latter in this region representing ∼ 25 % of the total wave energy dissipation (from x = 0 to x = 1100 m, Fig. 6.10-f and 6.10-h).

Closer to shore and in the intertidal zone, wave breaking mostly dominates the dissipation, particularly when the bottom slope increases from x = 1100 to 1400 m with a maximum dissipation rate 8 times larger compared to bottom friction (Fig. 6.10-f ). This zone is very eective in dissipating wave energy through wave breaking, acting similarly to the sharp seaward edge that characterized near-horizontal platform in micro-tidal settings [START_REF] Ogawa | Wave transformation on a sub-horizontal shore platform, Tatapouri, North Island, New Zealand[END_REF]. Overall, it should be noted that bottom friction across the entire platform represents approximately 50 and 42 % of the total wave energy dissipation in fair weather and storm wave conditions respectively (Fig. 6.10-g and 6.10-h). The latter represents signicant dissipation eects as the total wave energy dissipated under storm wave conditions is large. In their analysis, [START_REF] Poate | The Role of Bed Roughness in Wave Transformation Across Sloping Rock Shore Platforms[END_REF] found that bottom friction is negligible in the surf zone of these environments, being only important outside the surf zone for very rough, low-gradient platforms, during small wave conditions. Hence, they suggested that for the majority of Type A platforms, bottom friction could be discarded when investigating short wave transformation on shore platforms. While the dominance of wave breaking dissipation in the surf zone is also observed in the present study, high frictional dissipation occurs in the subtidal part of the platform during storm wave conditions which signicantly decreases wave height before wave breaking. This notable eect of platform roughness on wave dissipation was not reported by [START_REF] Poate | The Role of Bed Roughness in Wave Transformation Across Sloping Rock Shore Platforms[END_REF], as they instrumented intertidal shore platforms only. In addition to bottom friction, the complex nearshore bathymetry can enhance shallow-water processes such as refraction and diraction [START_REF] Stephenson | Development of shore platforms on Kaikoura Peninsula, South Island, New Zealand: Part One: The role of waves[END_REF]; [START_REF] Marshall | The morphodynamics of shore platforms in a micro-tidal setting: Interactions between waves and morphology[END_REF][START_REF] Kowalczyk | Wave transformation at a rock platform in Victoria, Australia -A study combining eld measurements with numerical modelling[END_REF], which also control wave energy that reaches the intertidal zone of the platform. 

Eect of the wave-induced circulation on wave setup

Several studies showed that the wave setup near the shoreline does not only result from wave dissipation but can also be increased by the wave-driven, depth-varying circulation in the surf zone of sandy beaches [START_REF] Apotsos | Eects of wave rollers and bottom stress on wave setup[END_REF][START_REF] Guérin | Impacts of wave-induced circulation in the surf zone on wave setup[END_REF] or alongshore-uniform fringing reefs [START_REF] Buckley | Wave setup over a fringing reef with large bottom roughness[END_REF]. On sandy beaches, [START_REF] Guérin | Impacts of wave-induced circulation in the surf zone on wave setup[END_REF] suggested that the wave-driven circulation could have a larger contribution to the wave setup when the bottom slope increases. A similar trend is expected to occur on shore platforms, although the presence of a rougher bottom could result in substantial dierences compared to the mechanisms identied by [START_REF] Guérin | Impacts of wave-induced circulation in the surf zone on wave setup[END_REF]. To investigate this process, the wave setup obtained with our 3D baseline model is rst compared to the one obtained with a 2DH simulation using the radiation-stress formalism of [START_REF] Longuet-Higgins | Radiation stresses in water waves; a physical discussion, with applications[END_REF], which does not represent the depth-varying circulation induced by waves (Fig. 6.11). To perform a consistent comparison between 3D and 2DH simulations, the bottom drag coecient is computed similarly using the formulation of [START_REF] Bretschneider | Roughness of typical Hawaiian terrain for tsunami run-up calculations: A users manual[END_REF] as in [START_REF] Zheng | Implications from the comparisons between twoand three-dimensional model simulations of the Hurricane Ike storm surge[END_REF]. The comparison reveals that the wave setup predictions are improved with the 3D simulation with a RMSE reduced by 26 % and up to 30 % for values of wave setup superior to the 90 th percentile (Fig. 6.11). These results suggest a non-negligible contribution of the wave-induced circulation to the wave setup. To understand the underlying mechanisms of this contribution, an analysis of the 3D crossshore momentum balance is conducted. The complex topography (i.e. subtidal rocky shoals and alongshore non-uniformity of the bathymetry, see cross-shore transects of Fig. 6.10) of our study site induces locally strong longshore advection that can contribute to the wave setup and which are represented in both the 2DH and 3D simulations. To discard these eects unrelated to 2DH/3D dierences and also the non-stationnarity of the wave, tide and wind forcings, we apply the 3D model to idealised cases with an alongshore uniform bathymetry. Six simulations are performed with three dierent constant slopes of 1:200, 1:50 and 1:20 and two dierent bottom types, a sandy beach and a rock platform (hereafter SB and RP respectively), such that the inuence of both the gradient and nature of the bottom can be analysed. The SB is characterized by a z bot 0 of 0.0001 m in the hydrodynamic model and a k n of 0.05 m in the Madsen's formulation in the wave model while the RP is represented with the parameters of our real case (z bot 0 = 0.02 m and k n = 0.13 m). Wave dissipation by depth-induced breaking is also calculated with [START_REF] Van Der Westhuysen | Modeling of depth-induced wave breaking under nite depth wave growth conditions[END_REF]. The grid resolution ranges from 15 m at the open boundary to 2 m at the shoreline. A JONSWAP spectrum is prescribed at the ocean boundary, characterized by shore-normal incident waves of signicant wave height of 3 m and peak period of 13 s. Tidal and atmospheric forcings are turned o. Under steady state, the wave setup is balanced by the following depth-integrated terms in the cross-shore momentum equation :

g ∂η ∂x = 1 h η -d -û ∂ û ∂x - v ∂ û ∂y - ŵ ∂ û ∂z + ∂ ∂z ν ∂ û ∂z + F w,x dz (6.1)
where η is the mean free surface elevation and F w,x is the cross-shore component of the wave forces (see Eq. 3.41). Following the methodology of [START_REF] Guérin | Impacts of wave-induced circulation in the surf zone on wave setup[END_REF], the analysis is carried out by computing the contribution of each right-hand side (hereafter RHS) term of Eq. 6.1 to the wave setup along a cross-shore prole from a water depth of 35 m to the shoreline (Fig. 6.12). On this gure, η û, η ŵ, η ν correspond to the contribution of the terms associated with the wave-induced circulation, which are the horizontal (crossshore) advection, the vertical advection and the vertical viscosity terms respectively. η wf is the contribution of the wave forces term. One should note that the contribution of the alongshore advection term (η v) is nil as waves are shore-normal. In Figure 6.12, the sum of the contribution of the RHS terms of Eq. 6.1, η û+ ŵ+ν+wf , compares well with the wave setup obtained from the model, η model , which shows that our momentum balance is accurately closed.

For all the simulations, wave forces are the main contributors to the wave setup, with η wf representing between 74 % and 92 % of the total wave setup η û+ ŵ+ν+wf (Fig. 6.12). On both bottom types, the absolute value of the wave setup due to wave forces increases with the slope while their relative contribution decreases in favour to the terms associated with the wave-induced circulation. Among these terms, the vertical advection term becomes dominant for steeper SB, accounting for 15% of the wave setup for a 1:20 slope (η ŵ, Fig.
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.12-a, -c and -e). Note that [START_REF] Guérin | Impacts of wave-induced circulation in the surf zone on wave setup[END_REF] found a larger contribution of horizontal advection to wave setup, but these authors employed a simpler parameterization for vertical mixing, which results in more sheared currents and hence, a larger horizontal advection compared to the present study. For RP, the vertical viscosity term contributes the most to the wave setup (after wave forces), with larger importance as the slope steepens, reaching up to 16 % on the 1:20 slope (η ν , Fig. 6.12-b, -d and -f ). Regarding the dierences between SB and RP, one can note that for a given slope, the contribution of the vertical advection term η ŵ is more important for SB than RP, which is explained by a higher (negative) vertical velocity in the surf zone of SB. In addition, the maximum of the undertow on RP is reached higher in the water column than on SB. As vertical gradients of the cross-shore velocity are negative from the bottom up to this point, the contribution of the depthintegrated vertical advection term to the wave setup is reduced for RP. Conversely, the vertical viscosity term appears to be more relevant on RP than on SB for a given slope.

The increased bottom roughness z bot 0 modies the vertical prole of the eddy viscosity and the vertical gradient of the cross-shore velocity in the lower part of the water column, which yields a greater contribution of the vertical viscosity term (η ν ).

Overall, the wave-induced circulation increasingly contributes to the wave setup with the slope, accounting for 20 % for 1:20 sloping SB, which is in line with the results of [START_REF] Guérin | Impacts of wave-induced circulation in the surf zone on wave setup[END_REF], and up to 26 % for 1:20 sloping RP. Therefore, this analysis reveals that a higher roughness enhances the contribution of the wave-induced circulation to the wave setup (mainly through the vertical viscosity term). Contrarily, wave dissipation by friction reduces the wave height before depth-induced breaking, resulting in a weaker wave setup due to wave forces for RP than SB of 1:200 slope, with η wf = 15.2 and 13.6 cm respectively (Fig. 6.12-a and -b). As the slope increases, less wave energy is dissipated by friction prior to wave breaking, yielding a comparable contribution of wave forces to wave setup for SB and RP. .12 Contribution of each right-hand side terms of Eq. 6.1 to the wave setup (η û, η ŵ, η ν and η wf ), total contribution of these terms (η û+ ŵ+ν+wf ), compared to the wave setup obtained from the model (η model ), on a sandy beach and on a rock platform for 1:200, 1:50 and 1:20 slopes.

In conclusion to this analysis, the roughness of the shore platform inuences wave setup dynamics through two opposing mechanisms : (1) wave frictional eects prior to breaking reduce the wave setup and (2) the wave-induced circulation increases the wave setup, this process being enhanced by interactions with a rough bottom. These two counteracting eects of platform roughness on the wave setup corroborate the results of [START_REF] Buckley | Wave setup over a fringing reef with large bottom roughness[END_REF] on fringing reefs. Process (1) appears to be dominant on gently-sloping rock platforms, as shown by the smaller wave setup for RP than SB of 1:200 slope (Comparison of η û+ ŵ+ν+wf between Fig. 6.12-a and -b). As the slope steepens, the eect of process ( 1) is reduced and that of process (2) increases, the latter becomes hence predominant over process (1), which leads to a larger wave setup for RP than SB (Comparison of η û+ ŵ+ν+wf between Fig. 6.12-e and -f ). However, depending on the environment, its geometry, roughness magnitude and distribution, the contribution and relative importance of these processes can be dierent, as discussed by [START_REF] Buckley | Wave setup over a fringing reef with large bottom roughness[END_REF] and [START_REF] Rijnsdorp | A Numerical Study of Wave-Driven Mean Flows and Setup Dynamics at a Coral Reef-Lagoon System[END_REF] for reef environments.

Conclusion

This study investigated the role of bed roughness on wave dissipation, mean circulation, and wave setup dynamics on a gently-sloping shore platform. Two eld experiments were conducted under fair weather and storm wave conditions. Data analysis was complemented with numerical simulations conducted with the fully-coupled modelling system SCHISM with the vortex force formalism to represent the eects of short waves on the mean circulation. The results showed rst that a bottom friction formulation that accounts for the bottom roughness of the platform is required to adequately model associated frictional eects. The correct representation of wave bottom friction, together with the adaptive depth-induced breaking formulation of [START_REF] Pezerat | Simulating storm waves in the nearshore area using spectral model: Current issues and a pragmatic solution[END_REF], led to quite accurate wave and wave setup predictions at the coast. Further analysis conducted on the relative contribution of depth-induced breaking to wave bottom friction revealed that wave breaking is dominant in the surf zone, but frictional eects that occur from the subtidal zone account for 50 % and 42 % of the total wave energy dissipation in fair weather and storm wave conditions respectively. As an important eect, wave bottom friction decreases wave height before breaking, which in turn reduces the wave setup (mechanism 1). Conversely, an analysis of the cross-shore momentum balance on idealised rock platforms and sandy beaches revealed that the contribution of the wave-induced depth-varying circulation to the wave setup is enhanced over rough bottoms (mechanism 2), explaining up to 26 % of the wave setup at the shoreline of 1:20 sloping shore platforms (mechanism 2). While mechanism 1 appears dominant over mechanism 2 on gently-sloping shore platforms, a steeper slope would induce less wave frictional dissipation before breaking and a larger contribution of the depth-varying circulation to the wave setup, resulting in an increased wave setup compared to a sandy beach.

This study provides new insights into waves, currents and wave setup dynamics on shore platforms. Although wave transformation processes and the associated circulation were well predicted overall, further research is needed to better understand the contribution of the bottom streaming to the surf zone mean circulation and to verify the vertical distribution of the associated acceleration. This will imply new eld experiments on shore platforms with high-resolution velocity measurements at several positions in the water column. In addition, the processes aecting wave setup dynamics on shore platforms highlighted in this study, in particular the contribution of the wave-induced circulation to the wave setup, will have to be veried on steeper shore platforms.

Chapitre 7

Wave dissipation and mean circulation on a salt marsh

Introduction

The combined eects of climate change and increasing anthropic pressure on the coasts stress the urgent need for adapting current coastal protection strategies. While the cost and environmental impact of hard engineering solutions is expected to become locally unsustainable (Bulleri and Chapman, 2010; [START_REF] Hinkel | Coastal ood damage and adaptation costs under 21st century sea-level rise[END_REF], nature-based solutions are progressively identied as alternative or complementary solutions to address disaster risk reduction [START_REF] Morris | From grey to green: Ecacy of eco-engineering solutions for nature-based coastal defence[END_REF]. In particular, vegetation developing in coastal zones have received a growing attention owing to their natural ability in mitigating coastal hazards [START_REF] Duarte | The role of coastal plant communities for climate change mitigation and adaptation[END_REF][START_REF] Leonardi | Dynamic interactions between coastal storms and salt marshes: A review[END_REF]. Aquatic vegetation in the coastal zone such as salt marshes, seagrass, kelp or mangroves, can eciently dissipate wave energy (e.g., [START_REF] Knutson | Wave damping in Spartina alterniora marshes[END_REF][START_REF] Fonseca | A preliminary evaluation of wave attenuation by four species of seagrass[END_REF][START_REF] Quartel | Wave attenuation in coastal mangroves in the Red River Delta, Vietnam[END_REF][START_REF] Dubi | Wave Damping by Kelp Vegetation[END_REF][START_REF] Möller | Wave Transformation Over Salt Marshes: A Field and Numerical Modelling Study from North Norfolk, England[END_REF], and reduce wind-induced storm surges (e.g., [START_REF] Loder | Sensitivity of hurricane surge to morphological parameters of coastal wetlands[END_REF][START_REF] Wamsley | The potential of wetlands in reducing storm surge[END_REF][START_REF] Sheng | The reduction of storm surge by vegetation canopies: Three-dimensional simulations[END_REF][START_REF] Temmerman | Coastal marsh die-o and reduced attenuation of coastal oods: A model analysis[END_REF] and mean ow velocities (e.g., [START_REF] Shi | Flow Structure in and above the Various Heights of a Saltmarsh Canopy: A Laboratory Flume Study[END_REF][START_REF] Nepf | Drag, turbulence, and diusion in ow through emergent vegetation[END_REF]. The latter process promotes sedimentation and retention of suspended sediments, thereby limiting coastal erosion [START_REF] Gacia | Sediment Retention by a Mediterranean Posidonia oceanica Meadow: The Balance between Deposition and Resuspension[END_REF][START_REF] Madsen | The interaction between water movement, sediment dynamics and submersed macrophytes[END_REF][START_REF] Hir | Sediment erodability in sediment transport modelling: Can we account for biota eects?[END_REF] [START_REF] Van Der Wal | Spatial patterns, rates and mechanisms of saltmarsh cycles (Westerschelde, The Netherlands)[END_REF] and providing adaptation to sea level rise [START_REF] French | Numerical simulation of vertical marsh growth and adjustment to accelerated sea-level rise, North Norfolk, U.K[END_REF][START_REF] Duarte | The role of coastal plant communities for climate change mitigation and adaptation[END_REF]. In addition to their mitigation capacities, these ecosystems provide cobenets, including water quality improvements, shery habitat and carbon sequestration and storage [START_REF] Barbier | The value of estuarine and coastal ecosystem services[END_REF].

The attenuation of waves by aquatic vegetation has been investigated through several eld and laboratory experiments, with a particularly active research on salt marshes. In these ecosystems, signicant attention has been paid to the Spartina plant community, which is widely developed in the upper part of the intertidal zones along the Atlantic coast of the USA and Western Europe [START_REF] Jackson | Macro-invertebrate populations and production on a salt-marsh in east England dominated by Spartina anglica[END_REF]. Hydrodynamic conditions such as water depth, wave height and period along with wave-current interactions have been demonstrated to have a determinant role on the capacity of the intertidal vegetation in dissipating wave energy. In addition, energy dissipation rate has been observed to vary with plant characteristics such as density, stiness, height and spatial conguration, which are in turn often controlled by seasonal cycles [START_REF] Möller | Wave dissipation over macro-tidal saltmarshes: Eects of marsh edge typology and vegetation change[END_REF][START_REF] Lambert | Modélisation de la dissipation de l'énergie des vagues par la végétation de marais littoral[END_REF] [START_REF] Paul | Spatial and seasonal variation in wave attenuation over Zostera noltii[END_REF] and local hydrodynamics [START_REF] Mork | The eect of kelp in wave damping[END_REF][START_REF] Koehl | How Do Benthic Organisms Withstand Moving Water?[END_REF]. While a few of the experiments conducted on wave-vegetation interactions have been conducted in the eld (e.g., [START_REF] Möller | Wave Transformation Over Salt Marshes: A Field and Numerical Modelling Study from North Norfolk, England[END_REF][START_REF] Yang | Wave Attenuation at a Salt Marsh Margin: A Case Study of an Exposed Coast on the Yangtze Estuary[END_REF][START_REF] Jadhav | Spectral distribution of wave energy dissipation by salt marsh vegetation[END_REF][START_REF] Garzon | Wave Attenuation by Spartina Saltmarshes in the Chesapeake Bay Under Storm Surge Conditions[END_REF], the majority are based on laboratory measurements with vegetation mimics (e.g., [START_REF] Dubi | Wave Damping by Kelp Vegetation[END_REF][START_REF] Løvås | Eect of the kelp laminaria hyperborea upon sand dune erosion and water particle velocities[END_REF][START_REF] Augustin | Laboratory and numerical studies of wave damping by emergent and near-emergent wetland vegetation[END_REF][START_REF] Anderson | Wave attenuation by exible, idealized salt marsh vegetation[END_REF] [START_REF] Wu | Eects of wave steepness and relative water depth on wave attenuation by emergent vegetation[END_REF]). Yet, one can question up to which extent the conclusions based on these lab experiments are valid in realistic physical conditions. A rst limitation resides in the use of vegetation mimics, which cannot realistically reproduce the plant morphology and its mechanical behaviour (Lara et al., 2016;[START_REF] Mastenbroek | Large-scale 3-d experiments of wave and current interaction with real vegetation. part 2: Experimental analysis[END_REF]. In addition, many studies have been performed in either current conditions (e.g., [START_REF] Bouma | Organism traits determine the strength of scale-dependent biogeomorphic feedbacks: A ume study on three intertidal plant species[END_REF] or waves (e.g., [START_REF] Möller | Wave attenuation over coastal salt marshes under storm surge conditions[END_REF], while aquatic vegetation such as salt marshes are exposed to their concomitant actions. In an attempt to address these shortcomings, some laboratory studies used real vegetation such as [START_REF] Möller | Wave attenuation over coastal salt marshes under storm surge conditions[END_REF] or [START_REF] Mastenbroek | Large-scale 3-d experiments of wave and current interaction with real vegetation. part 2: Experimental analysis[END_REF]. The latter authors grew Spartina anglica and Puccinellia maritima and examined wave-current-vegetation interactions in an large scale experimental basin. Among their ndings, the authors reported that higher vegetation stiness, density and biomass increase dissipation rates. While such hybrid approaches (i.e. true vegetation in the lab) substantially contributed to advance the understanding of vegetation-hydrodynamic interactions, they were conducted under small waves and do not reproduce the spatial variability in plant characteristics of a real salt marsh [START_REF] Garzon | Wave Attenuation by Spartina Saltmarshes in the Chesapeake Bay Under Storm Surge Conditions[END_REF]. Nevertheless, eld and particularly laboratory measurements have been used to support the development of numerical models necessary to further represent the dynamics between waves and vegetation.

While several studies successfully represented wave energy damping by vegetation in terms of an equivalent bottom roughness (e.g., [START_REF] Bradley | Relative velocity of seagrass blades: Implications for wave attenuation in low-energy environments[END_REF][START_REF] Paul | Spatial and seasonal variation in wave attenuation over Zostera noltii[END_REF], early pioneering studies have developed analytical models with a more physically-based approach to predict wave dissipation across a submerged vegetation eld [START_REF] Dalrymple | Wave Diraction Due to Areas of Energy Dissipation[END_REF][START_REF] Dubi | Wave Energy Dissipation in Kelp Vegetation[END_REF][START_REF] Kobayashi | Wave attenuation by vegetation[END_REF][START_REF] Mendez | Hydrodynamics induced by wind waves in a vegetation eld[END_REF]. The widely-used formulation of [START_REF] Dalrymple | Wave Diraction Due to Areas of Energy Dissipation[END_REF] is based on the determination of the wave energy losses owing to the work done by the drag force on a eld of rigid cylinders, assuming linear wave theory and monochromatic waves propagating over a at bottom. [START_REF] Mendez | An empirical model to estimate the propagation of random breaking and nonbreaking waves over vegetation elds[END_REF] extended the approach of [START_REF] Dalrymple | Wave Diraction Due to Areas of Energy Dissipation[END_REF] to account for irregular breaking and non-breaking waves and bottom slope variations. Based on the calibration and validation of their model on the ume experiments of [START_REF] Dubi | Wave Energy Dissipation in Kelp Vegetation[END_REF] for nonbreaking waves and by [START_REF] Løvås | Eect of the kelp laminaria hyperborea upon sand dune erosion and water particle velocities[END_REF] for breaking waves, they found that the bulk drag coecient Cdv is inversely related to the local KeuleganCarpenter number for a specic type of plant (Eq. 3.29). The parameterisation of [START_REF] Mendez | An empirical model to estimate the propagation of random breaking and nonbreaking waves over vegetation elds[END_REF] has been implemented in phase-averaged models such as Xbeach surf-beat (van [START_REF] Van Rooijen | Modeling the eect of wave-vegetation interaction on wave setup[END_REF], TOMAWAC [START_REF] Bacchi | Surface gravity wave eects on the upper ocean boundary layer: Modication of a one-dimensional vertical mixing model[END_REF], CMS-Wave [START_REF] Wu | A 3-D phase-averaged model for shallow-water ow with waves in vegetated water[END_REF] and SWAN [START_REF] Suzuki | Wave dissipation by vegetation with layer schematization in SWAN[END_REF], the latter including a vertical layer schematization of the vegetation. However, only a few studies have analysed the eect of the vegetation on a combined wave-current elds through fully-coupled wave-current modelling systems [START_REF] Wu | A 3-D phase-averaged model for shallow-water ow with waves in vegetated water[END_REF][START_REF] Beudin | Development of a coupled wave-ow-vegetation interaction model[END_REF].

Alternatively, several phase-resolving models have been developed or extended to account for the eects of the vegetation, such as the model of [START_REF] Li | Numerical Investigation of Wave-Current-Vegetation Interaction[END_REF] based on the RANS equations, COULWAVE [START_REF] Augustin | Laboratory and numerical studies of wave damping by emergent and near-emergent wetland vegetation[END_REF], NHWAVE [START_REF] Ma | Numerical study of turbulence and wave damping induced by vegetation canopies[END_REF], XBeach nonhydrostatic (van [START_REF] Van Rooijen | Modeling the eect of wave-vegetation interaction on wave setup[END_REF] or SWASH [START_REF] Suzuki | Non-hydrostatic modeling of drag, inertia and porous eects in wave propagation over dense vegetation elds[END_REF]. Phase-resolving models allow to study in details the wave eld and the velocity structure at the intrawave scale, but are more computationally expensive than phase-averaged models. Most of the existing models, either phase-resolving or phase-averaged models, are based on the assumption of a rigid vegetation. Yet, the plant exibility implies a more complex wave attenuation process, which led to the development of methods and models that accounts for it (Abdelrhman , 2007; [START_REF] Mullarney | Wave-forced motion of submerged singlestem vegetation[END_REF][START_REF] Yin | Numerical investigation of wave attenuation by coupled exible vegetation dynamic model and XBeach wave model[END_REF]. Some studies have shown that a exible vegetation can reduce its potential to dampen waves compared to a more rigid canopy [START_REF] Rie | Wave dissipation by exible vegetation[END_REF][START_REF] Paul | Plant stiness and biomass as drivers for drag forces under extreme wave loading: A ume study on mimics[END_REF][START_REF] Van Veelen | Experimental study on vegetation exibility as control parameter for wave damping and velocity structure[END_REF]. For instance, [START_REF] Van Veelen | Experimental study on vegetation exibility as control parameter for wave damping and velocity structure[END_REF] found that wave dissipation by exible vegetation is up to 70% less than by rigid vegetation.

While the direct eect of the vegetation on waves is now well recognized, additional complex wave-vegetation interactions changing the dynamics of the wave setup have been more recently identied. [START_REF] Dean | Static wave setup with emphasis on damping eects by vegetation and bottom friction[END_REF] showed theoretically that the wave setup can be reduced in case of emergent vegetation and/or non-linear waves propagating in a vegetation eld. This process and other mechanisms through which the vegetation can aect the wave setup, are described in details by [START_REF] Van Rooijen | Modeling the eect of wave-vegetation interaction on wave setup[END_REF] :

1. In the coastal zone, the vegetation dissipates wave energy from relative deep water, which tends to decrease wave heights before breaking compared to a case without vegetation. Hence, similarly to wave bottom friction studied in the previous chapter, this decreases the contribution of wave forces to the wave setup, which is in turn reduced.

2. The presence of an undertow induces a net mean drag force acting on the plants, which causes an onshore-directed reaction acting on the water column. Similarly to the bottom stress generating by the interactions of the undertow with a rough bottom studied in the previous chapter, the mean drag force is expected to increase the wave setup.

3. The drag force exerted by waves on the plants causes a resulting vegetation force acting on the water column which reads (neglecting plant swaying and inertial forces) [START_REF] Morison | The Force Exerted by Surface Waves on Piles[END_REF][START_REF] Dalrymple | Wave Diraction Due to Areas of Energy Dissipation[END_REF] :

F D = 1 2 ρC dv b v N v |u|u (7.1)
where C dv is the drag coecient, b v is the plant diameter, N v is the vegetation density and u is the horizontal velocity in the vegetation region due to wave motion.

Considering linear wave theory and fully submerged vegetation, Eq. 7.1 integrated over a wave period leads to a zero net force on the water column. However, in case of emergent vegetation, this net force is not nil since the height of the plant interacting with the water column varies over a wave cycle [START_REF] Dean | Static wave setup with emphasis on damping eects by vegetation and bottom friction[END_REF][START_REF] Van Rooijen | Modeling the eect of wave-vegetation interaction on wave setup[END_REF]. This force is directed in the opposite direction of wave propagation and hence, tends to decrease the wave setup. The propagation of non linear, skewed waves in a vegetation eld (even entirely submerged) leads to a similar eect on the wave setup. Indeed, in case of skewed waves, the orbital velocity under the wave crest is larger than under the wave trough, which results in an asymmetric prole of the vegetation drag force over a wave cycle (Eq. 7.1). Hence, the integration of the drag force over a wave period results in a non-zero net force that acts opposite to the wave direction and decreases the wave setup [START_REF] Dean | Static wave setup with emphasis on damping eects by vegetation and bottom friction[END_REF][START_REF] Van Rooijen | Modeling the eect of wave-vegetation interaction on wave setup[END_REF].

It should be noted that the relative contribution of these processes and their eects on the wave setup depend on the local environment, i.e. the topographic features such as the bottom slope and elevation, vegetation characteristics such as height and location, and incident conditions (water depth, wave height, bandwidth and period).

In their study, van Rooijen et al. ( 2016) compared numerical simulations conducted with XBeach surf-beat (that solves the wave action on the scale of wave groups) and XBeach nonhydrostatic (phase-resolving) with observations originating from experiments conducted in wave umes. While the eects on non-linear wave shape and emergent vegetation are directly accounted for in the phase-resolving model, they are accounted for with a wave shape model in surf beat mode. The authors found that the wave setup is overpredicted in surf beat mode when the wave shape model is not included, while the prediction is improved once accounted for. In line with [START_REF] Dean | Static wave setup with emphasis on damping eects by vegetation and bottom friction[END_REF], this result showed that non-linear waves propagating in a vegetation eld and/or emergent vegetation can decrease the mean water level through a reduction of the wave setup and can even cause a set-down.

These important ndings have yet to be conrmed in naturally-vegetated bottoms, where measurements of the eect of the vegetation on the wave setup are currently lacking.

Overall, laboratory studies provide quantiable insights to the underlying mechanisms of wave energy dissipation by vegetation and more recently to wave setup dynamics, but the applicability of their outcomes in eld conditions should be veried. In parallel, considerable eorts have been devoted to develop numerical models in order to reproduce and understand the eect of the vegetation on waves and currents. However, these models are rarely applied to eld conditions, in particular phase-averaged models, while the latter are used for storm surge modelling in coastal areas and operational purposes. This study investigates wave dissipation by vegetation and wave setup dynamics on a cross-shore transect in the salt marsh of Moëze-Brouage (France) in moderate-energy wave conditions. This salt marsh comprises several plant species including Halimione portulacoides, which eect on waves has been rarely studied. Field data measurements collected in 2016 before this PhD thesis are analysed and used to test the ability of the modelling system SCHISM to reproduce wave transformation and wave setup dynamics in the vegetation eld. The study area and the eld campaign are rst detailed in sections 7.2 and 7.3 respectively, followed by the description of the model implementation in section 7.4. The results are then presented in section 7.5, and discussed in section 7.6. This last section also exposes future perspectives considered in this research work.

Study area

The study area is the salt marsh of Brouage, located in the central part of the French Atlantic Coast in the Bay of Marennes-Oléron (Fig. 7.1). According to Dodet et al. (2019), the tidal regime is semi-diurnal and macrotidal in the region, with a tidal range varying from 1.10 to 6.60 m. The salt marsh develops in the supratidal zone of the mudat of Brouage, which is 4 km-wide for a total surface area of 42 km 2 , with a mean slope of ∼ 1:800 and tidal currents that reach ∼ 0.3 and 0.5 m.s -1 during neap and spring tides respectively (Le [START_REF] Hir | Characterization of intertidal at hydrodynamics[END_REF]. Although the mudat is protected from the action of Atlantic swell by the Oléron Island (Fig. 7.1) [START_REF] Bassoullet | Sediment transport over an intertidal mudat: eld investigations and estimation of uxes within the Baie de Marenngres-Oleron (France)[END_REF], northwest winds can develop a fetch of several tens of kilometres which generates wind sea of signicant wave height H m0 reaching up to 1 m (Le [START_REF] Hir | Characterization of intertidal at hydrodynamics[END_REF]. The salt marsh is composed of several plant species organized in successive oors, which are from the lower to the upper part of the salt marsh : Spartina maritima, Puccinellia maritima, Halimione portulacoides and Suaeda maritima (Fig. 7.2). Bottom pressure measurements are analysed following the procedure described in section 4.2.3.5. The reconstruction method of the free surface the most adapted for this application is the TFM. Indeed, preliminary data analysis indicates dispersive conditions, which does not allow to apply the non-linear weakly-dispersive method of [START_REF] Bonneton | A nonlinear weakly dispersive method for recovering the elevation of irrotational surface waves from pressure measurements[END_REF].

Accounting for non-linear eects, which can eectively occur under strong wind seas [START_REF] Mitsuyasu | On the dispersion relation of random gravity waves. Part 2. An experiment[END_REF], could be considered through the non-linear fully-dispersive method of Martins et al. (2021b). However, the application of this method requires the knowledge of the dominant wavenumber spectra of the wave eld, which is not the case here. At this time, the approach used by the authors to approximate the dominant wavenumber spectra when the latter are not available is based on Boussinesq theory [START_REF] Herbers | Spectral Energy Balance of Breaking Waves within the Surf Zone[END_REF], whose assumptions are not respected here (see the end of section 4.2.3.6). This explains why we retained the TFM in this application. A visual inspection of the spectra calculated with the TFM showed that it blows up above 0.5 Hz, this frequency is thus dened as the cut-o. The cut-o frequency between infragravity and short waves is set to 0.04 Hz.

An issue that we particularly faced here is the instrument noise. As it will be shown later, energy levels on the second half part of the transect were very low. In high frequencies, they can be hardly distinguished with the noise oor, which was important with the NKE sensors used for this eld experiment (Fig. 4.7). The uncertainties on the high-frequency part of the spectrum related to the use of the TFM and instrument noise are discussed in the perspectives of this study.

The PTs and the ADV were split into consecutive bursts of 15 min while bursts of 8 min 30 are considered for the ADCP. Hydrostatic surface elevation spectra were computed by averaging estimates from 13 Hanning-windowed segments overlapping by 50%. The TFM is then applied to account for non-hydrostatic eects. Note that the currents reached a maximum of 0.17 m.s -1 at the ADCP and were mostly longshore during the eld cam- paign. Accounting for them in the linear dispersion relation resulted in minor dierence in the wavenumber k (<6%) compared to the case where they are neglected. We thus do not consider currents in the dispersion relation since they were not measured at all sensors locations. The reconstructed sea surface elevation energy density spectra are used to compute the signicant wave height H m0 and mean wave period T m02 . From PT 3 to PT 6, waves were less than 0.01 m during the whole eld campaign. Since the resolution of the pressure sensors used during the eld campaign did not allow to measure such small waves, the data from PT 3 to PT 6 are considered with low condence but are still retained to show that waves were almost fully dissipated at these PTs.

spectral wave model also forced with wind elds from CFSR.

7.5 Results 

Wave transformation along the cross-shore transect

In order to analyse the eect of the vegetation on wave transformation along the transect, the model is run with (VEG), and without (NOVEG) wave dissipation by vegetation.

Figure 7.6 shows the comparison between the observed wave height along the transect and the results from the simulations VEG and NOVEG at high tide on March 09 afternoon (the selected time step is slightly before high tide, which corresponds to the last burst recorded at PT 1). As it can be clearly seen, wave heights along the transect are well predicted when wave dissipation by vegetation is accounted for in the model with a RMSE of 0.045 m and a bias lower than 0.015 m. In contrast, when the vegetation source term is turned o, the predictions strongly deteriorate with a RMSE about 4 times higher and a bias of 0.14 m.

The contribution of wave dissipation by vegetation is examined by integrating the associated rate of wave energy dissipation along the cross-shore prole for this water depth conditions. This analysis reveals that vegetation eects represent 65% of the total wave energy dissipation from the ADV to the upper salt marsh edge. Note that the depth-induced breaking explains the remaining 35% of the dissipation, bottom friction and whitecapping contributions being almost nil. At the ADCP, both simulations underestimate the measured spectrum from 0.1 to 0.5 Hz while the NOVEG gives slightly better results, in line with the bulk analysis (Fig. 7.9-b).

Closer to shore however, the observed energy spectra are poorly predicted with the NOVEG simulation, with an increasing positive bias as waves propagate into the vegetation eld (Fig. 7.9-c to d). While the VEG simulation globally better represents the evolution of the measured spectra, discrepancies can be noted among frequencies. At the ADCP, the VEG simulation underestimates the energy, particularly in the high frequency part of the spectrum between 0.4 and 0.5 Hz, which is also observed at PT 1 and PT 2. In contrast, the model overestimates the energy levels at the peak frequency (between ∼0.2 and 0.3 Hz), by a factor of 5 at PT 2 and then over 2 orders of magnitude at the following sensors. In the model, wave dissipation by vegetation is computed according to the formulation of [START_REF] Mendez | An empirical model to estimate the propagation of random breaking and nonbreaking waves over vegetation elds[END_REF], in which the action density is multiplied by a constant factor across all frequencies, this factor depending on the mean wavenumber and mean frequency. This could explain the limited skills of the model in representing the dierent dissipation rates among frequencies. 

Water level predictions along the cross-shore transect

In this section, we examine the eect of the vegetation on the wave setup development in the nearshore. Similarly to the previous analysis, results from the VEG and NOVEG simulations are compared. However, they cannot be validated against wave setup observations. Indeed, variations in mean water levels on the transect were very small during the experiment (<0.05 m), such that they were close to the experimental uncertainty range (pressure sensors measurements and vertical referencing of the PTs). It was thus preferred to discard these observations. Alternatively, we use these numerical simulations (VEG and NOVEG) to examine the dierent eects that can have the vegetation on the wave setup.

At this time, we focussed on the eect of wave dissipation on the wave setup, since wave assymetry and emergent vegetation eects being not yet accounted for in the model.

In the VEG simulation, the wave setup increases more rapidly than in the NOVEG simulation at x = 30 m, that is the beginning of the vegetation. However, at x = 80 m, the opposite occurs, and the wave setup becomes more important in the NOVEG simulation than in the VEG run at x = 120 m, resulting in a 30% higher wave setup in the NOVEG simulation. These dierences are explained by the fact that waves start to be dissipated in deeper water in the VEG simulation, which causes the radiation stress gradients to be higher in deeper water and reduced in shallow water. As in the momentum equations, the radiation stress gradient term is inversely proportional to the water depth, the maximum wave setup along the shoreline is reduced. A similar eect has been observed on the rock platform, where the bottom friction reduces the wave height before breaking, which tends to reduce the wave setup.

The dierence observed in the wave setup between the VEG and NOVEG simulations shows a relatively marginal eect of the vegetation on the wave setup. However, wave energy conditions were moderate during this eld experiment. As the wave setup directly scaled with the incident wave energy, it is expected that the eect of vegetation could be more important in storm wave conditions. The comparison of the simulations with and without wave dissipation by vegetation clearly demonstrates that the wave dissipation cannot be solely attributed to depth-induced breaking. Indeed, vegetation damping eects represent 65% of the total wave energy dissipation along the transect at the studied high tide.

From the bulk parameters analysis, the model accounting for the vegetation shows quite good skills in predicting wave transformation along the transect. It can be noted however that the wave height at the ADCP is always underpredicted with underestimations up to 40% (Fig. 7.6 and Fig. 7.7-a). In the present model, the vegetation on the salt marsh has been represented by the two main plant species, with a spatially constant density for each along the transect. Yet, the density of Spartina maritima seems to be lower at the transition between the mud at and the salt marsh (Fig. 7.2-c), that is few meters before the ADCP, which might explain the model negative bias at this sensor. Another simplication has been made by considering only the two main species that inhabit the salt marsh while there are several other plants. In a next stage of this research, it would be relevant to better account for the dierent plant species and their respective spatial variation.

If vegetation characteristics are available, the (bulk) drag coecient Cdv is the only remai- ning parameter that needs to be calibrated in the wave dissipation by vegetation model of [START_REF] Mendez | An empirical model to estimate the propagation of random breaking and nonbreaking waves over vegetation elds[END_REF]. While Cdv is set to a constant value in the original formulation of [START_REF] Dalrymple | Wave Diraction Due to Areas of Energy Dissipation[END_REF], several authors developed dierent formulations to estimate realistic Cdv values. In that sense, processes that are neglected in the original formulation of [START_REF] Dalrymple | Wave Diraction Due to Areas of Energy Dissipation[END_REF] can be accounted for based on a physical approach. For instance, Cdv has been related to the local Keulegan-Carpenter number (K) (e.g., [START_REF] Mendez | An empirical model to estimate the propagation of random breaking and nonbreaking waves over vegetation elds[END_REF] or Reynolds number (e.g., [START_REF] Augustin | Laboratory and numerical studies of wave damping by emergent and near-emergent wetland vegetation[END_REF]Lara et al., 2016) which allows to consider the variations of Cdv with hydrodynamic conditions. In our study, Cdv was estimated using the K number following [START_REF] Mendez | An empirical model to estimate the propagation of random breaking and nonbreaking waves over vegetation elds[END_REF]. For now, the mean value obtained from this relation was dened in the model. Nevertheless, the use of a variable drag coecient based on the local K number computed in the model at each time step should be further tested. Also, approaches that account for the exibility and the buoyancy of the vegetation (not represented in the rigid cylinders concept used by [START_REF] Dalrymple | Wave Diraction Due to Areas of Energy Dissipation[END_REF]) could be considered (e.g., [START_REF] Luhar | Wave-induced dynamics of exible blades[END_REF].

Previous studies have reported contrasting dissipation rates of wave energy among the spectral components (e.g., [START_REF] Bradley | Relative velocity of seagrass blades: Implications for wave attenuation in low-energy environments[END_REF][START_REF] Jadhav | Spectral distribution of wave energy dissipation by salt marsh vegetation[END_REF][START_REF] Lowe | Spectral wave ow attenuation within submerged canopies: Implications for wave energy dissipation[END_REF][START_REF] Anderson | Wave attenuation by exible, idealized salt marsh vegetation[END_REF], with a more ecient dissipation for the high frequency part of the spectrum. For instance, [START_REF] Bradley | Relative velocity of seagrass blades: Implications for wave attenuation in low-energy environments[END_REF] reported that wave energy was preferentially dissipated in the range of 0.75-1 Hz. Through cospectral analysis between oscillatory and seagrass blade velocities, they suggested that these quantities were in phase at the lower secondary frequency, while moving out of phase at the higher peak frequency which promotes wave attenuation. In contrast, [START_REF] Nowacki | Spectral wave dissipation by submerged aquatic vegetation in a back-barrier estuary[END_REF] observed a greater attenuation in lower frequencies. They suggested that this can be in part due to other wave processes including nonlinear wave-wave interactions, frequency-dependent frictional dissipation and wave generation by wind, which can overcome possible frequencydependent rates of dissipation by vegetation. In our study, the evolution of the measured energy density spectra also suggests a frequency-dependent dissipation with a maximum dissipation at the spectral peak. By the end of the transect, wave energy in the gravity band is almost fully dissipated while wave energy in the infragravity band penetrates the vegetation eld more easily and becomes dominant. Similarly, [START_REF] Phan | Coastal Mangrove Squeeze in the Mekong Delta[END_REF] showed through numerical experiments that infragravity waves become dominant over short waves after a certain distance of propagation into mangrove trees. In that sense, the vegetation can act as a low-pass lter. In regards to our modelled results, they show that the model does not correctly reproduce the dierent dissipation rates among frequencies, which can be likely explained by the use of mean wavenumber and frequency in the parameterization of wave dissipation by vegetation in the model. The frequency-dependent dissipation suggested by the observations cannot be reproduced in the absence of frequency-dependent quantities in the parameterization. [START_REF] Nowacki | Spectral wave dissipation by submerged aquatic vegetation in a back-barrier estuary[END_REF] reported a similar limitation in their spectral analysis. Further research is hence required on the way dissipation by vegetation is represented in the spectral model, particularly on the need for a frequency-dependent formulation.

In this study, we focus on the eect of the vegetation on waves and wave setup dynamics but did not considered its concomitant action on mean and turbulent ows. In SCHISM, [START_REF] Zhang | Simulating vegetation eects on ows in 3D using an unstructured grid model: model development and validation[END_REF] developed a ow-vegetation module to represent the 3D eects of the vegetation on surrounding ows, the vegetation term being treated implicitly to enable numerical eciency and stability, even if strong shear develops around the vegetation.

Conducting 3D simulations representing wave-current-vegetation interactions could be used to model and investigate the nonlinear interdependancy between mean ow and waves in a vegetation eld [START_REF] Beudin | Development of a coupled wave-ow-vegetation interaction model[END_REF].

Future eld campaign

The eld campaign presented in this work was the rst eld campaign conducted by our team on the salt marsh of Brouage. While rather convincing results on the role of the vegetation on the nearshore hydrodynamics have been obtained, we identied several limitations to the experimental protocol used during this campaign and propose potential improvements to further assess the eect of the vegetation. First, it appears that Halimione portulacoides has a stronger capacity in dissipating wave energy than Spartina maritima, due in part, to a higher relative vegetation height to water depth ratio. However, waves entering Halimione portulacoides area were already strongly attenuated (<0.20 m). Hence, the capacity of Halimione portulacoides to dissipate larger waves cannot be evaluated in the scope of this campaign, while the incident wave height has been shown to inuence wave damping rates (e.g., [START_REF] Mastenbroek | Large-scale 3-d experiments of wave and current interaction with real vegetation. part 2: Experimental analysis[END_REF][START_REF] Garzon | Wave Attenuation by Spartina Saltmarshes in the Chesapeake Bay Under Storm Surge Conditions[END_REF]. Storm conditions are thus required with higher water levels on the salt marsh to observe larger waves on Halimione portulacoides area. In addition, more pressure sensors should be deployed at the transition between Spartina maritima and Halimione portulacoides to eciently identify the eect of Halimione portulacoides. A pressure sensor has to be installed further oshore on the mudat, since the rst sensor in this eld campaign (the ADV) was already located in the surf zone during the most energetic conditions. Storm wave conditions, together with the new disposition of the pressure sensors, would be the opportunity to measure quantiable waves setup/set-down on the salt marsh, and properly investigate the dierent underlying mechanisms.

Waves were very short and dispersive on the salt marsh, and an accurate description of this wave eld requires to correctly resolve the high-frequency part of the spectrum. Resolving this part of the spectrum is limiting with the TFM, since it requires the use of a cuto frequency relatively low due to the limitations of the dispersion relation in predicting wavenumbers in the presence of non-linearities. As mentioned in the section relative to the eld campaign, accounting for these non-linearities is not feasible yet without the knowledge of the wavenumbers in this dispersive wave regime. Hence, it appears dicult to both account for the high-frequency energy levels associated with the wind sea and nonlinear eects in this nearshore application. In addition, the pressure sensors used during this eld campaign were of relatively low resolution and with a high level of noise (Fig. 4.7), which limits the possibility to measure small waves in the vegetation zone. In this context, it appears that bottom pressure sensors are not the most appropriate technique to measure waves and spectral transformation across the vegetation eld. The solution proposed is the use of techniques capable of directly measuring the free surface such as acoustic sensors located above the surface (e.g., [START_REF] Turner | Measurement of wave-by-wave bed-levels in the swash zone[END_REF]. Also, capacitive or resistant type wave gauges could be considered (e.g., [START_REF] Flick | Coastal and Laboratory Wavesta System[END_REF]. The lidar scanner could be another option. Lidar scanners require the presence of air bubbles (as this is usually the case in surf zones) [START_REF] Blenkinsopp | Measurements of the timevarying free-surface prole across the swash zone obtained using an industrial LIDAR[END_REF] or turbid water [START_REF] Blenkinsopp | Application of lidar technology for measurement of time-varying free-surface proles in a laboratory wave ume[END_REF]Martins et al., 2017b) to return a continuous signal. Here, while the presence of air bubbles seems to be limited on the vegetation area, the turbidity of the water is important (see Fig. 7.11), which could allow the collection of reliable data with a lidar scanner. Based on these considerations, a secondary eld campaign should have been conducted during this thesis. However, we faced diculties that prevent us to carry out this campaign.

First, the study of wave transformation on this salt marsh requires to meet very specic hydrodynamic and atmospheric conditions. The experiment has to be conducted during spring tides and/or storm conditions inducing a storm surge, such that the salt marsh, located in the supratidal part of the mudat, should be suciently inundated. At the same time, a wind sea should be generated in the Pertuis Charentais area by northwest winds since the salt marsh is protected from Atlantic swells by the Oléron Island. Vegetated coastal habitats usually develop in fetch-limited low-lying coastal environments characterized by low wave energy conditions as in our case, but can however experience strong wave energy during extreme events [START_REF] Bernatchez | Integrating anthropogenic factors, geomorphological indicators and local knowledge in the analysis of coastal ooding and erosion hazards[END_REF][START_REF] Didier | Coastal Flood Assessment Based on Field Debris Measurements and Wave Runup Empirical Model[END_REF]. Overall, these particular conditions required to develop a wind sea in the study area only occur 2 to 3 times during winter, which makes challenging the execution of this eld campaign. And, last but no least, the sanitary crisis that we faced further limited our possibilities to deploy the instruments. Hence, this eld campaign is scheduled for the winter 2021/2022.

Chapitre 8

Conclusions and perspectives

Synthesis of this research

The main goal of this work was to gain a better understanding of the contributions of short waves to storm surges, with a particular attention paid to the wave setup in contrasting coastal environments. Previous studies reported that the breaking of short waves occurring close to and over the ebb deltas of shallow inlets or large estuaries can induce a wave setup that extends at the scale of the whole lagoon or estuary. Despite these ndings, the possible contribution of the wave setup to the water level in wave-sheltered environments is not clearly recognized in the scientic community. The rst goal of this work was to identify and quantify the contribution of the wave setup to storm surges in two wavesheltered environments during storm conditions, and provide an explanation to this process by analysing the underlying mechanisms.

At a more local scale, the phenomenon of wave setup has been well documented and described in sandy environments but received much less attention in other common coastal environments such as shore platforms and salt marshes with comparatively very few eldbased studies. However, wave setup dynamics can be substantially dierent from that on sandy beaches, namely due to a higher bed roughness on shore platforms or the interactions between waves and vegetation on salt marshes. Better understand these specic dynamics by combining eld measurements and numerical modelling was the second main goal of this PhD thesis.

Through these dierent objectives, this comprehensive work covered a wide range of spatial and temporal scales. The main results of this PhD thesis are recalled below.

• Spatial extension of the wave setup in estuaries and lagoons

The fully-coupled wave-current modelling system SCHISM using a vortex force formalism has been rst used to hindcast the sea state and storm surge associated with the storm Klaus that made landfall in the southern part of the Bay of Biscay in January 2009. This storm produced the most energetic waves ever recorded in this region and the largest storm surges observed over the last 20 years in the Arcachon Lagoon and the Adour Estuary (France). In that sense, Klaus represented a unique opportunity to investigate the contribution of the wave setup to storm surges in wave-sheltered environments. After the verication of the model with wave and water level observations available during the storm, the analyses of the modelled results revealed that the wave setup contributed by up to 40% and 23% to the storm surge peak in the Adour Estuary and the Arcachon Lagoon respectively. Hence, accounting for wave forces in the circulation model improved storm surge predictions by 50 to 60%. In regards to the Arcachon Lagoon, wave forces reached values one order of magnitude larger than the bottom and surface stress terms at the inlet, which explains their major impact on the hydrodynamics there, and particularly, the extension of the wave setup outside the surf zone which signicantly raised the water level at the scale of the whole lagoon. The wave setup is found to be tidally-modulated in the Arcachon Lagoon and the Adour Estuary, although the magnitude of this phenomenon is contrasted between the two study areas and other large estuaries. The tidal modulation of the wave setup is thus site-specic and depends on the morphology of the inlet and the subsequent degree of wave dissipation. Finally, a sensitivity analysis of the wave setup calculation to the grid resolution was conducted.

Along the adjacent open-ocean coasts of the Lagoon, the wave setup prediction is strongly deteriorated when using a 1000 m grid resolution, such that the storm surge predicted with this coarse resolution is 65% lower than the one obtained with a 35 m grid resolution. In the lagoon, the wave setup and storm surge are found to be reasonably predicted with the 1000 m grid resolution, while the tidal propagation cannot be accurately represented with such resolution. This contrasting behaviour between the open-ocean and inner lagoon is directly explained by the cross-shore extension of the surf zone. As a rough guideline, accounting for wave setup in storm surge models should require at least 5 grid elements across the surf zone, whose width is controlled by the bottom slope and the wave height. This study demonstrates that the wave setup can signicantly contribute to the water level in wave-sheltered environments under energetic wave conditions. More generally, these ndings show that accounting for wave breaking in storm surge modelling and forecasting is essential to accurately predict storm surges, provided that the grid resolution is adapted to the surf zone width to correctly resolve the wave setup. We note that, depending on the resolutions needed and the extension of the computational domain, the resolution of the wave setup can still be computationally challenging for operational storm surge forecasting.

• Wave dissipation and mean circulation on a shore platform In this application, the dynamics of the wave setup have been studied at a ner scale on a shore platform, where the bottom roughness eects on hydrodynamics can be much more important than on sandy beaches. Yet, the role of bed roughness on wave dissipation and wave setup dynamics in these environments has been little addressed. In this context, we conducted two eld experiments under fair weather and storm wave conditions on a gentlysloping shore platform located on the western coast of Oléron Island. Data analysis was complemented with 3D numerical simulations conducted with the fully-coupled modelling system SCHISM with the vortex force formalism to represent the eects of short waves on the mean circulation. The accurate representation of wave dissipation by both bottom friction, that should account for the roughness of the platform, and depth-induced breaking, is found essential to reproduce the transformation of short waves across the platform and the resulting wave setup. Wave energy dissipation by bottom friction is dominant in the subtidal part of the platform and contributes to about 40% of the total wave energy dissipation. The enhanced wave bottom friction on the platform decreases the wave height for a given water depth, which, compared to a smooth bottom, decreases the contribution of wave forces to the wave setup, which is in turn reduced. Comparison of 2DH and 3D simulations showed a limited contribution of the wave-induced, depth-varying circulation to the wave setup on the studied shore platform. An idealised analysis of the cross-shore momentum balance revealed that this contribution increases as the slope steepens. In more details, the contribution of the wave-induced circulation to the wave setup occurs mostly through the vertical advection term on a smooth bottom while the contribution of the vertical mixing term becomes dominant for a rougher bottom. Overall, a high roughness enhances the contribution of the wave-induced circulation to the wave setup. The latter process counteracts wave frictional eects on the wave setup and becomes dominant as the bottom slope increases, accounting for up to 26% of the wave setup for a 1:20 sloping shore platform. The identication of these processes provides new insights into the understanding of waves, currents and wave setup dynamics on shore platforms, while raising new perspectives of research.

• Wave dissipation and mean circulation on a salt marsh Vegetated coastal ecosystems such as salt marshes are known to dissipate wave energy and limit storm surges, which explains the growing interest they receive as a nature-based solution for coastal protection. While several experiments have been conducted on wavevegetation interactions, a majority corresponds to laboratory conditions with vegetation mimics, whose ndings can be questioned in real physical conditions. In addition, several processes through which the vegetation can aect wave setup dynamics have been recently identied, which have not yet been veried in the eld. In this context, analysis of eld data collected on the salt marsh of Brouage in 2016 under moderate-energy wave conditions were combined with numerical simulations. The results showed that the vegetation explains 65% of wave dissipation on the salt marsh. The model accounting for the vegetation quite well predicted bulk parameters such as the evolution of the signicant wave height along the transect. However, the model was not adapted to represent the frequency-dependent dissipation observed in the measured energy density spectra. This is likely explained by the use of the mean frequency and mean wavenumber in the parameterization of wave dissipation by vegetation. Unfortunately, the wave setup observations collected during this eld campaign were too close to the experimental uncertainty range, such that they could not be used. However, the numerical results allowed to identify one of the eect of the vegetation on the wave setup. Wave dissipation by vegetation is found to reduce wave height before breaking, which reduces the contribution of the wave forces to the wave setup compared to a case without a vegetation, and in turn decreases it. Other processes such as nonlinear intrawave drag forces can further reduce the wave setup while additional research is needed to quantify these eects.

Perspectives 3D wave-current modelling approach

For a long time, 2DH approaches have been used to model storm surges, including modelling systems where waves and currents are fully coupled to account for the wave setup. The 2DH approach has been shown to well describe the main characteristics of the storm surge and are cheaper in terms of computational time compared to 3D models. However, 3D models allow a more realistic representation of the hydrodynamics, namely the vertical structure of currents. Therefore an important question rises here : in which conditions a 2DH approach would lead to a limited representation of the processes driving the wave setup and hence the storm surge, such that a 3D approach should be rather used ?

In this work, comparisons between 2DH and 3D simulations have been conducted to quantify the potential dierences between both approaches, analyse them and try to give some responses to this complex question. In the regional study conducted in the Arcachon Lagoon and in the Bayonne Estuary, improved storm surge predictions are obtained in 3D before and during the storm peak, which is due to a better representation of the Ekman transport. In the study conducted on the shore platform, the representation of the waveinduced depth-varying circulation results in a modest but signicant improvement of wave setup predictions. These modest dierences were explained by the gently-sloping bottom of the shore platform. Thus, further 3D idealised simulations with varying bottom slopes and roughnesses have been conducted to better understand through which mechanisms the wave-induced depth-varying circulation contributes to the wave setup. This analysis allowed us to identify certain congurations in which the 3D model should be preferred to compute the wave setup, although this choice also depends on the desired level of accuracy.

Our results indicate that the contribution of the wave-induced depth-varying circulation increases as the slope steepens. As an indication, for a 1:20 slope, the wave-induced depthvarying circulation explains already 20% of the wave setup on a sandy beach and 26% on a shore platform, a contribution which cannot be represented with a 2DH approach.

Hence, in environments such as steep rocky shores (e.g., [START_REF] Dodet | Wave Runup Over Steep Rocky Clis[END_REF], where these 3D eects on the wave setup are potentially more important, a 3D modelling approach would be more adapted.

One point should be however noted. The previous ndings were based on idealised cases.

Hence, there is an essential need to verify these conclusions in the eld, in particular on steeper shore platforms, so that the wave-induced circulation would have a larger eect on the wave setup. The eld campaign presented in this work was based on measurements of currents at a single point in the water column. To go one step further into the understanding of the hydrodynamics on shore platforms, measurements of vertical currents proles should be conducted in the future eld campaigns. This would allow to thoroughly analyse the eect of the wave-enhanced vertical mixing on the vertical shear of cross-shore currents, but also better understand the contribution of the bottom streaming to the surf zone mean circulation, in particular, the vertical distribution of the associated acceleration.

Vegetation eects on waves and wave setup : future measurements This is well recognized that aquatic vegetation can dissipate wave energy and reduce windinduced storm surges by slowing their advance, but there is a need to better quantify these eects in naturally vegetated coastal environments in various geomorphological congurations and hydrodynamic conditions of waves, currents and water depths. The eld campaign presented in this work was the rst one that our team conducted on a salt marsh. While eld data analysis complemented with numerical simulations allowed to investigate the eect of the vegetation on waves and showed promising results, several limitations related to the experimental protocol have been raised. First, stronger energetic conditions are needed to study the capacity of Halimione portulaciodes in dissipating wave energy, which is very little documented. More energetic wave conditions can induce larger variations of the mean water level through wave setup/set-down, providing more reliable measurements.

While pressure sensors seem appropriate to measure mean sea level variations, they appeared to be limited to measure the high-frequency part of the wave spectrum in these environments. Indeed, the dispersive regime of the wave eld restrained the choice of the reconstruction method to the TFM. With this method, non-linear eects are not accounted for and uncertainties remain on the high-frequency part of the wave spectrum. To address these shortcomings, we propose the use of techniques capable of directly measuring the free surface elevation such as acoustic sensors deployed above the sea surface, or lidar scanners.

Such a campaign should have been conducted during this PhD thesis, however, its execution requires specic atmospheric and hydrodynamic conditions, which were reached only a limited number of times and our possibilities were further limited by the sanitary crisis that we face.

Overall, these investigations can help to assess the potential of halophytic vegetation as a viable alternative or complementary solutions for coastal protection. For instance, the eect of the vegetation on the wave setup is not yet accounted for in ood risk assessments.

Also, research can contribute to the design of hybrid engineering projects combining hard infrastructures with natural ecosystems [START_REF] Spalding | The role of ecosystems in coastal protection: Adapting to climate change and coastal hazards[END_REF][START_REF] Sutton-Grier | Future of our coasts: The potential for natural and hybrid infrastructure to enhance the resilience of our coastal communities, economies and ecosystems[END_REF].

Vegetated foreshores can attenuate storm wave impacts on hardened ood defence infrastructures, which can in turn reduce their construction and maintenance cost [START_REF] Vuik | Nature-based ood protection: The eciency of vegetated foreshores for reducing wave loads on coastal dikes[END_REF][START_REF] Keimer | Ecohydraulics of Surrogate Salt Marshes for Coastal Protection: WaveVegetation Interaction and Related Hydrodynamics on Vegetated Foreshores at Sea Dikes[END_REF].
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Figure 1 .

 1 Figure 1.1 (a) Coastal ooding during hurricane Katrina in the Gulf of Mexico and (b) in March 2010 at Wissant (France) (credits : (a) NOAA ; (b) www.geodunes.fr).

Figure 1 .

 1 Figure 1.2 (a) Damages caused by (a) the storm Xynthia in the village of La Faute-sur-Mer (France), (b) cyclone Nargis in the Gulf of Bengal and (c) hurricane Katrina in New Orleans (USA) (credits : (a) actu.fr ; (b) www.burmapartnership.org ; (c) www.rts.ch).

  , which can question the validity of their ndings in real physical conditions. Recently, van Rooijen et al. (2016) reported from laboratory observations that the wave setup can be reduced due to wave-vegetation interactions at the intrawave scale. Their ndings have to be conrmed in in-situ conditions, in which the eect of the vegetation on the wave setup has not yet been measured. A better understanding and quantication of the inuence of the vegetation on both wave and wave setup dynamics can contribute to their appropriate use as natured-based ood defences (Duarte et al., 2013).

Figure 1 . 4 Objective 1 :

 141 Figure 1.4 Photos of (a) the shore platform near La Cotinière on Oléron Island and (b) the salt marsh of Brouage (France), on which wave and wave-induced hydrodynamics have been studied in this work (credits : (a) Laura Lavaud ; (b) Antoine Lechevalier).

Figure 2 .

 2 Figure 2.1 (a) Data assimilated wind eld during hurricane Ike (2008) in the Gulf of Mexico, (b) simulated storm surge with Coriolis forcing and (c) simulated storm without Coriolis forcing. Adapted from Kennedy et al. (2011).

Figure 2 . 2

 22 Figure 2.2 Prole of the mean water level and the envelope of the wave height for two experiments conducted by Bowen et al. (1968). Adapted from Dodet et al. (2019b).

Figure 3 . 1

 31 Figure3.1 Schematic description of the modelling system with forcing conditions and exchanged variables described in the following sections. *WW3 referred to the WaveWacth III spectral wave model of[START_REF] Tolman | Eects of Numerics on the Physics in a Third-Generation Wind-Wave Model[END_REF].

3. 1

 1 The spectral wave model WWM-II 3.1.1 Governing equations WWM-II simulates the generation and propagation of wind-generated waves by solving the wave action equation (e.g.,

  while Bakhoday Paskyabi et al. (2012) suggested c ds ∼ 1. Here, the values of 0.15 for c br and 1 for c ds are retained.

  Galerkin nite-element method is then applied to the discretized continuity equation and with the aid of the vertically-integrated form of the discretized momentum equations, an equation for η alone can be obtained and solved at nodes (Fig. 3.2-b). 4. A semi-implicit Galerkin nite-element method is then also applied to the discretized momentum equations, from which the horizontal velocities are solved at each vertical level and side center (Fig. 3.2-b). 5. The vertical velocity is nally solved at each vertical level at the center of each element with a nite-volume method (Fig. 3.2-b).On the vertical dimension, the use of a hybrid S (terrain-following s-coordinates) and shaved Z coordinates allows a more exible representation of the vertical structure of the water column (Fig.3.2-a).

Figure 3

 3 Figure 3.2 (a) Hybrid SZ vertical coordinate system and (b) 3D computational unit in SCHISM where variables are solved. Figure adapted from Zhang and Baptista (2008).
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 111 Wave buoysWave buoys are the most commonly used systems to measure waves in intermediate or deep water depth(Tucker and Pitt, 2001). They vary in diameter and weight depending on the environment in which they are deployed and associated sea-state conditions (deep, coastal or nearshore-ports waters) (Fig.4.1). Floating wave buoys dedicated to provide observations over a long time duration are usually anchored to the bottom with a strong and reliable mooring system. For a long time, wave buoys have been equipped with acce-lerometers recording the vertical acceleration which provides, after double integration in time, a sea surface elevation signal. More recently, the wave direction can be determined through the measurement of the horizontal accelerations or pitch and roll. Processing of the collected data consists in spectral and wave-by-wave analyses over temporal window of 30 to 60 min which allow to compute frequency-directional wave spectra and statistical wave parameters such as the signicant wave height, the mean wave period, the peak wave period and direction. Processed data are automatically transmitted in real time via radio or satellite links, and are made immediately available to users through the internet. Wave buoys data are important for many practical purposes. Navigation, shing or recreation and sporting events benet from accurate forecast and real-time data delivered by wave buoys. Climatological and real-time data are needed in the design and deployment phases of marine structures such as piers or breakwaters. They are required at the development stage of wave models (for model validation) and in storm surge forecasting. Wave buoys

Figure 4 . 1

 41 Figure 4.1 Non-directional Biscay buoy (station 62001) located at 45.230 N 5.000 W in the Bay of Biscay (at 4500 m depth) operated by UK Met Oce and Meteo France (credits : www.ndbc.noaa.gov).

4. 1 .

 1 3 In-situ observations of currents 4.1.3.1 ADCP An Acoustic Doppler Current Proler (ADCP) measures the current prole across the entire water column. In more details, current velocities in the 3 directions of space are measured in a set of cells along 3-5 acoustic beams. The ADCP sends out high-frequency pulses which are reected o particles that are suspended in the water column and advected by currents. The Doppler eect causes a change in the frequency of the reected signal (Doppler shift), which is measured and processed by the ADCP to estimate current velocities. In coastal zones, the instrument is commonly installed near the seaoor, anchored to the bottom or xed on a heavy structure (Fig 4.2-a and Fig 4.3-a). While such deviceshave proved to be robust and reliable for various applications (e.g.,[START_REF] Togneri | Comparison of ADCP observations and 3D model simulations of turbulence at a tidal energy site[END_REF], a particular attention should be paid to data collected from ADCPs deployed in surf zones, where the presence of air bubbles in the wave column can aect or even block the acoustic signal and lead to incoherent patterns of currents.ADCPs can also be used to measure the wave spectrum. During wave burst measurements, the device collects near-bottom pressure data with an internal pressure sensor and horizontal velocities in a specic cell above the sea bottom dened by the user. The wave frequency-directional spectrum can be estimated via the wave orbital ow eld[START_REF] Hench | Observing Directional Properties of Ocean Swell with an Acoustic Doppler Current Proler (ADCP)[END_REF] or a PUV (pressure-velocity) method[START_REF] Gordon | Near-Shore Doppler Current Meter Wave Spectra[END_REF], while the wave frequency spectrum can be computed independently from velocity measurements or near-bottom pressure measurements.

Figure 4 . 2

 42 Figure 4.2 Instruments deployed in the subtidal zone during the eld campaign on the shore platform : (a) 600 kHz ADCP on a weighted tripod structure and (b) pressure sensor housed in a steel tube xed to an anchor.

Figure 4 . 3

 43 Figure 4.3 Instruments deployed in the intertidal zone during the eld campaign on the shore platform : (a) ADCP, (b) ADV and (c) pressure sensors. They are housed in stainless steel tubes screwed to the bedrock to protect them from stone motions (credits : Laura Lavaud).

Figure 4 .

 4 Figure 4.4 (a) Water surface elevation and tidal prediction and (b) storm surge, during the storm Xynthia (2010) at La Pallice tide gauge (La Rochelle, France).

Figure 4 .

 4 Figure 4.5 Sketch detailing the variables used in the procedure for computing the wave setup between dierent pressure sensors. d i is the bathymetry relative to mean sea level (MSL), h i is the mean water depth and η i is the mean free surface elevation with i = 1, 2. η s corresponds to the wave setup at PT 2.

Figure 4 .

 4 Figure 4.6 Physical variables considered in the problem. d is the bathymetry relative to mean sea level at z = 0, η is the mean free surface elevation corresponding to the low-frequency contributions to the free surface variations (tides, storm surges including wave setup) and the blue star indicates the position of the pressure sensor in the water column.
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 47 Figure 4.7 Comparison of the noise oor between a RBR Solo and NKE Sp2T pressure sensors.For the NKE sensor, the noise oor appears from 0.5 Hz and reaches ∼10 -5 m 2 .Hz -1 , while for the RBR sensor, the noise oor appears from 0.6 Hz and is one order of magnitude lower.

Figure 4 . 8

 48 Figure 4.8 Comparison of (a) the mean water depth, (b) signicant wave height H m0 , (c) mean wave period T m02 and (d) continuous peak period T pc computed from the free surface recorded by the AST (f max = 0.2 Hz) and from the free surface reconstructed with the TFM (f max = 0.2 Hz), from bottom-mounted pressure sensor measurements. (e) Dispersion parameter µ computed at the peak frequency where the black dotted line corresponds to µ = 0.3.

Figure 4 .

 4 Figure 4.9 (a) and (b), comparison of the energy density spectra calculated with the TFM and the SNL, with the spectra obtained from the AST data, for the bursts 585 (H m0 =2.90 m/T pc =19 s/µ=0.17) and 790 (H m0 =2.45 m/T pc =15 s/µ=0.26). The vertical light-blue dashed lines correspond to the cut-o frequency applied to the TFM (f max = 0.2 Hz).

Figure 4 .

 4 Figure 4.10 Fraction of the time-series of the cross-shore current at the ADV. The blue line corresponds to the despiking data at 16 Hz, the red line is the low-pass ltered (despiking) data with a 0.04 Hz cut-o frequency and the orange line is the 20 min-averaged (despiking) data.

Figure 4 .

 4 Figure 4.11 Levelling procedure during the eld campaign on the shore platform (credits : Laura Lavaud).

5. 1 )

 1 , which allows to investigate the inuence of short-wave breaking in areas sheltered from this process.The Arcachon Lagoon (Fig.5.1-B) is a semi-enclosed bay, which extends at high-tide over an area of 160 km 2 . The head of the embayment is occupied by intertidal muddy and sandy ats that account for 75 % of the lagoon, and divided by a large and complex network of secondary channels. The lagoon is connected to the ocean by a 5 km-wide tidal inlet, bounded to the north by the 18 km-long Cap Ferret sand-spit. The inlet is characterised by a well-developed ebb-tidal delta covering 12 km 2 , two deep channels, called North Pass and South Pass, and a poorly-developed ood-tidal delta of 2.3 km 2 (Michel and Howa, 1997).

  . 5.1-C), located approximately 40 km north of the Spanish border, is dened by a narrower channel with a width varying between 150 (inlet mouth) and 500 m over the last 6 km of the river. Two breakwaters protect the entrance of the harbour of Bayonne from longshore currents and swell waves and help stabilizing the navigation channel. The inuence of the breakwaters on the storm surge in the Adour Estuary will be discussed later in this study. The tidal regime of the area is semi-diurnal and mesotidal, with a tidal range varying from 0.78 to 4.32 m and a mean value of 2.53 m(Dodet et al., 2019). Tidal currents are weak in the outer part of the estuary with values lower than 0.20 m.s -1 while in the river mouth, velocities reach values between 1 and 2 m.s -1 during spring tides[START_REF] Brière | Etude de l'hydrodynamique d'une zone côtière anthropisée: l'embouchure de l'Adour et les plages adjacentes d'Anglet[END_REF]. The river ow discharge ranges from 30 to 2000 m 3 .s -1 with an annual mean of about 300 m 3 .s -1[START_REF] Bellafont | Oscillations portuaires forcées par les ondes infra-gravitaires dans un chenal de navigation[END_REF].Dodet et al. (2019a) analysed wave regimes along the metropolitan coasts of France and provided yearly means of wave parameters along the 30 m isobath line. According to their study, yearly-averaged signicant wave height in front of Arcachon and Bayonne is about 1.65 m. Yearly averages of mean wave period and mean wave direction at Arcachon (respectively Bayonne) are about 6.3 s (resp. 7.15 s) and about 290 • (resp. 310 • ). The wave climate is however characterised by important seasonal variations : at Arcachon (resp. Bayonne), the signicant wave height has a winter average of 2.08 m (resp. 2.06 m) and a summer average of 1.24 m (resp. 1.20 m) and the mean period decreases by 2.5 s (resp. 1.5 s) bet-ween winter and summer. Seaward of the Arcachon Lagoon, storm waves can exceed 9 m in water depths of 26 m[START_REF] Butel | Spatial variability of wave conditions on the French Atlantic coast using in-situ data[END_REF].

Figure 5 . 1 (

 51 Figure 5.1 (A) Bathymetric map and extension of the computational domain (red dash-dotted line), the storm track (blue dashed line and crosses) and the wave buoys (blue triangles) used in this study. (B) and (C) Detailed bathymetry of the studied areas with location of the tide gauges (black stars). The black box in (B) corresponds to the adjacent beach where the sensitivity of storm surge and wave setup predictions to the grid resolution is analysed.

  5.1-A, for their location). The Biscay buoy is a non-directional buoy located by 4500 m depth, operated by Météo-France and UK Met Oce. The Cap Ferret and Bilbao buoys are located in more intermediate water depths of the southern part of the Bay of Biscay (depths of 50 m and 600 m respectively) and are operated by CEREMA and Puerto del Estado respectively. The three buoys provide time series of signicant wave height (H s ) while the mean wave period (T m02 ) is available at Cap Ferret and Biscay buoys and the peak wave period (T p ) at Bilbao buoy. Wave bulk parameters are estimated every 60 minutes at Biscay and Bilbao buoys and every 30 minutes at Cap Ferret buoy. Since the atmospheric data used to force the model has a hourly time resolution, the wave predictions cannot represent the sub-hourly variability and the measurements at Cap Ferret buoy are therefore averaged over one hour to yield a consistent comparison with the model predictions. Simulated water levels are validated through a comparison against observations recorded with a 10-min sampling interval during the storm period at the two tide gauges of Arcachon Eyrac and Bayonne Boucau (see Fig. 5.1-B and 5.1-C, for their respective location). A

Figure 5 . 2

 52 Figure 5.2 Modelled (blue solid line) against observed wind speeds and sea level pressure (black dots) at Cap Ferret (A) and Bayonne (B) stations.

Figure 5

 5 Figure 5.3 Observed (black dots) against modelled wave parameters (blue solid line) at Cap Ferret, Biscay and Bilbao buoys during Klaus.
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 5455 Figure 5.4 Observed (black dots) against modelled storm surges with the (3D) baseline model (red solid line) and the (3D) model without wave forces (blue dashed line) at Bayonne (left) and Arcachon (right).

  Figure 5.6 Observed (black dots) against modelled storm surges with the 3D baseline model (red solid line) and the 2DH model (blue dashed line) at Bayonne (left) and Arcachon (right).

(Figure 5 . 7

 57 Figure 5.7 Leading terms of the momentum balance at mid-ebb and mid-ood : wave forces (a-b), barotropic pressure gradient term (c-d), bottom stress term (e-f ) and wind stress term (g-h), at mid-ebb (left) and mid-ood (right). The magnitude and direction of each term are represented by the map colors and the vectors respectively.

Figure 5

 5 Figure 5.8 (A) Constant water elevations prescribed at the open boundary (blue circles). (B) Tidal modulation of the wave setup at Arcachon (green squares) and Bayonne (red circles) during a tidal cycle.

  Figure 5.9 Simulated storm surge in the inner part of the lagoon and at the adjacent beach to the south, with the baseline model resolution, 200 m resolution and 1000 m resolution.

  Figure 5.10 (A) Measured (black crosses) against CFSR wind speed with correction (red dashed line) and original data (blue line). (B) Observed (black dots) against modelled storm surges with the corrected wind speed (red dashed line) and the original wind speed (blue line).
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 6162 Figure 6.1 Location of the study area (red square), Oléron wave buoy (blue triangle), meteorological station (green star) and extension of the computational domain (blue line) (a). Bathymetry of the study area relative to mean sea level (MSL) with location of stations 1 and 2 (b) and stations 3 to 11 (c), deployed during the eld campaign in storm wave conditions.

Figure 6 . 3

 63 Figure 6.3 Sea surface elevation on March 12 afternoon at high tide at the intertidal sensors without correction (a) and corrected from the wave setup obtained from the model (b).

6. 4 . 1 Figure 6 . 4

 4164 Figure 6.4 Observed (black dots) against signicant wave height H m0 modelled with the baseline model using Madsen's formulation with k n = 0.13 m for rocky areas and 0.05 m outside (model 1), the model using the Madsen's formulation with k n set uniform to the default value 0.05 m (model 2) and the model using the JONSWAP formulation with C f = 0.038 m 2 .s -3 (model 3), at the second high tide along the intertidal transect instrumented during fair weather conditions. The black crosses correspond to where statistical errors are computed (RMSE, BIAS).

  Figure6.5 Assessment of the model at the oshore Oléron buoy with comparisons of the modelled (blue line) against observed signicant wave height H m0 , peak direction P dir (black dots), mean wave period T m0,2 (red dots) and peak period T p (green dots).

Figure 6 . 6

 66 Figure 6.6 Assessment of the model at the subtidal sensors (PT 1 and PT 2) with comparisons of the modelled (blue line) against observed water depth, H m0 and T m0,2 (black dots).

Figure 6 Figure 6

 66 Figure 6.7 Modelled (blue line) against observed water depth at the subtidal sensor PT 1 (panel a) and assessment of the model at the intertidal sensors (from PT 4 to PT 10) with comparisons of the modelled (red line) against observed H m0 (black dots) (panels b to g).

Figure 6 .

 6 Figure6.9 presents modelled against observed surges at the dierent intertidal stations.

Figure 6 . 9

 69 Figure 6.9 Observed (black dots) against modelled storm surges with the baseline model (blue line), with the default JONSWAP formulation (red dashed line) and with B = 1 in the depthinduced breaking formulation (orange dashed dotted line), at the intertidal PTs.

Figure 6 .

 6 Figure 6.10 Water levels (a,b), H m0 (c,d), rates of wave energy dissipation by depth-induced breaking and bottom friction normalized by the water density (e,f ) and their contribution to total wave energy ux dissipation (g,h) along the transect from the subtidal to the intertidal zone, in fair weather and storm wave conditions. The instrumented proles during the two eld campaigns were not exactly the same (200 m spacing), explaining the dierences observed in the bathymetry (black lines in (a) and (b)).

  Figure6.11 Observed against modelled surges with a 3D (blue circles) and a 2DH simulation (red squares). The dashed lines correspond to the 0.8:1 and 0.7:1 lines.

  Figure6.12 Contribution of each right-hand side terms of Eq. 6.1 to the wave setup (η û, η ŵ, η ν and η wf ), total contribution of these terms (η û+ ŵ+ν+wf ), compared to the wave setup obtained from the model (η model ), on a sandy beach and on a rock platform for 1:200, 1:50 and 1:20 slopes.
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 7727 Figure 7.1 (a) Location of the study area in the Bay of Biscay (red square), open boundary of the computational grid (blue line) and Oléron buoy (blue triangle). (b) Study area with location of the studied transect on the salt marsh of Brouage (red star).

Figure 7 . 4

 74 Figure 7.4 Deployment of (a) the ADCP and (b) a pressure sensor on the cross-shore transect (credits : Antoine Lechevalier).

7. 5 . 1 - 1 .Figure 7 . 5

 51175 Figure 7.5 Comparison between modelled and observed (a) water depth, (b) signicant wave height H m0 and (c) mean wave period T m02 at the rst sensor (ADV) on the studied transect. The black dashed line corresponds to the time of the time-series presented in Figure 7.6.

Figure 7

 7 Figure 7.6 (a) Comparison between observed and modelled signicant wave height H m0 obtained from VEG (blue line) and NOVEG (red dashed line) simulations, along the studied transect during the high tide of March 09 afternoon. (b) Bathymetry (black line) and surface elevation (blue line) along the transect (both given relative to the topographic elevation of the rst sensor). The water depth is computed as the dierence between the blue and black lines along the transect.

Figure 7

 7 Figure 7.7 (a) Measured against modelled wave height obtained from (a) VEG and (b) NOVEG simulations at all sensors during the entire experiment period. The dashed lines correspond to the 0.8:1 and 1.2:1 lines. The statistical errors at calculated at the ADCP and the PTs.

Figure 7 . 8

 78 Figure 7.8 Evolution of the measured energy density including in a period of 2 h hours centered on the high tide of March 09 afternoon. At PT 1, the spectra are truncated since the sensor stopped measuring at that time. The black lines correspond to a change in order of magnitude.

Figure 7 . 9

 79 Figure 7.9 Comparison between measured and modelled energy density spectra with VEG and NOVEG simulations (from the ADV to PT 4) at high tide on March 09 afternoon. The vertical orange dashed lines correspond to the cut-o frequencies. The grey curves in panels (e) and (f ) indicate energy associated with instrument noise.

Figure 7 .

 7 Figure7.10 (a) Topography (black line) and surface elevation (blue and red lines) along the transect (both given relative to the topographic elevation of the rst sensor). The water depth is computed as the dierence between the blue/red and black lines along the transect. (b) Observed and modelled signicant wave height with VEG and NOVEG simulations. (c) Modelled wave setup that develops from the ADV, computed as the change in mean free surface elevations between the ADV and shoreward computational grid nodes.

Figure 7 .

 7 Figure 7.11 Photo of waves propagating on the salt marsh of Brouage during the eld campaign conducted in 2016. We can note a net decrease in the wave height when waves entering the vegetation eld (credits : Antoine Lechevalier).

  

  

  reads as follows : H rms and c p (computed at the peak wave frequency) are provided by the wave model. The surface stress is obtained after computing C d with the following relationship :

	z 0 H rms	= 6.7.10 -4 |U 10 | c p	2.6	(3.56)

where

  [START_REF] Plater | Sea-level change and coastal geomorphic response[END_REF]. Some tide gauges, mostly in the northwest of Europe, have recorded sea level time-series since the mid-nineteenth century, which is of particular interest for analysis of long-term trends[START_REF] Woodworth | Evidence for the accelerations of sea level on multi-decade and century timescales[END_REF]. Tide gauges are commonly located in coastal areas sheltered from waves like harbours, lagoons or estuaries, where they measure the total water level due to tides and storm surges. Recorded water levels can include a wave setup signal if wave breaking occurs near the inlet/entrance (e.g.,[START_REF] Malhadas | Eect of coastal waves on sea level in óbidos Lagoon, Portugal[END_REF][START_REF] Aucan | Wave-driven sea level anomalies at the Midway tide gauge as an index of North Pacic storminess over the past 60 years[END_REF][START_REF] Olabarrieta | Wave-current interaction in Willapa Bay[END_REF][START_REF] Fortunato | A numerical study of the February 15, 1941 storm in the Tagus estuary[END_REF][START_REF] Woodworth | Wave setup at tristan da cunha[END_REF], although this is still unclear in the scientic community[START_REF] Melet | Under-estimated wave contribution to coastal sea-level rise[END_REF][START_REF] Lambert | Adaptation time to magnied ood hazards underestimated when derived from tide gauge records[END_REF][START_REF] Almar | A global analysis of extreme coastal water levels with implications for potential coastal overtopping[END_REF]. In chapter 5, the contribution of the wave setup to the water level in wave-sheltered environments during energetic conditions is identied and quantied. Water levels observations can also be obtained from pressure

The rst systems, based on oat gauge recorders, are now widely substituted by fully automated radar devices (sensors deployed over short-term duration such as during eld experiments of 5-10 days to longer period (several months to a year depending on the sampling frequency, memory capacity and battery life of the sensor). Section 4.2.1 details how storm surges can be computed from these water level time-series.

  4.13) does not use the linear dispersion relation which allows to dene a cut-o frequency much higher[START_REF] Bonneton | A nonlinear weakly dispersive method for recovering the elevation of irrotational surface waves from pressure measurements[END_REF][START_REF] Mouragues | Field databased evaluation of methods for recovering surface wave elevation from pressure measurements[END_REF], while still excluding frequencies where the noise dominates. As compared to the TFM, the SNL provides better estimates of individual wave characteristics and bulk parameters, in particular high-order statistics such as skewness and asymmetry, in the shoaling[START_REF] Bonneton | A nonlinear weakly dispersive method for recovering the elevation of irrotational surface waves from pressure measurements[END_REF][START_REF] Mouragues | Field databased evaluation of methods for recovering surface wave elevation from pressure measurements[END_REF] and surf zone[START_REF] Martins | Non-hydrostatic, Nonlinear Processes in the Surf Zone[END_REF]. For instance,[START_REF] Martins | Non-hydrostatic, Nonlinear Processes in the Surf Zone[END_REF] compared these dierent reconstruction methods with direct measurements of the free surface by lidar scanner and reported that, compared to the TFM, the SNL improved by 80% and 50% the skewness and asymmetry respectively.

  [START_REF] Komar | Beach processes and sedimentation[END_REF] Hz. Alternatively, f min can be adaptive[START_REF] Roelvink | Bar-generating cross-shore ow mechanisms on a beach[END_REF][START_REF] Oh | On the Separation Period Discriminating Gravity and Infragravity Waves o Gyeongpo Beach, Korea[END_REF][START_REF] Bertin | Energy Transfers and Reection of Infragravity Waves at a Dissipative Beach Under Storm Waves[END_REF], dened as 1/1.8T p,inc with T p,inc the continuous peak period recorded at an oshore pressure sensor or wave buoy. (The values of f max and f min for each coastal applications presented in this work are given in the chapter relative to each eld campaign.)4.2.3.6 Choice of the reconstruction method

  in the central part of the Bay of Biscay. Therefore, wave eects on the bottom stress are not considered in the study. After calibration of the tidal model, the bed roughness in the 3D model is set to 0.0001 m in the open ocean and 0.002 m in the Arcachon Lagoon and the Adour Estuary.

	In the 2DH model, a Manning coecient of 0.02 is employed for the open ocean while a
	value of 0.029 is considered for the Adour Estuary and the Arcachon Lagoon. The Manning
	coecient used for the Arcachon Lagoon is between the values used by Cayocca (1996) (∼
	0.028) and Nahon (2018) (0.032). Two parametrizations of the surface stress have been
	considered : a bulk formula (Eq. 3.55) in which the drag coecient is computed according
	to

Model implementation

In this study, wave dissipation along the transect has been simulated with the wave model WWM-II coupled to the hydrodynamic module of SCHISM. This study constitutes one of the rst applications of SCHISM/WWM-II that simulates the eect of the vegetation on waves. In this context, the circulation model is used in a 2DH conguration and the wave forces are represented with the radiation stress formalism.

In WWM-II, the depth-induced breaking is computed according to the formulation of [START_REF] Battjes | Energy loss and set-up due to breaking of random waves[END_REF]. In this parameterization, the breaking index γ is adjusted to 0.55, after a sensitivity analysis conducted at the ADV, which is located outside the vegetation. The breaking coecient B ′ is computed as a function of the local bottom slope (Eq. 3.19) following [START_REF] Pezerat | Simulating storm waves in the nearshore area using spectral model: Current issues and a pragmatic solution[END_REF]. Note that wave surface rollers are not accounted for in this application. The bottom friction is computed here with the JONSWAP formulation of [START_REF] Hasselmann | Measurements of wind-wave growth and swell decay during the Joint North Sea Wave Project (JONSWAP)[END_REF] with a dissipation coecient C f of 0.038 m 2 .s -3 . Preliminary sensitivity tests with the formulation of [START_REF] Madsen | Spectral Wave Attenuation by Bottom Friction: Theory[END_REF] indicate that a spatially-variable Nikuradse roughness length k n is needed to account for the dierent bottom substrates in the model domain, and particularly the bottom nature of the mudat.

At this time, we use the JONSWAP formulation, while keeping in mind future simulations with Madsen's formulation.

Wave energy dissipation by vegetation is computed according to the formulation of Mendez and Losada (2004) (Eq. 3.25), which requires the denition of the plant height h v , density N v and diameter b v . We consider in the model the two main species present over the salt marsh, that is Spartina maritima and Halimione portulacoides. Spartina maritima is located from x = 30 m to 75 m on the transect while Halimione portulacoides covers the region from x = 75 m to 160 m (Fig. 7.6-b). The characteristics of these plants have been measured in the eld and are presented in Table 7.1. The drag coecient Cdv has been computed as a function of the Keulegan Carpenter number following Mendez and Losada (2004) (Eq. 3.27). We applied here constant drag coecients by considering the mean values obtained from this formulation, equal to 0.09 and 0.54 for Spartina maritima and Halimione portulacoides respectively.

Spartina maritima Halimione portulacoides

Height h v (m) 0.27 ± 0.05 0.80 ± 0.20 Density N v (plants.m -2 ) 990 ± 10 680 ± 10 Diameter b v (m) 0.032 ± 0.002 0.03 ± 0.01 Table 7.1 Characteristics of the main plants along the cross-shore transect. [START_REF] Lyard | FES2014, a new nite elements tidal model for global ocean, Ocean Dynam[END_REF]. Over the whole domain, the circulation model is forced with hourly 10 m wind speed and sea-level pressure elds from CFSR [START_REF] Saha | The NCEP climate forecast system reanalysis[END_REF]. The datasets are provided on a regular grid with a spatial resolution of 0.2 • and 0.5

• for the wind and the atmospheric pressure respectively. WWM-II is forced with CFSR wind elds over the whole domain and time series of directional wave spectra along its open boundary, which were computed from a regional application of the WaveWatch III