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THÈSE En vue de l'obtention du

The Strait of Gibraltar (SoG) is a narrow and shallow channel that forms the primary connection between the Mediterranean Sea and the global Ocean. This oceanic pathway is home to tremendous exchanges of water masses, closing the Mediterranean thermohaline and biogeochemical balances. Despite the broad impacts of these exchanges on the Mediterranean Sea, various mechanisms at play within the SoG and their influence on the Mediterranean climate remain, so far, unclear. This PhD investigates tidal and fine-scale processes at the SoG, their relevance to the Mediterranean climate, and their representation in numerical models. To do so, we rely on two numerical models of the Mediterranean region, providing different perspectives on the SoG and its large-scale influence. The first one is an ocean model, used in stand alone mode and characterized by high-resolution at the SoG, allowing us to investigate fine-scale and non-linear mechanisms within the strait. The second one, developed in the scope of this PhD, is a fully-coupled regional model of the Mediterranean region, with refinement capacity at the SoG and explicit or parameterized tides. It allows us to build a hierarchy of numerical simulations that aims at isolating the respective and combined influences of tidal and fine-scale processes at the strait on the Mediterranean Sea and overlying atmosphere. We first focus on understanding the mechanisms driving tide-induced water mass transformations across the SoG, so-called tidal mixing. We show that tidal mixing relies on fine-scale dynamics, forced by the interaction of tidal currents with the abrupt topography of the strait. More specifically, the mixing is driven by a periodic enhancement of vertical shear near the seafloor and a weakening vertical stratification in the vicinity of topographic obstacles, where tidal convergence and divergence patterns feed recirculation cells. Then, we show that tidal and fine-scale processes within the strait significantly influence Mediterranean hydrography, particularly for salinity, ultimately modulating the Mediterranean deep convection. In this way, local processes at the SoG indirectly affect the hydrography of intermediate and deep water masses as well as long-term hydrographic trends over deep layers. For the first time to our knowledge, we reveal that these processes also impact on the atmosphere. Specifically, in the summertime, tidal mixing at the SoG moderately cools and dries the near-surface atmosphere. Ultimately, this drives a moderate decrease in cloudiness over the Sea and coastal areas and a decrease in precipitation over the western Mediterranean region. Finally, we investigate a tidal mixing parameterization for coarse-resolution non-tidal models of the Mediterranean Sea. We show that the parameterization reproduces remarkably well the main characteristics of the water mass transformations across the strait, but further developments are needed to parameterize tidal advection mechanisms. Overall, these results highlight that both explicit tides and kilometric resolution at the SoG should be included in numerical models of the Mediterranean Sea for use over decadal time-scales. When

this is not possible, parameterizations should be used. This works provides a first step in this direction.

Résumé en Français

Le détroit de Gibraltar (DdG) est un chenal étroit et peu profond constituant la principale connexion entre la mer Méditerranée et l'océan global. Cette "passerelle" maritime est le siège de considérables échanges de masses d'eau, fermant les équilibres thermohalins et biogéochimiques de la Méditerranée. Malgré les larges impacts de ces échanges sur la mer Méditerranée, les différents mécanismes en jeu dans le DdG et leur influence sur le climat méditerranéen restent, jusqu'à présent, peu clairs. Cette thèse étudie les mécanismes de marée et de fine-échelle en jeu dans le DdG, leur pertinence pour le climat méditerranéen et leur représentation dans les modèles numériques. Pour ce faire, on s'appuie sur deux modèles numériques de la région méditerranéenne, offrant différentes perspectives sur le DdG et son influence à grande échelle. Le premier est un modèle océanique, utilisé en mode forcé et caractérisé par une haute résolution au DdG. Il nous permet d'étudier les mécanismes de fine échelle dans le détroit. Le second modèle, développé dans le cadre de cette thèse, est un modèle régional de la Méditerranée entièrement couplé, avec une capacité de raffinement au DdG et des marées explicites ou paramétrisées. Il nous permet de construire une hiérarchie de simulations numériques visant à isoler les influences respectives et combinées des processus de marée et de fine échelle au détroit sur la mer Méditerranée et l'atmosphère environnante. Nous nous concentrons d'abord sur la compréhension des mécanismes contrôlant la transformation des masses d'eau traversant le détroit (appelé mélange de marée ci-après). Nous montrons que le mélange de marée repose sur de fines structures dynamiques, forcées par l'interaction des courants de marée avec la topographie abrupte du détroit. Plus précisément, le mélange est causé par une intensification périodique du cisaillement vertical près du plancher océanique et un affaiblissement de la stratification verticale à proximité des obstacles topographiques, où des zones de convergence et de divergence induites par la marée alimentent des cellules de recirculation. Ensuite, nous montrons que les processus de marée et de fine échelle à l'intérieur du détroit influencent significativement l'hydrographie de la Méditerranée, en particulier sa salinité, modulant à terme la convection profonde en mer Méditerranée. Ainsi, les processus locaux au DdG affectent indirectement l'hydrographie des masses d'eau Méditerranéennes intermédiaires et profondes ainsi que les tendances hydrographiques à long terme sur les couches profondes. Pour la première fois à notre connaissance, nous révélons que ces processus ont également un impact sur l'atmosphère. Plus précisément, en été, le mélange des marées au niveau du SoG refroidit et assèche modérément l'atmosphère proche de la surface. A terme, cela entraîne une diminution modérée de la nébulosité sur la mer et les zones côtières et une diminution des précipitations sur la région de la Méditerranée occidentale. Enfin, nous étudions une paramétrisation du mélange de marée pour les modèles de la mer Méditerranée à basse résolution et sans marée. Nous montrons que la paramétrisation reproduit remarquablement bien les princi-pales caractéristiques des transformations de la masse d'eau au travers du détroit. Cependant, des développements supplémentaires sont nécessaires pour paramétrer les mécanismes advectifs de marée. Dans l'ensemble, ces résultats soulignent que les modèles numériques de la mer Méditerranée utilisés sur des périodes décennales devraient inclure à la fois des marées explicites et une résolution kilométrique au DdG. Lorsque cela n'est pas possible, des paramétrisations devraient être utilisées. Ce travail fait un premier pas dans cette direction. bienveillance, et leur accueil toujours chaleureux. A Toulouse maintenant, gracias abuela, por los domingos que pasamos en familia comiendo paella. Merci à mes frères Adrien et Matthias, qui me font prendre du recul sur moi-même et m'inspirent au quotidien. Merci Adri, de montrer à tout le monde qu'avec de la motivation et du courage on peut poursuivre ses passions. Merci Matthias, de me permettre de me sentir encore un peu étudiant avec toi. Merci aussi à ma famille toulousaine, tantes, oncles, cousines et cousins. Plus particulièrement, merci Patricia, Serge, Louis et Guilhem, pour les repas et les après-midis de construction de meubles. Sans eux je travaillerais encore peut-être sur des cartons. . . Merci Anna, Paloma et Marina, pour les après-midis de détente chez Mémé.
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Straits and the global Ocean

Straits, sometimes referred to as channels, passes, or passages, are narrow oceanic pathways connecting two larger bodies of water (see Figure 1.1). By definition, a strait is bounded by two landmasses, which may be continents (Strait of Bering, Strait of Gibraltar), islands (strait of Bonifacio, North Channel), or a combination of both (Fram strait, Strait of Magellan). From the ocean surface, straits display a large variety of shapes, ranging from relatively large pathways (Fram Strait, Davis strait) to narrow and elongated channels (Dardanelles, Strait of Malacca). This geometric diversity is even more remarkable beneath the ocean surface, which reveals complex topographic structures. In fact, straits are often characterized by deep cavities, down to 1500m depth for the Lombok Strait, abrupt seamounts stretching over several hundred meters, as the Majuan Bank at the Strait of Gibraltar, or conversely, a relatively flat seafloor, which may be as shallow as that of the Torres Strait (7 to 20m depth; GEBCO Bathymetric Compilation Group, 2022). From a physical perspective, straits are key components of the global ocean. Their large-scale influence is primarily related to the global ocean geometry. Indeed, unlike the atmosphere, the ocean water masses are enclosed in large basins bounded by solid Earth. By providing a narrow passage, straits exert a significant dynamical influence on the water masses crossing them. The Drake passage (DP in Figure 1.1), which shapes the Antarctic Circumpolar Current (ACC), is a vivid example of this influence. Indeed, the width, depth, and orientation of Drake passage are essential parameters for the expression of the ACC (de Boer et al, 2022; Toumoulin CHAPTER 1. INTRODUCTION et al, 2020;[START_REF] Viebahn | Effects of Drake Passage on a strongly eddying global ocean[END_REF]. Similarly, other major straits of the world ocean exert a substantial influence on large scale-circulation, such as the Bering, Fram, and Davis straits (BS, FS, and DS in Figure 1.1) for the Arctic ocean [START_REF] Timmermans | Understanding Arctic Ocean Circulation: A Review of Ocean Dynamics in a Changing Climate[END_REF] and the north Atlantic [START_REF] Wadley | Impact of flow through the Canadian Archipelago and Bering Strait on the North Atlantic and Arctic circulation: An ocean modelling study[END_REF], or the Luzon strait (LS in Figure 1.1) for the South China Sea [START_REF] Zhu | Overview of the multilayer circulation in the South China Sea[END_REF]. Smaller straits generally have a weaker dynamic influence. However, their number can result in structures of great influence, such as the network of straits that shapes the Indonesian Throughflow, substantially impacting the circulation of the Indian and Pacific oceans [START_REF] Lee | Effects of the Indonesian Throughflow on the Pacific and Indian Oceans[END_REF].

Because they provide a connection between large oceanic basin, straits are home to intense heat, salt, and biogeochemical exchanges. In fact, large straits such as the Bering or the Denmark straits (BS and SoD in Figure 1.1) have a significant influence on the global ocean heat and salt circulation (thermohaline circulation hereinafter) [START_REF] Dickson | The production of North Atlantic Deep Water : Sources , rates , and pathways la . Worthington ' s scheme conversion paths North Circled numbers are transport estimates in Sverdrups , where lb . The recasting of Worthington ' s scheme by McCartney and[END_REF][START_REF] Weijer | Stability of the Atlantic Overturning Circulation: Competition between Bering Strait Freshwater Flux and Agulhas Heat and Salt Sources[END_REF][START_REF] Send | Observation of decadal change in the Atlantic meridional overturning circulation using 10 years of continuous transport data[END_REF][START_REF] Von Appen | The East Greenland Spill Jet as an important component of the Atlantic Meridional Overturning Circulation[END_REF][START_REF] Hu | Effects of the Bering Strait closure on AMOC and global climate under different background climates[END_REF]. More locally, many straits influence the hydrographic and biogeochemical properties of large oceanic basins. For example, the exchanges through the Kurils straits have an impact on the water mass properties of the North Pacific Ocean and the Okhotsk Sea [START_REF] Nakamura | Tidal Mixing in the Kuril Straits and Its Impact on Ventilation in the North Pacific Ocean[END_REF][START_REF] Ono | Water mass exchange and diapycnal mixing at Bussol' Strait revealed by water mass properties[END_REF], indirectly modulating the Pacific thermohaline circulation [START_REF] Kawasaki | Role of localized mixing around the Kuril Straits in the Pacific thermohaline circulation[END_REF]. Finally, strait dynamics can sometimes impact atmospheric circulation by modulating large-scale surface stratification. This is the case in the Indian Ocean, where the surface cooling and freshening induced by the Indonesian Throughflow [START_REF] Song | Significance of the vertical profile of the Indonesian Throughflow transport to the Indian Ocean[END_REF]) influences the regional atmospheric circulation (Koch-Larrouy et al, 2010).

Home to a variety of physical processes

Besides their large-scale influence, straits are home to a variety of non-linear mechanisms, making them a rich scientific benchmark for oceanographers. In particular, straits generally are highly turbulent areas, where in situ microstructure measurements reveal turbulence levels several orders of magnitude higher than in the open Ocean [START_REF] Bryden | Effects of strait mixing on ocean stratification[END_REF]. Although the mechanism driving strait turbulence depends on their shape or dimension, a relatively common feature is dense water overflow, a gravitational current resulting from the advection of dense water in a lighter environment. This uncommon physical process encompasses both turbulent and advective mechanisms (see Figure 1.2). Upon cascading along the sloped seafloor, overflow currents drive significant diapycnal mixing through friction and entrainment of the overlying water masses [START_REF] Legg | Eddy-resolving modeling of overflows[END_REF]. In addition, overflows have a dynamic influence on the overlaying water masses. In fact, variations of the velocity or the thickness of overflow water masses can influence the large-scale circulation patterns [START_REF] Yang | Potential Vorticity Constraint on the Flow between Two Basins[END_REF][START_REF] Kida | The Upper-Oceanic Response to Overflows: A Mechanism for the Azores Current[END_REF][START_REF] Peliz | Surface circulation in the Gulf of Cadiz: 2. Inflow-outflow coupling and the Gulf of Cadiz slope current[END_REF]. Because of their significant role in the global thermohaline circulation, the overflows of major straits have been extensively studied. The most notable of them are perhaps that of the Denmark strait [START_REF] Girton | Descent and modification of the overflow plume in the Denmark strait[END_REF] and the Strait of Gibraltar (SoG in Figure 1. 1 Bower et al, 2002), but less influential overflows occur in various other locations, such as the Bab-el-Mandab (BeM in Figure 1. 1 Peters et al, 2005) and the Brass strait [START_REF] Middleton | Wintertime circulation off southeast Australia: Strong forcing by the East Australian Current[END_REF]. Other non-linear mechanisms are specific to a particular type of straits, as they rely on specific geometric properties. In particular, narrow straits are commonly subject to intense turbulence. Generally, this enhanced turbulence is related to supercritical flows, forced by either or both significant channel shrinkage and tidal currents. By interacting with large topographic obstacles, these intense flows can generate internal waves of various shapes and behaviors [START_REF] Vázquez | Evidence of multimodal structure of the baroclinic tide in the Strait of Gibraltar[END_REF][START_REF] Buijsman | East-west asymmetry in nonlinear internal waves from Luzon Strait[END_REF][START_REF] Petrusevich | Tidally-generated internal waves in Southeast Hudson Bay[END_REF]Purwandana et al, 2020[START_REF] Purwandana | Observation of internal tides, nonlinear internal waves and mixing in the Lombok Strait, Indonesia[END_REF]. For example, in the Luzon strait, the combination of asymmetric barotropic (depth-constant) tidal currents, internal tide resonances on topographic obstacles, and the baroclinic (depth-varying) mean flow results in the propagation of asymmetric internal waves on each side of the strait [START_REF] Buijsman | East-west asymmetry in nonlinear internal waves from Luzon Strait[END_REF]. Asymmetric internal waves are also generated at the Strait of Gibraltar due to interactions between the baroclinic flow, barotropic tidal currents, and abrupt topographic obstacles [START_REF] Brandt | Study of the generation and propagation of internal waves in the Strait of Gibraltar using a numerical model and synthetic aperture radar images of the European ERS 1 satellite[END_REF]. During their propagation, various non-linear mechanisms interfere with these waves [START_REF] Vlasenko | Three-dimensional evolution of large-amplitude internal waves in the Strait of Gibraltar[END_REF][START_REF] Farmer | From Luzon Strait to Dongsha Plateau: Stages in the life of an internal wave[END_REF], which progressively dissipate, driving turbulent mixing that may induce intense and large-scale hydrographic anomalies [START_REF] Wesson | Mixing at Camarinal Sill in the Strait of Gibraltar[END_REF][START_REF] Tian | Enhanced Diapycnal Mixing in the South China Sea[END_REF][START_REF] Itoh | Strong vertical mixing in the Urup Strait[END_REF][START_REF] Yagi | Deep intense vertical mixing in the Bussol' Strait[END_REF][START_REF] Purwandana | Observation of internal tides, nonlinear internal waves and mixing in the Lombok Strait, Indonesia[END_REF].

Finally, a less common feature, also related to straits geometry, is the generation of submesoscale eddies. These eddies, resulting from the interaction of intense currents through the strait and topographic slopes, can be generated at the surface, as in the Luzon Strait [START_REF] Xu | Statistical study of submesoscale eddies identified from synthetic aperture radar images in the Luzon Strait and adjacent seas[END_REF][START_REF] Zhang | Spatiotemporal Characteristics and Generation Mechanisms of Submesoscale Currents in the Northeastern South China Sea Revealed by Numerical Simulations[END_REF][START_REF] Zhang | Submesoscale Coherent Vortices Observed in the Northeastern South China Sea[END_REF], but also at middepths as for the Strait of Gibraltar (∼ 1000m depth) [START_REF] Bashmachnikov | Properties and pathways of Mediterranean water eddies in the Atlantic[END_REF] or the Brass Strait (∼ 600m depth) [START_REF] Baird | The southward transport of sub-mesoscale lenses of Bass Strait Water in the centre of anti-cyclonic mesoscale eddies[END_REF]. Depending on their lifetime, these structures can drive significant heat and salt transports, as for the Mediterranean water eddies in the Atlantic Ocean [START_REF] Ienna | Meddies and their Sea Surface Expressions: Observations and Theory[END_REF].

The Strait of Gibraltar: a narrow channel

with large-scale influence

Main characteristics

The Strait of Gibraltar (SoG hereinafter, displayed in Figure 1.3) is a narrow and shallow channel, constituting the only connection between the Atlantic Ocean and the Mediterranean Sea. From the ocean surface, it is an approximately 60km-long pathway, 15km wide at its narrowest section of the Tarifa Narrows (TN in Figure 1.3). Beneath the surface, it displays a steep and irregular seafloor, marked by several prominent topographic obstacles. From the western edge of the strait, the approximately 1000m deep seafloor rapidly shoals above 300m depth at the shallowest sill of the Camarinal (CS hereinafter, see Figure 1.3), just west of the Tarifa Narrows. Further west, the strait locally deepens, forming the so-called Tangier Basin, bounded to the west by the 300m deep Espartel Sill (ES hereinafter, see Figure 1.3). Just north of the ES, the shallow seamount of the Majuan Bank, culminating at ∼ 60m depth, splits the main underwater channel into two sub-channels, that reconnect further west, where the seafloor progressively deepens toward the Atlantic Ocean.

In stark contrast with its modest dimensions, the SoG is home to a tremendous water mass exchange between the Atlantic Ocean and the Mediterranean Sea. On climatic scales, this exchange can be described as a simple two-layer exchange flow. Qualitatively, over the upper 150m depth, relatively warm and fresh surface Atlantic waters are advected into the Mediterranean Basin, whereas, underneath, colder and saltier deep Mediterranean waters are exported to the Atlantic Ocean [START_REF] Lacombe | The regime of the strait of gibraltar[END_REF]. Quantitatively, this exchange flow is characterized by strong currents (1m.s -1 on average), which sustain an intense flow of 0.85 ± 0.1 Sverdrups (10 6 m 3 .s -1 , Sv hereinafter) toward the Mediterranean and 0.80 ± 0.08Sv toward the Atlantic (Jordà et al, 2017b). At high-frequency the picture is more complex. Indeed, intense tidal currents propagating from the Atlantic Ocean interfere with the two-layer exchange flow. Due to their predominant barotropic structure and their great intensity [START_REF] Candela | Tides in the strait of gibraltar[END_REF][START_REF] Candela | The Gibraltar Strait and its role in the dynamics of the Mediterranean Sea[END_REF], these tidal currents periodically reverse the exchange flow [START_REF] Bryden | Exchange through the Strait of Gibraltar[END_REF][START_REF] Lafuente | Tide at the eastern section of the Strait of Gibraltar[END_REF][START_REF] García-Lafuente | Asymmetric Baroclinic Response to Tidal Forcing Along the Main Sill of the Strait of Gibraltar Inferred from Mooring Observations[END_REF] and generate large internal waves, mainly toward the Mediterranean Sea [START_REF] Vázquez | Internal waves and short-scale distribution patterns of chlorophyll in the Strait of Gibraltar and Alborán Sea[END_REF].

Influence on the global Ocean

For the Atlantic Ocean, the SoG is a heat sink and salinity source. After crossing the strait, the relatively warm and fresh Atlantic water masses are mainly advected eastward in the Mediterranean sea, where they are progressively saltened and cooled by the atmospheric forcing. Over time, the densified Atlantic water masses sink to mid and bottom depths of the Mediterranean. Those dense waters are in part advected back to the Atlantic Ocean as Mediterranean Outflow Waters (MOW) (Millot ). The acronyms "TN", "CS", "TB","ES", and"MB", displayed in black, stand for Tarifa Narrows, Camarinal Sill, Tangier Basin, Espartel Sill, And Majuan Bank, respectively.

and [START_REF] Millot | Circulation in the Mediterranean Sea. In: Life in the Mediterranean Sea: A Look at Habitat Changes[END_REF][START_REF] Pinardi | Mediterranean Sea large-scale low-frequency ocean variability and water mass formation rates from 1987 to 2007: A retrospective analysis[END_REF][START_REF] Estournel | A new assessment of the circulation of Atlantic and Intermediate Waters in the Eastern Mediterranean[END_REF]. In the Gulf of Cádiz, west of the SoG, these dense water masses cascade along the Iberian continental slope. They mainly flow westward, entraining along their path the overlying water masses (Iorga and Lozier, 1999a;[START_REF] Baringer | A review of the physical oceanography of the Mediterranean outflow[END_REF] until they reach the western edge of the Gulf of Cádiz. The MOWs then enter the Tagus Basin at a buoyant depth of ∼ 1000m, where they form an anticyclonic gyre [START_REF] Daniault | Circulation and mixing of Mediterranean water west of the Iberian Peninsula[END_REF][START_REF] Pascual-Collar | Regional circulation patterns of Mediterranean Outflow Water near the Iberian and African continental slopes[END_REF]. From this retention area, a fraction of the MOWs recirculates toward the Gulf of Cádiz, but most of them spread northward, either along an indirect westward anticyclonic pathway or directly, following the western European continental slope (Iorga and Lozier, 1999a,b;[START_REF] Bower | Structure of the Mediterranean Undercurrent and Mediterranean Water spreading around the southwestern Iberian Peninsula[END_REF][START_REF] Lozier | On the temporally varying northward penetration of mediterranean overflow water and eastward penetration of Labrador sea water[END_REF][START_REF] Carracedo | Seasonal dynamics in the Azores-Gibraltar Strait region: A climatologically-based study[END_REF].

The northward flow of MOW described above is believed to influence the Nordic seas convective activity and, thus, the Atlantic Meridional Overturning Circulation (AMOC hereinafter). This large-scale influence of the SoG was originally proposed by [START_REF] Reid | On the contribution of the Mediterranean Sea outflow to the Norwegian-Greenland Sea. Deep Sea Research Part A[END_REF], who argued that upon reaching the northern seas, the MOW could act as a salt source for the North Atlantic deep water formation. However, this hypothesis is criticized due to the lack of direct observational evidence of MOW in the Northern Seas and the significant amount of energy needed for the MOW to cross the shallow sills enclosing them, such as the Wyville-Thomson Ridge [START_REF] Hill | Numerical modelling of hydraulic control, solitary waves and primary instabilities in the Strait of Gibraltar[END_REF][START_REF] Mccartney | On the origin of the warm inflow to the Nordic Seas[END_REF]. A more likely scenario [START_REF] Izquierdo | The role of tides in the spreading of Mediterranean Outflow waters along the southwestern Iberian margin[END_REF] is thus that the MOW indirectly enhances deep convection in the Northern Seas by acting as a salt source for the north Atlantic [START_REF] Mccartney | On the origin of the warm inflow to the Nordic Seas[END_REF]. Despite the lack of observational evidences, connections between the MOWs and the AMOC have been highlighted in several modeling studies. Based on coupled atmosphere-ocean general circulation model simulations, [START_REF] Chan | Effects of stopping the Mediterranean Outflow on the southern polar region[END_REF] and [START_REF] Ivanovic | Sensitivity of modern climate to the presence, strength and salinity of Mediterranean-Atlantic exchange in a global general circulation model[END_REF] argue that the MOW contributes 1-2Sv of flow to the AMOC. Furthermore, paleoclimatic studies have suggested that during the last glacial periods [START_REF] Voelker | Mediterranean outflow strengthening during northern hemisphere coolings: A salt source for the glacial Atlantic?[END_REF] and past sapropel events [START_REF] Swingedouw | Impact of freshwater release in the Mediterranean Sea on the North Atlantic climate[END_REF], modulations of the MOW intensity and characteristics had a substantial impact on the AMOC.

In addition to the northward flow, MOWs also spread in the Atlantic as isolated and coherent eddies, so-called meddies, which mainly form along the Iberian coast [START_REF] Chérubin | Descriptive analysis of the hydrology and currents on the Iberian shelf from Gibraltar to Cape Finisterre: Preliminary results from the Semane and Interafos experiments[END_REF][START_REF] Richardson | A census of Meddies tracked by floats[END_REF][START_REF] Serra | Observations and laboratory modeling of meddy generation at Cape St. Vincent[END_REF][START_REF] Bashmachnikov | Properties and pathways of Mediterranean water eddies in the Atlantic[END_REF] due to the interaction between the MOW flow and the seafloor (D 'Asaro, 1988;[START_REF] Pichevin | The eddy cannon. Deep Sea Research Part I: Oceanographic[END_REF][START_REF] Aiki | A numerical study on the successive formation of Meddylike lenses[END_REF][START_REF] Chérubin | Vortex dipole formation by baroclinic instability of boundary currents[END_REF]. These structures, typically 300-1000m thick and 20-60km large [START_REF] Bashmachnikov | Properties and pathways of Mediterranean water eddies in the Atlantic[END_REF], propagate over long distances in the Atlantic Ocean [START_REF] Bashmachnikov | Properties and pathways of Mediterranean water eddies in the Atlantic[END_REF], influencing the ocean stratification from the surface to great depth. In particular, meddies have been estimated to contribute to more than half of the formation of the Mediterranean water Tongue [START_REF] Arhan | The eastern boundary of the subtropical North Atlantic[END_REF][START_REF] Sparrow | Two circulation regimes of the Mediterranean outflow revealed by Lagrangian measurements[END_REF], a prominent core of warm and saline water masses in the North Atlantic Ocean, centered at ∼ 1000m depth.

THE STRAIT OF GIBRALTAR: A NARROW CHANNEL WITH LARGE-SCALE INFLUENCE

Finally, in the context of climate change, the MOW represents a fast-changing water mass for the Atlantic ocean [START_REF] Potter | On the warming and salinification of the Mediterranean outflow waters in the North Atlantic[END_REF][START_REF] Millot | Large warming and salinification of the Mediterranean outflow due to changes in its composition[END_REF][START_REF] Millot | Interannual salinification of the Mediterranean inflow[END_REF][START_REF] Naranjo | Recent changes (2004-2016) of temperature and salinity in the Mediterranean outflow[END_REF][START_REF] García-Lafuente | Hotter and Weaker Mediterranean Outflow as a Response to Basin-Wide Alterations[END_REF]. Indeed, following the latest estimate of García- [START_REF] García-Lafuente | Hotter and Weaker Mediterranean Outflow as a Response to Basin-Wide Alterations[END_REF], MOWs have been warming at a substantial rate of 0.34 • C over the 2013-2022 decade, raising the question of the possible impact of these modifications on the Atlantic ocean.

Influence on the Mediterranean Sea

The exchange flow through the SoG is essential to the Mediterranean basinscale volume, heat, and salt budgets. On average, the Atlantic inflow exceeds by 0.04 ± 0.02Sv the Mediterranean outflow (Jordà et al, 2017b), compensating for the net volume loss at the surface of the Mediterranean, where evaporation exceeds precipitations and river runoffs. The SoG can also be considered as a net heat source for the Mediterranean Sea, compensating the 4.5±4.1W.m -2 lost to the atmosphere (Jordà et al, 2017b). Regarding the salt budget, the higher salinity of the Mediterranean outflow is compensated by its weaker intensity with respect to the Atlantic inflow, resulting in almost zero net salt transport. Finally, the SoG is also one of the primary nutrient sources for the Mediterranean Sea (Huertas et al, 2012a;[START_REF] Ramírez-Romero | Biogeochemical patterns in the Atlantic Inflow through the Strait of Gibraltar[END_REF]. A good illustration of the influence of SoG on the Mediterranean Sea is the Messinian Salinity crisis, which occurred approximately 6 million years ago during the Miocene epoch. At that time, the Mediterranean Sea was disconnected from the global ocean and almost completely dried [START_REF] Rouchy | The Messinian salinity crisis in the Mediterranean basin: A reassessment of the data and an integrated scenario[END_REF]. To a lesser extent, numerical simulations have shown that the depth of the SoG has by itself a significant impact on the western Mediterranean overturning circulation [START_REF] Topper | Changes in Mediterranean circulation and water characteristics due to restriction of the Atlantic connection: A high-resolution ocean model[END_REF][START_REF] Alhammoud | Sensitivity of Mediterranean thermohaline circulation to gateway depth: A model investigation[END_REF].

Besides basin-scale budgets, the Atlantic inflow and Mediterranean outflow modulate various dynamical and thermodynamical processes within the Mediterranean Sea. Regarding the Atlantic inflow, it has an evident influence on the Mediterranean circulation. Just east of the SoG, it organizes as a relatively narrow current, the Atlantic Jet, which acts as the main dynamical forcing for the Alboran Sea gyre circulation [START_REF] Tintoré | Mesoscale Dynamics and Vertical Motion in the Alborán Sea[END_REF][START_REF] Viúdez Tintoré | Circulation in the Alboran Sea as Determined by Quasi-Synoptic Hydrographic Observations. Part I: Three-Dimensional Structure of the Two Anticyclonic Gyres[END_REF][START_REF] Viúdez | On the upper layer circulation in the Alboran Sea[END_REF][START_REF] Renault | Surface circulation in the Alborn Sea (western Mediterranean) inferred from remotely sensed data[END_REF]. In particular, Sánchez- Garrido et al (2013) highlighted that the tidal modulations of the Atlantic Jet act as a destabilizing force for the Alboran Sea circulation, which occasionally collapses under its influence. Further east, at the exit of the Alboran sea, the Atlantic Jet reorganizes along the African coast (mainly due to the Coriolis effect), shaping the Algerian Current, an essential brick of the Mediterranean circulation [START_REF] Millot | Circulation in the Mediterranean Sea. In: Life in the Mediterranean Sea: A Look at Habitat Changes[END_REF]. Other than the horizontal circulation, the Atlantic inflow indirectly influences the Mediterranean overturning circulation. Indeed, several numerical simulations have highlighted that modifications of inflowing Atlantic water masses result in modulations of the Western [START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF][START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF] and Eastern (Beuvier et al, 2010a) Mediterranean convective activity.

On the other hand, the Mediterranean outflow is key to the renewal of Mediter-ranean deep water masses. In particular, three characteristic Mediterranean deep water masses are advected through the SoG: the Levantine Intermediate Waters, formed in the eastern Basin; the Tyrrhenian Deep Water, formed in the Tyrrhenian Sea; and the Western Mediterranean Deep water (WMDW), formed in the Gulf of Lions [START_REF] Millot | Another description of the Mediterranean Sea outflow[END_REF][START_REF] Naranjo | Mediterranean waters along and across the Strait of Gibraltar, characterization and zonal modification[END_REF]. Despite their large density, these water masses are drained out of the Mediterranean through the Bernoulli suction mechanism (Stommel) et al, 1973), which can be enhanced by the kinetic energy provided by the Western Alboran Gyre [START_REF] Naranjo | The Western Alboran Gyre helps ventilate the Western Mediterranean Deep Water through Gibraltar[END_REF], tidal currents [START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF], and the atmospheric pressure (García- Lafuente et al, 2009). The proportion of the water masses outflowing from the Mediterranean varies seasonally, depending on the volume of WMDW formed during winter, which results in a more or less intense uplifting of old WMDW nearby the strait (García Lafuente et al, 2007;[START_REF] Naranjo | Recent changes (2004-2016) of temperature and salinity in the Mediterranean outflow[END_REF]. Other than deep ocean circulation, heat, and salt contents, this mechanism indirectly impacts on Mediterranean biogeochemical properties as it participates in both the renewal of organic matter at great depth [START_REF] Tamburini | Deep-Sea Bioluminescence Blooms after[END_REF] and the loss of nutrient-enriched water masses to the Atlantic Ocean (Huertas et al, 2012a;[START_REF] De Madron | Marine ecosystems' responses to climatic and anthropogenic forcings in the Mediterranean[END_REF].

With that in mind, various aspects of the role played by SoG in the Mediterranean Sea are not well understood. In particular, the influence of the local processes at the SoG on the Eastern Mediterranean basin, intermediate and deep Mediterranean water masses, and their interannual variability remain unclear. Finally, the possible influence of Atlantic water masses transformations across the SoG on airsea fluxes and the impacts on the overlying atmosphere are yet to be investigated.

The exchange flow through the Strait of Gibral-

tar: a long-standing scientific matter

Overview of the exchange flow

The SoG has been a region of interest for physical oceanographers since the early 20th century [START_REF] Schmidt | Oceanography of the Gibraltar region[END_REF][START_REF] Jacobsen | Periodical variations in temperature and salinity in the Strait of Gibraltar[END_REF]. However, technical difficulties, mainly related to the intense dynamics within the strait and the heavy marine traffic, prevented the acquisition of reliable observations until the late 1960s [START_REF] Ziegenbein | Short internal waves in the Strait of Gibraltar[END_REF]. Over the following years, various studies and observational campaigns progressively allowed scientists to bring light on the complex mechanisms at play within the strait. In the literature, these mechanisms are often distinguished by the time scales upon which they manifest. Three main regimes are often referred to [START_REF] Lacombe | The regime of the strait of gibraltar[END_REF][START_REF] García Lafuente | Subinertial variability in the flow through the Strait of Gibraltar[END_REF][START_REF] Vargas | Fortnightly and monthly variability of the exchange through the Strait of Gibraltar[END_REF][START_REF] Sánchez-Román | Spatial and temporal variability of tidal flow in the Strait of Gibraltar[END_REF][START_REF] García-Lafuente | Hotter and Weaker Mediterranean Outflow as a Response to Basin-Wide Alterations[END_REF]: sub-seasonal (seasonal and interannual periods), subinertial (from days to few months), and tidal (from tens of hours to hourly). Sub-seasonal frequencies retain a small fraction of the exchange flow variability through the SoG [START_REF] Candela | Tides in the strait of gibraltar[END_REF][START_REF] Boutov | Inter-annual variability and long term predictability of exchanges through the Strait of Gibraltar[END_REF]. However, they are essential to investigate basin-scale variations of the Mediterranean Sea volume, heat, and 1.3. THE EXCHANGE FLOW THROUGH THE STRAIT OF GIBRALTAR: A LONG-STANDING SCIENTIFIC MATTER salt contents. Climatologically, the net volume flow through the SoG mainly balances the freshwater loss at the surface of the Mediterranean Sea. In this way, it is primarily driven by the basin-scale budget of evaporation and precipitation, although river runoff and exchanges with the black sea can have a secondary modulating effect [START_REF] Fenoglio ; Marc | Decadal variability of net water flux at the Mediterranean Sea Gibraltar Strait[END_REF]. Basin-scale volume variations also drive a seasonal modulation of the net flow, which peaks in late summer (August-September) [START_REF] Lafuente | Lowfrequency variability of the exchanged flows through the Strait of Gibraltar during CANIGO[END_REF][START_REF] Soto-Navarro | Estimation of the Atlantic inflow through the Strait of Gibraltar from climatological and in situ data[END_REF]. Finally, the net flow follows a less intense semiannual cycle, characterized by a maximal peak in April [START_REF] Soto-Navarro | Estimation of the Atlantic inflow through the Strait of Gibraltar from climatological and in situ data[END_REF]. However, this variability mode is challenging to interpret. So far, it has mainly been associated with wind stress and atmospheric pressure variations, which display similar patterns [START_REF] Lafuente | Lowfrequency variability of the exchanged flows through the Strait of Gibraltar during CANIGO[END_REF]. Regarding the inflow and outflow, [START_REF] Boutov | Inter-annual variability and long term predictability of exchanges through the Strait of Gibraltar[END_REF] argue that the zonal wind stress mainly drives their interannual variability. The underlying mechanism consists of a wind-induced drag of the surface Atlantic layer, which indirectly affects the Mediterranean layer through mass continuity. On sub-annual scales, the inflow displays both seasonal (peak in August) and semiannual (maximal peak in April) variations. The seasonal cycle results from both basin-scale volume variations and the increased density gradient between Atlantic and Mediterranean water masses in summer [START_REF] Soto-Navarro | Estimation of the Atlantic inflow through the Strait of Gibraltar from climatological and in situ data[END_REF]. The semiannual cycle is associated, as for the net flow, with the enhanced atmospheric forcing in winter. The outflow mainly displays a seasonal cycle, driven by the variation of the WMDW reservoir, refilled in spring (March-April), facilitating the suction of deep water through the SoG (García Lafuente et al, 2007;[START_REF] Sánchez-Román | Transport estimates at the western section of the Strait of Gibraltar: A combined experimental and numerical modeling study[END_REF][START_REF] Soto-Navarro | Estimation of the Atlantic inflow through the Strait of Gibraltar from climatological and in situ data[END_REF][START_REF] Sammartino | Ten years of marine current measurements in Espartel Sill, Strait of Gibraltar[END_REF]. Unlike for the inflow, the enhancing effect of the stratification intensification in summer is cancelled by the basin-scale continuity condition.

On monthly scales, the net flow through the SoG is mainly modulated by atmospheric pressure variations [START_REF] Candela | Meteorologically forced subinertial flows through the Strait of Gibraltar[END_REF][START_REF] Candela | The Gibraltar Strait and its role in the dynamics of the Mediterranean Sea[END_REF] and, to a lesser extent, wind stress over the Atlantic Ocean (García [START_REF] Lafuente | Lowfrequency variability of the exchanged flows through the Strait of Gibraltar during CANIGO[END_REF]. Fortnightly oscillations, driven by the monthly (spring-neap) tidal cycle, have also been repeatedly observed [START_REF] Candela | Meteorologically forced subinertial flows through the Strait of Gibraltar[END_REF][START_REF] Bryden | Exchange through the Strait of Gibraltar[END_REF][START_REF] Tsimplis | Estimation of the transports through the Strait of Gibraltar[END_REF][START_REF] García Lafuente | Subinertial variability in the flow through the Strait of Gibraltar[END_REF][START_REF] Vargas | Fortnightly and monthly variability of the exchange through the Strait of Gibraltar[END_REF]. However, the extent of their intensity is debated (see Table 1 of [START_REF] Vargas | Fortnightly and monthly variability of the exchange through the Strait of Gibraltar[END_REF]. The inflow and outflow are also subject to significant monthly and fortnightly oscillations. As for the net flow, the atmospheric forcing drives their monthly variability, whereas tidal currents drive their fortnightly variability. The monthly variability is more marked on the inflow, which responds primarily to the atmospheric forcing. Conversely, the outflow is rather related to the tidal forcing, reaching a maximum during neap tide [START_REF] Lafuente | Tide at the eastern section of the Strait of Gibraltar[END_REF][START_REF] Vargas | Fortnightly and monthly variability of the exchange through the Strait of Gibraltar[END_REF].

From hourly to daily frequency, the variability of the exchanged flows reaches its maximal amplitude (Figure 8, panel b of [START_REF] Sammartino | Ten years of marine current measurements in Espartel Sill, Strait of Gibraltar[END_REF]. The volume transport through the strait is driven by the semidiurnal barotropic tidal currents [START_REF] Candela | The Gibraltar Strait and its role in the dynamics of the Mediterranean Sea[END_REF], which periodically reverse the exchanged flows and produce internal waves, forcing substantial volume transports [START_REF] Pettigrew | The Structure of the Internal Bore in the Strait of Gibraltar and its Influence on the Atlantic Inflow[END_REF]. However, these high-frequency variations mostly cancel out over the tidal cycle. Thus, they do not necessarily impact on the low-frequency transports through the strait. The residual effect of the tidal advection is often referred to as the "eddy flux" [START_REF] Bryden | Exchange through the Strait of Gibraltar[END_REF]. Its diagnosed intensity depends on the method used to compute the tidal and subinertial transports through the strait. However, previous studies generally agree on a significant eddy flux at the CS, where it contributes to the mean exchange by up to 45% [START_REF] Bryden | Exchange through the Strait of Gibraltar[END_REF][START_REF] Tsimplis | Estimation of the transports through the Strait of Gibraltar[END_REF][START_REF] Vargas | Fortnightly and monthly variability of the exchange through the Strait of Gibraltar[END_REF], and much less intense at the eastern entrance of the strait [START_REF] Lafuente | Tide at the eastern section of the Strait of Gibraltar[END_REF][START_REF] Baschek | Transport estimates in the Strait of Gibraltar with a tidal inverse model[END_REF] and over the ES [START_REF] Vargas | Fortnightly and monthly variability of the exchange through the Strait of Gibraltar[END_REF][START_REF] Sánchez-Román | Transport estimates at the western section of the Strait of Gibraltar: A combined experimental and numerical modeling study[END_REF]. Regarding the ES, [START_REF] Sammartino | Ten years of marine current measurements in Espartel Sill, Strait of Gibraltar[END_REF] specify that although it is weak on average, the eddy flux has a notable influence during spring tides.

Non-linear processes and diapycnal mixing

Apart from Atlantic and Mediterranean exchanges, the SoG is characterized by the frequent occurrence of various non-linear processes. In fact, the SoG has long been recognized as a highly turbulent area [START_REF] Bryden | Recent Progress in Strait Dynamics[END_REF]. To some extent, these turbulent processes can be related to the energetic flows crossing the strait, which are periodically submitted to hydraulic control due to the interactions of tidal currents with steep topographic obstacles and channel shrinkage [START_REF] Sannino | Three-layer view of transports and hydraulics in the Strait of Gibraltar: A three-dimensional model study[END_REF]. In addition to diapycnal mixing, directly induced by these intense dynamical structures, the relaxation of transient hydraulic control points during the tidal cycle produces large internal waves (illustrated in Figure 1.5), mainly toward the Mediterranean Sea [START_REF] Lacombe | The regime of the strait of gibraltar[END_REF][START_REF] Violette | Tidal-induced pulses in the flow through the Strait of Gibraltar[END_REF][START_REF] Wesson | Turbulent Dissipation in the Strait of Gibraltar and Associated Mixing[END_REF][START_REF] Pettigrew | The Structure of the Internal Bore in the Strait of Gibraltar and its Influence on the Atlantic Inflow[END_REF][START_REF] Morozov | Internal tides in the Strait of Gibraltar[END_REF][START_REF] Alpers | Internal waves generated in the Straits of Gibraltar and Messina: Observations from space[END_REF][START_REF] Garrido | Time-spatial variability observed in velocity of propagation of the internal bore in the Strait of Gibraltar[END_REF][START_REF] Vázquez | Internal waves and short-scale distribution patterns of chlorophyll in the Strait of Gibraltar and Alborán Sea[END_REF], but also toward the Atlantic Ocean [START_REF] Farmer | The flow of Atlantic water through the Strait of Gibraltar[END_REF][START_REF] Vázquez | Evidence of multimodal structure of the baroclinic tide in the Strait of Gibraltar[END_REF], and across the strait [START_REF] Watson | A study of internal wave propagation in the Strait of Gibraltar using shore-based marine radar images[END_REF][START_REF] Richez | Airborne synthetic aperture radar tracking of internal waves in the Strait of Gibraltar[END_REF]. At the CS, internal waves are also produced under subcritical conditions, however, their intensity is substantially reduced [START_REF] Vázquez | Meteorologically forced subinertial flows and internal wave generation at the main sill of the Strait of Gibraltar[END_REF]. In turn these internal waves dissipate, powering turbulent mixing.

Thus, turbulent mixing encapsulates the influence of various non-linear processes occurring within the SoG. Furthermore it is by itself a determining feature of the Atlantic and Mediterranean exchanges, as it substantially influences the hydrographic properties of water masses crossing the strait. Indeed, intense temperature and salinity anomalies associated to diapycnal mixing have been repeatedly observed throughout the strait [START_REF] Pettigrew | The Structure of the Internal Bore in the Strait of Gibraltar and its Influence on the Atlantic Inflow[END_REF][START_REF] Send | Intensive shipboard observations of the flow through the Strait of Gibraltar[END_REF][START_REF] Bruno | The boiling-water phenomena at Camarinal Sill, the strait of Gibraltar[END_REF][START_REF] Macias | Tidal induced variability of mixing processes on Camarinal Sill (Strait of Gibraltar): A pulsating event[END_REF][START_REF] García-Lafuente | The very first transformation of the Mediterranean outflow in the Strait of Gibraltar[END_REF]. At the ES, long-term in situ observations show that the outflowing Mediterranean water is warmed by 0.1 • C and saltened by 0.1‰ between the CS and ES (García- Lafuente et al, 2011). Besides in situ observations, diapycnal mixing at the SoG has also been highlighted in several numerical simulations [START_REF] Macías | Analysis of mixing and biogeochemical effects induced by tides on the Atlantic-Mediterranean flow in the Strait of Gibraltar through a physical-biological coupled model[END_REF]Sannino et al, 2009a;[START_REF] García Lafuente | The interface mixing layer and the tidal dynamics at the eastern part of the Strait of Gibraltar[END_REF][START_REF] Sanchez-Roman | Modelling study of transformations of the exchange flows along the Strait of Gibraltar[END_REF]. More precisely, the tide-induced diapycnal mixing at the SoG was shown to significantly impact on the net heat and salt budgets through the SoG [START_REF] Harzallah | Mass exchange at the Strait of Gibraltar in response to tidal and lower frequency forcing as simulated by a Mediterranean Sea model[END_REF][START_REF] Sanchez-Roman | Modelling study of transformations of the exchange flows along the Strait of Gibraltar[END_REF]. Similarly, in the Alborán Sea, [START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF] show that the tide-induced diapycnal mixing cools the Atlantic jet by 0.37 • C and saltens it by 0.47psu.

Unfortunately, the field investigation of diapycnal mixing at the SoG is chal- lenging and the underlying processes are still unclear at the present time. A few direct observations have been made so far, mainly during the Gibraltar Experiment [START_REF] Kinder | Yes, some of the Mediterranean outflow does come from great depth[END_REF]. At that time several cruises equipped with Advanced Microstructure Profiler [START_REF] Gregg | Use of a fiber-optic cable with a free-fall microstructure profiler[END_REF] highlighted the presence of intense turbulent structures throughout the strait, orders of magnitude higher than in the open ocean (Wesson andGregg, 1988, 1994). Those surveys allowed characterizing the high-frequency variability of these structures, mainly driven by semidiurnal tidal currents. In particular, during the westward tidal phase, high dissipation rates were measured at the CS, extending up to the Atlantic layer and to 1-2km west of the sill. In addition, compact unstable gravitational structures of 30-75m amplitude were evidenced at both spring and neap tides above the the crest of the CS and at its western flank. After the reversal of the westward tide, less intense but significant dissipation rates were measured east of the CS, at the interface between Atlantic and Mediterranean waters.

Regarding the underlying physical mechanism, [START_REF] Wesson | Mixing at Camarinal Sill in the Strait of Gibraltar[END_REF] attribute the mixing and static instabilities near the CS to the shearing and thinning of the Mediterranean outflow, which is submitted to hydraulic control at the top of the CS. During the eastward tidal phase, the mixing is mainly related to an intensification of vertical shear at the interface between the exchanged water masses. Various observational studies have also highlighted the enhancement of diapycnal CHAPTER 1. INTRODUCTION mixing along the trail of the eastward internal bore produced at the CS [START_REF] Pettigrew | The Structure of the Internal Bore in the Strait of Gibraltar and its Influence on the Atlantic Inflow[END_REF][START_REF] Send | Intensive shipboard observations of the flow through the Strait of Gibraltar[END_REF][START_REF] Vázquez | Evidence of multimodal structure of the baroclinic tide in the Strait of Gibraltar[END_REF]. In addition, [START_REF] Bruno | The importance of sub-mesoscale processes for the exchange of properties through the Strait of Gibraltar[END_REF] related the diapycnal mixing to convergences and divergences patterns withing the strait. In the rest of the literature, diapycnal mixing at the SoG is often related to tidal intensification of the vertical shear [START_REF] Bruno | The boiling-water phenomena at Camarinal Sill, the strait of Gibraltar[END_REF][START_REF] Macías | Analysis of mixing and biogeochemical effects induced by tides on the Atlantic-Mediterranean flow in the Strait of Gibraltar through a physical-biological coupled model[END_REF][START_REF] Sanchez-Garrido | Numerical modeling of three-dimensional stratified tidal flow over Camarinal Sill, Strait of Gibraltar[END_REF][START_REF] Sánchez-Garrido | What does cause the collapse of the western alboran gyre? results of an operational ocean model[END_REF] and hydraulic transitions (Sannino et al, 2009a;[START_REF] García Lafuente | The interface mixing layer and the tidal dynamics at the eastern part of the Strait of Gibraltar[END_REF][START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF]. Overall, this relatively limited knowledge of the processes driving diapycnal mixing at the SoG represents a scientific barrier to understanding the heat and salt exchanges through the SoG. In addition, a better appreciation of these processes is needed in numerical modeling to better assess the capabilities and limitations of state-of-the-art numerical models.

Modeling the Strait of Gibraltar

Motivations and overview of available numerical models

The exchange flow through the SoG is key to the understanding of long-term thermohaline and dynamic modulations over Mediterranean Sea, and to a lesser extent, over the Atlantic and global oceans. However, it is complex to observe [START_REF] Ziegenbein | Short internal waves in the Strait of Gibraltar[END_REF][START_REF] Millot | Large warming and salinification of the Mediterranean outflow due to changes in its composition[END_REF] and relies on non-linear mechanisms, displaying both significant temporal and spatial variability. In this way, the processes and tendencies investigated through observational campaigns are often limited by the locality and short-term coverage of the in situ dataset collected. In particular, seasonal and inter-annual variability of the mechanism at play within the SoG has long been a grey area [START_REF] Lacombe | The regime of the strait of gibraltar[END_REF][START_REF] Wesson | Mixing at Camarinal Sill in the Strait of Gibraltar[END_REF][START_REF] Bryden | Exchange through the Strait of Gibraltar[END_REF]. Long time series at the ES are now available [START_REF] Sammartino | Ten years of marine current measurements in Espartel Sill, Strait of Gibraltar[END_REF][START_REF] García-Lafuente | Hotter and Weaker Mediterranean Outflow as a Response to Basin-Wide Alterations[END_REF], allowing oceanographers to investigate the long-term variations of the exchange flow. However, the local character of these measurements remains problematic and requires interpolation methods, introducing additional uncertainties, in particular when investigating fine-scale processes [START_REF] Soto-Navarro | Estimation of the Atlantic inflow through the Strait of Gibraltar from climatological and in situ data[END_REF][START_REF] García-Lafuente | The very first transformation of the Mediterranean outflow in the Strait of Gibraltar[END_REF]Jordà et al, 2017b).

A possible solution for addressing these issues is that of numerical modeling, whereby the ocean dynamics and thermodynamics are simulated through a computer program based on mathematical equations. Although imperfect, these simulations benefit from a tunable and regular spatio-temporal coverage. At the present time, a large variety of numerical models exists, offering different representations of ocean physics. Because of its channel-like structure and the various processes at play within it, the SoG is eligible to many of these models. For example, tidal wave propagation within the strait can be studied based on models representing only depth-averaged (barotropic) ocean physics [START_REF] Tejedor | Tides and tidal energetics of the Strait of Gibraltar: A modelling approach[END_REF][START_REF] Tejedor | Simulation of the semidiurnal tides in the Strait of Gibraltar[END_REF][START_REF] Izquierdo | Control variability and internal bore evolution in the Strait of Gibraltar: A 2-D two-layer model study[END_REF]. Conversely, to study the evolution of baroclinic structures through the strait, meridional variations can sometimes be neglected. In this way, twodimensional "channel" models with a more or less sophisticated representation of the ocean water column can be adopted, ranging from a simple two-layer model 1.4. MODELING THE STRAIT OF GIBRALTAR [START_REF] Artale | Nonlinear internal waves in a one-dimensional channel[END_REF] to continuously stratified models [START_REF] Morozov | Internal tides in the Strait of Gibraltar[END_REF]Hilt et al, 2020). These two-dimensional models can also indirectly account for the channel width and its zonal variations, as for the two-layer models of [START_REF] Farmer | Maximal two-layer exchange over a sill and through the combination of a sill and contraction with barotropic flow[END_REF]; [START_REF] Brandt | Study of the generation and propagation of internal waves in the Strait of Gibraltar using a numerical model and synthetic aperture radar images of the European ERS 1 satellite[END_REF]. Finally, the full spatial structure of the mechanisms at play within the strait can be studied based three-dimensional models, which are more commonly used in the ocean modeling community. This type of model was first adapted to the SoG by the pioneering work of [START_REF] Wang | The strait surface outflow[END_REF][START_REF] Wang | Model of mean and tidal flows in the Strait of Gibraltar[END_REF][START_REF] Wang | The strait of Gibraltar model: internal tide, diurnal inequality and fortnightly modulation[END_REF] and more widely developed since the early 2000s [START_REF] Sannino | Numerical modeling of the semidiurnal tidal exchange through the Strait of Gibraltar[END_REF][START_REF] Sannino | Three-layer view of transports and hydraulics in the Strait of Gibraltar: A three-dimensional model study[END_REF][START_REF] Sanchez-Garrido | Numerical modeling of three-dimensional stratified tidal flow over Camarinal Sill, Strait of Gibraltar[END_REF][START_REF] García Lafuente | The interface mixing layer and the tidal dynamics at the eastern part of the Strait of Gibraltar[END_REF][START_REF] Sannino | Exchange Flow through the Strait of Gibraltar as Simulated by a σ-Coordinate Hydrostatic Model and a z-Coordinate Nonhydrostatic Model. The Mediterranean Sea: Temporal Variability and Spatial Patterns[END_REF][START_REF] Sanchez-Roman | Modelling study of transformations of the exchange flows along the Strait of Gibraltar[END_REF][START_REF] Álvarez | Some considerations about non-hydrostatic vs. hydrostatic simulation of shortperiod internal waves. A case study: The Strait of Gibraltar[END_REF].

Besides the number of dimensions represented, a determining criterion for numerical models is that of spatial resolution, which is often a limiting factor for the spatio-temporal coverage of numerical simulations. Indeed, numerical models with fine-scale resolution are computationally expensive and cannot be used to simulate large areas of the global ocean over long periods. In particular, due to the large extent of the Earth radius compared to the ocean depth, the limiting factor is mainly horizontal resolution. In the following, we thus distinguish numerical models depending on their horizontal resolution. We consider three main categories:

• Sub-regional Circulation Models (SRCM): SRCM are high-resolution models (500 -100m), covering small regions of the world ocean. These models aim at investigating fine-scale mechanisms over short periods (typically, less than one year).

• Regional Circulation Models (RCMs): RCMs are intermediate resolution models (10 -1km) covering large but finite areas of the global ocean. These models aim at representing regional dynamics over long periods (typically, from decadal to centennial scales), but at a finer spatial resolution than GCM, allowing modellers to simulate the largest eddy structures of the ocean circulation.

• General Circulation Models (GCMs): GCMs are coarse resolution model (∼ 100km), representing the global ocean in its entirety. Most of the time, GCMs are used to investigate large-scale phenomena over long time scales (typically, from decadal to centennial scales). Although they are commonly used by the global ocean modeling community, we will not discuss OGCMs in the following as their horizontal resolution does not allow for a realistic representation of the SoG.

The strait of Gibraltar at high resolution: insight into fine-scale and non-linear mechanisms

When applied to the SoG, SRCMs resolve the strait and its direct surroundings. We can classify SRCMs into two main categories, depending on whether or not they rely on the hydrostatic assumption. Under this assumption, the gravity force is considered balanced by the vertical pressure gradient. Most low-resolution models rely on this assumption, which makes them significantly less computationally expensive. CHAPTER 1. INTRODUCTION However, relaxation of this hypothesis is sometimes necessary to investigate nonlinear mechanisms.

Hydrostatic SRCM are mainly used to investigate the hydraulic properties of the exchange flow through the SoG, which does not require the relaxation of the hydrostatic assumption [START_REF] Sannino | Exchange Flow through the Strait of Gibraltar as Simulated by a σ-Coordinate Hydrostatic Model and a z-Coordinate Nonhydrostatic Model. The Mediterranean Sea: Temporal Variability and Spatial Patterns[END_REF]. In particular, those numerical simulations successfully represent the thickening of the inflowing Atlantic layer during the inflowing tidal phase and that of the outflowing Mediterranean layer during the outflowing phase [START_REF] Sannino | Three-layer view of transports and hydraulics in the Strait of Gibraltar: A three-dimensional model study[END_REF]. In this way, SRCMs allow investigating the relations between hydraulic transition, water masses entrainment, and vertical displacements of the interface between Atlantic and Mediterranean layers [START_REF] Sannino | Numerical modeling of the mean exchange through the Strait of Gibraltar[END_REF][START_REF] Sannino | Three-layer view of transports and hydraulics in the Strait of Gibraltar: A three-dimensional model study[END_REF]. These simulations also shed light on the relation between the hydraulic transition and the release of the main internal bore produced at the CS [START_REF] Sannino | Numerical modeling of the semidiurnal tidal exchange through the Strait of Gibraltar[END_REF][START_REF] Álvarez | Analysis of short-period internal waves using waveinduced surface displacement: A three-dimensional model approach in Algeciras Bay and the Strait of Gibraltar[END_REF]. Finally, SRCMs have also been used to asses the local impact of tidal forcing in the Alborán sea, highlighting its influence on the gyres circulation (Sánchez- Garrido et al, 2013).

On the other hand, although computationally expensive, non-hydrostatic SRCMs allow investigating nonlinear and fine-scale mechanisms at play within the SoG. In particular, relaxation of the hydrostatic assumption is essential to simulate the generation of short-scale internal solitary waves (illustrated in Figure 1. 6 Sammartino et al, 2014;[START_REF] Álvarez | Some considerations about non-hydrostatic vs. hydrostatic simulation of shortperiod internal waves. A case study: The Strait of Gibraltar[END_REF]Hilt et al, 2020). Such simulations have substantially improved the understanding of these non-linear processes. For example, they allowed oceanographers to relate the presence of quasi-stationary waves with depressions induced by the formation of the eastward internal bore [START_REF] Morozov | Internal tides in the Strait of Gibraltar[END_REF]. These simulations also provided insights into the disintegration of internal waves at the strait. In particular, [START_REF] Brandt | Study of the generation and propagation of internal waves in the Strait of Gibraltar using a numerical model and synthetic aperture radar images of the European ERS 1 satellite[END_REF] argue that it results from a non-hydrostatic and non-linear steepening of the bore, and [START_REF] Vlasenko | Three-dimensional evolution of large-amplitude internal waves in the Strait of Gibraltar[END_REF] explains that the bore can evolve into a non-rank-ordered wave train through energy transfer from low to high-order internal waves, resulting from reflections of the leading wave on the lateral boundaries of the strait, mainly due to the Coriolis force.

Non-hydrostatic SRCM are also used to highlight the occurrence of non-linear processes complex to observe due to their low intensity and short time-coverage. In this way, based on numerical simulations and in situ measurements, [START_REF] Vázquez | Evidence of multimodal structure of the baroclinic tide in the Strait of Gibraltar[END_REF] highlight the occurrence of second order internal waves in addition to the main internal bore and document its intensity with respect to the main internal bore. This second type of internal waves is also reproduced in Hilt et al (2020).

Finally, non-hydrostatic SRCM are useful for assessing the capabilities and limitations of hydrostatic models. In this way, Álvarez et al (2019) suggest that hydrostatic simulations are able, to some extent, to replicate processes simulated by non-hydrostatic simulations. However, this requires the use of very high resolution. In the same way, based on a statistical analysis of the occurrence of hydraulic control throughout the strait, [START_REF] Sannino | Exchange Flow through the Strait of Gibraltar as Simulated by a σ-Coordinate Hydrostatic Model and a z-Coordinate Nonhydrostatic Model. The Mediterranean Sea: Temporal Variability and Spatial Patterns[END_REF] argue that a hydrostatic simulation of 500m horizontal resolution is sufficient to realistically simulate the hydraulic properties of the exchange flow through the SoG. 

The Strait of Gibraltar at intermediate resolution: A first glance at its influence on the Mediterranean Sea

Most RCMs simulating the SoG aim at representing the Mediterranean Sea and/or the Atlantic Ocean. In the following, we will mainly focus on regional models of the Mediterranean Sea. Models representing only the Atlantic ocean will not be discussed, as they are outside the scope of this PhD. Mediterranean RCMs are usually designed with a 10-5km horizontal resolution and vertical resolutions varying from a few meters at the ocean surface to hundreds of meters at its bottom [START_REF] Pinardi | Variability of the large scale general circulation of the Mediterranean Sea from observations and modelling: A review[END_REF][START_REF] Somot | Transient climate change scenario simulation of the Mediterranean Sea for the twenty-first century using a highresolution ocean circulation model[END_REF][START_REF] Tonani | A high-resolution freesurface model of the Mediterranean Sea[END_REF]Sannino et al, 2009a;[START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF][START_REF] Harzallah | Mass exchange at the Strait of Gibraltar in response to tidal and lower frequency forcing as simulated by a Mediterranean Sea model[END_REF][START_REF] Soto-Navarro | Evaluation of regional ocean circulation models for the Mediterranean Sea at the Strait of Gibraltar: volume transport and thermohaline properties of the outflow[END_REF][START_REF] Adloff | Mediterranean Sea response to climate change in an ensemble of twenty first century scenarios[END_REF]. In the literature, Mediterranean RCMs have been shown to successfully represent the main circulation patterns of the Mediterranean Sea, with significant improvement over the past 20 years [START_REF] Pinardi | Variability of the large scale general circulation of the Mediterranean Sea from observations and modelling: A review[END_REF][START_REF] Demirov | Simulation of the Mediterranean Sea circulation from 1979 to 1993: Part I. The interannual variability[END_REF][START_REF] Béranger | The dynamics of the Sicily Strait: a comprehensive study from observations and models[END_REF][START_REF] Tonani | A high-resolution freesurface model of the Mediterranean Sea[END_REF][START_REF] Adloff | Mediterranean Sea response to climate change in an ensemble of twenty first century scenarios[END_REF][START_REF] Pinardi | Mediterranean Sea large-scale low-frequency ocean variability and water mass formation rates from 1987 to 2007: A retrospective analysis[END_REF][START_REF] Nagy | The impact of climate change on circulation patterns in the Eastern Mediterranean Sea upper layer using Med-ROMS model[END_REF]. They also offer a relatively accurate representation of the main mechanisms at play within the Mediterranean, such as the thermohaline circulation [START_REF] Somot | Transient climate change scenario simulation of the Mediterranean Sea for the twenty-first century using a highresolution ocean circulation model[END_REF][START_REF] Adloff | Mediterranean Sea response to climate change in an ensemble of twenty first century scenarios[END_REF][START_REF] Waldman | Overturning the Mediterranean Thermohaline Circulation[END_REF] and the deep convection in the Western Mediterranean Basin [START_REF] Herrmann | What induced the exceptional 2005 convection event in the northwestern Mediterranean basin? Answers from a modeling study[END_REF][START_REF] Beuvier | Spreading of the Western Mediterranean Deep Water after winter 2005: Time scales and deep cyclone transport[END_REF]Waldman et al, 2017b,a).

Although RCMs are able to reproduce the main dynamical and thermodynamical processes at play over the Mediterranean sea, they are also limited to some extent by their relatively coarse resolution and the physical simplifications they rely on. In fact, these limitations are particularly marked at the SoG, where non-linear finescale processes are at play. Regarding spatial resolution, Mediterranean RCMs offer a relatively rough representation of the strait geometry and topography, which are represented by few cells along the meridional direction (typically, two to three). The tuning of the model, in particular the lateral friction, bottom drag, and turbulent viscosity, allows simulating realistic volume exchanges through the strait [START_REF] Tonani | A high-resolution freesurface model of the Mediterranean Sea[END_REF]Sannino et al, 2009b;[START_REF] Beuvier | Spreading of the Western Mediterranean Deep Water after winter 2005: Time scales and deep cyclone transport[END_REF][START_REF] Soto-Navarro | Evaluation of regional ocean circulation models for the Mediterranean Sea at the Strait of Gibraltar: volume transport and thermohaline properties of the outflow[END_REF]. However, this type of ad-hoc correction does not ensure a realistic representation of the Atlantic inflow at the entrance of the Mediterranean Sea. More specifically, Sannino et al (2009b) highlighted that the model resolution at the SoG directly impacts on the properties of the simulated Atlantic inflow, which in turn affects the western Mediterranean basin stratification, and consequently, the associated convective activity.

Regarding physics simplifications, most RCMs do not include tidal forcing, although it is the main driver of diapycnal mixing between the exchanged water masses at the SoG [START_REF] Wesson | Mixing at Camarinal Sill in the Strait of Gibraltar[END_REF]. In some RCMs, omission of tidal currents at the SoG is parameterized through an artificial increase of the simulated vertical mixing [START_REF] Oddo | A nested Atlantic-Mediterranean Sea general circulation model for operational forecasting[END_REF], or an enhancement of the bottom friction [START_REF] Beuvier | Spreading of the Western Mediterranean Deep Water after winter 2005: Time scales and deep cyclone transport[END_REF], however, these corrections are unlikely to fully compensate for the lack of tidal forcing, and their realism remains poorly documented so far. Several studies have investigated the differences between numerical simulations differing only by the inclusion or omission of tidal forcing, highlighting that tide-induced mixing at the SoG has a significant effect on the the heat and salt transports through the strait [START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF][START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF][START_REF] Harzallah | Mass exchange at the Strait of Gibraltar in response to tidal and lower frequency forcing as simulated by a Mediterranean Sea model[END_REF][START_REF] Sanchez-Roman | Modelling study of transformations of the exchange flows along the Strait of Gibraltar[END_REF]. Over long periods, the omission of tidal forcing impacts the heat and salt contents of the Mediterranean Basin, mainly affecting the surface thermohaline characteristics, (see Figure 1.7), and thus, the stratification, regional circulation, and deep water formation. Overall, these inaccuracies can explain why state of the art RCMs display a large inter-model spread on the average exchanges through the SoG and their simulated trends over the historical and future climate [START_REF] Harzallah | Long term evolution of heat budget in the Mediterranean Sea from Med-CORDEX forced and coupled simulations[END_REF][START_REF] Llasses | Heat and salt redistribution within the Mediterranean Sea in the Med-CORDEX model ensemble[END_REF][START_REF] Soto-Navarro | Evolution of Mediterranean Sea water properties under climate change scenarios in the Med-CORDEX ensemble[END_REF].

Overall, these limitations represent a technical barrier to the investigation of the role played by the SoG on the Mediterranean Sea. In addition, they stand in the way of improving the state-of-the-art numerical models of the Mediterranean Sea and assessing their current limitations. Simply put, further work is needed to delineate the key elements of the SoG that are required to represent the Mediterranean Sea over long periods. In particular, although it is relatively clear that tides and 1.5. PHD STRUCTURE fine-scale resolution at the SoG are relevant to the Mediterranean surface hydrography, their respective importance need to be investigated in details.

PhD structure

To conclude on this introductory chapter, we have seen that the exchanges through the SoG involve various non-linear and fine-scale mechanisms, which have a large-scale influence on the Mediterranean Sea. Although many aspects of these mechanisms and their large-scale impacts are well understood, grey areas remain.

At the SoG, an intense diapycnal mixing is known to occur and fluctuate with tidal currents, significantly altering the water masses exchanged through the strait. This turbulent process is commonly associated with hydraulic transitions and verti-CHAPTER 1. INTRODUCTION cal shear. However, the underlying mechanisms remain unclear. Besides deepening our understanding of the exchanges through the SoG, a better appreciation of this process is needed in numerical modeling. It would better assess the limitations of state-of-the-art numerical models and possibly offer alternatives to the rough representation of the SoG in coarse resolution models. In this PhD, we will address this problem by investigating the following question: What physical processes drive tidal mixing at the Strait of Gibraltar?

Besides diapycnal mixing, the exchanges through the SoG rely on various mechanisms that result from the interactions of barotropic tidal currents, fine-scale nonlinear dynamics, and topographic obstacles. In fact, different studies have highlighted that these elements significantly influence the western Mediterranean Basin through the hydrographic and dynamical properties of inflowing Atlantic water masses. However, the respective and combined effects of tidal currents, fine-scale dynamics, and geometry of the strait are unclear. In addition, a deeper understanding of these processes would provide valuable indications to ocean modelers questioning the added value of high resolution and tidal forcing at the SoG to represent the Mediterranean Sea over climatic scales. To address these scientific and technical matters, we will investigate the following question: What are the key elements shaping the exchanges at the Strait of Gibraltar?

Finally, several unknowns remain about the SoG influence on the Mediterranean Sea, particularly over decadal to centennial scales. Among these, the influence of the SoG on the Mediterranean convective activity and intermediate water masses must be better assessed, as previous studies were limited by the temporal coverage or coarse resolution of the simulations used (Sannino et al, 2009b;[START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF][START_REF] Harzallah | Mass exchange at the Strait of Gibraltar in response to tidal and lower frequency forcing as simulated by a Mediterranean Sea model[END_REF][START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF]. In addition, although the SoG is known to primarily influence the Mediterranean Sea surface, possible feedbacks on the atmosphere have yet to be investigated. To lift these scientific barriers, we will investigate the following question: What role does the Strait of Gibraltar play on the Mediterranean Climate?

Besides the former introduction, this manuscript is organized into four chapters. The second chapter details the numerical developments carried out during this PhD. The scientific motivation underlying this technical work is to develop a numerical tool for assessing the respective and combined effects of tidal and fine-scale dynamics at the SoG and their influence on the Mediterranean Sea and climate. This numerical tool is used in the fourth and fifth chapters of this PhD. The third chapter investigates the mechanisms driving tidal mixing at the SoG in a kilometric resolution model of the Mediterranean Sea developed at the ENEA laboratory. The fourth chapter uses coupled ocean-atmosphere simulations to investigate the influence of tidal and fine-scale processes at the SoG on the Mediterranean Sea and its interactions with the atmosphere. Finally, the fifth chapter investigates an alternative to high-resolution and explicit tidal forcing at the SoG for coarse-resolution models. We draw our main conclusions and provide further prospects to this work in the last chapter. [START_REF] Beuvier | Spreading of the Western Mediterranean Deep Water after winter 2005: Time scales and deep cyclone transport[END_REF][START_REF] Hamon | Design and validation of MEDRYS, a Mediterranean Sea reanalysis over the period 1992-2013[END_REF][START_REF] Waldman | Overturning the Mediterranean Thermohaline Circulation[END_REF]. The main idea is to develop a configuration that simulates the Mediterranean Sea at climatic scales with an on-demand inclusion of tidal and fine-scale dynamics at the SoG. The underlying scientific motivation is to use this configuration to investigate the influence of improved exchanges at the SoG on the Mediterranean Sea climate, that is, its circulation, hydrographic properties, exchanges with the atmosphere, and their variations. From a more technical perspective, this numerical tool also aims at assessing the relative importance of the modeling choices made to represent the SoG.

The NEMOMED12 regional configuration

The basic brick: NEMO ocean model

The Nucleus for European Modelling of the Ocean, or NEMO model, is a stateof-the-art, freely available (http://www.nemo-ocean.eu, last access: November 6th, 2022) numerical software which allows representing and studying ocean physics. The version used in this PhD is NEMO3.6 [START_REF] Madec | NEMO ocean engine, version 3.6 stable. Note du Pole de modelisation de l'Institut Pierre-Simon Laplace[END_REF], referred to as NEMO in the following. The NEMO ocean model comprises three prime components: NEMO-OPA for the ocean dynamics and thermodynamics, NEMO-LIM for the sea-ice dynamics and thermodynamics, and NEMO-TOP for the biogeochemistry. In the following, we focus on the OPA component, as the LIM and TOP components will not be used in the numerical experiments carried on.

The NEMO model relies on a mathematical description of ocean dynamics and thermodynamics. It is based on a set of primitive equations, coupling the Navier-Stokes equations and the seawater equation of state, ifself relying on the equations for temperature and salinity. Although very accurate, this system of equations is complex to handle, so the NEMO model makes use of several simplifying hypotheses on ocean physics:

• Spherical earth and thin shell approximations: The earth is considered a perfect sphere. Thus, gravity is parallel to the Earth radius. In addition, the ocean depth is considered negligible with respect to the earth radius.

• The Boussinesq hypothesis: Density variations are assumed to have no effect on the simulated flows except their contribution to the buoyancy force. This hypothesis builds on the hypothesis that relative density variations are weak, hence the velocity divergence is neglected.

• Hydrostatic assumption: The gravity force is supposed to balance the vertical pressure gradient; that is, the fluid is not undergoing significant vertical acceleration. Under this assumption, the pressure is simply expressed as a function of the gravitational acceleration, depth, and fluid density.

• Turbulence closure: The turbulent fluxes resulting from small-scale fluctuations are expressed in terms of the large-scale (resolved) flow.

The simplified equations built from these hypotheses represent the continuous evolution of the ocean temperature, salinity, density, pressure, currents, turbulent kinetic energy, and dynamic sea surface. However, there is no known analytical solution to this system yet. Instead, an approximate solution can be obtained through finite difference methods, which allow approximating temporal and spatial derivatives through a discrete representation of time and space. In the NEMO model, the spatial discretization is performed on the Arakawa C-grid, a cubic-shaped grid where scalar variables are defined at the center, fluxes on the faces, and their vorticity on the corners. Regarding temporal discretization, NEMO makes use of a theelevel time stepping. Non-diffusive terms are represented using a leapfrog scheme [START_REF] Mesinger | Numerical methods used in atmospheric models, volume 1[END_REF] and horizontal diffusive terms with a forward time difference scheme. Vertical diffusive terms can also be represented with a forward time difference scheme, but the latter must be combined with a time-splitting technique (see the following sections). Otherwise, a backward (implicit) time difference scheme is used.

The NEMOMED12 domain

NEMOMED12 is a Mediterranean configuration of the NEMO ocean model (see Figure 2.1). It has been mainly developed by CNRM (https://www.umr-cnrm.fr/) in collaboration with Mercator-Ocean (https://www.mercator-ocean.eu/), LOCEAN (https://www.locean.ipsl.fr/), LMD (https://ecoledesponts.fr/en/laboratories-researchdynamic-meteorology), and ENSTA (https://www.ensta-paris.fr/fr/les-laboratoiresd-ensta-paris) laboratories in the framework of the SiMED research program (https://publicwiki.met The version of NEMOMED12 used in this PhD is the fruit of successive developments of NEMO Mediterranean configurations: OPAMED16 [START_REF] Béranger | Seasonal variability of water transport through the Straits of Gibraltar, Sicily and Corsica, derived from a high-resolution model of the Mediterranean circulation[END_REF], OPAMED8 [START_REF] Somot | Transient climate change scenario simulation of the Mediterranean Sea for the twenty-first century using a highresolution ocean circulation model[END_REF], and NEMOMED8 [START_REF] Bibliography Sevault | A regional version of the NEMO ocean engine on the Mediterranean Sea: NEMOMED8 user's guide[END_REF]Beuvier et al, 2010b;[START_REF] Sevault | A fully coupled Mediterranean regional climate system model: design and evaluation of the ocean component for the 1980-2012 period[END_REF]. The NEMOMED12 configuration is mainly used to investigate the Mediterranean Sea past variability and tendencies (Waldman et al, 2017b,a;[START_REF] Harzallah | Long term evolution of heat budget in the Mediterranean Sea from Med-CORDEX forced and coupled simulations[END_REF][START_REF] Darmaraki | Past Variability of Mediterranean Sea Marine Heatwaves[END_REF][START_REF] Dunić | Performance of multi-decadal ocean simulations in the Adriatic Sea[END_REF], its future evolution, and ocean-atmosphere interactions in coupled simulations [START_REF] Voldoire | SURFEX v8.0 interface with OASIS3-MCT to couple atmosphere with hydrology, ocean, waves and sea-ice models, from coastal to global scales[END_REF][START_REF] Darmaraki | Past Variability of Mediterranean Sea Marine Heatwaves[END_REF]. NEMOMED12 was also used to produce the MEDRYS Mediterranean reanalysis [START_REF] Hamon | Design and validation of MEDRYS, a Mediterranean Sea reanalysis over the period 1992-2013[END_REF].

The NEMOMED12 domain extends over the Mediterranean Sea and a small part of the Atlantic Ocean, just west of the SoG. The horizontal grid is extracted from the tri-polar global ORCA12 grid. Its resolution varies from 7.5km at the south of the domain to 6km at the north (equivalent to 1/14 • and 1/18 • , respectively). This resolution is close to the first Rossby radius of deformation over the Mediterranean [START_REF] Kurkin | Comparative analysis of the first baroclinic Rossby radius in the Baltic, Black, Okhotsk, and Mediterranean seas[END_REF]. Thus, the model is eddy-permitting but not fully eddy-resolving. The Strait of Gibraltar is approximately 10-points long and 3points wide at its narrowest section. The vertical grid of NEMOMED12 comprises 75 z-levels, with partial steps. In simpler terms, it consists of fixed depth levels, which vary to some extent at the seafloor to provide a more realistic representation of the seafloor. The position and thickness of the vertical levels are determined , ML10 hereinafter), with a hand-made check at the entrance of the SoG and the Aegean Sea. The ML10 dataset results itself from the merging of the MEDIMAP bathymetry [START_REF] Group | Morpho-bathymetry of the Mediterranean Sea[END_REF] and the Ifremer bathymetry of the Gulf of Lions [START_REF] Berné | Le golfe du Lion-Carte morpho-bathymétrique[END_REF]). In the end, NEMOMED12 vertical cell thicknesses range from one meter at the surface to 130 meters at the bottom of the Mediterranean. The maximal depth is reached at the south of the Greek peninsula of Peloponnese and west of the Greek island of Rhodes, where the seafloor locally exceeds 4400m depth. At the SoG, a minimum depth of 270m (30 vertical levels) is reached near the Camarinal Sill. NEMOMED12 uses a time step of 720 seconds (i.e. 12 minutes).

Horizontal physics

The NEMO ocean model provides several options to simulate horizontal physics. We detail here the numerical choices made in the NEMOMED12 configuration. For the advective scheme, NEMOMED12 uses the vector invariant form of the momentum equations. In addition, the vorticity term is discretized with an Energy and ENstrophy conserving (EEN hereinafter) scheme, conserving both the potential enstrophy (vorticity variance) of horizontally non-divergent flow and the horizontal kinetic energy. In practice, the EEN scheme allows reducing the noise in the vertical velocity field (Le [START_REF] Sommer | How momentum advection schemes influence current-topography interactions at eddy permitting resolution[END_REF]. In addition, when combined with a partial-step representation of the seafloor, it improves the simulated interaction between currents and topography [START_REF] Barnier | Impact of partial steps and momentum advection schemes in a global ocean circulation model at eddy-permitting resolution[END_REF][START_REF] Penduff | Influence of numerical schemes on current-topography interactions in 1/4 • global ocean simulations[END_REF]. Regarding diffusion terms, NEMOMED12 uses a Laplacian operator for the tracers, which is oriented in the isoneutral direction, as suggested by observations [START_REF] Mcdougall | Neutral Surfaces[END_REF], and a bilaplacian operator for the momentum, oriented in the horizontal direction. The associated diffusion coefficients are constant, equal to 60m 2 .s -1 for the tracers and -1.25 10 10 m 4 .s -1 for the momentum.

At the solid boundaries, the normal velocity component is naturally zero. However, a choice must be made for the tangential velocity in order to set the vorticity induced by lateral boundaries. Physically, this choice is related to lateral friction, which can be considered negligible, or increasingly intense (see Figure 2.2). In the former case, the tangential velocity remains unchanged at the boundary (free-slip). Otherwise, the friction can be considered moderate, so the velocity at the boundary decreases to a non-zero value ("partial" free-slip); relatively intense, such that the velocity decreases to zero (no-slip); or very strong, so the velocity decreases more intensely close to the boundary (strong no-slip). In practice, this boundary condition is set by applying a multiplicative factor to the vorticity at the coastline, which is initially computed considering a zero velocity at the coast. This factor is 0 for a free-slip condition, between 0 and 2 for a "partial" free-slip, 2 for a no-slip, and higher than 2 for a strong no-slip. In NEMOMED12, this coefficient is set to 1.2, corresponding to a "partial" free-slip condition. This coefficient is used as a tuning parameter and set to simulate realistic transports through the SoG, which are substantially affected by lateral boundary conditions.

A final point of consideration for horizontal dynamics is the representation of the horizontal variations of surface pressure. In NEMO3.6, the surface pressure is defined from the sea surface elevation η, whose representation is variable among ocean models. Indeed, representing η through a dedicated prognostic equation introduces external gravity waves (EGWs hereinafter) as a class of solutions. Although these solutions are physically consistent, EGWs propagate fast, asking for fine temporal resolution, which is computationally expensive. Since EGWs are barotropic under the hydrostatic assumption, an alternative is to solve the equation of η and the associated barotropic dynamics with a small time-step, separately from the ENHANCED REPRESENTATION OF THE SOG three-dimensional dynamics [START_REF] Shchepetkin | The regional oceanic modeling system (ROMS): A split-explicit, free-surface, topography-following-coordinate oceanic model[END_REF]. This solution is referred to as a "split-explicit free surface". A second alternative is to keep a time step adapted to baroclinic dynamics and solve η implicitly, using an elliptic solver [START_REF] Roullet | Salt conservation, free surface, and varying levels: A new formulation for ocean general circulation models[END_REF]. In that case, the high-frequency surface dynamics are filtered out. This solution is referred to as a "filtered free surface". Since there was no need to solve EGWs for the processes investigated with NEMOMED12 so far, it uses a filtered free surface. However, this choice makes the explicit representation of tides impossible. Thus, it will be reconsidered in the following sections.

Vertical physics

Under the hydrostatic assumption, the vertical velocity is a diagnostic variable, simply deduced from the convergence of horizontal currents through the continuity equation. However, the vertical advection simulated by NEMOMED12 is not sufficient to depict an accurate picture of ocean vertical physics. In fact, many processes are unresolved by NEMOMED12 as they manifest at fine scales, down to the Kolmogorov microscale (O(1mm)). These processes mainly flux ocean properties down their gradient, driving substantial vertical transfers of tracers and momentum in the ocean [START_REF] Philander | The generation of equatorial currents[END_REF][START_REF] Bryan | Parameter sensitivity of primitive equation ocean general circulation models[END_REF]. Thus, the unresolved fluxes (also called turbulent fluxes) are indirectly represented (i.e., parameterized) through diffusive (Kz t ) and viscous (Kz m ) vertical coefficients, determined by prognostic equations. The set of prognostic equations used to define Kz t and Kz m is commonly referred to as turbulence closure scheme, as it allows to complete (i.e. "close") the set of primitive equations resolved by the model. NEMOMED12 uses the turbulent kinetic energy (TKE) closure scheme [START_REF] Gaspar | A simple eddy kinetic energy model for simulations of the oceanic vertical mixing: Tests at station Papa and long-term upper ocean study site[END_REF], with the same constant parameters as in [START_REF] Gaspar | A simple eddy kinetic energy model for simulations of the oceanic vertical mixing: Tests at station Papa and long-term upper ocean study site[END_REF]. In this framework, based on a TKE budget, Kz m is a function of the TKE, a mixing length, and a mixing efficiency coefficient. The mixing length can be interpreted as the characteristic size of the unresolved eddy structures and the mixing efficiency as a measure of turbulent mixing efficiency. Kz t is proportional to the product of Kz m and the Prandtl number, quantifying the ratio between momentum and tracer turbulent diffusivity. In this way, tracer and momentum diffusion increase with the TKE, which mainly relies on the balance between the destabilizing force of the vertical shear of horizontal currents and the stabilizing force of vertical stratification. It is important to note that under this framework, very low values of Kz m and Kz t can be computed under weak turbulence, even lower than their molecular values (minimal values encountered in the ocean) of 10 -6 m 2 .s -1 and 10 -7 m 2 .s -1 , respectively. Thus, minimal values of Kz m and Kz t are prescribed to ensure a realistic background mixing. In addition, since NEMOMED12 does not resolve high-order internal waves, these thresholds are set to 10 -4 m 2 .s -1 and 10 -5 m 2 .s -1 , respectively, to account for the turbulence generated by these unresolved processes. Finally, it is important to highlight that Kz m and Kz t represent a momentum and tracer gradient diffusion rate, respectively. Thus, they should always be interpreted in conjunction with the surrounding vertical stratification and vertical shear.

Besides vertical advection and turbulent diffusion, another process to account 2.1. THE NEMOMED12 REGIONAL CONFIGURATION for is that of convection. Although it is an essential physical mechanism for the Mediterranean thermohaline circulation, NEMOMED12 does not explicitly represent convection due to the hydrostatic assumption it relies on. In compensation, convection is parameterized through an Enhanced Vertical Diffusion (EVD) scheme. In practice, the Kz m and Kz t coefficients are set to a very high value (10m 2 .s -1 ) upon occurrence of negative vertical stratification.

Finally, at the seafloor, NEMOMED12 uses a quadratic bottom drag. This parameterization influences momentum trends through an additional term, representing a downward momentum flux outside the logarithmic turbulent boundary layer. This flux is computed as the product of a non-dimentional drag coefficient (10 -3 in NEMOMED12) with the square root of the TKE. In addition, a horizontally-variable turbulent kinetic energy background is imposed to represent the contribution of unresolved tidal currents to the TKE. This background coefficient corresponds to mean tidal energy, recovered from [START_REF] Lyard | Modelling the global ocean tides: Modern insights from FES2004[END_REF]. The tidal energy is maximal at the SoG (1m 2 .s -2 ) and significant in the Sicily Channel, the Gulf of Gabès, and the Adriatic Sea. As previously mentioned, the NEMOMED12 domain extends from the eastern Mediterranean to the entrance of the Atlantic Ocean. At the western Atlantic boundary, the model is forced through a buffer zone (black box in Figure 2.1) covering most of the Atlantic domain, from 11 • W to 6 • W, just west of the SoG. Over this area, temperature, salinity, and sea surface elevation are relaxed toward the monthly global ocean reanalysis ORAS4 [START_REF] Balmaseda | Evaluation of the ECMWF ocean reanalysis system ORAS4[END_REF], which sea surface ENHANCED REPRESENTATION OF THE SOG elevation is corrected over the Atlantic buffer zone following [START_REF] Adloff | Improving sea level simulation in Mediterranean regional climate models[END_REF]. The relaxation scheme used is three-dimensional and Newtonian, applied over the whole water column. For tracers, the characteristic time-scale is constant between 11 • W to 7.5 • W, set to 2 days, and increases linearly up to 90 days from 7.5 • W to 6 • W (see Figure 2.3). The characteristic time-scale associated with the sea surface elevation is ∼ 20 minutes between 11-7.5 • W and zero over the rest of the domain.

External forcing at the boundaries

Besides the Atlantic boundary, the NEMOMED12 configuration is forced at the mouth of the main rivers listed in the global River Discharge dataset (RivDis, University of Wisconsin-Madison (2005)). Under the constant volume formulation, river discharge is simulated as a source for the sea level equation, plus a salinity sink, added over a variable fraction of the surface water column. More specifically, the vertical extent of the runoff is a fraction of a given maximal runoff depth. This fraction depends on the intensity of the runoff with respect to the maximal runoff allowed by the model. In NEMOMED12, the maximal runoff depth is set to 200m and the maximal runoff is 0.06kg.m -2 .s -1 . In ocean-only mode (forced mode hereinafter), the forcing dataset is a monthly dataset from [START_REF] Ludwig | River discharges of water and nutrients to the Mediterranean and Black Sea: Major drivers for ecosystem changes during past and future decades?[END_REF]. The runoff from rivers not listed in the RivDis dataset is distributed over coastal grid points. In coupled mode, the runoff is provided by a land surface or river model (see next sections). Note that the Black Sea is represented as a river in NEMOMED12 due to its low salinity. Thus, a substantial freshwater runoff is imposed at the Dardanelles strait. It follows a monthly climatology deduced from the surface water budget of the Black Sea, except over 1993-1997 when it is set to monthly values deduced from [START_REF] Stanev | Regional sea level response to global climatic change: Black Sea examples[END_REF].

In forced mode, the NEMOMED12 surface forcing is prescribed through a flux formulation. More specifically, the surface momentum, water, and heat fluxes are provided by a dynamical downscaling of the ERA-Interim reanalysis [START_REF] Berrisford | The ERA-Interim archive[END_REF]) using the regional climate model ALADIN-Climate [START_REF] Colin | Sensitivity study of heavy precipitation in Limited Area Model climate simulations: Influence of the size of the domain and the use of the spectral nudging technique[END_REF][START_REF] Herrmann | Representation of spatial and temporal variability of daily wind speed and of intense wind events over the Mediterranean Sea using dynamical downscaling: Impact of the regional climate model configuration[END_REF]. The resulting forcing, commonly referred to as ALDERA [START_REF] Hamon | Design and validation of MEDRYS, a Mediterranean Sea reanalysis over the period 1992-2013[END_REF]Waldman et al, 2017b,a;[START_REF] Dunić | Performance of multi-decadal ocean simulations in the Adriatic Sea[END_REF], has a spatial resolution of 12km and a three-hourly temporal resolution. In order to maintain consistency between the simulated ocean and the atmospheric forcing dataset, the sea surface temperature of NEMOMED12 is relaxed towards the ALDERA dataset (data from the ERA-Interim reanalysis in this case). This relaxation is performed through a Newtonian scheme with a constant relaxation coefficient of -40W.m -2 .K -1 . In practice, this corresponds to a characteristic relaxation time scale of 1.2 days for a one-meterdeep surface layer. The solar penetration over the upper ocean is prescribed using a monthly climatology of chlorophyll-a concentration (Ocean Colour Climate Change Initiative dataset, European Space Agency, available online at http://www.esaoceancolour-cci.org/). In coupled mode, the ocean-atmosphere fluxes are directly computed by the coupling scheme.

Limitations of NEMOMED12

Although NEMOMED12 is a useful numerical tool for studying the Mediterranean Sea climate and its variability, it is also limited to some extent. One of these 2.2. EXPLICIT TIDAL FORCING limitations is its rough representation of the SoG. Indeed, the few points attributed to the SoG (three at its narrowest section) do not allow for an accurate representation of its geometry and the fine-scale processes at play within it. Another limitation is the omission of tidal forcing and, thus, tidal mixing and recirculation at the SoG. The calibration of lateral friction and the tidal contribution to bottom friction allows us to overcome some of these limitations. However, it is unlikely to address them all. A final limitation discussed here is that of the Atlantic buffer zone. More specifically, the 3D relaxation performed over the area allows non-physical processes to occur in the vicinity of the SoG and provides only a coarse representation of the Gulf of Cadiz circulation (that of the forcing model).

Other than improving the model realism, a more realistic representation of the SoG in the NEMOMED12 configuration would permit the investigation of physical mechanisms currently out of reach. In the scope of this PhD, it would allow assessing the relative influence of tidal and fine-scale processes on the exchange flow through the strait and their impact on the Mediterranean Sea. In coupled mode, such configuration can also be used to assess the long-term influence of the SoG on the Mediterranean climate and its variability. Finally, such coupled configuration could be used to assess the role of the SoG in climate change scenario simulations. Thus, in the following sections, we will address the aforementioned limitations of NEMOMED12 by developing a new NEMO configuration, referred to as NEMO-MEDGIB. We aim for the NEMOMEDGIB configuration to include an explicit representation of tidal forcing and a computationally-affordable representation of the fine-scale dynamics of the SoG through an adaptive grid refinement. In addition, both of these functionalities must provide a straightforward on/off switch. Note that for the sake of conciseness, the effects of intermediate NEMOMED12 modifications, making it compatible with tidal forcing and with the adaptive grid refinement, will be shortly summarized in the following section. However, a detailed analysis of these modifications is available in Appendix A.

Explicit tidal forcing

This section details the modifications carried out on NEMOMED12 to simulate explicit tidal currents. These modifications can be divided into three steps addressing the main obstacles to the explicit representation of tides in NEMOMED12. First, we enable the model to resolve tidal waves. To do so, the filtered free surface is replaced by a split-explicit linear free surface, mentioned in the previous sections. Then, we modify the lateral boundary condition to allow for the prescription of the Atlantic tidal wave. To do so, the Atlantic buffer zone is replaced by open boundary conditions. Finally, we adapt the physics of the model to tidal dynamics and disable tidal parameterizations. Once these three steps are completed, we add the tidal forcing to the model.

Split-Explicit linear free surface

As previously mentioned, the time-splitting formulation of linear free-surface consists of specific handling of the barotropic dynamics, which are resolved separately from the baroclinic dynamics with a finer temporal resolution. In practice, this implies using different parts of the NEMO source code, which must be recompiled to include the procedures associated with time splitting. The compiled code is selected through C Pre-Processor keys (CPP keys hereinafter). In particular, the split-explicit free surface formulation is activated at compilation by the key dynspg ts key, which replaces key dynspg flt. Once the new NEMO executable is created, the time-splitting parameters are set in the namelist file (namsplit section, see Table 2.1), which inputs variables in the NEMO code (character, logical, real number, and integer number).

The most important parameter to set is the barotropic time step, nn baro. To do so, we perform several experiments (including tidal forcing) in which the model diagnoses the needed number of barotropic iterations for one baroclinic iteration to ensure a maximal Courant number (measuring the numerical stability of the model) of 0.8 (ln bt nn auto="True" and rn bt cmax=0.8). We select the average number of iterations returned by the model, which is 40. Since the NEMOMED12 baroclinic time step is 720 seconds, this yields a barotropic time step of 18. We choose a forward barotropic time-stepping for the barotropic dynamics, which provides us with sufficient numerical stability and a lesser computational expense with respect to a backward scheme. As suggested in the NEMO user book [START_REF] Madec | NEMO ocean engine, version 3.6 stable. Note du Pole de modelisation de l'Institut Pierre-Simon Laplace[END_REF], we apply a time filtering to the barotropic variables in order to ensure viable numerical stability (ln bt av="True"). We choose a time window of one baroclinic time-step, which provides a good compromise between numerical stability and computational cost (ln bt flt=1).

Finally, it is important to note that the time-splitting formulation asks to compute most momentum trends before the tracer trends. This order of computation makes the time-splitting formulation incompatible with the semi-implicit time discretization scheme of the hydrostatic pressure gradient. Instead, we must use the only available alternative: the leapfrog scheme (ln dynhpg imp set to "False"), which provides less numerical stability. However, I did not encounter any major stability issues upon running the model. This is, thus, a reasonable constraint.

Open boundary conditions

A necessary step before adding open boundary conditions is to remove the Atlantic buffer zone, that is, the Newtonian relaxation applied over the Atlantic domain. This is done through the namelist booleans ln tsd tradmp, ln tradmp, and ln ssh sshdmp. The ln tsd tradmp boolean informs the code of the relaxation in order to adequately handle the reference data at the model initialization. The two other booleans activate or disable tracers and sea surface elevation relaxations. All these booleans are set to the logical "False". 2.2) sets the number of boundaries and the lateral conditions. We define three boundaries (nb bdy=3), matching the north, west, and south edges of the Atlantic domain. The width of the relaxation zone is set to 10 points, a typical value suggested in the NEMO user book [START_REF] Madec | NEMO ocean engine, version 3.6 stable. Note du Pole de modelisation de l'Institut Pierre-Simon Laplace[END_REF]. Note that the validation of the simulated tides, addressed in the following chapter, gives further confidence in this choice. Regarding the open boundaries schemes, we choose a Flather radiation scheme for the barotropic variables (nb dyn2d="Flather") and the Flow Relaxation Scheme (FRS) for the baroclinic variables (nb dyn3d = cn tra="Flather"). The Flather scheme [START_REF] Flather | A storm surge prediction model for the northern Bay of Bengal with application to the cyclone disaster in April 1991[END_REF] is the "True" open boundary condition, allowing gravity waves to both exit and enter the simulated domain. In practice, it mainly consists of a radiation condition on the normal depth-mean transport across the open boundary. The FRS scheme [START_REF] Davies | A laterul boundary formulation for multi-level prediction models[END_REF][START_REF] Engedahl H | Use of the flow relaxation scheme in a three-dimensional baroclinic ocean model with realistic topography[END_REF] For each open boundary, its shape and position are set through a dedicated namelist section (nambdy index). The boundaries are defined as straight-line segments (see Table 2.3). It is important to specify that the boundary position (nbdyind) is that of the first velocity cell inside the computational domain (See Figure 2.4).

Finally, the datasets used at the boundaries are specified in a last set of namelist sections (nambdy dta, see Table 2.4). The external data is extracted from the same files used for the NEMOMED12 Atlantic buffer zone. More specifically, it consists of the ORAS4 ocean reanalysis temperature, salinity, and velocity fields. As for NEMOMED12, the Sea surface elevation is corrected following [START_REF] Adloff | Improving sea level simulation in Mediterranean regional climate models[END_REF]. The open boundary dataset was created with a Python script, following the indications provided in the NEMO documentation [START_REF] Madec | NEMO ocean engine, version 3.6 stable. Note du Pole de modelisation de l'Institut Pierre-Simon Laplace[END_REF] In practice, note that the activation of open boundary conditions must be done jointly with the activation of time-splitting. Indeed, the handling of barotropic waves at the boundaries requires a fine temporal resolution. In addition, the time splitting is incompatible with the sea surface relaxation scheme used in the Atlantic buffer zone, which has been implemented only under the specific framework used by the NEMOMED12 configuration. Concretely, this means that the effects of timesplitting and open boundaries on the NEMOMED12 solution can only be interpreted as a whole. We detail these effects in Appendix A. In a nutshell, the effects are significant and mainly attributable to the open boundary conditions. Indeed, with respect to the buffer zone, the greater freedom of the model in the Atlantic domain allows for a more realistic circulation to take place, modifying the source of the jet of Atlantic water entering the SoG. Ultimately, this results in an intense cooling (up to -1 • C near 50m depth) and freshening (up to -0.2 ‰near 80m depth) of the inflowing Atlantic waters at the SoG.

Vertical physics adaptations

As previously discussed, the NEMOMED12 configuration includes several parameterizations to account for the effects of unresolved tidal currents. We will now disable these parameterizations, so the effects of tides are not accounted for twice. In addition, we will adapt aspects of the resolved physics to the tidal dynamics.

The first point to address is the high background vertical turbulent diffusion (Kz t ) and viscosity (Kz m ) coefficients used in NEMOMED12. These background values mainly represent the mixing induced by unresolved physics. Thus, they should be reduced upon inclusion of tidal waves. However, it is important to maintain minimum level of mixing to account for the remaining unresolved processes. To do so, we decrease the background values of Kz t and Kz m below their molecular values, but we keep a background TKE of 10 -6 m 2 .s -2 . These modification are performed by setting the namelist parameters rn avm0 to 1.4 10 -7 m 2 .s -2 for the viscosity (de Lavergne et al, 2016), and rn avt0 to 10 -10 m 2 .s -2 for diffusivity. Thus, the minimal values of Kz t and Kz m are set by the model consistently with a background level of turbulent kinetic energy. Note that we also change the formulation of the characteristic length scales used in the TKE closure scheme (nn mxl set to 3 instead of 2). Under this formulation, the dissipative and mixing length scales have distinct values, as in the reference study of [START_REF] Gaspar | A simple eddy kinetic energy model for simulations of the oceanic vertical mixing: Tests at station Papa and long-term upper ocean study site[END_REF]. Overall, these modifications impact the average vertical stratification of the Mediterranean Sea, which is intensified near the surface due to the decrease of background mixing coefficients (See Appendix A for further details).

Regarding bottom friction, we start by suppressing the background TKE source associated with tidal currents. Although this background energy is usually defined by the scalar namelist parameter rn bfri2, in NEMOMED12, the source code was modified to use a two-dimensional field. Thus, the bottom TKE background is disabled by setting the namelist boolean ln tide 2D to "False". Then, we set the bottom friction formulation to the log-layer formulation (ln loglayer="True"), better suited to handle intense currents near the seafloor. The log-layer formulation is a modified version of the non-linear formulation, in which the drag coefficient is no longer constant but enhanced in the vicinity of the seafloor. The computed adimentional drag coefficient is, however, bounded by minimal and maximal values, specified through the namelist parameters rn bfri2 and rn bfri2 max. we set these lower and upper bounds to the typical values of 2.5 10 -3 and 10 -1 , respectively [START_REF] Madec | NEMO ocean engine, version 3.6 stable. Note du Pole de modelisation de l'Institut Pierre-Simon Laplace[END_REF]. Finally, to increase the model stability, we use the implicit formulation of the bottom friction, activated through the namelist boolean ln bfrimp. With respect to the open boundaries and the background mixing coefficient, modification of bottom boundary friction has a much weaker impact on the Mediterranean Sea. The most notable modification is the thickening of the Mediterranean outflow at the SoG, which results in a moderate saltening of the interface between Atlantic and Mediterranean waters masses (See Appendix A for further details). 

Tidal forcing

Because of the limited geographical coverage of the NEMOMED12 domain, tides must be prescribed in two different ways. Over the Mediterranean basin, the tides are directly induced by the gravitational forces of the moon and the sun, which consists of a potential in the momentum equations. Over the Atlantic ocean, however, the NEMOMED12 domain is not large enough for tidal waves to develop properly. Thus, the Atlantic tide must be forced as an open boundary condition.

To activate the tidal potential, the NEMO source code must be compiled with an additional CPP key: key tide. The tidal harmonics to consider are specified through a list of strings clname in the nam tide namelist section. Following the operational Iberian Biscay Irish (IBI) Ocean Analysis and Forecasting system (https://doi.org/10.48670/moi-00027), we choose to include the 11 main tidal harmonics listed in Table 2.5. The tidal forcing is then activated by setting the namelist boolean ln tide pot to "True".

On the other hand, the Atlantic tide is forced through open boundary conditions on velocities. The prescribed velocities are deduced from reference tidal currents and surface elevations. More specifically, the reference dataset consists of tidal harmonic coefficients obtained from the decomposition of the tidal waves on a cosine and sine basis. Considering a tidal harmonic H as a pure sinusoid, this decomposition follows:

η H (t) = A H cos(ω H t + θ H ) = A H cos(θ H ) cos(ω H t) -A H sin(θ H ) sin(ω H t) = z1 cos(ω H t) + z2 sin(ω H t) (2.1)
With A H the amplitude, ω H the frequency, and θ H the phase. z1 and z2 are the sine and cosine coefficients of the tidal wave.

We create the tidal forcing dataset from the global tidal atlas FES2014 (produced by Noveltis, Legos, and CLS and distributed by Aviso+, with support from ENHANCED REPRESENTATION OF THE SOG CNES: https://www.aviso.altimetry.fr/). First, the cosine and sine coefficients of the FES2014 sea surface elevation are interpolated on the NEMOMED12 grid following recommendations of [START_REF] Xu | A note on interpreting tidal harmonic constants[END_REF]. Regarding tidal velocities, even once interpolated onto the NEMOMED12 grid and corrected from the FES2014 grid curvature, they will not necessarily be consistent with the NEMOMED12 bathymetry. Thus, to produce consistent tidal velocities, we perform a yearly barotropic experiment, forced only by FES2014 tidal elevations. We then compute the sine and cosine coefficients of the simulated barotropic tidal currents from instantaneous (non-averaged) hourly outputs using the "Utide" Python package (version 0.2.5). Technical details on the baroclinic simulation setup are provided in Appendix B.

The resulting reference datasets are provided to the NEMO model through the (nambdy tide) namelist section, which is considered by the model when the open boundary parameter nn dyn2d dta is set to 3. We choose to provide two-dimensional maps of tidal forcing to avoid any mistakes when creating open boundary datasets. We also set the ln bdytide conj boolean to "True", which specifies the sign convention used on the tidal sine and cosine coefficients provided to the model. Finally, in order to assess volume, heat and salt transport across the SoG at the tidal frequency, we implement a new diagnostic in the diawri.F90 module of NEMO. To do so, we diagnose separately the eastward, westward, northward, and southward components of the transport by applying a Heaviside function to velocities at the model time step. Details of modifications performed on the diawri.F90 are displayed in Figure 2.5.

AGRIF nesting around the SoG

The Adaptive grid refinement in Fortran (AGRIF) package [START_REF] Debreu | AGRIF: Adaptive grid refinement in Fortran[END_REF][START_REF] Debreu | Two-way nesting in splitexplicit ocean models: Algorithms, implementation and validation[END_REF], is a Fortran90 package allowing for the inclusion of adaptive mesh refinement features in existing finite difference codes, such as the NEMO ocean model. Within the NEMO framework, the AGRIF package allows developing nested NEMO configurations, or simply put, coupling a NEMO configuration to one or several others simulating a fraction of the original (parent hereinafter) configuration domain at an equivalent or higher resolution. The AGRIF package is an appealing tool for ocean modeling as it provides a consistent framework for investigating the effect of fine-scale mechanisms on large-scale dynamics or thermodynamics [START_REF] Biastoch | Agulhas leakage dynamics affects decadal variability in Atlantic overturning circulation[END_REF][START_REF] Chanut | Mesoscale eddies in the Labrador Sea and their contribution to convection and restratification[END_REF][START_REF] Jouanno | Seasonal and interannual modulation of the eddy kinetic energy in the Caribbean sea[END_REF][START_REF] Djath | A 1/36 • model of the Solomon Sea embedded into a global ocean model: On the setting up of an interactive open boundary nested model system[END_REF][START_REF] Talandier | Improvements of simulated Western North Atlantic current system and impacts on the AMOC[END_REF]Waldman et al, 2017a).

In this PhD, the AGRIF package allows assessing the sensitivity of the exchanges through SoG to fine-scale dynamics and topography at the SoG as well as the resulting impacts on the Mediterranean region. According to [START_REF] Sannino | Exchange Flow through the Strait of Gibraltar as Simulated by a σ-Coordinate Hydrostatic Model and a z-Coordinate Nonhydrostatic Model. The Mediterranean Sea: Temporal Variability and Spatial Patterns[END_REF], a 500m resolution is sufficient to simulate the hydraulic properties of the exchange flow through the SoG. To be as close as possible to this resolution, we use a spatial refinement factor of 5, which is the highest possible for numerical stability reasons. In this way, the AGRIF domain reaches a resolution of 1/60 • (∼ 1.5km). In the AGRIF configuration, the SoG is 12 grid cells wide at its narrowest section. Another point worth mentioning is that nested AGRIF configurations can be used in forced or coupled mode. In the former case, the high-resolution configuration does not provide feedback to the parent configuration, whereas in the latter, the parent solution is restored toward the AGRIF solution at a specific frequency. Since we want to investigate the effect of the SoG fine-scale mechanisms on the Mediterranean region, we use the coupled version of the AGRIF configuration. This is done by specifying the compilation key "#define TWO WAY" in the agrif opa update.F90 module. Once this modification is done, the NEMO code must be compiled with the compilation key key agrif. Note that we choose to update the baroclinic dynamics of the parent configuration at each time-step. The barotropic dynamics are necessarily updated at the parent configuration time step.

In the following, we detail the necessary steps to implement the AGRIF zoom at the SoG. We first discuss the creation of the AGRIF grid and bathymetry. Then, we ENHANCED REPRESENTATION OF THE SOG introduce the external forcing needed by the AGRIF model and how we produced them.

AGRIF domain

The existence of a nested AGRIF configuration and its geographic extent is specified to the NEMO model through a dedicated file: AGRIF FixedGrids.in. More precisely, each AGRIF configuration to consider is described in three lines. The first line consists of a single number: the number of the AGRIF configuration, starting at 1. The second line contains indices used to set the location of the AGRIF domain in the parent configuration grid. However, these indexes do not directly represent the position of the AGRIF computational domain. Indeed, the edges of the AGRIF domain are shifted northeast, once for the southwest edge and twice for the northeast edge (see Figure 2.6). Furthermore, at the edges of the domain, the first coarse cells are represented by only two fine "ghost cells" starting after or at the middle of the coarse cell, depending on the spatial refinement factor used (see Figure 2.6). Finally, the AGRIF computational domain includes a 2-coarse-points-wide sponge layer. Over this area, the high-resolution dynamics and tracers are relaxed toward the parent solution. Thus, the first AGRIF points free from any relaxation are two coarse points away from the beginning of the computational domain.

With that in mind, we set the western boundary of the AGRIF domain at the western exit of the Gulf of Cadiz (∼ 8.55 • W). This location provides a good compromise between the computational cost of the AGRIF configuration and the distance needed for fine-scale physics to fully develop before reaching the SoG. In this regard, we diagnose a rough estimate of the distance over which the spatial spin-up is completed based on Matte et al (2017, Equation 7). Specifically, the spatial spin-up distance is defined as a given number of coarse-resolution grid points depending on the resolution jump between the coarse and fine grids. Considering the spatial spinup to start at the end of the sponge layer, we diagnose that it ends at ∼ 7.75 • W, relatively far away from the SoG (see Figure 2.7). Regarding the eastern boundary, we choose to locate it in the center of the Alboran sea (∼ 3 • W), allowing for the spatial spin-up to be completed west of ∼ 3.78 • W. In this way, the Atlantic jet develops at high resolution, and no relaxation area is located over the western Alboran gyre. We choose not to include the Eastern Alboran Gyre (EAG) in the AGRIF domain, as we aim to investigate the effects of the fine-scale dynamics at the SoG, which could be modulated by the EAG. However, to assess the EAG influence on the exchanges through the SoG and the Mediterranean circulation, we develop an alternative version of the AGRIF domain, which extends further east (dashed line rectangle in Figure 2.7). Due to a lack of time, this alternative version will not be discussed in details in this manuscript. However, note that the investigation of simulations performed with the extended AGRIF domain indicates that its main added-value is to improve the realism of the Alboran Sea circulation, with moderate impacts on the rest of the Mediterranean Sea. We create the AGRIF configuration grid file with the NEMO nesting tools, a set of Fortran 95 procedures that aim at facilitating the implementation of AGRIF configurations. A black line delimits the computational domain, the points outside are "ghost" points, but the first rows and columns are considered as land. The spatial refinement factor of five is not illustrated for clarity. However, it would display a very similar scheme, the only differences being that the first and last rows and columns of points would not be "coarse" grid points, and coarse grid points inside the computational domain would be at the center of 5-point sides squares instead of 3. Figure adapted from https://forge.ipsl.jussieu.fr/nemo/wiki/Users/SetupNewConfiguration/AGRIF-nestingtool

High-resolution bathymetry

The complex geometry of the SoG has a strong influence on the fine-scale dynamics at play. Thus, the choice of AGRIF bathymetry is essential in the NEMO-MEDGIB configuration. Furthermore, to properly investigate the effect of fine-scale dynamics at the SoG, the bathymetries of the coarse and AGRIF configurations must retain similar features. In particular, although the SoG geometry will evolve at increasing resolution, the strait section area should remain similar. The coarse and fine resolution bathymetries should, thus, be created from the same dataset with a volume-conservative interpolation method. Unfortunately, this constraint is not achievable with the NEMOMED12 bathymetry, which results from a nonvolume-conserving median average operation. Consequently, I have modified the NEMOMED12 bathymetry over the AGRIF domain. The resulting bathymetry will be referred to as the NEMOMEDGIB bathymetry.

For the sake of conciseness, we will discuss only two reference datasets eligible for creating the AGRIF and NEMOMEDGIB bathymetries. The first one is the ML10 dataset, which offers an optimal consistency between the new and old bathymetries as the NEMOMED12 bathymetry was created from it. The second is the 1/960 • EMODnet dataset from the EMODnet Bathymetry Consortium (2020; https://doi.org/10.12770/bb6a87dd-e579-4036-abe1-e649cea9881a). The EMODnet bathymetry results from the merging of several bathymetric survey datasets, composite digital terrain models, satellite-derived bathymetry data products, and the GEBCO digital bathymetry (GEBCO Bathymetric Compilation Group, 2022) for areas where no observational product is available.

Because of the large number of observational products included in the EMODnet dataset, we use it to assess the realism of the ML10 bathymetry at the SoG. More specifically, we compare the SoG meridional section area in both datasets. The results, displayed in Figure 2.8, depict significant differences between ML10 and EMODnet east of the Tarifa Narrows at ∼ 5.6 • W, where the SoG is significantly broader in ML10. This difference results from an unrealistically deep seafloor near the coast of Morocco in the ML10 dataset (see Figure 2.9, panels (a) and (b)). In addition, the ML10 bathymetry displays other unrealistic features, including a large cavity north of the Majuan Bank just east of 6.1 • W and smaller ones west of the Bay of Algeciras. In light of these results, we consider that the ML10 dataset is not sufficiently accurate at the SoG to derive the AGRIF bathymetry. Thus, we choose to select the EMODnet dataset to create the NEMOMEDGIB and AGRIF bathymetries.

Longitude

Section area [km 2 ] (02'QHW 0/ 1(020(' 1(020('*,% 1(020('*,% We create the NEMOMEDGIB bathymetry with a modified version of the NEMO nesting tools, which bathymetry module is updated to include a volume-conservative averaging method. At the edges of the AGRIF domain, we do not find any major discontinuity between the NEMOMED12 and NEMOMEDGIB bathymetries. Thus, no modification is made to connect them. However, we ensure the NEMOMEDGIB bathymetry does not include isolated cavities (cells deeper than all their direct neighbors) over the AGRIF sponge layer, where the bathymetries of both configurations must be identical. This step is essential as isolated cavities are "filled" (set to the value of their deepest direct neighbor) at the model initialization for the parent configuration but not for the AGRIF configuration, resulting in inconsistencies between their bathymetries. Indeed in the AGRIF configuration, the coarse bathymetry cavities are represented by 5-points size squares, they are thus not considered isolated. The final NEMOMEDGIB bathymetry provides a realistic representation of the SoG, with meridional section areas consistent with the EMODnet dataset throughout the strait (Figure 2.8). A minimum depth of 240m (29 vertical levels) is reached at the Camarinal Sill (with respect to 270m and 30 vertical levels for NEMOMED12, see Figure 2.9). However, these modifications ask for a re-calibration of the lateral fric-ENHANCED REPRESENTATION OF THE SOG tion coefficients. Based on the latest transports estimates of García-Lafuente et al (2021); Jordà et al (2017a), we find that a lateral friction parameter of 0.9 (rn shlat in NEMO namelist) allows simulating realistic transports in both tidal and non-tidal simulation. For a more extensive validation of the simulated transports, the readers are referred to the following sections. This modification finalizes the creation of the coarse NEMOMEDGIB configuration, referred to as NT LR in the following. Thus, with respect to NEMOMED12, this new configuration includes open boundary conditions, time-splitting of the barotropic dynamics, explicit tidal forcing (see the previous sections), a modified of the bathymetry at the SoG, and decreased lateral friction coefficient (this section). The impact of bathymetry and lateral friction modifications is extensively detailed in Appendix A. In short, at the SoG, Atlantic and Mediterranean exchanges are enhanced with respect to the NEMOMED12 configuration. In addition, the circulation west of the SoG is moderately modified, resulting in a moderate warming and saltening of the Atlantic water masses crossing the strait. The main impact over the Mediterranean sea is the enhancement of the exchanges between the Eastern and Western Mediterranean basins. This results in a warming and saltening of intermediate layers over the Western Mediterranean, and a cooling and saltening of the upper 150m depth over the Eastern Mediterranean.

Finally, we create the AGRIF bathymetry following the same procedure as for NEMOMEDGIB. As previously mentioned, the AGRIF bathymetry is set to that of NEMOMEDGIB over the sponge layer. In addition, the nesting tools procedures ensure a linear connection between the high and low resolution bathymetries. As displayed in Figure 2.8, the AGRIF bathymetry is highly consistent with the EMODnet dataset. It also realistically reproduces the main topographic obstacles of the SoG, such as the Camarinal and Espartel sills or the Majuan Bank (see Figure 2.7). A minimum depth of 270m (30 vertical levels) is reached at the Camarinal Sill.

Note that I have also developed an alternative version of the AGRIF bathymetry, which consists of bilinear interpolation of the NEMOMEDGIB one. This "smooth" bathymetry will be used in the following chapter to assess the respective effects of refined topography versus fine-scale dynamics on the simulated exchanges at the SoG.

Nesting, forcings, and initial conditions

The AGRIF configuration is forced at its lateral boundaries by NEMOMEDGIB through a two-coarse-cell-wide sponge layer. The intensity of the relaxation is controlled by sponge layer coefficients, set through the namelist parameters rn sponge tra for tracers and rn sponge dyn for the dynamics. In order to define these coefficients, we carry out various simulations with different values of rn sponge tra and rn sponge dyn. we found that numerical instabilities develop for values higher than 900m 2 .s -1 . For lower values (30-600m 2 .s -1 ), the model shows low sensitivity to the coefficients. Finally, we set these coefficients to an intermediate value of 300m 2 .s -1 after verifying that internal waves leave the AGRIF domain without spurious reflections against the lateral boundaries. Regarding external forcing datasets, most of them can be created from the NEMOMEDGIB forcing datasets with the NEMO nesting tools. More specifically, the wind stress, solar, heat, and water fluxes, sea surface temperature, and chlorophyll concentration are interpolated on the AGRIF grid with a bicubic scheme. An additional correction is applied to ensure the conservation of the heat, water, and solar fluxes. The interpolation of runoff fields is more complex as they are made of sparse non-zero values. To overcome this issue, we adopt a volume-conservative nearest-neighbor interpolation method using a Python script. Simply put, for each river mouth represented in the parent configuration, we attribute its runoff to the closest coastal point of the AGRIF domain. We do not split the river runoffs over several points as we consider the AGRIF resolution sufficiently coarse to represent river mouths as a single grid cell. For the coastal runoffs (see the previous section about the runoffs in NEMOMED12), their total volume is redistributed over the remaining coastal areas. Thus, the total runoff volume is strictly conserved in the AGRIF configuration.

Finally, the initial state of the AGRIF configuration is also created with the NEMO nesting tools using a bicubic interpolation. However, it happens for a few ENHANCED REPRESENTATION OF THE SOG cells that the interpolation fails, setting a reference value of zero. We attribute to these cells the value of their closest horizontal neighbor using a Python script.

Physical parameters of the AGRIF configuration

Because of its enhanced resolution, some parameters of the AGRIF configuration must be modified with respect to NEMOMEDGIB. A first and essential parameter to modify the simulation time-step. Indeed, the stability of numerical models is linearly related to the ratio between their temporal and spatial resolutions. Thus, for a refinement factor of 5, we divide the time step by 5. Similarly, we divide the horizontal Laplacian eddy diffusivity by 5 (rn aht 0 =12m 2 .s -1 ) and the momentum horizontal bilaplacian eddy viscosity by 5 3 (rn ahm 0 blp = -10 8 m 4 .s -1 ). These multiplicative coefficients are inferred from the theoretical definition of each operator. Indeed, the Laplacian eddy diffusivity is homogeneous to the product of a velocity and a length scale, whereas the bilaplacian eddy viscosity is homogeneous to the product of a velocity and a cubic length scale. Finally, the open boundary conditions are disabled in the AGRIF configuration (namelist parameter nn bdy set to 0), as AGRIF modules directly handle the lateral nesting with the parent configuration.

Coupled configuration

CNRM-RCSM6: a regional coupled climate model

The CNRM-RCSM6 climate model is a state-of-the-art, fully coupled, regional climate system model developed at CNRM. The model domain covers the Euro-Mediterranean region (see Figure 2.10), including the official Med-CORDEX domain [START_REF] Ruti | Med-CORDEX initiative for Mediterranean climate studies[END_REF]. South, the model domain extends to the North of Africa and the Arabian peninsula to include the sources of the main desert dusts transported over the Euro-Mediterranean region. As for NEMOMED12, the CNRM-RCSM6 model results from successive developments [START_REF] Somot | 21st century climate change scenario for the Mediterranean using a coupled atmosphere-ocean regional climate model[END_REF][START_REF] Sevault | A fully coupled Mediterranean regional climate system model: design and evaluation of the ocean component for the 1980-2012 period[END_REF][START_REF] Nabat | Direct and semi-direct aerosol radiative effect on the Mediterranean climate variability using a coupled regional climate system model[END_REF][START_REF] Voldoire | SURFEX v8.0 interface with OASIS3-MCT to couple atmosphere with hydrology, ocean, waves and sea-ice models, from coastal to global scales[END_REF][START_REF] Darmaraki | Past Variability of Mediterranean Sea Marine Heatwaves[END_REF][START_REF] Nabat | Modulation of radiative aerosols effects by atmospheric circulation over the Euro-Mediterranean region[END_REF]. It consists of several numerical models coupled at hourly frequency through the OASIS software [START_REF] Craig | Development and performance of a new version of the OASIS coupler, OASIS3-MCT-3.0[END_REF] following the strategy described by [START_REF] Voldoire | SURFEX v8.0 interface with OASIS3-MCT to couple atmosphere with hydrology, ocean, waves and sea-ice models, from coastal to global scales[END_REF]. Specifically, CNRM-RCSM6 includes the 12km, 91 levels, atmospheric model of AL-ADIN v6 [START_REF] Daniel | Benefits of explicit urban parameterization in regional climate modeling to study climate and city interactions[END_REF], coupled to the TACTIC interactive aerosol scheme [START_REF] Nabat | Modulation of radiative aerosols effects by atmospheric circulation over the Euro-Mediterranean region[END_REF] and the SURFEX v8.0 land surface model [START_REF] Masson | The SURFEXv7.2 land and ocean surface platform for coupled or offline simulation of earth surface variables and fluxes[END_REF][START_REF] Voldoire | SURFEX v8.0 interface with OASIS3-MCT to couple atmosphere with hydrology, ocean, waves and sea-ice models, from coastal to global scales[END_REF] to which the ISBA-CTRIP land surface system [START_REF] Decharme | Recent Changes in the ISBA-CTRIP Land Surface System for Use in the CNRM-CM6 Climate Model and in Global Off-Line Hydrological Applications[END_REF] and the Flake lake scheme (Le [START_REF] Moigne | Impact of lake surface temperatures simulated by the FLake scheme in the CNRM-CM5 climate model[END_REF] are embedded. Rivers are represented by the CTRIP 50km model [START_REF] Decharme | Recent Changes in the ISBA-CTRIP Land Surface System for Use in the CNRM-CM6 Climate Model and in Global Off-Line Hydrological Applications[END_REF]. Finally, the ocean is simulated through the NEMOMED12 configuration, previously introduced.

Regarding coupling procedures, surface fluxes between the oceanic and atmospheric components are directly computed through boundary conditions. River runoffs are first computed by the SURFEX model and sent to the NEMOMED12 through CTRIP. The Black sea is considered as a river in the NEMOMED12 model. Its runoff is computed as the sum of river discharges over the Black Sea drainage area (58 river mouth) and the Black Sea net surface water flux (evaporation minus In the so-called hindcast, or evaluation, mode, the coupled model is driven by reanalyses at the lateral boundaries. Namely, the atmosphere is forced by ERA-Interim [START_REF] Berrisford | The ERA-Interim archive[END_REF] and the ocean by ORAS4 [START_REF] Balmaseda | Evaluation of the ECMWF ocean reanalysis system ORAS4[END_REF], of which the sea surface elevation is corrected following [START_REF] Adloff | Improving sea level simulation in Mediterranean regional climate models[END_REF]. In addition, for the atmospheric model, a spectral nudging toward the ERA-Interim dataset is applied over its inner domain [START_REF] Colin | Sensitivity study of heavy precipitation in Limited Area Model climate simulations: Influence of the size of the domain and the use of the spectral nudging technique[END_REF]. Outside of the NEMOMED12 domain, namely, over the Atlantic Ocean, the Baltic sea, and the Black sea, the atmospheric model is provided with the sea surface temperature of ERA-INTERIM. Initial conditions are provided by the ERA-Interim dataset for the ALADIN model and the MEDHYMAP dataset (Jordà et al, 2017a) for NEMOMED12.

Note that the coupled model can also be used in historic-scenario mode. In this case, it is driven by the outputs of a free global simulation, forced only by anthropogenetic concentrations of greenhouse gases following historical emissions over the past and a possible pathway of their evolution in the future. I have performed historic-scenario simulations but could not include them in this manuscript due to a lack of time. Thus, in the following, we only discuss simulations performed in hindcast mode.

At the international level, the CNRM-RCSM6 model is part of the Med-CORDEX ENHANCED REPRESENTATION OF THE SOG initiative (Ruti et al, 2016, www.medcordex.eu). It is a useful numerical tool to investigate the Mediterranean Sea climate's past variability and future trends as well as coupled mechanisms at play in the regional climate system, such as that at the ocean-atmosphere interface [START_REF] Darmaraki | Past Variability of Mediterranean Sea Marine Heatwaves[END_REF] or the land-atmosphere interface.

Inclusion of NEMOMEDGIB into CNRM-RCSM6

In order to activate coupling procedures, the NEMO source code must be compiled with the CPP keys key oasis3 and key oa3mct v3. The coupling is then set through a dedicated namelist section: namsbc cpl. The namsbc cpl section comprises two sub-sections: one defines the oceanic fields to be sent to the atmospheric component, and the other the fields received from other model components. A detailed list of the namelist parameters and the associated values is specified in Table 2.6. In the following, we discuss only the ones relevant to the coupled CNRM-RCSM6 configuration.

Regarding the ocean-atmosphere interface, we first adapt the surface boundary conditions to the coupled mode. Specifically, the flux formulation is replaced by the coupled formulation (ln flx set to "False" and ln cpl set to "True"), and the sea surface temperature relaxation is disabled (ln ssr set to "False"). Then, the namsbc cpl section is set for NEMOMEDGIB to provide sea surface temperature and surface currents to the ALADIN model and receive wind stress, heat, and water fluxes.

Regarding River runoffs, a "mixed" coupling procedure is used (sn rcv rnf = "mixed") because of the specific treatment applied to the Nile river, which runoff is prescribed through a 12-month climatology. In this way, the Nile river runoff is set in the namsbc rnf. Specifically, the forcing is specified as climatological, and the associated file is modified to contain only the Nile river runoff climatology. Finally, a file specifying the vertical extent of runoffs at each river mouth must be provided to the NEMO model. Unfortunately, the file used for the simulations studied in this PhD was corrupted due to a runoff conversion error at its creation. Consequently, the simulated runoffs are added only over the top two levels of the water column. However, we diagnosed from a sensitivity test that this error has a negligible impact on the simulations.

CNRM-RCSM6 with NEMOMEDGIB and AGRIF: CNRM-RCSM6-AGIB

In order to make the coupled NEMOv3.6 mode compatible with AGRIF, a few modifications must be made to the source code. Namely, we use a modified version of the step.F90, cpl oasis3.F90, sbccpl.F90, and geo2ocean.F90 routines, create by Florence Sevault a CNRM. In addition, a new namelist parameter is added to the namsbc cpl namelist section: ln use AGRIF. This parameter specifies to the NEMO code whether or not the running configuration is nested with an AGRIF config-55 2.4. COUPLED CONFIGURATION As a final step, we adapt the AGRIF coupling namelist to ensure that the AL-ADIN model receives feedback from a single ocean configuration. Since the AGRIF solution is constantly prescribed to NEMOMEDGIB, we send only the NEMO-MEDGIB fields to the ALADIN model. However, the AGRIF configuration does receive the wind stress, heat, and water fluxes from ALADIN and the river runoffs from CTRIP. In the end, with respect to the NEMOMEDGIB namelist, we only set the parameters sn snd temp and sn snd crt to 'none'. In the following, we will refer to the NEMOMEDGIB version of CNRM-RCSM6 as CNRM-RCSM6-GIB and the AGRIF NEMOMEDGIB version of CNRM-RCSM6 as CNRM-RCSM6-AGIB.

Simulations investigated in the PhD

To conclude this chapter, we now introduce the simulations investigated in this PhD and the scientific questions they will allow us to investigate. We make use of two main sets of simulations.

The first set consists of four coupled simulations, displayed in Table 2.7 (NT LR, T LR, NT HR, and T HR). These simulations are run over 1979/08/01 -2017/12/31 using realistic physical forcings following the historical chronology (so-called hindcast mode, see previous sections) after a 19.5-year spin-up. For the spin-ups, we use annual forcing datasets (starting in August) taken randomly over 1979/07/01 -1986/07/31. The goal is for the coupled model to reach a stable state, representative of the 1980s climate. The initial conditions used in the spin-ups, common to all simulations, are the outputs from a preliminary 10-year coupled spin-up with the CNRM-RCSM-GIB model. For this spin-up, initial conditions are provided by the ERA-Interim dataset for the ALADIN model and the output of a forced NEMOMED12 spin-up over 1979 -1982 using a 3D relaxation toward the MED-HYMAP dataset for the NEMOMEDGIB model (this allows initializing the ocean circulation without altering water masses).

The second set of simulations, also displayed in Table 2.7, consists of 7 forced, 19.5-year ocean spin-ups, performed following the same protocol as for coupled simulations. We use these simulations to investigate questions that do not require ocean-atmosphere coupling. They are not extended over the historical period, as they only aim at investigating short-term and direct effects.

Those two sets of simulations can be considered as the main numerical material of the fourth and fifth chapters of this PhD. In the third chapter, we first conduct a preliminary study investigating tidal mixing mechanisms in high-resolution simulations of the SoG with the MITgcm model. Then, in the fourth chapter, we use coupled simulations to investigate the respective roles of tidal and fine-scale dynamics on exchanges at the SoG and their impact on the Mediterranean Sea and its interactions with the atmosphere. Finally, in the fifth chapter, we use forced simulations to investigate an alternative to high-resolution and explicit tidal forcing at DIFFERENCES BETWEEN BOTH CONFIGURATIONS the SoG for use in lower resolution ocean models (pT LR in Table 2.7).

Appendices

A From NEMOMED12 to NEMOMEDGIB: Overview of the differences between both configurations

In this appendix, we compare the NEMOMEDGIB configuration in non-tidal and non-nested mode (NT LR, as referred to in the following chapters of this manuscript) to the NEMOMED12 configuration available at CNRM at the start of this PhD (NM12 hereinafter). The goal is to assess the effects of the modifications performed on NM12 in the scope of the NEMOMEDGIB implementation. To do so, we rely on a set of four decadal forced oceanic simulations (see Table A.8 

A.1 Exchanges through the Strait of Gibraltar

The NM12 and NT LR configurations primarily differ in modeling choices related to the Strait of Gibraltar (SoG hereinafter). Thus, dynamic and hydrographic properties of the exchanged flows through the strait constitute a relevant starting point to compare both configurations. We display on the upper panels of Despite the overall structure just described, NM12 and NT LR display substantial dynamic and hydrographic differences, illustrated on the lower panels of Figure A.1. With respect to NM12, NT LR simulates a cooler (up to -1 • C) and fresher (up to -0.15‰) Atlantic layer and a saltier Mediterranean layer (up to +0.15‰). In terms of dynamics, in NT LR, the exchanged flow intensifies in both directions, and the climatological zero-velocity interface moderately shoals, indicating a thickening of the Mediterranean layer. To shed light on these anomalies, we decompose them into four components corresponding to the main physical differences between NM12 and NT LR. The resulting vertical profiles, displayed on the lower panels of Figure A.1, reveal that NT LR primarily differs from NM12 through the use of open boundaries and time splitting (orange lines) and the modified bathymetry and bottom friction (brown lines). However, interpretation of the associated anomalies and their combination is not straightforward.

Regarding hydrographic properties, the intense cooling and freshening of surface Atlantic water masses in NT LR mainly results from replacing the Atlantic buffer zone with open boundaries, which largely influences the Gulf of Cadiz circulation. in NM12, the Atlantic inflow through the SoG is mainly fed by a coastal northward current along the northern coast of Morocco. This dynamical structure is unrealistic with respect to the literature [START_REF] Peliz | Surface circulation in the Gulf of Cadiz: Model and mean flow structure[END_REF][START_REF] Peliz | Surface circulation in the Gulf of Cadiz: 2. Inflow-outflow coupling and the Gulf of Cadiz slope current[END_REF][START_REF] Peliz | The Gulf of Cadiz-Alboran Sea sub-basin: Model setup, exchange and seasonal variability[END_REF], advecting ), the removal of background tidal TKE energy and the activation of logarithmic bottom friction formulation (K bot z ), the modification of NEMOMED12 bathymetry at the SoG and the decrease of lateral friction (B+ LF). The total anomaly between both configurations is displayed in red (δ tot ). The horizontal dashed line represents the depth of the zero velocity interface in the NEMOMED12 simulation.
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abnormally warm and salty water masses into the SoG. On the other hand, in NT LR, the Atlantic inflow is fed by an offshore northward current from the south of the Gulf of Cadiz, an eastward current from the center of the Gulf of Cadiz, and to a lesser extent, by the Gulf of Cadiz slope current along the Iberian coast [START_REF] Peliz | Surface circulation in the Gulf of Cadiz: Model and mean flow structure[END_REF], transporting colder and fresher water masses. These currents are relatively consistent with the literature, except for the low intensity of the Gulf of Cadiz slope current.

To a lesser extent, the inflowing vein of Atlantic water masses is also altered by the modification of lateral friction (brown lines in Figure A.1). Specifically, the ENHANCED REPRESENTATION OF THE SOG reduction of lateral friction strengthens the northward current west of the strait and weakens the Gulf of Cadiz slope current (not shown), allowing warmer and saltier Atlantic water masses to enter the SoG. Note that over ∼ 100 -200m depth, this warm and salty anomaly combines with a cold and salty anomaly associated with the shoaling of the Mediterranean layer in NT LR, which seafloor is shallower than that of NM12 at the center and the eastern entrance of the strait. Conversely, the fresh anomaly below 225m depth is due to the greater breadth of the western entrance of the SoG in NT LR, where the Mediterranean outflow mixes with fresher Atlantic water masses. In terms of dynamics, the differences between NM12 and NT LR mainly result from bathymetry and lateral friction modifications. In particular, the intense currents simulated in NT LR are consistent with the is narrower and shallower geometry of NT LR and the decrease of lateral friction, tuned to obtain consistent volume transports through the SoG with respect to the latest available estimates (García- [START_REF] García-Lafuente | Hotter and Weaker Mediterranean Outflow as a Response to Basin-Wide Alterations[END_REF]Jordà et al, 2017b). Replacing the Atlantic buffer zone with open boundaries also influences the zonal velocity profile at the SoG, however, to a lesser extent. Specifically, it induces a dipole anomaly over the surface Atlantic layer, which can be explained by both a less intense flow of Atlantic water west of the SoG (see Figure A.2) and the weakening of the Atlantic layer stratification between ∼ 50 -150m depth. More precisely, the weakened stratification allows for greater turbulent viscosity, resulting in a homogenization of the zonal velocity profile between ∼ 50 -150m depth and a reduced flow of Atlantic water masses through the strait. As for hydrographic properties, the modification of bottom and background mixing coefficients has a moderate impact. The anomaly pattern induced by the bottom friction modification is consistent with intensified friction near the seafloor, forcing a shoaling of the Mediterranean layer. On the other hand, the dipole anomaly induced by the modification of vertical mixing provides a clear picture of vertical shear intensification consistent with the reduction of turbulent viscosity.

Transports through the SoG are displayed in Figure A.3. Both NM12 and NT LR display realistic values. Specifically, the simulated net volume, heat, and salt transports fall within the uncertainty range 0.04±0.02Sv, 4.5W.m 2 , and 0.1±0.310 6 kg.s -1 from Jordà et al (2017b, Tables 10, 11, 12), respectively. The simulated inflows also within the confidence interval of 0.86 ± 0.1Sv from Jordà et al (2017b, Table 3), with notable improvements in NT LR. The outflows are outside the estimation interval of -0.85 ± 0.03Sv from [START_REF] Sammartino | Ten years of marine current measurements in Espartel Sill, Strait of Gibraltar[END_REF] for interannual timescales. However, they display reasonable values, particularly for the NT LR simulation. In addition, the computed heat and salt transport are within the range of values commonly obtained with similar numerical models (Jordà et al, 2017b).

In NT LR, the volume transports through the SoG significantly increase with respect to NM12. This enhanced advection directly results from the modification of lateral friction, calibrated to obtain consistent volume transport with respect to [START_REF] Sammartino | Ten years of marine current measurements in Espartel Sill, Strait of Gibraltar[END_REF] and Jordà et al (2017b, Table 3). Because of their large sensitivity to volume advection, heat and salt transports follow similar variations to that of volume transports, primarily driven by the modification of lateral friction. The picture is more complex for the net heat and salt transports as hydrographic modulations interfere with the dynamics. The net heat transport substantially decreases in NT LR due to the cooling of the surface Atlantic water masses. The 

A.2 Impact on the Mediterranean Sea

Although the modifications performed on NM12 mainly focus on mechanisms at stake within the SoG, some of them apply to the whole Mediterranean Sea. This is the case for the modification of background vertical mixing (NM12 OB TS bg mix), background tidal TKE above the seafloor, bottom friction formulation (NM12 OB TS bg bot mix), and lateral friction (NT LR). In addition, it is important to assess the influence of the dynamical and hydrographic modulations of the exchange flow through the SoG on the Mediterranean Sea. To do so, we display in Figure A.4 the NM12 and NT LR vertical profiles of temperature and salinity, averaged over the western, eastern, and whole Mediterranean Sea, as well as the anomalies associated with the modifications decomposed as in the previous section. As a reference, we include the vertical profile of the MEDHYMAP dataset averaged over the period considered in the forcing dataset (1979/07/01 -1986/07/31). NM12 and DIFFERENCES BETWEEN BOTH CONFIGURATIONS NT LR are in relatively good agreement with the MEDHYMAP dataset, displaying reasonable errors comparable to other state-of-the-art Mediterranean regional simulations [START_REF] Sannino | Modelling present and future climate in the Mediterranean Sea: a focus on sea-level change[END_REF]. Basin-scale temperature absolute errors with respect to MEDHYMAP are relatively similar over the Eastern and Western Mediterranean Basins, with higher errors over the eastern Mediterranean in NM12 and the western Mediterranean in NT LR. Basin-scale salinity absolute errors mainly arise over the Western Mediterranean Basin, where the simulations display a large fresh bias. The vertical temperature and salinity profiles of NM12 and NT LR display no-ENHANCED REPRESENTATION OF THE SOG table differences over the Eastern and Western Mediterranean Basins. Regarding the Western Mediterranean Basin, with respect to NM12, the upper 200m of NT LR are cooled (up to -0.5 • C at 50m depth) and characterized by an enhanced salinity stratification. Due to the proximity with the SoG, these anomalies result from both basin-scale and local modifications within the strait. The influence of the SoG is particularly evident on the temperature and salinity anomalies, mainly resulting from the replacement of the Atlantic buffer zone with open boundaries (orange lines in Figure A.4). Consistently with the modification of the inflowing Atlantic water masses at the SoG, the upper 150m depth of the Western Mediterranean Basin are cooled and freshened, with a maximal anomaly at 50m depth for the temperature (-0.2 • C) and at the surface for the salinity (-0.1‰).

Basin-scale effects over the western Mediterranean are mainly driven by the modification of vertical mixing coefficients (green lines in Figure A.4), which cools the upper 200m depth and induces a salt dipole anomaly centered on ∼ 125m depth. These anomalies are mainly related to the decrease of background vertical mixing coefficients. For the temperature, the weakening of vertical mixing allows for less intense ventilation of the surface layer. Consequently, the seasonal cycle of sea surface temperature is significantly enhanced (not shown), resulting in a reduced ocean heat uptake in summer. Over long periods, this leads to a cooling of deeper layers, up to 200m depth. Regarding salinity, since atmospheric fluxes have a lesser influence, the reduced vertical mixing results in a simple intensification of the stratification. Besides vertical mixing and open boundaries, the modification of bathymetry and lateral friction (brown lines in Figure A.4) induces less intense but notable hydrographic anomalies. Over the upper 100m depth, the relatively homogeneous salt anomaly is consistent with the saltening of the Atlantic water masses at the SoG. Deeper, the 100-200m layer is warmed and saltened with respect to NM12. This anomaly can be related to intensified transports with the Eastern Mediterranean Basin, displayed in Table A.5. Finally, bottom friction has a more mitigated influence. It mainly consists of a salt anomaly centered between 100-150m depth, consistent with the saltening of inflowing Atlantic water masses at the SoG.

Over the Eastern Mediterranean Basin, with respect to NM12, the upper 400m depths are colder and fresher in NT LR, with maximal differences at 50m depth. The cooling of the water column almost uniquely results from the decrease of background vertical mixing coefficients through the same mechanism as detailed for the Eastern Basin. Regarding salinity, the freshening of the upper 400m depth is mainly related to the decrease of lateral friction (brown lines in Figure A.4), which allows for a substantially larger volume of Western Mediterranean surface water masses to enter the Eastern Basin (see Table A .5). The freshening is further enhanced by the modified vertical mixing, which has a more moderate effect than over the western basin due to the reduced vertical salt stratification. In fact, this effect is partly indirect, resulting from the advection of the freshened Western Mediterranean water masses, as evidenced by the reduced salt inflow toward the Western Mediterranean Basin (Table A .5). Finally, open boundaries, time-splitting, and bottom mixing modification moderately impact the Eastern Mediterranean.

Considering the Mediterranean Sea in its entirety, the various effects previously 

B Setup of the barotropic experiment

To setup the barotropic simulation, a few modifications have to be carried out on the NEMO source code. We add a new namelist entry, ln bdytide no u2d, in the bdytides.F90 module (bdytide init routine, see Figure A.6). This namelist parameter is then used in the bdydyn2d.F90 module, by the bdy dyn2d fla and bdy ssh routines. Specifically, we modify the bdy dyn2d fla routine to force the tangential velocities at the open boundary to be equal to the first interior point (lines 208 and 228 in Figure A.7). In the bdy ssh routine, we set directly the sea surface elevation to the tidal elevation provided by the forcing files, instead of computing it from both the tidal elevation and velocities (line 303 in FigureA.7). Note that we thus need to provide the forcing data to the bdy ssh routine (line 280 in FigureA.7). The call to this routine is modified in the rest of the code. To do so, we modify the dyn spg ts.F90 and sshwzv.F90 routines to provide the forcing dataset to the bdy ssh routine (for dyn spg ts.F90, we add the "USE bdy oce" at the beginning of 

Introduction

The Strait of Gibraltar (SoG hereinafter, illustrated in Figure 3.1) is a narrow and shallow channel, about 15km wide at its narrowest point and 300m deep at its shallowest sill of Camarinal (CS hereinafter). It is the main connection between the Mediterranean Sea and the open Ocean. Along this approximately 60km long pathway, in the upper ∼ 150m depth, warmer and fresher Atlantic waters are advected into the Mediterranean Basin, whereas underneath, colder and saltier Mediterranean waters are exported to the Atlantic Ocean. This two-way exchange closes the Mediterranean Basin heat and water budgets, which, at the surface, are in deficit of 4.5 ± 4.1W.m -2 and 0.5 ± 0.2m of annual equivalent sea level, respectively (Jordà et al, 2017b). Besides the thermohaline budget, the water exchange at the SoG is also essential for the biogeochemical balance of the basin (Huertas et al, 2012b), as the Atlantic inflow is one of the primary nutrient sources for the Mediterranean Sea (Ramírez-Romero et al, 2014). Great levels of tidal energy further characterize the SoG. By interacting with 3.1. INTRODUCTION ocean stratification and rough topography, tides give rise to various non-linear processes and unique mechanisms, which motivated observation campaigns in the 1980s and 1990s. At several locations across the strait, tidal currents and channel shrinkage were found to submit the flow to hydraulic control [START_REF] Farmer | The internal hydraulics of the Strait of Gibraltar and associated sills and narrows[END_REF][START_REF] Farmer | The flow of Atlantic water through the Strait of Gibraltar[END_REF]. These control points modulate the size of the volume exchanges [START_REF] Bryden | Limiting processes that determine basic features of the circulation in the Mediterranean Sea[END_REF] and release large internal waves, mainly toward the Mediterranean Sea [START_REF] Lacombe | The regime of the strait of gibraltar[END_REF][START_REF] Wesson | Turbulent Dissipation in the Strait of Gibraltar and Associated Mixing[END_REF][START_REF] Pettigrew | The Structure of the Internal Bore in the Strait of Gibraltar and its Influence on the Atlantic Inflow[END_REF], but also toward the Atlantic Ocean [START_REF] Farmer | The flow of Atlantic water through the Strait of Gibraltar[END_REF], and across the strait [START_REF] Watson | A study of internal wave propagation in the Strait of Gibraltar using shore-based marine radar images[END_REF][START_REF] Richez | Airborne synthetic aperture radar tracking of internal waves in the Strait of Gibraltar[END_REF]. During the Gibraltar Experiment [START_REF] Bryden | Gibraltar experiment : a plan for dynamic and kinematic investigations of strait mixing, exchange and turbulence[END_REF], turbulence observations evidenced intense diapycnal mixing on both sides of the CS and along the trail of the eastward internal bore released at the CS (Wesson andGregg, 1988, 1994). In addition, cross-strait hydrographic sections allowed oceanographers to examine the interface between Atlantic and Mediterranean water masses and to describe it as a distinct layer. This intermediate layer, resulting from the intense tidal mixing occurring within the strait, is advected toward the Mediterranean Sea east of the CS and toward the Atlantic Ocean west of the CS [START_REF] Bray | The role of the interface in exchange through the Strait of Gibraltar[END_REF]. It motivates the characterization of exchanges through the strait as a three-layer flow rather than an idealized two-layer flow.

More recently, high-resolution simulations using realistic physical forcing have emerged [START_REF] Sannino | Numerical modeling of the semidiurnal tidal exchange through the Strait of Gibraltar[END_REF][START_REF] Sannino | Three-layer view of transports and hydraulics in the Strait of Gibraltar: A three-dimensional model study[END_REF][START_REF] Sanchez-Garrido | Numerical modeling of three-dimensional stratified tidal flow over Camarinal Sill, Strait of Gibraltar[END_REF][START_REF] García Lafuente | The interface mixing layer and the tidal dynamics at the eastern part of the Strait of Gibraltar[END_REF][START_REF] Sannino | Exchange Flow through the Strait of Gibraltar as Simulated by a σ-Coordinate Hydrostatic Model and a z-Coordinate Nonhydrostatic Model. The Mediterranean Sea: Temporal Variability and Spatial Patterns[END_REF][START_REF] Sanchez-Roman | Modelling study of transformations of the exchange flows along the Strait of Gibraltar[END_REF][START_REF] Álvarez | Some considerations about non-hydrostatic vs. hydrostatic simulation of shortperiod internal waves. A case study: The Strait of Gibraltar[END_REF], allowing ocean modelers to reproduce and analyze in detail the main characteristics of the exchange flow through the SoG. While the eastward barotropic tide deepens and thickens the interface layer separating the Atlantic inflow from the Mediterranean outflow, the westward barotropic tide uplifts and shoals it, powering a periodic oscillation of the stratification and driving entrainment between both layers [START_REF] Sannino | Three-layer view of transports and hydraulics in the Strait of Gibraltar: A three-dimensional model study[END_REF][START_REF] García Lafuente | The interface mixing layer and the tidal dynamics at the eastern part of the Strait of Gibraltar[END_REF]. At the CS, the interface sinking is accompanied by the relaxation of a hydraulic control point previously formed by the westward tidal currents. This hydraulic transition releases large-amplitude internal waves toward the Mediterranean Sea and produces an intense turbulent mixing [START_REF] Brandt | Study of the generation and propagation of internal waves in the Strait of Gibraltar using a numerical model and synthetic aperture radar images of the European ERS 1 satellite[END_REF][START_REF] Vázquez | Evidence of multimodal structure of the baroclinic tide in the Strait of Gibraltar[END_REF][START_REF] Vlasenko | Three-dimensional evolution of large-amplitude internal waves in the Strait of Gibraltar[END_REF][START_REF] Sánchez-Román | Spatial and temporal variability of tidal flow in the Strait of Gibraltar[END_REF][START_REF] García Lafuente | The interface mixing layer and the tidal dynamics at the eastern part of the Strait of Gibraltar[END_REF]Hilt et al, 2020). Significant temperature and salinity anomalies result from this tide-induced dynamic and mixing, cooling, and saltening by up to 1 • C and 0.5 psu the inflowing Atlantic water [START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF].

On a larger scale, tidal influence at the SoG impacts the Mediterranean basinscale heat and salt budgets. By acting simultaneously on currents and thermohaline properties, tides were found to increase the net salt transport through the strait by 25% and decrease the net heat transport by 10% (Sanchez-Roman et al, 2018, Table 4 and6). In the western Mediterranean Basin, the significant transformation of the Atlantic inflow by tidal mixing has been shown to affect the production of deep waters [START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF][START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF]. Over long periods (50-year simulations), [START_REF] Harzallah | Mass exchange at the Strait of Gibraltar in response to tidal and lower frequency forcing as simulated by a Mediterranean Sea model[END_REF] reported that tides induce a general cooling (0.08 • C) and saltening (0.012 psu) of the Mediterranean Sea, mainly in the upper 150m depth. In the context of global warming scenario simulations, it is essential to accurately model the SoG, which can be considered as a heat and salt anomaly GIBRALTAR: A HIGH-RESOLUTION MODEL APPROACH filter between the Atlantic Ocean and the Mediterranean Sea [START_REF] Potter | On the warming and salinification of the Mediterranean outflow waters in the North Atlantic[END_REF][START_REF] Somot | Transient climate change scenario simulation of the Mediterranean Sea for the twenty-first century using a highresolution ocean circulation model[END_REF][START_REF] Soto-Navarro | Evolution of Mediterranean Sea water properties under climate change scenarios in the Med-CORDEX ensemble[END_REF][START_REF] Parras-Berrocal | Surface and Intermediate Water Changes Triggering the Future Collapse of Deep Water Formation in the North Western Mediterranean[END_REF], as well as a variable nutrient source for the Mediterranean Sea [START_REF] Richon | Biogeochemical response of the Mediterranean Sea to the transient SRES-A2 climate change scenario[END_REF]. Thus, both observational and numerical studies have stressed the key role of tides in the exchanges at the SoG. However, although some aspects of tidal mixing have already been highlighted, such as variability [START_REF] Wesson | Mixing at Camarinal Sill in the Strait of Gibraltar[END_REF][START_REF] Macias | Tidal induced variability of mixing processes on Camarinal Sill (Strait of Gibraltar): A pulsating event[END_REF], connection to internal waves [START_REF] Wesson | Turbulent Dissipation in the Strait of Gibraltar and Associated Mixing[END_REF][START_REF] Pettigrew | The Structure of the Internal Bore in the Strait of Gibraltar and its Influence on the Atlantic Inflow[END_REF][START_REF] Send | Intensive shipboard observations of the flow through the Strait of Gibraltar[END_REF][START_REF] Vázquez | Evidence of multimodal structure of the baroclinic tide in the Strait of Gibraltar[END_REF] and convergence patterns within the strait [START_REF] Bruno | The importance of sub-mesoscale processes for the exchange of properties through the Strait of Gibraltar[END_REF], the detailed mechanisms driving it remain unclear. In the literature, tidal mixing is often related to either hydraulic transitions, intensification of the vertical shear of horizontal currents, or both [START_REF] Wesson | Mixing at Camarinal Sill in the Strait of Gibraltar[END_REF]Sannino et al, 2009a;[START_REF] Sanchez-Garrido | Numerical modeling of three-dimensional stratified tidal flow over Camarinal Sill, Strait of Gibraltar[END_REF][START_REF] García Lafuente | The interface mixing layer and the tidal dynamics at the eastern part of the Strait of Gibraltar[END_REF], but no study has allowed delineating the respective importance of these phenomena throughout the strait. Other than improving our understanding of the physical mechanisms at stake at the SoG, a more extensive appreciation of tidal mixing is needed in numerical models. It would allow the development of valid alternatives to high-resolution and explicit tidal forcing at the SoG, which are often renounced in regional models of the Mediterranean Sea [START_REF] Harzallah | Mass exchange at the Strait of Gibraltar in response to tidal and lower frequency forcing as simulated by a Mediterranean Sea model[END_REF][START_REF] Soto-Navarro | Evaluation of regional ocean circulation models for the Mediterranean Sea at the Strait of Gibraltar: volume transport and thermohaline properties of the outflow[END_REF][START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF][START_REF] Harzallah | Long term evolution of heat budget in the Mediterranean Sea from Med-CORDEX forced and coupled simulations[END_REF][START_REF] Llasses | Heat and salt redistribution within the Mediterranean Sea in the Med-CORDEX model ensemble[END_REF][START_REF] Soto-Navarro | Evolution of Mediterranean Sea water properties under climate change scenarios in the Med-CORDEX ensemble[END_REF] because of the challenges and numerical cost associated with these developments. Recently, tidal mixing parameterizations have been developed for models that do not explicitly resolve tidal currents (de Lavergne et al, 2020). However, significant uncertainties result from the complex cascade of tidal energy to dissipation scales [START_REF] Osborn | Estimates of the Local Rate of Vertical Diffusion from Dissipation Measurements[END_REF][START_REF] Jackson | Experiments on differential scalar mixing in turbulence in a sheared, stratified flow[END_REF][START_REF] Bouffard | A diapycnal diffusivity model for stratified environmental flows[END_REF][START_REF] De Lavergne | The Impact of a Variable Mixing Efficiency on the Abyssal Overturning[END_REF].

Therefore, the present work addresses the need for a deeper understanding of tidal mixing at the SoG. To this end, we analyze the processes driving turbulent mixing in ocean simulations of the Mediterranean Sea, including or not an explicit tide. Among the currently available numerical tools, we use a non-hydrostatic kilometric model resolution, which allows a faithful 3D representation of the exchange flow through the SoG and the largest internal waves at work [START_REF] Sannino | Exchange Flow through the Strait of Gibraltar as Simulated by a σ-Coordinate Hydrostatic Model and a z-Coordinate Nonhydrostatic Model. The Mediterranean Sea: Temporal Variability and Spatial Patterns[END_REF][START_REF] Álvarez | Some considerations about non-hydrostatic vs. hydrostatic simulation of shortperiod internal waves. A case study: The Strait of Gibraltar[END_REF]Hilt et al, 2020). We consider that it provides an adequate framework to study the main mechanisms driving diapycnal mixing within the strait. In section 2, we introduce the model, simulations, and analysis frameworks. In section 3, we present the model validation, we characterize the effect of tides on diapycnal mixing, and we explain how it relates to tidal circulation patterns within the strait. Finally, we draw the main conclusions and discuss our results in section 4.

Model and methods

Model description

MODEL AND METHODS

non-linear hydrostatic Navier-Stokes equations under the Boussinesq approximation using a spatial finite-volume discretization. It is run with partial step topography, rescaled vertical height (z*) coordinate [START_REF] Adcroft | Representation of topography by shaved cells in a height coordinate ocean model[END_REF], with an implicit non-linear surface based on [START_REF] Campin | Conservation of properties in a free-surface model[END_REF]. The source code and documentation are available at the following website: https://github.com/MITgcm/MITgcm (last access: 10 October 2022).

The model domain extends over the whole Mediterranean Sea and part of the Atlantic Ocean. The horizontal grid is a non-uniform and curvilinear Arakawa-C grid composed of 1040 × 320 points, reaching a resolution of approximately 1/200 • × 1/200 • (∼ 500m) at the SoG (Figure 3.1) and the Bosphorus Strait, and 1/50 • × 1/50 • (∼ 2km) at the Straits of Dardanelles. It is smoothly degraded down to a regular 1/16 • × 1/16 • grid (∼ 6km) in the Mediterranean Sea. The vertical grid comprises 100 unevenly spaced z*-levels, rescaled as suggested by [START_REF] Adcroft | Rescaled height coordinates for accurate representation of free-surface flows in ocean circulation models[END_REF]. The (vertical) cell thicknesses vary between 2m at the top to 100m at the bottom. We use a time step of 20 seconds.

Three datasets compose the bathymetry: the European Marine Observation and Data Network (EMODnet) 2016 dataset (https://www. emodnet-bathymetry.eu) for the Mediterranean Basin and the Black Sea, the very high-resolution digitalized chart of [START_REF] Sanz | Prospección geofísica del Estrecho de Gibraltar: resultados del programa Hércules (1980-1983)[END_REF] for the SoG, and a high-resolution bathymetry for the Bosphorus and Dardanelles Straits made available by Erkan Gökaşan [START_REF] Gökaşan | Evidence and implications of massive erosion along the Strait of Istanbul (Bosphorus)[END_REF][START_REF] Gökaşan | Factors controlling the morphological evolution of the C ¸anakkale Strait (Dardanelles, Turkey)[END_REF], with the permission of the Turkish Navy, Navigation, Hydrography, and Oceanography Office. The datasets were combined through a bilinear interpolation on the computational grid. In addition, a handmade check has been made for isolated points, islands, and narrow passages (see [START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF][START_REF] Sannino | A high-resolution modelling study of the Turkish Straits System[END_REF].

We use a third-order direct space-time flux-limited advection scheme for tracers (temperature, salinity), with a constant horizontal Laplacian diffusivity coefficient of 2m 2 .s -1 . The vertical eddy viscosity and diffusivity coefficients are computed from the 1.5 order Turbulent Kinetic Energy (TKE) closure scheme [START_REF] Gaspar | A simple eddy kinetic energy model for simulations of the oceanic vertical mixing: Tests at station Papa and long-term upper ocean study site[END_REF], adapted from the atmospheric case developed by [START_REF] Bougeault | Parameterization of orography-induced turbulence in a mesobeta-scale model[END_REF]. The TKE scheme was chosen for its straightforward physical interpretation and its few parameters to configure. We set the background vertical eddy viscosity and diffusivity coefficients to their molecular values of 1.5 • 10 -6 m 2 .s -1 and 10 -7 m 2 .s -1 for momentum and tracers, respectively. We impose a maximal diffusivity of 100m 2 .s -1 to avoid the use of an enhanced diapycnal mixing parameterization of convection. At the lateral and bottom solid boundaries, we use no-slip conditions along with a quadratic bottom drag. The latter is calculated as a function of the velocity near the bottom, with a dimensionless coefficient of 2.5 • 10 -3 .

Numerical simulations GIBRALTAR: A HIGH-RESOLUTION MODEL APPROACH

The simulations are forced with a modified ORAS4 climatology at the Atlantic open boundary through a 3D relaxation of salinity and temperature. The relaxation time varies linearly from 2 hours at the western limit of the domain to 30 days over the first 30 grid points (gray line in the upper panel of Figure 3.1). Over the rest of the domain, the river runoff discharge is obtained according to [START_REF] Struglia | River discharge into the Mediterranean sea: Climatology and aspects of the observed variability[END_REF] for the 68 main catchments and applied in conjunction with the nonlinear free surface numerical scheme, see [START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF]. The surface forcing is derived from dynamically downscaled regional atmospheric fields, produced by the Rossby Centre regional atmospheric model RCA4 [START_REF] Strandberg | CORDEX scenarios for Europe from the Rossby Centre regional climate model RCA4[END_REF], at 0.11 • resolution (∼ 11km). The downscaling is performed over the EURO-CORDEX domain [START_REF] Giorgi | Addressing climate information needs at the regional level: the CORDEX framework[END_REF] with boundary conditions provided by the ERA-Interim reanalysis. Three-hourly shortwave radiation and cloud cover are directly extracted from the atmospheric model, while long-wave radiation is computed following the parameterization of [START_REF] Bignami | Longwave radiation budget in the Mediterranean Sea[END_REF]. Three-hourly latent heat flux and sensible heat flux, and six-hourly wind stress are calculated according to the bulk formula of [START_REF] Large | Diurnal to decadal global forcing for ocean and sea-ice models: The data sets and flux climatologies[END_REF]. Evaporation is computed from the latent heat. The net freshwater flux is prescribed from the net balance of evaporation, precipitation (taken from the atmospheric model), and river discharge. The model is also forced with atmospheric pressure, taken from the atmospheric model.

The explicit tidal forcing used in ExpT is the same as in [START_REF] Palma | Short-term, linear, and non-linear local effects of the tides on the surface dynamics in a new, high-resolution model of the Mediterranean Sea circulation[END_REF]. It includes an equilibrium tide, acting as a potential in the momentum equations, and the Atlantic tide propagating from the western open boundary, where it is prescribed as an open boundary condition on the dynamic sea level. The equilibrium tide is composed of four tidal components : M2, O1, S2, K1, namely, the semidiurnal and diurnal principal lunar tides, the principal semidiurnal solar tide, and diurnal lunisolar declination tide. The tidal values used to prescribe the Atlantic tide are derived from the Oregon State University Tidal inversion software (OTIS hereinafter, [START_REF] Egbert | Efficient inverse modeling of barotropic ocean tides[END_REF]. In ExpNT, the equilibrium and Atlantic tides are removed.

For both ExpT and ExpNT, the first five months of simulation (01/08/1980 -31/12/1980) are used as a spin-up for the exchange flow through the SoG to reach a steady state. At the end of the spin-up phase, we diagnose the drift of temperature and salinity over the domain defined in Figure 3.1 in three specific layers: the Atlantic layer (58m -163m), the upper Mediterranean layer (163m -371m) and the lower Mediterranean layer (371m -670m). To do so, we fit an exponential decay to the temperature and salinity drift in each layer, and we determine their e-folding time. We find e-folding times between 20 -40 days so that at the end of the fivemonth spin-up period, over 98% of the drift has occurred. In the following, we use hourly-averaged outputs over January 1981 to perform a detailed analysis of the tidal mixing throughout a tidal cycle and yearly-averaged outputs over 1981 for an annual mean analysis. We consider that one year of simulation is sufficient to study diapycnal mixing at the SoG because the interannual variability of the transports through the strait is low compared to the tidal and subinertial variability [START_REF] Boutov | Inter-annual variability and long term predictability of exchanges through the Strait of Gibraltar[END_REF]Sanchez-Roman et al, 2018, Figures 3 and4).

Definition of volume, heat, and salt transport at the SoG

We define the transports through the SoG in the framework of a two-way exchange flow between the Mediterranean Sea and the Atlantic Ocean. Net volume, heat, and salt transports are computed by integrating the currents, heat, and salt fluxes over a section of interest:

Q net (x) = N orth South η bottom u dzdy QH net (x) = N orth South η bottom ρ 0 C w uθ dzdy QS net (x) = N orth South η bottom uS dzdy (3.1)
With η the sea surface elevation, u the velocity normal to the section, ρ 0 = 1025kg.m -3 a reference sea water density, C w = 3850 J kg -1 • C -1 the specific heat of seawater, θ the potential temperature and S the practical salinity of seawater (as defined in the modified UNESCO formula by [START_REF] Jackett | Minimal Adjustment of Hydrographic Profiles to Achieve Static Stability[END_REF]. The overline denotes the time-average operator. Second-order terms (product of velocity with salinity or temperature) are averaged at the model time step.

Eastward and westward transports (hereinafter referred to as inflow and outflow, respectively) are more complex to estimate as they require distinguishing the two flows at high-frequency. Several definitions of the inflowing Atlantic and outflowing Mediterranean layers have been used in the literature. In this study, we will use two different definitions, the first one to validate the simulated transports against observational-based estimates and the second to depict the full extent of the tidal influence on the water masses dynamic.

To validate the simulated transports, we follow the framework used by [START_REF] Sammartino | Ten years of marine current measurements in Espartel Sill, Strait of Gibraltar[END_REF] to estimate of the Mediterranean outflow. In this way, we define the interface between inflowing and outflowing waters as the isohaline that maximizes the outflowing volume transport (Sammartino et al, 2015, section 7.3). Due to the large amount of data required to perform this computation at high-frequency, the inflowing and outflowing transports are computed from hourly-averaged outputs over the same period as for the detailed analysis of tidal mixing, that is, January 1981. We address the uncertainty related to the time coverage of the resulting estimates in section 3. We calculate the inflows at the entrance of the Alboran Sea (AL section, see Figure 3.1) and outflows at the Espartel Sill (ES section), where their estimation is more robust (Jordà et al, 2017b). Under this specific benchmark, we find the isohaline that maximizes the outflow to be 36.6 psu, close to the value used in [START_REF] Sammartino | Ten years of marine current measurements in Espartel Sill, Strait of Gibraltar[END_REF][START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF], and the isohaline that maximizes the inflow to be 37.8 psu, close to the values used in [START_REF] Lafuente | Tide at the eastern section of the Strait of Gibraltar[END_REF][START_REF] Baschek | Transport estimates in the Strait of Gibraltar with a tidal inverse model[END_REF][START_REF] Vargas | Fortnightly and monthly variability of the exchange through the Strait of Gibraltar[END_REF].

To fully account for the advective properties of tides on the transports through the SoG, we refer to the framework introduced in Sanchez-Roman et al (2018). The GIBRALTAR: A HIGH-RESOLUTION MODEL APPROACH affiliation of a cell to a flow or the other is determined only by the sign of its pseudozonal velocity (model grid-oriented). In this way, we compute the inflow and outflow transports by integrating the velocities of the water masses flowing in each direction:

Q max in (x, t) = N orth South η bottom u H(u) (x, y, z, t) dzdy Q max out (x, t) = N orth South η bottom u H(-u) (x, y, z, t) dzdy (3.2)
With H the Heaviside step function ; H(u) = 1 if u > 0; H(u) = 0 otherwise. The main difference with the previous definition is that water masses from a given layer consistently flow in the same direction. Indeed, this may not be the case with the halocline interface, which allows a form of transport compensation due to the occasional presence of counter-flowing water masses in each layer. Q max in and Q max out may be considered as maximal estimates of the transport through the SoG. Note that we compute these estimates at the simulations time-step to avoid transports compensations from averaging opposite velocities.

Theoretical framework: TKE turbulent closure scheme

In a numerical model, diapycnal mixing occurs explicitly through horizontal and vertical mixing parameterizations and implicitly due to numerical discretization errors. We assume the latter source of mixing to be weak at the SoG in our simulations because of the high resolution. We have also estimated horizontal mixing using the constant horizontal Laplacian diffusivity coefficient and hourly-averaged outputs of temperature and salinity over January 1981. We found it to be, on average, five times weaker than its vertical counterpart (not shown). Therefore, we will henceforth focus on explicit vertical mixing, parameterized using vertical eddy diffusivity and viscosity coefficients (K t and K m , respectively), representing passive tracers and momentum diffusion by unresolved eddies. Following the mixing length theory [START_REF] Prandtl | Report on investigation of developed turbulence[END_REF], these coefficients are expressed as the product of a turbulent velocity deduced from the squared root of the TKE, a mixing length, and a mixing efficiency coefficient as follows:

K m = K t P rt = c k l k TKE 1/2 (3.3)
With :

• c k The mixing coefficient, controlling the efficiency of turbulent mixing. Following [START_REF] Gaspar | A simple eddy kinetic energy model for simulations of the oceanic vertical mixing: Tests at station Papa and long-term upper ocean study site[END_REF], c k = 0.1.

• l k The characteristic mixing length scale. Following [START_REF] Gaspar | A simple eddy kinetic energy model for simulations of the oceanic vertical mixing: Tests at station Papa and long-term upper ocean study site[END_REF], l k = max(10 -9 , min(l u , l d )). l u and l d are introduced in Bougeault and Andre (1986), they can be interpreted as the unresolved eddies size in the upward and downward directions. In our model configuration, for a given cell,

l u = l d = l = √ 2TKE 1/2 N -1
as long as l does not exceed the cell thickness. Once that threshold is exceeded,

l u = l max u ̸ = l d = l max d
, where l max u and l max d depend on the upper and lower tracer cell thickness.

• P rt The Prandtl number, quantifying the ratio between momentum and tracer diffusivity. P rt = min (max(1, 5R i ), 10), with R i the bulk Richardson number that measures the ratio between the TKE destruction by stratification and its production by the vertical shear of horizontal currents.

R i = N 2 (∂zu) 2 +(∂zv) 2 ,
where N is the Brunt-Väisälä frequency and ∂ z the partial derivative operator associated to the vertical axis.

Vertical mixing is thus defined through the TKE by the 1.5 order TKE closure scheme. This scheme resolves the TKE tendency under the assumption of horizontal homogeneity, using the dissipation parameterization of [START_REF] Kolmogorov | Equations of turbulent motion in an incompressible fluid[END_REF]. It follows:

∂ t TKE = ∂ z (K m ∂ z TKE) turbulent transport T + K m (∂ z u) 2 + (∂ z v) 2 dynamic shear production S - K t N 2 buoyancy flux B - c ϵ TKE 3/2 l ϵ dissipation ϵ (3.4)
Where l ϵ is the TKE characteristic dissipation length and c ϵ an associated dissipation coefficient. Following [START_REF] Gaspar | A simple eddy kinetic energy model for simulations of the oceanic vertical mixing: Tests at station Papa and long-term upper ocean study site[END_REF]: l ϵ = max(10 -9 , √ l u l d ) and c ϵ = 0.7. The four contributions to the TKE tendency are:

• The turbulent transport T (computed implicitly). Under the assumption of horizontal homogeneity, it represents only the convergence or divergence of the TKE vertical flux, which is parameterized using the concept of eddy diffusivity.

• The dynamic shear production S. It is always a source of TKE. Its contribution to the TKE tendency relies on the vertical eddy viscosity coefficient (inherited from the parameterization of the turbulent horizontal momentum vertical flux) and the vertical shear of horizontal velocities. On a climatological scale, S is the main source of TKE.

• The buoyancy flux B. It represents the TKE destruction (production) by the positive (negative) stratification. B also gives an estimate of diapycnal mixing as the vertical mixing tendency of tracers is equal to its convergence or divergence.

• The TKE dissipation ϵ (computed implicitly). It is always a sink of TKE. It represents the TKE destruction by molecular viscosity and is parameterized according to [START_REF] Kolmogorov | Equations of turbulent motion in an incompressible fluid[END_REF]. On a climatological scale, ϵ is the main sink of TKE.

This study will mainly focus on the dynamic shear production, directly impacted by tidal forcing through vertical shear intensification or reduction. Special attention will also be paid to the buoyancy flux as a proxy for diapycnal mixing and for its ability to produce TKE in the presence of negative stratification. Note that the terms computed implicitly cannot be separated. They will be analyzed as one and referred to as the implicit TKE tendency: I = T -ϵ. GIBRALTAR: A HIGH-RESOLUTION MODEL APPROACH

Results

Model Validation

The tidal forcing used in ExpT has been validated over the Mediterranean Sea by [START_REF] Palma | Short-term, linear, and non-linear local effects of the tides on the surface dynamics in a new, high-resolution model of the Mediterranean Sea circulation[END_REF] and [START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF] with similar model configurations.

The authors performed a one-year simulation with a barotropic version of the model and separated the tidal constituents through a harmonic analysis of the surface elevation [START_REF] Foreman | Manual for Tidal Heights And Prediction[END_REF][START_REF] Pawlowicz | Classical tidal harmonic analysis including error estimates in MATLAB using T TIDE[END_REF]. The amplitude and phase of the modeled tides were validated against the OTIS global tide inverse model, and the simulation correctly reproduced the main zero amplitude points for the M2 tidal component in the Mediterranean Sea [START_REF] Tsimplis | A two-dimensional tidal model for the Mediterranean Sea[END_REF]. [START_REF] Palma | Short-term, linear, and non-linear local effects of the tides on the surface dynamics in a new, high-resolution model of the Mediterranean Sea circulation[END_REF] also validated the tidal forcing against maps from more recent tidal simulations [START_REF] Ferrarin | Tidal dynamics in the inter-connected Mediterranean, Marmara, Black and Azov seas[END_REF]. In this study, we carry out further validations specific to the SoG by comparing the simulated tides to reference tidal models and observations, as well as transports and velocities against observational estimates and datasets. Regarding transports and velocities, when available, we indicate the interannual variability of the estimates. Otherwise, we provide their uncertainties, which are larger than the interannual variability of the estimated quantities. To begin with, we will first assess the realism of the simulated tidal elevations against the observation-based charts of [START_REF] Candela | Tides in the strait of gibraltar[END_REF] and Lafuente et al (1990) (CA90 and GL90 hereinafter). We also refer to the global tidal atlas FES2014 (produced by Noveltis, Legos, and CLS and distributed by Aviso+, with support from CNES: https://www.aviso.altimetry.fr/) as a reference numerical dataset. In the following, differences between the charts of CA90 and GL90 provide an observational estimate of the tidal amplitude and phase. They display very similar 3.3. RESULTS amplitude patterns, mainly differing at the center of the strait near the Tarifa Narrow (between 5.5 • W -5.75 • W ), where they approximately differ by 5-8cm. On the other hand, the tidal phase patterns display larger differences, peaking at the center of the strait, near the Tarifa Narrow, where they exceed 10 • . With that in mind, the amplitude and phase simulated by ExpT and FES2014 are both in good agreement with the former observations-based charts. As depicted in Figure 3.2, the M2 amplitude is characterized by a well-known abrupt zonal decrease from west (∼ 90 cm) to east (∼ 25 cm) and its phase by a meridional decrease from south to north [START_REF] Candela | Tides in the strait of gibraltar[END_REF][START_REF] Lafuente | Sea level in the Strait of Gibraltar: tides[END_REF]. More specifically, regarding tidal amplitude, ExpT is in very good agreement with GL90, whereas FES2014 is more consistent with CA90. The zonal decrease of tidal amplitude is more intense in ExpT; however, the differences are within the range of the observation-based estimates uncertainty. Regarding the tidal phase, ExpT is in better agreement with CA90 and GL90 than FES2014. The main differences with respect to CA90 and GL90 fall within the uncertainty of the observation-based estimates. The validation of K1 and O1 harmonics against GL90 detailed in Appendix A gives further confidence in the realism of the simulated tidal elevation at the SoG.

To assess the baroclinic structure of the simulated tides, we refer to in situ Doppler current profiler measurements collected at the ES in the framework of the INGRES projects (more details in [START_REF] Sánchez-Román | Vertical structure of tidal currents over Espartel and Camarinal sills, Strait of Gibraltar[END_REF][START_REF] Millot | Another description of the Mediterranean Sea outflow[END_REF][START_REF] Sammartino | Ten years of marine current measurements in Espartel Sill, Strait of Gibraltar[END_REF]. We display in Figure 3.3 the vertical profile of M2 tidal ellipses extracted from the INGRES in situ data and the simulated velocity fields at the closest point to the measurement station. The tidal ellipses synthesize the evolution of horizontal tidal currents along the tidal cycle. Simulation-based and observation-based ellipses are in overall good agreement. They depict intense tidal currents with a dominant zonal component (up to 0.55m.s -1 ) of almost constant amplitude in the upper 220m depth. Below, the zonal component progressively decreases, whereas its meridional counterpart increases. The simulated zonal currents are overestimated within the upper 220m (average bias of 0.1 m.s -1 ), and underestimated below (average bias of -0.06m.s -1 ). Regarding the tidal phase, the simulated currents are characterized by a mean absolute phase bias of 2 • . Note that for a few ellipses, the rotation direction is reversed with respect to the observed currents (the rotating direction is indicated by "x" and "+" signs in Figure 3.3). However, these ellipses all depict very low meridional currents and consistent phases with respect to the observations. Thus, the rotating direction has a low impact on the associated tidal currents.

To conclude on the tidal validation, in light of the reasonable biases highlighted by the former analyses and the consistency with available references, we consider the simulated tides relevant to study the processes involved in tidal mixing at the SoG.

To evaluate the simulated velocities at the SoG, we refer again to in situ Doppler current profiler measurements collected in the framework of the INGRES projects. Specifically, to assess the average vertical profile of zonal velocities, we compare 2005 -2015 measured velocities to 1981 simulated velocities at the closest point to the measurement station (black dot in Figure 3.1). In addition, we assess the associated temporal variability by comparing the hourly standard deviation of mea- In blue, MITgcm simulation (ExpT), in black, in situ Doppler current profiler measurements from the INGRES project. Meridional currents (along the y-axis) are stretched by a factor of three for the sake of readability. The location of the current vector at the zero Greenwich phase is indicated by the symbols "+" (counterclockwise) and "x" (clockwise). Tidal ellipse parameters are computed using the "Utide" Python package (version 0.2.5) from hourlyaverages of horizontal currents over January 1981 for ExpT, and instantaneous 30-minute measurements over January 2004-2015 for the INGRES dataset. For ExpT, horizontal velocities are obtained by projecting the model outputs onto the zonal and meridional directions. Measurements are linearly interpolated onto the model vertical grid.

sured velocities over January 2005 -2015 to that of the simulated velocities over January 1981. The results are displayed in Figure 3.4. For both simulations, mean velocities are in good agreement with measurements, exhibiting vertical correlation coefficients of 0.997 and 0.987, along with root-mean-square errors (RMSE hereinafter) of 0.07m.s -1 and 0.15m.s -1 for ExpT and ExpNT, respectively. The simulated currents are underestimated in ExpNT between 50m -150m depth and overestimated in both simulations below 190m depth, with a notable improvement in ExpT. With respect to measurements, the zero-velocity interface only differs by ∼ 10m, with a notable improvement in ExpT. As expected, the non-tidal simulation largely underestimates the zonal velocity variability at high-frequency. With respect to INGRES measurements, the hourly standard deviation of zonal velocity depicts a RMSE of 0.29m.s -1 , with a minimal amplitude at 220m depth, just below the mean zero-velocity interface. The addition of tidal forcing substantially corrects this bias, decreasing the RMSE to 0.09m.s -1 in ExpT. Consistently with the results from the tidal validation, ExpT overestimates the variability of zonal velocities over the upper 220m depth and underestimates it below.

RESULTS

Volume

: Q (Q max ) [Sv] Heat: QH [W.m -2 ] Salt: QS [10 6 kg.s -
Table 3.1 summarizes the main characteristics of transports through the SoG. To be as consistent as possible with observations, we calculate the inflows (outflows) at the AL (ES) section, where their estimation is more robust (Jordà et al, 2017b) (see Figure 3.1). For both ExpT and ExpNT, the computed volume inflow and outflow fall within the confidence interval of Jordà et al (2017b, Table 3) and the estimation interval of [START_REF] Sammartino | Ten years of marine current measurements in Espartel Sill, Strait of Gibraltar[END_REF] for sub-annual timescales, respectively. Although simulations estimates are only computed over January 1981, their consistency over longer periods can be assessed by considering the monthly variability of the Mediterranean outflow as an uncertainty range. The latter is estimated at 0.08Sv by [START_REF] Sammartino | Ten years of marine current measurements in Espartel Sill, Strait of Gibraltar[END_REF]. Note also that the computed heat and salt transport are within the range of the values commonly obtained with similar numerical models (Jordà et al, 2017b). Regarding the net transports (computed over 1981 at the CS, although they are uniform throughout the strait), the volume and heat transports are consistent with the accepted range defined by Jordà et al (2017b). For the salt transports, the simulations are out of the indirect estimate range from Jordà et al (2017b). However, they remain relatively close to it, given its high uncertainty and the high sensitivity of net salt transports to interannual variations of the inflow and outflow.

The effect of tidal forcing is evident in the maximal transport estimates Q max . For ExpT, Q max displays large values, twice as high as Q, whereas for ExpNT, GIBRALTAR: A HIGH-RESOLUTION MODEL APPROACH Q max and Q are relatively similar. This reflects that tidal forcing induces intense high-frequency variations of zonal advection, which is consistent with water mass recirculation and periodic reversals of the exchange flow [START_REF] Candela | Tides in the strait of gibraltar[END_REF][START_REF] Bryden | Exchange through the Strait of Gibraltar[END_REF][START_REF] Lafuente | Tide at the eastern section of the Strait of Gibraltar[END_REF]. These results are in line with Sanchez-Roman et al ( 2018), who highlighted that inclusion of tidal forcing intensifies the exchanges through the SoG, however, to a much lesser extent. The substantial values highlighted here can be attributed to the computation of Q max at the simulation timestep, in contrast to the use of 3-hourly averages in Sanchez-Roman et al ( 2018), which allows transports compensations from averaging opposite velocities. Tidal forcing also influences the net heat and salt transport through the strait, which decreases by 5% and increases by 24% in ExpT, respectively. These modifications are similar to what is reported in Sanchez-Roman et al (2018). It is important to note that they are significant, especially for the net salt transport, whose observed estimate is, however, highly uncertain (Jordà et al, 2017b). In longer simulations, such changes would likely impact the heat and salt contents of the Mediterranean Basin after a few years of integration. 
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Characterization of Tidal Mixing Within and Around

The SoG

Several studies have already investigated the impact of tidal forcing on the currents and water masses at the SoG [START_REF] Sanchez-Roman | Modelling study of transformations of the exchange flows along the Strait of Gibraltar[END_REF][START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF][START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF][START_REF] Harzallah | Mass exchange at the Strait of Gibraltar in response to tidal and lower frequency forcing as simulated by a Mediterranean Sea model[END_REF]. The following discussion reinforces the results highlighted in these studies and gives further details on the tidal mixing intensity and location.

Figure 3.5 displays the model mean temperature, salinity, westward and eastward velocity, vertical eddy diffusivity coefficient, and absolute vertical buoyancy flux, averaged along the model pseudo-meridional direction for the domain illustrated in Figure 3.1. In panels (a) and (b), we can readily distinguish the relatively warm and fresh Atlantic layer (∼ 15 • C -17.5 • C and 36 psu -37 psu), flowing toward the Mediterranean Sea, from the cold and salted Mediterranean layer (∼ 13 • C -14 • C and 37.5 psu -38.5 psu), flowing toward the Atlantic Ocean. The zerovelocity interface separating these two layers (black line in Figure 3.5) is almost flat within the strait, around 150m depth, and sinks to 300m depth to the west, following the Mediterranean outflow. At fixed depths, the water masses depict noticeably different characteristics along the strait, indicating the occurrence of intense diapycnal mixing and water masses recirculation. This is particularly striking near the depth of the inflowing and outflowing layers interface, where temperature and salinity vary by up to 1 • C and 1 psu along the strait. Comparison with ExpNT reveals that tides induce intense temperature and salinity anomalies within the strait (colored contours in Figure 3.5 (a) and (b)). These anomalies organize as vertical dipoles, indicating a vertical redistribution of heat and salt. Regarding temperature, tides significantly cool the surface above 50m depth, especially east of the CS, where mean temperature anomalies reach -0.5 • C. Underneath, Atlantic and Mediterranean water masses are warmed less intensely (up to +0.3 • C). Note that the temperature dipole is not centered on the interface between the inflowing and outflowing layers, as it results from the impact of tides on the warm ocean surface in summer. At that time, tidal motions mainly flux heat to depth, cooling the top fifty meters by up to -1 • C and warming less intensely the water masses below (not shown). Regarding salinity, the tide-induced anomalies provide a vivid picture of diapycnal mixing and vertical displacement of the interface between Mediterranean and Atlantic water masses (Figure 3.5 (b)). Above the velocity interface, mean salinity increases by up to 0.2 psu, whereas below, it decreases by up to 0.15 psu.

The mean westward and eastward velocities (Figure 3.5 (c) and (d)) illustrate the remarkable intensity of the exchange flow through the SoG, as well as the intense vertical shear that characterizes it. After crossing the CS, the Atlantic and Mediterranean layers become narrower, forcing the water masses to accelerate up to 1 m.s -1 . Overall, tidal forcing increases both eastward and westward advection (colored contours in Figure 3.5 (c) and (d)), reflecting a periodic reversal of the inflowing and outflowing layers [START_REF] Candela | Tides in the strait of gibraltar[END_REF][START_REF] Bryden | Exchange through the Strait of Gibraltar[END_REF][START_REF] Lafuente | Tide at the eastern section of the Strait of Gibraltar[END_REF]. Local decreases in the velocity fields can be explained by tidal recirculation patterns above the main topographic obstacles of the strait [START_REF] Sanchez-Roman | Modelling study of transformations of the exchange flows along the Strait of Gibraltar[END_REF]. In this way, the weakening of westward currents at the crest of the CS and west of GIBRALTAR: A HIGH-RESOLUTION MODEL APPROACH 
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RESULTS

the ES is consistent with the recirculation of the Mediterranean outflow. Given the reduction of the ExpT near-bottom velocity bias at the ES with respect to INGRES measurements (Figure 3.4), this suggests that tidal currents act as a mitigator of the zonal Mediterranean jet intensity. Conversely, the local intensification of westward velocities between the CS and ES is consistent with Atlantic water recirculation, also evidenced by the decrease of eastward velocities above 100m depth east of the CS.

The vertical eddy diffusivity coefficient (Figure 3.5 (e)) is averaged at each time step of the simulation before no-slip conditions modify it. It is, thus, fully defined by the TKE closure scheme and the wind stress at the surface (used as a boundary condition for the TKE). At the SoG, vertical diffusivities reach a maximum near the seafloor. They are also noticeably strong, although to a lesser extent, above 50m depth, between 50m -300m depth just east of the CS, and near the zero-velocity interface. Overall, tides mainly influence eddy diffusivities near the seafloor, where they modify the stratification and the vertical shear of horizontal currents (Equations 3.3 and 3.4). Given the intense temperature and salinity anomalies above 300m depth (Figure 3.5, (a) and (b)), the former analysis reveals that the vertical eddy diffusivity coefficient is not adequate to draw an accurate picture of diapycnal mixing, although it is commonly used to do so (Sannino et al, 2015, Figure 11). Indeed, eddy diffusivities can be seen as a measure of the tracer gradient diffusion rate, and thus, they must be interpreted in conjunction with the background stratification. A good illustration is that for a given level of turbulence (TKE ref ), the eddy diffusivity coefficient is more intense in well-mixed areas than in strongly stratified areas (K t ∝ TKE ref N -1 in Equation 3.3). Conversely, in this scenario, diapycnal mixing increases with stratification. In the following, we will use the absolute buoyancy flux |B| as a measure of diapycnal mixing since it accounts for both diffusivity and stratification (Equation 3.4) and relates directly to the tracer mixing trends. We consider the absolute value to capture the total amount of diapycnal mixing, whether it is produced in the presence of stable (N 2 > 0) or unstable (N 2 < 0) stratification.

As expected, |B| is intense in areas of strong vertical shear (Figure 3.5 (f)), such as the upper 50m, above the seafloor, and near the zero-velocity interface. It also reaches high values east of the CS in the Atlantic layer, between the zero-velocity interface and the surface, reflecting the occurrence of turbulent mixing. |B| is minimal west of 6 • W below 50m depth in the Atlantic layer and east of 5.5 • W in the Mediterranean layer, respectively. This indicates that both water masses experience turbulent mixing upon crossing the CS. East of the CS above the seafloor, the buoyancy flux is moderate despite the intense viscosity (Figure 3.5 (e)). It illustrates that in weakly stratified areas, high diffusivities do not reflect strong diapycnal mixing. Tides mainly strengthen |B| above the CS up to the surface, between the CS and ES in the Mediterranean layer, at the bottom of the Atlantic layer east of the CS, and to a lesser extent, at the eastern flank of the CS (colored contours in Figure 3.5 (f)). These intensification patterns are consistent with enhanced mixing near the seafloor and between the Atlantic and Mediterranean layers, as well as the incorporation of recirculating water masses within each layer. However, differences with respect to tidal temperature and salinity anomalies (Figure 3.5 (a) and (b)) suggest that the GIBRALTAR: A HIGH-RESOLUTION MODEL APPROACH latter mainly reflects the periodic vertical advection of the interface between both layers. Thus, the addition of tidal forcing leads to significant changes in the mean characteristics of the exchange flow through the SoG. Analysis of vertical buoyancy fluxes indicates that diapycnal mixing substantially increases within the strait, and provides insight into its location and intensity. However, investigation of the related mechanisms is limited by the analysis of long-term averages, which depict large residual anomalies from periodic reversals of the exchange flow and vertical 3.3. RESULTS displacements of the Atlantic and Mediterranean water masses. This emphasizes the need to investigate the tidal dynamics and associated mixing at high-frequency.

Insight Into Turbulent Mixing at the SoG

In the previous section, we have detailed the effect of tides on water masses and currents at the SoG. We have then related these effects to diapycnal mixing patterns. We will now investigate the processes driving diapycnal mixing within the strait by analyzing TKE production (∂ t T KE > 0) and destruction (∂ t T KE < 0) at high frequency. We assume here that a large production of TKE reflects the occurrence of diapycnal mixing. Indeed, the increase of TKE is a necessary condition for the occurrence of intense diapycnal mixing (not a sufficient condition, as the buoyancy flux B ∝ T KE N ; Equations 3.3 and 3.4).

Figure 3.7 displays the evolution along the tidal cycle of the TKE tendency terms, integrated between ES and AL sections (Figure 3.1). The considered period starts at spring tides and ends at neap tides in order to capture the influence of the fortnightly tidal cycle on the TKE. As expected, the dynamic shear production (S) and the implicit TKE tendency (I = T -ϵ, representing the terms of the TKE prognostic equation computed implicitly) are the dominating terms of the tendency (Figure 3.7, upper panel). Both share the same order of magnitude and follow similar variations, reaching their maximum during spring tides and their minimum during neap tides. Note that the integral of I is always negative over the domain and period examined. It indicates that TKE dissipation is the main contributor to I. Overall, the inclusion of tidal forcing substantially enhances S and I. Consistently with observations from [START_REF] Wesson | Mixing at Camarinal Sill in the Strait of Gibraltar[END_REF], at hourly frequency, tides induce large oscillations in the intensity of S and I, reflecting a periodic intensification of the TKE and, thus, the occurrence of diapycnal mixing. To investigate the source of this tide-induced turbulence, we can look at the respective contributions of the TKE tendency terms. The buoyancy flux B (Figure 3.7, middle panel), always negative, is less variable and less intense than S and I. It correlates poorly with the total tendency (correlation coefficient of 0.06), which may be surprising since we have just described B as a good indicator of diapycnal mixing. However, it is essential to remind that B is related to the TKE and thus, not directly to its tendency. In fact, the poor correlation between B and the TKE tendency only suggests that B does not drive it but may occasionally alter it. On the contrary, the sum of I and S depicts a strong correlation with the TKE tendency (coefficient of 0.92), which points out that within the strait, the main drivers of TKE are dynamic shear production and dissipation.

In order to identify the physical mechanisms driving the TKE intensification through S, we will first shed light on the conditions required to trigger TKE production. Let us consider an initial state before the emergence of turbulence. We can argue that stratification is strong with respect to the TKE such that mixing and dissipation length scales are defined by: l k = l ϵ = l = √ 2N -1 TKE 1/2 (l is lower than the cells thickness). Focusing on the terms able to create or dissipate TKE, we can write from Equations 3.3 and 3.4: ). The upper panel illustrates the dynamic shear production (in red) and the terms of the TKE prognostic equation computed implicitly (in blue, it includes TKE dissipation, vertical transport, and boundary conditions). The light-colored lines show the value of these terms in ExpNT. On the middle panel, we display the total tendency of TKE (in orange), the buoyancy flux (in green), and the sum of dynamic shear production and implicit TKE tendency (in purple). The correlation coefficient with the total tendency is given in the legend. The lower panel illustrates the pseudo-zonal (following the model grid) barotropic tidal currents, estimated from the simulated pseudozonal and pseudo-meridional velocities, using the "Utide" Python package (version 0.2.5). The four black dots represent the time of the hourly averages displayed in Figures 3.9 and 3.10

∂ t TKE -T = √ 2N -1 TKE c k Sh -N 2 c k P r + c ϵ 2 (3.5)
with Sh the squared vertical shear of horizontal currents. Thus, the balance between TKE production and dissipation only depends on vertical shear and vertical stratification (N 2 ). Going further in this argument, we can show (Appendix B, Equation 7) that TKE production is triggered when the bulk Richardson number decreases below a critical value R ic ≃ 0.23, close to the value commonly used to indicate the development of Kelvin-Helmholtz instabilities: R g = 0.25 [START_REF] Fernando | Turbulent mixing in stratified fluids[END_REF]. Simply put, for turbulence to develop, the vertical stratification must be sufficiently weak relative to the vertical shear of horizontal currents. We can conclude that tide-induced turbulence at the SoG must rely on either a local weakening of stratification or an intensification of vertical shear, or both.

To determine which of the former processes drives TKE production, we display in Figure 3.8 (a-b) the 1981 mean pseudo-meridional average correlation coefficient of the dynamic shear production S with the vertical shear Sh and vertical stratification N 2 . Since the variables of interest vary exponentially and the function relating them is not linear, we investigate their correlation using the Spearman rank correlation coefficient [START_REF] Schober | Correlation Coefficients[END_REF]. The results reflect a strong correlation between S and Sh within most of the strait. However, in areas where S is high 89 3.3. RESULTS
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|B| [m 2 . s 3 ] (black contour in Figure 3.8), the correlation decreases as we move away from the seafloor. Conversely, N 2 depicts significant negative correlation patterns in these areas, particularly above topographic obstacles, and a poor correlation over the rest of the strait. Note that the correlation patterns of N 2 and Sh do not fully overlap, leaving areas where both are low. At these locations, we can deduce that N 2 and Sh equally contribute to the generation of vertical mixing. Thus, the former analysis emphasizes that although vertical shear drives TKE production in moderately turbulent areas, its influence in energetic areas is confined to the seafloor as stratification plays a greater role at shallower depths. In this way, tidal mixing at the SoG relies not only on an intensification of vertical shear by tidal currents but also on the work these currents exert against vertical stratification. GIBRALTAR: A HIGH-RESOLUTION MODEL APPROACH
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In order to relate TKE production to diapycnal mixing, we now investigate the buoyancy flux generated at the SoG and its relation to TKE production. To focus on areas where the buoyancy flux is consistently strong, we display in the panel (c) of Figure 3.8 the absolute buoyancy flux pseudo-meridional geometric average in 1981/01, representing the temporal and spatial average of its order of magnitude. As previously hypothesized, a significant buoyancy flux develops in areas of intense TKE production, namely, along the path of Mediterranean outflow west of the CS, above the CS, and east of the CS above 60m depth and below 300m depth. Between 150-300m depth above the main topographic obstacles, where stratification drives the TKE, the intense buoyancy flux indicates that TKE production is strong enough to induce diapycnal mixing, even if stratification has weakened (B ∝ T KE N ). Thus, stratification weakening acts as a trigger, allowing turbulence to develop and eventually produce diapycnal mixing.

An alternative mechanism to that described in Equation 3.5 is the generation of static instabilities (N 2 < 0), which result from the advection of dense water over lighter water. In this scenario, the conditions for TKE production change as the characteristic mixing lengths reach their threshold values (l max k ̸ = l max ϵ ). It can be shown (Appendix B, Equation 6) that TKE production then requires the vertical shear and/or the (negative) stratification to be sufficiently strong, relatively to the TKE:

c k cϵ l max k l max ϵ (Sh -N 2 ) >TKE.
Thus, either (negative) stratification, vertical shear, or both can power great diapycnal mixing. To investigate this mechanism, we display in panel (d) of Figure 3.8 the pseudo-zonal average fraction of downward buoyancy flux over January 1981. Over the top 50m depth west of 5.75 • W , and close to the seafloor, a significant fraction of the buoyancy flux is oriented downward (at least 20%). In low turbulence areas, occasional static instabilities can account for a large fraction of the mean buoyancy flux. However, in areas of intense TKE production, such as near the seafloor between 6.25 • W and 5.5 • W , the significant fraction of downward buoyancy flux suggests the frequent occurrence of large static instabilities. Since stratification does not strongly correlate with S in this area, we can assume that these instabilities act as an unsteady mixing source of variable intensity and location. Such mechanism is consistent with the unstable structures observed by Farmer et al (1988, Figure 13.1) and [START_REF] Wesson | Mixing at Camarinal Sill in the Strait of Gibraltar[END_REF] near the crest and the west flank of the CS, respectively. On the other hand, the absence of significant negative buoyancy flux above 300m east of the CS indicates that diapycnal mixing mainly develops in a stably stratified sheared flow there.

Tidal Recirculation Patterns

We have just shown that besides vertical shear, tidal mixing at the SoG relies on the local weakening or reversal of stratification, suggesting the presence of strong tidal recirculation patterns within the strait. We will now describe these patterns throughout a tidal cycle and investigate how they relate to diapycnal mixing. Although not discussed in this section, the mixing induced by horizontal eddy diffusion is briefly investigated in Appendix C. Throughout all periods illustrated in Figures 3.9 and 3.10, fresher Atlantic waters are readily distinguishable from saltier Mediterranean waters (panels (a)). The large zonal variations of salinity along the strait (up to 2psu near 150m depth) indicate the occurrence of diapycnal mixing and vertical advection associated with water masses recirculation. These are more directly reflected by intense buoyancy fluxes (panels (b)) and significant volume transport variations (upper line plots panels). In the course of the tidal cycle, absolute buoyancy flux variations (panels (c)) depict an alternation of intense and moderate mixing phases, with a 6-hour phase lag between the inflowing and outflowing layers. In moderately turbulent areas, these variations are mainly driven by the vertical shear of horizontal currents (panels (d)). In energetic areas, the complex mechanisms at play ask for a more detailed analysis.

At the peak of the outflow (Figure 3.9 (1), 1 p.m.), westward advection greatly intensifies, and the Atlantic inflow reverses between 6.25 -5.50 • W . On the other hand, the Mediterranean outflow reaches the CS with high velocity, where it is blocked and forced to diverge. This is evidenced by an intense upwelling of dense water masses against the CS (the 1029 isopycnal locally shoals up to ∼ 150m depth) and a meridional transport from the center of the strait towards the land (not shown). The diverging water masses mainly converge west of the sill, where they force intense downward currents, completing the mechanism described in [START_REF] Bruno | The importance of sub-mesoscale processes for the exchange of properties through the Strait of Gibraltar[END_REF]. East of the CS, the divergent flow forces surface Atlantic and intermediate Mediterranean water masses to flow toward the Mediterranean Sea. Following Sanchez-Roman et al ( 2018), the resulting structure may be described as a vertical recirculation cell, identifiable by an intensification of volume transports east of the CS (upper panel of Figure 3.9 ( 1)). During this first tidal phase, diapycnal mixing is mainly intensified in the upwelled Mediterranean layer. West of the CS, this intensification results from vertical shear strengthening above the seafloor. On the contrary, above and east of the CS, as vertical shear diminishes with respect to the previous tidal phase, it is the stratification weakening by vertical tidal advection that allows diapycnal mixing to develop. Diapycnal mixing is also enhanced by static instabilities near the crest of the CS, consistently with observations from Farmer et al (1988, Figure 13.1), and at the eastern flank of the sill.

At the rise of the inflow (Figure 3.9 (2), 4 p.m.), the Mediterranean outflow intensity diminishes but maintains the recirculation cell previously described. East of GIBRALTAR: A HIGH-RESOLUTION MODEL APPROACH the CS, the 1028.8kg.m -3 isopycnal flattens and rises above 150m depth, reflecting a shoaling and widening of the tongue of upwelled Mediterranean waters. In addition, the intensified eastward advection forces the upwelled water masses to flow toward the Alboran Sea, marking the release of the well-known internal bore at the CS [START_REF] Ziegenbein | Short internal waves in the Strait of Gibraltar[END_REF][START_REF] Ziegenbein | Spatial observations of short internal waves in the Strait of Gibraltar[END_REF][START_REF] Farmer | The flow of Atlantic water through the Strait of Gibraltar[END_REF][START_REF] Richez | Airborne synthetic aperture radar tracking of internal waves in the Strait of Gibraltar[END_REF][START_REF] Morozov | Internal tides in the Strait of Gibraltar[END_REF].

West of the CS, the intensified Atlantic inflow maintains the convergence area above the CS and partially recirculates along the western flank of the sill. This recirculation pattern is, to some extent, closed at the ES by a less intense recirculation of outflowing water masses. The overall structure is evidenced by a local increase in volume transports between the ES and CS. During this intermediate tidal phase, with respect to the outflowing phase, diapycnal mixing has reduced above the seafloor as vertical shear progressively diminishes, and tidal advection restores the stratification near the CS. Conversely, diapycnal mixing intensifies between ∼ 300 -150m GIBRALTAR: A HIGH-RESOLUTION MODEL APPROACH depth east of the ES and the CS, where upward and westward advection weakens the stratification. Above the ES, the turbulence is further enhanced by the occurrence of static instabilities, which may be related to the unstable structures observed by [START_REF] Wesson | Mixing at Camarinal Sill in the Strait of Gibraltar[END_REF] and simulated by various numerical models (Hilt et al, 2020;[START_REF] García Lafuente | The interface mixing layer and the tidal dynamics at the eastern part of the Strait of Gibraltar[END_REF][START_REF] Sanchez-Garrido | Numerical modeling of three-dimensional stratified tidal flow over Camarinal Sill, Strait of Gibraltar[END_REF].

At the peak of the inflowing phase (Figure 3.10 (1), 7 p.m.), the recirculation cells east of the CS and ES vanish as the Mediterranean outflow reverses. West of the CS, intense eastward tidal currents continue to force water mass convergence toward the center of the strait, as evidenced by the active Atlantic recirculation cell. The internal bore released during the previous tidal phase propagates eastward, and the inflowing Atlantic water masses following it restore stratification. Diapycnal mixing is significantly reduced in the Mediterranean layer. Indeed, above and around the CS, the deepening of the Atlantic layer increases stratification and, thus, prohibits diapycnal mixing. In addition, on both sides of the CS, the reduced vertical shear above the seafloor allows for a less intense mixing to develop. Conversely, diapycnal mixing intensifies in the thickened Atlantic layer east of the CS, where stratification weakens and vertical shear intensifies in the trail of the released bore.

At the rise of the new outflowing phase (Figure 3.10 (2), 10 p.m.), eastward advection diminishes but retains enough intensity to maintain the convergence area west of the CS, where the Atlantic inflow partly recirculates. On the other hand, the intensified Mediterranean outflow is forced to diverge against the eastern flank of the CS, forming the previously described recirculation cell. Further east, the internal bore propagates toward the Alboran Sea. The convergence area that follows it produces an intense recirculation opposing that on the eastern flank of the CS. Smaller waves develop along the trail of the internal bore. Among these structures, the vertical velocity dipole between 5.75 -5.50 • W indicates the propagation of a second-mode internal wave, observed by [START_REF] Farmer | The flow of Atlantic water through the Strait of Gibraltar[END_REF]; [START_REF] Vázquez | Evidence of multimodal structure of the baroclinic tide in the Strait of Gibraltar[END_REF]. These waves power a moderate diapycnal mixing in the Atlantic layer and at the interface with the Mediterranean layer through their local influence on vertical shear and stratification. In the Mediterranean layer, diapycnal mixing vanishes between 5.75 -5.50 • W due to the strengthening of stratification by vertical currents. Conversely, west of the CS, diapycnal mixing intensifies as the vertical shear increases with the Mediterranean outflow intensity.

Overall, these results explicitly reveal the tidal recirculation patterns at SoG and their connection to diapycnal mixing. They highlight that besides vertical shear near the seafloor, tidal mixing at the SoG strongly relies on the upwelling of dense Mediterranean water masses against the CS, favoring TKE production at the top of the Mediterranean layer, where stratification weakens, and producing an internal bore in the Atlantic layer, which locally weakens stratification and enhances vertical shear . 95 3.3. RESULTS

Synthetic mechanism

Although the exact location and intensity of diapycnal mixing at the SoG are highly variable, in this section, we propose a synthetic view of the different steps driving its occurrence in the course of the tidal cycle (Figure 3.11).
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Mediterranean waters We consider an initial state in which the interface between the Atlantic and Mediterranean layers is relaxed (dashed line in Figure 3.11 ( 1)). As in ExpNT, it is smoothly slanted downward toward the Atlantic, characterized by an intense vertical shear, but also a strong stratification, such that R i > R ic and limited mixing occurs. Let us now consider the action of the outflowing tide on the system (solid line in Figure 3.11 ( 1)). East of the CS, the local upwelling of Mediterranean waters forms a recirculation cell between the Atlantic and Mediterranean layers. Stratification locally weakens above the CS, favoring TKE production and diminishing its dissipation (Equation 3.4). Once stratification is low enough relative to the vertical shear of horizontal currents (R i < R ic ), turbulence develops, progressively strengthening diapycnal mixing. As long as strong vertical shear persists, the recirculation cell continuously powers diapycnal mixing on the top of the Mediterranean layer by extracting available potential energy from the upwelled Mediterranean water masses. Diapycnal mixing also develops near the seafloor, where the Mediterranean outflow intensifies the vertical shear.

During an intermediate tidal phase (Figure 3.11 (2)), eastward velocities increase, whereas westward velocities progressively diminish. Above the seafloor, the GIBRALTAR: A HIGH-RESOLUTION MODEL APPROACH intense diapycnal mixing progressively decreases as the Mediterranean outflow slows down. Similarly, diapycnal mixing diminishes above the CS, where the vertical shear decreases, and the released eastward internal bore restores the stratification. Just west of the CS, the convergence of water masses induces a second recirculation cell. The latter transports relatively light Atlantic water masses deeper into the Mediterranean layer west of the CS, where static instabilities form. These unstable structures further enhance diapycnal mixing, which is powered by the upwelling of dense water masses against the ES.

During the inflowing tidal phase (Figure 3.11 (3)), east of the CS, the recirculation cell vanishes due to the low intensity of the Mediterranean outflow. Above the CS, in the Mediterranean layer, stratification is restored, and diapycnal mixing is inhibited. Specifically, TKE shear production decreases while dissipation increases, reversing the TKE tendency (Equation 3.5). Conversely, east of the CS, the weakened stratification and intensified vertical shear along the trail of the internal bore allow the development of diapycnal mixing in the Atlantic layer.

During a last intermediate tidal phase (Figure 3.11 (4)), eastward velocities decrease, whereas westward velocities progressively intensify. Diapycnal mixing continues to develop along the trail of the internal bore. Over time, the internal bore disintegrates into smaller waves, which may produce further mixing by modifying the local stratification and vertical shear. Above the seafloor, diapycnal mixing increases as the vertical shear progressively strengthens with the Mediterranean outflow. This synthetic view stresses the instrumental role of tidal recirculation cells and internal waves released at the CS in powering diapycnal mixing at the Strait of Gibraltar.

Conclusions and Discussions

This study characterizes tidal mixing at the Strait of Gibraltar (SoG hereinafter), a key phenomenon controlling water mass transformations across the strait. To do so, we analyze and compare twin tidal and non-tidal yearly MITgcm simulations over the Mediterranean Sea, with high-resolution at the SoG (1/200 • , 100 vertical levels). Our analysis focuses on mechanisms driving explicit vertical mixing, defined by the 1.5-order turbulent kinetic energy closure scheme. We strongly emphasize that eddy diffusivity coefficients are irrelevant for measuring such mixing, which is better depicted by the vertical buoyancy flux.

The simulated tides are in good agreement with available observation-based references. In addition, both tidal and non-tidal simulations compare well to velocity measurements at the Espartel Sill (ES hereinafter) and transport estimates through the strait, with a notable improvement of the simulated velocities in the tidal simulation. As expected, tidal currents strengthen diapycnal mixing and induce considerable recirculation patterns across the strait, which are controlled by the main topographic obstacle: the Camarinal Sill (CS hereinafter). On an annual scale, tidal hydrographic anomalies mainly result from water mass recirculation and vertical displacements of the interface between the Atlantic and Mediterranean layers. East of 3.4. CONCLUSIONS AND DISCUSSIONS the CS, the upper 150m depth, advected on average toward the Mediterranean sea, are cooled by up to 0.5 • C and saltened by up to 0.2 psu. On the contrary, west of the CS, the water masses below 150m, flowing on average toward the Atlantic Ocean, are warmed by up to 0.2 • C and freshened by up to 0.15 psu. Regarding the net transports, tide-induced currents and mixing decrease the net heat transport through the SoG by 5% and increase the net salt transports by 24%, which is consistent with the results reported in Sanchez-Roman et al (2018, Table 4 and6). In agreement with the previous literature [START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF][START_REF] Harzallah | Mass exchange at the Strait of Gibraltar in response to tidal and lower frequency forcing as simulated by a Mediterranean Sea model[END_REF][START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF], these results further highlight the significant influence of tides on the thermohaline exchanges through the SoG. They emphasize the relevance of modeling tidal currents at the SoG for the thermohaline balances of the Mediterranean Basin and, to a lesser extent, the Atlantic Ocean.

Investigation of diapycnal mixing shows it is intense above the seafloor throughout the strait and in the Atlantic layer east of the CS. Tides substantially strengthen diapycnal mixing within the strait, particularly west of the CS above the seafloor, above the CS up to the surface, and east of the CS in the Atlantic layer. We then investigate the Turbulent Kinetic Energy (TKE) scheme to identify the mechanisms of tidal mixing at the SoG. As expected, it reveals that the vertical shear of horizontal currents drives TKE production near the seafloor. However, at intermediate depths above the main topographic obstacles, turbulence is mainly driven by modulations of the stratification. It then relies on two mechanisms:

• Stratification weakening in areas of strong vertical shear of horizontal currents, particularly near the interface between the Atlantic and Mediterranean layers; this condition is reached when the bulk Richardson number, which measures the ratio between vertical stratification and shear, decreases below a critical value: R ic ≃ 0.23.

• The reversal of stratification, which mainly occurs in the Mediterranean layer close to the main topographic obstacles, due to water masses recirculation.

At shallower depths, in the Atlantic layer, diapycnal mixing is powered by eastward internal waves released at the CS through their impact on stratification and vertical shear.

Finally, we relate these mechanisms to circulation patterns within the strait. We show that the diapycnal mixing intensifies during different tidal phases for the Mediterranean and Atlantic layers, with a 6-hour time lag. In the Mediterranean layer, diapycnal mixing intensifies during the outflowing tidal phase, when vertical advection weakens stratification, and westward advection increases vertical shear near the seafloor. In the Atlantic layer, mixing intensifies during the inflowing tidal phase. It develops along the trail of the eastward internal bore of upwelled Mediterranean water masses released at the CS, where stratification locally weakens and vertical shear intensifies. Consistently with Sanchez-Roman et al ( 2018), these results emphasize that water mass transformations throughout the SoG strongly rely on vertical tidal motions at the CS. In addition, we explicitly show tidal recirculation cells between the Atlantic and Mediterranean layers, and large static instabilities near the main topographic obstacles of the strait. GIBRALTAR: A HIGH-RESOLUTION MODEL APPROACH As a further step in understanding tidal mixing at the SoG, this study would gain from comparison with a very-high-resolution non-hydrostatic counterpart, allowing to investigate the role played by high-order internal wave baroclinic modes, which are a key component of the energy cascade over abrupt topography [START_REF] Lahaye | Internal Tide Cycle and Topographic Scattering Over the North Mid-Atlantic Ridge[END_REF]. Although the mechanisms highlighted in this study should remain consistent, fine-scale and non-hydrostatic features, such as short internal solitary waves formed along the trail of the eastward internal bore released at the CS, should affect the intensity and location of diapycnal mixing (Hilt et al, 2020;[START_REF] Álvarez | Some considerations about non-hydrostatic vs. hydrostatic simulation of shortperiod internal waves. A case study: The Strait of Gibraltar[END_REF][START_REF] Sannino | Exchange Flow through the Strait of Gibraltar as Simulated by a σ-Coordinate Hydrostatic Model and a z-Coordinate Nonhydrostatic Model. The Mediterranean Sea: Temporal Variability and Spatial Patterns[END_REF]. Such study could also assess the consistency of the highlighted recirculation cells to the relaxation of the hydrostatic assumption. Regarding turbulence closure schemes, a similar work based on an alternative scheme to that of the TKE [START_REF] Umlauf | Second-order turbulence closure models for geophysical boundary layers. A review of recent work[END_REF] would be very instructive. In particular, the use of 3D turbulence schemes would allow assessing the consistency of the classical horizontal homogeneity assumption at increasingly high resolution.

In the meantime, this study emphasizes the key role that both tides and abrupt topography play in controlling the exchanges at the SoG. In addition to tidal forcing, accurate representation of the seafloor, in particular the CS, appears as a necessary condition to resolve tidal mixing. Similarly, the magnitude of the fine-scale mechanisms suggests that a kilometric model resolution is also essential. Hence, our results question the reliability of coarse numerical models in representing the exchange flow through the SoG, even when tides are explicit [START_REF] Harzallah | Mass exchange at the Strait of Gibraltar in response to tidal and lower frequency forcing as simulated by a Mediterranean Sea model[END_REF]. Regarding tidal mixing parameterizations, the magnitude of diapycnal mixing at the SoG is unlikely to be matched by current parameterizations, which present a significant energy loss in high turbulence regimes due to water column homogenization assumptions under energetic regimes (de Lavergne et al, 2016). However, these results should not stand in the way of improving such parameterizations, which are a low numerical cost alternative for non-tidal and low-resolution simulations. For example, implementing a specific tidal mixing parameterization for the SoG could be the key to notable improvements in the modeling of the Mediterranean Sea and the Atlantic Ocean at climatic scales. To this aim, the simple parameterization introduced in Sanchez-Roman et al ( 2018) would be a promising start.

Regarding observational validation, so far, past field measurements have been too scarce to validate the modeled tidal mixing mechanism. However, multiple observational campaigns at the SoG have shown large vertical displacements of the interface between the Atlantic and Mediterranean layers, as well as deep Mediterranean water suction above the strait, all related to the tidal cycle [START_REF] Farmer | The internal hydraulics of the Strait of Gibraltar and associated sills and narrows[END_REF][START_REF] Farmer | The flow of Atlantic water through the Strait of Gibraltar[END_REF][START_REF] Kinder | Aspiration of Deep Waters through Straits[END_REF][START_REF] Wesson | Mixing at Camarinal Sill in the Strait of Gibraltar[END_REF][START_REF] García Lafuente | Subinertial variability in the flow through the Strait of Gibraltar[END_REF][START_REF] Sánchez-Román | Spatial and temporal variability of tidal flow in the Strait of Gibraltar[END_REF]. In light of these observations, the mechanisms highlighted in this study are reasonable. Their field investigation would require microstructure turbulence measurements, together with hydrographic and velocity measurements at the SoG, throughout the main semidiurnal tidal cycle.

Finally, it is worth noting that the results highlighted in this study may be transferable to other straits of the world, provided that they include shallow sills and are subject to strong tidal currents. GIBRALTAR: A HIGH-RESOLUTION MODEL APPROACH addition, we include in Figure A.1 the tidal amplitudes and phases from the global tidal atlas FES2014 as a reference numerical tidal model.

With respect to the aforementioned references, ExpT displays realistic tidal elevations within the SoG. Specifically, the simulation captures the north-eastward decrease of tidal amplitudes and zonal variation of tidal phases from the GL90 charts. The O1 amphidromic point near Tarifa is also well reproduced, although it is shifted southward. FES2014 displays relatively similar K1 elevations to ExpT, but it is less consistent with GL90 for the O1 harmonic. In terms of biases, ExpT elevation patterns display moderate differences with respect to GL90, typically less than one centimeter, with an overall better consistency than FES2014 for the O1 harmonic. The associated tidal phases are subject to larger biases due to their significant variability. However, they remain largely consistent with GL90. Therefore, we consider that the ExpT simulation satisfactorily represents the K1 and O1 tidal elevations within the SoG.

B On the conditions for TKE production

In this appendix, we derive from the TKE tendency equation necessary and sufficient conditions for the production of TKE. Consistently with our simulations, we consider the following numerical parameters: c k = 0.1 ; c ϵ = 0.7 ; P r = max (1, min(10

, 5R i )); R i = N 2
(∂zu) 2 +(∂zv) 2 . Also, we refer to the squared vertical shear of horizontal currents as Sh.

We search for a condition for the production of TKE. From Equation 3.4, we have:

∂ t TKE -T ≥ 0 ⇒ c k l k TKE 1/2 Sh -c k l k TKE 1/2 N 2 P r -c ϵ T KE 3/2 l ϵ ≥ 0 ⇒ c k l k TKE 1/2 Sh - N 2 P r -c ϵ T KE 3/2 l ϵ ≥ 0 ⇒ c k c ϵ l k l ϵ Sh - N 2 P r ≥ T KE (6)
We must now distinguish two cases, depending on whether the mixing and dissipation length scales have reached their threshold values or not. In the latter case (i.e.

l k = l ϵ = √ 2N -1 T KE 1/2 ): c k c ϵ 2 ShN -2 - 1 P r ≥ 1 ⇒ c k c ϵ 2 1 R i - 1 P r ≥ 1 
From the definition of the Prandtl number, we distinguish three conditions:

• if R i ≥ 2 (i.e. P r = 10) :

C. OVERVIEW OF THE HORIZONTAL BUOYANCY FLUX AT HOURLY FREQUENCY

c k c ϵ 2 1 R i - 1 10 ≤ c k c ϵ 2 1 2 - 1 10 < 1 • if 2 > R i > 0.2 (i.e. P r = 5R i ) : c k c ϵ 2 1 R i - 1 5R i ≥ 1 ⇒ c k c ϵ 2 4 5 = R ic = 0.23 ≥ R i • if R i ≤ 0.2 (i.e. P r = 1) : c k c ϵ 2 1 R i -1 > 8 c k c ϵ > 1
Finally:

∂ t TKE -T ≥ 0 ⇒ R i ≤ R ic (7)
Thus, when the mixing and dissipation length scales have not reached their threshold values (strong stratification and/or low TKE), TKE variations evenly impact the terms of the tendency (Figure A.2 ( 1)). The TKE production is then triggered by strong vertical shear relative to the stratification, i.e. when the bulk Richardson number R i decreases below R ic ≃ 0.23 (Equation 7). On the other hand, when the mixing and dissipation length scales reach their threshold values (weak stratification and/or great TKE), they become disconnected from the TKE, which becomes a net source of dissipation (Figure A.2 (2)). The TKE production then requires strong vertical shear of horizontal currents and low stratification relative to the TKE (Equation 6).

C Overview of the horizontal buoyancy flux at hourly frequency

This appendix provides an overview of the diapycnal mixing produced by the horizontal buoyancy flux homogeneous and reaches its maximum at the interface between the Atlantic and Mediterranean layers. More specifically, over the period analyzed, |K h M 2 | is high between the 1029 -1027 kg.m -3 isopycnals, which are sheared by tidal circulation patterns. Thus, the absolute horizontal buoyancy flux can be considered a less intense but complementary source of diapycnal mixing at the SoG.

|K h M 2 | = K h (∂ 2 x ρ) 2 + (∂ 2 y ρ) 2 during

D Vertical shear and stratification variations along the tidal cycle

In this appendix, we provide additional or supporting information for section 3.4 "Tidal Recirculation Patterns". More specifically, we outline the variations of the vertical shear of horizontal currents Sh and the vertical stratification N 2 along the tidal cycle on January 8, 1981, and provide insights into the mechanism driving N 2 variations.

Regarding the vertical shear variation ∆Sh, displayed in the panels (a) of ures C.1 and C.2, above the seafloor, it is mainly consistent with the intensification or weakening of the Mediterranean outflow, except at the CS and ES, where tidal reticulation patterns influence Sh. In the Atlantic layer, ∆Sh is more complex to interpret. However, it provides insights into the influence of the eastward internal bore released at the CS, which mainly intensifies Sh along its trail (Figure C.2). Stratification variations, displayed in panels (b) of Figures C.1 and C.2, are organized in dipoles, reflecting, on the one hand, a stretching of the isopycnals (∆N 2 < 0), and on the other hand, a squashing of the isopycnals (∆N 2 > 0). In panels (c), we indicate the mechanism that contributes the most to the mean stratification tendency based on the vertical stratification tendency equation (see Appendix F for the full derivation). Three processes are involved in this tendency: turbulent buoyancy diffusion (D N 2 ), frontogenesis (F N 2 ), and advection of stratification (T N 2 ). Strong tendencies are mainly due to vertical or zonal advection. For weaker tendencies, the balance is mitigated as zonal and vertical frontogenesis can locally dominate. Finally, turbulent buoyancy diffusion, meridional frontogenesis, and meridional advection play a minor role (the two latter are not displayed in Figures C. 1 

N 2 [s 2 ] F N 2 u F N 2 w T N 2 u T N 2 w D N 2

E On the diagnostic of buoyancy flux variations

This appendix details the method used to diagnose the mechanisms driving absolute buoyancy flux (|B| = |K t N 2 |) variations at the SoG. The method mainly relies on the straightforward influence of stratification and vertical shear on the production of TKE (Appendix B). Namely, the production of TKE increases as stratification weakens and vertical shear intensifies. However, to extend this simple reasoning to |B|, we must first verify that the TKE tendency drives its tendency. Since the buoyancy flux has a limited influence on the TKE at the SoG (see section 3.3), we can have a qualitative idea of the hypothesis validity by comparing meridionally consistent patterns of TKE and |B| variations. To do so, we use the following cost function:

N 2 [s 2 ] F N 2 u F N 2 w T N 2 u T N 2 w D N 2
J(x) = C + sign(x) log 10 (x) (8) 
with C a given constant, representing the lowest order of magnitude to be considered for x, and sign(x) the sign function; sign(x) = 1 if x > 0; sign(x) = -1 otherwise. We choose this specific cost function for its consistency to exponential variations and linear behavior near zero, provided that the constant C is correctly defined. In the following, we use C = 10 -8 s -2 for N 2 , C = 10 -15 m 2 .s -3 for B, C = 10 -12 m 2 .s -2 for TKE, and C = 10 -8 s -1 for the vertical shear of horizontal currents Sh. These values are set to have a minimal impact when applying the function to a set of positive values. GIBRALTAR: A HIGH-RESOLUTION MODEL APPROACH To validate the hypothesis formulated above, we first compute the meridional average of f (∆|B|), where ∆|B| is the variation of absolute buoyancy flux with respect to a previous state 3 hours earlier. We consider that a 3-hour time gap is sufficiently small to follow the variations of vertical shear and stratification and sufficiently long to minimize the diagnostic sensitivity to short-scale and transient variations. Thus, for each of the meridional profiles considered, the average f (∆|B|) indicates whether |B| consistently increases or decreases. In the following, in order to isolate the mechanism driving meridionally consistent variations of |B|, we only consider the cells responsible for these variations. For each meridional profile, we average the image of |B| and TKE variation by the cost function over these cells. Over the analyzed period, the resulting fields are highly correlated (Pearson correlation coefficients between 0.94 and 0.96) over the ocean interior, illustrating a strong relationship between |B| and TKE tendencies. We do not consider the top fifty meters and the cells directly above the seafloor in this analysis because boundary conditions influence the intensity of ∆B in these areas, which may disturb the correlation scores. However, note that the influence of boundary conditions is not an issue in the following as vertical shear variations indirectly reflect it. Thus, we conclude that the buoyancy flux variations are, at least to the first order, resulting from TKE variation.

In light of these results, we consider it reasonable to interpret the variation of |B| using simple logical relations based on the effects of stratification and vertical shear on the TKE tendency. Theses logical relations, summarized in table D.2, are applied to the meridional averages of f (∆|B|) (panels (c) of the Figures 3.9 Sh and ∆ShN 2 Sh(Sh+∆Sh) . Finally, note that the cases marked as N.A. in Table D.2 should never occur if the variations of |B| are fully defined by the TKE tendency. In practice, these cases are encountered at a few locations, shaded in black in Figures 3.9 and 3.10, where the formulated hypothesis fails. However, the few occurrences of these exceptions gives confidence in the consistency of the diagnostics.

F Derivation of the stratification tendency

In this appendix, we formulate the tendency equation for the vertical density stratification. As in [START_REF] Hoskins | The mathematical theory of frontogenesis[END_REF], we start from the Lagrangian trend of density which we then derive vertically:

dρ dt = ∂ρ ∂t + U • ∇ρ ⇒ ∂ ∂z dρ dt = ∂ 2 ρ ∂z ∂t + ∂U ∂z • ∇ρ + U • ∇ ∂ρ ∂z ⇒ ∂ ∂z dρ dt = d dt ∂ρ ∂z + ∂U ∂z • ∇ρ (9) 
F. DERIVATION OF THE STRATIFICATION TENDENCY

(a) ∆|B| > 0 ∆Sh > 0 ∆Sh < 0 ∆N 2 > 0 Sh N.A ∆N 2 < 0 both N 2 (b) ∆|B| < 0 ∆Sh > 0 ∆Sh < 0 ∆N 2 > 0 N 2 both ∆N 2 < 0 N.A Sh Table D
.2: These tables summarize, for a given variation of the absolute buoyancy flux |B|, the possible variations of vertical shear of horizontal currents (Sh) and stratification (N 2 ) and the driving mechanism that may be deduced from these combinations. In a nutshell, the buoyancy flux is supposed, as for the TKE, to increase when vertical shear intensifies and stratification weakens. The driving mechanism is diagnosed as the one of consistent variations with respect to the buoyancy flux. The acronym N.A. (Not Attributed) indicates combinations not allowed by the theoretical framework. We indicate the cases where both stratification and vertical shear drive the buoyancy flux tendency with the term "both".

With U = (u, v, w) the velocity vector and ∇ the nabla operator.

Assuming that the Lagrangian tendency of potential density is dominated by turbulent mixing, i.e. dρ dt ≃ -∂ ∂z K t ∂ρ ∂z , we can write :

d dt ∂ρ ∂z ≃ - ∂ 2 ∂z 2 K t ∂ρ ∂z - ∂U ∂z • ∇ρ ⇒ ∂ ∂t ∂ρ ∂z ≃ - ∂ 2 ∂z 2 K t ∂ρ ∂z - ∂U ∂z • ∇ρ -U • ∇ ∂ρ ∂z (10)
From the definition of the Brunt-Väisälä frequency : N 2 = -g ρ 0 ∂ρ ∂z we can thus estimate the vertical stratification Eulerian tendency as follows:

∂N 2 ∂t ≃ - ∂ 2 B ∂z 2 D N 2 + g ρ 0 ∂U ∂z • ∇ρ F N 2 u +F N 2 v +F N 2 w -U • ∇N 2 T N 2 u +T N 2 v +T N 2 w ( 11 
)
with B = K t N 2 the vertical buoyancy flux. This tendency is composed of 7 terms, which can be associated with three mechanisms:

• The turbulent diffusion of vertical stratification D N 2

• The frontogenesis terms, which represent the deformation of density gradients by convergent/divergent velocities: F N 2 u ,F N 2 v , and F N 2 w .

• The transport of vertical stratification: zonal T N 2 u , meridional T N 2 v and vertical T N 2 w . It simply advects the N 2 field. GIBRALTAR: A HIGH-RESOLUTION MODEL APPROACH

To validate the estimated density tendency, for each hour illustrated in Figures 3.9 and 3.10, we have compared the sum of the tendency terms computed from 2 hourly averaged fields with a first-order finite-difference 3-hourly spaced upwind scheme estimate of the total tendency. The error in the total density tendency decimal logarithm is lower than 10% over at least 97% of the domain and low in areas of strong tendency.

In the previous chapter we have investigated tidal mixing at the strait of Gibraltar (SoG hereinafter), a key process driving the transformation of exchanged water masses through the SoG. In particular, we have highlighted that this process strongly relies on the interaction of tidal currents with abrupt topographic obstacles within the strait. Overall, these results suggest that both tidal and fine-scale dynamics are essential elements shaping the hydrographic and dynamical structure of the exchange flow through the SoG. In addition, given the large influence of the Atlantic water masses on the Mediterranean Sea surface properties, this suggests that local tidal and fine-scale processes at the SoG may have a substantial large-scale impact on the Mediterranean Sea and possibly on the atmosphere over coastal areas. Those aspects are investigated in this chapter with the numerical framework introduced in Chapter 2.

Introduction

Previous studies have pointed out that local processes at the SoG influence the dynamics and thermodynamics of the Mediterranean Sea. Tide-induced vertical mixing and recirculation at the SoG is known to have a cooling and salting effect on the surface of the Mediterranean Sea Naranjo et al (2014); [START_REF] Harzallah | Mass exchange at the Strait of Gibraltar in response to tidal and lower frequency forcing as simulated by a Mediterranean Sea model[END_REF]; [START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF]. Consequently, tides are believed to indirectly enhance deep convection over the Northwest Mediterranean and could thus have an impact on deeper layers. On the other hand, the fine-scale dynamical structure of the exchange flow through the SoG has been shown to influence the stratification, circulation and deep convection of the western Mediterranean Basin (WMB hereinafter Sannino et al, 2009b).

Thus, tidal and fine-scale mechanisms at the SoG are relevant not only to the exchanges through the strait, but also to the Mediterranean Sea hydrographic properties and their variability. However, the respective importance of these mechanisms and their possible interactions remain unclear so far. In addition, although their individual influence on the Western Mediterranean surface is relatively well understood, its extent to deeper layers and the Eastern Mediterranean Basin (EMB hereinafter) is less clear. Finally, given the large heat and water exchanges taking place at the air-sea interface of the Mediterranean, the influence of local processes at the SoG on the overlying and coastal atmosphere remains an open question. Therefore, investigation of the remote impacts of tidal and fine-scale exchanges at the SoG would provide a deeper understanding on the Mediterranean Sea mean state, its variability, and its interactions with the atmosphere. On the technical side, this would provide ocean modelers with valuable information on the capabilities and limitations of current state-of-the-art numerical models, which often omit tidal and fine-scale exchanges at the SoG [START_REF] Harzallah | Mass exchange at the Strait of Gibraltar in response to tidal and lower frequency forcing as simulated by a Mediterranean Sea model[END_REF][START_REF] Soto-Navarro | Evaluation of regional ocean circulation models for the Mediterranean Sea at the Strait of Gibraltar: volume transport and thermohaline properties of the outflow[END_REF][START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF][START_REF] Harzallah | Long term evolution of heat budget in the Mediterranean Sea from Med-CORDEX forced and coupled simulations[END_REF][START_REF] Llasses | Heat and salt redistribution within the Mediterranean Sea in the Med-CORDEX model ensemble[END_REF][START_REF] Soto-Navarro | Evolution of Mediterranean Sea water properties under climate change scenarios in the Med-CORDEX ensemble[END_REF][START_REF] Sannino | Modelling present and future climate in the Mediterranean Sea: a focus on sea-level change[END_REF].

Therefore, the present chapter investigates the local effects of tidal and fine-scale mechanisms at the SoG and their influence on the Mediterranean Sea hydrographic properties, convective activity and interactions with the atmosphere. To do so, we 4.1. INTRODUCTION make use of the four coupled NEMOMEDGIB configurations introduced in Chapter 2, differing only by the inclusion or omission of the tidal forcing (T/NT) and the enhanced horizontal resolution at the SoG (HR/LR, see Figure 4.1). In the following, we first introduce the conceptual framework used in this study. Then, after validating the simulated tidal forcing at the SoG and the Mediterranean Sea, we first investigate the local impact of the enhanced representation of the SoG on the exchange flow through it. As a second step, we assess the propagation of these effects over the surface layer of the Mediterranean Sea. Then, we investigate the remote effects of the SoG on the Mediterranean convective activity, and its consequences on surface, intermediate, and deep water masses and their variability. Finally, we investigate impacts on air-sea exchanges and on the overlying atmosphere. 

Methods

Decomposing the effects of tidal and fine-scale dynamics at the SoG

As schematized in Figure 4.2, we diagnose the influence of tides at the SoG from the differences (anomalies hereinafter) between the T LR and NT LR simulations (δ T ides = T LR -NT LR), and the influence of fine-scale dynamics from the differences between the NT HR and NT LR simulation (δ Res = NT HR -NT LR). In addition, we diagnose combined effects (δ T R ) as the residual anomaly required to explain the total difference between the T HR and NT LR simulation (δ T R = T HR -NT LRδ T idesδ Res ). Regarding the interpretation of the aforementioned terms, it is essential to specify that although we refer to δ T ides and δ Res as the anomalies induced by "tides" and "fine-scale" dynamics, these terms more precisely represent the large-scale effects of tides and the non-tidal effects associated to the refined representation of the SoG. In this way, the effect of tides in the context of highresolution simulation is given by the sum of δ T ides and δ T R . Similarly, the effect of a refined representation of the SoG in the context of tidal simulations is given by the sum of δ T ides and δ T R . In addition, it is noteworthy that the "fine-scale dynamics" diagnosed from δ Res also encompass the influence of fine-scale topographic structures introduced in higher-resolution simulations. For the sake of clarity, we will thus refer to δ Res as the influence of Fine-scale Topography and Dynamics (FTD hereinafter).

NT LR T LR

T HR NT HR + 𝛿Tides + 𝛿TR 

+ 𝛿Res + 𝛿TR + 𝛿Res + 𝛿Tides

Definition of volume, heat, and salt transports at the SoG

As in the previous chapter, we define the transports through the SoG in the framework of a two-way exchange flow between the Mediterranean Sea and the Atlantic Ocean. We compute the net volume (Q net ), heat (QH net ), and salt (QS net ) transports as specified in the previous chapter, by integrating the currents, heat, and salt fluxes over a section of interest.

Regarding eastward (inflow hereinafter) and westward (outflow hereinafter) transports, their estimation based on a time-varying interface as in [START_REF] Sammartino | Ten years of marine current measurements in Espartel Sill, Strait of Gibraltar[END_REF] requires handling a large volume of data. Thus, as in the previous section, we consider two main estimates, capturing different aspects of the temporal variability of the exchanges. For high-frequency transports, we use the Q max in and Q max out estimates introduced in the previous chapter. For low-frequency transports, we rely on estimates computed from average outputs over the simulated period, distinguishing the two flows with the climatological zero-velocity interface. In the following, we refer to these latter estimates as Q A in and Q A out .

As detailed in the following, to validate the simulated volume transports through the strait, we will consider the Q A estimates, which we compare to observation-based estimates corrected from the high-frequency dynamics. More specifically, for the outflow transport, we consider the estimate of [START_REF] Sammartino | Ten years of marine current measurements in Espartel Sill, Strait of Gibraltar[END_REF], to which we remove the associated "eddy flux" contribution of 0.04Sv. For the inflowing transport, we consider the former low-frequency outflow transport, to which we add the net transport estimate of 0.04Sv from Jordà et al (2017b, Table 3).

Model Validation

Tidal validation

In this section, we validate the simulated tides against available observationbased datasets and reference simulations. Tidal amplitudes and phases analyzed in the following are extracted from hourly outputs over 2013 using the "Utide" Python package (version 0.2.5). For the sake of conciseness, we focus on the four most energetic tidal harmonics over the SoG and the Mediterranean region: the principal lunar and solar semidiurnal constituents (M2 and S2, respectively), and the lunisolar and lunar diurnal constituents (K1, O1, respectively).

Strait of Gibraltar

Tidal currents are known to play a key role in the dynamics and thermodynamics of the SoG. In this way, the realism of simulated tides at the SoG is essential to investigate. To start with, we display in Figure 4.3 the amplitude and phase of the simulated tidal elevation patterns in the vicinity of the SoG. As reference datasets, we consider the M2, S2, K1, and O1 observation-based charts of Lafuente et al (1990) (GL90 hereinafter) and the M2 observation-based chart of Candela et al (1990) (CA90 hereinafter), interpreting the differences between the GL90 and CA90 charts as an observational uncertainty (not shown). In addition, we include in Figure 4.3 the tidal amplitudes and phases from the global tidal atlas FES2014 (produced by Noveltis, Legos, and CLS and distributed by Aviso+, with support from CNES: https://www.aviso.altimetry.fr/) as a reference numerical tidal model. Note that the FES2014 model is barotropic and, thus, does not represent the influence of baroclinic processes on the tidal elevation patterns. However, given the large barotropic character of tides at the SoG, it can be considered as a consistent reference.

With respect to the aforementioned references, the T HR and T LR simulations display realistic tidal elevations within the SoG. Specifically, the M2 and S2 tidal amplitudes abruptly decrease from the western entrance of the strait (∼ 90 cm for M2, ∼ 30cm for S2) to its eastern exit (∼ 25cm for M2, ∼ 10cm for S2), whereas the associated phases decrease from south to north [START_REF] Lafuente | Sea level in the Strait of Gibraltar: tides[END_REF][START_REF] Candela | Tides in the strait of gibraltar[END_REF]. For the K1 and O1 harmonics, both the T HR and T LR simulations capture the north-eastward decrease of tidal amplitudes and zonal variation of tidal phases from the GL90 charts, whereas these patterns are less clear in FES2014. In terms of biases, for both T HR and T LR, the simulated M2 tidal amplitudes fall within the range of the uncertainty interval provided by GL90 and CA90. The associated tidal phases are also consistent with GL90 and CA90, displaying typical biases of a few degrees, with better overall consistency than FES2014. Similar differences from GL90 arise for the S2 harmonic, with a more accurate representation of zonal phase variations at the center of the strait in the T HR simulation. For the K1 and O1 harmonics, the simulated elevation patterns display moderate differences with respect to GL90, typically less than one centimeter, with an overall better consistency than FES2014. The associated tidal phases are subject to larger biases due to their significant variability. However, they remain largely consistent with GL90. In particular, the T HR accurately reproduces the O1 amphidromic point at the southern tip of Spain.

In addition to tidal elevation patterns, we will now validate the baroclinic structure of the simulated tidal currents, which has a notable influence on the structure of the exchange flow at hourly high-frequency [START_REF] Lafuente | Tide at the eastern section of the Strait of Gibraltar[END_REF]. To do so, we display in Figure 4.4 vertical profiles of tidal ellipses at the ES, extracted from the observation-based INGRES dataset (more details in [START_REF] Sánchez-Román | Vertical structure of tidal currents over Espartel and Camarinal sills, Strait of Gibraltar[END_REF][START_REF] Millot | Another description of the Mediterranean Sea outflow[END_REF][START_REF] Sammartino | Ten years of marine current measurements in Espartel Sill, Strait of Gibraltar[END_REF] and the simulated velocity fields at the closest point to the measurement station. In a nutshell, the displayed tidal ellipses synthesize the evolution of horizontal tidal currents throughout the tidal cycle.

Over the upper 100m depth, the simulated tidal currents are in good agreement with INGRES observations. In particular, the intensity and phases of the considered harmonics are well reproduced, although both T LR and T HR moderately overestimate the M2 and S2 amplitudes, and T LR underestimates the K1 and O1 amplitudes. The simulated tidal phases are also consistent with observations, with more significant biases for the K1 and O1 harmonics and a notable improvement in the T HR simulation. Below 100m depth, the T HR simulation remains almost equally realistic and captures well the vertical variations of tidal amplitudes, ex- cept for a local overestimation of the M2 amplitude at 199m depth. On the other hand, the T LR configuration largely underestimates the zonal tidal component. Specifically, these discrepancies are attributable to the shallow seafloor in the T LR configuration, which influences tidal currents through bottom friction.

Finally, it is noteworthy that the rotation of tidal ellipses (indicated by "x" and "+" symbols in Figure 4.4) is rarely inverted with respect to observations. The affected ellipses are generally characterized by low meridional currents and consistent phases with respect to observations. Thus, the rotating direction has a minor effect on the associated tidal currents.

MODEL VALIDATION

To conclude on the tidal validation at the SoG, the former analyses indicate an overall consistency with available references, with a notable improvement of the baroclinic tide at high resolution. In light of these results, we consider that the simulations are relevant to study the influence of tides on the exchanged water masses through the SoG and the subsequent impact on the Mediterranean Sea.

Mediterranean Sea

In order to validate the simulated tides over the Mediterranean Sea, we consider two sets of observations. For deep water areas, we refer to tidal harmonics derived from altimetry data (DOI: 10.6096/CTOH X-TRACK Tidal 2018 01) developed, validated by the CTOH/LEGOS, France, and distributed by Aviso+ (referred to as XTRACK hereinafter). For coastal areas, we refer to tidal gauge measurements retrieved from the Copernicus in situ TAC network (Copernicus Marine In Situ Tac Data Management Team (2017); Copernicus in situ TAC -CMEMS regions definition. SEANOE. https://doi.org/10.17882/44395). In the following, we quantify the performance of the simulations from the differences between the observed and simulated signals in the sinusoidal basis [START_REF] Foreman | A finite element model for tides and resonance along the north coast of British Columbia[END_REF], which will be referred to as tidal misfit errors.

To start with, we display in Figure 4.5 the amplitude and phase of the simulated M2 and S2 tidal elevations over the Mediterranean Sea and overlay the tidal misfit error with respect to the TAC tidal gauge network. As previously done for the SoG, we include the tidal amplitudes and phases from the global tidal atlas FES2014 as a reference numerical tidal model. Overall, The T HR and T LR simulations display highly similar elevation and phase patterns over the Mediterranean Sea and are in good agreement with FES2014. The M2 harmonic reaches typical amplitudes of a few centimeters over most of the Mediterranean and locally exceeds 10cm over the Tyrrhenian Sea, 20cm over the north of the Adriatic Sea, and more than 40cm (not shown) over the Gulf of Gabès. The S2 harmonic displays similar patterns and mainly differs by its lower amplitude, reaching typical values of a few centimeters and locally exceeding 10cm over the gulf of Gabès and the north Adriatic. More specifically, both the T HR and T LR simulations reproduce the main M2 and S2 amphidromic points [START_REF] Tsimplis | A two-dimensional tidal model for the Mediterranean Sea[END_REF] located south of the Balearic islands, within the Sicily channel, in the northern Adriatic Sea, and between the north coast of Africa and the South coast of Crete. We summarize the overall performance of the simulations in Table 4.1, which displays average tidal misfit error with respect to the TAC tidal gauge network and XTRACK. Over coastal areas, the simulations display reasonable tidal misfit errors with respect to the TAC tidal gauge network, higher than those of FES2014 but comparable to errors obtained with similar models [START_REF] Palma | Short-term, linear, and non-linear local effects of the tides on the surface dynamics in a new, high-resolution model of the Mediterranean Sea circulation[END_REF]. Maximal discrepancies arise in the Adriatic Sea, where the simulations overestimate the tidal amplitude (colored points in Figure 4.5). Over deep water areas, tidal misfit errors with respect to XTRACK are also reasonable, although higher than FES2014 errors. Maximal discrepancies are found in the Adriatic sea, where the simulations overestimate the tidal amplitude, and in the vicinity of the Gulf of Gabès and the Levantine basin, where they underestimate it (not shown).

As for the M2 and S2 harmonics, we display in Figure 4.6 the amplitude and For the Copernicus dataset, tidal harmonics are estimated from the observed sea surface elevation using the "Utide" Python package (version 0.2.5). The temporal coverage of the considered tidal gauge station varies within the 1992-2022 period. However, most of the data has been obtained between 2005-2022. The obtained harmonics are compared to the NEMOMEDGIB and FES2014 (in its original grid) harmonics at the closest grid point to the measurement station. For NEMOMEDGIB simulations tidal harmonics are also extracted with the "Utide" Python package, using hourly outputs of instantaneous sea surface elevation over 2013.

phase of the NEMOMEDGIB simulations and FES2014 for the K1 and O1 tidal elevations over the Mediterranean Sea and overlay the tidal misfit error with respect to the TAC tidal gauge stations. Once again, The T HR and T LR simulations display highly similar elevation and phase patterns and are in good agreement with FES2014. The K1 and S2 harmonics reach typical amplitudes of a few centimeters and display maximal values over the north of the Adriatic Sea, where K1 exceeds 10cm, and O1 exceeds 5cm. Both T HR and T LR reproduce the K1 amphidromic point in the Sicily channel and the O1 amphidromic point on the northern coast of Libya. Over coastal areas, tidal misfit errors with respect to the TAC tidal gauge network are higher then that of FES2014. However, they remain comparable to errors obtained with similar models [START_REF] Palma | Short-term, linear, and non-linear local effects of the tides on the surface dynamics in a new, high-resolution model of the Mediterranean Sea circulation[END_REF]) (Table 4.5). Over deep water areas, the simulations display a similar tidal misfit error with respect to XTRACK than FES2014 (Table 4.5). As for the M2 and S2 harmonics, maximal errors are found over the Adriatic Sea, where the simulations overestimate the tidal amplitude, and in the vicinity of the Gulf of Gabès and the Levantine basin, where they underestimate it.

In light of the former results, we consider that the simulations satisfactorily represent the tidal elevation patterns within the Mediterranean Sea.

Currents at the SoG

As a final step to validate the simulated dynamics at the SoG, we investigate the consistency of the baroclinic zonal velocities with respect to available observations. We display on the left panel of In shades, tidal elevation amplitude for the M2 and S2 tidal harmonics (left and right panels, respectively). We display in contours the associated phases, ranging from 0 • to 340 • with a constant increment of 20 • . From top to bottom, we represent the global tidal atlas FES2014 followed by NEMOMEDGIB with (HR) and without (LR) grid refinement at the SoG, respectively. For NEMOMEDGIB simulations, tidal amplitudes and phases are estimated from hourly outputs of instantaneous sea level elevation over 2013 using the "Utide" Python package (version 0.2.5). FES2014 fields are displayed in their original grid.

profile of the T HR, T LR, NT HR, and NT LR simulations and of the INGRES situ Doppler current profiler measurements. To investigate the associated temporal variably, we display on the right panel the 2013 hourly standard deviation (std hereinafter) of zonal velocity. Note that we only consider the 2013 period due to the large volume of data associated with hourly outputs. However, we consider that this provides satisfactory temporal coverage to assess the main simulation biases.

Overall, the simulations all reproduce the two-layer structure of the average exchange flow through the SoG. With respect to INGRES measurements, the NT LR, T LR, NT HR, and T HR simulations exhibit high vertical correlation coefficients of 0.98, 0.96, 0.98, and 1.0 and relatively modest root-mean-square errors (RMSE hereinafter) of 0.15, 0.15, 0.14, and 0.09 m.s -1 , respectively, with notable improvements in T HR (red line). More specifically, low-resolution configurations (blue and orange lines) mainly underestimate zonal velocities, whereas simulations with refined resolution (green and red lines) underestimate the zonal velocities between ∼ 50 -180m depth and overestimate them underneath. Regarding the climatological zero-velocity interface, T HR and T LR are in good agreement with INGRES measurements. On the other hand, NT LR underestimates the interface depth by ∼ 20m, and NT HR overestimates it by ∼ 30m. A comparison of the simulations provides some insight into these discrepancies. It shows that inclusion of tidal forcing results in a rising of the interface (orange versus blue lines and red versus green lines), attributable to tidal recirculation at the ES (Sanchez-Roman et al, 2018) and the presence of a thick interface layer, mainly advected toward the Atlantic Ocean [START_REF] Bray | The role of the interface in exchange through the Strait of Gibraltar[END_REF]. Conversely, inclusion of enhanced resolution results in a deep-4.3. MODEL VALIDATION ening of the zero-velocity interface, consistent with the deepening of the seafloor. Thus, tides and FTD have opposite effects on the zero-velocity interface, both essential to represent, as suggested by the discrepancies in T LR and NT HR. In NT LR, these discrepancies largely cancel out, explaining the better consistency with INGRES near the interface. Regarding the temporal variability of zonal currents, the investigated simulations display substantial differences with respect to each other. More specifically, the 2013 hourly std of zonal velocities is largely underestimated in non-tidal simulations (blue and green lines), with a modest improvement in NT HR (RMSE of 0.34m.s -1 , instead of 0.43m.s -1 in NT LR). On the other hand, it is noteworthy that the vertical structure of the hourly std is relatively well reproduced in NT HR, which displays correlation coefficients of 0.77 instead of 0.58 for NT LR. In tidal simulations (red and orange lines), the horizontal resolution also significantly influences the simulated temporal variability. Indeed, although the T LR hourly std is relatively similar to that of INGRES measurements near the surface, it abruptly decreases with depth, resulting in a significant low-intensity bias below 100m depth, which drives an over-all large RMSE of 0.3m.s -1 . This unrealistic decrease in the hourly std is consistent with the weakening of tidal currents above the seafloor (see the tidal validation), mainly attributable to the shallow seafloor in the T LR configuration. Finally, the T HR simulation is by far the most realistic. Despite a general overestimation of the zonal velocity variability, it depicts a satisfactory RMSE of 0.05m.s -1 and a correlation coefficient of 0.97 with respect to the INGRES measurements.

To conclude on the model validation, the analyses carried out so far do not reveal any major issue with the simulations, hence their relevance for investigating the impact of local processes at the SoG on the Mediterranean Sea. In addition, the former results highlight the relevance of tidal forcing and kilometric horizontal resolution when representing the exchanges through the SoG. We have focused here on tidal and SoG transport validation. For simplicity, we will complete the model validation in the course of the following analyses.

Transports at the Strait of Gibraltar

As a first step to assess the influence of the local processes at the SoG on the Mediterranean Sea, it is essential to shed light on their impact in the vicinity of the strait. Therefore, this section aims at reaching a deeper understanding on the mechanisms shaping the dynamics and hydrography of the SoG. To do so, we will build on the results of previous studies regarding the respective influence of tides [START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF][START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF][START_REF] Harzallah | Mass exchange at the Strait of Gibraltar in response to tidal and lower frequency forcing as simulated by a Mediterranean Sea model[END_REF][START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF][START_REF] Sanchez-Roman | Modelling study of transformations of the exchange flows along the Strait of Gibraltar[END_REF], FTD structures (Sannino et al, 2009b;[START_REF] Alhammoud | Sensitivity of Mediterranean thermohaline circulation to gateway depth: A model investigation[END_REF][START_REF] Topper | Changes in Mediterranean circulation and water characteristics due to restriction of the Atlantic connection: A high-resolution ocean model[END_REF][START_REF] Soto-Navarro | Evaluation of regional ocean circulation models for the Mediterranean Sea at the Strait of Gibraltar: volume transport and thermohaline properties of the outflow[END_REF] on the exchange flow through the strait and assess of their relative importance and combined effects. In particular, we interpret these effects with regard of the fine-scale tidal recirculation patterns at play within the SoG, described in [START_REF] Gonzalez | Understanding tidal mixing at the Strait of Gibraltar: A high-resolution model approach[END_REF].

Exchange flow through the SoG

To investigate the influence of tidal and fine-scale processes on the exchange flow through the SoG, we display on the upper panel of Figure 4.8, the 1980-2017 average vertical profiles of zonal velocities, salinity, and temperature at the SoG for the T HR and NT LR simulations. In addition, we display on the lower panels the anomalies between the two simulations (δ tot = T HR -N T LR, red lines) and their decomposition into tidal (δ T ides , orange lines), FTD (δ Res , green lines), and combined effects (δ T R , purple lines). Overall, both the T HR and NT LR simulations depict a typical picture of the two-layer exchange between the Atlantic Ocean and the Mediterranean Sea. The surface layer, composed of relatively warm and fresh Atlantic water masses, is advected toward the Mediterranean, whereas underneath, a colder and saltier layer of Mediterranean water masses is advected toward the Atlantic Ocean. The climatological zero-velocity interface depth is approximately 130m deep in NT LR and 150 m deep in T HR.

Besides the overall structure described above, the simulations display notable dynamic and hydrographic differences. In terms of dynamics, the joint inclusion of tidal forcing and enhanced horizontal resolution at the SoG mainly results in a thickening 123 4.4. TRANSPORTS AT THE STRAIT OF GIBRALTAR of the Atlantic layer (red line, positive velocity anomaly between 100 -250m depth) and a reorganization of the Mediterranean outflow, which dynamical core deepens and thickens (negative velocity anomaly below 250m depth). Consequently, the vertical shear of zonal velocities at the interface between both layers decreases. To the first order, these modulations are mainly due to the refined representation of the SoG in T HR (green line). More specifically, sensitivity experiments (see appendix A) indicate that the thickening of the Atlantic layer results from the deepening of the seafloor in T HR, which is consistent with results of Sannino et al (2009b); [START_REF] Topper | Changes in Mediterranean circulation and water characteristics due to restriction of the Atlantic connection: A high-resolution ocean model[END_REF]. The position of the interface between the Atlantic and Mediterranean layers is also further modulated by the inclusion of abrupt topographic obstacles within the strait. In particular, the refined representation of the Camarinal Sill results in an intensification of the recirculation patterns characterized in [START_REF] Gonzalez | Understanding tidal mixing at the Strait of Gibraltar: A high-resolution model approach[END_REF]. Those patterns partly compensate for the thickening of the Atlantic layer to its east, where Mediterranean water masses are uplifted, and enhance it to its west, where Atlantic water masses accumulate and are forced to recirculate (not shown). On the other hand, tides have a less intense influence on the vertical structure of averaged zonal currents (orange line). They mainly influence the high-frequency dynamics of the exchange flow and locally modulate its average structure. As described in [START_REF] González | Baroclinic M 2 tidal circulation in Algeciras Bay and its implications for the water exchange with the Strait of Gibraltar: Observational and 3-D model results[END_REF], mean tidal velocity anomalies result from oscillations of the interface between the Atlantic and Mediterranean layers (García Lafuente et al, 2013) and enhanced water mass recirculation near topographic obstacles [START_REF] Sanchez-Roman | Modelling study of transformations of the exchange flows along the Strait of Gibraltar[END_REF]. Both partially cancel out upon averaging due to the slope of the Atlantic-Mediterranean interface and the asymmetry of recirculation cells, respectively. Consequently, tidal modulations of the dynamics are highly dependent on the geometry of the strait, as indicated by the opposite patterns displayed by δ T ides and δ T R , and will not be detailed here.

Regarding hydrographic properties, the T HR simulation displays smoother vertical temperature and salinity profiles than NT LR. The associated anomalies and underlying mechanisms are clearly identifiable from the salinity profile. With respect to NT LR, the T HR simulation displays a significant dipole of salinity anomaly centered at 125m depth. Over the upper 125m, the Atlantic layer is salted (+0.3‰near 100m depth) by the tides, which enhance diapycnal mixing, water masses recirculation, and vertical displacement of the interface between the Atlantic and Mediterranean layers. At greater depths, tides freshen the Mediterranean layer less intensely, such that the total anomaly is driven by the refinement of the spatial representation of the strait (green line). This asymmetry in the tidal anomaly profile can be partly attributed to the lesser recirculation of Atlantic water masses with respect to Mediterranean water masses [START_REF] Sanchez-Roman | Modelling study of transformations of the exchange flows along the Strait of Gibraltar[END_REF][START_REF] Gonzalez | Understanding tidal mixing at the Strait of Gibraltar: A high-resolution model approach[END_REF]. In addition, the anomaly is also partly canceled by a general salting of the intermediate and deeper layers of the Western Mediterranean in the T LR simulation, which we investigate in the following sections. In this way, the freshening of the water masses below 125m depth (-0.5‰near 170m depth) mainly results from the thickening of the Atlantic layer in higher-resolution configurations (green line). In addition, it is further intensified by a general freshening of the Western Mediterranean deep and intermediate water masses, investigated in the following sections. Finally, the joint inclusion of tidal and FTD has a less intense but notable influence on salinity (purple line). In particular, the associated anomalies indicate an intensification tidal Lower panels display the anomalies between both simulations (T HR -NT LR = δ tot ) and their decomposition into three components, associated with the respective effects of tides, grid nesting (δ T ides and δ Res ) and their combined action (δ T R ). The horizontal dashed line represents the depth of the zero velocity interface in the T HR simulation.
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recirculation and mixing in the presence of abrupt topographic obstacles, which is consistent with the results of [START_REF] Gonzalez | Understanding tidal mixing at the Strait of Gibraltar: A high-resolution model approach[END_REF].

Temperature anomalies between T HR and NT LR are more complex to interpret and require careful analysis. With respect to the NT LR simulation, T HR displays an overall colder Atlantic layer and a warmer Mediterranean layer. Unlike for salinity and zonal velocity, temperature anomalies over the Atlantic layer vary substantially with depth and display two distinct maxima. The upper 20m depth are characterized by an intense cold anomaly (up to -0.7 • C), mainly driven by the inclusion of the tidal forcing, whereas underneath, less intense anomalies (up to -0.3 • C) are due to the refined spatial representation of the strait. Below the zero-velocity interface, the Mediterranean layer is less intensely warmed, with a maximal anomaly of 0.25 • C at 180m depth. However, these anomalies primarily do not result from local processes but from modifications of the intermediate and deep water masses over the WMB. Regarding the Atlantic layer, the cold anomaly 4.4. TRANSPORTS AT THE STRAIT OF GIBRALTAR resulting from the refined spatial representation of the strait can be simply related to the modification of surface circulation in the Alboran sea. To be more specific, in higher-resolution simulations, the Gulf of Cadiz slope current [START_REF] Peliz | Surface circulation in the Gulf of Cadiz: Model and mean flow structure[END_REF] is intensified, resulting in the advection of fresher and colder water masses from the north of the Iberic Peninsula. On the other hand, investigation of the surface tidal anomaly requires an assessment of the seasonal cycle at the SoG. We display in Figure 4.9 climatological winter and summer temperature anomalies at the SoG. Above 150m depth, the temperature is subject to substantial seasonal variations, characterized by a relatively smooth profile in winter and an intense vertical gradient in summer. A comparison of the T LR and T HR simulations indicates that the enhanced representation of the SoG in T HR, particularly the inclusion of tidal forcing, has a notable impact on these patterns. More specifically, local processes within the strait drive the temperature anomalies above 150m depth, whereas remote modifications of the intermediate and deep Western Mediterranean Mediterranean water masses drive the anomalies below, often canceling the overlying anomaly patterns. In winter, tides induce a dipole temperature anomaly centered on 150m depth, which is consistent with enhanced vertical mixing and advection between the Atlantic and Mediterranean layers. On the other hand, during summer, tides induce an additional dipole anomaly centered on 25m depth. This specific pat-AND CLIMATE tern denotes tidal ventilation of the surface layer that fluxes heat to depth, driving an intense cooling of the surface (up to -1.5 • with respect to NT LR) and partly canceling the cold anomaly at the bottom of the Atlantic layer. In addition, this surface anomaly is substantially intensified in simulations with enhanced horizontal resolution at the SoG (sum of orange and purple lines). In light of the former analyses, this intensification can be related to tidal mixing and recirculation enhancement in the presence of fine-scale topographic obstacles, in agreement with [START_REF] Gonzalez | Understanding tidal mixing at the Strait of Gibraltar: A high-resolution model approach[END_REF]. Besides tidal anomalies, δ Res also displays notable seasonal variations, with an intensified warm anomaly near 150m depth in winter, although its cause is unclear. Note that it would be tempting to assess the possible enhancement of the deep water suction by tidal forcing discussed in [START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF]. However, such analysis is complex to achieve due to the notable long-term difference in the hydrographic properties of intermediate and deep western Mediterranean water masses.

To conclude on the properties of the exchange flow, we highlight that both tides and FTD at the SoG have substantial and complementary effects on the dynamics and hydrographics at the strait. On the one hand, average dynamics are mainly influenced by the geometry of the SoG, which determines the position of the interface between the Atlantic and Mediterranean layers. On the other hand, hydrographic properties are more evenly influenced by tides and FTD. In particular, tides notably modulate the seasonal cycle of surface temperature within the strait, whereas FTD have a more steady effect over time. Finally, the steep topographic obstacles in higher-resolution simulations significantly enhance tidal anomalies.

Integral transports at the SoG

In light of the notable influence of tides and fine-scale structures on the hydrography and dynamics of the SoG, we now investigate the resulting impacts on the exchanges between the Atlantic Ocean and the Mediterranean Sea. We display in Figure 4.10 the inflow (eastward) and net volume, heat, and salt transports through the SoG. In addition, we specify the anomalies between the T HR and NT HR simulation and their decomposition into three components associated with the effects of tides, the refined representation of the SoG, and their combination. As previously discussed, we consider two estimates of the inflow transports: an upper estimate (Q max ), accounting for high-frequency tidal and eddy transports, and a lower estimate (Q A ), based on time-averaged outputs over 1980-2017. Note that outflow transports are not specified as they can be deduced by subtracting the net flow from

Q max or Q A .
Overall, the simulations display reasonable values for Q A and the associated heat and salt transports. More specifically, the volume outflow transports simulated in NT LR and NT HR (-0.78Sv and -0.84Sv, respectively) are consistent with the non-eddy-flux estimate of -0.81Sv from [START_REF] Sammartino | Ten years of marine current measurements in Espartel Sill, Strait of Gibraltar[END_REF] considering the associated interannual variability (±0.03Sv) as an uncertainty range. The T HR simulation moderately overestimates the outflow transport (-0.86 Sv), and the T LR simulation underestimates it (-0.75 Sv). However, both remain reasonably con-sistent with [START_REF] Sammartino | Ten years of marine current measurements in Espartel Sill, Strait of Gibraltar[END_REF]. The former conclusions extend to the inflow transports, considering as a reference the inflow transport deduced from the noneddy-flux outflow estimate of [START_REF] Sammartino | Ten years of marine current measurements in Espartel Sill, Strait of Gibraltar[END_REF] and the net volume transport estimate of Jordà et al (2017b) (0.04 Sv). Besides their overall agreement with references, the transports represented by the NEMOMEDGIB simulations display notable differences, indicating that both tidal forcing and FTD at the SoG influence the exchanges through the strait. With respect to the NT LR simulation, the advection intensifies in T HR, as indicated by Q max IN , Q A IN and the associated inflowing heat and salt transports. However, the reasons for this enhancement vary. Concerning Q max , tidal forcing appears as the main driver of the enhanced volume transports, explaining most of the differences between T HR and NT LR. These enhanced high-frequency transports are consistent with results from [START_REF] Gonzalez | Understanding tidal mixing at the Strait of Gibraltar: A high-resolution model approach[END_REF] highlighting the periodic reversal of the SoG circulation in response to the barotropic tide. However, their physical interpretation is not straightforward and would require a dedicated study. On the other hand, Q A IN indicates a less intense and more balanced influence of tides, FTD, and their combined effects. Specifically, intensification of the volume transport is mainly attributable to the refined representation of the SoG, which is consistent with the representation of more intense dynamic structures, the reduced influence of lateral friction, and the reduced numerical viscosity. Regarding tidal forcing, as already noted for the average dynamics, its influence on the volume transports significantly varies with the adopted representation of the SoG (δ T ides versus δ T ides + δ T R ). It is noteworthy that the decrease of the volume transports in the T LR simulation can be attributed to tide-induced vertical displacement of the interface between inflowing and outflowing water masses, which results in a canceling of the average currents near the interface. Finally, the inflowing heat and salt transport anomalies are driven by volume transport anomalies.

Regarding the net transports, the simulated net volume, heat, and salt transports all fall within the uncertainty range of 0.04 ± 0.02Sv, 4.5 ± 4.1W.m 2 , and 0.1 ± 0.3 10 6 kg.s -1 from Jordà et al (2017b, Tables 10, 11, 12), respectively. Comparing the simulations with each other, both the inclusion of tides and FTD at the SoG appear to have a notable impact on the net heat and salt transports, which is consistent with previous studies (Sannino et al, 2009b;[START_REF] Harzallah | Mass exchange at the Strait of Gibraltar in response to tidal and lower frequency forcing as simulated by a Mediterranean Sea model[END_REF][START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF][START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF][START_REF] Sanchez-Roman | Modelling study of transformations of the exchange flows along the Strait of Gibraltar[END_REF]. With respect to NT LR, the net heat transport displayed by the other simulations varies by up to +6% (δ tot , δ Res ) and the salt transport by up to ±35% (δ T ides and δ Res ). These anomalies result from local hydrographic and dynamic modulations as well as remote transformations of the Mediterranean water masses. More specifically, in tidal simulations (δ T ides , δ T ides + δ T R ), the well-documented tidal decrease of the net heat transport through the SoG [START_REF] Harzallah | Mass exchange at the Strait of Gibraltar in response to tidal and lower frequency forcing as simulated by a Mediterranean Sea model[END_REF][START_REF] Sanchez-Roman | Modelling study of transformations of the exchange flows along the Strait of Gibraltar[END_REF][START_REF] Gonzalez | Understanding tidal mixing at the Strait of Gibraltar: A high-resolution model approach[END_REF] is compensated by a general cooling of Western Mediterranean intermediate and deep water masses (see the following sections). Conversely, the decrease of the net heat transport in higher-resolution simulations (δ Res , δ Res +δ T R ), which is consistent with the cooling of the Atlantic layer due to the modified circulation in the Gulf of Cadiz, is enhanced by a general warming of Western Mediterranean intermediate and deep water masses. The net salt transport is less influenced by the remote saline anomalies, which are relatively moderate (see the following sections). In this way, δ T ides is directly attributable to tidal mixing and recirculation, which increases the net salt transport by fluxing salt to the surface. For δ Res , the decreased salt transport is consistent with an intensification of the volume transports, which intensifies the salt outflow more than the inflow due to the greater salinity of Mediterranean water masses with respect to Atlantic water masses.

Overall, the former results highlight that tides and FTD at the SoG both notably influence the net heat and salt transports through the SoG. On the one hand, tides decrease the net heat transport (not shown) and increase the net salt transport by driving diapycnal mixing and recirculation between the exchanged flows. On the other hand, the inclusion of FTD decreases the net heat and salt transports due to circulation modulations over the Gulf of Cadiz and volume transports intensification through the SoG. These effects are of similar intensity for the salt transport, but this is less clear for the heat transport. In fact, we highlight that tides and FTD also have an indirect influence on the net heat transport related to hydrographic transformations over the Mediterranean Sea, which combines with their local influence.

MEDITERRANEAN SEA ADJUSTMENTS

Mediterranean Sea adjustments 4.5.1 Atlantic Water properties

In the previous section, we have highlighted that tidal forcing and fine-scale dynamics at the SoG have a notable influence on the hydrographic and dynamical properties of the Atlantic water mass crossing the SoG. In addition, several studies (Sannino et al, 2009b;[START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF][START_REF] Harzallah | Mass exchange at the Strait of Gibraltar in response to tidal and lower frequency forcing as simulated by a Mediterranean Sea model[END_REF][START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF][START_REF] Soto-Navarro | Evaluation of regional ocean circulation models for the Mediterranean Sea at the Strait of Gibraltar: volume transport and thermohaline properties of the outflow[END_REF] have shown that changes in the dynamic structure and the hydrographic properties of the Atlantic inflow at the SoG propagate to the western Mediterranean. Thus, this section investigates the remote impact of the local processes at the SoG on the Atlantic Waters (AW) of the Mediterranean sea.

Western Mediterranean

To start with, we display on the upper panels of Figure 4.11 the NT LR 1980-2017 meridional average temperature and salinity over the upper 300m depth of the WMB. Lower panels indicate the anomalies between the T HR and NT LR simulations (δ tot = T HR -N T LR) and their decomposition into a tidal (δ T ides ) and FTD components (δ Res ). Several key areas of the WMB can be identified from the temperature and salinity fields. From 5 • W to 0 • E above ∼ 100m depth, the warm and fresh surface layer of AWs delineates the contours of the Alboran Sea. Note also that just east of 5 • W, the large vertical extent of the AWs denotes the presence of the Western Alboran gyre. Further east between 0 • E -10 • E, the sudden drop in temperature indicates the North WMB. Finally, east of 10 • E, the increase in both temperature and salinity at mid-depth and the local temperature minimum near 100m depth reflects the strong signature of Levantine intermediate water masses, indicating the location of the Tyrrhenian Sea.

Over the upper 200 m depth, the T HR simulation displays statistically significant hydrographic anomalies with respect to NT LR (δ tot ). Specifically, δ T ides and δ Res indicate that both tides and FTD at the SoG drive these anomalies. In terms of temperature, the enhanced representation of the SoG in T HR results in an overall cooling of the upper 200 m depth (typically reaching -0.1 • C). Consistently with previous studies [START_REF] Harzallah | Mass exchange at the Strait of Gibraltar in response to tidal and lower frequency forcing as simulated by a Mediterranean Sea model[END_REF][START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF][START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF] this cold anomaly is mainly attributable to the inclusion of tidal forcing at the SoG (δ T ides ). In addition, it is further enhanced by the modification of the Gulf of Cadiz circulation, which results in a cooling of inflowing Atlantic water masses (δ res ), and the interaction of tides with topographic obstacles at the SoG (δ T R , not shown). Given the substantial seasonal variation of tidal temperature anomalies at the SoG, the contribution of tides to the cold anomaly at the sea surface requires investigating its seasonal cycle. To do so, we display in Figure 4.12 the seasonal cycle of the temperature anomalies at 11m depth with respect to NT LR for the T HR and T LR simulations. Consistently with tidal anomalies at the SoG, both δ tot and δ T ides display a marked seasonal cycle characterized by an intense surface cooling in summer. More specifically, the anomaly is significantly enhanced in the vicinity of the SoG, where it locally exceeds -1 • C, and progressively loses intensity from west to east, typically reaching -0.25 • C over the rest of the WMB. East of 15 • E the anomaly is locally enhanced by tidal upwelling at the Strait of Messina. However, the latter effect is relatively local [START_REF] Bohm | Coastal currents on the Sicilian shelf south of Messina[END_REF][START_REF] Bignami | Tidal Currents and Transient Phenomena in the Strait of Messina: a Review[END_REF][START_REF] Azzaro | Seasonal variability of phytoplankton fluorescence in relation to the Straits of Messina (Sicily) tidal upwelling[END_REF]. In this way, for the first time to our knowledge, the former analysis highlights that tidal processes at the SoG have a notable influence on the seasonal cycle of temperature over the whole WMB.

Going back to average hydrographic properties (Figure 4.11), with respect to the NT LR simulation, T HR displays saltier water masses above 100m depth and fresher ones below. The resulting dipole anomaly, which is statistically significant with respect to the interannual variability, is noticeably similar to that identified at the SoG in the previous section. More specifically, this anomaly can be attributed to the joint influence of tides and FTD at the SoG. On the one hand, the saltening of the surface primarily results from the inclusion of tidal forcing at the SoG (δ T ides ), which is consistent with the literature [START_REF] Harzallah | Mass exchange at the Strait of Gibraltar in response to tidal and lower frequency forcing as simulated by a Mediterranean Sea model[END_REF][START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF][START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF]. On the other hand, the fresh anomaly below 100m depth is attributable to the refined spatial representation of the SoG in T HR, resulting in a thickening and intensification of the Atlantic inflow through the strait. In particular, this effect is consistent with Sannino et al (2009b), which highlighted that the modification of the Atlantic layer thickness at the SoG propagates to the WMB. Other than reinforcing the results of the aforementioned studies, the dipole salinity anomaly just described indicates that both tidal and FTD at the SoG have an equally important influence on the Mediterranean surface, and thus, both should be considered when modeling the Mediterranean Sea. The latter point is particularly well illustrated by δ T ides and δ res , which indicate that with respect to the T HR and NT LR simulations, T LR and NT HR provide two extreme representations of Atlantic water properties in response to SoG exchanges.

Besides basin-scale hydrographic properties, the simulations display less intense and localized differences over the upper 200m, indicating modulations in the simulated surface circulation. More specifically, the warm anomaly near 1 • E in δ tot and δ Res results from the weakening of the Northern current [START_REF] Pinardi | Variability of the large scale general circulation of the Mediterranean Sea from observations and modelling: A review[END_REF][START_REF] Pinardi | Mediterranean Sea large-scale low-frequency ocean variability and water mass formation rates from 1987 to 2007: A retrospective analysis[END_REF] in the T HR and NT HR simulations (not shown). This circulation modification can be associated with the intensification of the Atlantic inflow through the SoG in both simulations, allowing Atlantic water masses to enter the Liguro-Provençal Basin through a similar pathway to the Western Mid-Mediterranean Current described in [START_REF] Pinardi | Mediterranean Sea large-scale low-frequency ocean variability and water mass formation rates from 1987 to 2007: A retrospective analysis[END_REF]. Conversely, in the NT LR simulation, the Liguro-Provençal-Catalan Current is enhanced, resulting in a cold anomaly near 1 • E. The warm anomaly further east near 10 • E is more complex to interpret, as it likely results from a combination of circulation modifications with the advection of remote anomalies from the straits of Sicily and Sardinia. More generally, as highlighted in [START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF], our results suggest that local processes at the SoG influence the Western Mediterranean circulation and hydrography. However, interpretation of these differences is a complex matter that requires dedicated analyses and is out of the scope of the present study. In the following, we will, thus, mainly focus on basin-scale hydrographic properties.

Bellow 200m depth, the T HR simulation displays colder and fresher water masses than NT LR. Although these anomalies are consistent with those at the bottom of the SoG inflow, they do not directly result from the Atlantic water masses modification at the SoG. This is well depicted by the warm temperature anomaly displayed by δ Res , which is inconsistent with the cold anomaly from the SoG. Rather than tidal mixing and the fine-scale structure of the exchange flow through the strait, these water masses are mainly influenced by the convective activity over the Western Mediterranean (see next section). As suggested from previous studies (Sannino et al, 2009b;[START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF][START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF], these anomalies indicate that local processes at the SoG modulate deep convection in the northwestern Mediterranean Sea, which ultimately impacts the basin-scale stratification.

Eastern Mediterranean

To investigate the influence of tidal and fine-scale processes at the SoG on the EMB, we display in Figure 4.13 the NT LR 1980-2017 meridional average temperature and salinity over the upper 300m depth of the EMB, as well as the differences with the T HR configuration (δ tot ) and its decomposition into a tidal (δ T ides ) and FTD component (δ Res ). Note that we exclude the Adriatic and Aegean Seas from the meridional average, as they are subject to localized hydrographic modulations related to convection and will be investigated in the following section. As for the WMB, notable temperature and salinity patterns arise upon meridional averaging. In particular, the tongue of fresh water masses advected from the WMB west of 15 • E is readily identifiable from the salinity field. In addition, the general warming and saltening from west to east indicates the formation and subsequent export of LIW from the source region of the Levantine basin.

With respect to the WMB δ tot , δ T ides , and δ Res display less intense hydrographic anomalies (nearly twice as low). Regarding temperature, a notable fraction of the displayed anomalies is insignificant with respect to the interannual variability. Thus, they must be interpreted cautiously. With respect to NT LR, the T HR simulation represents an overall warmer surface. Given the cold anomaly pattern displayed by δ tot over the WMB, this indicates that local processes drive the Eastern Mediterranean temperature anomalies. This conclusion is further reinforced by the notable differences between δ tot , δ T ides , and δ Res east of 15 • E, indicating that temperature anomalies rely on mechanisms associated to their joint representation (δ T R , not shown). In this way, given the low intensity of the temperature anomalies, we only emphasize here that the tidal and fine-scale mechanisms at the SoG have a moderate, non-linear, and indirect influence on the surface temperature of the EMB. Although they remain unclear, these effects likely result from modulations in the circulation, convection, and transports through the Sicily, Otranto, and Cretans straits. On the other hand, salinity anomalies are clearly consistent with the propagation of surface anomalies from the WMB. West of 15 • E, δ tot displays a salinity dipole centered on 100m depth consistent with the propagation of the Western Mediterranean saline anomaly. Further east, the dipole abruptly disappears, suggesting that only the surface signal is advected further east to the EMB. On the other hand, δ T ides and δ Res highlight that, when considered separately, tides and FTD at the SoG have an opposite influence on the Eastern Mediterranean Surface. Specifically, the surface is relatively homogeneously saltened in the T LR simulation (δ T ides ) and accordingly freshened in the NT HR simulation (δ Res ). In addition, although δ T ides and δ Res display homogeneous patterns over the upper 300m depth, investigation of the simulation spin-up (not-shown) indicates that these anomalies first develop over the upper 150m depth of the water column and progressively propagate to depth through dense water formation.

To conclude on AW anomalies, both tides and FTD at the SoG have a notable 134 CHAPTER 4. INFLUENCE OF THE SOG ON THE MEDITERRANEAN SEA AND CLIMATE influence on the surface of the Mediterranean Sea. These processes are relevant to the mean temperature and seasonal cycle of the upper layers of the WMB and their salinity stratification. Over the EMB, the influence of these processes is less intense and mainly relates to the salinity of the upper 300m depth. In addition, we show that, east of the Sicily strait, the effects induced by the inclusion of tidal forcing and FTD at the SoG strongly compensate.

Dense water formation

As an evaporative basin connected to the open ocean by a two-layer flow, the Mediterranean Sea is home to significant vertical exchanges of mass, heat, and salt, in which deep convection takes on a key role [START_REF] Waldman | Overturning the Mediterranean Thermohaline Circulation[END_REF]. This uncommon process over the Wold Ocean is particularly active in the Mediterranean sea due to strong wintertime surface buoyancy losses and relatively dense surface water masses [START_REF] Medoc Group | Observation of Formation of Deep Water in the Mediterranean Sea, 1969[END_REF]. Thus, local processes shaping the hydrographic properties of the AW at the SoG are relevant to the Mediterranean deep convection. In fact, previous studies have already suggested that both tidal mixing [START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF][START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF] and the fine-scale dynamics at the SoG (Sannino et al, 2009b) influence deep convection over the Gulf of Lions. In this section, we build on the results of these studies to reach a deeper and broader understanding of the influence of local processes at the SoG on the Mediterranean deep convection.

To do so, we display in Figure 4.14 the spatio-temporal annual maximum of the mixed layer depth (MLD hereinafter) over the Northwestern Mediterranean Sea (upper panels), the Aegean Sea (middle panels), and the Adriatic Sea (upper panels) for the NT LR (light gray lines all panels), T HR (left panels), T LR (middle panels), and NT HR (right panels) simulations. Following [START_REF] Herrmann | Modeling the deep convection in the northwestern Mediterranean sea using an eddy-permitting and an eddy-resolving model: Case study of winter 1986-1987[END_REF]; [START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF], we compute the MLD based on a turbocline criterion. Specifically, we define the MLD as the depth above which the vertical diffusion coefficient continuously exceeds 0.5cm 2 .s -1 . In addition, to shed light on the modulated convective activity, we overlay to the MLDs the monthly temperature anomalies with respect to the NT LR simulation and plot on lower panels the annual stratification index (SI hereinafter) anomalies with respect to the NT LR. More specifically, we compute the SI (in m 2 .s -2 ) at the maximal depths reached by the MLD over 1980MLD over -2017 (d) (d) following:

SI = 0 d N 2 (z) z dz (4.1)
where N 2 is the time-average squared Brunt-Väisälä frequency. The SI quantifies the depth-integral vertical stratification that must be overcome to trigger deep convection.

Northwestern Mediterranean Sea

Over the Northwestern Mediterranean Sea (Figure 4.14, left panels), the NEMO-MEDGIB simulations capture relatively well the decadal variability of convection. In particular, all the simulations reproduce the weakening of the convective activity during the 90s [START_REF] Somot | Characterizing, modelling and understanding the climate variability of the deep water formation in the North-Western Mediterranean Sea[END_REF] and the intense convective winters of 1981, 2005-2006, and 2009-2013. With that in mind, comparison of the simulations indicates that tidal and FTD processes at the SoG significantly impact on the convective activity. Specifically, the T HR and NT HR simulations (left and right panels, respectively) represent shallower convection with respect to NT LR, whereas, consistently with the literature [START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF][START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF], the T LR simulation (middle panel) displays deeper convection (δT ides). As expected, these AND CLIMATE modulations directly relate to the water column stratification. Indeed, T HR and NT HR display a more stratified water column than NT LR (positive SI anomaly), whereas T LR displays a weaker stratification (negative SI anomaly). More specifically, a decomposition of the SI into thermal and haline components (not shown) indicates these differences mainly result from salinity anomalies over the upper 200m depth. In this way, the enhanced convection in T LR is attributable to the surface salting induced by tidal mixing and recirculation at the SoG. Conversely, the weakening of convection in the NT HR simulation results from the surface freshening due to the thicker and more intense AW inflow at the SoG. Finally, for T HR, the water masses freshening below 100m dominates over the surface salting and weakens the convection.

In addition to the MLDs, temperature anomalies between the simulations provide valuable information on convection. Indeed, the anomalies displayed by δ tot , δ T ides , and δ Res (Figure 4.14) are inconsistent with the effect of tides and FTD at the SoG and, thus, can be entirely associated with the modified convective activity. Specifically, δ T ides indicates that the enhanced convection in T LR produces a warmer top 100m layer and colder deeper layers. Conversely, δ Res indicates that the weakened convection in NT HR results in a colder surface and warmer intermediate layers. For δ tot however, the picture is more complex. Although the warm anomaly below 400m depth is consistent with the weakening of convection in T HR, the cold anomaly over the upper 400m depth suggest that convection intensifies.In fact, the cooling of the upper layers in T HR can be explained by the SI at shallower depths (not shown), which indicates that the tidal saltening of AW at the SoG weakens the stratification above 100m depth. This allows the atmosphere to cool the ocean upper layers more efficiently during winter. In addition, the enhanced stratification below 400m depth isolates the colder surface water masses to the warmer layers of LIWs, resulting in a general cooling of the upper 400m depth.

Thus, these results confirm that tides and FTD at the SoG both have a notable influence on the deep convection over the northwestern Mediterranean. In particular, their combined effects modulate the vertical extent and the intensity of convection. Finally, concluding on the realism of the simulations is not straightforward. The simulated MLDs in the T HR and NT HR configuration are in better agreement with the observation-based estimates presented in [START_REF] Somot | Characterizing, modelling and understanding the climate variability of the deep water formation in the North-Western Mediterranean Sea[END_REF] than NT LR, as they indicate shallow convection for the years 1985, 1988, 1996, and 2004, in addition to those previously mentioned. However, as specified by [START_REF] Somot | Characterizing, modelling and understanding the climate variability of the deep water formation in the North-Western Mediterranean Sea[END_REF], sampling errors probably lead to an underestimation of the maximum MLD. On the other hand, both the T HR and NT HR simulations underestimate the convective events of 1991 and 1992. Regarding the T LR configuration, it is likely to overestimate the convective activity, particularly during the 1990s, when the simulated MLDs are consistently deeper than 1500m. Regarding the temperature field, a comparison with respect to reference datasets will be conducted in the following section.

Aegean Sea

The NEMOMEGIB simulations reproduce a realistic convective variability over the Aegean Sea (Figure 4.14, middle panels). In particular, all the simulations represent the deep convection of 1993, associated with the Eastern Mediterranean Transient (EMT hereinafter) [START_REF] Roether | Recent changes in eastern Mediterranean deep waters[END_REF], and the following so-called "stagnation period" of mid-depth convection (1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003) [START_REF] Zervakis | On the response of the Aegean Sea to climatic variability: A review[END_REF][START_REF] Mamoutos | A high-resolution numerical model of the north aegean sea aimed at climatological studies[END_REF]. Other more minor convective events are represented, such as the convection of 1987 [START_REF] Zodiatis | Water masses and deep convection in the Cretan Sea during late winter 1987[END_REF] and 1989 [START_REF] Lascaratos | Recent changes in deep water formation and spreading in the Eastern Mediterranean Sea: A review[END_REF][START_REF] Nittis | Dense water formation in the Aegean Sea: Numerical simulations during the Eastern Mediterranean Transient[END_REF][START_REF] Gertman | Aegean sea water masses during the early stages of the Eastern Mediterranean Climatic Transient (1988-90)[END_REF], the deep water formation events of 2003 and 2008 suggested by [START_REF] Georgiou | Climate variability and deep water mass characteristics in the Aegean Sea[END_REF], and that of 2012 suggested by [START_REF] Mamoutos | A high-resolution numerical model of the north aegean sea aimed at climatological studies[END_REF]. On the other hand, the 2016 event [START_REF] Velaoras | The Response of the Aegean Sea (Eastern Mediterranean) to the Extreme 2016-2017 Winter[END_REF] is not represented, and that of 2004 is overestimated. In addition, the overall convection intensity is likely underestimated due to an overestimation of the river runoffs around the Aegean Sea, which tends to isolate the deeper layers from the atmosphere [START_REF] Zervakis | The role of the North Aegean in triggering the recent Eastern Mediterranean climatic changes[END_REF][START_REF] Nittis | Dense water formation in the Aegean Sea: Numerical simulations during the Eastern Mediterranean Transient[END_REF].

Overall the NEMOMEDGIB simulations display relatively similar MLDs, which mainly differ during intense convective events. In particular, the T HR and NT LR simulations are very similar, which is consistent with their moderate hydrographic differences over the EMB (Figure 4.14). More specifically, δ tot (Figure 4.14,middle panel) indicates that main modulations between the two simulations arise from the convective events of 1993 and 1996, which are less intense in T HR and result in cold anomalies below 600m, and the convection of 2012, that is more intense in T HR and partly cancels the former temperate anomalies. Given the moderate intensity and temporal variability of these differences, we argue that chaotic circulation anomalies likely drive the observed convection modulation and, thus, that the convective activity is mostly unchanged in T HR and NT LR. On the other hand, the T LR and NT HR simulations display greater differences. Specifically, the simulated convection is systematically deeper in T LR and shallower in NT HR. As for the Northwestern Mediterranean, these modulations are directly related to the salinity of surface layer, which affects the overall water column stratification (Figure 4.14, middle line plots). In this way, the convection deepens in T LR due to the Eastern Mediterranean surface salting induced by tidal mixing and recirculation at the SoG, whereas the convection shoals in NT HR due to the freshening induced by the refined spatial representation of the SoG. The temperature anomalies below 600 depth evidence these modulations of the convective activity. For T LR, the deeper convection of 1993, 2003, 2009, and 2012 results in an overall warming of the deep layers (δ T ides ). Conversely, the accordingly shallower convection represented in NT HR (δ Res ) results in an overall cooling of the deep layers.

These results highlight that tides and FTD at the SoG are both relevant to dense water formation in the Aegean Sea through their influence on the AW salinity and the consequences on the vertical stratification. However, they have opposite effects, resulting in minor modulations of the convective activity in T HR. Regarding the realism of the simulations, T LR is likely to provide a more accurate picture of the past convection in the Aegean Sea. However, since this improvement results from the compensation of fresh surface biases due to an overestimation of river runoffs, no conclusion can be drawn from the added value of tidal and fine-scale mechanisms at the SoG.

Adriatic Sea

As a third major deep water formation area, we consider the Adriatic Sea. In particular, we mainly focus on the south Adriatic pit, where most of the Adriatic deep water is produced [START_REF] Gačić | The open-ocean convection in the Southern Adriatic: A controlling mechanism of the spring phytoplankton bloom[END_REF][START_REF] Vilibic | Adriatic water masses, their rates of formation and transport through the Otranto Strait[END_REF]. Over this area, deep convection is subject to significant interannual variability, [START_REF] Gačić | The open-ocean convection in the Southern Adriatic: A controlling mechanism of the spring phytoplankton bloom[END_REF][START_REF] Mantziafou | An eddy resolving numerical study of the general circulation and deep-water formation in the Adriatic Sea. Deep-Sea Research Part I[END_REF][START_REF] Oddo | A numerical study of the interannual variability of the Adriatic Sea (2000-2002)[END_REF][START_REF] Mantziafou | Deep-water formation in the Adriatic Sea: Interannual simulations for the years 1979-1999[END_REF]. However, years of intense convection, such as 1986 [START_REF] Gačić | Adriatic Deep Water and Interaction with the Eastern Mediterranean Sea. In: Physical Oceanography of the Adriatic Sea[END_REF], 1992 [START_REF] Gačić | The open-ocean convection in the Southern Adriatic: A controlling mechanism of the spring phytoplankton bloom[END_REF], 2002 [START_REF] Manca | Ventilation of deep waters in the Adriatic and Ionian Seas following changes in thermohaline circulation of the Eastern Mediterranean[END_REF], or 2006 [START_REF] Vilibić | Deep water ventilation traced by Synechococcus cyanobacteria[END_REF], and shallow convection, as 1997 [START_REF] Gačić | The open-ocean convection in the Southern Adriatic: A controlling mechanism of the spring phytoplankton bloom[END_REF] and 2015 [START_REF] Lučić | Unusual winter zooplankton bloom in the open southern Adriatic sea[END_REF]) can be used as references. With respect to the Northwest Mediterranean and the Aegean Sea, the simulations capture less accurately the Adriatic convective variability (Figure 4.14, lower panels). Indeed, the simulated convection is likely underestimated over 1980 -2004 and overestimated after 2004 for the T HR and NT LR simulations. These discrepancies can be explained by a large fresh bias at the surface, which is due to an overestimation of river runoffs. More specifically, this fresh bias prevents the occurrence of deep convection during the simulations spin-up, allowing LIW to sink to the bottom of the Adriatic Sea, further inhibiting convection. Note that a very similar problem is described in Dunić et al (2019, MED12F3 simulation). With that in mind, we consider that these discrepancies do not obstruct the following analysis. Indeed, as the inclusion of tidal and FTD at the SoG mainly influence convection through surface salinity anomalies, the following results should remain qualitatively similar in bias-free simulations.

Similarly to previous convection areas, a comparison of the simulated MLDs indicates that both tidal and FTD at the SoG have a notable influence on the simulated convection. Specifically, before 2005, the T HR and T LR simulations represent deeper convection than NT LR, whereas NT HR displays shallower convection. Once again, these modulations can be related to the salinity of surface water masses, which is substantially higher in T LR, lower in NT HR, and moderately higher in T HR, as depicted by the SI anomalies (Figure 4.14, lower line plots). For the T HR simulation, the increase of surface salinity with respect to NT LR is likely attributable to tide-induced enhanced volume exchanged at the strait of Otranto, as both simulations display moderate salinity differences over the EMB. In this way, we argue that as for the Aegean Sea, the modulated convection in T HR does not result from the modified representation of the SoG. In addition, this indicates that the salting of the Adriatic surface by tidal forcing at the SoG is likely enhanced by the local effect of tides at the Strait of Otranto. With that in mind, the T LR and NT HR simulations clearly highlight that Adriatic deep convection is indirectly affected by tidal and fine-scale processes at the SoG. On the other hand, after 2005, the picture is more complex for the T LR simulation, which suddenly displays shallower convection than NT LR. Specifically, this modification is directly related to the intense convection simulated in 2006, which homogenizes the water column in the T HR and NT LR configuration, consuming the deep layer LIW at the bottom of the water column. In the T LR simulation, this homogenization is less intense because the layer of LIW was consumed during the winters of 1991-1993, as indicated by the intense temperature dipole anomaly in δ T ides .

These results indicate that convection over the Adriatic Sea is sensitive to the 139 4.5. MEDITERRANEAN SEA ADJUSTMENTS tidal and fine-scale processes at the SoG. In addition, the resulting modulation of the convective activity can substantially modify the local vertical stratification. However, the magnitude of effects highlighted here should be taken with caution as they are likely affected by the misrepresentation of the Adriatic water masses.

Interior water mass properties

In the previous section, we have highlighted that tidal and fine-scale dynamics at the SoG have a notable influence on the Mediterranean convective activity. Given the key role played by deep convection in the Mediterranean overturning circulation [START_REF] Waldman | Overturning the Mediterranean Thermohaline Circulation[END_REF], these results suggest that local processes at the SoG may indirectly impact the mean properties and variability of the Mediterranean surface, intermediate, and deep water masses. In this section, we investigate this by comparing the properties of the simulated water masses over different layers and their variability over time. We also assess the realism of the studied simulation, considering the MEDHYMAP climatology (Jordà et al, 2017b) as a reference observation-based dataset and the 1987-2017 Mediterranean reanalysis of Escudier et al (2020) (referred to as the CMEMS reanalysis hereinafter; data available on the Copernicus CMEMS database: http://marine.copernicus.eu) as a state-of-the-art reference ocean reanalysis.

Western Mediterranean

We display in Figure 4.15 the simulated and reference annual temperature and salinity averaged over the upper (0-150m depth), intermediate (150-600m depth), and deep layers (below 600m depth) of the WMB. All simulations capture the warming and salting of the surface and intermediate layers, with similar trends to MED-HYMAP. Over the upper 150m depth, the temperature and salinity RMSEs with respect to MEDHYMAP are similar to those of the CMEMS reanalysis. Over intermediate layers, the simulations display larger discrepancies, but the associated RMSEs remain consistent with the values obtained by other state-of-the-art models [START_REF] Sannino | Modelling present and future climate in the Mediterranean Sea: a focus on sea-level change[END_REF]. Over deeper layers, the interannual variability of deep water masses is less accurately reproduced, but the associated RMSEs are reasonable. It is noteworthy that the RMSEs with respect to MEDHYMAP are mainly biasdominated. In particular, regarding temperature, the simulations display a cold bias over the upper layer and a warm bias over the intermediate layer, with an overall improved consistency in the T HR simulation. Regarding salinity, the NT LR, NT HR, and T HR simulations underestimate the salinity of the upper layer, which is better represented by T LR, likely due to bias compensations. The NT LR and T LR simulations overestimate the salinity of the intermediate layers, which is improved in NT HR and T HR. Over deeper layers, the RMSEs are mainly explained by the misrepresentation of the temperature and salinity trends.

The NEMOMEDGIB simulations display notable differences over the simulated period, with varying intensity depending on the layer considered. Over the upper 150m depth, the interannual temperature variability is highly similar in all simulations, such that its modulation by local processes at the SoG is hardly interpretable. On the other hand, it is noteworthy that the T HR (red line) and T LR (orange line) simulations consistently display a colder surface than NT LR, indicating that the influence of tidal mixing and recirculation at the SoG on the western Mediterranean surface temperature is relatively steady over time. Regarding salinity, the simulations display more marked differences. As expected, the T LR simulation displays a significantly saltier surface, and the NT HR simulation a fresher one, which is consistent with the modified properties of the Atlantic inflow in both simulations.

MEDITERRANEAN SEA ADJUSTMENTS

In the T HR simulation, the compensation of these anomalies results in a salinity similar to NT LR. On the other hand, the salinity anomalies appear relatively steady over time, confirming that the influence of local processes at the SoG does not significantly impact the interannual variability of the water masses above 150m depth.

Over the intermediate layer (150 -600m depth), the simulations display greater temperature differences than over the upper layer. With respect to the NT LR simulation, NT HR and T HR display warmer water masses, whereas T LR display colder water masses. These differences are consistent with the modified convective activity over the northwest Mediterranean. Indeed, considering that convection erodes the warm layer of LIW present in the Western Mediterranean, the warmer intermediate layer of T HR and NT HR is consistent with shallower convection, and the colder intermediate layer of T LR is consistent with deeper convection. On the other hand, salinity differences are harder to interpret, as they result from a combination of local convection-related anomalies and remote anomalies associated with the LIW advected from the EMB (see the following section). In this way, the moderate salinity differences between the T LR and NT LR simulation likely results from the compensation of these effects and are complex to interpret. For the T HR and NT HR simulation, the relatively intense fresh anomaly with respect to NT LR suggests that fewer compensations are at play. In particular, this fresh anomaly is consistent with the vertical propagation of the fresh surface anomaly present in both simulations and shallower convection, which does not allow surface and intermediate water masses to mix with the saltier deep water masses. However, specific analyses would be needed to confirm these hypotheses. Overall, we mainly emphasize that salinity differences between simulations are significant but relatively steady with respect to the large interannual variability.

Finally, below 600m depth, the simulated hydrographic properties are more clearly marked by intense convective events. Overall the simulations largely underestimate the warming and saltening trends over 1988-2004, with a notable improvement in the T LR simulation, suggesting inaccurate properties of the dense waters formed. More specifically, temperature and salinity variations are clearly attributable to the modulation of deep convection by local processes at the SoG, with increasingly strong warming and salting trends in the NT HR, T HR, NT LR, and T LR configurations. These tendencies are also likely intensified by the advection of the EMT-driven LIW water masses, which is diagnosed to occur a the beginning of the 21th century in the simulations of [START_REF] Pinardi | Mediterranean Sea large-scale low-frequency ocean variability and water mass formation rates from 1987 to 2007: A retrospective analysis[END_REF].

Eastern Mediterranean

We display in Figure 4.16 the simulated and reference annual temperature and salinity averaged over the upper (0-150m depth), intermediate (150-600m depth), and deep layers (below 600m depth) of the EMB (including also the Adriatic and Aegean Seas). As for the WMB, the simulations reproduce relatively well the interannual and average hydrographic properties of the Mediterranean water masses over the upper and intermediate layers, as well as the associated warming and salting trends. In particular, the simulations capture the abrupt cooling of the intermediate layer associated with extreme winters, such as 1992, 1993, and 2004-2007. On the other hand, the simulations do not represent the freshening of the intermediate layers in 1993 and 1994 due to the uplifting of old deep water masses following the EMT [START_REF] Lascaratos | Recent changes in deep water formation and spreading in the Eastern Mediterranean Sea: A review[END_REF], likely due to an underestimation of the EMT intensity. More generally, the RMSEs with respect to MEDHYMAP are bias-dominated and mostly larger than those of the CMEMS reanalysis. However, they remain consistent with those obtained by other state-of-the-art models [START_REF] Sannino | Modelling present and future climate in the Mediterranean Sea: a focus on sea-level change[END_REF]. Over the upper layers, the RMSEs are driven by cold and fresh biases, with a notable decrease in the salinity bias in NT LR. Over the intermediate layer, the temperature RMSE mainly arises from a warm bias during the 1990s, whereas for salinity, it results from a saline bias in T LR and a fresh bias in NT HR, which are mostly corrected in T HR and NT LR. Below 600m depth, the simulations display an overall warm and saline bias, and the interannual variability and average properties of deep water masses are less accurately reproduced. However, the associated RMSEs are reasonable.

As expected from the previous analyses, tides and FTD at the SoG have a lesser but notable influence on the hydrographic properties of the EMB. Over the upper 150m depth, the simulations display a very similar interannual variability. Temperature anomalies are moderate and variable, indicating that they likely result from the compensation of local anomaly patterns and are complex to interpret. On the other hand, salinity anomalies are greater and relatively steady. With respect to the NT LR simulation, T LR displays a saltier surface and NT HR a fresher surface, which is consistent with the anomalies advected from the SoG. On the other hand, these effects cancel out in the T HR simulation, displaying a similar salinity to NT LR. As already noted for the WMB, the salinity differences are relatively steady, indicating that the influence of local processes at the SoG on the surface of the EMB is also steady.

Over the intermediate layer (150 -600m depth), the interannual temperature variability remains highly similar in the simulations, although moderate differences arise. As for the upper layer, the low intensity and the temporal variability of these anomalies suggest that they result from a combination of different mechanisms and are complex to interpret. Regarding salinity, the simulations also display a similar interannual variability, with a few notable changes, which can be attributed to the deep convection events of 1993 and 2003 over the Aegean Sea. In this way, the salinity anomalies between the simulations are mainly consistent with the vertical propagation of surface saline anomalies in the Levantine Basin. Thus, this indicates that although local processes at the SoG have a notable influence on the Adriatic and Aegean deep convection, the effects on the salinity of intermediate water masses are moderate. Below 600m depth, the interannual variability of the deep water masses is more sensitive to the modulation of convection by local processes at the SoG. In particular, the deep convections in 1993, 2003, 2008, and 2012 notably impact the temperature and salinity tendencies below 600m depth. In the T LR simulation, they result in a notable salting and warming of the deep layers, whereas these tendencies are less marked in the other simulations, with a clear consistency between the intensity of the trend and the simulated convection. To conclude on this section, the former results suggest that tidal and FTD processes at the SoG have a notable impact on Mediterranean water masses, with different implications depending on the layer considered. Upper and intermediate water masses are mainly influenced by the Atlantic water masses inflowing from the SoG and the long-term intensity of convection. Consequently, their hydrographic interannual variability is mostly unaffected by the processes investigated at the SoG. On the other hand, deep water masses are influenced through the modulation of intense convective events, which substantially influence the long-term temperature and salinity trends.

Air-sea interactions and atmospheric adjustment

Over the previous sections, we have shown that local processes at SoG notably influence the upper layers of the WMB. In particular, summer tidal mixing and recirculation within the strait leads to an overall cooling of the Western Mediterranean Surface. Given the intense summer heat and water fluxes between the Mediterranean Sea and the atmosphere, this modulation of the sea surface temperature (SST hereinafter) suggests that the exchanges through the SoG may influence the lower troposphere during summer. In this section, we investigate this hypothesis by comparing the ocean-atmosphere interface in those coupled numerical simulations. More specifically, since we have shown in the previous chapter and the former sections that these processes strongly rely on the interaction of tides with fine-scale topographic obstacles within the SoG, we consider the T HR and NT LR simulations for this analysis. In the following, we focus on 1980-2017 summer averages, considering the months of June, July and August, which are the warmer months of the year in the atmosphere.

Air-sea fluxes

To start with, we investigate the impact of the SST differences between T HR and NT LR on the ocean-atmosphere heat fluxes. In particular, we decompose the net ocean-atmosphere heat flux into the following components:

• The latent heat flux (LHF hereinafter), which represents the turbulent heat flux resulting from water vapor exchanges at the ocean-atmosphere interface.

The latent heat flux is mainly driven by the near-surface relative wind and the specific humidity contrast at the air-sea interface. In NEMOMEDGIB simulations, the sea surface water vapor content is considered at the saturating humidity (the maximum quantity of water vapor that air can contain, which mainly depends on temperature). Thus, the latent heat flux is a function of the surface wind velocity, the atmosphere surface humidity, and the SST.

• The sensible heat flux (SHF hereinafter), which represents the turbulent heat flux due to the temperature gradient at the ocean-atmosphere interface. As for the latent heat flux, the sensible heat flux is also proportional to the wind velocity at 10m.

• The net longwave radiation (LW hereinafter), which represents the sum of the upward and downward infra-red radiative fluxes at the air-sea interface. Both fluxes depend on the temperature of the body emitting the radiation.

• The shortwave radiation (SW hereinafter), controlled by the incoming solar radiation. Specifically, solar radiation depends on the zenith angle, the albedo of the surface receiving the radiation (assumed constant at 0.06), and the proportion of radiation transmitted through the atmosphere, which mainly depends on cloudiness.

With that in mind, we display over the upper panels of Figure 4.17 the average SST, LHF, sum of SHF and LW, and SW in the NT LR simulation. On the lower 4.6. AIR-SEA INTERACTIONS AND ATMOSPHERIC ADJUSTMENT panels, we display the anomalies induced by the inclusion of tides and the refined spatial representation of the SoG (T HR -NT LR). Note that we consider the sum of SHF and LW as they display very similar patterns, dominated by the SHF and driven by SST changes. In the NT LR simulation, the SST displays a classical summer pattern, with increasing temperatures from northwest to southeast and a local temperature minimum in the northwestern Mediterranean. Surface heat fluxes also display a typical picture of the ocean-atmosphere exchanges in summer. The ocean surface, loses heat to it through the LHF and LW radiation. Conversely, the ocean is mainly heated through the SW, which largely intensifies in summer, and marginally through SHF, the near-surface atmosphere being warmer than the sea surface. The net heat flux (not shown) is positive and intensified over the ocean, indicating a heating mainly driven by shortwave radiation. The NT LR and T HR simulations display notable differences in SST and heat fluxes. In T HR, the sea surface is colder over most of the WMB, except over the Balearic Sea, due to a greater inflow of Atlantic water masses than in NT LR. The tidal anomaly is maximal in the vicinity of the SoG, where it locally exceeds -1 • C and takes weaker values over the rest of the WMB, ranging from -0.25 • C to -0.1 • C. Note that a moderate warming pattern develops over the Adriatic Sea, likely due to enhanced exchanges with the Ionian Sea. However, it will not be discussed in further detail because of its weak influence on the atmospheric surface conditions.

Regarding heat fluxes, the modified representation of the SoG in T HR results in a decreased net heat flux over the ocean (not shown). This is primarily driven by the reduced latent heat loss. It is characterized by a notable decrease in the Alboran Sea and a less intense decrease over the rest of the Western Mediterranean. In this way, cooling of the sea surface by tides at the SoG results in decreased oceanic heat and water vapor supply to the atmosphere. Besides the LHF, the net heat flux further decreased through the SHF and LW, which display negative anomalies over areas of intense surface cooling or significant atmospheric circulation, such as the Alboran and Ligurian Seas. In particular, the decrease of the LW (displaying a similar pattern to the sum of SHF and LW) is driven by the upward component associated with the SST. Over the land, although the net heat flux is close to zero, the sum of SHF and LW display an increase in the upward heat flux, indicating a warming of the continental surface. In fact, this warming pattern is consistent with the decrease in the downward shortwave radiation, which indicates an intensification of the downward solar heat flux and, thus, suggests that the modified ocean-atmosphere fluxes impact on the atmospheric water vapor content.

Atmospheric adjustment

To assess the impact of the modified ocean-atmosphere fluxes on the atmosphere, we first investigate the near-surface atmosphere temperature and vapor content. To do so, we display in the upper panels of Figure 4.18 the near-surface (2m height) atmospheric temperature (T2m), near-surface specific humidity (SH) and near-surface relative humidity (RH). The latter quantifies the fraction between the specific humidity and the saturating humidity. In addition, we display on the lower panels the anomalies induced by tidal and fine-scale dynamics at the SoG (T HR -NT LR). Overall, the atmospheric surface temperature is mainly characterized by increasing temperatures from north to south, orographic patterns and a more homogeneous temperature over the Mediterranean Sea. The SH is mainly intensified over the sea and near coastal areas. The RH displays a similar pattern except over the northeastern part of the domain. In fact, over these areas, in particular over orography, the saturating humidity decreases with the temperature, increasing the RH.

With respect to NT LR, the T HR simulation displays a colder near-surface temperature over the WMB, which is consistent with the reduced ocean heat loss to the atmosphere. The cooling pattern is mainly contained over the sea and is largely similar to that previously described for the SST. Specifically, the cold anomaly reaches maximal values in the vicinity of the SoG, locally exceeding -0.8 • C and loose in intensity over the WMB, where it typically ranges from -0.15 • C to -0.1 • C. In terms of water vapor content, the specific humidity mainly decreases over the WMB, indicating a drying of the atmosphere, which is consistent with the reduced evaporative flux. As for temperature, the intensity of the anomaly reaches its maximum near the SoG and progressively loses in intensity from west to east. On the other hand, unlike for temperature, the dry anomaly noticeably propagates up to a few hundred kilometers over the surrounding land. Due to the opposite effect of the atmosphere cooling and drying on relative humidity, the latter displays dipole anomalies centered on the coastline. Specifically, the relative humidity mainly increases over the ocean, where the cooling of the near-surface atmosphere drives an intense decrease in the saturating humidity, compensating for the atmosphere drying. On the other hand, over land, the atmosphere drying is not compensated by cooling, resulting in a general decrease in relative humidity.

Thus, the seasonal cooling of the WMB surface induced by tidal mixing and recirculation at the SoG influences the temperature and water vapor content of the near-surface atmosphere, suggesting a possible impact on its upper layers. To address this hypothesis, we display in Figure 4.19 the average precipitations and cloud fraction in the NT LR simulation and the anomalies induced by the inclusion of tides and the refined representation of the SoG in T HR (T HR -NT LR). Summer average precipitations display similar patterns to those described for the relative humidity, with the exception of the Mediterranean Sea where they are almost absent. Specifically, precipitations increase from south to north, reaching greater values over highland areas. The cloud fraction also displays a notable meridional gradient, with values increasing from south to north.

With respect to NT LR, the modified surface fluxes in the T HR simulation moderately impact precipitations. Specifically, precipitation anomalies organize in small-scale dipoles, mainly concentrated north of 40 • N and are mostly insignificant with respect to the interannual summer variability. However, when considering the average anomaly, we find a statistically significant precipitation decrease of ∼ 0.01mm/day over the whole domain shown in Fig. 4.19, which is consistent with the drying of the atmosphere resulting from the decreased latent heat flux. Regarding the cloud fraction, anomalies between the NT LR and T HR simulations are significant. The cloud fraction mainly decreases above the western Mediterranean and within 500km of the coastline, which is consistent with the local drying of the atmosphere. In particular, this coastal reduction of the cloud fraction is consistent with the intensification of the shortwave flux previously mentioned. Conversely, in the vicinity of the SoG, the cloud fraction increases due to the local intensification of the RH, mainly driven by the intense cooling of the sea surface.

Thus, the former analysis indicates that tidal cooling of the Western Mediterranean Sea surface in summer has a moderate but notable impact on the lower troposphere of the Mediterranean region. Specifically, it results in a reduction of the sensible heat and water vapor loss to the atmosphere. Consequently, this participates in the seasonal drying of the atmospheric boundary layer and reduces the summer warming of the near-surface atmosphere over the ocean. The surface drying results in a moderate decrease of precipitations over the western Mediterranean region and a more general decrease in cloudiness within 500km of the the WMB. Conversely, in the vicinity of the SoG, the intense tidal cooling of the sea surface results in a notable increase in cloudiness.

Conclusions

This chapter investigates the influence of local processes at the SoG on the Mediterranean region in a coupled regional climate model. In particular, we focus 4.7. CONCLUSIONS here on the tidal and fine-scale processes at play within the strait, which were shown to influence the hydrographic properties of the incoming Atlantic Waters and deep convection over the Northwestern Mediterranean (Sannino et al, 2009b;[START_REF] Harzallah | Mass exchange at the Strait of Gibraltar in response to tidal and lower frequency forcing as simulated by a Mediterranean Sea model[END_REF][START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF][START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF][START_REF] Soto-Navarro | Evaluation of regional ocean circulation models for the Mediterranean Sea at the Strait of Gibraltar: volume transport and thermohaline properties of the outflow[END_REF]. To do so, we compare four fully-coupled hindcast simulations, differing only by the inclusion or omission of tidal forcing and enhanced horizontal resolution at the SoG. Our results reinforce the conclusions of previous studies and provide new insights into the influence of tidal and fine-scale processes at the SoG and their relevance to the climatological properties of Mediterranean water masses, their interannual variability, and the Mediterranean deep convection. In addition, for the first time to our knowledge, we shed light on the influence of the SoG on ocean-atmosphere exchanges and the resulting impacts on the atmosphere.

The simulations display satisfactory performances with respect to reference observational datasets and provide a realistic picture of the main processes at stake at the SoG and in the Mediterranean Sea. Specifically, The simulated tides are in good agreement with available observation-based references, both at the SoG and over the Mediterranean Sea. In the same way, the dynamics of the SoG and the associated transports are consistent with the latest estimates and observational datasets available. Deep convection and its interannual variability are well reproduced over the northwestern Mediterranean and the Aegean Sea. On the other hand, it is less consistent with observations over the Adriatic Sea due to an overestimation of river runoff that results in a misrepresentation of the vertical structure of temperature and salinity. Regarding hydrographic properties, the simulations display reasonable biases with respect to the MEDHYMAP dataset, with greater discrepancies over the Adriatic Sea. Finally, the past interannual variability of the Mediterranean water masses is well captured over the upper and intermediate layers and less accurately over deeper layers.

At the SoG, a comparison of the simulations indicates that both tides and Finescale Topography and Dynamics (FTD) have a notable impact on the hydrographic properties and the dynamic structure of the exchange flow. We emphasize that FTD primarily shapes the average dynamic structure of the exchange flow and that tidal currents further refine it. Regarding hydrographic properties, we show that finescale representation of the strait and its vicinity impacts the Atlantic water masses entering the strait, whereas the well-known tidal mixing and recirculation [START_REF] Harzallah | Mass exchange at the Strait of Gibraltar in response to tidal and lower frequency forcing as simulated by a Mediterranean Sea model[END_REF][START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF][START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF][START_REF] Sanchez-Roman | Modelling study of transformations of the exchange flows along the Strait of Gibraltar[END_REF] mainly drives the water masses transformation within the strait. In addition, we highlight that tides substantially modulate the seasonal cycle of temperature at the surface of the Atlantic layer by ventilating the upper 50m depth of the water column in summer. We then show that these hydrographic and dynamic modulations and their remote impact on intermediate and deep Mediterranean water masses noticeably modulate the net heat and salt transport through the strait. In addition, we find that the refined representation of the strait results in an intensification of the volume transports, mainly attributable to the enhanced spatial resolution. Further work is needed to assess the influence of tides on the inflowing and outflowing transports, but we emphasize that it denotes intense water mass recirculation on both sides of the strait, consistently with [START_REF] Gonzalez | Understanding tidal mixing at the Strait of Gibraltar: A high-resolution model approach[END_REF].

Over the Mediterranean Sea, a first investigation of the simulations focusing on the upper 300m depth of the water column suggests that both tides and FTD at the SoG are relevant to the climatological hydrography of the Mediterranean Sea. On the one hand, the refined spatial representation of the SoG results in a general freshening of the Mediterranean surface due to the thickening and intensification of the Atlantic inflow across the SoG. On the other hand, as expected from previous studies (Sannino et al, 2009b;[START_REF] Harzallah | Mass exchange at the Strait of Gibraltar in response to tidal and lower frequency forcing as simulated by a Mediterranean Sea model[END_REF][START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF][START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF], tidal forcing and recirculation at the SoG significantly saltens and cools the Western Mediterranean surface. In addition, we show that the summer tidal cooling of the sea surface at the SoG propagates to the Western Mediterranean Basin (WMB) and modulates the basin-scale seasonal cycle of SST. When both considered, the effects of tides and FTD at the SoG combine over the Western Mediterranean and mainly cancel out over the Eastern Mediterranean.

Then, investigation of the simulated deep convection highlights that both tides and FTD at the SoG influence the Mediterranean convective activity through the modulation of the Atlantic Water (AW) salinity. As suggested by [START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF]; [START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF], we find that tides enhance the deep convection over the northwestern Mediterranean, and we extend this conclusion to the Adriatic Sea and the Aegean Sea. Conversely, the refined spatial representation of the SoG in the high-resolution simulations accordingly weakens the Mediterranean convective activity. When both included, the combined influence of tides and FTD induces varying effects depending on the area considered, suggesting that both are essential to the accurate representation of Mediterranean convection.

To assess the impact of the modulated convection and hydrography on deeper layers, we investigate the interannual variability of salinity and temperature over the entire water column. Above 600m depth, we highlight that the hydrographic anomalies induced by tides and FTD are relatively steady. Tides primarily increase the climatological basin-scale salinity above 150m depth. Consequently, over the WMB, the deep convection sustainably intensifies, modulating the average stratification between 150-600m depth. Over the EMB, the surface saline anomaly propagates to intermediate depths. Conversely, the inclusion of FTD at the SoG has opposite effects, triggered by the decrease of the climatological basin-scale salinity above 150m depth. Below 600m depth, tides and FTD at the SoG have a notable influence on the long-term tendencies of temperature and salinity, which are substantially impacted by the modulation of intense convective events.

Finally, in light of the notable modification of the Western Mediterranean surface temperature in summer, we investigate the possible impact on the atmosphere. We show that the tidal cooling over the Western Mediterranean surface in summer mainly results in decreased ocean heat and water fluxes to the atmosphere. Consequently, the seasonal drying of the near-surface atmosphere locally intensifies, whereas its warming moderately weakens. This results in a modulation of cloudiness, which mainly decreases within 500km of the coastline due to the drier atmosphere and increases in the Alboran Sea due to the temperature-driven increased relative humidity. Finally, precipitation is weakly affected, but we note a statistically signif-DYNAMICAL AND BATHYMETRIC EFFECTS icant decrease over the whole western Mediterranean region.

To conclude, this study highlights that tidal and fine-scale processes at the SoG are relevant to the Mediterranean Sea hydrographic properties, convective activity, and summer air-sea fluxes. Furthermore, we emphasize that the inclusion of these processes in numerical models is particularly relevant when investigating the exchanges through the SoG, the Mediterranean Sea surface, and physical mechanisms related to the upper Mediterranean vertical stratification, such as convection. When explicit tides and sine-scale resolution at the SoG are not affordable, our results suggest that, at least, the effects of tides and fine-scale mechanisms should be parameterized. Such parameterization will be investigated in the next chapter.

In the future, this study would gain from investigations of the large-scale impact of non-hydrostatic processes at the SoG, which are not included in the simulations investigated. In addition, further work is needed to clarify the influence of fine-scale processes at play within the strait on the Mediterranean circulation. Finally, this study points to several relevant large-scale impacts. In particular, their notable influence on the Mediterranean convective activity suggests that local processes within the strait are relevant when investigating the future evolution of this phenomenon [START_REF] Parras-Berrocal | Surface and Intermediate Water Changes Triggering the Future Collapse of Deep Water Formation in the North Western Mediterranean[END_REF].

Appendices A Enhanced resolution at the SoG: decomposition into dynamical and bathymetric effects

In this section, we investigate the respective influence of fine-scale topography and dynamics on the exchange flow through the SoG. To do so, we compare three forced 19-year non-tidal ocean simulations differing only through their representation of the SoG. At the SoG, the simulations use either coarse resolution (1/12 • NT LR), enhanced resolution (1/60 • NT HR), or an enhanced resolution with coarse horizontal geometry and smoothed topography (NT HRs). More specifically, we create the topography of the T HRs simulation from the bi-linear interpolation of the NT LR topography. We diagnose the effect of fine-scale horizontal dynamics as the difference between the NT HRs and NT LR simulations (δR h = N T HRs -N T LR) and the effect of the fine-scale topography as the difference between the NT HR and NT HRs simulations (δR b = N T HR -N T HRs).

We display on the upper panels of Figure A.1 the average vertical profiles of zonal velocity, salinity, and temperature at the SoG for the NT LR (blue line) and NT HR (green line) simulations. On lower panels, we display the anomaly induced by the inclusion of refined spatial representation of the SoG (δR, green line) and its decomposition into two components related to the horizontal grid refinement (δR h , light green line) and the inclusion of fine-scale topography (δR b , dark green line). Overall, both NT LR and NT HR display a typical picture of the two-layer exchange flow between the Atlantic Ocean and the Mediterranean Sea. Differences between the simulations are highly similar to that observed for the hindcast simulations (Figure 4.8 in the main body of this chapter). To be more specific, with respect to NT LR, the NT HR configuration simulates a thicker Atlantic layer and a deeper Mediterranean layer, separated by a more homogeneous interface, both in terms of velocity and hydrographic properties.

Comparing the NT HR and NT LR simulations, δR indicates that the inclusion of FTD results in substantial modulations of the strait dynamics. More specifically, the anomaly patterns displayed by δR b and δR h suggest that these modulations relatively equally result from the inclusion of refined horizontal resolution and fine-scale topography. Below 100m, δR b and δR h display similar dipole patterns mainly shifted over the depth. These dipole patterns indicate a progressive thickening of the Atlantic layer (positive anomaly near 150m depth) and a deepening of the Mediterranean outflow core (negative anomaly near 300m depth) as the geometric representation of the strait is refined. In particular, this reorganization of the exchanged flow is attributable to the progressive inclusion of fine-scale topographic cavities above the seafloor, through which Mediterranean water masses are advected. Above 100m depth, δR h and δR b display opposite patterns, providing further indications on the modified dynamics. For δR h , the negative velocity anomaly is consistent with a thickening of the Atlantic layer, which results in a decrease of surface zonal velocities due to the relatively similar volume inflow in NT LR and NT HRs. On the other hand, for δR b , the positive anomaly pattern results from enhanced water recirculation due to the inclusion of abrupt topographic obstacles in T HR. Similarly to what is described in [START_REF] Gonzalez | Understanding tidal mixing at the Strait of Gibraltar: A high-resolution model approach[END_REF], east of the CS, upwelled Mediterranean water masses at the CS force the Atlantic layer to thin and accelerate, resulting in a positive velocity anomaly above 100m depth. Conversely, west of the CS, downwelled Atlantic water masses forces the Mediterranean layer to deepen and accelerate, further intensifying the anomaly below 100m depth due to its natural deepening with the refined representation of the seafloor.

Regarding hydrographic properties, anomalies induced by the refined representation of the SoG are mainly consistent with the dynamic modifications just described. Specifically, the substantial decrease of salinity near 150m depth primarily results from the overall thickening of the Atlantic layer due to the horizontal grid refinement (δR h ). The vertical profile of salinity is also modulated to a lesser extent by the inclusion of fine-scale topography (δR b ), which results in a dipole anomaly centered on 150m, consistent with water masses recirculation. A similar reasoning applies to temperature anomalies below 100m depth. However, the average anomaly above 150m depth is mainly driven by modification in the Gulf of Cadiz circulation, and that below 150m by modulations of the Mediterranean intermediate and deep water masses temperature.

To conclude, in terms of dynamics, the inclusion of fine-scale dynamics mainly allows representing bottom currents that develop in small topographic cavities, resulting in a deepening of the Mediterranean outflow and a thickening of the Atlantic layer. This effect is further enhanced when including fine-scale topography, which also enhances water mass recirculation, modulating the thickness of the exchanged layers on each side of the CS. In this way, the overall thickening of the Atlantic inflow in NT HR with respect to NT LR can be mainly attributed to the deepening of the seafloor, whereas zonal modulations of the interface depth are attributable DYNAMICAL AND BATHYMETRIC EFFECTS to fine-scale topographic obstacles. Salinity anomalies are driven by the reorganization of the exchanged flow, whereas temperature anomalies result from remote modulation of circulation or water masses properties.

INTRODUCTION

Over the previous chapters, we have shown that fine-scale dynamics and tides at the SoG have a notable influence on the Mediterranean Sea hydrography, deep convection, and air-sea fluxes. All these results highlight the relevance of highresolution and tidal forcing in numerical models of the Mediterranean Sea. However, their inclusion is technically challenging and leads to significant increases in the numerical cost of simulations. In addition, global ocean climate models still lack the necessary refinement to explicitly resolve baroclinic tides. In this chapter, we take a first step to lift these technical barriers by investigating a parameterization of tidal mixing to be used in non-tidal numerical models with coarse resolution at the SoG. This work has been done in collaboration and with the technical support from Jérôme Chanut (MERCATOR ocean) and Ariane Koch-Larrouy (LEGOS).

Introduction

The Mediterranean Sea is an area of strong scientific interest for oceanographers. In fact, as a semi-enclosed sea with an active overturning circulation [START_REF] Waldman | Overturning the Mediterranean Thermohaline Circulation[END_REF], the Mediterranean Sea can be considered a "miniature ocean" [START_REF] Bethoux | The Mediterranean Sea: a miniature ocean for climatic and environmental studies and a key for the climatic functioning of the North Atlantic[END_REF], making it an ideal test bed for the study of various oceanic phenomena. However, understanding the details of the processes driving the Mediterranean Sea mean state and its variability is still a scientific challenge today. In particular, the role played by fine-scale and non-linear mechanisms is often complex to assess, as observing and modeling their long-term remote impact is challenging. Among these mechanisms, the tide-induced water mass transformation through the SoG, so-called tidal mixing, has been subject of particular interest over the last decade [START_REF] Bruno | The boiling-water phenomena at Camarinal Sill, the strait of Gibraltar[END_REF][START_REF] Macias | Tidal induced variability of mixing processes on Camarinal Sill (Strait of Gibraltar): A pulsating event[END_REF][START_REF] Macías | Analysis of mixing and biogeochemical effects induced by tides on the Atlantic-Mediterranean flow in the Strait of Gibraltar through a physical-biological coupled model[END_REF][START_REF] García-Lafuente | The very first transformation of the Mediterranean outflow in the Strait of Gibraltar[END_REF][START_REF] Sanchez-Garrido | Numerical modeling of three-dimensional stratified tidal flow over Camarinal Sill, Strait of Gibraltar[END_REF][START_REF] Bruno | The importance of sub-mesoscale processes for the exchange of properties through the Strait of Gibraltar[END_REF][START_REF] García Lafuente | The interface mixing layer and the tidal dynamics at the eastern part of the Strait of Gibraltar[END_REF][START_REF] Harzallah | Mass exchange at the Strait of Gibraltar in response to tidal and lower frequency forcing as simulated by a Mediterranean Sea model[END_REF][START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF][START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF][START_REF] Sanchez-Roman | Modelling study of transformations of the exchange flows along the Strait of Gibraltar[END_REF]Hilt et al, 2020;[START_REF] Gonzalez | Understanding tidal mixing at the Strait of Gibraltar: A high-resolution model approach[END_REF]. In particular, several studies have highlighted its relevance to the modeling of the Mediterranean Sea hydrography, circulation and overturning circulation [START_REF] Harzallah | Mass exchange at the Strait of Gibraltar in response to tidal and lower frequency forcing as simulated by a Mediterranean Sea model[END_REF][START_REF] Naranjo | How much do tides affect the circulation of the Mediterranean Sea? From local processes in the Strait of Gibraltar to basin-scale effects[END_REF][START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF]. However, interaction of tidal currents with fine-scale topography and stratification upon which tidal mixing relies [START_REF] Gonzalez | Understanding tidal mixing at the Strait of Gibraltar: A high-resolution model approach[END_REF] represents a technical barrier for its representation in numerical models.

An alternative to the explicit representation of tidal mixing at the SoG is to impose the tide-induced turbulence as a forcing based on estimates of the baroclinic tidal dissipation. This approach, so-called tidal mixing parameterization, has been recently developed in de Lavergne et al (2016,2019,2020) and provides a promising solution to the representation of tidal mixing at the SoG in coarse resolution numerical models. This present chapter investigates the relevance of parameterizing tidal mixing to represent the unresolved tide-induced water mass transformation across the SoG. Specifically, we aim to implement a tidal mixing parameterization for use in non-tidal models of the Mediterranean Sea. In the following, we first produce and evaluate a climatology of baroclinic tidal dissipation in the Mediterranean Sea. Then, we assess the impact of the parameterized tidal mixing on the physical state of the Mediterranean Sea and compare it to the explicit approach presented in the previous chapter. GIBRALTAR

Model and Methods

Numerical simulations

We focus on a set of forced NEMOMEDGIB simulations, providing an increasingly realistic representation of the SoG. We consider three simulations with coarser resolution at the SoG, differing only by the omission (NT LR), parameterization (pT LR), or explicit representation (T LR) of tides. These simulations allow us to assess the effect of the parameterized mixing (δ pT ides =pT LR -NT LR) and compare it to that of explicit tides (δ T ides =pT LR -NT LR). In addition, we consider two simulations with refined horizontal resolution at the SoG (see Figure 5.1), differing only by the omission (NT HR) or inclusion (T HR) of explicit tides. These simulations provide a more realistic picture of the effect of tidal mixing at the SoG (δ T HR =T HR -NT HR) accounting for the interaction of tidal currents with fine-scale topography.

The simulations are initialized in August 1979 from the outputs of a preliminary decadal NEMOMEDGIB simulation with no explicit tides and use identical forcings (to within a Newtonian SST restoring inherent to the flux forcing), which do not follow the historical climatic chronology. Specifically, the forcings consist of 19-year annual datasets of the ALDERA regional reanalysis [START_REF] Herrmann | Representation of spatial and temporal variability of daily wind speed and of intense wind events over the Mediterranean Sea using dynamical downscaling: Impact of the regional climate model configuration[END_REF], see chapter 2 for more details) starting in August and taken randomly over 1979/08/01 -1986/07/31. The aim is to simulate a relatively steady climate free of transient climatic trends.

Tidal mixing parameterization

This section introduces the tidal mixing parameterization used in this study, which is based on de Lavergne et al (2020). Simply put, the parameterization provides the NEMOMEDGIB model with a tidal mixing coefficient K T ides (in m 2 .s -1 ) to be added to the vertical eddy viscosity and diffusivity coefficients. More specifically, K T ides is computed from an estimate of the baroclinic tidal dissipation ϵ T ides (in m 2 .s -1 ), which drives diapycnal mixing through tidal buoyancy flux BF T ides (in W.kg -1 ), as expressed below:

BF T ides = K T ides N 2 = R f ϵ T ides (5.1)
where N 2 is the squared Brunt-Väisälä frequency and R f the flux Richardson number or mixing efficiency. R f separates the fraction of dissipation energy available for mixing from that converted into heat by friction. In this study, we consider R f = 1/6 as generally assumed for oceanic stratified conditions [START_REF] Gregg | Mixing efficiency in the ocean[END_REF].

Thus, the former parameterization requires three-dimensional estimates of baroclinic tidal dissipation. More specifically, the version used in this study considers that baroclinic tide dissipation results from three distinct dissipative processes, for each of which a climatology of depth-integrated dissipation energy must be provided. The vertical distribution of the tidal dissipation energy is then determined from a simplified representation of the associated dissipative processes and the simulated hydrography. We detail below the considered dissipative processes and their representation. Note that although it is introduced in de Lavergne et al (2020), we do not include baroclinic tidal dissipation by shoaling. However, given the low intensity of the associated dissipation rate over the Mediterranean Sea (de Lavergne et al, 2019), its omission should have a moderate effect.

Wave-wave interactions

Wave-wave interactions account for the energy provided by the breaking of low mode (1-10) baroclinic tides from interaction with other waves (ϵ wwi , in W.kg -1 ). Following de Lavergne et al (2020), ϵ wwi is supposed to scale with the square of the buoyancy frequency as follows:

ϵ wwi (t, z) = D wwi ρ 0 N 2 (t, z) N 2 (t, z ′ ) dz ′ (5.2)
where D wwi is the depth-integrated climatological dissipation energy attributed to wave-wave interactions (in W.m -2 ) and ρ 0 = 1025 kg.m -3 is a reference density.

Interaction with critical slopes

Interaction with critical slopes accounts for the energy provided by the breaking of low-mode baroclinic tides on abrupt topography (ϵ cri (z) in W.kg -1 ), which mainly occurs near continental slopes. Following de Lavergne et al (2020), ϵ cri (z) is expressed as an exponential decay from the seafloor with an e-folding scale H cri function of the local topographic slope:

ϵ cri (z) = D cri ρ 0 e -z/H cri H cri (1 -e -z/H cri ) (5.3)
where D cri is the depth-integrated climatological dissipation energy attributed to the interactions with critical slopes (in W.m -2 ) and H the depth of the seafloor.

Interactions with abyssal hills

Interactions with abyssal hills account for the energy provided by the scattering of low-mode baroclinic tides and the generation of high-mode baroclinic tides on abyssal hills which ultimately dissipate locally (ϵ hil , in W.kg -1 ). Following [START_REF] Bibliography Lefauve | A three-dimensional map of tidal dissipation over abyssal hills[END_REF], we supposed ϵ hil to depend on a stratification-weighted height above the bottom (the so-called Wentzel-Kramers-Brillouin stretching) given by:

h W KB (t, z) = H z -H N 2 (t, z ′ ) dz ′ 0 -H N 2 (t, z ′ ) dz ′
(5.4) More specifically, ϵ hil follows:

ϵ hil (t, z) = D hil ρ 0 N 2 (t, z) e -h W KB (t,z)/H L N 2 (t, z ′ ) e -h W KB (t,z ′ )/H L dz ′ (5.5)
Where D hil is the depth-integrated climatological dissipation energy attributed interactions with abyssal hills (in W.m -2 ) and H L is a space-variable height scale depending on local bottom conditions.

As specified in de Lavergne et al ( 2020), alternative versions of this parameterization can provide more accurate results. However, the present version performs well above the first upper 3000m depth of the water column, which is sufficient for the Mediterranean Sea.

A climatology of baroclinic tidal dissipation for the Mediterranean Sea

This section aims to construct the three-dimensional climatologies of baroclinic tidal dissipation to be provided to the tidal mixing parameterization of de Lavergne 5.3. A CLIMATOLOGY OF BAROCLINIC TIDAL DISSIPATION FOR THE MEDITERRANEAN SEA et al (2019). Specifically, we first aim a producing a general depth-integrated climatology of baroclinic tidal dissipation energy for the Mediterranean Sea and then attribute a fraction of this energy to each dissipative process considered in the parameterization. This allows us to project tidal dissipation vertically throughout the water column. As shown below, observations are too scarce to produce largescale estimates of baroclinic tidal dissipation. Henceforth, we will rely on reference numerical datasets. Note that we will also consider estimates of baroclinic tidal generation, which are better constrained from barotropic tidal models and may be relevant in areas where baroclinic tides dissipate in the vicinity of their generation site.

Tidal models

We consider four reference numerical models which provide estimates of either or both baroclinic tidal generation and dissipation rates.

• de Lavergne et al (2019) (DL19 hereinafter): 1 • Baroclinic (three-dimensional) tidal energy model, which provides the default tidal dissipation climatology available in the NEMO model. Computation of the climatology relies on a global observational climatology of stratification and maps of baroclinic tidal generation for the M 2 , S 2 , and K 1 tidal harmonics. More specifically, baroclinic tide dissipation rates are computed from the generation energy, propagated with a Lagrangian tracking of low-mode energy beams, and dissipated based on simplified representations of wave-wave interactions and interaction with critical slopes and abyssal hills. Thus, this model provides the respective contributions of wave-wave interactions and interaction with critical slopes and abyssal hills to the total dissipation energy.

• FES2014 (Finite Element Solution): 1/16 • Global barotropic (two-dimensional) tidal model based on the resolution of the shallow water hydrodynamic equations in a spectral configuration [START_REF] Bibliography Lyard | FES2014 global ocean tide atlas: design and performance[END_REF]. It resolves the main semidiurnal M 2 , S 2 , N 2 , K 2 , N 2 and diurnal K 1 , O 1 , Q 1 , P 1 tidal harmonics. The tidal baroclinic generation energy is computed from the barotropic energy through an internal wave drag parameterization. Because of the high resolution of the model (with respect to the other ones considered) and the good knowledge of barotropic tides dynamics, this estimate will be used as a reference for the basin integral baroclinic tidal generation rate [START_REF] Lyard | Modelling the global ocean tides: Modern insights from FES2004[END_REF]. In addition, a regional configuration with higher resolution (1/100°) at the Strait of Gibraltar and the Alboran sea is also available and used as a refinement in those areas.

• HYCOM (HYbrid Coordinate Ocean Model): Hybrid isopycnal-sigma-pressure (generalized) coordinates global ocean model with a 1/12 • horizontal resolution [START_REF] Buijsman | Impact of parameterized internal wave drag on the semidiurnal energy balance in a global ocean circulation model[END_REF]. The model uses explicit tidal forcing with a parameterized internal wave drag on semidiurnal tides (M 2 , S 2 , N 2 , K 2 ). Baroclinic tidal generation is inferred from band-passed sea surface height and mean baroclinic dissipation. Baroclinic tidal dissipation is computed from the bandpassed tidal velocities with a linear separation technique [START_REF] Kang | Energetics of barotropic and baroclinic tides in the Monterey Bay area[END_REF].

• NEMO (Nucleus for European Modelling of the Ocean): Global baroclinic ocean model with a curvilinear horizontal grid of 1/12 • and 75 levels of zcoordinates. The model includes explicit tidal forcing for the M 2 , S 2 , K 1 , N 2 , P 1 , and S 1 tidal harmonics. Baroclinic tide dissipation and generation energies are estimated from the model's governing equations following [START_REF] Carter | Energetics of M2 barotropic-to-baroclinic tidal conversion at the Hawaiian Islands[END_REF]; [START_REF] Zilberman | Model estimates of M2 internal tide generation over Mid-Atlantic ridge topography[END_REF].

For each of the former estimates, we interpolate the associated baroclinic tide generation and dissipation energies onto the NEMOMEDGIB grid using an energyconservative scheme. Specifically, the interpolation consists in distributing the energy contained in each point of the original grids to the closest one in the NEMO-MEDGIB grid. The points that do not contain any energy at the end of the process take a fraction of their neighbours.

Note that the numerical method used for the NEMO and HYCOM estimates produces negative energies, which are meaningful only upon averaging. At the end of the interpolation process, relatively large areas of negative energies remain, such that their suppression through spatial averaging would significantly deteriorate the spatial pattern of the estimates. As an alternative solution, we replace these negative values with their nearest positive neighbour. It is noteworthy that this scheme is not energy-conservative, but we address this issue in the following section.

Tidal dissipation estimates

As a first step to assess the realism of the considered estimates, we investigate the consistency of their integral energetic content with respect to the FES2014 estimate of baroclinic tidal generation. To do so, we display in Figure 5.2 the integral energy of the considered estimates over the Mediterranean Sea. In addition, we specify the share of energy contained over the interior Mediterranean Sea, where tides are weak, and over the Alboran Sea and the SoG, where the propagation of the Atlantic tide locally intensifies them. For the NEMO and HYCOM estimates, we indicate their total energetic content before (H org G ,H org D ,N M org G ,N M org D ) and after (H G ,H D ,N M G ,N M D ) the interpolation of negative value.

Overall, the considered estimates display substantial differences, both in terms of integral energy and spatial distribution. On the other hand, baroclinic tidal dissipation and generation are highly similar when estimated by the same model (H org G and H org D ; N M org G and N M org D ). This indicates that baroclinic tidal generation can be used as a reference for the basin-integrated tidal dissipation. With that in mind, the FES2014 model displays a total baroclinic tidal generation of ∼ 1.8GW over the Mediterranean Sea, two thirds of which are generated over the Alboran Sea and the SoG. This uneven distribution is consistent with the large differences in intensity of tides in the vicinity of the SoG and over the rest of the Mediterranean Sea.

With respect to FES2014, the other model estimates all display significantly weaker baroclinic tides. The HYCOM estimates (H org G and H org D ) are the most consistent with FES2014, both in terms of integral energy and spatial distribution. Specifically, it displays a similar energy distribution to FES2014 but underestimates G ,H P T D ,N M P T G ,N M P T D ) display significantly higher integral energy than the original estimates. More specifically, the interpolation of negative values results in an uneven intensification, making the total energy level closer to that of FES2014, but changing its distribution. In particular, the original balance of the NEMO estimates leads to a highly energetic content in the Mediterranean basin compared to FES2014. Finally, the DL19 estimate substantially underestimates the energetic content of both the Mediterranean interior, the Alboran Sea, and the SoG.

In light of the former analysis, the NEMO, HYCOM, and DL19 models all likely underestimate the baroclinic tidal energy over the Mediterranean Sea. In addition, for the NEMO and HYCOM estimates, the interpolation of negative values results in a substantial increase in their integral energy, making them unreliable. Therefore, in the following, we will normalize the integral energy content of the post-treated NEMO and HYCOM estimates and the DL19 estimate with that of FES2014, which is more reliable. We now aim to validate the spatial distribution of the energy displayed by the estimates.

The resulting fields are shown in Figure 5.3 and 5.4. Except for the DL19 estimate, both baroclinic tidal dissipation and generation display substantial variations over the Mediterranean Sea. In particular, the Alboran basin, the SoG, and the straits of Sicily and Otranto stand out as areas of intense baroclinic tidal generation and dissipation. The main differences between tidal generation and dissipation arise over deep water areas, where the generation energy abruptly decreases, whereas the dissipation rate takes on larger values. Overall, the FES2014, HYCOM and NEMO models produce very similar spatial patterns of tidal energy. The HYCOM baroclinic tidal dissipation is exeptionnaly intensified along 26 • E, but this is likely GIBRALTAR spurious as there is no ridge or steep bottom at this location. Finally, note that the FES2014 generation energy is null over shallow shelves. 

Comparison with in situ measurements

In this section, we compare the baroclinic tide dissipation and generation energy estimates to available observations. Specifically, we rely on Vertical Microstructure 5.3. A CLIMATOLOGY OF BAROCLINIC TIDAL DISSIPATION FOR THE MEDITERRANEAN SEA turbulence Profiler (VMP hereinafter) measurements, which quantify the turbulent dissipation rate along the water column. It is noteworthy that these measurements are not specific to baroclinic tides. Thus, we assume that the spatial variations of turbulence are representative of that of baroclinic tidal dissipation. In addition, we consider that the measurements performed over areas of low tidal energy provide an upper bound of baroclinic tide dissipation energy. For energetic areas, where tides drive intense turbulence, we consider that the measurements provide the order of magnitude of the baroclinic tidal dissipation rate.

In the following, we compare the model estimates of baroclinic tide dissipation and generation energies with the depth-integral dissipation energy from the measurements. It follows :

D obs = ϵ obs (z) ρ 0 dz (5.6)
With ϵ obs the measured dissipation rate in W.kg -1 .

Strait of Gibraltar

In the absence of digitalized VMP measurements at the SoG, we rely on printed VMP datasets from [START_REF] Wesson | Mixing at Camarinal Sill in the Strait of Gibraltar[END_REF], sampled during the Gibraltar experiment in 1985-1986. Specifically, we compute the depth-integral dissipation energy from Tables 2a,2b, and 2c of [START_REF] Wesson | Mixing at Camarinal Sill in the Strait of Gibraltar[END_REF], which display average turbulent dissipation rates over three different layers (defined by density thresholds). Given the large intensity of tides at the SoG, we consider the entirety of the vertical profiles, assuming that tides drive turbulence over most of the water column. We display in Figure 5.5 a boxplot of the modeled baroclinic tide energetics and observed dissipation rates over the area investigated in [START_REF] Wesson | Mixing at Camarinal Sill in the Strait of Gibraltar[END_REF], that is, in the vicinity of the Camarinal Sill. Considering that high values make up most of the integral baroclinic tide energy within the SoG, we mainly aim for the simulations to capture the higher part of the data spread. With that in mind, except for DL19, the model estimates all reproduce relatively consistent dissipation energies, with medians above or close to 10 -1 W.m -2 . More specifically, the FES2014 estimates (F ES G and F ES z G) stand out as the most accurate. This consistency suggests that most of the baroclinic tides generated within the strait dissipate locally. This is confirmed by the large similarity between the dissipation and generation estimates considered in the HYCOM and NEMO models. In particular, the highresolution FES2014 simulation (F ES z G ) displays an improved consistency with the observations over the higher values. The NEMO and HYCOM estimates are also in good agreement with observations, particularly for tidal generation, which is more energetic. However, those estimates generally underestimate the total energy compared to measurements. Finally, the DL19 estimate largely underestimates the dissipation, a likely consequence of the model's limited horizontal resolution.

Western Mediterranean Basin

Over the Mediterranean Sea, we only have at our disposal the VMP measurements dataset of [START_REF] Ferron | How important are diapycnal mixing and geothermal heating for the deep circulation of the Western Mediterranean?[END_REF], which cover the Western Mediterranean Basin 2a,2b, and 2c of [START_REF] Wesson | Mixing at Camarinal Sill in the Strait of Gibraltar[END_REF] (WC90) and estimated from tidal numerical simulations. We display the domain considered for averaging on the right panel. The acronyms "H", "NM", "FES", and "DL19" stand for the HYCOM, NEMO, FES2014, and de Lavergne et al (2019) numerical models. The subscript "G" indicates estimates of baroclinic tide generation energy, and the subscript "D" indicates estimates of baroclinic tide dissipation energy. The box extends from the 25th and 75th percentiles, with a line at the median, and whiskers show the 5th and 95th percentiles. Flier points are those past the end of the whiskers.

(WMB hereinafter), east of 5 • E. However, we consider that this region is relevant to assess the realism of the modeled estimates over the Mediterranean Sea as it covers both areas of weak (interior of the WMB) and locally intensified (Strait of Sicily, Corsica channel) baroclinic tide generation. In this dataset, vertical profiles mostly range from 5m depth to the seafloor. However, due to the relatively low intensity of tides over the WMB, we hypothesize that non-tidal processes (such as wind-driven inertial wave breaking) drive the turbulence over the upper 50m of the water column. Thus, we discard this depth range in the vertical integration of turbulence dissipation (Equation 5.6).

We display on the upper and middle panels of Figure 5.6 the modelled estimates of tidal dissipation and generation and overlay the depth-integrated observations of [START_REF] Ferron | How important are diapycnal mixing and geothermal heating for the deep circulation of the Western Mediterranean?[END_REF]. In addition, we display on the underlying panels a boxplot of the depth-integrated observations and the model estimates at the nearest point to the measurement stations. Aside from DL19, the model estimates all display relatively similar patterns of the baroclinic tide energetics. In particular, both dissipation and generation estimates indicate intense baroclinic tides in the vicinity of the Strait of Sicily and the Corsica channel, which is consistent with the Ferron et al (2017) measurements. As expected, differences between tidal generation and dissipation mainly arise over deep water areas, where tidal generation reaches very low values (≈ 10 -9 W.m -2 ), whereas dissipation remains more intense (≈ 10 -6 W.m -2 ).

With respect to the measurements from [START_REF] Ferron | How important are diapycnal mixing and geothermal heating for the deep circulation of the Western Mediterranean?[END_REF], the model estimates appear relatively realistic. Except from DL19, all the estimates capture the local intensification of turbulence in the Strait of Sicily and the Corsica channel.

A CLIMATOLOGY OF BAROCLINIC TIDAL DISSIPATION FOR THE MEDITERRANEAN SEA

Regarding baroclinic tide generation energy estimates (upper panels), the main discrepancies arise over deep water areas, where they display values several orders of magnitude below the measurements. Conversely, the dissipation estimates (lower panels) remain consistent with the observations in these areas. Thus, this highlights the irrelevance of baroclinic tide generation energies as a proxy of the baroclinic tide dissipation in low-generation sites.

The boxplots displayed in Figure 5.6 provide additional details on the consistency and limitations of the model estimates. In particular, the NEMO dissipation estimate stands out as the most realistic with respect to the observed values. HY-COM and FES2014 estimates are also in good agreement with the in situ data. However, they lack energy compared to the NEMO estimates, particularly in the Corsica channel and Ligurian Sea. The DL19 estimate is again set aside because of its low spatial variability that fails to capture the high-energy areas.

In light of these results, we take the NEMO dissipation map as a reference for the spatial distribution of tidal dissipation within the Mediterranean Sea. More specifically, this choice is motivated by the good consistency of the NEMO estimates with respect to the observation, the underestimated energy from generation maps in weakly energetic areas, the low energetic content of HYCOM dissipation estimate within the Corsica channel, and its unexpected intensification along the 26 • E meridian.

Reference baroclinic tidal dissipation climatology

In light of the aforementioned results, none of the considered estimates is uniformly more realistic. Thus, we choose to construct our reference baroclinic tidal dissipation climatology from a combination of estimates, taking advantage of their respective strengths. Specifically, we consider one estimate for the vicinity of the SoG and the Alboran Sea, where tidal dissipation is very intense, and a second estimate for the rest of the Mediterranean Sea and the Atlantic Ocean, separating these domains with a bathymetry threshold of 2000m depth. Over the Strait of Gibraltar and the Alboran Sea, we consider the spatial distribution and integral energy of the high-resolution FES2014 simulation, which is the most consistent with the measurements of [START_REF] Wesson | Mixing at Camarinal Sill in the Strait of Gibraltar[END_REF]. Over the rest of the Atlantic Ocean and the Mediterranean Sea, we consider the spatial distribution of the NEMO tidal dissipation estimate, which is the most consistent with the measurements of Ferron et al (2017), and the integral energy of the FES2014 estimate, which is better constrained. Finally, for numerical stability reasons, we apply to the estimate a background energy of 10 -6 W.m 2 . We display the reference field obtained in Figure 5.7.

As a final step, we need to split the climatology of baroclinic tidal dissipation energy between the processes of wave-wave interactions, interactions with critical slopes, and interactions with abyssal hills. To do so, we use the share of energy attributed to each phenomenon from the maps of DL19. Concretely, at each point of the domain, the energy associated with the phenomenon "i" is defined as follows :

D i = D D DL19 i D DL19 pic + D DL19 ww + D DL19 bot
With D DL19 i the energy produced by the phenomenon i in DL19 and D the energy contained in tide dissipation climatology just created.

Effect of parameterized tidal mixing at the SoG

In this section, we aim at assessing the relevance of the tidal mixing parameterization to represent water mass transformations at the SoG. To do so, we compare the effect of parameterized mixing on the exchanged water masses within the SoG to that produced by explicit tides in simulations with increasing resolution at the SoG.

Exchange flow through the SoG

To start with, we display on the upper panel of Figure 5.8 the 19-year mean zonal velocities, salinity, and temperature in the NT LR simulation, averaged meridionally in the domain illustrated in Figure 5.1 (lower panel, dashed rectangle). On the lower panels, we display the anomalies induced by the inclusion of parameterized tidal mixing (δ pT ides = pT LR -NT LR), explicit tides (δ T ides = T LR -NT LR), and explicit tides in the context of simulations with higher resolution at the SoG (δ T HR = T HR -NT HR).

Overall, the simulations all depict a realistic picture of the two-layer exchange flow through the SoG (not shown for T HR). Specifically, the average velocities display intense zonal currents (typically 0.5 m.s -1 ) transporting a surface layer of relatively warm and fresh water masses (∼ 15 • C -17.5 • C, 36 ‰-37 ‰) towards the Mediterranean Sea a deeper layer of colder and saltier water masses (∼ 13 • C -14 • C, 37.5 ‰-38.5 ‰) towards the Atlantic Ocean. The climatological zerovelocity interface (black line) separating these layers is smoothly slanted downward towards the Atlantic, at approximately 150 -170m depth. Across this interface, salinity and temperature display a sharp vertical gradient, varying by typically 2 ‰and 2 • C within 100m depth.

A comparison of the hydrographic and dynamical anomalies induced by parameterized (δ pT ides ) and explicit (δ T ides , δ T HR ) tides highlights that they drive qualitatively similar water mass transformations, but have more different effects on the dynamics. With respect to the NT LR simulation, pT LR displays notable differences in hydrographic and dynamical properties (δ pT ides ). Regarding the dynamics, the parameterized mixing mainly intensifies the vertical eddy viscosity coefficient at the interface between the Atlantic and Mediterranean layers (not shown). Consequently, the vertical shear of zonal currents decreases near the climatological zero-velocity interface, particularly in the vicinity of the Camarinal Sill (CS hereinafter). Due to the conservation of the volume transports through the strait, the water masses away from the interface accelerate, resulting in a dipole anomaly pattern within each layer. Explicit tides induce similar dipole anomaly patterns to that of parameterization near the zero-velocity interface (δ T ides , δ T HR ), but with a significantly larger vertical extent. These discrepancies highlight that parameterized and explicit tides modulate the dynamics of the exchange flow through different processes. Indeed, rather than enhancing vertical eddy viscosity, explicit tidal currents directly interact with the exchange flow, modulating its dynamical structure at high-frequency. In particular, tides drive vertical oscillation of the interface depth between Atlantic and Mediterranean layers and periodically reverse the exchange flow (Gonzalez et al, 5.4. EFFECT OF PARAMETERIZED TIDAL MIXING AT THE SOG 2023). This results in a decrease of the average zonal currents within ∼ 100m of the zero-velocity interface. In the presence of fine-scale topographic obstacles, these effects are further enhanced, and the upwelling and entrainment of Mediterranean water masses east of the SoG result in a thickening of the Atlantic layer (δ T HR ). On the other hand, the parameterized tidal mixing does not account for the advective effect of tides and only represents their local impact on mixing. With that in mind, it is worth noting that the parameterization captures well the local intensification of tidal anomalies in the vicinity of the CS, which is evident in δ T HR , but not in δ T ides . This indicates that the parameterization reproduces the interactions of tidal currents with fine-scale topography, which are not represented in the coarse-resolution tidal simulation.

As expected, the parameterized tidal mixing provides more realistic effects on the hydrographic properties of the exchanged water masses through the SoG. Specifically, with respect to the NT LR simulation, pT LR displays a weaker salinity stratification at the interface between the Atlantic and Mediterranean layers. This homogenization of the vertical profile of salinity, indicated by a dipole anomaly centered on the zero-velocity interface in δ pT ides , can be directly related to an intensification of diapycnal mixing in pT LR. In addition, a comparison of δ pT ides with δ T ides and δ T HR indicates that the parameterized mixing provides a realistic picture of the tide-induced mixing. More specifically, considering δ T HR as a reference, pT LR better captures the intensification of tidal water masses transformation above the CS than T LR. On the other hand, the parameterized mixing does not reproduce the asymmetry of the tidal salinity dipoles, which directly results from the asymmetry of recirculation cells at the SoG [START_REF] Gonzalez | Understanding tidal mixing at the Strait of Gibraltar: A high-resolution model approach[END_REF]. This highlights the limitations of the tidal mixing parameterization, which does not represent the advective influence of tides.

Regarding temperature, inclusion of parameterized tidal mixing induces two vertical temperature dipoles (δ pT ides ). The first one, centered on the zero-velocity interface, is consistent with enhanced vertical mixing between the Atlantic and Mediterranean layers. The second one, centered on ∼ 25m depth, relates to the seasonal thermocline and requires an analysis of the temporal variation of the temperature anomalies within the strait. To do so, we display in Figure 5.9 climatological winter and summer temperature anomalies averaged along the model pseudo-meridional direction for the domain illustrated in Figure 5.1 (lower panel, dashed rectangle). The summer and winter averages from NT LR indicate that above 150m depth, temperature is subject to substantial seasonal variations, characterized by a relatively smooth profile in winter and an intense vertical gradient in summer.

Overall, the parameterized and explicit tides drive qualitatively similar seasonal temperature anomalies within the SoG. During wintertime, they mainly enhance the heat fluxes between the Atlantic and Mediterranean layers, producing a dipole temperature anomaly centered on the zero-velocity interface. As previously noted for the dynamics and salinity, the parameterization better captures the intensity of the high-resolution tidal anomalies (δ T HR ) than the tidal simulation with a coarse resolution at the SoG (δ T ides ). However, it does not reproduce the asymmetry of the tide-induced temperature anomalies. In summer, the parameterization also repro-GIBRALTAR duces the tidal cooling of the Atlantic surface but with more discrepancies compared to the winter anomalies. Indeed, the parameterized mixing mainly homogenizes the upper Atlantic layer, producing an intense dipole anomaly near ∼ 25m depth. On the other hand, explicit tides drive a more homogeneous cooling of the Atlantic layer, with moderate warming of the underlying water masses. This, once again, highlights the effect of tidal advection. Indeed, unlike the parameterized tidal mixing, which only enhances diapycnal mixing within the Atlantic layer, explicit tides additionally advect cold Mediterranean water masses into the Atlantic layer, which as a result, is more homogeneously cooled. This process is evident in the T HR simulation, in which tidal anomalies abruptly intensify over the CS, where an intense upwelling of Mediterranean water masses takes place [START_REF] Gonzalez | Understanding tidal mixing at the Strait of Gibraltar: A high-resolution model approach[END_REF].

Thus, the former results highlight that the parameterized tidal mixing at the SoG reproduces the tidal water mass transformations throughout the SoG relatively well. In addition, it consistently accounts for the interactions between tidal currents and fine-scale topographic obstacles, which are not represented in tidal simulations with coarse resolution at the SoG. On the other hand, the omission of the advective effect of tides results in discrepancies regarding the dynamics of the exchange flow, the seasonal cycle of temperature over the Atlantic layer, and the vertical structure of tidal hydrographic anomalies.

Integral transports through the SoG

To investigate the impact of the parameterized tidal mixing at the SoG on the exchanges between the Atlantic Ocean and the Mediterranean Sea, we display in Figure 5.10 the 19-year average inflow (eastward) and net volume, heat, and salt transports through the SoG in the NT LR simulation. In addition, we specify the anomalies induced by the inclusion of parameterized tidal mixing (δ pT ides ) and explicit tides (δ T ides ) as well as the transports represented by a non-tidal simulation with enhanced resolution at the SoG (NT HR) and their modulation by explicit tides (δ T HR ). As in the previous chapter, we consider two estimates of the inflow transports: an upper estimate (Q max ), accounting for high-frequency tidal and eddy transports, and a lower estimate (Q A ), based on the 19-year average outputs. Note that outflow transports are not specified as they can be deduced by subtracting the net flow from Q max or Q A .

Overall, the simulations display reasonable values for Q A and the associated heat and salt transports. More specifically, the volume outflow transports simulated in NT LR and pT LR (-0.78Sv and -0.79Sv, respectively) are consistent with the non-eddy-flux estimate of -0.81Sv from [START_REF] Sammartino | Ten years of marine current measurements in Espartel Sill, Strait of Gibraltar[END_REF] considering the associated interannual variability (±0.03Sv) as an uncertainty range. The T LR simulation underestimates the outflow transport (-0.73 Sv), and the NT HR and T HR simulations overestimate it (-0.86 Sv). However, both remain reasonably consistent with [START_REF] Sammartino | Ten years of marine current measurements in Espartel Sill, Strait of Gibraltar[END_REF]. The former conclusions extend to the inflow transports, considering as a reference the inflow transport deduced from the noneddy-flux outflow estimate of [START_REF] Sammartino | Ten years of marine current measurements in Espartel Sill, Strait of Gibraltar[END_REF] and the net volume transport estimate of Jordà et al (2017b) (0.04 Sv). With respect to the NT LR simulation, the transports displayed by pT LR (δ pT ides ) indicate that the parameterized tidal mixing has a modest effect on the volume exchanges through the SoG. Conversely, explicit tides drive a substantial high-frequency intensification of the advection through the strait, as indicated by the intensification of Q max IN (δ T ides and δ T HR ). A similar reasoning applies to highfrequency heat and salt transports, which are primarily driven by volume transports. As expected, this highlights that the parameterized mixing at the SoG does not represent the advective effects of tides and, thus, has a modest influence on the high-frequency inflowing and outflowing transports through the strait. On the other hand, it has a more relevant effect on the net heat and salt transports, which strongly depend on the hydrographic properties of the exchanged water masses.

Regarding the net transports, the parameterized tidal mixing drives a moderate but notable decrease in the net heat transport towards the Mediterranean Sea (δ pT ides ). More specifically, this decrease of the net heat transport is consistent with the cooling of the Atlantic layer and the warming of the Mediterranean layer due to the enhanced diapycnal mixing within the strait. As depicted by δ T ides and δ T HR , explicit tides drive a similar decrease in the net heat transport. In terms of intensity, the pT LR and T HR simulations display a noticeably less intense decrease of the net heat transport than the NT LR simulation. However, the reason for these differences varies in both simulations. In the case of pT LR, although the average net heat transport decreases with respect to NT LR, it temporally increases in summertime. Indeed, at that time, the parameterized diapycnal mixing at the surface of the Atlantic layer allows for a greater ocean heat uptake, which results in a warming of the Atlantic layer. On the other hand, in T HR, the cooling of the Atlantic layer due to tidal mixing and recirculation is partly canceled by the tidal thickening of the Atlantic layer at the SoG.

Finally, inclusion of parameterized tidal mixing results in a substantial intensification of the net salt transport (δ pT ides ), which is consistent with the saltening of the Atlantic inflow and the freshening of the Mediterranean outflow at the SoG. In addition, a comparison with δ T ides and δ T HR indicates that this intensification of the net salt transport is highly similar to that induced by explicit tides. However, the saltening of the Atlantic layer at the SoG in the pT LR and T HR simulations is likely to have a greater effect on the Mediterranean Sea than that of the T LR simulation. Indeed, the increased net salt transport in pT LR is partly compensated by a relatively intense freshening of the Mediterranean outflow. Similarly, for T HR, the increased net salt transport is partly compensated by the thickening of the Atlantic layer at the SoG.

To conclude, the former results highlight that the tidal mixing parameterization has a limited effect on the inflowing and outflowing transport through the strait, mainly driven by the volume transports. On the other hand, it is more relevant to the net heat and salt transports through the strait. Specifically, the parameterized tidal mixing decreases the net heat transport and increases the net salt transport by 5.5. IMPACT ON THE MEDITERRANEAN SEA cooling and saltening the Atlantic inflow and warming and freshening the Mediterranean outflow. A comparison with tidal simulations indicates that these effects are similar to that of explicit tides but with notable differences for the net heat flow. Specifically, the parameterized tidal mixing induces a temporary increase in heat transport in summer due to a greater ocean heat uptake, which is inconsistent with the effect of explicit tides.

Impact on the Mediterranean Sea

In the previous section, we have highlighted that the parameterized tidal mixing at the SoG drives significant water mass transformations across the strait, with a similar overall effect to explicit tides. Furthermore, as highlighted in the previous chapter, such modifications of the AW can influence Mediterranean upper layers and ultimately modulate the Mediterranean convective activity and the properties of intermediate and deep water masses. In this section, we assess the overall effect of the parameterized tidal mixing at the SoG on the top 300m of the Mediterranean Sea and compare it to that induced by explicit tides.

Western Mediterranean

To start with, we display on the upper panels of Figure 5.11 the NT LR 19-year meridional average temperature and salinity over the upper 300m depth of the Western Mediterranean Basin (WMB hereinafter). Lower panels indicate the anomalies induced by the inclusion of parameterized tidal mixing (δ pT ides = pT LR -NT LR) and the inclusion of tides in simulations with coarse (δ T ides = T LR -NT LR) and enhanced resolution (δ T HR = NT HR -T HR) at the SoG. The meridional average temperature and salinity fields display characteristic features of the WMB. In particular, the warm and fresh tongue of AW entering the Mediterranean between 5 • W -0 • E indicates the position of the Alboran Sea. Further east, the Northwestern Mediterranean Basin is evidenced by a sudden drop in temperature and salinity between 0 • E -10 • E. Conversely, the Tyrrhenian Sea can be distinguished by a local increase in temperature and salinity at mid-depth east of 10 • E.

Overall, comparison of the δ pT ides , δ T ides , and δ T HR indicates that the parameterized tidal mixing at the SoG has a similar overall effect to explicit tides on the top 300m depth. Temperature anomalies are relatively modest but provide insight into the differences between the explicit and parameterized tidal mixing at the SoG. Over the upper 100m depth, the displayed anomalies are mostly statistically significant west of 5 • W, where they are consistent with the propagation of tide-induced anomalies from the SoG. In particular, inclusion of parameterized tidal mixing in pT LR produces a dipole temperature anomaly centered on ∼ 25m depth, resulting from the enhanced diapycnal mixing over the Atlantic layer in the summertime. On the other hand, simulations with explicit tides mainly display a cold anomaly, which is consistent with the more homogeneous cooling of the Atlantic layer by explicit tides. The impact of these differences in the processes driving explicit and parameterized tidal mixing at the SoG is particularly well evidenced east of 5 • E, where the parameterized mixing drives a notable warming of the surface, attributable to the increased net heat transport towards the Mediterranean Sea in summer. Conversely, explicit tidal anomalies (δ T ides , δ T HR ) are mostly insignificant with respect to the interannual variability and are mainly attributable to modulations of the circulation. Below 100m depth, parameterized and explicit tides have more similar effects. Specifically, they induce a general cooling of the water column, which can be related to an intensification of the convective activity over the northwestern Mediterranean Sea. As shown in the previous chapter, this modulation of the convective activity can be explained by the impact of tidal mixing at the SoG on the Mediterranean surface salinity.

Regarding salinity, inclusion of parameterized tidal mixing results in a general 5.5. IMPACT ON THE MEDITERRANEAN SEA saltening of the Mediterranean Sea over the upper 100m depth. In light of the previous analyses, this saltening can be directly related to the enhanced diapycnal mixing between Atlantic and Mediterranean water masses at the SoG. In addition, the anomalies displayed by δ T ides and δ T HR indicate that the parameterized mixing realistically reproduces the effect of explicit tides at the SoG. More specifically, the intensity of the surface saltening simulated in pT LR is more consistent with that simulated T HR than T LR. This indicates that the parameterized tidal mixing captures the intensity of diapycnal mixing at the SoG better than the T LR simulation. Indeed, the simplified topography of the SoG in the T LR simulation does not allow for a representation of the interaction of tidal currents with the abrupt topographic obstacles within the strait [START_REF] Gonzalez | Understanding tidal mixing at the Strait of Gibraltar: A high-resolution model approach[END_REF]. Consistently with the results of the previous chapter, the tidal saltening of the Mediterranean surface intensifies the deep convection over the northwestern Mediterranean Sea (not shown). Below 100m depth, this enhanced convection induces a freshening of the water column. In terms of magnitude, the pT LR and T HR simulations display a more intense freshening, which is consistent with the higher salinity of the surface water masses.

Eastern Mediterranean

To assess the effect of the parameterized tidal mixing on the Eastern Mediterranean Basin (EMB hereinafter), we display in Figure 5.12 the 19-year meridional average temperature and salinity over the upper 300m depth of the EMB for the NT LR simulation. Lower panels indicate the anomalies induced by the inclusion of parameterized tidal mixing (δ pT ides = pT LR -NT LR) and the inclusion of tides in simulations with coarse (δ T ides = T LR -NT LR) and enhanced resolution (δ T HR = NT HR -T HR) at the SoG. As for the WMB, several characteristics of the WMB arise from the temperature and salinity fields. The local salinity minimum west of 15 • E indicates the tongue of AW propagating from the WMB, whereas that near 25 • E highlights the position of the Black Sea tongue in the Aegean Sea. Further east, the general warming and saltening of the water masses indicates the position of the Levantine Basin.

Regarding temperature, inclusion of parameterized (δ pT ides ) and explicit (δ T ides , and δ T HR ) tidal mixing at the SoG induces very similar anomalies of weak amplitude over the EMB. Note that the large differences with respect to the anomalies highlighted over the WMB indicate that these temperature anomalies mainly result from local processes. Specifically, west of 15 • E, the freshening of the sea surface and the warming of the underlying water masses in pT LR can be attributed to enhanced diapycnal mixing, which fluxes heat downwards, particularly during summertime. A comparison with δ T ides and δ T HR indicates that explicit tides have a similar but less intense effect, suggesting that the baroclinic tide dissipation energy at the Strait of Sicily is overestimated in pT LR. Further east, inclusion of parameterized or explicit tides induces a cold anomaly between 18 • E -25 • E and a warm anomaly further east. This large-scale temperature dipole anomaly can be related to reduced exchanges between the Ionian and Levantine Seas and a weakening of the cyclonic circulation in the Ionian Sea (not shown). Note that similar anomalies develop in the T LR and T HR simulations, although they are less intense in the latter. Thus this suggests coarse resolution at the SoG. Although not investigated here, this suggests that the parameterized tidal mixing at the SoG should be able to reproduce the influence of tides at the SoG on the Mediterranean convective activity and the intermediate and deep water masses. On the other hand, the parameterization misrepresents the influence of tides at the SoG on the temperature over the upper 100m depth of the WMB. Specifically, these discrepancies are mainly due to misrepresenting the seasonal cycle of surface temperature within the SoG.

Conclusions

This chapter details the implementation and investigation of a baroclinic tidal mixing parameterization for non-tidal ocean models of the Mediterranean Sea. In particular, it focuses on assessing the relevance of such parameterization to represent tidal mixing at the SoG, which is challenging to represent in models with coarse resolution at the SoG. To do so, we consider the tidal mixing parameterization of de Lavergne et al (2020), which acts as a forcing of vertical mixing based on climatologies of the baroclinic tidal dissipation energy. In addition, we assess the consistency of the parameterized mixing based on 19-year-long forced ocean simulations with either parameterized or explicit tides in the Mediterranean Sea.

We first focus on the implementation of the tidal mixing parameterization, which requires creating a climatology of baroclinic tide dissipation energy for the Mediterranean Sea. To do so, we rely on baroclinic tide dissipation energy estimates from tidal ocean models, which we compare to available in-measurements of turbulent dissipation at the Strait of Gibraltar [START_REF] Wesson | Mixing at Camarinal Sill in the Strait of Gibraltar[END_REF] and over the western Mediterranean [START_REF] Ferron | How important are diapycnal mixing and geothermal heating for the deep circulation of the Western Mediterranean?[END_REF]. In the end, we select two model estimates to create the climatology. At the SoG, we consider the baroclinic tide generation energy from the FES2014 model, and over the rest of the Mediterranean, we consider the baroclinic tide dissipation energy diagnosed in global NEMO simulations.

To assess the relevance of the tidal mixing parameterization at the SoG, we start by investigating its effect on the exchange flow through the SoG. We find that the parameterized mixing reproduces the main characteristics of the tide-induced water mass transformations within the SoG, that is, the cooling and saltening of the Atlantic water masses and the warming and freshening of Mediterranean water masses. In addition, we show that the parameterization better captures the local intensification of tidal mixing in the vicinity of the SoG than the tidal simulation with coarse resolution at the SoG, which does not represent the interaction of tidal currents with the fine-scale topographic obstacles. On the other hand, the omission of the advective effects of tides results in discrepancies regarding the dynamics of the exchange flow, the seasonal cycle of temperature over the Atlantic layer, and the vertical structure of tidal hydrographic anomalies.

Regarding the volume, heat, and salt transport through the SoG, we find that the parameterized tidal mixing mainly influences the net heat and salt transport. Consistently with explicit tides, it moderately decreases the net heat transport towards the Mediterranean and significantly intensifies the net salt transport. More specifically, the intensified net salt transport is particularly consistent with that of GIBRALTAR tidal simulations. However, the net heat transport shows some discrepancies related to the misrepresentation of the seasonal cycle of temperature over the surface Atlantic layer.

Finally, we investigate the impact of the water mass transformations induced by the parameterized mixing at the SoG on the top 300m hydrography within the Mediterranean. We find that the parameterization realistically reproduces the tidal saltening of the Atlantic Waters and the subsurface hydrographic modulations over the upper 300m depth, related to the enhancement of the Mediterranean convective activity. In addition, we show that the simulation with parameterized tidal mixing better captures the intensity of these modulations than the tidal simulation with coarse resolution at the SoG. The main discrepancies with respect to simulations with explicit tides arise for the temperature of the WMB upper 100m depth, which is affected by the misrepresentation of the seasonal cycle of sea surface temperature within the SoG.

Overall, this study represents a first step towards the development of valid alternatives to explicit tidal forcing and fine-scale resolution at the SoG. Our results indicate that parameterization of tidal mixing are a good candidate for this purpose. However, further development is needed to address the highlighted discrepancies. Although it is challenging, inclusion of the advective effects of tides would represent a notable improvement of the parameterization. In the meantime, the refinement of the vertical distribution of the baroclinic tidal dissipation could be relatively simple to perform by considering the additional dissipation processes, such as the shoaling of baroclinic tides, introduced in de Lavergne et al ( 2019), and by refining the horizontal resolution of the energy fraction attributed to each dissipative processes. In addition, investigations of the parameterized mixing sensitivity to alternative vertical distributions of the dissipation energy or to variable mixing efficiency (de Lavergne et al, 2016), and comparison with in-situ measurements of turbulence at the SoG would also be valuable. This final chapter summarises the work accomplished during this PhD and the main results. I first come back to the numerical developments and the main conclusions that can be drawn from them. Then, I summarise the main scientific conclusions on the functioning and remote impacts of the exchange flow at the Strait of Gibraltar. Finally, I provide prospects on future research that could build on results from this PhD.

6.1 Representing the SoG in numerical ocean models

Key elements shaping the exchange flow through the SoG

This PhD aimed to provide insights into the key elements required to represent the SoG in numerical models. In particular, I have assessed the respective importance of tides and fine-scale resolution. To do so, I have developed a new regional configuration of the NEMO model for the Mediterranean region. This configuration, called NEMOMEDGIB, builds on the NEMOMED12 regional configuration and allows easy access to explicit tidal forcing and refined spatial resolution at the SoG. Specifically, the NEMOMEDGIB configuration includes open boundary conditions, time splitting of the barotropic dynamics, explicit tidal forcing, and an adaptive horizontal mesh refinement at the SoG based on the AGRIF Fortran package.

Using this NEMOMEDGIB configuration, I have produced a hierarchy of fullycoupled hindcast numerical simulations allowing me to isolate the respective and combined effects of tides and fine-scale horizontal resolution at the SoG on the Mediterranean region. More specifically, I have focused on four configurations, differing only by the inclusion or omission of tidal forcing and refined resolution at the SoG. Comparison of these simulations has revealed that both tides and fine-scale resolution are essential to simulate the SoG. On the one hand, tides are necessary to represent the water mass transformations across the strait, and the zonal slope of the interface between the exchanged Atlantic and Mediterranean flows. On the other hand, fine-scale horizontal resolution, particularly the fine-scale geometry of the strait, is essential to accurately represent the Atlantic layer thickness and the magnitude of its inflow. I conclude that omission of either or both tides and fine-scale resolution will likely lead to discrepancies in the simulated hydrographic and dynamic properties of the exchange flow through the strait. Over the Mediterranean Sea, these discrepancies result in misrepresentations of the hydrographic properties of the surface Atlantic Waters, particularly over the western Mediterranean. More specifically, the absence of tidal forcing leads to a basin-scale fresh and warm bias over the Western Mediterranean Basin (WMB hereinafter). On the other hand, the use of coarse resolution produces opposite biases, although this highly depends on the geometry of the strait at coarse resolution.

Can we represent the SoG at a reduced numerical cost?

This PhD highlights the relevance of explicit tides and fine-scale resolution to represent the SoG. However, their inclusion in coarse-resolution models remains a challenge. To address this issue, I have investigated a low-cost alternative to explicit tides and fine-scale resolution at the SoG. I have implemented in the NEMO-MEDGIB configuration a tidal mixing parameterization based on de [START_REF] De Lavergne | A Parameterization of Local and Remote Tidal Mixing[END_REF]. This parameterization acts as a forcing of vertical mixing to represent tideinduced water mass transformations at the SoG. More specifically, the parameterization relies on two-dimensional climatologies of baroclinic tidal dissipation, which I have constructed from a combination of model estimates selected based on a validation against turbulence microstructure measurements over the SoG and the WMB.

I have addressed the relevance of the parameterization by comparing forced ocean simulations of the Mediterranean sea with varying resolutions at the SoG, differing only by the omission, parameterization, or explicit representation of tides. I show that the parameterization reproduces the essential aspects of tidal mixing across the SoG and its impacts on the Mediterranean Sea. In addition, when using a baroclinic tidal dissipation estimate from a high-resolution model, the parameterization realistically represents the local intensification of tidal mixing above the main topographic obstacle of the strait. On the other hand, the parameterization misrepresents some aspects of the SoG thermodynamics and dynamics. In particular, omission of the tidal advection leads to discrepancies in the average dynamical structure of the exchange flow and the seasonal cycle of temperature over the Atlantic layer. Ultimately, these discrepancies have a modest impact on the net heat transport through the SoG that propagates to the WMB.

Overall, these results represent a first step towards lifting the technical barrier of explicit tidal forcing and fine-scale resolution in coarse-resolution numerical models of the SoG. The investigated tidal mixing parameterization represents a promising start toward fully parameterizing exchanges at the SoG and provides insights into the current capabilities and limitations of the state-of-the-art tidal mixing parameterizations, paving the way for future improvements.

Mechanisms and impacts of the exchange flow at the Strait of Gibraltar

What drives tidal mixing at the SoG ?

The first task carried out during this PhD was to investigate tidal mixing at the SoG, a mechanism driving the water mass transformations across the strait. To do so, I have compared twin tidal and non-tidal yearly MITgcm simulations over the Mediterranean Sea with kilometric resolution at the SoG. More specifically, I have investigated tidal mixing through the model's turbulence closure scheme, based on a turbulent kinetic energy budget.

The results provide insight into the location, intensity, and mechanisms of tidal mixing at the SoG. I show that tidal mixing strongly relies on the interaction of tides with the abrupt topography of the strait and that the underlying mechanisms vary over depth. Near the seafloor, diapycnal mixing periodically intensifies with the vertical shear induced by westward tidal currents. At mid-depth, diapycnal mixing develops in the vicinity of topographic obstacles, where tidal currents locally reduce or reverse the vertical stratification, triggering turbulent mixing. In particular, vertical stratification is controlled by vertical recirculation cells on each side of the main topographic obstacles of the strait, which I relate to tide-induced convergence and divergence patterns. Finally, I show that diapycnal mixing also develops within the Atlantic layer, where upwelled Mediterranean water masses are incorporated by the eastward internal wave released at the Camarinal Sill, which intensifies the vertical shear and reduces or reverses the stratification.

Overall, these results provide valuable insights into interpreting water mass transformations across the SoG. The evidenced processes allow for a better understanding of the dynamic and thermodynamics simulated by numerical models at the SoG and the limitation of coarse-resolution or non-tidal models. In addition, these results provide valuable indications for observational campaigns investigating the location, intensity, and processes involved in turbulent mixing at the SoG. Finally, the highlighted mechanisms may be relevant to other straits of the world and can be useful to the development of tidal mixing parameterizations, such as that investigated in this PhD.

Influence of the SoG on the Mediterranean mean state

This PhD aimed at investigating the role of the SoG on the Mediterranean climate. In this regard, I have first addressed the influence of local processes at the SoG on the hydrographic properties of the Mediterranean Sea. In particular, I have focused on tidal and fine-scale processes. I have diagnosed the effects of these processes based on a hierarchy of fully-coupled hindcast numerical simulations of the Mediterranean Sea, differing only by the inclusion or omission of tides and horizontal grid refinement at the SoG. I highlight that local processes at the SoG notably influence the Mediterranean Sea hydrography as they modify the net heat and salt transports through the SoG. In particular, tide-induced diapycnal mixing and recirculation across the strait significantly saltens the Atlantic Waters (above 200m depth) and cool the upper WMB. In addition, I show for the first time to my knowledge that tidal mixing at the SoG influences the seasonal cycle of surface temperature over the WMB. On the other hand, the fine-scale structure of the exchange flow through the SoG shapes the thickness of the inflowing Atlantic layer over the Mediterranean Sea. Finally, I show that local processes at the SoG indirectly influence the average properties of intermediate and deep water masses. This influence results from the modification of the upper Mediterranean stratification, and the hydrographic properties of the surface water masses, which both affect the vertical fluxes of heat and salt.

MECHANISMS AND IMPACTS OF THE EXCHANGE FLOW AT THE STRAIT OF GIBRALTAR

These results highlight that local processes at the SoG have a large-scale influence on the Mediterranean Sea and are relevant to consider when investigating its mean state.

Do local processes at the SoG influence the Mediterranean convective activity?

This PhD also aimed to clarify the influence of the SoG on Mediterranean deep convection. With respect to previous studies, it benefits from a hierarchy of simulations of long temporal coverage, allowing us to isolate the long-term influence of local processes at the SoG.

I show that the local processes at the SoG notably influence the Mediterranean deep convection. In particular, our results confirm that the saltening of Atlantic water masses by tidal mixing at the SoG enhances deep convection over the northwestern Mediterranean Sea, where it appears essential to the regular occurrence of bottom convection. In addition, I show that it also enhances the Adriatic and Aegean deep convection. Conversely, I find that the fine-scale dynamical structure of the exchange flow through the SoG inhibits deep convection through its influence on the thickening of the fresh and buoyant Atlantic Waters. More generally, the influence of the investigated processes is particularly intense over the northwestern Mediterranean Sea and less intense over the Adriatic and Aegean Seas, where they mainly modulate the intensity of bottom convective events, such as the Eastern Mediterranean transient.

Overall, these results show that local processes at the SoG are relevant to the Mediterranean thermohaline circulation. In particular, the tidal saltening of Atlantic water masses at the SoG and the shaping of the Atlantic layer thickness can be considered as preconditioners for the Mediterranean deep convection sites.

Do the local processes at the SoG influence the Mediterranean sea variability?

I have finally investigated the Mediterranea Sea interannual variability. I show that tidal and fine-scale processes at the SoG moderately influence the interannual variability of Mediterranean water masses above 600m depth. On the other hand, they notably influence temperature and salinity trends below 600m depth through their impact on dense water formation events. These results highlight that water mass transformations across the SoG are relatively steady over time. Thus, the variability of the upper and intermediate Mediterranean water masses is mainly forced by the atmosphere. On the other hand, long-term temperature and salinity trends over deep layers rely on isolated extreme climatic events and on the Mediterranean mean state, which altogether control the occurrence of intense convection events.

Influence of the SoG on the atmosphere

Finally, for the first time to my knowledge, this PhD has investigated the influence of the SoG on the atmosphere. To do so, I have compared the summer air-sea fluxes and atmospheric properties of two fully coupled hindcast simulations, differing only by the representation of tides and enhanced resolution at the SoG. I find that local processes at the SoG have a moderate but notable influence on the atmosphere. Specifically, during summertime, the Mediterranean surface cooling by tidal mixing at the SoG decreases the ocean heat and water loss to the atmosphere. Consequently, tidal mixing at the SoG moderately reduces the seasonal warming of the atmosphere over the sea and participates to its seasonal drying over the sea and coastal areas. Ultimately, the tide-induced drying of the atmosphere generally reduces the cloudiness over the sea and coastal areas and moderately reduces precipitation over the western Mediterranean region.

Overall, these results evidence a new coupled mechanism over the Mediterranean Sea whereby ocean physics impact on the seasonal cycle of the atmospheric heat and water contents. With that in mind, the effects on the atmosphere are moderate and mainly concentrated over the sea. Further investigations are needed to extend this conclusion to the future climate.

Prospects

Short and medium term

Understanding and modeling tidal mixing at the SoG

This PhD has proposed several mechanisms to explain tidal mixing at the SoG. However, some of the non-linear processes at play within the strait could not be investigated. In particular, non-hydrostatic processes were not included in the analyzed simulations. In the future, the influence of these processes on water mass transformations across the strait should be addressed in a dedicated study. In particular, the train of solitary waves that develops along the trail of the internal bore released at the Camarinal Sill is likely to drive intense diapycnal mixing remotely. Besides numerical simulations, these processes could be investigated during observational campaigns at the SoG based on microstructure turbulence, hydrographic, and velocity measurements. In addition, the resulting in-situ observations could be used to assess the realism of the mechanisms highlighted in this PhD and provide insight into the performance of the current numerical models at the SoG.

Investigation of non-linear processes at the SoG would also provide valuable insights to develop valid alternatives to explicit tides and high-resolution for numerical models representing the SoG. Indeed, we have shown that the tidal mixing parameterizations of de Lavergne et al (2020) can produce relatively realistic water mass transformations across the SoG. However, further work is needed to overcome the simplifications and assumptions upon which the parameterization relies. In particular, the high sensitivity of the parameterization to the vertical distribution of tidal 6.3. PROSPECTS dissipation asks for validation of the simulated tidal dissipation. Including tidal advection in the parameterized processes would also result in notable improvements regarding the vertical structure of the simulated water mass transformations, their seasonal variation, and the dynamics of the exchange flow. In this regard, the simple parameterization proposed by [START_REF] Sanchez-Roman | Modelling study of transformations of the exchange flows along the Strait of Gibraltar[END_REF] would provide a sensible starting point. Finally, inclusion of tidal dissipation directly into the turbulence closure scheme of the model would provide better consistency of simulated turbulence. In particular, this would unify the treatment of turbulence sources and the mixing efficiency in the model.

Understanding the Mediterranean mean and future state

This PhD highlights several mechanisms whereby local processes at the SoG influence the Mediterranean mean state and its past variability. However, further work is needed to provide a complete picture of the role played by the SoG on the Mediterranean climate.

In particular, the large-scale impact of local processes at the SoG on basin-scale circulation remains unclear and asks for a dedicated study. More specifically, the influence of fine-scale dynamics of the SoG on the Alboran Sea circulation would be relevant to investigate, building on the results of Sánchez- Garrido et al (2013); [START_REF] Romero-Cózar | Tidally-induced submesoscale features in the atlantic jet and Western Alboran Gyre. A study based on HF radar and satellite images[END_REF] regarding the effects of tides on the gyre circulation. Similarly, the influence of the SoG on the exchanges between the Eastern and Western Mediterranean Basins and on the propagation of Levantine Intermediate water is relevant to investigate [START_REF] Sannino | On the relevance of tidal forcing in modelling the Mediterranean thermohaline circulation[END_REF].

Further investigations are also needed regarding the influence of the SoG on the atmosphere of the Mediterranean region. Although the highlighted large-scale impacts of local processes at the SoG are moderate, their local influence on coastal areas remains to be investigated. In particular, the Alboran Sea, where tidal mixing substantially influences the sea surface temperature, should be investigated in priority. In addition, variation in the influence of local processes at the SoG depending on specific weather regimes and extremes would also be relevant to investigate.

Finally, several studies have suggested that the Mediterranean sea will undergo significant changes related to global warming in the future. Results from this PhD indicate that explicit tides and fine-scale resolution at the SoG are relevant to investigate these changes. In particular, the saltening and cooling of Atlantic water masses induced by tidal mixing at the SoG is likely to inhibit the future increase of surface stratification. Thus, local processes at the SoG may participate in maintaining future deep convection. Similarly, given the influence of these processes on the heat and salt transport through the strait, whether they modulate the warming signal over the Mediterranean Sea remains an open question.

I will investigate the former questions in the upcoming months based on fully coupled numerical simulations using the NEMOMEDGIB configuration developed in this PhD.

Long term

On the influence of local processes at the SoG on the Mediterranean sea biogeochemistry

This PhD evidences intense vertical velocities at the SoG. Given the relevance of vertical transports to biogeochemistry, our results suggest that local processes at the SoG may control the basin-scale biogeochemical balances and their temporal variability.

In particular, in the context of global warming, a detailed understanding of the role played by local processes at the SoG in the Mediterranean biogeochemical cycles is essential to assess the key elements needed to represent their future evolution. Indeed, the influence of non-linear processes at the SoG may have greater importance in the future, as marine biomass production (primary productivity) is projected to decline due to increased vertical stratification and the weakening of deep convection.

A numerical study investigating this question could rely on similar simulations to those investigated in this PhD, with the addition of an online marine biogeochemistry module.

On the formation and export of Mediterranean Outflow Waters toward the Atlantic ocean

This PhD highlights that local processes at the SoG notably influence Mediterranean outflow water masses (MOW hereinafter) exiting the SoG. In particular, tidal mixing and recirculation at the SoG freshen the Mediterranean outflow by typically 0.1‰ and warm it by approximately 0.1 • C. These transformations, and their impact on the net heat and salt exchanges between the Atlantic Ocean and the Mediterranean Sea, suggest that local processes at the SoG are also relevant to the Atlantic hydrography. In particular, given that the MOWs were shown to influence deep convection over Nordic Seas [START_REF] Reid | On the contribution of the Mediterranean Sea outflow to the Norwegian-Greenland Sea. Deep Sea Research Part A[END_REF][START_REF] Mccartney | On the origin of the warm inflow to the Nordic Seas[END_REF], their local transformation at the SoG may have an indirect impact on the Atlantic Meridional Overturning Circulation.

Thus, the role played by local processes at the SoG in the Atlantic Ocean mean state and variability is also relevant to investigate. To do so, a similar numerical framework to that presented in this PhD could be used as the respective and combined effects of tidal and fine-scale mechanisms should all be relevant to investigate. In addition, this study could provide valuable information on how to represent the SoG in models of the Atlantic and global oceans. In this regard, special attention should be paid to the representation of the Mediterranean overflow. In particular, sensitivity of the simulated dynamics and thermodynamics to the vertical coordinates system should be investigated.

Toward a better understanding of straits in the global ocean

This PhD emphasizes that local processes at the SoG modulate the hydrographic and volume exchanges between the Atlantic Ocean and the Mediterranean Sea. Given the similarity of the SoG with other straits of the global ocean, the processes highlighted here may be relevant to other regions of the world. In particular, the mechanisms driving tidal mixing may be relevant to straits located over areas of intense tidal currents and steep topography, such as Indonesian straits. Similarly, the processes related to fine-scale dynamics and topography are likely relevant to other straits characterized by small scale layered exchange flows (for example, the Baltic, Luzon, Bussol straits). In the future, investigating the role played by these local processes in the global ocean would be interesting. In particular, this may allow us to deepen our understanding of the global thermohaline circulation as well as ocean diapycnal mixing, which is believed to partly rely on the exchanges and turbulent mechanisms at play within straits [START_REF] Bryden | Effects of strait mixing on ocean stratification[END_REF].

Investigation of the former question could rely on a similar numerical framework to that used in this PhD, allowing the authors to isolate the effects of local processes at play within straits. In this way, numerical development would be needed to overcome the challenges in representing these processes in global ocean models. Doing so may require developing a parameterization of the processes driving water-mass transformation and fine-scale dynamics within straits or focusing on a set of straits, where grid refinement methods could be applied.
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 11 Figure 1.1: Global Ocean bathymetry with some major straits. From north to south, Devis Strait (DS), Strait of Denmark (SoD), Bering Strait (BS), Fram Strait (FS), Dardanelles (S), Strait of Gibraltar (SoG), Luzon Strait (LS), Bab-el-Mandab (BeM), Torres Strait (TS), Drakes Passage (DP)
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 1 Figure 1.2: Physical processes acting in overflows. Figure and legend from[START_REF] Legg | Improving Oceanic Overflow Representation in Climate Models: The Gravity Current Entrainment Climate Process Team[END_REF] 
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 13 Figure 1.3: Strait of Gibraltar bathymetry from EMODnet Digital Bathymetry (DTM 2020) (EMODnet Bathymetry Consortium https://doi.org/10.12770/bb6a87dd-e579-4036-abe1-e649cea9881a). The acronyms "TN", "CS", "TB","ES", and"MB", displayed in black, stand for Tarifa Narrows, Camarinal Sill, Tangier Basin, Espartel Sill, And Majuan Bank, respectively.
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 14 Figure 1.4: Mediterranean Salt Tongue representation on the World Ocean Atlas 2013 salinity field at 1200m depth (Zweng Mm Reagan Jr, 2019). The overlaid scheme (modified after Lozier et al (2019)) indicates the permanent MOW pathways (continuous arrows) and the preferred paths of meddies (dotted arrows).Figure and legend from Izquierdo and Mikolajewicz (2019)
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 15 Figure 1.5: ERS-1 SAR image acquired on 1 January 1993 at 22:39 UTC (orbit: 7661) showing sea surface manifestations of a packet of internal solitary waves generated in the Strait of Gibraltar and propagating eastward into the Mediterranean Sea. The dark line intersecting the packet results from an oil spill, probably released from a ship. Imaged area: 100 km × 50 km. ©ESA.Figure and legend from[START_REF] Alpers | Internal waves generated in the Straits of Gibraltar and Messina: Observations from space[END_REF] 

Figure 1 . 6 :

 16 Figure 1.6: Satellite SAR images of surface manifestation of internal wavefronts (left), together with the modeled free-surface elevation (center: non-hydrostatic; right: hydrostatic) at the corresponding tidal phases. Figure and legend from Álvarez et al (2019)

Figure 1 .

 1 Figure 1.7: 0 -150m average salinity (upper panel) and temperature (lower panel) anomalies induced by tidal forcing at the SoG. Anomalies are averaged over a temporal period of 10 years. Figure adapted from Figures 26 and 27 of Sannino et al (2015).

Figure 2 . 1 :

 21 Figure 2.1: NEMOMED12 bathymetry. The black rectangle displays the location of the Atlantic buffer zone, and the red line delimits the area where the relaxation coefficient starts decreasing toward zero

Figure 2 . 2 :

 22 Figure 2.2: Lateral boundary conditions. The left panel shows that the velocity normal to the boundary is always zero. The right panel illustrates the evolution of tangential velocity with respect to the lateral boundary condition applied: (a) free-slip, (b) no-slip, (c) "partial" split, and (d) "strong" no-slip. "fmask" refers to the multiplicative factor applied on the vorticity at the coastline in order to set the boundary condition. Implied "ghost" velocity inside land area is displayed in grey.Figure extracted from[START_REF] Madec | NEMO ocean engine, version 3.6 stable. Note du Pole de modelisation de l'Institut Pierre-Simon Laplace[END_REF] 

Figure 2 . 3 :

 23 Figure 2.3: Characteristic relaxation time-scale of temperature and salinity in the NEMOMED12 Atlantic buffer. The relaxation time-scale varies from 2 days at the western edge of the buffer zone to 90 days at its eastern edge.

Figure 2 . 4 :

 24 Figure 2.4: Open boundary geometry. The left panel shows the location of the North open boundary points, with the first row of model cells (considered as land points) marked with the digit 1. The right panel shows the boundary geometry at the edges of the domain.Figure extracted from Madec (2016)

  Figure 2.4: Open boundary geometry. The left panel shows the location of the North open boundary points, with the first row of model cells (considered as land points) marked with the digit 1. The right panel shows the boundary geometry at the edges of the domain.Figure extracted from Madec (2016)
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 25 Figure2.5: Modifications performed on diawri.F90 module to add SoG transport diagnostics at the tidal frequency. Added lines are highlighted in green, deleted lines in red, modified lines in yellow and modification in orange. The added code for meridional velocities is not displayed for the sake of conciseness as it is very similar.

Figure 2 . 6 :

 26 Figure2.6: Schematic representation of the AGRIF domain, with a spatial refinement factor of three. A black line delimits the computational domain, the points outside are "ghost" points, but the first rows and columns are considered as land. The spatial refinement factor of five is not illustrated for clarity. However, it would display a very similar scheme, the only differences being that the first and last rows and columns of points would not be "coarse" grid points, and coarse grid points inside the computational domain would be at the center of 5-point sides squares instead of 3. Figure adapted from https://forge.ipsl.jussieu.fr/nemo/wiki/Users/SetupNewConfiguration/AGRIF-nestingtool
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 27 Figure 2.7: NEMOMEDGIB bathymetry (upper panel) and zoom on the grid and bathymetry at the Strait of Gibraltar (lower panel, representing the area framed by the grey rectangle). The black rectangle on the upper panel shows the AGRIF domain. The dashed rectangle displays the extent of the alternative version of the AGRIF domain. The red lines delimit the end of the spatial spin-up zone, diagnosed following Matte et al (2017)
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 28 Figure 2.8: Zonal profile of the meridional section area (in km 2 ) at the SoG, computed from the EMODnet (black) and ML10 (orange) datasets and the bathymetries of the NEMOMED12 (light orange), NEMOMEDGIB (dark blue) and AGRIF (light blue) configurations.

Figure 2 . 9 :

 29 Figure 2.9: From left to right and top to bottom, bathymetry from a) ML10, b) NEMOMED12, c) EMODnet and d) NEMOMEDGIB (coarse grid).

Figure 2 .

 2 Figure 2.10: CNRM-ALADIN land-sea mask and orography for the AAD12 domain (in meters), and NEMOMED12 bathymetry (in meters). The drainage areas of the Black Sea (in black) and the Mediterranean Sea (in red) are contoured.

  ), which can be considered as intermediate versions between NM12 and NT LR, progressively including the modifications related to: time-splitting and open boundary conditions (NM12 OB TS), vertical mixing (NM12 OB TS bg mix), bottom mixing (NM12 OB TS bg bot mix), and finally, bathymetry and lateral friction coefficients (NT LR). The simulations, initialized in August 1979 from the outputs of a preliminary decadal NEMOMEDGIB simulation, use identical realistic forcings, which do not follow the historical climatic chronology. Specifically, the forcings consist of annual datasets (starting in August) taken randomly over 1979/07/01 -1986/07/31. The aim is to simulate a relatively steady climate free of transient climatic trends. In this way, the simulations only differ by the aforementioned numerical modifications. ENHANCED REPRESENTATION OF THE SOG Simulation Specificity with respect to preceding simulation NM12 NEMOMED12 original configuration NM12 OB TS Addition of open boundaries and activation of time-splitting NM12 K min z Decrease of the background mixing coefficients and modification of the TKE closure scheme mixing length scale formulation NM12 K bot z Logarithmic bottom friction, deletion of parameterized tidal bottom friction, and implicit bottom friction formulation NT LR Modified bathymetry at the Strait of Gibraltar and increased partial free-slip lateral boundaries

  Figure A.1 the NM12 and NT LR average vertical profiles of temperature, salinity, and velocity in the vicinity of the SoG (6.1 • W-5.25 • W, black lines in Figure A.2). They depict a typical picture of the two-layer exchange flow through the strait, with a relatively warm and fresh surface layer advected toward the Mediterranean Sea and a colder and saltier deeper layer advected toward the Atlantic Ocean. The climatological mean zero velocity interface is approximately 140m deep.

Figure A. 1 :

 1 Figure A.1:Upper panels display vertical profiles of temperature, salinity, and zonal velocity for NEMOMED12 (NM12) and NEMOMEDGIB (NT LR) simulations, averaged at the SoG (6.1 • W-5.25 • W). Lower panels display the anomaly NT LR -NM12 (δ tot ) and its decomposition into four components, associated with the main physical differences between both configurations. We consider four main steps of the NEMOMED12 modifications: the replacement of the Atlantic buffer zone with open boundary conditions and the addition of time splitting (OB + TS), the decrease of background vertical mixing coefficients and the modification of the TKE mixing length-scales formulation (K min z

Finally

  , the modification of bottom friction and vertical mixing moderately influences hydrographic properties. The anomalies associated with bottom friction (purple lines in Figure A.1) are mainly related to the use of the logarithmic bottom friction formulation in NT LR, which allows for a more intense drag above the seafloor and results in a shoaling of the Mediterranean layer. The modifications of vertical mixing (green lines in Figure A.1) induce a moderate saltening of the upper Mediterranean layer, which results from a strengthening of the western Mediterranean stratification, analyzed in the following section

Figure A. 2 :

 2 Figure A.2: The upper panels display the NEMOMED12 surface 100m depth average temperature (left), salinity (right), and horizontal currents (arrows). The lower panel displays the anomaly induced by replacing the NEMOMED12 buffer zone with open boundary conditions. The currents displayed are that of the modified NEMOMED12 simulation with open boundaries.

Figure A. 3 :

 3 Figure A.3: Average transports of volume, heat, and salt through the SoG. Positive values are oriented toward the Mediterranean Sea. As in Figure A.1, anomalies between the NEMOMED12 and NEMOMEDGIB configurations are decomposed into four components associated with the main differences between both simulations. Inflowing and outflowing transports are computed from time-step averages of the eastward and westward velocities, applying a Heaviside function on each velocity sign. As traditionally done for comparison purposes with the surface forcing, we convert the heat flux into an equivalent surface flux over the whole Mediterranean Sea, in W.m -2 , considering the Mediterranean area to be 2.5 • 10 12 m 2 , following Sanchez-Roman et al (2018).

Figure A. 4 :

 4 Figure A.4: Vertical temperature and salinity profiles for NEMOMED12 and NEMO-MEDGIB simulations and associated anomalies. As in Figure A.1, anomalies betweenNEMOMED12 and NEMOMEDGIB configurations are decomposed into four components, associated with the main differences between both simulations. From top to bottom, we display the averages and anomalies over the Western Mediterranean Basin, the Eastern Mediterranean Basin, and the whole Mediterranean Sea.

Figure A. 5 :

 5 Figure A.5: Average volume, heat, and salt transports between the Western and Eastern Mediterranean Basins (Straits of Sicily and Messina). Positive values are oriented toward the Eastern Mediterranean Basin. As in Figure A.1, anomalies between NEMOMED12 and NEMOMEDGIB configuration are decomposed into four components, associated with the main differences between both simulations. Inflowing and outflowing transports are computed from time-step averages of the eastward, westward, southward, and northward velocity components, applying a Heaviside function on each velocity sign. As traditionally done for comparison purposes with surface forcing, we convert the heat flux into an equivalent surface flux over the whole Mediterranean Sea, in W.m -2 , considering the Mediterranean area to be 2.5 • 10 12 m 2 , following Sanchez-Roman et al (2018).

Figure A. 7 :

 7 Figure A.7: Modifications performed on the bdy dyn 2d.F90 module for the barotropic experiment setup. Added lines are highlighted in green, deleted lines in red, modified lines in yellow and modification in orange. Some lines may be interpreted as deleted, but are only displaced.

Figure 3 . 1 :

 31 Figure 3.1: MITgcm model bathymetry (upper panel) and zoom on the grid and bathymetry at the SoG (lower panel). The gray line in the upper panel displays the end of the model western boundary relaxation zone. In the lower panel, meridional sections "ES", "CS", and"AL", displayed in black, refer to the Espartel Sill, the Camarinal Sill, and the entrance of the Alboran Sea, respectively. The black dot on the ES section indicates the velocity profile measurement station (INGRES project Sammartino et al, 2015).

Figure 3 . 2 :

 32 Figure 3.2:In shades, M2 tidal elevation amplitude, in contours, M2 tidal elevation. On the left is the MITgcm simulation, and on the right is the global tidal atlas FES2014. For ExpT, tidal amplitudes and phases are estimated from hourly outputs of instantaneous (not averaged) sea level elevation over January 1981 using the "Utide" Python package (version 0.2.5). FES2014 fields are interpolated on the MITgcm model grid through bilinear interpolation, following[START_REF] Xu | A note on interpreting tidal harmonic constants[END_REF].

Figure 3 . 3 :

 33 Figure 3.3: Vertical profile of tidal ellipses associated with the M2 horizontal tidal harmonic at the INGRES location (≃ 35.86 • N, 5.97 • W ; black dot in Figure 3.1).In blue, MITgcm simulation (ExpT), in black, in situ Doppler current profiler measurements from the INGRES project. Meridional currents (along the y-axis) are stretched by a factor of three for the sake of readability. The location of the current vector at the zero Greenwich phase is indicated by the symbols "+" (counterclockwise) and "x" (clockwise). Tidal ellipse parameters are computed using the "Utide" Python package (version 0.2.5) from hourlyaverages of horizontal currents over January 1981 for ExpT, and instantaneous 30-minute measurements over January 2004-2015 for the INGRES dataset. For ExpT, horizontal velocities are obtained by projecting the model outputs onto the zonal and meridional directions. Measurements are linearly interpolated onto the model vertical grid.

Figure 3 . 4 :

 34 Figure 3.4: Mean (left) and hourly standard deviation (right) of the zonal velocity profile at the Espartel Sill (see Figure 3.1). In black, 2005 -2015 mean in situ Doppler current profiler measurements from the INGRES project, with a sampling interval of 30 minutes (Sammartino et al, 2015). Dark shades represent the interannual variability computed from the measured data. In blue and orange, 1981 mean simulated zonal velocity, taken at the closest point to the measurement station (≃ 35.86 • N, 5.97 • W ; black dot in Figure 3.1), for ExpT and ExpNT, respectively. Hourly standard deviations are computed considering only the month of January. The zonal velocities are obtained by projecting the model outputs onto the zonal direction. Measurements are linearly interpolated onto the model vertical grid.

Figure 3 . 5 :

 35 Figure 3.5: From (a) to (f): Model 1981 mean temperature, salinity, eastward velocity U + , westward velocity U -, vertical eddy diffusivity coefficient K t , and absolute vertical buoyancy flux |B| in ExpT (shades). The fields are spatially averaged over pseudo-latitudes (following the model grid) of the domain illustrated in Figure 3.1, excluding coastal areas (shallower than 100m depth). Anomalies with respect to ExpNT (ExpT-ExpNT) are represented in contours, with colors defined according to the lower color bars below the figure. For panels (e) and (f), in which we use a logarithmic scale, negative anomalies are indicated in dark to light-blue shades and positive anomalies in brown to yellow shades. The black line marks the 1981 average interface depth between the inflowing Atlantic waters and outflowing Mediterranean waters. It is defined in a vertical integral sense as follows: d∈[0;bot] 0 d Ū dz. The acronyms "ES" and "CS" in gray refer to the Espartel Sill and the Camarinal Sill, respectively. The mean eddy diffusivity coefficient and buoyancy flux are geometrically averaged over pseudo-latitudes to filter out isolated large values and highlight the most meridionally-consistent patterns using the following operator: log 10 X = log 10 (X) dzdy dzdy

Figure 3 .

 3 Figure 3.6 illustrates the vertical average of |B| over the same domain as the one considered in Figure 3.5. It gives a horizontal perspective on the diapycnal mixing intensity and location. Once again, the CS stands out as a location of intense buoyancy fluxes. Further west, |B| is enhanced by the Mediterranean outflow, which drives vertical shear and turbulent mixing near the bottom. At the eastern side of the strait, the vertical average of |B| is much lower (with respect to the west) due to the absence of solid obstacles on the path of the Atlantic jet. As expected, tides intensify diapycnal mixing within most of the strait, except along the Mediterranean outflow pathway, where both increased and reduced mixing are evident (Figure 3.5 (e)).

Figure 3 . 6 :

 36 Figure 3.6: Depth average absolute vertical buoyancy flux |B| in 1981 from ExpT (a), and anomalies with respect to ExpNT (b) (ExpT-ExpNT). Because of the logarithmic scale, negative anomalies are indicated in dark to light-blue shades and positive anomalies in brown to yellow shades. The acronyms "ES", "CS", and "AL" in black refers to the Espartel Sill, the Camarinal Sill, and the entrance of the Alboran Sea, respectively.

Figure 3 . 7 :

 37 Figure 3.7: Hourly time series of the TKE tendency terms integrated between ES and AL sections (Figure 3.1) in ExpT. The period considered includes spring tide (01/07 -01/12) and neap tide (01/12 -01/16). The upper panel illustrates the dynamic shear production (in red) and the terms of the TKE prognostic equation computed implicitly (in blue, it includes TKE dissipation, vertical transport, and boundary conditions). The light-colored lines show the value of these terms in ExpNT. On the middle panel, we display the total tendency of TKE (in orange), the buoyancy flux (in green), and the sum of dynamic shear production and implicit TKE tendency (in purple). The correlation coefficient with the total tendency is given in the legend. The lower panel illustrates the pseudo-zonal (following the model grid) barotropic tidal currents, estimated from the simulated pseudozonal and pseudo-meridional velocities, using the "Utide" Python package (version 0.2.5). The four black dots represent the time of the hourly averages displayed in Figures 3.9 and 3.10

Figure 3 . 8 :

 38 Figure 3.8: Panels (a) and (b) represent the pseudo-meridional average (following the model grid) Spearman rank correlation coefficient of dynamic shear production (S) with the squared vertical shear of horizontal currents (Sh) and stratification (N 2 ), respectively. Hatches mark areas where the correlation significance level is above 95% according to Student's T-test. Panels (c) and (d) show the time and pseudo-meridional geometric average of the absolute vertical buoyancy flux |B| and the fraction of buoyancy flux oriented downward, respectively. Black contour lines delimit areas where dynamic shear production is consistently intense over time (i.e., where its time and pseudo-meridional geometric average is greater than 2 10 -9 m 2 s -3 ). We use hourly outputs over 1981/01/01 -1981/02/01 to compute time averages and correlation coefficients. The spatial domain considered is represented in Figure 3.1. The acronyms "ES" and "CS" refer to the Espartel Sill and the Camarinal Sill, respectively (see Figure 3.1).

Figures

  Figures 3.9 and 3.10 show the evolution of practical salinity (panels (a)), absolute

Figure 3 . 9 :Figure 3 . 10 :

 39310 Figure 3.9: In shades, from top to bottom: pseudo-meridional average (a) practical salinity, (b) absolute vertical buoyancy flux |B|, (c) |B| variation with respect to the previous tidal phase (three hours before), and (d) processes driving |B| variations. The colors of panels (d) stand for stratification (N 2 ), both stratification and vertical shear, with a dominant influence for stratification (N 2 Sh) or vertical shear (Sh N 2 ), vertical shear (Sh), and non-identified process (N.A., see Appendix E). The fields are hourly-averaged outputs, extracted on 1981/01/08 at 1 p.m. (1), 4 p.m. (2) (black dots in Figure 3.7).The top blue and orange line plots represent the westward and eastward volume transport (in Sverdrups), respectively, computed from hourly-averaged outputs of zonal velocity. In panels (a) and (b), arrows represent the velocity direction and norm. Reference arrows (0.5m.s -1 , 0.005m.s -1 ) and are displayed next to the image labels. Black contours in panels (b) outline areas where the average of the buoyancy flux is oriented downward and the absolute buoyancy flux higher than 5 10 -8 m 2 .s -3 . The 1027kg.m -3 ,1027.2kg.m -3 , 1028kg.m -3 , 1028.8kg.m -3 , and 1029kg.m -3 isopycnal surfaces are illustrated in contours for all panels. For panels (d), areas where the absolute buoyancy flux variations are lower than 2.5 10 -8 m 2 .s-4 in absolute value are made transparent. The acronyms "ES" and "CS" in gray refer to the Espartel Sill and the Camarinal Sill, respectively (see Figure3.1). Time and spatial averages of the buoyancy flux are performed as detailed in Figure3.5. For ∆|B|, the meridional average only considers the cells driving meridionally dominant variations (see Appendix E).93

  Figure 3.11: Synthetic schematic of tidal mixing at the Strait of Gibraltar. Advection of Atlantic and Mediterranean waters is indicated with red and blue arrows, respectively. Diapycnal mixing is illustrated by opposite horizontal arrows when driven by vertical shear, by spirals when driven by stratification, and a combination of these symbols when driven by both. Black symbols reflect the occurrence of intense diapycnal mixing. Gray symbols indicate a significant but decreasing diapycnal mixing. Acronyms "ES" and "CS" in gray refer to the Espartel Sill and the Camarinal Sill, respectively (see Figure 3.1). The interface between the Mediterranean and Atlantic layers is indicated by the solid (current location) and dashed lines (previous location). The idealized scenario starts in panel (1) with a relaxed interface between the Mediterranean and Atlantic layers. The interface is then deformed during the outflowing tidal phase (solid line), and diapycnal mixing develops in the Mediterranean layer where stratification weakens and vertical shear intensifies. During the intermediate (panel 2) and inflowing tidal phases (panel 3), diapycnal mixing progressively diminishes in the Mediterranean layer and increases in the Atlantic layer. In panel (4), during a final inflowing phase, diapycnal mixing continues to develop in the Atlantic layer along the trail of the eastward internal bore.

  the period analysed in section 3.4 "Tidal Recirculation Patterns", that is January 8, 1981, 1:00 p.m. -11:00 p.m.. The pseudo-meridional average of|K h M 2 | during this period is displayed in Figure B.1. First, it is important to note that although |K h M 2 | is higher than |B| (Figures 3.9and 3.10, panels (b)), it powers a less intense diapycnal mixing. Indeed, over the domain represented in Figure 3.1, |∇ • K h M 2 | dV is, on average, five-time inferior to |∂ z B| dV during the period considered in Figure B.1. With that in mind, |K h M 2 | provides meaningful information about the location and intensity of the diapycnal mixing powered by the horizontal eddy diffusivity. Unlike |B|, which is mainly intensified within the Atlantic and Mediterranean layers, |K h M 2 | is more

Figure A. 2 :

 2 Figure A.2: Conceptual diagram of the mechanisms controlling TKE production and destruction. On the left (1) behavior of the TKE tendency in the presence of strong stratification and/or low TKE. On the right (2) behavior of the TKE tendency in the presence of weak stratification and/or high TKE. Red and blue arrows denote positive and negative feedback, respectively. When tidal currents reduce the stratification, the black arrow represents the positive feedback on the mixing and dissipation length scales; otherwise, it represents negative feedback. Purple arrows represent either positive or negative feedback. The conditions in the purple frame define their color. R i refers to the bulk Richardson number, the ratio between stratification and vertical shear of zonal currents. R ic ≃ 0.23 is a bulk Richardson critical value. P r = min(10, max(1, 5 * R i )) refers to the Prandtl number. The number next to the purple arrows represents the order of the TKE in the other terms. We do not represent the buoyancy flux in the diagram, but we consider it in the conditions for the production or destruction of TKE.

Figure B. 1 :

 1 Figure B.1: Pseudo-meridional average of horizontal buoyancy fluxes |K hM 2 | = K h (∂ 2 x ρ) 2 + (∂ 2 y ρ) 2 , with K h = 2m 2 .s -1 the horizontal Laplacian diffusivity coefficient. The fields are hourly outputs, extracted on 1981/01/08 at 1 p.m. (1), 4 p.m. (2), 7 p.m. (3) and 10 p.m. (4) (black dots in Figure 3.7). The top blue and orange line plots represent the westward and eastward volume transport (in Sverdrups), respectively, computed from hourly outputs of zonal velocity. The 1027kg.m -3 ,1027.2kg.m -3 , 1028kg.m -3 , 1028.8kg.m -3 , 1029kg.m -3 isopycnal surfaces are illustrated in contours for all panels. The acronyms "ES" and "CS" in gray refer to the Espartel Sill and the Camarinal Sill, respectively (see Figure 3.1). Spatial averages are performed as detailed in Figure 3.5.

Figure C. 1 :

 1 Figure C.1: In shades, from top to bottom: (a) pseudo-meridional average of vertical shear (Sh) and (b) stratification (N 2 ) variation with respect to the previous tidal phase, and (c) processes dominating the stratification tendency (the term with the maximum absolute value). In panels (c), the considered mechanisms are turbulent buoyancy diffusion (D N 2 ), vertical and zonal advection of stratification (T N 2 W and T N 2 U , respectively), vertical and zonal frontogenesis (F N 2 W and F N 2 U , respectively). For the sake of readability, we shade the areas where other mechanisms drive the stratification tendency in black. The fields are hourly outputs, extracted on 1981/01/08 at 1 p.m. (1), 4 p.m. (2) (black dots in Figure 3.7). The top blue and orange line plots represent the westward and eastward volume transport (in Sverdrups), respectively, computed from hourly outputs of zonal velocity. The 1027kg.m -3 ,1027.2kg.m -3 , 1028kg.m -3 , 1028.8kg.m -3 , 1029kg.m -3 isopycnal surfaces are illustrated in contours for all panels. Areas where the absolute buoyancy flux variations are lower than 2.5 10 -8 m 2 .s -4 in absolute value are made transparent to make the figure clearer. The acronyms "ES" and "CS" in gray refer to the Espartel Sill and the Camarinal Sill, respectively (see Figure 3.1). Spatial averages of the vertical shear and stratification are performed as detailed in Figure 3.5 considering only the cells driving the mean meridional variation computed as described in Appendix E.

E

  

Figure C. 2 :

 2 Figure C.2: Same as Figure C.1 for hourly outputs extracted at 7 p.m. (1) and 10 p.m. (2) (black dots in Figure 3.7).

  , 3.10), f (∆|N 2 |) and f (∆|Sh|) (panels (a) and (b) of the Figures C.1 and C.2) over the cells responsible for the meridionally consistent variations of |B|. When both stratification and vertical shear drive |B|, we identify the dominant mechanism by comparing the respective influence of their variation on the Richardson number Ri = N 2 /Sh. Namely, we compare the following terms: ∆N 2

Figure 4 . 1 :

 41 Figure 4.1: NEMOMEDGIB coarse bathymetry (upper panel) and zoom on the refined grid and bathymetry at the Strait of Gibraltar (lower panel, representing the area framed by the grey rectangle). The black rectangle on the upper panel shows the area over which horizontal grid and bathymetry refinements are activated (AGRIF domain). Red contour lines show the masks used for the Northwestern Mediterranean Basin, the Adriatic Sea, and the Aegean Sea. The dashed rectangle on the lower panel displays the area used to investigate average hydrography and dynamics of the Strait of Gibraltar. The black dot at the Espartel Sill (indicated by the acronym "ES") shows the in situ velocity profile measurement site (INGRES project, Sammartino et al, 2015)

Figure 4 . 2 :

 42 Figure 4.2: Schematic of the investigated simulations and their relations in terms of anomalies induced by tidal (δ T ides ), fine-scale (δ Res ), and combined (δ T R ) mechanisms.

Figure 4 . 3 :

 43 Figure 4.3: In shades from top to bottom, M2, S2, K1 and O1 tidal harmonics elevation amplitudes. We display in contours the associated phases. From left to right, we represent the global tidal atlas FES2014, the high-resolution and low-resolution tidal NEMOMEDGIB simulations. For NEMO simulations, tidal amplitudes and phases are estimated from hourly outputs of instantaneous (not averaged) sea level elevation over 2013 using the "Utide" Python package (version 0.2.5). FES2014 fields are interpolated on the high-resolution model grid through bilinear interpolation, following Xu (2018).

  Figure 4.7 the 2005 -2015 average zonal velocity

Figure

  Figure 4.5:In shades, tidal elevation amplitude for the M2 and S2 tidal harmonics (left and right panels, respectively). We display in contours the associated phases, ranging from 0 • to 340 • with a constant increment of 20 • . From top to bottom, we represent the global tidal atlas FES2014 followed by NEMOMEDGIB with (HR) and without (LR) grid refinement at the SoG, respectively. For NEMOMEDGIB simulations, tidal amplitudes and phases are estimated from hourly outputs of instantaneous sea level elevation over 2013 using the "Utide" Python package (version 0.2.5). FES2014 fields are displayed in their original grid.

Figure 4 . 6 :

 46 Figure 4.6: Same as Figure 4.5 for the K1 and O1 tidal harmonics.

Figure 4 . 7 :

 47 Figure 4.7: Mean (left) and hourly standard deviation (right) of the zonal velocity profile at the Espartel Sill (INGRES location, ≃ 35.86 • N, 5.97 • W ; black dot in the lower panel of Figure 4.1).In black, in situ Doppler current profiler measurements from the INGRES project, with a sampling interval of 30 minutes[START_REF] Sammartino | Ten years of marine current measurements in Espartel Sill, Strait of Gibraltar[END_REF]. In blue, orange, green, and red, NEMOMEDGIB simulated zonal velocity profiles, taken at the closest point to the measurement site (≃ 35.86 • N, 5.97 • W ). The displayed NEMOMEDGIB configurations differ only through the inclusion or omission of tidal forcing (T/NT) and refined horizontal resolution at the SoG (HR/LR). For both the observation and simulated datasets, temporal averages are computed over 2005 -2015 and hourly standard deviations over 2013. NEMOMEDGIB zonal velocities are obtained by projecting the model outputs onto the zonal direction. Measurements are linearly interpolated onto the model vertical grid.

Figure 4 . 8 :

 48 Figure 4.8: Upper panels display the 1980-2017 average vertical profiles of temperature, salinity, and zonal velocity around the Strait of Gibraltar (averaged over area framed by the dashed rectangle in the lower panel of Figure 4.1) for the NEMOMEDGIB non-tidal coarse resolution simulation (NT LR) and the tidal high-resolution simulation (T HR).Lower panels display the anomalies between both simulations (T HR -NT LR = δ tot ) and their decomposition into three components, associated with the respective effects of tides, grid nesting (δ T ides and δ Res ) and their combined action (δ T R ). The horizontal dashed line represents the depth of the zero velocity interface in the T HR simulation.

Figure 4 . 9 :

 49 Figure 4.9: Same as Figure 4.8 for the winter (left, January-February-March) and summer (right, July-August-September) 1980-2017 average vertical profiles of temperature

Figure 4 . 10 :

 410 Figure 4.10: Average transports of volume, heat, and salt through the SoG. Positive values are oriented toward the Mediterranean Sea. Anomalies between NEMOMEDGIB T HR and T LR simulations are decomposed into three components; associated with the effects of tides, grid nesting (δ T ides and δRes), and their combination (δ T R ). Inflowing transports are computed from averages of the eastward velocity components, applying a heaviside function. As traditionally done for comparison purposes with surface fluxes, we convert the heat transport into an equivalent surface flux over the whole Mediterranean Sea, in W.m -2 , with a Mediterranean area of 2.5 • 10 12 m 2 , following Sanchez-Roman et al (2018).

Figure 4 . 11 :

 411 Figure 4.11: Upper panels display the 1980-2017 pseudo-meridional (along the model grid) average temperature and salinity over the Western Mediterranean Basin for the NEMOMEDGIB non-tidal coarse resolution simulation (NT LR). Lower panels display the anomalies induced by the joint inclusion of tidal forcing and enhanced horizontal resolution at the SoG (δ tot = T HR -NT LR) and the sole inclusion of tidal forcing (δ T ides = T LR -NT LR) or enhanced resolution at the SoG (δ Res = NT HR -NT LR). Hatches indicate statistically significant anomalies with respect to the interannual variability (based on a two-tailed student t-test with p = 0.05)
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 412 Figure 4.12: Hovmöller diagram (time-space diagram) of the Seasonal 1980-2017 Western Mediterranean pseudo-meridional average temperature anomaly induced by the joint inclusion of tidal forcing and enhanced horizontal resolution at the SoG (upper panel, δ tot = T HR -NT LR) and the sole inclusion of tidal forcing (lower panel, δ T ides = T LR -NT LR). Hatches indicate statistically significant anomalies with respect to the interannual variability (based a two-tailed student t-test with p = 0.05)
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 413 Figure 4.13: Same as Figure 4.11 for the Eastern Mediterranean Basin, excluding the Adriatic and Aegean Seas (namely, restricting to the Ionian and Levantine basins).

Figure 4 . 14 :

 414 Figure 4.14: In shades, Hovmöller diagram (time-space diagram) of monthly average temperature anomaly induced by the joint inclusion of tidal forcing and enhanced horizontal resolution at the SoG (left panels, δ tot = T HR -NT LR), the sole inclusion of tidal forcing (middle panels, δ T ides = T LR -NT LR), and the sole inclusion of enhanced resolution at the SoG (right panels, δ Res = NT HR -NT LR). Horizontal averages are performed on the Northwest Mediterranean for the upper panels, the Aegean Sea for the middle panels, and the Adriatic Sea for the lower panels (see the areas delineated by red contours in Figure 4.1). Dark grey lines display the spatio-temporal annual maximum mixed layer depth over the same areas, the light grey line showing the control NT LR simulation. Line plots represent the stratification index anomalies averaged over the same areas.

Figure 4 . 15 :

 415 Figure 4.15: Annual average temperature (left) and salinity (right) over the upper (0 -150m depth), intermediate (150 -600m depth), and deep (below 600m depth) layers of the Western Mediterranean basin. The considered simulations only differ by the inclusion or omission of tidal forcing (T/NT) and enhanced horizontal resolution at the SoG (HR/LR).In addition, we display in black the average of the MEDHYMAP dataset and in grey that of the 1987-2017 Mediterranean reanalysis of Escudier et al (2020) (referred to as CMEMS). Root Mean Squared Errors (RMSE) are computed from the annual series with respect to the MEDHYMAP dataset considering the 1987-2015 period, which is common to all the datasets.

Figure 4 . 16 :

 416 Figure 4.16: Same as Figure 4.15 for the Eastern Mediterranean Basin.

Figure 4 . 17 :

 417 Figure 4.17: Upper panels display 1980-2017 summer averages (June-July-August) sea surface temperature (SST), latent heat flux (LHF), sum of the sensible heat flux and the longwave radiation (SHF + LW), and the shortwave radiation (SW). Lower panels display the anomalies induced by the inclusion of tides and refined spatial representation of the SoG (T HR -NT LR). Hatches indicate statistically significant anomalies with respect to the interannual variability (based on a two-tailed student test with p = 0.05)

Figure 4 . 18 :

 418 Figure 4.18: Upper panels display 1980-2017 summer averages (June-July-August) of the near-surface (2m height) atmospheric temperature (T2m), specific humidity (SH) and relative humidity (RH). Lower panels display the anomalies induced by the inclusion of tides and refined spatial representation of the SoG (T HR -NT LR). Hatches indicate statistically significant anomalies with respect to the interannual variability (based on a two-tailed student t-test with p = 0.05)

Figure 4 . 19 :

 419 Figure 4.19: Upper panels display 1980-2017 summer averages (June-July-August) of precipitation and cloud fraction. Lower panels display the anomalies induced by the inclusion of tides and refined spatial representation of the SoG (T HR -NT LR). Hatches indicate statistically significant anomalies with respect to the interannual variability (based on a two-tailed student t-test with p = 0.05)

Figure A. 1 :

 1 Figure A.1: Upper panels display 19-year average vertical profiles of temperature, salinity, and zonal velocity around the Strait of Gibraltar (averaged over area framed by the dashed rectangle in the lower panel of Figure 4.1) for the forced NEMOMEDGIB nontidal coarse resolution simulation (NT LR) and the non-tidal high-resolution simulation (NT HR). Lower panels display the anomalies between both simulations (NT HR -NT LR = δ Res ) and their decomposition into two components, associated with the inclusion of fine-scale horizontal dynamics (δ Rh ) and fine-scale topography (δ R b ). The horizontal dashed line represents the depth of the zero velocity interface in the NT HR simulation.

Figure 5 . 1 :

 51 Figure 5.1: NEMOMEDGIB coarse bathymetry (upper panel) and zoom on the refined grid and bathymetry at the Strait of Gibraltar (lower panel, representing the area framed by the grey rectangle). The black rectangle on the upper panel shows the area over which horizontal grid and bathymetry refinement are available (AGRIF domain). The dashed rectangle on the lower panel displays the area used to investigate average hydrography and dynamics of the Strait of Gibraltar. The acronyms "ES" and "CS" refer to the Espartel and Camarinal Sills, respectively

Figure 5 . 2 :

 52 Figure 5.2: Energy content of the considered estimates of baroclinic tidal dissipation and generation. We specify the share of the integral energy located west of 6 • W . Subscript " PT" refers to post-treated NEMO and HYCOM fields with interpolated negative values

Figure 5 . 3 :

 53 Figure 5.3: Decimal logarithm of baroclinic tidal generation estimates from the HY-COM, NEMO, and FES2014 numerical models. The estimates are interpolated onto the NEMOMEDGIB grid and post-treated as detailed in the body of this chapter

Figure 5 . 5 :

 55 Figure 5.5: Boxplot of vertically integrated measurements computed from the Tables2a, 2b, and 2c of[START_REF] Wesson | Mixing at Camarinal Sill in the Strait of Gibraltar[END_REF] (WC90) and estimated from tidal numerical simulations. We display the domain considered for averaging on the right panel. The acronyms "H", "NM", "FES", and "DL19" stand for the HYCOM, NEMO, FES2014, and de Lavergne et al (2019) numerical models. The subscript "G" indicates estimates of baroclinic tide generation energy, and the subscript "D" indicates estimates of baroclinic tide dissipation energy. The box extends from the 25th and 75th percentiles, with a line at the median, and whiskers show the 5th and 95th percentiles. Flier points are those past the end of the whiskers.

Figure 5 . 6 :

 56 Figure 5.6: Baroclinic tide generation (upper panels) and dissipation (lower panels) energy estimates from the FES2014 (FES), NEMO (NM), HYCOM (H), and de Lavergne et al (2019) (DL19) models. The colored scatter points represent depth-integrated measurements from Ferron et al (2017). The boxplot are computed from the depth-integrated measurements of Ferron et al (2017) and the co-located model estimates.

Figure 5 . 7 :

 57 Figure 5.7: Decimal logarithm of the reference depth-integrated tidal dissipation climatology for the Mediterranean Sea. It merges the FES2014 zoomed estimate within the SoG and Alborán Sea and the NEMO 1/12°dissipation estimate within the Mediterranean Sea, re-normalized by the global tidal generation from the FES2014 dataset.

Figure 5 . 8 :

 58 Figure 5.8: Upper panels display the 19-year mean zonal velocities, salinity, and temperature in the NT LR simulation, averaged along the model pseudo-meridional direction for the domain illustrated in Figure 5.1 (lower panel, dashed rectangle). Lower panels display the anomalies induced by the inclusion of parameterized tidal mixing (δ pT ides = pT LR -NT LR), explicit tides (δ T ides = T LR -NT LR), and explicit tides in the context of simulations with higher-resolution at the SoG (δ T HR = T HR -NT HR). The black line shows the depth of the climatological zero-velocity interface in the NT LR, pT LR, T LR, and T HR simulations

Figure 5 . 9 :

 59 Figure 5.9: Same as Figure 5.8 for the winter (left, January-February-March) and summer (right, July-August-September) averages of temperature

Figure 5 .

 5 Figure5.10: NT LR and NT HR average transports of volume, heat, and salt through the SoG. Positive values are oriented toward the Mediterranean Sea. We specify the anomalies induced by the inclusion of parameterized tidal mixing (δ pT ides ) and explicit tides (δ T ides , δ T HR ). Inflowing transports are computed from averages of the eastward velocity components, applying a Heaviside function. As traditionally done for comparison purposes with surface fluxes, we convert the heat transport into an equivalent surface flux over the whole Mediterranean Sea, in W.m -2 , with a Mediterranean area of 2.5 • 10 12 m 2 , following Sanchez-Roman et al(2018).

Figure 5 . 11 :

 511 Figure 5.11: Upper panels display the 19-year pseudo-meridional (along the model grid) average temperature and salinity over the Western Mediterranean Basin for the forced NEMOMEDGIB non-tidal coarse resolution simulation (NT LR). Lower panels display the anomalies induced by the inclusion of parameterized tidal mixing (δ pT ides ), explicit tides (δ T ides ), and explicit tides with a refined spatial representation of the strait (δ T HR ). Hatches indicate statistically significant anomalies with respect to the interannual variability (based on a student t-test with a p-value of 0.05)

  

  

  

  

Chapter 2 A Mediterranean Climate model with an enhanced representation of the SoG

  ENHANCED REPRESENTATION OF THE SOG This chapter details numerical developments I have carried out in the scope of this PhD, with the technical support of Jérôme Chanut, Florence Sevault, and Jonathan Beuvier. More specifically, it focuses on implementing a new Mediterranean configuration of the NEMO ocean model, based on that used at CNRM: NEMOMED12

Table 2 .1: namsplit

 2 section of the NEMO namelist.

	recompiling the NEMO source code with a specific CPP key: key bdy. The open
	boundaries are then set through different namelist sections. The first one (nambdy,
	see Table

Table 2 .3: Values

 2 used in the three nambdy index sections of the NEMO namelist. These values set the position and orientation of the open boundaries.

	.

Table 2

 2 

	.4: nambdy dta namelist section. It specifies the datasets to be prescribed at
	the open boundaries. For each open boundary defined, one nambdy dta namelist section
	must be filled.

Table 2 . 6 :

 26 Parameters of the coupling namelist section (namsbc cpl). The coupled fields are displayed in bold. The coupling formulation is set to 'none' for uncoupled fields. ENHANCED REPRESENTATION OF THE SOG uration. In this way, the ln use AGRIF is set to "True" in the NEMOMEDGIB namelist and "False" in the AGRIF namelist.

Table 2 .

 2 

					Coupled run:	Forced run:
	Simulation	Tides	Grid nesting SoG Bathymetry	Hindcast mode	Spin-up mode
					(1980-2017)	(20 year-long)
	Main Simulations				
	NT LR	No	No	Realistic	Yes	Yes
	pT LR	Parameterized	No	Realistic	No	Yes
	T LR	Yes	No	Realistic	Yes	Yes
	NT HR	No	Yes	Realistic	Yes	Yes
	T HR	Yes	Yes	Realistic	Yes	Yes
	Sensitivity tests				
	NT sHR	No	Yes	Smoothed	No	Yes
	T sHR	Yes	Yes	Smoothed	No	Yes

7: Simulations used to investigate the influence of the SoG on the Mediterranean climate and how to represent in numerical models. The last two simulations allow assissing the respective influence of fine-scale topography and dynamics on the exchanges trhough the strait.

Table A . 8 :

 A8 Simulations used to assess the effect of the modifications performed on the NEMOMED12 configuration

Table 3 . 1 :

 31 Average pseudo-zonal transports of volume, heat, and salt for the MITgcm model simulations ExpT and ExpNT. AL, CS, and ES stand for the Alboran, Camarinal Sill, and Espartel Sill sections, respectively (see Figure 3.1). The inflow and outflow (in Sverdrups) are computed over January 1981 from hourly outputs at the AL and ES

	1 ]

sections (Figure 3.1), respectively. Net transports are computed over 1981 at the CS section (Figure 3.1). For the volume transports, we indicate an alternative, maximal estimate in brackets, which accounts for high-frequency flow variations over 1981. When available, references are given in the third row. As traditionally done for comparison purposes with surface forcing, we convert the heat flux into an equivalent surface flux over the whole Mediterranean Sea, in W.m -2 , considering the Mediterranean area to be 2.5 • 10 12 m 2 , following Sanchez-Roman et al (2018).
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Ce chapitre vise à étudier le mélange diapycnal induit par les courants de marée au détroit de Gibraltar (mélange de marée ci-après), un mécanisme contrôlant les transformations de masses d'eau au travers du détroit. À cette fin, nous étudions le mélange de marée représenté par deux simulations annuelles, différant seulement par l'inclusion ou l'omission de courants de marée. Ces simulations sont réalisées à partir d'une configuration régionale du modèle numérique tridimensionnel MITgcm, utilisant une haute résolution spatiale autour du détroit de Gibraltar (1/200°, 100 niveaux verticaux). Spécifiquement, nous étudions le mélange diapyncal simulé au travers du schéma de fermeture de la turbulence du modèle, basé sur un bilan d'énergie cinétique turbulente.En accord avec la littérature, nous trouvons que les marées intensifient le mélange diapycnal et l'advection verticale au détroit. Nous démontrons ensuite que ce mélange repose sur deux ingrédients principaux : un cisaillement vertical intense des courants horizontaux et un affaiblissement local de la stratification. Dans la couche Méditerranéenne, le premier mécanisme contrôle le mélange près du plancher océanique alors que second contrôle le mélange dans des zones moins profondes, particulièrement au-dessus des seuils du Camarinal et d'Espartel. Dans la couche Atlantique, les deux mécanismes sont impliqués dans le mélange diapycnal, qui se développe le long de le sillage d'une onde interne générée au seuil de Camarinal, advectée vers la Méditerranée. À haute fréquence, l'affaiblissement local de la stratification résulte de la création de zones de convergence et divergence, qui alimentent des cellules de recirculation entre les couches Atlantiques et Méditerranéenne. De plus, nous soulignons que le mélange diapycnal se développe principalement dans la couche Méditerranéenne pendant la phase de marée descendante et dans la couche Atlantique pendant la phase de marée montante.Nous concluons en proposant un schéma conceptuel du mélange de marée au détroit de Gibraltar, où les cellules de recirculation induites par la marée jouent un rôle prépondérant dans la transformation des masses d'eau échangées. De manière plus générale, cette étude souligne la pertinence d'une représentation réaliste des marées et de la topographie pour simuler les échanges au détroit de Gibraltar et plaide pour l'utilisation de paramétrisations lorsque cela n'est pas possible.

We use a numerical model based on the three-dimensional z-coordinate Massachusetts Institute of Technology general circulation model (MITgcm;Marshall et al, 1997a,b) adapted to the Mediterranean region. The model solves the fully

We focus on two hindcast numerical simulations, differing only by the inclusion (ExpT) or omission (ExpNT) of tidal forcing. The simulations are initialized with the MEDHYMAP climatology(Jordà et al, 2017b) in August 1980 and run until December 31 st 1981.
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ENHANCED REPRESENTATION OF THE SOG the code in order to include the forcing dataset). This chapter is a published article in Progress in Oceanography (https://doi. org/10.1016/j.pocean.2023.102980). I did not modify the corpus here. The organisation is the same, with the appendices and supplementary material at the end of the chapter. I have simply modified the layout such that it stays coherent with the rest of the document. Some elements of the introduction and methodology section can be redundant with the previous chapters.

Appendices A Validation of K1 and O1 tidal elevations at the SoG

In this appendix, we validate the K1 and O1 tidal amplitudes at the SoG against available observation-based datasets and reference simulations. a connection between the circulation of the EMB and the tidal mixing at the SoG or other straits of the EMB. However, further work is needed to shed light on this mechanism.

Regarding salinity, inclusion of parameterized mixing (δ pT ides ) also produces similar effects to that of explicit tides (δ T ides , δ T HR ). Specifically, it results in a general saltening of the EMB surface, attributable to the propagation of the AW saltened by tidal mixing at the SoG. In terms of magnitude, west of 15 • E, both the parameterized tides in pT LR and the explicit tides in T HR induce a more intense saltening than the explicit tides in T LR, which is consistent with the improved representation of interactions between tides and topography at the SoG in pT LR and T LR. On the other hand, east of 15 • E, the saline anomalies are more intense in pT LR and T LR. These zonal variations of the saline anomalies are mainly attributable to the modified circulation of AW in the Ionian and Levantine Basins (not shown).

Thus, the former results highlight that the tidal mixing parameterization realistically reproduces the influence of explicit tidal mixing at the SoG on the Mediterranean surface. In particular, it better captures the saltening effect of tidal mixing on the Mediterranean surface than the simulation with explicit tidal forcing and Chapter 6

Conclusions and Prospects