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Le golfe du Tonkin (GoT), situé sur le plateau continental dans la partie nord-ouest de la mer orientale du Vietnam / mer de Chine méridionale (VNES/SCS), est très riche en ressources naturelles. Malgré sa situation stratégique, la dynamique régionale et les échelles de sa variabilité sont encore très mal documentées, ce qui empêche une avancée dans des études environnementales. Le manque d'observations systématiques est probablement la principale raison qui rend difficile la compréhension du schéma global de la dynamique dans ce bassin. Pour combler le manque d'observations océanographiques, un réseau de radars Haute Fréquence (radar HF) a été déployé dans la région permettant la télédétection des courants de surface en continu. Les séries temporelles de vitesses de courants, longues de deux ans et demi, ont été utilisées pour caractériser la variabilité de la dynamique régionale dans une large gamme d'échelles et pour identifier les processus physiques régissant cette variabilité. Il a été démontré que la marée explique une grande partie (60%) de cette dernière. A l'échelle saisonnière, les apports d'eau douce des fleuves affectent fortement l'écoulement en modifiant la polarisation des ellipses des courants de marée et en produisant l'intensification du courant côtier, en fin d'été et en automne. Le vent de mousson régit la dynamique à grande échelle et contrôle l'extension spatiale du courant côtier. Les schémas du transport de traceurs passifs et les régimes de la dispersion turbulente ont été étudiés dans un cadre lagrangien en utilisant les champs de vitesses issues des mesures radar et des simulations numériques (modèle SYMPHONIE à haute résolution). Les diagnostics lagrangiens utilisés (dispersion relative et exposants de Lyapounov) ont permis de mettre en évidence un changement significatif dans le régime de la dispersion et dans les propriétés du transport engendré par le vent de mousson et les apports d'eau douce. L'effet de la turbulence et de mélange horizontal sur la distribution de matière a été trouvé particulièrement important dans quatre régions du golfe. Nos analyses ont révélé que la variabilité à petite échelle des courants marins joue un rôle déterminant dans la structuration de la distribution spatiale du phytoplancton dans ces régions.
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Introduction Générale

Situées à l'interface entre l'atmosphère, le continent et l'océan ouvert, les mers côtières (appelées parfois régions océaniques côtières) constituent des environnements dont la dynamique complexe peut évoluer selon une vaste gamme d'échelles spatio-temporelles. Ces espaces sont soumis à de nombreuses pressions anthropiques, liées aux activités industrielles, de pêche ou de tourisme. Ils sont également soumises à des forçages naturels divers, allant des aléas extrêmes (tempêtes, surcotes, tsunamis) aux phénomènes naturels d'érosion. Le changement climatique induit également un impact sur ces milieux en favorisant par exemple l'élévation du niveau de la mer, ou l'augmentation de la fréquence de tempêtes.

Ces zones de continuum terre/océan représentent un ensemble de problématiques scientifiques où se confrontent à la fois des phénomènes liés à de longues échelles de temps et d'espace, comme les variations du climat, et des effets liés aux causes plus locales et de courte échelle de temps, tels que les facteurs anthropiques ou les évènements météorologiques. La compréhension des processus physiques et biogéochimiques qui régit l'environnement physique et les écosystèmes dans les mers côtières est donc fondamentale pour mener efficacement une politique de gestion durable de ces espaces.

La compréhension de l'état présent de ces espaces et de sont évolution future nécessite une approche multi-méthodes, telles que des mesures in situ, la télédétection, des modélisations numériques et physiques, ou le relevé de différents types d'indicateurs biogéochimiques.

Cette approche repose sur une compétence pluridisciplinaire, faisant intervenir des savoirs issus de la physique, des études hydrodynamiques (variabilité des courants), ou encore de la biologie, de l'écologie et des sciences humaines et sociales. Enfin, cette compréhension doit également être multitemporelle, depuis l'observation de l'instantané jusqu'à l'approche de phénomènes se déroulant sur plusieurs dizaines d'années (milliers d'années pour certaines disciplines).

Les études menées dans le cadre de cette thèse adoptent cette approche pluridisciplinaire faisant intervenir des compétences principalement en sciences physiques: en télédétection des courants marins et de couleur de l'eau, en modélisation eulérienne et lagrangienne, en mesures in situ et en traitement du signal, et, très modestement, en océanographie biologique.

Les processus physiques et (à titre d'exemple) biologiques, abordés dans cette étude, évoluent selon une gamme d'échelles spatio-temporelles assez étendue, allant du jour à l'année et du kilomètre à la centaine de kilomètres. L'attention particulière a été portée à la problématique d'interaction d'échelles ce qui a requis l'emploi d'outils et de techniques d'analyses différents.

La zone géographique choisie pour cette étude est le Golfe du Tonkin -une mer épicontinentale située intégralement sur le plateau nord-ouest de la mer orientale du Vietnam / mer de Chine méridional, dont l'acronyme anglais est VNES/SCS (Vietnam East Sea, or South China Sea).

Ce bassin semi-fermé en forme de croissant s'étend sur environ 500 km du nord au sud et de 270 km Situé dans une zone stratégique, potentiellement exposée aux conflits géopolitiques avec la Chine, ayant de riches ressources en gaz, en pétrole, une grande diversité d'espèces marines commerciales, la région n'a suscité qu'un intérêt limité pour les études scientifiques. L'hydrodynamisme du bassin ne fait pas l'exception. La circulation générale, sa variabilité aux différentes échelles d'espace-temps n'a été documentée que dans très peu de publications en anglais, qui se basent en majeur partie sur la modélisation.

Dans ce contexte, il paraît indispensable d'acquérir la connaissance des interactions entre les composantes physiques, géologiques et biologiques de l'environnement marin côtier au Vietnam et en particulier dans le golfe du Tonkin, soumis à une forte pression anthropique.

Le manque d'observations systématiques dans cette région est probablement la principale raison qui empêche une bonne compréhension du schéma global de la dynamique dans ce bassin. Cela induit notamment le débat sur la variabilité saisonnière de la circulation (par exemple, circulation cyclonique/anti-circulation en été) et sur le rôle de processus physiques contrôlant cette variabilité [START_REF] Ding | Observational and model studies of the circulation in the Gulf of Tonkin, South China Sea[END_REF][START_REF] Gao | Modeling the circulation in the Gulf of Tonkin, South China Sea[END_REF][START_REF] Sun | Three-dimensional numerical simulation for tide and tidal current in the Beibu Gulf[END_REF][START_REF] Wang | Study of the Dynamic-Thermodynamic Mechanic of Beibu Bay Cool Water Masses[END_REF][START_REF] Xia | Three-D numerical simulation of wind-driven current and density current in the Beibu Gulf[END_REF][START_REF] Zu | Analysis of the Current and Its Mechanism in the Gulf of Beibu[END_REF].

Pour combler le manque d'observations océanographiques dans la zone, un réseau de radars océanographiques haute fréquence (radar HF) a été déployé le long des côtes ouest du golfe du Tonkin en 2012 (plus précisément, en décembre 2011) pour la mesure des courants de surface et des vagues.

Ce réseau, devenu opérationnel assez rapidement, est opéré par l'Administration Vietnamienne des Mers et des Iles (VASI, MONRE). L'emplacement des stations radar dans le golfe est indiqué sur la Il convient de préciser que radar HF est un instrument très performant de télédétection des courants en zone côtières. Les mesures de la vitesse des courants par radar ont été utilisées massivement dans de nombreuses études de la dynamique régionale côtière. Elles ont contribué au développement d'outils d'océanographie opérationnelle mis en place dans un certain nombre de pays (e.g., [START_REF] Kohut | Improving HF Radar Surface Current Measurements with Measured Antenna Beam Patterns[END_REF][START_REF] Abascal | Application of HF radar currents to oil spill modelling[END_REF][START_REF] Paduan | High-Frequency Radar Observations of Ocean Surface Currents[END_REF]. Ainsi, le premier objectif de la thèse vise à développer une approche méthodologique innovante de la caractérisation de la dynamique océanique régionale à partir d'observations des courants marins par radars, installés dans le golfe du Tonkin. La technique de la mesure et surtout les méthodes efficaces de traitement de données que nous avons mises en oeuvre ont permis de constituer des séries longues de vitesse des courants superficiels. Cette base de données a été utilisée pour effectuer l'analyse de la variabilité des courants dans une large gamme d'échelles spatio-temporelles.

Nous somme allés plus loin dans l'utilisation de mesures radar et nous avons étendu le champ d'application de la télédétection des courants à la problématique de la caractérisation du transport et de la dispersion turbulente dans le GoT en utilisant une approche lagrangienne. Cette approche fait intervenir des particules virtuelles (petits volumes d'eau étiquetés) advectées dans le champ de vitesse des courants mesurés par radar.

Très vite nous nous sommes confrontés à une limitation sérieuse qui est la couverture spatiale limitée des observations radar dans le golfe. L'utilisation d'un modèle de circulation est apparue indispensable pour la poursuite des études. Le deuxième outil d'investigation que nous avons employé était donc le modèle numérique à haute résolution -modèle SYMPHONIE.

La validation du modèle et l'évaluation de ses performances a constitué le deuxième objectif visé dans ce travail de thèse. L'ensemble des mesures radar a été comparé au modèle. Cette vérification a conforté la validité des résultats de la modélisation. Elle a permis également l'utilisation du modèle pour étudier les processus de transport lagrangien à l'échelle du golfe. A notre connaissance, cette problématique scientifique n'a pas encore été abordée dans cette région géographique et même dans la région plus vaste de l'Asie du sud-est.

Il convient de préciser que ce modèle de circulation régionale a été mis en oeuvre dans le golfe du Tonkin pour la première fois par [START_REF] Piton | Sensitivity study on the main tidal constituents of the Gulf of Tonkin by using the frequencydomain tidal solver in T-UGOm[END_REF][START_REF] Piton | Influence of winds, geostrophy and typhoons on the seasonal variability of the circulation in the Gulf of Tonkin: A high-resolution 3D regional modeling study[END_REF]. Puis il a été beaucoup amélioré par [START_REF] Nguyen-Duy | Variability of the Red River Plume in the Gulf of Tonkin as Revealed by Numerical Modeling and Clustering Analysis[END_REF], dans le cadre de sa thèse au LEGOS. Ces améliorations et un raffinement du maillage du modèle ont permis de reproduire des structures dynamiques à fines échelles dans l'écoulement et plus particulièrement au voisinage des côtes vietnamiennes. Ces structures, caractérisées par des échelles spatiales allant d'un à cent km et des échelles temporelles allant du jour à la semaine, affectent fortement le transfert d'eau et de matière via le mécanisme de dispersion turbulente.

Le troisième objectif de la thèse consistait à caractériser l'effet de la dynamique à fine-échelle dans le golfe sur la structuration de la distribution spatiale du phytoplancton. Les mécanismes impliquant les variations conjointes des quantités physiques et biologiques dans la région ne sont pas encore bien documentés. Pour combler le manque de connaissances dans ce domaine, nous avons étudié les impacts potentiels de la dynamique, de la turbulence et des processus de mélange horizontal sur la répartition spatiale de chlorophylle-a observée depuis l'espace, c'est-à-dire en utilisant des produits couleur de l'eau.

En conformité avec ces trois objectifs, la structure de cette thèse est la suivante :

Le chapitre I fournit une description de la région (caractéristiques géographiques, forçages physiques, processus hydrodynamiques), détaille les connaissances existantes sur la dynamique du golfe du Tonkin et les limitations associées, et enfin identifie les principales questions ouvertes sur la variabilité de la dynamique.

Dans le chapitre II, nous présentons le principe du fonctionnement des radars HF, les méthodes de traitement et d'analyse de données utilisées dans cette étude. La comparaison des mesures radar HF et des mesures de vitesse in-situ ainsi que le problème de la prévisibilité lagrangienne sont également abordés dans ce chapitre.

Le chapitre III présente les résultats de l'application de la télédétection des courants par radar dans le golfe. Les différentes échelles de la variabilité des courants de surface, allant de l'échelle de la marée à l'échelle annuelle ont été examinées. Les processus physiques à l'origine de cette variabilité ont été caractérisés. Un article scientifique intitulé «Multi-scale variability of circulation in the Gulf of Tonkin from remote sensing of surface currents by high-frequency radars» a été publié en 2021 dans la revue Ocean Dynamics (https://doi.org/10.1007/s10236-020-01440-x).

La question du transport lagrangien et de la turbulence dans le golfe sont abordées dans le chapitre IV.

Les vitesses des courants mesurées par radar et celles issues de la modélisation à haute résolution sont utilisées pour étudier la dispersion turbulente des traceurs passifs. Nous avons caractérisé l'effet des zones frontales générées par l'interaction multi-échelle de l'écoulement turbulent sur la distribution spatiale des traceurs passifs dans le golfe. Les résultats présentés dans ce chapitre ont été publiés en 2022 dans Continental Shelf Research : «Assessment of relative dispersion in the Gulf of Tonkin using In the course of history, humans have utilized these regions, including coastal waters and the adjacent seas, for a wide range of benefits. These shallow regions are productive areas, which contribute about 90% to the world's fisheries consumption that directly provide food for humanity as well as for natural resources, maritime commerce, scientific, industrial and recreational activities. As a strategic position between the land and the ocean, the shelf region is extensively used for marine transport and trade ports for global business. Thus, despite making up only a small fraction of roughly 9% of total areas of the world's oceans, they are trivial to humankind as being home to 40% of the population living within 100 km of the shoreline [START_REF] Simpson | Introduction to the Physical and Biological Oceanography of Shelf Seas[END_REF]. The oceanographic characteristics of the shelf sea regions are somehow different from that of the deep seas and degrees of variety are respected with the location. The main reason why the dynamics of the shallow seas are different from that of the deep sea is the water properties and general circulation in these shallow water zones are largely modified by the shallow topography and their regional settings, i.e., surface wind, river discharge, heat flux, precipitation, etc., that set the unique ocean dynamics among them. More importantly, the shelf region is the part of the ocean that is mostly affected by pollution from human activities.

Lying over the shelf of the Vietnam East Sea, or South China Sea (VNES/SCS), the Gulf of Tonkin (GoT) accounts for a very special role in the social and economic spheres. The attractiveness of the coasts, spanning many levels (economic, commercial, tourist, etc.), has made the area a highly populated territory, i.e., the Red River Delta (RRD) is one of the highest population densities in the world (~1000 inhab km -²), and exposed to growing anthropogenic pressure. As part of the Southeast Asian (SEA) waters, the GoT shares similarities in characteristics with the VNES/SCS region. The monsoonal climatic forcing, in particular, the distinction between seasonal wind and precipitation, induces a strong variation in dynamics. Certain particularities of the coasts (i.e., the presence of large rivers and estuaries, the extended continental shelf and the shallow bottom, extreme atmospheric forcing, etc.) multiply the interactions at the land-sea interface thus making the study of the dynamics of this region difficult. A dramatic event (Formosa steel event), which occurred in 2016 not far from the Vietnamese coast and caused massive pollution of coastal waters, livestock farms, and beaches, gives a fair example of the vulnerability of the marine environment. The event revealed the shortage in the response procedure to marine hazards and diagnose the extent of the phenomenon and its evolution. This failure is also linked to the lack of sufficient knowledge of the dynamics of the environment, the processes governing this dynamics, and modeling tools.

Despite the GoT having an important geographical location, great diversity in commercial species, and rich in gas, and oil resources as well, the region attracted only limited interest in scientific studies. In this context, it is fundamental to improve the understanding of the interactions between the physical, geological, and biological components of the coastal marine environment in the northern part of Vietnam and in particular in the Gulf of Tonkin which is subject to strong anthropogenic pressure.

Since late 2011, an operational data acquisition network has been set up in the north of Vietnam to cover the existing gaps in the knowledge of the regional hydrodynamics and oceanographic processes.

A coastal radar network was established by the Vietnam Administration of Seas and Islands (VASI, MONRE) along the western coast of the GoT for ocean surface currents and wave monitoring. HF radar data are used massively in the study of regional coastal ocean dynamics and the development of operational oceanography tools which were previously established in a number of regions (e.g., [START_REF] Kohut | Improving HF Radar Surface Current Measurements with Measured Antenna Beam Patterns[END_REF][START_REF] Abascal | Application of HF radar currents to oil spill modelling[END_REF][START_REF] Paduan | High-Frequency Radar Observations of Ocean Surface Currents[END_REF]. The technique of measurement provides an opportunity for investigating the interaction of oceanic processes at a regional scale. This is the main focus of the PhD thesis which aims to develop an innovative methodological approach for characterization of the regional coastal ocean dynamics using observations of surface currents by a network of oceanographic radars (HF radars) installed along the coast in the GoT.

The modern processing techniques are applied to radar data to build long time series of ocean current velocities in the northern part of Vietnam. Methods for analyzing current maps, non-linear and nonstationary evolution of velocities were implemented and applied to identify the major circulation patterns and to quantify the temporal variability of coastal dynamics in a wide range of frequencies:

from the semi-diurnal to seasonal period. This database has a large spatial coverage and is continuously renewed. It is used to respond to the concerns of many local studies aimed at understanding the complexity of coastal dynamics, developing of methods for characterizing the ecological state of the marine environment, the transport and dispersion of material in the water (Lagrangian transport). Based on our research, an innovative approach of analysis was built for the first time in Vietnam and the SEA region. This observing system and method of analysis help to understand and forecast the evolution of short-term coastal dynamics. They will be made operational in the nearest future.

In the first chapter, the study region and the current state knowledge of the regional dynamics based on previous research are present. The description of the GoT geography, the circulation, and the forcing that drive the surface dynamics are summarized in the following subsections. Based on this overview, we identified the scientific issues that remain to be investigated and determined the objects of the research. and it carries out a large volume of sediments [START_REF] Vinh | Impact of the Hoa Binh dam (Vietnam) on water and sediment budgets in the Red River basin and delta[END_REF].

Meteorological conditions

• Monsoon wind

As part of the South East Asian (SEA) region, the climate of the GoT is largely influenced by largescale seasonal reversal of wind regimes of the Asian monsoon system [START_REF] Wyrtki | Physical Oceanography of the Southeast Asian waters[END_REF]. The monsoon weather system is a result of large land-sea temperature differences caused by solar radiation, in which the landmass in the northern hemisphere is larger and warmed greater than in the south (Huffman et al., 1997). This monsoon condition features a high seasonal variability of climate conditions, in particular, precipitations and winds. Two monsoon regimes can be distinctly recognized as the northeast (NE) monsoon (winter, or dry season) and the southwest (SW) monsoon (summer, or wet season). A review of the Asian monsoon can be found in [START_REF] Loo | Effect of climate change on seasonal monsoon in Asia and its impact on the variability of monsoon rainfall in Southeast Asia[END_REF]. The annual cycle of the surface wind direction and magnitudes is shown in Fig. 1.2.

The NE monsoon season lasts about six months from mid-October to March and fully develops during mid-January. During this period, the northeast wind is strong and periodically blows from the Siberian 

• Surface heat flux and precipitation

The surface heat flux does not directly inject momentum into the upper ocean, however, the seasonal cycle of heat energy exchange adjusts the density of water parcels and modifies the stratification of the water column. This process leads to an unequal distribution of heat energy and generates density gradients which in turn, drive the circulation. To justify the annual cycle of heating and cooling in the GoT, Fig. 1.3 represents the monthly mean net heat flux averaged for a 20-year long period from 2000 to 2020 over the whole domain. During the year, the net heat flux is positive from February to September with a large amount of solar energy of 44 W m -2 on average and the maximum heat gain is during April (Fig. 1.3). With the onset of the NE monsoon and large cloud coverage, the net heat flux during winter is negative and the sea surface is vastly cooling.

Similarly, the input of freshwater input constitutes an important second source of mechanical forcing which injects the potential energy via buoyancy gradients. The freshwater gained through rainfall indeed leads to a lower sea surface salinity (~1 lower) for the VNES/SCS than the surrounding ocean [START_REF] Qu | Mindoro Strait and Sibutu Passage transports estimated from satellite data[END_REF]. Rainfall in the GoT demonstrates a large seasonal variation. The rainy season in the GoT starts from May until mid-winter and accounts for about 85 -95% of the total annual rainfall [START_REF] Loo | Effect of climate change on seasonal monsoon in Asia and its impact on the variability of monsoon rainfall in Southeast Asia[END_REF]. The average net freshwater flux during summer is about 2.3 mm days -1 . From autumn to early summer, due to the cold and dry conditions brought by the northeast monsoon wind, the rain intensity is low and the evaporation exceeds the precipitation during this period (Fig. 1.3).

• Episodic forcing

The SEA climate, environment, and society are also experienced a strong influence from extreme events, including tropical cyclones (or tropical typhoons). The conventional typhoon season typically spans from summer to fall, extending for several months from May to November. Tropical cyclones can sometimes form beyond this period. About five to six storms affect the Vietnamese coastline every year, mostly occurring in August and September [START_REF] Nguyen | Vulnerability of Vietnam to typhoons: A spatial assessment based on hazards, exposure and adaptive capacity[END_REF]. Not only causing severe impacts on human and economic losses, tropical storms also induce a strong momentum, heat, and water fluxes exchange between the ocean and atmosphere at a short timescale. In the VNES/SCS, the effects of tropical cyclones on the ocean have been investigated in several studies, e.g., the typhoon Ernie (1996) triggered significant SST cooling and sea surface depression in the wake of the storm [START_REF] Chu | South China sea isopycnal-surface circulation[END_REF]. Another can be named, such as typhoon Pabuk (2007) which largely intensified the near-bottom current along its route (from the Luzon Strait to the Hainan Strait) [START_REF] Liu | Observations of strong near-bottom current after the passage of Typhoon Pabuk in the South China Sea[END_REF]. [START_REF] Wang | Effects of tropical cyclones on large-scale circulation and ocean heat transport in the South China Sea[END_REF] also observed a strong deep SCS circulation induced by typhoon activities which suggests that the effects of typhoons can penetrate the deep ocean. By examining 4 strong typhoons during the year 2013, [START_REF] Piton | Influence of winds, geostrophy and typhoons on the seasonal variability of the circulation in the Gulf of Tonkin: A high-resolution 3D regional modeling study[END_REF] have demonstrated that the typhoon, depending on their direction and intensity, can significantly alter the general circulation by rapidly generating water fluxes that can be up to 400 times larger than the climatological fluxes, and their influence can last for several days before and after the storm passes the region.

• Large-scale phenomena

Additionally, at interannual time scales, the VNES/SCS region is influenced by the El Niño Southern Oscillation (ENSO) phenomenon. ENSO indicates an irregular variation in winds and sea surface temperature over the tropical eastern Pacific Ocean that can influence the global atmospheric circulation. The phenomenon consists of two opposite phases, known as the warming phase of the sea temperature, El Niño, and the cooling phase, La Niña. There are a number of studies that targeted the inter-annual variability of the VNES/SCS region due to ENSO, in particular, the sea surface temperature [START_REF] Huynh | Reconstruction and analysis of long-term satellite-derived sea surface temperature for the South China Sea[END_REF]Liu et al.,2014;[START_REF] Yang | Interdecadal difference of interannual variability characteristics of South China Sea SSTs associated with ENSO[END_REF][START_REF] Wang | Interannual variability of the South China Sea associated with El Niño[END_REF], sea level [START_REF] Peng | Interannual Sea Level Variations in the South China Sea over 1950-2009[END_REF][START_REF] Rong | Interannual sea level variability in the South China Sea and its response to ENSO[END_REF], surface winds [START_REF] Huynh | Reconstruction and analysis of long-term satellite-derived sea surface temperature for the South China Sea[END_REF], precipitations [START_REF] Juneng | Evolution of ENSO-related rainfall anomalies in Southeast Asia region and its relationship with atmosphere-ocean variations in Indo-Pacific sector[END_REF][START_REF] Vinh | Impact of the Hoa Binh dam (Vietnam) on water and sediment budgets in the Red River basin and delta[END_REF][START_REF] Räsänen | Spatiotemporal influences of ENSO on precipitation and flood pulse in the Mekong River Basin[END_REF][START_REF] Räsänen | On the spatial and temporal variability of ENSO precipitation and drought teleconnection in mainland Southeast Asia[END_REF], cyclone frequency occurrences (Camargo and Sobel, 2005;[START_REF] Wu | Interannual variability of the South China Sea in a data assimilation model[END_REF], river runoff [START_REF] Räsänen | Spatiotemporal influences of ENSO on precipitation and flood pulse in the Mekong River Basin[END_REF][START_REF] Xue | Changes in hydrology and sediment delivery of the Mekong River in the last 50 years: connection to damming, monsoon, and ENSO[END_REF] and upwelling variability [START_REF] Da | Contributions of Wind, Ocean Intrinsic Variability, and ENSO to the Interannual Variability of the South Vietnam Upwelling: A Modeling Study[END_REF]. Furthermore, many studies suggested that the summer monsoon is modulated by ENSO such that El Niño/La Niña phases weaken/strengthen the summer monsoon with later/earlier onset [START_REF] Chou | Interannual variability of the Western North Pacific summer monsoon: Differences between ENSO and non-ENSO years[END_REF]Liu et al. 2012;[START_REF] Dippner | Comment on "current separation upwelling over the southeast shelf of Vietnam in the South China Sea[END_REF]. Nevertheless, the Madden Julian Oscillation (MJO) and the Indian Ocean Dipole (IOD) also influence the VNES/SCS interannual variability, and thus possibly the GoT dynamics inter-annual variability. MJO contributes to larger than 10% of the intra-seasonal anomalous precipitations over the VNES/SCS in summer [START_REF] Zhang | Impact of the Madden-Julian oscillation on summer rainfall in the Southeast China[END_REF] while the IOD may impact the onset of the summer monsoon during non-ENSO years [START_REF] Yuan | Influences of the Indian Ocean Dipole on the asian summer monsoon in the following year[END_REF].

In a recent study by [START_REF] Piton | Sensitivity study on the main tidal constituents of the Gulf of Tonkin by using the frequencydomain tidal solver in T-UGOm[END_REF], it is argued that the ENSO event influences the seasonal circulation in the GoT by adjusting the strength of the monsoon wind. During the El Niño event, the winter circulation is weakened in response to the reduction of the northeastern wind while it is strengthened during summer as the southwestern wind intensifies. However, the assessment of their impacts is still limited in the GoT.

River runoff

River input provides a significant amount of freshwater, sediments, and nutrients into the sea. From the north to the south, the freshwater is distributed into the gulf through several river mouths. Among the five main river sources in the GoT (Fig. 1.4), the Red River is the largest in terms of freshwater and sediment discharge. The Red River originates from the Yunnan River in southern China. When flowing into Vietnam, the main river branch receives waters from two major tributaries: the Da and Lo rivers before discharging into the GoT. Downstream, the river separates into several distributaries in the low elevated area and forms the large Red River delta with an area of 15,000 km². The river, which is 1150 km long and contains a total amount of 169,000 km² of watersheds, is the second-largest river system in Vietnam after the Mekong River system [START_REF] Vinh | Impact of the Hoa Binh dam (Vietnam) on water and sediment budgets in the Red River basin and delta[END_REF]. The climatological Red River discharge demonstrates a seasonal modulation that is largely controlled by the monsoon regime (Fig.

1 .4). It is shown that the high river discharge period occurs during summer (June to early October), which is associated with the rainy season, and the low river discharge period spans from November to May. The discharge during the rainy season brings about 71-79% of the total annual input. The annual peak river discharge during the rainy season is at the rate of about 12,000 m 3 s -1 (Fig. 1.4) and the maximum discharge rate was observed in 1976, about 23,000 m 3 s -1 [START_REF] Vinh | Impact of the Hoa Binh dam (Vietnam) on water and sediment budgets in the Red River basin and delta[END_REF].

Although little is known about other rivers in the GoT in terms of freshwater discharge, the climatological data suggest that their contribution is by far smaller than that of the Red River. In the north of the GoT, the annual peak river discharge of two rivers: Nanliu and Qinjiang, are about 500 m 3 s -1 from June to August. In the southern gulf, the flooding period occurs from late September to October, one month later compared to the northern rivers. The maximum discharge rate of the Ca River attains the rate of about 1900 m 3 s -1 (Fig. 1.4). The higher discharge rate of the southern rivers can be caused by large excessive rainfall at the end of the rainy season and the occasional occurrence of tropical cyclones. Moreover, the short and steep slope of the river drainage basin leads to an increase in the peak flow of these rivers.

Existing knowledge of the GoT hydrodynamics 1.3.1. Ocean climatology

In a recent study, the variability of ocean dynamics in terms of surface current kinetic energy, sea surface temperature (SST), and salinity (SSS) in the GoT was documented (Loisel et al., 2016).

Overall, the water dynamics in the GoT exhibit a strong seasonal variability due to the impact of monsoonal conditions (Fig. 

Surface circulation in the GoT

The VNES/SCS circulation has been focused on in many studies [START_REF] Xu | The general descriptions of the horizontal circulation in the South China Sea[END_REF][START_REF] Chu | South China sea isopycnal-surface circulation[END_REF][START_REF] Fang | Seasonal structure of upper layer circulation in the southern South China Sea from in situ observations[END_REF]. The dynamics of this region as well as in the GoT are largely driven by the atmospheric monsoon wind systems. While the VNES/SCS oceanic circulation is largely studied and understood, the GoT circulation has attracted only limited attention from researchers over recent decades and remains a topic of debate in the literature. A most up-to-date review on the modeling and observation-based studies of the GoT circulation can be found in [START_REF] Gao | Review of the circulation in the Beibu Gulf, South China Sea[END_REF]. 

Winter circulation

Besides a general agreement on a gulf-scale cyclonic circulation in winter, four different structures of the regional winter circulation have been proposed:

1) The gulf-scale cyclonic circulation consists of two cyclonic gyres: one in the southern GoT and one in the middle of the northern GoT [START_REF] Tan | Preliminary analysis of hydrologic structure and hydrologic feature in the sea region of the Beibu Gulf[END_REF], results based on one-year long observations) (Fig. 1.6a).

2) The gulf-scale cyclonic circulation with a small cyclonic gyre enclosed in the northern GoT [START_REF] Yu | South China Sea circulation system and situation[END_REF], based on historical in-situ observations) (Fig. 1.6b).

3) The gulf-scale cyclonic circulation consists of two cyclonic gyres: one in the southern GoT and one in the northern GoT, with a southward current following the Vietnamese coast and a southwestward current following the northwestern coasts of Hainan [START_REF] Manh | A study on residual flow in the Gulf of Tongking[END_REF][START_REF] Xia | Three-D numerical simulation of wind-driven current and density current in the Beibu Gulf[END_REF]Sun et al., 2001, all based on 3D modeling) (Fig. 1.6c).

4) The circulation consists of a northern enclosed cyclonic gyre and a southern anticyclonic gyre [START_REF] Yuan | Numerical research in the circulation in the Beibu Gulf[END_REF] based on the 3D model). Despite these discrepancies in proposed circulation patterns, all of the above-mentioned studies suggested that winter monsoon winds are the primary drivers of winter surface circulation. However, the results of Gao et al. (2014b), based on numerical modeling, demonstrated that density-driven currents are the most relevant factor that influences winter circulation (Fig. 1.6d).

Summer circulation

Due to the combined effect of wind, heat flux, and river discharge, the circulation structure during summer is complex and can be generally characterized by three patterns:

1) A gulf-scale anticyclonic circulation [START_REF] Sun | Three-dimensional numerical simulation for tide and tidal current in the Beibu Gulf[END_REF], based on 3D modeling) (Fig. 1.6e)

2) A gulf-scale cyclonic circulation [START_REF] Ding | Observational and model studies of the circulation in the Gulf of Tonkin, South China Sea[END_REF][START_REF] Xia | Three-D numerical simulation of wind-driven current and density current in the Beibu Gulf[END_REF], using numerical modeling) (Fig. 1.6f)

3) A two-gyre structure circulation: one cyclonic gyre enclosed in the northern GoT and one anticyclonic gyre at the southern GoT boundary (Yang et al., 2003, based In addition, driving mechanisms are still under discussion as some studies suggest that the summer circulation is mainly driven by density gradients [START_REF] Xia | Three-D numerical simulation of wind-driven current and density current in the Beibu Gulf[END_REF]Yang et al., 2003, based on 3D modeling) while others show that the circulation is dominated by the monsoon winds (Manh and Yanahi, 2000;[START_REF] Sun | Three-dimensional numerical simulation for tide and tidal current in the Beibu Gulf[END_REF].

Tides

In shallow water regions as in many shelf sea regions, tides are the largest mechanical forcing that drives the circulation. It is an important driving force for coastal sediment transport and mixing in the river mouths. In fact, most of the tidal energy input to the shelf seas does not come directly from the action of the tidal generating force due to the small area, instead, it is delivered to the shelf from the open ocean. The tide-generating force acting over the large extent of the ocean basins drives the deep ocean tides which travel around the oceans in the form of long waves. Tides in the VNES/SCS were first described in [START_REF] Wyrtki | Physical Oceanography of the Southeast Asian waters[END_REF] who documented a general pattern of four main tidal constituents (K1, O1, M2, S2) in the region. Later, a more complete picture of tidal magnitudes and phases in the area was assessed by [START_REF] Ye | Tidal dynamics in the South China Sea[END_REF] by using the numerical model.

In the earlier studies (e.g., [START_REF] Ngoc | Thủy triều vùng biển ViệtNam[END_REF][START_REF] Fang | Numerical simulation of principal tidal constituents in the South China Sea, Gulf of Tonkin and Gulf of Thailand[END_REF][START_REF] Manh | A study on residual flow in the Gulf of Tongking[END_REF]Shi et al., 2002;[START_REF] Van Maren | Seasonal variation of hydrodynamics and sediment dynamics in a shallow subtropical estuary: the Ba Lat River, Vietnam, Estuar[END_REF]Chen et al., 2012a;[START_REF] Minh | Tidal characteristics of the gulf of Tonkin[END_REF], tidal motions in the GoT have been assessed with specific emphasis on coastal circulation and estuarine dynamics. In the GoT, as well as in the VNES/SCS region, diurnal tides (period close to one day) largely dominate the semidiurnal tides (period close to 12 h). The tidal energy flux in the GoT is maintained primarily through the large southern entrance where the diurnal tide amplitude is already larger than the semi-diurnal [START_REF] Hu | Tidal features in the China Seas and their adjacent areas derives from TOPEX/Poseidon altimeter data[END_REF]Shi et al., 2002;[START_REF] Minh | Tidal characteristics of the gulf of Tonkin[END_REF]. From the south to the north of the gulf, the diurnal tidal amplitudes (O1 and K1) gradually increase, reaching the maximum of about 1 m in the northeastern part of the gulf (Fig. 1.5a, b). The M2 tidal amplitude while almost equal in the southern gulf, appears to be about half of the magnitude of the diurnal tides in the northern Gulf (Fig. 1.5c). For In the previous modeling studies ( [START_REF] Ngoc | Thủy triều vùng biển ViệtNam[END_REF][START_REF] Fang | Numerical simulation of principal tidal constituents in the South China Sea, Gulf of Tonkin and Gulf of Thailand[END_REF][START_REF] Manh | A study on residual flow in the Gulf of Tongking[END_REF]Shi et al., 2002;[START_REF] Van Maren | Seasonal variation of hydrodynamics and sediment dynamics in a shallow subtropical estuary: the Ba Lat River, Vietnam, Estuar[END_REF]Chen et al., 2012a;[START_REF] Minh | Tidal characteristics of the gulf of Tonkin[END_REF], the tidal prediction reveals large discrepancies compared to observations. The limitation often comes from the coarse resolution and poorly resolved bathymetry in the numerical model, especially in the coastal area [START_REF] Minh | Tidal characteristics of the gulf of Tonkin[END_REF]. Also, the uncertainties in the boundary forcing or due to a poorly resolved bathymetry can play a major role in tidal simulations [START_REF] Piton | Sensitivity study on the main tidal constituents of the Gulf of Tonkin by using the frequencydomain tidal solver in T-UGOm[END_REF].

Moreover, to the best of our knowledge, the tidal currents were only documented in a few studies since most of them relied on observations by the coastal tidal gauges and in-situ current measurements in the gulf, which are limited in time. In these studies, a quite close behavior to the Kelvin wave in an enclosed basin [START_REF] Taylor | Tidal oscillations in gulfs and rectangular basins[END_REF] has been found. Shi et al. (2002); Chen et al. (2012a, b) argued that the Figure 1.7: Co-tidal chart for four main tidal constituents in the Gulf of Tonkin referred to GMT+7. Solid lines represent tidal phase-lag in degree, dashed line represents tidal amplitude in cm [START_REF] Minh | Tidal characteristics of the gulf of Tonkin[END_REF] tidal currents are generally weak in the interior of the gulf but are rather strong near the Chinese coast, around Hainan Island, and in the Hainan strait. From mooring observations in the middle of the northern gulf, [START_REF] Ding | Observational and model studies of the circulation in the Gulf of Tonkin, South China Sea[END_REF] found that the tidal ellipses are flat and symmetric in the north-south direction with a small magnitude (25 cm s -1 for the K1 and O1 constituents and 15 cm s -1 for the M2).

However, they also indicated that the tides were more energetic under stratified summer conditions than during winter vertical mixing. In addition, the dynamics of the southern part of the gulf was not assessed because of the lack of observations. This reveals the need for further investigation to better understand the tidal motions in the GoT and to better improve the model simulations.

Influence of the river discharge

The coastal rivers release a significant amount of freshwater into the sea. The low salinity water flow is constrained by the Coriolis force and tends to be trapped at the coast to establish a flow parallel to the coast, namely the coastal current. This current, balanced by the bottom friction and the Coriolis force, has the same direction as a propagating Kelvin wave [START_REF] Simpson | Introduction to the Physical and Biological Oceanography of Shelf Seas[END_REF]. Away from the outflow region, coastal current can be characterized as bottom trapped, in which most of the flow structure is in contact with a sloping bottom [START_REF] Lentz | Buoyant gravity currents along a sloping bottom in a rotating fluid[END_REF], or surface advected, where the surface layer is detached from the bottom [START_REF] Mazzini | Two-dimensional circulation and mixing in the far field of a surface-advected river plume[END_REF]. Several coastal current dynamics have been documented in the literature, such as the Norwegian Coastal Current [START_REF] Mork | Circulation phenomena and frontal dynamics of the Norwegian Coastal Current[END_REF], the Delaware Coastal Current [START_REF] Münchow | Buoyancy and wind forcing of a coastal current[END_REF], and the Oregon coastal current [START_REF] Mazzini | Buoyancy-Driven Coastal Currents off Oregon during Fall and Winter[END_REF].

Coastal currents play an important role in the transport of freshwater, nutrients, larvae, pollutants, sediment, etc. They contribute to the along-shore transport of materials from the estuary to the sea which can propagate for a long distance. The formation of sharp density fronts between the low salinity region and ambient ocean water often acts as barriers prohibiting the exchange processes between the regions inshore of the front and the adjacent ocean waters offshore. These fronts can significantly impact the marine ecosystems by controlling the along-and cross-shore transports and modifying the ocean stratification (Hickey et al. 2010). In addition, the change in stratification may allow or modify internal motions and also affect small-scale processes such as turbulence and mixing [START_REF] Mazzini | Buoyancy-Driven Coastal Currents off Oregon during Fall and Winter[END_REF].

In the GoT as well as in the VNES/SCS region, very few studies were focused on assessing the impact of the river on large-scale circulation. Using a numerical model, Chen et al. (2012a, b) argued that the freshwater discharge from the Red river induces a buoyant current along the Vietnamese coast. This flow could extend toward the middle of Vietnam and joins a tidally rectified current from the south in central Vietnam inducing a seaward extension in this region. [START_REF] Ding | Observational and model studies of the circulation in the Gulf of Tonkin, South China Sea[END_REF] elevated this idea and suggested that the river plume interacts with the southwest monsoon significantly intensifying the surface cyclonic circulation in summer. The dynamics of the river plume is largely controlled by the buoyancy input, the surface wind, and tides. The changes in the balance between stratification and mixing occur on a variety of time scales: from seasonal through monthly and fortnightly down to one day or shorter. The seasonal variability of the river plume is more extreme in the tropical regions which exhibit monsoonal cycles, and the freshwater discharge is the largest during the wet summer [START_REF] Simpson | Introduction to the Physical and Biological Oceanography of Shelf Seas[END_REF]. In the GoT, the seaward extension of the river plume can exceed 150 km from the coast during the high runoff in summer while under low runoff in winter, it is confined to a narrow region and is almost diminished [START_REF] Nguyen-Duy | Variability of the Red River Plume in the Gulf of Tonkin as Revealed by Numerical Modeling and Clustering Analysis[END_REF]. Along-shore wind forcing can also alter the speed and the structure of the river plume as it moves along the coast, thus, largely affecting the dynamics of the coastal area in the southern GoT [START_REF] Rogowski | Air-Sea-Land Forcing in the Gulf of Tonkin: Assessing Seasonal Variability Using Modern Tools[END_REF].

Turbulent motions

The GoT circulation is asserted to be complex in response to the highly variable forcing conditions mentioned above. The turbulent motions, spanning a wide variety of spatial and temporal scales, are directly connected to the transport of heat and salt, dispersion of pollutants, nutrients, etc., especially in marginal ocean areas with more complex geography and bathymetry. In-situ observations are generally too sparse to provide comprehensive information about turbulent motions. Using satellite observations of Chl-a distribution at the sea surface, the complex dynamics was revealed which include numerous swirling and filamentary patterns as a result of the interaction of multi-scale motions (Fig. 1.8). Characterizing these dynamics is important as it helps to improve the study of horizontal transport and mixing and how they affect, for example, the marine ecosystems, carbon cycle, etc.

The term "fine scales" represents the dynamics of the ocean with spatial scales of roughly 1-100 km and temporal scales of days to weeks. These scales of motion are of practical importance because it is associated with a peak in the energy spectrum of ocean turbulence [START_REF] Ferrari | Ocean circulation kinetic energy: reservoirs, sources, and sinks[END_REF] and emerge as dominant factors that determine the water parcels' trajectories [START_REF] Lehahn | A Satellite-Based Lagrangian View on Phytoplankton Dynamics[END_REF]. At the same time, it is difficult to separate mesoscale motions, O(~ 10 -1000 km), from the nearby submesoscale structures, which are often referred to as fronts and small eddies with O(~ 1 -10 km).

The study of transport and dispersion processes in the flow is often performed in the Lagrangian framework, focusing on the flow evolving along the water trajectories. This approach is similar to describing the property of the flow following an object (water parcels) that does not have active motion and therefore drifts along current trajectories [START_REF] Lehahn | A Satellite-Based Lagrangian View on Phytoplankton Dynamics[END_REF]. Lagrangian statistics based on the availability of observational drifter data (i.e., [START_REF] Balwada | Relative Dispersion in the Antarctic Circumpolar Current[END_REF][START_REF] Berti | Lagrangian drifter dispersion in the southwestern Atlantic Ocean[END_REF][START_REF] Schroeder | Relative dispersion in the Liguro-Provençal basin: From sub-mesoscale to mesoscale[END_REF][START_REF] Schroeder | Targeted Lagrangian sampling of submesoscale dispersion at a coastal frontal zone[END_REF][START_REF] Van Sebille | Pairwise surface drifter separation in the western Pacific sector of the Southern Ocean[END_REF] or from the advected virtual particles (e.g., [START_REF] Berti | Lagrangian pair dispersion in upper-ocean turbulence in the presence of mixed-layer instabilities[END_REF][START_REF] Foussard | Relative dispersion in generalized twodimensional turbulence[END_REF][START_REF] Haza | Transport properties in small-scale coastal flows: relative dispersion from VHF radar measurements in the Gulf of La Spezia[END_REF] have allowed accessing the stirring operated by turbulent flow at different scales. In addition, the Lagrangian approach allows to understand the mechanisms behind the distribution patterns of oceanic tracers using the theory of geometric structures, or the identification of Lagrangian Coherent Structures (LCSs) (i.e., D 'Ovidio et al., 2004;Haller & Yuan, 2000;Hernández-Carrasco & Orfila, 2018). However, turbulence and dispersion properties are not generally conclusive and vary from region to region [START_REF] Berti | Lagrangian pair dispersion in upper-ocean turbulence in the presence of mixed-layer instabilities[END_REF] as well as the physical processes acting at the submesoscale require further investigation [START_REF] Lévy | The role of submesoscale currents in structuring marine ecosystems[END_REF].

Advantages of HF radar technology

Quantifying the ocean currents is important from certain points of view regarding ecological and economic reasons, however, it raises a challenge in oceanographic research since the ocean surface exhibits a wide range of temporal and spatial variability. There are several ways for achieving this task. For example, the surface current velocity can be measured using surface drifters [START_REF] Lumpkin | Advances in the Application of Surface Drifters[END_REF], or in situ current measurements throughout the water column at a static point or along a vessel track by towed Acoustic Doppler-based instruments (ADCP/AWAC) [START_REF] Lopez | Surface currents in the Alderney Race from high-frequency radar measurements and three-dimensional modelling[END_REF]; or recently by sea glider (e.g., [START_REF] Miles | Coastal ocean circulation during Hurricane Sandy[END_REF]. The drawbacks of these techniques are a short life time of the surface drifter while the use of ADCP, or gliders can provide measurements only in limited size regions. Observations made by the satellite altimetry, through providing instantaneous measurements over a large area, are not designed to capture reliable information in the coastal regions and their temporal resolution is low thus preventing capturing the evolution of small-scale motions there.

In this context, during the last decades, the remote sensing of surface currents using land-based radar technology has become a powerful tool for the study of coastal circulation and variability of surface currents. In particular, the radar data were used in many studies of tidal dynamics [START_REF] Kaplan | HF radar observations of surface circulation off Bodega Bay (northern California, USA)[END_REF]; [START_REF] Lopez | Surface currents in the Alderney Race from high-frequency radar measurements and three-dimensional modelling[END_REF][START_REF] Sentchev | Residual and tidal circulation revealed by VHF radar surface current measurements in the southern Channel Isles region (English Channel)[END_REF][START_REF] Sentchev | Surface circulation in the Iroise Sea (W. Brittany) from high resolution HF radar mapping[END_REF][START_REF] Yoshikawa | A surface velocity spiral observed with ADCP and HF radar in the Tsushima Strait[END_REF], wind-induced currents [START_REF] Dzwonkowski | Sub-inertial characteristics of the surface flow field over the shelf of the central Mid-Atlantic Bight[END_REF], or quantification of the variability of coastal currents at different scales [START_REF] Kim | Observations of submesoscale eddies using high-frequency radar-derived kinematic and dynamic quantities[END_REF][START_REF] Kim | Observations of near-inertial surface currents off Oregon: Decorrelation time and length scales[END_REF]. Tidal current patterns were validated and observed in many places around the world, such as in the Iroise Sea and the English Channel where the tidal flow speed can be attained as high as 4 m s -1 [START_REF] Sentchev | Surface circulation in the Iroise Sea (W. Brittany) from high resolution HF radar mapping[END_REF]. The authors also noted that the HF radar provided observations that cannot be done using traditional techniques due to extreme weather conditions and powerful tidal streams. In addition, the high temporal coverage of the radar data allows analyzing the evolution of river plumes, the fate of freshwater, and pollutants released from land to the ocean (i.e., [START_REF] Chant | Dispersal of the Hudson River Plume in the New York 819 Bight: Synthesis of Observational and Numerical Studies During LaTTE[END_REF][START_REF] Rogowski | Air-Sea-Land Forcing in the Gulf of Tonkin: Assessing Seasonal Variability Using Modern Tools[END_REF]. The real-time data were also used for assessment of the anomalies of surface circulation triggered by extreme atmospheric conditions, i.e., surface current responses to the typhoons in the Taiwan strait [START_REF] Fujii | An overview of developments and applications of oceanographic radar networks in Asia and Oceania countries[END_REF], or the detection of tsunamis, recently gaining much interest [START_REF] Barrick | Japan tsunami detected by HF radars on two continents[END_REF]Dzvonkovskaya et al., 2011;[START_REF] Guérin | Tsunami detection by highfrequency radar in British Columbia: performance assessment of the time-correlation algorithm for synthetic and real events[END_REF][START_REF] Grilli | Tsunami detection by high frequency radar beyond the continental shelf: ii. extension of time correlation algorithm and validation on realistic case studies[END_REF].

For a long-term period of time, radar measurements can also be used in conjunction with in-situ measurements, providing a more complete description of the seasonal and inter-annual variation of ocean dynamics. For example, HF radar data were used to assess the inter-annual variation of Soya Warm currents [START_REF] Ebuchi | Observation of the Soya warm current using HF ocean radar[END_REF], and seasonal shifts in the coastal current along the United States west coast (Garcia-Reyes and Largier, 2012). Other applications of HFRs are also possible, targeting marine environment monitoring (biological transport, fisheries management, water quality monitoring), human activities at sea (port management, industries, offshore farms, marine renewable energies), wind/wave interaction [START_REF] Shen | Wind-speed inversion from HF radar first-order backscatter signal[END_REF], ship detection (Grosdidier, 2010;[START_REF] Roarty | Real-Time Beyond the Horizon Vessel Detection[END_REF] and also other possible applications which will not be detailed in this study.

In a broad sense, motions in the ocean and associated processes are characterized by the interaction of multiple scales spanning both space and time, which greatly affect the state of the ocean and marine life in it. Fig. 1.9 shows the whole spectrum of motions in the ocean and a part of it that can be assessed using remote sensing of currents by HF radars. Due to the high potential of remote sensing of surface currents for oceanographic research, in the last two decades, coastal radar has been recognized

as an important part of the coastal monitoring system which serves the purpose of coastal protection and management. Globally, the HF radar network has expanded and grown steadily at the regional and national levels. Actually, there are approximately 400 radar stations currently operating around the world [START_REF] Roarty | The Global High Frequency Radar Network[END_REF]. Global efforts have been made to collaborate and promote radar technology as well as to exchange the data usage. Vietnam also contributes to the joint effort. Its HF radar network has been set up in the GoT and includes three radar sites operating since 2012 (Fig. 1.1).

Overview and objectives of the thesis

As described in sections 1.2 and 1.3, the previous studies have provided insight into dominant physical processes that govern large-scale circulation in the GoT. The surface circulation shows a high spatial and temporal variation linked to the variability of different forcing (local and remote). However, the results of modeling studies reported above also show limitations, i.e., the inputs were often idealized (homogeneous density, climatological forcing, etc.) or focused on a particular physical process or a single period. Thus, they were not sufficient to fully characterize the circulation in the GoT and investigate the mechanisms that govern its variability.

For this reason, the availability of coastal radar data, with high spatial and temporal coverage, is expected to help respond to the concern of many local studies aimed at understanding the complexity of coastal dynamics in the GoT. Therefore, we have identified three main objectives in this thesis:

(1) Using the HF radar velocity measurements and the advanced techniques of data processing, we built an extended database of current velocities which allowed us to characterize the coastal water dynamics, transport, and dispersion processes in the GoT extensively.

( (3) The detailed mechanisms involving co-variations of physical and biological variables in the region are still not well documented. To fill the lack of knowledge in this field, we explore potential impacts of (sub)mesoscale features of circulation and lateral mixing on the variability of biological materials, in particular, the surface chlorophyll-a observed from satellite.

Following these objectives, the structure of this thesis is as follows:

In Chapter II, we present the basic knowledge of HF radar technology, data processing, and the methods of analysis used in this study. The validation of HF radar measurements with the in-situ measurements in the Eulerian framework as well as the problem of Lagrangian predictability is also discussed in this chapter.

Chapter III reports the results of application of the HF radar data in analyzing the variability of the surface circulation in the GoT. In particular, we examine in detail the surface current velocity variability at various scales, spanning from tidal to annual scale, and from that we investigate physical processes driving the variability. The research paper entitled "Multi-scale variability of circulation in the Gulf of Tonkin from remote sensing of surface currents by high-frequency radars" containing the results of our investigation was published in Ocean Dynamics. https://doi.org/10.1007/s10236-020-01440-x.

The issue of Lagrangian transport in the GoT is discussed in Chapter IV. Here we focus on turbulent properties of the flow field and multi-scale variability of coastal ocean motions. Relative dispersion of virtual particle pairs was assessed during two seasons (winter and summer). In this chapter, both current velocities derived from radar data and high-resolution numerical model are used for investigating the turbulent dispersion of passive tracers. We demonstrated the effect of frontal zones generated by the multi-scale interaction of turbulent motions on the spatial distribution of tracers in the GoT. The results present in this chapter were published in Continental Shelf Research: "Assessment of relative dispersion in the Gulf of Tonkin using numerical modeling and HF radar observations of surface currents". https://doi.org/10.1016/j.csr.2022.104784".

In Chapter V, we analyze a joint distribution of Lagrangian Coherent Structures (LCSs) and biological materials (satellite-derived chlorophyll-a concentrations) and discuss their variability. We discuss the role of horizontal advection and turbulent stirring in structuring the biological fields in the GoT.

Chapter VI summarizes the key results and findings obtained during this study. Questions remaining to be explored in future work are also discussed.

Chapter II. Materials and Methods

Remote sensing of currents by High-Frequency radar

A coastal radar system consists of transmitter and receiver antennas that are capable of transmitting electromagnetic radio waves of the frequency 3 -50 MHz and capturing the signals backscattered from the moving ocean surface [START_REF] Paduan | Introduction to high-frequency radar: Reality and myth[END_REF]. Since the first land-based oceanographic HF radar was developed by Barrick in 1978, the radars have been recognized as a cost-effective means to expand the existing ocean observing system. HF radars are able to cover the gaps that other observation techniques (satellite or in-situ measurements) have in the fields. Installed along the coast, the radars can measure the ocean surface currents up to 200 km from the seashore and are capable of resolving the data with high spatial resolution (100 m -6 km) in near-real-time (up to 20 minutes sampling rate). In this part of the thesis, we will focus on the key elements required for understanding the principles of current velocity measurement by HF radars and applications of this technology in oceanographic studies.

Description of HF Radar technology

Principle of surface current velocity measurements

The principle of current velocity measurement by HF radars is based on the radio waves backscattering from the moving rough sea surface. In the ocean, the sea waves act as a large diffraction grating for the transmitted electromagnetic radio waves. Under a known resonant condition, the transmitted radio waves of the wavelength 𝜆𝜆 𝑟𝑟 are largely reflected back to their source whenever they encounter the trains of surface gravity waves traveling radially to the radar antenna and the wavelength of exactly half of the transmitted wavelength (Barrick et al., 1978) (Fig. 2.1). This phenomenon is called Bragg scattering by the ocean surface gravity wave which was firstly discovered by Crombie (1955). The resonant Bragg condition is given by:

𝜆𝜆 𝐵𝐵 = 𝜆𝜆 𝑟𝑟 2𝑐𝑐𝑐𝑐𝑐𝑐 (𝜃𝜃) ≈ 𝜆𝜆 𝑟𝑟 2 (Eq. 2.1)
Where 𝜃𝜃 is the incident angle between the transmitted radio wave and the reflected ocean surface.

Assuming that the radar is placed close to the sea surface such that the incident angle is small, thus,

𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃) ≈ 1.
The relationship between the radio signals backscatters and the ocean wave characteristics has been explored previously in the works of Barrick et al. (1971a, b;[START_REF] Barrick | First-order theory and analysis of MF/HF/VHF scatter from the sea[END_REF]. It was found that the Doppler frequency shift of the transmitted and backscattered radio waves agreed well with that predicted from the known phase speed of surface gravity waves traveling radially toward or away from the source.

The spectra analyzed from the backscattering features two strong, narrow peaks due to the Bragg scattering (referred to as Bragg peaks or the 1 st order peaks) arranged on either side of the operating frequency f0 and surrounded by the lower energy peaks on the spectrum (Fig. 2.2). Crombie showed that these Bragg peaks came from two separate sources moving at a constant speed and can be utilized to express the speed of the moving sources as a function of the Doppler shift fB. The continuum in the energy spectra appearing next to the Bragg peaks is considered the 2 nd order and can be used to estimate the surface wave parameters. Using the resonant condition and the known transmitted wavelength, the Doppler shift of the Bragg peaks can be precisely identified (Barrick et al., 1977).

Theoretically, in the case of no currents, these Bragg peaks are symmetric with respect to the Bragg frequency fB offset from the origin:

𝑓𝑓 𝐵𝐵 = ± 2𝑣𝑣 𝐵𝐵 𝜆𝜆 𝑟𝑟 (Eq. 2.2)
In this equation, fB is shifted above or below the transmit frequency (shown at zero in Fig. 2.2), which represents the ocean wave advancing or receding toward the antenna respectively. The equation is For mapping the surface currents, the radars provide three parameters: the magnitude, direction and distance to the measurement. While the magnitude of the surface current is obtained by analyzing the Doppler spectrum mentioned above, two additional pieces of information are determined by different approaches according to different HF radar systems.

The "target" direction is referred to as the angle of a return signal to the radar or the bearing of the measurement point. The extraction of the signal bearing requires a specific configuration for the radar receiver antenna. On the commercial ocean radar market, two different radar configurations exist. The first is the phased-array antenna, which is implemented by WERA company in Germany and several other systems. This system requires a linear array of at least 4 receiver antennas separated by half of the transmitted wavelength [START_REF] Helzel | WERA: Remote ocean sensing for current, wave and wind direction[END_REF]. The second radar type uses the compact crossed-loop receiving antenna. It is fabricated by the CODAR company, USA (Barrick et al., 1977). For the case of the CODAR system, the compact form receiving antenna is configured with a three-elements system that simultaneously collect the data: one omnidirectional (monopole antenna) and two crossedloop antennas placed 90° degree to each other (Fig. 2.3). The compact design allows the Seasonde CODAR radar to be set up in a small ground space which is convenient for the temporal deployment, for example, in case of maritime accident. In this configuration, simultaneous data from three antennas are reprocessed by a "direction-finding" method, namely Multiple Signal Classification (MUSIC), to extract the bearing angle to the scattering source.

In order to extract the signal bearing information, the data processing requires azimuthal resolving techniques (or direction-finding methods) which are categorized into two groups. The first one uses "beam-forming" (BF) technique which accurately identifies the signal origin by comparing the amplitudes and phases of individual antenna receivers from a linear phase array configuration [START_REF] Helzel | WERA: Remote ocean sensing for current, wave and wind direction[END_REF]. The second method implements the MUSIC algorithm which allows the determination of the source of the signal using closely spaced antenna elements and is gaining much interest [START_REF] Fujii | An overview of developments and applications of oceanographic radar networks in Asia and Oceania countries[END_REF]. While the BF technique is often used in radar operation and is more accurate in identifying the signal direction even in the case of high noise [START_REF] Wang | Evaluation of Beamforming and Direction Finding for a Phased Array HF Ocean Current Radar[END_REF], the angular resolution resolved from this technique heavily relies on the number of antennas which is limited in the installation space. Several comparisons between two azimuthal resolving techniques have been done

in the past (e.g., Gürgel et al., 1999a, b;[START_REF] Essen | On the accuracy of current measurements by means of HF radar[END_REF]. For example, a study carried out by [START_REF] Sentchev | Surface circulation in the Iroise Sea (W. Brittany) from high resolution HF radar mapping[END_REF] in the Iroise Sea compared the BF and MUSIC techniques using the WERA radar system. They demonstrate both methods performed well and indicated a similar pattern in the velocity maps during the period of study. However, the authors noted that the velocity map reconstructed from the BF technique was smeared in azimuth and it was difficult to recognize small scale spatial structures in the velocity field. The DF, on the other hand, provided by the MUSIC algorithm yields much more details in the velocity field, however, inherently introduces noise and gaps (Fig. 2.4). Therefore, the application of the DF technique requires an efficient method for gapfilling and noise level control. Depending on the configuration of the radar, its ability to measure the surface current velocity varies.

For the case of spatial resolution of velocity processing in each range cell from the radar, it is defined Where c is the speed of light. The radar with a higher frequency can monitor the surface current velocity with higher spatial resolution, i.e., the radar operating at a very high frequency (VHF) can measure the current velocity field with up to 300 m resolution. However, the radial resolution used in the real deployment is often smaller than this theoretical approximation. Depending on the transmitted wavelength and the swept frequency of the signals, the width of the range cell typically ranges from 300 m to 6 km (http://www.codar.com/intro_hf_currentmap.shtml). Besides, the signal attenuation of the transmitted radio wave increases with the increase of transmitting frequency (Shay et al., 2002) which means that the signal with a higher frequency largely reduces its signal strength during transmission. A higher range of about 200 km is obtained for a 5 MHz system and a lower range of 30 -40 km can be measured with the 45 MHz system. Thus, it gives a fair tradeoff that the low frequency radar system with low spatial data resolution can have a larger observation range and vice versa.

In other applications of the radar, the ocean surface waves can be empirically estimated from Doppler spectra using the integral information contained in the second order region and fitting with the ocean wave spectrum [START_REF] Lipa | Directional Wave Information from the Seasonde[END_REF]. The wave parameters, i.e., wave height, period and direction or even the full directional spectrum, can be obtained depending on the quality of the radar data and the capability to identify the second order spectrum above noise level [START_REF] Wyatt | Wind farm impacts on HF radar current and wave measurements in Liverpool Bay[END_REF]. The capability to probe the ocean surface wave is determined by the operating frequency of the radar as well. The lower the frequency is, the higher wave height can be measured. Above the maximum threshold for each radar frequency used, the first-order peak merges with the second-order one and the interpretation of the spectra becomes impossible with existing methods [START_REF] Roarty | The Global High Frequency Radar Network[END_REF]. The example of different radar configurations and their associated measurement ability are given in Table 2.1.

Table 2.1: Characteristics of typical radar configurations and their associated solutions of surface current mapping (adapted from CODAR Seasonde applications manual)

Surface current mapping by HF radar

A single radar measures a projection of the current velocity vector on the radar beam (radial velocity component, or the radials) in a polar coordinate system. The radial velocity field is divided into a number of range cells separated by range resolution Δr extending circularly from the radar site and azimuthal beams from 0° -360° incremented every 1-5°. This signal processing technique requires several steps. At the first step, the raw signals are run through Fast Fourier transform (FFT) to acquire the Range Series data. Second FFT is applied to the Range Series to get Doppler Calculations. The final product of this process is the unaveraged cross spectra data (CSQ file). Each CSQ file covers a relatively short period of time centered on a timestamp. For an individual long range CODAR radar operating at 5 MHz and sweep rate (frequency of each transmitted pulse) of 1 Hz, the CSQ files are written every 17 minutes using 2048-points FFT. Then, three consecutive CSQs (covering 51 minutes average) are run through a moving average for removing spikes and artificial ship echoes in the spectrum and create the averaged CSSs every 30 minutes with 15 minutes of overlapping between previous and following spectra. Then, the radial velocity field at a central time is processed by the average of five consecutive CSSs which is an average of approximately 3 hours. In the case of a higher frequency radar, the observation range is shorter, which requires less time for collecting spectral information at far ranges, thus, producing data with higher temporal resolution. The radar settings are configured depending on the radar type and the purpose of the application.

Since an individual radar site provides the surface current velocity in the radial direction with respect to the radar, the reconstruction of the surface velocity map requires at least two or more radars within a common footprint. A conventional method for combining radial velocities in a total velocity field is the Least Square fit (LS) method, suggested by [START_REF] Lipa | Least-squares method for the extraction of surface currents fromCODAR crossed-loop data: application at ARSLOE[END_REF]. The surface current velocity is processed in each grid point, two or more radial vectors in the overlapping zone between radars are required for obtaining the total current vectors (Fig. 2.5). The velocity information at each grid point within a pre-defined radius is combined by minimizing the sum of deviations to generate u-and vcomponents of the surface currents. This method is quite straightforward and does not require any assumptions in the field.

However, radial velocities are often sparse, and the vector current fields are incomplete most of the time. The gaps in the total velocity further restrict the use of radar data in analyzing the oceanic processes, i.e., identification of the coherent structures (Lekien et al., 2005) or limit the prediction of Lagrangian trajectories [START_REF] Hernández-Carrasco | Impact of HF radar current gap-filling methodologies on the Lagrangian assessment of coastal dynamics[END_REF]. To overcome this drawback, several interpolation techniques capable to extend the spatial coverage were proposed. The Optimal interpolation technique (OI), suggested by [START_REF] Kim | Mapping surface currents from HF radar radial velocity measurements using optimal interpolation[END_REF], uses the empirical error covariances deduced from observations. However, since the idealized covariances implicitly drawn from the data, the method can perform poorly if large gaps are present in the observations. Another more sophisticated method to obtain the constant coverage of the vector fields is "Open-boundary modes analysis" or OMA (Kaplan & Lekien, 2007). The approach is based on the dynamical constrain of the divergent and rotational components of the 2D vector field. In this method, boundary conditions (free slip at the land boundary and zero gradients at the open boundary) are taken into account. The decomposition into different eigenfunctions allows the velocity field to be reconstructed using a certain number of characteristic modes.

At nearly the same time, [START_REF] Yaremchuk | Mapping radar-derived sea surface currents with a variational method[END_REF] proposed a variational approach for reconstructing the kinematically constrained velocity fields (2dVar). This method uses the cost function representing the difference between the observed and interpolated current velocity and penalizes the divergence and curl of the surface current field. This method has been used for studying the tidal dynamics in the English Channel (e.g., [START_REF] Yaremchuk | A combined EOF/variational approach for mapping radar-derived sea surface currents[END_REF] and assessing the Lagrangian predictability of HF radar measurement in the Gulf of Mexico [START_REF] Sentchev | Surface circulation in the Iroise Sea (W. Brittany) from high resolution HF radar mapping[END_REF]. The method was further extended by [START_REF] Yaremchuk | A combined EOF/variational approach for mapping radar-derived sea surface currents[END_REF] to include the EOF-based iterative interpolation of radial velocity time series. The combined EOF/2dVar method includes four consecutive steps:

(a) EOF analysis of the spike-removed radial velocities, (b) Estimation of the inverse of velocity error covariance and signal-to-noise separation, (c) Filling of gaps in radial maps (d) Interpolation of the surface current velocities on a regular grid using a variational method (2dVar) and current vector map generation.

An assessment of the performance of EOF/2dVar method in the case of radar measurements in the GoT is given in detail in Appendix C.

HF radar measurements in Vietnam

Description of the HF radar network in Vietnam

The coastal radar network in Vietnam, which currently consists of three CODAR-manufactured HF radars, has been set up and operating in the GoT since 2012 to date (Fig. 2.6a). Two southern radar sites, located at Nghi Xuan (XUAN) and Dong Hoi (DHOI), are installed with dual-transmitting configurations, which consist of two transmitter antennas working simultaneously for extending the monitoring range and one receiver antenna. The northern site (HNDU) was set up and joined the network later. The site operates in low-power mode due to the power shortage of Hon Dau Island, i.e., transmitting signals at half of the peak energy. The remote area conditions and the difficulties in maintaining and operating causes the loss of observations at the HNDU site, which only shows an effective coverage of 30% by the data (Fig. 2.6b). The radars were configured to retrieve the radial velocities of the surface currents at the resolution of 5.8 km along the beam and azimuthal spacing of 5°. The temporal resolution was set to 1 h. Table 2.2 provides the specific configuration of the HFR system in Vietnam. The long-range configuration allows the radar system to cover a wide area up to 250 km, theoretically about one-third of the GoT, in trade-off the spatial resolution. The surface total current velocity is then mapped from the radial velocity on a regular grid of 6 km spacing.

HF radar data

After installation, the radar network in Vietnam operated in an experimental regime until 2014. Fig.

2

.6b shows the data available from 2014 to mid-2020 for each of three radar sites in the GoT. The data are not uniformly available during the study period as the HNDU radar site covers only a small portion of the operation time due to several technical failures. During the same period, the two remaining radars perform much better except for some interruptions due to technical failures or maintenance stops. In our study, the analysis of the GoT circulation mostly relies on the period from April 2014 to October 2016 which was selected also for the numerical modeling. Generally, during the study period, the data coverage by two southern radars is good accounting for 91% (XUAN) and 87% (DHOI) of the expected coverage, respectively. be less energetic than that at many other HF radar sites (e.g., [START_REF] Kohut | Inner-shelf response to tropical storm Floyd[END_REF][START_REF] Kim | Mapping surface currents from HF radar radial velocity measurements using optimal interpolation[END_REF], thus, limiting the radial coverage by the radar observations [START_REF] Liu | HF Radar Performance on a Low Energy Environment as Found Using CODAR SeaSonde on the West Florida Shelf[END_REF]. Considering the area of more than 50% of data return, it is shown that the coverage at the XUAN radar site was more stable over the time than that at the DHOI site. Additionally, the data return from XUAN shows a better coverage range than that of the southern site. On the other hand, the region of high data availability from DHOI seems to extend further southward (Fig. 2.8b). A possible explanation of the difference in data acquired at two sites could be related to the antenna pattern distortion affecting the accuracy of signal retrievals in the southern sector. However, the use of operating frequency (5 MHz) could be another factor. In the low energy coastal environment such as in the GoT, the maximum coverage of radar observations is limited by the low frequency signal [START_REF] Emery | Evaluating Radial Current Measurements from CODAR High-Frequency Radars with Moored Current Meters*[END_REF][START_REF] Liu | HF radar performance in a low-energy environment: CODAR seasonde experience on the West Florida shelf[END_REF].

The geometric dilution of precision (GDOP) represents the spatial error when combining the radial velocities the total vectors. GDOP instability is computed from the inversion of beam angle covariance and varies with the available data and distance from the radar site. The error distribution increases drastically when the angle of the beam intersection becomes small or moves away from the site (Fig.

2.8d

). In the region of high GDOP (~3), the errors in current vector magnitudes are significantly amplified [START_REF] Kokkini | HF Radar observations of the Dardanelles outflow current in North Eastern Aegean using validated WERA HF radar data[END_REF]. For the "best" estimation of the surface current vector fields, the defined grid is chosen approximately inside the region with the GDOP threshold lower than 2.5 and the data coverage of greater than 50% (Fig. 2.8d).

Surface current velocity maps

For analysis and processing of the radar data, we use the Matlab toolbox "HFR_Progs"

(https://github.com/rowg/hfrprogs). The toolbox is open-source and widely used across the HFR worldwide community and contains various functions for visualizing and manipulating radar data.

In this study, a combination of the EOF/2dVar method is implemented for reconstructing the surface current velocity maps from radar measurements. The gaps present in the radial velocity fields are filled by the iterative Empirical Orthogonal Functions (EOF) based method. The covariance matrix of the dataset with nearly continuous space-time coverage can be approximately estimated from the radial velocities. On this basis, the leading EOF modes are computed, and the missing radial velocity data are filled in using these EOF modes (Alvera-Azcárate et al., 2005;[START_REF] Yaremchuk | A combined EOF/variational approach for mapping radar-derived sea surface currents[END_REF].

This technique has been used in various applications for filling gaps in the gridded SST images (Alvera- Azcárate et al., 2005;[START_REF] Barth | DINCAE 1.0: a convolutional neural network with error estimates to reconstruct sea surface temperature satellite observations[END_REF] and also for the HF radar-derived velocities [START_REF] Kokkini | HF Radar observations of the Dardanelles outflow current in North Eastern Aegean using validated WERA HF radar data[END_REF][START_REF] Lopez | Surface currents in the Alderney Race from high-frequency radar measurements and three-dimensional modelling[END_REF][START_REF] Sentchev | Surface circulation in the Iroise Sea (W. Brittany) from high resolution HF radar mapping[END_REF][START_REF] Yaremchuk | A combined EOF/variational approach for mapping radar-derived sea surface currents[END_REF].

In the present study, the iterative EOF method was applied to the radial velocity time series with 1hour resolution. The method works well for the period of two to four months of hourly data within an area of higher than 30% data coverage. About 86 EOF modes, which accounts for more than 80% of explained variability of the initial data, were used to build the reconstructed velocity field. Fig. 2.9

represents the raw and the reconstructed field in October 2015. Being reconstructed from truncated EOF modes, the resulting fields are smoother than the original. In general, the reconstructed radial velocities are in a reasonable agreement with the raw data with the slightly lower values. The error of interpolation was less than 5 cm s -1 on average. The details of the interpolation method and crossvalidation of the reconstructed velocity fields are given in Appendix B.

In the last step, the surface current vectors are interpolated on a regular grid using the variational method (2dVar) (Fig. 2.10). Compared to the local method such as Least Square fit (LS) which uses only the data in the overlapping zone, the EOF/2dVar takes into account all the available data when interpolating the velocity into a grid point. Therefore, it appears more efficient in reconstructing the current velocity field when the coverage of one radar is low. Moreover, 2dVar is more flexible than OMA (also a non-local interpolation method) in the choice of regularization. The 2dVar method uses three basic parameters for penalizing the difference between the resulting velocity and observations and enforcing the smoothness of the interpolated field. In OMA, the choice is limited to the minimum number of cutoff length scales. Kinematic constraints (zero flux on the rigid boundary), incorporated into 2dVar, appear particularly useful in regions with a complex shoreline and islands located inside of the interpolation area.

For verification of the accuracy of the surface current velocity vector reconstruction from radar measurements, we investigated the differences between the velocity measurements by AWAC and the HFR total current velocities reprocessed by EOF/2dVar based on optimal statistical indicators. Details of the comparison are given in Appendix C. Quantitatively, the mean error between the AWAC and HFR measurements is about 0.03 m s -1 for the zonal velocity component and less than 0.06 m s -1 for the meridional velocity component. The root-mean-squared error is found to be less than 0.14 m s -1 for both components (Fig. 2.11). The comparison of the total current vector using a complex correlation indicator [START_REF] Kundu | Ekman Veering Observed near the Ocean Bottom[END_REF]) revealed a good agreement as well. The absolute correlation value (α)

was larger than 0.7 and the phase difference (θ) for each of the three cases was less than 3° (Appendix C). The radar-derived surface currents demonstrate a rotation to the right of the AWAC-derived current vector.

In addition, the quality of radar velocity measurements was assessed following the Lagrangian prediction (LP) methodology. Basically, it consists of a comparison between the real drifter trajectories and the synthetic drifter trajectories when the drifters are advected in the radar-derived velocity field. Here we used the trajectories of seven drifters released close to the XUAN radar site from April 2017 to January 2018 for the comparison (Appendix C). An example of the comparison is shown in Fig. 2.12a. Generally, the synthetic drifter trajectories processed by two methods (OMA and 2dVar) follow closely their real counterparts though some discrepancies can be noticed (Fig. 2.12a).

Quantitatively, the assessment of the differences between the real and the synthetic drifter location indicates an increase in the mean separation with the integration time due to the cumulative errors growing for longer advection. In the shorter integration time, the RMSE between the real drifter and the synthetic drifter separation distance grows almost linearly in time, as can be expected, with the mean rate of about 13 km during the first 24h (Fig. 2.12a). This error is slightly smaller than 17 km / 24 h in case of NCOM numerical model in the VNES/SCS region [START_REF] Huntley | Lagrangian predictability assessed in the East China Sea[END_REF]. However, it is larger than a typical value (5 -10 km/24 h) found in other coastal regions of the Atlantic Ocean and 

SYMPHONIE numerical model

Numerical modeling is an important and very useful tool allowing to adequately visualize the ocean state in space-time dimensions and characterize the involving physical processes. Nowadays, with the development of high-performance computing which supports the improvement of precision and reduces computational time, the number of studies using ocean numerical modeling has been particularly increased.

In the present study, we use the numerical simulations of the circulation in the GoT made with the SYMPHONIE model. SYMPHONIE is a hydrostatic numerical model which solves the primitive equations on a curvilinear bipolar Arakawa C-grid with regular sigma vertical levels [START_REF] Marsaleix | Considerations on open boundary conditions for regional and coastal ocean models[END_REF][START_REF] Marsaleix | Energy conservation issues in sigma-coordinate free-surface ocean models[END_REF]. The model was developed by the SIROCCO group (LEGOS, CNRS, IRD, Université de Toulouse, France) and has been used to simulate the hydrodynamic conditions in the Mediterranean Sea region (e.g., [START_REF] Reffray | Secondary flows induced by wind forcing in the Rhône region of freshwater influence[END_REF][START_REF] Herrmann | Relevance of ERA40 dynamical downscaling for modeling deep convection in the Mediterranean Sea[END_REF][START_REF] Ulses | Impact of storms and dense water cascading on shelf-slope exchanges in the Gulf of Lion (NW Mediterranean)[END_REF] and the VNES/SCS region [START_REF] Rétif | REALISTIC SIMULATION OF INSTANTANEOUS NEARSHORE WATER LEVELS DURING TYPHOONS[END_REF][START_REF] Piton | Sensitivity study on the main tidal constituents of the Gulf of Tonkin by using the frequencydomain tidal solver in T-UGOm[END_REF][START_REF] Piton | Influence of winds, geostrophy and typhoons on the seasonal variability of the circulation in the Gulf of Tonkin: A high-resolution 3D regional modeling study[END_REF][START_REF] Nguyen-Duy | Variability of the Red River Plume in the Gulf of Tonkin as Revealed by Numerical Modeling and Clustering Analysis[END_REF].

For the application in the GoT, the model grid covers the whole gulf with the horizontal resolution varying from ~300 m, near the Red River delta, to ~4500 m close to the open boundaries. The water column is discretized onto 20 sigma levels. The bathymetry is reconstructed from GEBCO 2014 database combined with other sources and field surveys in order to characterize properly the complex topography, with many islands and islets located within the region, especially in the coastal area adjacent to the Red River delta [START_REF] Piton | Sensitivity study on the main tidal constituents of the Gulf of Tonkin by using the frequencydomain tidal solver in T-UGOm[END_REF]. Intertidal areas are simulated with a wetting and drying scheme. The k-ε turbulence closure scheme is implemented as in [START_REF] Michaud | Three-dimensional modelling of wave-induced current from the surf zone to the inner shelf[END_REF]. Tidal motions at the open boundaries are prescribed from the sea surface elevation and barotropic currents of 9 tidal constituents from the FES2014 atlas [START_REF] Lyard | FES2014 global ocean tide atlas: design and performance[END_REF]. The tidal astronomical potential is also considered at every grid point of the model. In addition, the 1/12° spatial resolution, daily averaged sea surface height (SSH), velocity components, temperature, and salinity, provided by the Copernicus Marine Systems (CMEMS) global model is also used at the boundaries.

At the sea surface, the boundary conditions extracted from the Operational ECMWF product, include the 3-hourly data for wind, precipitation, solar energy, atmospheric temperature, and pressure. The fluxes of momentum, heat, and freshwater are computed internally in the model using the bulk formulation of [START_REF] Large | Diurnal to Decadal Global Forcing for Ocean and Sea-Ice Models: The Data Sets and Flux Climatologies[END_REF].

In the present study, the river discharge from 16 rivers is introduced in the model (Fig. 2.13) and configured as realistically as possible according to the method described in [START_REF] Nguyen-Duy | Variability of the Red River Plume in the Gulf of Tonkin as Revealed by Numerical Modeling and Clustering Analysis[END_REF]. 

Lagrangian applications

Lagrangian tracking model

Lagrangian tracking is a useful tool for studying ocean circulation and dispersion processes. Accurate tracking is important in many applications, including search and rescue missions, accident localization via backward tracking of debris, or optimization of the protective missions in response to environmental disasters. Trajectories of virtual particle advected explicitly in the HFR-derived or from the numerical model velocity field are successfully used in numerous studies, e.g., search and rescue operations [START_REF] Ullman | Trajectory prediction using HF radar surface currents: Monte Carlo simulations of prediction uncertainties[END_REF]; predicting and mitigating the spread of oil spill or other pollutants (Lekien et al., 2005;[START_REF] Shadden | The correlation between surface drifters and coherent structures based on high-frequency radar data in Monterey Bay[END_REF]; understanding the impact of transport and mixing properties on relevant biogeochemical properties such as the primary production by phytoplankton [START_REF] Cianelli | Disentangling physical and biological drivers of phytoplankton dynamics in a coastal system[END_REF][START_REF] Hernández-Carrasco | Effect of small scale transport processes on phytoplankton distribution in coastal seas[END_REF]; and tracking the drifted materials, fish larvae [START_REF] Lacroix | Modelling dispersal dynamics of the early life stages of a marine flatfish (Solea solea L.)[END_REF]Sciascia et al., 2018); etc. Fig. 2.14 shows an example of drifter trajectories released in Martha's Vineyard [START_REF] Rypina | Investigating the eddy diffusivity concept in the coastal ocean[END_REF]). An ensemble of drifter trajectories can be useful for the validation of radar data and model assessment.

In this study, we used the OceanParcels framework (https://oceanparcels.org/) for Lagrangian tracking of virtual particles in the velocity field provided by SYMPHONIE model simulation. The framework is written in Python which aimed to explore a novel approach for the Lagrangian tracking of a very (Eq. 2.7)

Lagrangian diagnostics for assessing the turbulent dispersion

Relative dispersion

Turbulence in the ocean can be thought of as the processes involving the transfer of energy from largescale motion to smaller scales through a series of successively smaller eddies [START_REF] Kolmogorov | The Local Structure of Turbulence in Incompressible Viscous Fluid for Very Large Reynolds' Numbers[END_REF].

Characterization of energy distribution across different scales can be inspected by the spectrum of energy as the function of horizontal wave number k. In a steady state, the turbulence kinetic energy, E(k), has a general equilibrium form for a part of the wave number range where the energy is transferred from the largest to an adjacent smaller scale (Fig. 2.15a).

In practice, the measurement of turbulent velocity is rather difficult in spatial coordinates.

Alternatively, the nature of oceanic turbulent flows and their related transport can be investigated by means of the Lagrangian statistics involving the average of particle positions and/or their velocities [START_REF] Lacasce | Statistics from Lagrangian observations[END_REF]. Of interest, we consider how a "cloud" of particles moves and spreads in a turbulent flow field. One of the useful Lagrangian metrics is the variance of particle separation distance. In practice, the dispersion of a pair of particles is commonly used. The statistics using particle pairs can be used to assess the mean drift of the cloud and the spread rate around the center of mass.

Theoretically, the separation rate of particle pairs is controlled by the kinetic energy spectrum of the underlying flow field and depends on the separation distance. Assessment of relative dispersion is often used to check the consistency of quasi-geostrophic turbulent theory, chaotic advection, and mean shear [START_REF] Koszalka | Relative dispersion in the Nordic Seas[END_REF][START_REF] Lacasce | Statistics from Lagrangian observations[END_REF].

One of the Lagrangian quantities used for the investigation of turbulent flows is the relative dispersion 𝛿𝛿 2 , which is estimated as:

𝛿𝛿 2 (𝑡𝑡) = 1 𝑁𝑁(𝑁𝑁-1) ∑ ‖𝑥𝑥 𝚤𝚤 ���⃗(𝑡𝑡) -𝑥𝑥 𝚥𝚥 ���⃗(𝑡𝑡)‖ 2 𝑁𝑁 𝑖𝑖𝑖𝑖 (Eq. 2.8)
where N is the told number of particles and 𝑥𝑥 𝚤𝚤 ���⃗ and 𝑥𝑥 𝚥𝚥 ���⃗ are the spatial coordinates of particles. The rate of relative dispersion depends on the shape of the given kinetic energy spectrum, E(k), which assumed to follow the power law, E(k) ≃ k -β . Here, we first define the terms "local" and "non-local" dispersion regimes. The "local" dispersion occurs if the dispersion at a particular length scale depends only on flow statistics at that length scale while in the "non-local" regime, the separation is caused by the largest dominant scale of the fluid motions [START_REF] Foussard | Relative dispersion in generalized twodimensional turbulence[END_REF]. At the early stage when the particle pair separation is small (β > 3, the regime is non-local), the relative dispersion grows exponentially.

Otherwise, if 1 < β < 3, relative dispersion is local and scales as a power law δ 2 ≃ 𝑡𝑡 4

(3-𝛽𝛽) [START_REF] Foussard | Relative dispersion in generalized twodimensional turbulence[END_REF]. Richardson superdiffusive regime corresponds to δ 2 ~ t 3 where the pair separation is controlled by eddies with a size similar to the separation distance of particles (Fig. 2.15b). When the particle separation reaches scales much larger than the largest characteristic flow scale, the relative dispersion in this case is expected to scale as δ 2 ≃ t, corresponding to a diffusive behavior.

Another quantity used in the analysis is the relative diffusivity, κ. It represents the growth rate of the average squared separation. This quantity is defined as the time derivative of relative dispersion, In the turbulent flow, κ(δ) scales as δ 2 for the non-local dispersion regime and as δ 4/3 (when β =5/3) for the local dispersion.

The third quantity, the Finite Size Lyapunov Exponent (FSLE), is estimated by measuring the time τ, averaged over all particle pairs, needed to separate particles in a pair from a distance δk to a distance δk+1 = r δk, with r > 1:

𝜆𝜆 = 𝑙𝑙𝑙𝑙(𝑟𝑟) ⟨𝜏𝜏⟩ (Eq. 2.10)
If λ is constant over a range of separation distance classes, the e-folding timescale is constant which is equivalent to an exponential growth of pair separations. Also, FSLE is useful to study the growth of separations which is not exponential, we can use scaling arguments to relate the FSLE power law function. In the case of local dispersion (β < 3), FSLE scales as 𝜆𝜆 -2 3 ⁄ for Richardson regime, 𝜆𝜆 -1 for ballistic regime, and 𝜆𝜆 -2 for diffusive regime.

Lagrangian Coherent Structures (LCSs) from Finite Size Lyapunov Exponents

In addition, the study of mechanism of turbulent transport involves the characterization of the coherent structures in the flow field. The development of turbulent coherent structures in the flow (such as jets and eddies) is driven by the intrinsic spatial and temporal variability and also by the external forcings (such as wind or freshwater input) interacting with it. These dynamical structures, even though exhibiting a slow decay with respect to the flow field variability dictate much of the transport characteristics [START_REF] Haza | Relative dispersion from a high-resolution coastal model of the Adriatic Sea[END_REF]. Estimation of the FSLE for characterization of the flow field allows to identify these transport structures on the basis of the relative dispersion of particles [START_REF] Berta | Surface transport in the Northeastern Adriatic Sea from FSLE analysis of HF radar measurements[END_REF]. It also provides the information about the stirring and mixing in the flow [START_REF] D'ovidio | Mixing structures in the Mediterranean Sea from finite-size Lyapunov exponents[END_REF][START_REF] Hernandez-Carrasco | Seasonal and regional characterization of horizontal stirring in the global ocean[END_REF]. This method allows identifying the LCSs that organize the transport in a flow field, localizing regions in the flow that evolve with time scales different from the temporal variability of the surrounding field. Usually, these characteristic LCSs appear to be surrounded by the lines of large FSLE values, which are also called the ridge lines.

FSLE is computed forward in time to identify the lines of particle divergence while the one computed backward in time demonstrates the compression. The intersection of the lines computed forward and backward in time identifies a so-called hyperbolic point where particles undergo a strong separation (Fig. 2.16). Particles moving toward the hyperbolic point spread along the repelling line (stable manifolds) and compress along the attractive line (unstable manifolds) while moving away from the point. The particle trajectories cannot cross these lines as they form barriers, or so-called in this context, Lagrangian fronts, which greatly impact the dispersion of oceanic tracers [START_REF] Lehahn | Stirring of the northeast Atlantic spring bloom: A Lagrangian analysis based on multisatellite data[END_REF]. In the region surrounding the hyperbolic point, a strong density gradient is maintained in the cross direction of the filaments and possibly promotes the frontogenesis and small-scale eddies (Siegelman, L. et al., 2020).

It is possible to perform mapping of FSLEs by considering the space-time evolution of relative dispersion of particles released in the velocity field. By analogy with Eq. 2.10, we define the exponential growth rate of particle pairs separation distance, 𝜆𝜆(𝑥𝑥):

𝜆𝜆(𝑥𝑥) = 1 𝜏𝜏(𝑥𝑥) 𝑙𝑙𝑡𝑡 � 𝛿𝛿 𝑓𝑓 𝛿𝛿 𝑖𝑖 � (Eq. 2.11)
Where 𝛿𝛿 𝑓𝑓 and 𝛿𝛿 𝑖𝑖 represent the final and initial separation of the particle pairs respectively. Particles leaving the area before reaching the final distance are removed from the analysis. The optimum choice for the spatial FSLE amplification factor r = 𝛿𝛿 𝑓𝑓 𝛿𝛿 𝑖𝑖 ⁄ was discussed in previous studies [START_REF] Haza | Transport properties in small-scale coastal flows: relative dispersion from VHF radar measurements in the Gulf of La Spezia[END_REF][START_REF] Berta | Surface transport in the Northeastern Adriatic Sea from FSLE analysis of HF radar measurements[END_REF]. Generally, r > 2 is typically used for computation of the spatially local FSLE. If r is too small, the LCSs cannot be identified while if r is too large, then almost no particles are able to reach the final distance. Thus, in oceanographic applications, r is often chosen between 7 and 10 ( [START_REF] Berta | Surface transport in the Northeastern Adriatic Sea from FSLE analysis of HF radar measurements[END_REF]. In our study, we compute the spatial FSLE from the initial separation δi ≃ 1.86 km and δf = 13 km which adequately allows the visualization of relevant coherent structures and transport patterns associated with small-scale processes. 

Motivation for the article

The complex hydrodynamics of the GoT results from a combination of powerful forcings: tides, monsoon wind, large river discharge (Shi et al., 2002;Chen et al., 2012a, b), and remote forcing which can be episodic and potentially very strong [START_REF] Piton | Influence of winds, geostrophy and typhoons on the seasonal variability of the circulation in the Gulf of Tonkin: A high-resolution 3D regional modeling study[END_REF]. In the previous studies, the circulation in the GoT has not been fully characterized since most of the studies were based on model simulations, which were often idealized, i.e., used the homogeneous density, climatological forcing, or neglected the freshwater discharge. At the same time, the available observations covered only a few limited-size geographic areas or short periods of time. For this reason, the dominant circulation patterns and modes of variability at different time scales in response to external forcing were only poorly understood. The lack of systematic observations is assumed to be the main reason that prevents further analysis of the water dynamics in this basin, especially leading to the debate on the seasonal variability of the flow field (e.g., cyclonic/anti-cyclonic circulation in summer) and the role of physical processes controlling this variability.

In this context, a network of HF radars, deployed in the GoT and operating since 2012, provides a real opportunity for performing a comprehensive analysis of coastal water dynamics and its space-time variability. Additionally, the surface current velocity measurements by coastal radars can be potentially used for assessing the hydrodynamic model performance and characterizing processes controlling the transport and dispersion of materials in the region.

We took the advantage of continuous data acquisition by HF radars in the GoT in order to come forward in oceanographic research and improve the knowledge of the coastal water dynamics in this wide, semi-enclosed, shallow water basin, surrounded by Vietnamese and Chinese territories with high-density population and economic infrastructure. To reach this objective, we used the radar data of a 2.5-year-long period (April 2014 -October 2016), characterized by the largest coverage and a rather stable operation condition. Long-time series of surface current velocities allowed assessment of the spatio-temporal variability of the surface circulation in the study area at different scales, spanning from the tidal and sub-tidal frequencies to the annual scale.

Methods of analysis

Despite the undeniable advantages of HF radars to provide nearly real-time observations of a surface circulation at large spatial scales, the radar measurements are always affected by uncertainty related to instrumental errors, the coverage decrease with distance, hardware failure, etc. To acquire the most accurate current velocity maps for a large period of time, we implemented the variational approach (EOF/2dVar) for radar data processing. This non-local, kinematically constrained interpolation method, proposed by [START_REF] Yaremchuk | A combined EOF/variational approach for mapping radar-derived sea surface currents[END_REF], is capable of producing a continuous, gap-free dataset and particularly effective in case of radar failure during short periods (1 ~ 2 days of one radar malfunction). The performance of the EOF/2dVar method was evaluated by comparison with the insitu measurements of surface current velocities and Lagrangian drifter trajectories available in the study area. A good agreement is found between different sources of data and the results of the comparison are quite consistent with those documented in previous studies performed in other coastal ocean regions (e.g., Liu et al., 2014;[START_REF] Molcard | Comparison between VHF radar observations and data from drifter clusters in the Gulf of La Spezia (Mediterranean Sea)[END_REF]Yaremchuk et al., 2016). 2dVar

interpolation technique was also compared to OMA, routinely used by the "CODAR community", and demonstrated better performance. This increased our confidence in using HF radar data (and data processing method) for investigating surface circulation in the GoT. Different methods of analysis, including rotary spectral analysis (RSA), principal component analysis (PCA), and tidal harmonic analysis, were applied to the radar-derived velocity time series in order to identify the characteristic patterns and dominant processes governing the surface current variability.

Results

The results of HFR data analysis revealed the dominant role of tides and monsoon wind in controlling the variability of circulation. The tidal motions account for about 60% of the overall total velocity variability. The diurnal tidal magnitude (K1 and O1) is larger than that of the semi-diurnal, M2 and S2 tidal constituents, by the factor of 4 and 8 respectively. At the seasonal scale, surface circulation in the GoT exhibits a strong seasonal variation controlled by the Asian monsoon system. The seasonal current variability follows closely the reversal of wind forcing. The spectral analysis of the hourly velocity time series indicated the energy transfer from large-scale (low-frequency) variability, in winter, to low-scale (higher frequency) variability, in summer. For instance, the wind-induced variability of the surface currents at the diurnal frequency was found to be amplified in summer by the sea breeze. The relative contribution of river discharge to circulation variability was also assessed. The freshwater input from the Red River discharge modified the polarization of the tidal ellipse in the nearshore region, namely the "tidal cross-shore straining" phenomenon. Also, the buoyancy-driven current peak, occurring during the autumn to early winter, combined with strong alongshore wind stress causes the intensification of the nearshore current along the Vietnamese coast.

In summary, the radar measurements allowed assessing the GoT circulation at a level of detail that was not previously documented and complemented the knowledge on the surface hydrodynamics in the GoT. The results of the study can be useful for further investigation of coastal circulation in the GoT, i.e., for the improvement of numerical models and management of the marine coastal environment.

Different aspects of the study, briefly presented above, were developed in more detail in the research article: "Multi-scale variability of circulation in the Gulf of Tonkin from remote sensing of surface currents by high-frequency radars" published in Ocean Dynamics journals.

https://doi.org/10.1007/s10236-020-01440-x.

Chapter IV. Transport processes and turbulent dispersion in the Gulf of Tonkin

Introduction

Motivation for the article

Mapping the transport pathway of particulate materials floating with the ocean currents, dispersion of pollutants, micro-plastics, and other tracers, etc., is a great challenge in oceanography since the oceanic flows are turbulent on many levels. Turbulent motions, arising from the interaction of different physical processes and spanning a wide range of spatial and temporal scales, govern the transport of oceanic tracers. In the coastal regions with more complex bathymetry and shoreline, turbulent motions can be significantly amplified, thus, affecting the spatial distribution of tracers.

Therefore, understanding how the distribution of materials varies in space and time in the flow field is important for a number of practical applications, for example, oil spills, transport of larvae or marine debris, etc.

This issue is naturally approached using the Lagrangian framework, i.e., by analyzing the trajectories of ocean fluid parcels or real drifters, both considered as "particles" evolving in the water media. From the Lagrangian point of view, the relative separation of the particle pairs is an important quantity that can describe the rate of mixing of tracers in a turbulent flow field. The assessment of relative dispersion can be also used to inspect the flow field variability in a wide range of scales and shed light on the dominant physical process behind certain scales of motions [START_REF] Berti | Lagrangian drifter dispersion in the southwestern Atlantic Ocean[END_REF][START_REF] Haza | Relative dispersion from a high-resolution coastal model of the Adriatic Sea[END_REF][START_REF] Lacasce | Statistics from Lagrangian observations[END_REF][START_REF] Meyerjürgens | Relative Dispersion of Surface Drifters in the North Sea: The Effect of Tides on Mesoscale Diffusivity[END_REF]Ohlmann et al., 2012;[START_REF] Poje | Resolution dependent relative dispersion statistics in a hierarchy of ocean models[END_REF]. In addition, to the best of our knowledge, the issue of relative dispersion at regional scale has not been addressed yet in this part of the VNES/SCS.

Therefore, we addressed this issue and performed the assessment of turbulent properties of the flow field using radar measurements and a realistic numerical model, both coupled with a Lagrangian transport model. These tools (described in detail in section 2.3.2) provided a number of Lagrangian diagnostics used for characterizing the transport patterns and dispersal of materials in this region.

Three main objectives were identified in this chapter: (i) Assessment of the capability of the numerical model (SYMPHONIE model) to represent fine-scale dynamic processes in the GoT, (ii) Estimation of scaling properties of particle pairs separation for a better understanding of the scale of motions and dispersion regimes and (iii) Characterization of the physical processes that significantly impact the turbulent dispersion in the GoT.

Methods of analysis

In practice, a fully experimental assessment of turbulent dispersion at regional scales is difficult to realize due to the cost of such experiments (deployment and localization of hundreds of drifters for a long period of time). In this work, we investigated the transport patterns of materials and turbulent dispersion using synthetic drifters advected in the velocity field derived from the HF radar measurements and high-resolution numerical model. Compared to radar measurements, the numerical model provides the velocity field in the whole GoT, with higher resolution (300 m), close to the Vietnamese coast, and overcomes the limitations of radar measurements (limited space coverage and coarse (~6 km) resolution). In the first step, the model simulations were extensively validated using the available HF radar measurements, historical in-situ data, and satellite observations. Details of the validation are given in [START_REF] Piton | Influence of winds, geostrophy and typhoons on the seasonal variability of the circulation in the Gulf of Tonkin: A high-resolution 3D regional modeling study[END_REF] and [START_REF] Nguyen-Duy | Variability of the Red River Plume in the Gulf of Tonkin as Revealed by Numerical Modeling and Clustering Analysis[END_REF].

The Lagrangian approach, based on two-particle statistics, is used to assess the dispersion properties and to investigate the interaction between different scales of motions in the GoT: from small scale (sub-mesoscale) to large scale (mesoscale). The Lagrangian quantities that we analyzed include the relative dispersion, relative diffusivity and Finite Size Lyapunov Exponent (FSLE) estimates. The particle tracking experiments were performed during two periods, August and November 2015, which represent two monsoon seasons, summer and winter characterized by a significant freshwater discharge.

Results

Regarding the quantification of the dispersion regime at scales larger than 20 km, the results revealed a good consistency for both types of velocity fields available in the GoT (radar-derived and model velocity field). This proves the model capability to reproduce turbulent motions and generate turbulent dispersion in the mesoscale range. However, the exploration of smaller scale motions in the region is prohibited by too coarse resolution of the radar velocity fields (~6 km). The dispersion rate estimated using the radar velocities was two times lower than that obtained from the model in this part of the GoT.

In the second step, particle tracking experiments using numerical simulations only were performed for Coastal zones are dynamically active regions in the ocean that largely contribute to the global budget of carbon and host many biogeochemical processes [START_REF] Jahnke | Global Synthesis1 BT -Carbon and Nutrient Fluxes in Continental Margins: A Global Synthesis[END_REF]. Their dynamics is characterized by a complex interaction of multiple processes that significantly increase the growth of phytoplankton and contribute to the primary production. Due to their importance, the role of these multiscale dynamical processes in regulating marine ecosystems has attracted the attention of many studies in the last decades aiming at a better understanding of the marine bio-physical interactions [START_REF] Hernández-Carrasco | Impact of HF radar current gap-filling methodologies on the Lagrangian assessment of coastal dynamics[END_REF], Lévy et al., 2014 ).

further
In the past few years, the data from ocean color satellite radiometry have allowed deriving a number of biogeochemical parameters from space. In particular, chlorophyll-a concentration (Chl-a) fields have been used to study the ocean primary production (e.g., Loisel et al., 2016). Patchiness of Chl-a observed from the ocean color satellite products enabled assessing the stirring processes by mesoscale motions [START_REF] Lehahn | A Satellite-Based Lagrangian View on Phytoplankton Dynamics[END_REF] . Using the ocean color archive data, spatio-temporal variability of Chl-a in the GoT was analyzed revealing a strong seasonality caused by the East Asian Monsoon cycle [START_REF] Tang | Seasonal and spatial distribution of chlorophyll-a concentrations and water conditions in the Gulf of Tonkin, South China Sea[END_REF][START_REF] Ha | Improved accuracy ofchlorophyll-a concentration estimates fromMODIS imagery using a two-band ratio algorithmand geostatistics: as applied to the monitoring of eutrophication processes over Tien Yen Bay (northern Vietnam)[END_REF], Loisel et al., 2016). Using satellite data from [START_REF] Fang | Seasonal structure of upper layer circulation in the southern South China Sea from in situ observations[END_REF]-2012, Loisel et al. (2016) ) also demonstrated a high correlation of the observed Chl-a concentrations with the intensity of turbulent activity along the Vietnamese coast. The relationship between Chl-a fields and turbulence quantities is complex and involves mechanisms depending on the region and period of time under consideration.

When studying the effect of physical factors on biogeochemical processes, the ocean dynamics variability is often characterized by spatial scales of motions of roughly 1-100 km and temporal scales of days to weeks, referred to as "fine scales" or (sub)mesoscale motions. In the ocean, these motions, though having relatively short time scales, contain much of energy in the ocean turbulence spectrum and crucially affect ocean physics and ecology up to the climate scale [START_REF] Ferrari | Ocean circulation kinetic energy: reservoirs, sources, and sinks[END_REF]. The enhancement of primary production is often associated with the presence of mesoscale eddies affecting the marine environment in different ways, i.e., via the water pumping in cyclonic vortices [START_REF] Mcgillicuddy | Mesoscale variations of biogeochemical properties in the Sargasso Sea[END_REF][START_REF] Gaube | Satellite observations of mesoscale eddy-induced Ekman pumping[END_REF] or trapping water of mesotrophic waters [START_REF] Brzezinski | Phytoplankton primary productivity in the Santa Barbara Channel: effects of wind-driven upwelling and mesoscale eddies[END_REF]Huntley et al., 2000) or the entrainment of nutrient-rich water into the depleted region through horizontal advection patterns and small-scale filaments [START_REF] Lehahn | Stirring of the northeast Atlantic spring bloom: A Lagrangian analysis based on multisatellite data[END_REF] .

Additionally, the fronts that emerged from energetic mesoscale eddies induce a strong vertical motion that connects the surface to its interior and favors the increase of vertical mixing [START_REF] D'asaro | Ocean convergence and the dispersion of flotsam[END_REF][START_REF] Klein | Ocean turbulence at meso and submesoscales: connection between surface and interior dynamics[END_REF] . Although it is relatively well known in the open ocean, the role of these motions in structuring the coastal marine communities requires further investigation due to the complex interactions of different oceanic processes. In some studies, it was found a negative response of the presence of mesoscale eddies to primary production near the shore, i.e., mesoscale eddies enhance cross-shore exchange, thus, transporting the nutrients from the nearshore environment to the offshore region (e.g., [START_REF] Gruber | Eddy-induced reduction of biological production in eastern boundary upwelling systems[END_REF], Rubio et al., 2018).

In the present work, our main aim is to assess the variability of biological quantities in the GoT and from that, we discuss the role of (sub)mesoscale dynamics in structuring the spatial distribution of biological fields, namely Chl-a concentration. We study this problem using the modeling approach in combination with the remote sensing of ocean color (MODIS/AQUA Chl-a product). As the identification of fine-scale features in spatial distribution of tracers naturally involves Lagrangian methods of analysis, the Lagrangian framework is used to investigate the transport pathways and turbulent mixing in the GoT in conjunction with analysis of Chl-a concentrations.

Data and methods

Satellite ocean color data

Chl-a concentrations are an indicator of phytoplankton abundance and biomass in coastal and estuarine waters and can be observed from the satellite. In this study, daily MODIS/AQUA Chl-a distributions at 4 km resolution from GlobColour archive (https://hermes.acri.fr/) in the GoT during the period 2010 -2020 were used (Fig. 5.1). However, since the model simulation presented in Chapter IV was limited to the year 2015, the comparison between the hydrodynamic model and the satellite data is carried out only during this year. The data used in this study were processed by the OC5 algorithm [START_REF] Gohin | A five channel chlorophyll concentration algo-rithm applied to SeaWiFS data processed by Seadas in coastal waters[END_REF] since this algorithm can produce the lowest bias for the satellitederived Chl-a in the coastal waters. The method was used to assess the Chl-a variability in the Vietnamese waters by Loisel et al. (2016) during the period 2002 -2012.

To analyze the spatio-temporal variations of Chl-a, the Census X-11 method (Pezzulli, Stephenson, and Hannachi, 2005) was applied to the monthly Chl-a data for 10 years. A pre-processing is applied to the time series in each grid point. Calendar months that are underrepresented (less than 50% of coverage by the data) in the series are excluded. This method allows separating the analyzed time series X(t) into three modes of variability: the seasonal cycle (S), trend (T), and residual (or irregular) variation (I):

𝑋𝑋(𝑡𝑡) = 𝑆𝑆(𝑡𝑡) + 𝑇𝑇(𝑡𝑡) + 𝐼𝐼(𝑡𝑡) (Eq. 5.1)
The X-11 method is useful in identifying the magnitude of variation and the contribution of each component to the total variance. Based on this, maps of the relative contribution of S(t), I(t), and T(t) components to the variability contained in the initial series can be computed. The technique defines the shape of the seasonal cycle, thus, distinguishing the other terms (trend T(t) and irregular I(t) variation) from the bias of inter-annual variation [START_REF] Vantrepotte | Temporal variability of 10-year global SeaWiFS time-series of phytoplankton chlorophyll a concentration[END_REF] . A detailed description of the method is given in [START_REF] Vantrepotte | Temporal variability of 10-year global SeaWiFS time-series of phytoplankton chlorophyll a concentration[END_REF].

Horizontal stirring assessment from FSLE

The Finite-Size Lyapunov Exponent (FSLE) method allows the identification of manifolds of relevant hyperbolic points of the flow field, or so-called Lagrangian Coherent Structures (LCSs), that constrain the fluid motions and ocean transport [START_REF] Artale | Dispersion of passive tracers in closed basins: Beyond the diffusion coefficient[END_REF]Boffetta et al., 2001;Siegelman et al., 2020) .

The method is often used for assessing the coherent structures (jets, eddies, fronts, etc.), thus, helping to inspect the horizontal stirring and mixing properties of the flow field (D 'Ovidio et al., 2004;[START_REF] Hernandez-Carrasco | Seasonal and regional characterization of horizontal stirring in the global ocean[END_REF]Hernández-Carrasco & Orfila, 2018;Nencioli et al., 2011). It appears very effective for localizing the regions with enhanced mesoscale dynamics. The FSLEs are computed from the minimum time, τ, required for two-particle separation from an initial distance δ i to a final distance δf (Section 2.3.2). The following values were attributed to these parameters δi ≈1.86 km 

Results and discussion

Temporal variability of Chl-a concentrations in the GoT

In the GoT, the Chl-a concentrations demonstrate a strong variability during a year (Fig. 5.1).

Applying the Census X-11 method, the temporal patterns of Chl-a variability can be identified (Fig. Another region of strong Chl-a variability is observed along the southern gulf entrance which exceeds the boundary of the model. On the contrary, the regions of low Chl-a variability can be found near the Red River delta, north and west of Hainan Island, and along the Hainan strait. The magnitude of Chl-a variations is less than 20% there. In these areas, the Chl-a concentrations are high and stable around the whole year due to the input of a large amount of nutrients (Fig. 5.3a). Accounting for about 80% (can be up to 90% in some regions) of the total variance, the seasonal cycle provides the largest contribution to the Chl-a variation in the offshore region and in the vicinity of the southern entrance to the gulf (Fig. 5.3b). This high variability results from the difference in winter/summer conditions. During summer, the warm weather and large freshwater flux cause a stable stratification of the water column and limit the nutrients supply to the surface layer where they are quickly consumed. As the result, low Chl-a concentrations are observed in summer. In winter, the Chla concentrations of the whole gulf are the highest due to the enhancement of vertical mixing. During this period, cold weather and strong wind induce a vast cooling and densification of the water in the surface layer in the whole gulf, thus, leading to the extension of the mixed layer depth down to the bottom [START_REF] Loisel | Assessment and analysis of the chlorophyll-a concentration variability over the Vietnamese coastal waters from the MERIS ocean color sensor (2002-2012)[END_REF][START_REF] Tang | Seasonal and spatial distribution of chlorophyll-a concentrations and water conditions in the Gulf of Tonkin, South China Sea[END_REF].

In addition to the seasonal cycle, a relatively high contribution of the irregular component can be found across the gulf. It represents up to 20 -30% of the total Chl-a variability. Its contribution can reach ~ 40% in several places, e.g., north and west of Hainan Island (Fig. 5.

3c). North of Hainan

Island, the strong residual current through the Hainan strait occurs during the whole year. Moreover, the Chl-a variation west of Hainan Island is related to tidal mixing (Lü et al., 2008) which can explain the high contribution of the residual (irregular) component there.

Along the Vietnamese coast below the Red River delta, the spatial pattern of irregular component fairly well matches the location of the river plume and associated frontal zones identified in FSLE maps in Chapter IV. Lines of high FSLE values mark the region of river plume fronts which not only act as a barrier preventing the cross-shore exchange but possibly trigger the upwelling mechanism at the frontal zone that enhancing the Chl-a variation.

Along the shoreline, the Chl-a concentrations are higher than that of the offshore region (Fig. 5.1). As a matter of fact, the high concentration of the Chl-a near the shore can be explained by strong mixing, nutrients supplied from the mainland, and the presence of frontal zones. However, little is known about the sources of the nutrients that govern the blooming processes in the center of the gulf [START_REF] Minh | Tidal characteristics of the gulf of Tonkin[END_REF][START_REF] Tang | Seasonal and spatial distribution of chlorophyll-a concentrations and water conditions in the Gulf of Tonkin, South China Sea[END_REF].

Impact of horizontal stirring on the Chl-a distribution

In the ocean, turbulent mixing is recognized as a critical factor for the growth of the phytoplankton populations. At the seasonal scale, the heating/cooling cycle strongly drives the turbulent mixing across the water column. At smaller scales (days to months), mesoscale motions provide the energy for generating submesoscale fronts, separating the water of different densities (Siegelman et al., 2020) and smaller-scale motions via turbulence energy cascade. Therefore, ocean turbulence plays a certain role in setting patterns of phytoplankton diversity (Lévy et al., 2014). One of the quantities used for turbulence characterization is the backward FSLE, which provides a measure of lateral stirring in the flow field and can be quantified by the backward integration of the separation distance of particle pairs. Schematically, the tracer distributions in turbulent flow are stretched and largely concentrated along the lines of local maxima of FSLE value, λ. These lines of high values of λ (the ridge lines) are associated with the regions of large strain or the horizontal buoyancy fronts at the edge of the mesoscale eddies and in between them. In many studies, the distribution of Chl-a and the location of local maxima of FSLEs was shown highly correlated (i.e., [START_REF] Hernández-Carrasco | The reduction of plankton biomass induced by mesoscale stirring: A modeling study in the Benguela upwelling[END_REF], 2018;[START_REF] Lehahn | Stirring of the northeast Atlantic spring bloom: A Lagrangian analysis based on multisatellite data[END_REF]Nencioli et al., 2013). , is often used as an indicator of ocean productivity fronts (i.e., Kouketsu et al. 2016, Druon et al., 2019). Visual inspection of the Chl-a gradients and the FSLEs reveals a quite similar patterns and demonstrates that high concentrations of Chl-a are confined to the zones of large stirring, i.e., their spatial extension and shape mimic the ridge lines distribution. Therefore, the FSLEs. Therefore, it can be said that the high stirring in the northern gulf and along the coast acts as barrier between these regions and the middle and southern gulf.

At the beginning of November, a zone of high stirring is found in region D (Fig. 5.5b). It matches the location of the slope current running along 50 m isobath (as shown in the chapter IV). Along the front of the slope current, the small-scale eddies are generated by high strain in velocity field and instabilities of currents. These small-scale eddies are effective in strengthening the horizontal advection and diffusion of the nutrients and phytoplankton (Capet et al., 2008a). The high concentrations of Chl-a observed in the northern gulf are stirred and stretched along the high-value FSLE ridge lines toward the southern gulf (Fig. 5.5b). However, the barrier between the offshore (location D, ~150 km offshore) and nearshore region (location C) is still maintained by this vigorous stirring and locally traps the biomass between the coastal zone and the offshore region (Fig. 5.5b, c).

These results suggest that the horizontal mixing induced by the small scales thereby could affect phytoplankton growth in the GoT. 

Co-variation of biomass concentration and FSLEs

As an indicator of turbulent mixing, FSLEs can be used to inspect the turbulence level in the flow field. Taking the spatial average of the daily FSLEs in the northern gulf (box A) and the southern gulf (box B), a proxy of the horizontal turbulence level can be defined for two regions (Fig. 5.6). A common feature between the two regions is a decrease of mixing intensity during winter and an increase in summer and autumn. It suggests that the small-scale features in the GoT are not populated during the cold winter (averaged FSLE values less than 0.2 days -1 ) and this period can last from the beginning of winter until April (in box A) or even until July (in box B). Although during this period, the mixed layer depth, which supplies the energy to form small-scale motions, can extend toward the bottom, the presence of the strong northeast wind can break the geostrophic balance and quickly wash away the small-scale structures of regional circulation.

In box A, the phase of high turbulence lasts from May until November. As noted, this period of time coincides with the phase of high river discharge that is favoring the formation of small-scale motions.

The period from August to October marks the transition from southwest to northeast monsoon. The combination of intense northeast wind and water flow from the VNES/SCS via the Hainan strait intensifies the turbulent motions in this energetic area [START_REF] Zavala-Garay | An Integral View of the Gulf of Tonkin Seasonal Dynamics[END_REF].

On the other hand in summer, the southeast wind is less intense than in winter and the river discharge in the southern gulf is much lower than in the northern gulf. Thus, the turbulence in box B during summer is mostly caused by the intrusion of the VNES/SCS boundary current that flows northeastward around the shelf break (Fang et al., 2012). Under the effect of the northeast monsoon, the fresh water from the Red River is transported southward within a buoyancy-driven flow along the Vietnamese coast. This coastal current is reinforced by the southward flow in the deeper part of the northern gulf leading to an enhancement of turbulent motions in a wide region extending from the shore by ~100 km. (region B) with the maximum value not exceeding 0.5 days -1 . At the same time, the Chl-a shows large variability in the range 0.1 to 1 mg/ m -3 (Fig. 5.7a). The low correlations were found between FSLEs and Chl-a in both regions (0.39 and 0.2 respectively). Therefore, it could be said that the limited horizontal stirring is unlikely to have effect on Chl-a concentrations increase during this period.

During summer and autumn, the turbulence activity is higher, however, it coincides with the period of lower Chl-a concentrations averaged over each region, with the mean Chl-a values of 0.3 and 0.17 In addition, the highest correlation between Chl-a and FSLE time series is obtained for a time lag of 7 days. The period of 7-days is longer than a typical period of most of oceanic motions (e.g., internal gravity waves, near-inertial waves, and tidal motions) [START_REF] Zhang | The influence of geostrophic strain on oceanic ageostrophic motion and surface chlorophyll[END_REF]. This time lag could be related to a characteristic timescale for bringing unused nutrients into the oligotrophic area and possibly boost the phytoplankton growth [START_REF] Zhang | The influence of geostrophic strain on oceanic ageostrophic motion and surface chlorophyll[END_REF]. 

Summary

In this chapter, we investigated the role of (sub)mesoscale motions in structuring the spatial distribution of biological fields by examining the variation of Chl-a distribution in space and time (seasonal variation). The level of horizontal stirring in the flow field was estimated using FSLE, obtained from the Lagrangian tracking experiments. The results of Lagrangian tracking model provided the locations of regions with high horizontal stirring which were found to be positively correlated with the spatial distribution of the phytoplankton. The horizontal mixing shows an increase in intensity during summer and autumn. Two-dimensional advection processes revealed from FSLE maps largely contribute to structuring the distribution of biomass during the same period of time when the major biological drivers are weak (i.e., increase in stratification due to temperature rise and decrease of vertical mixing). Our findings indicate that the vigorous stirring induced by fine-scale motions has a dual role. On the one hand, it acts as a barrier that blocks the exchange of water between the coastal and offshore regions and between the northern and the southern gulf in autumn -when a larger level of turbulence in the flow is observed. On the other hand, an episodic increase of turbulent motions in the mean flow induces entrainment of the water rich in nutrients to the oligotrophic offshore areas, thus, boosting the primary production. The areas with high Chl-a concentrations appear to be delimited by the LCSs, which locations were distinctly identified using a numerical model coupled with a Lagrangian transport model. Despite the undeniable capability of the HF radar system to provide nearly real-time observations of surface circulation at large spatial scales, the measurements are always affected by the uncertainty related to the observational coverage decrease with distance, hardware failure, etc. To acquire the most accurate current velocity maps from the radar measurements, we implemented the variational approach (EOF/2dVar), proposed by [START_REF] Yaremchuk | A combined EOF/variational approach for mapping radar-derived sea surface currents[END_REF] for radar data processing. This non-local, kinematically constrained interpolation method is capable of producing a continuous, gapfree dataset and particularly effective in case of radar failure during short periods (1 ~ 2 days of one radar malfunction). The performance of the EOF/2dVar method was evaluated by comparison with the in-situ measurements of surface current velocities and Lagrangian drifter trajectories available in the study area. A good agreement is found between different sources of data and the results of the comparison are quite consistent with those documented in previous studies performed in other coastal ocean regions (e.g., Liu et al., 2014;[START_REF] Molcard | Comparison between VHF radar observations and data from drifter clusters in the Gulf of La Spezia (Mediterranean Sea)[END_REF]Yaremchuk et al., 2016) . This increases our confidence in using HF radar data for the analysis of the surface circulation in the GoT.

Characterization of the surface circulation in the GoT -the added value of HF radar measurements

In the first part of the study, the data from two radar sites (XUAN and DHOI) were reprocessed by the EOF/2dVar interpolation method to obtain the gap-free 2.5-year-long velocity time series. This extended dataset enables the assessment of the surface current velocity variability in the data-poor region of the southern GoT.

The results of the HFR data analysis revealed the dominant role of tides and monsoon wind in the variability of circulation. At high frequency, fortnightly variation of the current velocity is shown to be consistent with individual velocity measurement by AWAC while at a lower frequency (monthly to seasonal scale), the current velocities were closely correlated with the surface wind. Though this has been documented in several modeling studies, the radar-derived velocity data revealed the flow complexity and variability at a level of detail that was not previously available.

Different scales of space-time variation of circulation in the GoT have been quantified. The results revealed that the contribution of tides to the total velocity variability is close to 60%. The circulation in the GoT is primarily driven by the diurnal tidal regime. The spatial patterns of tidal ellipses demonstrated the propagation of the tidal wave parallels the coast. The current velocity magnitudes were found larger (~0.6 m s -1 ) in the southern gulf entrance while they decrease gradually to ~0.2 m s -1 toward the middle gulf (~19°N) due to the bottom friction. Regarding the velocity magnitude of tidal components, the velocity of diurnal tidal constituents (K1 and O1) was found 4 and 8 times larger than that of semi-diurnal, M2 and S2 constituents, respectively. These results are consistent with the previous modeling-based study of [START_REF] Minh | Tidal characteristics of the gulf of Tonkin[END_REF] focusing on analysis of the tidal circulation in the GoT.

The contributions of different forcing terms to the total variability of the surface circulation were also quantified. The results revealed the energy transfer from large-scale (low-frequency) variability of currents, in winter, to their low-scale (higher frequency) variability, in summer. In winter, the surface currents are mostly driven by the wind. High correlation (~0.8) was found between the radar-derived velocities and the reanalyzed wind stress. During the summer period, smaller correlation (~0.5) suggests a possible contribution of other factors, e.g., sea-breeze motions capable to amplify the current variability at diurnal frequency. Buoyancy forcing, mesoscale motions, or possibly the effects of remote forcing (i.e., typhoons), can also contribute to high-frequency variability of surface circulation in summer.

Lastly, the role of freshwater discharge, mainly from the Red River, in modulation of coastal circulation was assessed as it enhances the complexity of current patterns. The low salinity, surface advected water body (about 5 m thick) appears practically detached from the bottom layer. Extending southward along the coast, a frictionless water body, forced by the strong northeasterly wind, causes the near-shore current intensification. We found that the speed of nearshore flow, induced by the southward advection of buoyancy in combination with the intense NE wind, can readily exceed 1 m s -
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. The period of nearshore current intensification lasts 8 to 9 months corresponding to the maximum extension of the river plume observed in late fall (September to October) while the period of weaker flow intensity (lower velocities) occurs in mid-summer (June to July).

The zonal wind component experiences a closely harmonic seasonal variation and induces a crossshore mass exchange, thus affecting the coastal flow speed and seaward extension. On the contrary, the meridional (along shore) wind component variability causes only a weak modulation of the coastal current.

Assessment of Lagrangian transport and dispersion properties in the GoT using the radar data and high-resolution numerical model

In the second part of the study, we characterized the transport patterns and assessed the turbulent dispersion in the GoT using the Lagrangian framework. This implied the advection of virtual particles (water parcels) in the radar-derived velocity fields and also using the high-resolution numerical model (SYMPHONIE model). The regional model, which was developed for the GoT [START_REF] Piton | Sensitivity study on the main tidal constituents of the Gulf of Tonkin by using the frequencydomain tidal solver in T-UGOm[END_REF][START_REF] Piton | Influence of winds, geostrophy and typhoons on the seasonal variability of the circulation in the Gulf of Tonkin: A high-resolution 3D regional modeling study[END_REF] and extensively improved in [START_REF] Nguyen-Duy | Variability of the Red River Plume in the Gulf of Tonkin as Revealed by Numerical Modeling and Clustering Analysis[END_REF], allows identifying fine-scale structures in the flow field. These structures, with spatial scales from one to a hundred km and temporal scales from days to weeks, largely affect the transport patterns and dispersion properties. To the best of our knowledge, the problem of turbulent dispersion has not been addressed yet in this region. The analysis was performed for two periods, August and November 2015, representing the typical summer and winter conditions.

In the first step, a comparison of Lagrangian statistics was done using virtual particles advected in the radar-derived velocity field and then using the numerical model velocities. While the particle distribution 30-days after the release diverges significantly in both cases, the particle trajectories look rather similar, especially for the first 15 days. Lagrangian statistics (relative dispersion and FSLE) estimated by using two velocity fields (radar-derived and numerical model) indicated a similar change in dispersion regime for scales above 20 km. Therefore, it suggests an acceptable accuracy of the model and its capability in reproducing large-scale, low-frequency variability of the regional dynamics and transport patterns. However, the difference in dispersion statistics at smaller scales indicated that the coarse resolution of the HFR data limits the exploration of small-scale turbulent dispersion. In the small-scale range, the dispersion rate estimation based on radar measurements is significantly lower than that obtained in the model simulations, e.g., in November, the rate of dispersion was found two times smaller. This explains the difference in the spatial distribution of advected particles in two velocity fields. The model advected particles are stirred more effectively and appear clustered in several distinct locations.

After that, we moved further and employed only the numerical model for the assessment of transport and dispersion statistics at the scale of the whole GoT. From that, the seasonal variability in transport patterns and dispersion regimes was characterized. As the GoT circulation is largely driven by the monsoon wind, the final distribution of particles after 30 days of tracking showed significant differences in August and November. In August, the advected particles are more scattered around the gulf and a large portion of them are concentrated in several eddy-like structures in the middle and northern gulf. Whereas in November, the advected particles are confined to the western part of the gulf and are mostly organized within long filaments. The turbulent dispersion regimes in the two seasons also appear different revealing a change from the Richardson super-diffusive regime to the ballistic regime for the scales of motions above 20 km.

It is worth noting that the first baroclinic Rossby radius of deformation, R d, appears to be a key length scale that plays a role in separating different regimes of dispersion. In our study, a non-local dispersion regime is found at scales below Rd while a local dispersion is observed at larger scales, which is in agreement with the results of earlier investigations performed in different regions of the world ocean (e.g., [START_REF] Haza | Relative dispersion from a high-resolution coastal model of the Adriatic Sea[END_REF][START_REF] Corrado | General characteristics of relative dispersion in the ocean[END_REF]. The value of Rd in the GoT varies from season to season, and it is smaller in winter due to stronger vertical mixing and larger in summer when the water column is more stratified. Rd also varies in space, from the coastal to the open sea region. The smaller value of Rd, ~1 km, is obtained near the coast and the larger value, ~16 km, is found in the deeper water near the southern entrance (see Nguyen-Duy et al., 2021, their Fig. 4).

Additionally, the effect of river discharge on turbulent dispersion is also examined in this study. By turning on and off the river discharge in the model, its relative contribution to the dispersion of tracers can be quantified. During both periods considered, the river input in the model enhances the dispersion in a wide range of scales, from sub-mesoscale to ~50 km. The river discharge causes a significant decrease in e-folding time (the time interval in which the particle separation increases by a factor of e) from roughly 2.5 days to 1.25 days, evidencing a much larger rate of dispersion in the sub-mesoscale range (at the scale below 15 km). The river discharge (when introduced in the model) creates buoyancy gradients and enhances the sub-mesoscale dynamics which in turn increases the dispersion and affects significantly the Lagrangian statistics, especially during the rainy season.

Studying the transport pathways in the GoT involves the characterization of turbulent coherent structures (such as jets and eddies), which dictate much of the transport patterns. These dynamical structures are driven by intrinsic spatio-temporal variability of the flow field and also by the external forcing (such as wind, buoyancy, etc.) that exerts on the flow. In the shallow water region, these structures experience large variability and are prone to the interaction of intense wind and large riverine input which can be identified by the adequate settings of the FSLE method (i.e., the initial and final separation of the particle set). The Lagrangian Coherent Structures (LCSs), identified from the FSLE method, give the location of regions with strong stretching and dispersion of materials, i.e., areas of strong stirring in the flow. By analyzing the spatial variability of FSLEs fields, four regions with a high level of dispersion were identified in the GoT: a nearshore region under the fresh-water influence, an offshore region distant by ~100 km from the coast, a central part of the northern gulf, and a region close to the southern gulf entrance. These regions should be considered as hotspots with enhanced influence of hydrodynamics on particulate distribution as well as on marine ecology. We clearly demonstrated that areas with high concentration of Chl-a coincide with those of large stirring.

Spatial organization of Chl-a distribution and its temporal variability appears to be significantly affected by turbulence which generates stirring and imposes natural barriers for phyplankton distribution (results presented in Chapter V). In addition, the wind forcing and the freshwater discharge, both largest during autumn, modulate the Chl-a variability in low-frequency band.

Perspectives

The results obtained in this study provide insight into the complexity of surface circulation in the GoT.

However, several limitations would be worth addressing as they prevent improving the knowledge of the GoT dynamics. The first limitation comes from the short duration of the analysis. As mentioned previously, the analyses performed in this study are mostly based on 2.5-year data (from 2014 to 2016)

provided by the radar measurements. Therefore, a longer dataset covering more years would be useful for assessing the long-term variability of the surface circulation in the GoT (e.g., inter-annual variability related to ENSO phenomena) and the analysis of additional processes such as the response of the GoT circulation to remote forcing from the VNES/SCS basin.

Future directions of the research will include the application of the regional hydrodynamic model, which allows a three-dimensional description of the circulation in the GoT, and the operational forecasting system with data assimilation capability. Indeed, it still exists many uncertainties in the use of a numerical model which may come from the parameterization of forcing and the use of different turbulent mixing schemes. Therefore, a large and reliable coastal radar dataset can be used for improving the numerical model in long term. Assimilation of the near-real-time radar data in a model is a good way to provide more accurate boundary conditions at the sea surface and improve the surface current fields. Therefore, this direction of research can help to improve the representation of the circulation in this region.

Further investigations using Lagrangian observations (drifter observations) are necessary as the Lagrangian approach can be used to address the fundamental problems of ocean dynamics. Lagrangian observations are valuable in oceanographic applications related to particulate material transport, dispersion, and marine biology. However, at the present stage, the number of real drifter observations in the GoT is highly insufficient as highlighted by [START_REF] Gao | Review of the circulation in the Beibu Gulf, South China Sea[END_REF]. Given the lack of Lagrangian observations, HF radar measurements, and modeling appear as appropriate tools for the analysis of turbulent dispersion. The Lagrangian instruments are categorized into two types: a) drifters, which follow the water in the surface layer, and b) floats, which can sink to a specific depth [START_REF] D'asaro | Advances in Observing and Understanding Small-Scale Open Ocean Circulation During the Gulf of Mexico Research Initiative Era[END_REF]. Both of them will be useful not only in validating the oceanic numerical circulation model and radar measurements but also enable detailed studies of turbulent dispersion at different levels.

The current convergence and divergence are viewed as the physical processes that are tightly related to vertical motions and a possible clustering of particulate materials in the ocean. For example, submesoscale structures (spatial scales of hundreds of meters to tens of km) associated with horizontal density fronts with strong surface convergences and downwelling, may lead to three-dimensional patterns of particle distribution (e.g., D'Asaro et al. ( 2018); Essink et al. (2018). These processes can be important for biogeochemical activities as the enhancement of vertical mixing in the frontal zone sweeps floating material to the front and controls the supply of nutrients necessary for marine organism growth. Also, toxic materials, such as oil spills, can be driven down to depth by downwelling motions, thus, amplifying their impacts on the ocean [START_REF] D'asaro | Ocean convergence and the dispersion of flotsam[END_REF]. In our opinion, this subject would deserve a separate, more thorough investigation in the nearest future. OMA overestimates an artificial eddy that was not captured in the real counterpart.

Conclusion Générale

Another one that can be noticed is a striking difference in the pattern of the drifter no. 531 which was deployed in September 2017 (Fig. C.3b). After the first two days, the drifter moved southward along the coast and then remained "trapped" close to the southern radar site for about 3 -4 days representing a small-scale clockwise eddy pattern. Although the separation between the real and the synthetic drifter remained low in this case (less than 8 km/48 h), the synthetic drifters advected from both methods failed to reproduce such a complex trajectory. However, it should be noted that the spatial resolution of the HFR-derived velocities of about 6 km possibly prohibited resolving structures smaller than this size. 

  d'ouest en est. Il échange avec la mer VNES/SCS principalement par la grande entrée sud et aussi par un détroit étroit et peu profond -le détroit de Hainan (ou Qiongzhou) à l'est. Le golfe lui-même est peu profond. Sa bathymétrie (Fig. 0.1) augmente progressivement depuis la côte pour atteindre environ 70 m dans la partie sud, avec le maximum, 100 m, situé à l'entrée principale du sud. La ligne des côtes est assez complexe, en particulier dans la zone proche du delta du fleuve Rouge (RRD), où se trouvent environ 2000 petites îles qui font le charme le la baie de Ha Long. Le golfe reçoit des apports d'eau douce de plusieurs fleuves sur les côtes vietnamiennes et chinoises dont le plus important est le fleuve Rouge (Fig.0.1). Son débit annuel est d'environ 3500 m 3 s -1 mais il peut atteindre 30 000 m 3 s -1 en période de pluies. La circulation complexe dans le golfe résulte d'un forçage macro-tidale, d'un important apport d'eau douce des fleuves et d'une forte variabilité saisonnière des forçages atmosphériques. Ces derniers incluent le forçage climatique de mousson, avec une nette distinction entre vent saisonnier et précipitations. Certaines particularités des côtes (la présence de grands fleuves et d'estuaires, le plateau continental étendu et le petit fond) et les forçages atmosphériques extrêmes multiplient les interactions à l'interface terre-mer-atmosphère et sur l'ensemble du golfe rendant ainsi l'étude de la dynamique de cette région difficile.
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 0 Figure 0.1 par les cercles verts et la couverture spatiale par les mesures -par les segments de cercle.

Figure 0 .

 0 Figure 0.2 montre à quoi ressemble la station radar installé à Dong Hoi (DHOI), Vietnam.

Figure 0 . 1 :

 01 Figure 0.1 : Région d'étude -le golfe du Tonkin avec bathymetrie (figure de droite) et sa position géographique (figure de gauche). Emplacements des embouchures de principaux fleuves sont indiqués par des carrés jaunes. L'étoile rouge marque le Fleuve Rouge. Les sites radar sont indiqués par des cercles verts. La couverture spatiale de chaque radar est montrée en bleu clair.

Figure 0 . 2 .

 02 Figure 0.2. Radar HF Seasonde de CODAR installé à Dong Hoi (DHOI), Vietnam.

  doi.org/10.1016/j.csr.2022.104784. Dans le chapitre V, nous analysons conjointement la distribution spatiale des structures cohérentes lagrangiennes (LCS) et des quantités biologiques (concentrations de chlorophylle-a mesurés depuis l'espace). Nous discutons le rôle qui joue l'advection horizontale et le mélange turbulent dans la structuration des champs biologiques dans le golfe. Le chapitre VI résume les principaux résultats de cette étude. Les questions restant ouvertes et des perspectives sont également abordées dans ce chapitre. and the deep open oceans, there are shallow bodies of water lying on the continental shelf up to 200 meters deep compared to the thousands of meters deep in the open ocean.

  Between the coast of Vietnam and China, the GoT (16°10' -21°30'N and 105°30' -111°E) lies on a shelf in the northwestern part of the VNES/SCS (Fig.1.1). This crescent shape, semi-enclosed gulf extends about 500 km long and 270 km wide, exchanges waters with the open sea mainly through the large southern entrance and partly through the Hainan (or Qiongzhou) strait in the east. The strait is narrow, only about 30 km wide, but it is quite deep in the middle part (~50 m depth). The gulf covers an area of about 115000 km² and is characterized by shallow depth. The bathymetry of the gulf (Fig.1.1) gradually increases from a few meters on the coast to about 70 m in the southern gulf with the largest depth of about 100 m in the main entrance. The topography along the coastline is rather complex, especially in the area close to the Red River Delta (the RRD). There are about 2000 small islands in the gulf, sometimes no bigger than a few hundred square meters, and the majority of them are scattered in the RRD. The gulf is also fed by several rivers on the Vietnamese and Chinese coasts while the largest being the Red River (Fig.1.1). Its annual freshwater discharge is about 3500 m 3 s -1 ,
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 11 Figure 1.1: Location of the study region, the Gulf of Tonkin. The main river mouth locations are shown by yellow squares. The red star marks the location of the Red River. The radar sites are shown by green circles. The typical coverage of each radar site is shown as blue shade color.
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 12 Figure 1.2: Monthly average wind fields for four months from Era5 reanalysis dataset at 10 m above sea level in the GoT during the period from 2000 to 2020. The wind magnitude is shown by color shading.
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 13 Figure 1.3: Climatological heat and net freshwater flux averaged over the GoT from Era5 reanalysis during the period from 2000 to 2020.

  1.5). During the NE monsoon (winter), a combined effect of surface heat flux and northeastern cold wind blowing over the shelf induces a vast cooling and densification of surface water (Fig.1.5b). The water over the shallow region is cooling faster than the offshore region, thus, leading to the formation of a cold tongue along the northwest coast of the gulf and a difference of about 4°C between the offshore and nearshore regions (Fig.1.5b). Consequently, the densification of surface water and the minimum precipitation and river discharge results in strong vertical mixing down to the bottom depth in almost all the regions (Fig.1.5a). The seasonal contrast in vertical mixing is observed during the summer when the warm and wet weather conditions kick in. The sea surface heating and the weak southwest wind thus result in strong stratification and weak vertical mixing in the GoT as shown by the mixed layer depth (MLD) which penetrates down only to about 20 m below the surface (Fig.1.5d).

Figure 1 . 4 :

 14 Figure 1.4: Climatological freshwater discharge from five main rivers in the Gulf of Tonkin (data from Global Runoff Data Centre (GRDC) (https://portal.grdc.bafg.de))
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 15 Figure 1.5: Distribution of mixed layer depth (MLD) (a, d), sea surface temperature (SST) (b, e) and sea surface salinity (SSS) (c, f) from numerical model between July 2013 and January 2016 (adapted from Loisel et al. (2016) )

  on field observations; Gao et al., 2013, based on 3D modeling) (Fig. 1.6g)
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 1 Figure 1.6: Different schematics of the Gulf of Tonkin surface circulation during winter (a, b, c, d) and summer (e, f, g) (adapted from Gao et al. (2017))

Figure 1 .

 1 Figure 1.8: A cloud free snapshot of Chlorophyll-a concentration from MODIS/AQUA satellite on 18-August-2018 captures an extensive bloom in the region

  ) The velocity dataset was used for extensive validation of the high-resolution numerical model (SYMPHONIE model) of circulation in the GoT. The validation exercise increased the confidence in modeling results and allowed to use the model for assessing the Lagrangian transport processes.
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 1 Figure 1.9: Scales of oceanic motions. The blue box represents processes in coastal ocean environment which can be captured by HF radar measurements. Diagram adapted from Dickey (2003)
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 2122 Figure 2.1: Principle of monitoring ocean surface currents and waves by HF radar. Adapted from Roarty et al. (2019)
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 23 Figure 2.3: Configuration of the crossed-loop Seasonde CODAR receiver antenna (adapted from CODAR Seasonde applications manual).

  by the type of signals emitted by the radar. As for the CODAR radar type, it utilizes the Frequency Modulated Interrupted Continuous Wave with linear varying frequency (FMICW waveform). The radial resolution is constrained by the duration of the pulse signal and is approximately identified by the relationship with the signal bandwidth B (or the frequency interval in a swept):
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 2 Figure 2.4: Radial velocity field derived from beam forming (BF) (a) and MUSIC (b) method of data processing in the Iroise Sea[START_REF] Sentchev | Surface circulation in the Iroise Sea (W. Brittany) from high resolution HF radar mapping[END_REF] 
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 2 Figure 2.5: Schematic of total surface current velocity combination from two radar sites.
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 2 Figure 2.6: (a) Map of radial velocities derived from radar measurements in Vietnam. The radar site locations are shown by triangles. Blue (Red) vectors denote the current toward (away from) the radar. (b) Time history of data acquisition by three radars in Vietnam during the period from 2014 to 2020 (asterisks). Red square shows the period chosen for the study.
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 2 Fig. 2.8a, b, and c show the portion of data available from each radar site compared to the total amount of data during the study period (April 2014 -October 2016). The sea state within the GoT appears to
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 2 Figure 2.7: Evolution of wind (a) and radar data returned (b) from the XUAN radar site during January 08 -22, 2018 and the Signal-to-Noise ratio (SNR) at the receiver antenna (c) during the same period.
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 28 Figure 2.8: Ratio of temporal coverage by observations for three radars (a, b, c). Location of HFR stations is given by black triangle. (d) Average Geometric Dilution of Precision (GDOP) (contourlines) and location of grid points selected for processing the surface current velocities.
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 29 Figure 2.9: Snapshot of the raw data (left) and the reconstructed radial velocities after the application of iterative EOF-based gap-filling technique in XUAN radar site (right).

Figure 2 .

 2 Figure 2.10: Snapshot of surface current velocity processed by EOF/2dVar method. The current vectors are plotted every 10 km for visualization. Location of two AWAC (P1 and P2) is shown by white crosses. AWAC measurements were used for validation of radar derived velocities.

  Mediterranean Sea (e.g.,[START_REF] Kaplan | HF radar observations of surface circulation off Bodega Bay (northern California, USA)[END_REF];[START_REF] Ullman | Trajectory prediction using HF radar surface currents: Monte Carlo simulations of prediction uncertainties[END_REF];[START_REF] Molcard | Comparison between VHF radar observations and data from drifter clusters in the Gulf of La Spezia (Mediterranean Sea)[END_REF]). After 2 days of advection, the separation distance between the synthetic and real drifter reached the value of 24 km, then grew up to 35 km after 4 days of simulation in the 2dVar case. Compared to OMA, the 2dVar method reduced the difference by about 17% for both mean separation and standard deviation (Fig.2.12b).
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 2 Figure 2.11: Comparison of surface current velocities measured by AWAC and HFR, after reprocessing by 2dVar method, in P1 (upper panel) and P2 (lower panel).

Figure 2 .

 2 Figure 2.12: (a) Real drifter trajectory (black line) and synthetic drifter trajectories in the radar velocity field after application of 2dVar (blue) and OMA interpolation method (red). The release point is shown by black square. The drifter positions every 6 h are shown by circles. The bathymetry is plotted every 5 m. (b) Mean separation distance between the real and synthetic drifter advected in radar velocity field. The velocities are obtained by 2dVar (blue) and OMA interpolation method.

  Daily freshwater runoff is used from the main seven distributaries of the Red River. For other rivers, climatological data are used. An additional configuration without the river discharge (GoT-noriv configuration, see[START_REF] Nguyen-Duy | Variability of the Red River Plume in the Gulf of Tonkin as Revealed by Numerical Modeling and Clustering Analysis[END_REF] for details) is used to assess the effect of river discharge on turbulent dispersion properties.
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 2 Figure 2.13: The GoT domain in the SYMPHONIE model with interpolated bathymetry (unit: m). The model resolution is increased by the factor of 50. Locations of river estuaries used for freshwater input in the model are indicated by the squared boxes. The red River main distributaries are shown in dark grey.
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 2 Figure 2.14: Spaghetti plot of drifter trajectories from the drifter study in Martha's Vineyard (Massachusetts, USA). Gray shaded area shows the HF radar footprint, red stars show positions of the three HF radar sites, and thick black curve indicates land[START_REF] Rypina | Investigating the eddy diffusivity concept in the coastal ocean[END_REF].
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 2 Figure 2.15: Double cascade diagram in the turbulence kinetic energy E(k) as the function of (horizontal) wavenumber k (a) (LaCasce, 2012). Diagram of the behavior of a particle pair in a turbulent flow (b)

Figure 2 .

 2 Figure 2.16: (Left) Schematic of how the particles are diverged from the forward FSLE (red lines) and compressed along the backward FSLE (blue lines). (Right) Map of backward FSLEs to illustrate the evolution of the mesoscale eddy in the Bay of Biscay. Particles in red demonstrate the shelf water while the one in blues represent the evolution of water in the eddy core. The largest FSLE values lines mark a physical transport barrier for drifting particles[START_REF] Rubio | Eddy-induced cross-shelf export of high Chl-a coastal waters in the SE Bay of Biscay[END_REF] 
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  characterization of seasonal variability in transport patterns and dispersion regimes in the whole gulf. The results revealed the Richardson super diffusion regime in summer, and ballistic regime in winter. Both regimes characterize the local dispersion dominating in the mesoscale range, i.e., dispersion generated by eddies of size lying in the range from 20 to 70 km. The change in dispersion regime was tightly correlated to a combined effect of river discharge and summer monsoon wind which enlarges the river plume area and enhances stirring in the coastal region extending up to 100 km offshore. On the other hand, during winter, the coastal current was active and strengthened the local dispersion in the nearshore region. Additionally, our analysis revealed four regions of high dispersion level (and large horizontal mixing) that should be considered as hotspots where the local hydrodynamics and velocity variability have a strong influence on the particulate material distribution, and therefore on marine ecology. We consider that our results provided a reference for further analysis of turbulent dispersion regimes in this geographic region, poorly covered by observations and in other coastal regions.The results of the study are presented in the research article: "Assessment of relative dispersion in the Gulf of Tonkin using numerical modeling and HF radar observations of surface currents" published in Continental Shelf Research journals. https://doi.org/10.1016/j.csr.2022.104784.Additionally, a part of the work was integrated to the papers published in 2021: Piton, V., Herrmann, M., Marsaleix, P., Duhaut, T.,[START_REF] Piton | Influence of winds, geostrophy and typhoons on the seasonal variability of the circulation in the Gulf of Tonkin: A high-resolution 3D regional modeling study[END_REF]. Influence of winds, geostrophy and typhoons on the seasonal variability of the circulation in the Gulf of Tonkin: A high-resolution 3D regional modeling study. Regional Studies in Marine Science, 45, 101849. https://doi.org/10.1016/j.rsma.2021.101849 Nguyen-Duy, T., Ayoub, N. K., Marsaleix, P., Toublanc, F., De Mey-Frémaux, P., Piton, V., Herrmann, M., Duhaut, T., Tran, M. C., & Ngo-Duc, T. (2021). Variability of the Red River Plume in the Gulf of Tonkin as Revealed by Numerical Modeling and Clustering Analysis. In Frontiers in Marine Science (Vol. 8, p. 1636). https://www.frontiersin.org/article/10.3389/fmars.2021.772139

Figure 5 . 1 :

 51 Figure 5.1: Climatology of Chl-a distribution in the GoT: Monthly mean Chl-a concentrations for January, July and November averaged over the period from 2010 to 2020 from MODIS satellite dataset.

5. 3 )

 3 . The magnitude of Chl-a variation (variation coefficient), which is computed as (the standard deviation/mean) x 100, indicates a large temporal variation within the gulf (on average, 50% of the total variance) (Fig.5.3a). The pattern of high Chl-a variability (variation coefficient can attain 80% of the total variance) matches well regions of strong turbulence shown in Fig. 5.2c. They are co-located along the Vietnamese coast (region C, Fig. 5.2c), in the middle of the gulf (region A, Fig. 5.2c).

Figure 5 . 2 :

 52 Figure 5.2: Monthly averaged Eddy Kinetic Energy (EKE) (a), FSLE (b) of the surface flow field in the GoT in August 2015, and the standard deviation of monthly FSLE in the year 2015 (c). Four regions of high stirring are denoted by letters in (c).

Fig. 5 .

 5 Fig. 5.4 shows a snapshot of the Chl-a field during the autumn bloom in 2015 together with the FSLEs field computed during the same period. The local maximum of the Chl-a in several places (i.e., at the location marked by the letters A and B, Fig. 5.4a) is collocated with the eddy-like structures in the FSLEs field obtained from the model simulations (Fig. 5.4c). Additionally, the horizontal gradient of Chl-a (Fig. 5.4b), estimated as a bidirectional gradient norm of the daily Chl-a, 𝛻𝛻𝛻𝛻ℎ𝑙𝑙𝑙𝑙 =

Figure 5 . 3 :

 53 Figure 5.3: Variation coefficient of Chl-a during 2010 -2020 (unit: %) (a). Relative contribution of the seasonal (b) and non-seasonal components (c) in the total Chl-a variance as estimated by X-11 method. Triangles mark the location of the radar sites.

Figure 5

 5 Figure 5.4: Chl-a concentrations in the GoT on 24-September-2015 (a), gradients of Chl-a field indicating the productivity frontal zones (b) and the distribution of FSLEs from numerical simulations (c). Magenta lines mark the regions of high Chl-a concentrations. Rectangles show the location of northern (box A) and southern region (box B) identified for detailed analysis.

Figure 5 . 5 :

 55 Figure 5.5: Snapshots of Chl-a concentrations from 30-October-2015 to 18-November-2015 superimposed on the FSLEs map computed from numerical model

  mg m -3 for box A and box B respectively. The positive correlations (0.45 and 0.51) between FSLEs and Chl-a emerge in both regions: larger is the surface stirring/mixing, larger is the Chl-a concentration (Fig. 5.7b). Moreover, Fig. 7b suggests that the increase of Chl-a concentrations in the northern gulf during the oligotrophic summer/autumn period is more likely favored by the stirring and turbulent mixing, which are much weaker in the southern gulf. Also, it is worth noting that the flatter trend observed in the southern gulf could highlight the fact that a water body with low nutrient concentrations is trapped within the large-scale circulation structure there. It maintains the Chl-a concentration low during summer/autumn which can be observed in the climatological field (Fig. 5.1).
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 56 Figure 5.6: Temporal evolution of monthly mean, space averaged FSLEs during the year 2015 in two regions: A (blue) and B (orange).

Figure 5

 5 Figure 5.7: Scatter plots of spatially averaged daily Chl-a concentrations and daily FSLE values in box A (blue dots) and box B (orange dots) for two periods of the year: winter-spring (December -April) and summer-autumn (May-November) characterized by different level of horizontal mixing.

  Figure B.3: Snapshot of the raw data (left panel), the reconstructed radial data (middle column) and the mean RMS errors (right panel column) between the reconstructed and the cross-validated dataset for two radar sites.

Figure C. 1 :

 1 Figure C.1: The comparison of surface current velocities measured from AWAC and HFR data processed by three methods of interpolation (LS, OMA and 2dVar) in P1 (upper panel) and P2 (lower panel).

Figure C. 3 :

 3 Figure C.3: Real drifter trajectories (black lines) and synthetic drifter positions advected by HFRderived velocities processed from 2dVar (blue lines) and OMA (red lines). The drifter positions every 6h are shown. The bathymetry contour is plotted every 5 m

  

  

  

  

  

  

  

de la circulation superficielle dans le Golfe du Tonkin -la valeur ajoutée des mesures radar HF Dans

  L'hydrodynamisme dans le Golfe du Tonkin (GoT), situé dans la partie nord-ouest de la mer Orientale du Vietnam (mer de Chine Méridionale), n'a été documenté que dans très peu d'études, basées principalement sur la modélisation. La circulation complexe dans le golfe résulte d'un forçage macrotidale, d'un important apport d'eau douce des fleuves et d'une forte variabilité saisonnière des forçages atmosphériques. La réponse de la circulation régionale à ces forçages reste mal comprise. Le manque d'observations systématiques est probablement la principale raison qui empêche une bonne compréhension du schéma global de la dynamique dans ce bassin. Cela induit notamment le débat sur la variabilité saisonnière de la circulation (par exemple, circulation cyclonique ou anticyclonique en été) et sur rôle des processus physiques contrôlant cette variabilité. Dans ce contexte, l'objectif principal de ce travail de thèse était d'améliorer la connaissance de la dynamique côtière dans le GoT en utilisant un outil très puissant de télédétection des courants superficiels par radars océanographiques Haute Fréquence (radars HF), installés depuis 2012 sur la côte dans la partie nord Malgré la capacité d'un réseau radar HF à fournir des observations de la circulation océanique côtière à de grandes échelles spatiales et presque en temps réel, les mesures radar sont toujours affectées par une incertitude liée à la diminution de la portée, à des pannes matérielles, etc. Pour gérer le problème d'incertitudes, et tirer le meilleur profit de la mesure, nous avons implémenté une technique variationnelle (EOF/2dVar) pour le traitement des données radar. Proposée par Yaremchuk et Sentchev (2011), cette technique d'interpolation non-locale, intégrant des contraintes dynamiques, est capable de générer des séries longues et continues de vitesse. Elle s'est avérée particulièrement efficace en cas de pannes ou dysfonctionnements de radars pendant de courtes périodes (1 ~ 2 jours). Les performances de la méthode EOF/2dVar ont été évaluées par comparaison avec d'autres mesures in-situ de vitesses de courants de surface et avec des trajectoires de bouées lagrangiennes disponibles dans la zone d'étude. Un bon accord a été trouvé entre les différentes sources de données et les résultats de la comparaison ont été trouvés cohérents avec ceux documentés dans les études précédentes réalisées dans d'autres régions océaniques côtières (e.g.,Liu et al., 2014 ;[START_REF] Molcard | Comparison between VHF radar observations and data from drifter clusters in the Gulf of La Spezia (Mediterranean Sea)[END_REF] Yaremchuk et al., 2016). Les résultats de cette évaluation ont renforcé notre confiance dans les données radars HF et leur utilisation pour l'analyse de la circulation de surface dans le GoT. Asie du sud-est) dans la variabilité de la circulation. Aux échelles inférieures à un mois, les variations de la vitesse de courants sont essentiellement dues à la marée, ce qui est cohérent avec les observations indépendantes réalisées par AWAC. En revanche, de l'échelle mensuelle à l'échelle saisonnière, la vitesse de courants a été étroitement corrélée avec le vent de surface. Bien que cela ait été documenté La représentation spatiale des ellipses de marée a montré la propagation de l'onde de marée parallèlement à la côte. La vitesse des courants de marée a été trouvée plus grande (~0,6 m s-1) dans le sud du golfe et au voisinage de la frontière ouverte, alors qu'elle diminue progressivement, jusqu'à ~0,2 m s-1 , vers le milieu du golfe (~19°N), en raison du frottement sur le fond. En ce qui concerne l'amplitude de la La contribution de différents termes de forçage dans la variabilité totale de la circulation de surface a également été quantifiée. Les résultats ont révélé le transfert d'énergie de la variabilité à grande échelle (basse fréquence), en hiver, vers la variabilité à petite échelle (fréquence plus élevée), en été. En hiver, les courants de surface sont principalement générés par le vent. Une corrélation élevée (~0,8) a été obtenue entre les vitesses mesurées par radar et la tension du vent. Pendant la période estivale, une plus petite corrélation (~0,5) suggère que d'autres processus apportent leur contribution à la variabilité:

	vitesse des composantes dominantes, elle a été trouvée 4 et 8 fois plus grande pour les composantes
	diurnes (K1 et O1) que pour les composantes semi-diurnes (M2 et S2) de la marée. Nos résultats sont
	cohérents avec ceux rapportés par Minh et al. (2014), issus de la modélisation de la circulation de
	marée dans le golfe.
	du Vietnam. La caractérisation des courants océaniques est importante car les informations obtenues sont utilisées ensuite dans de nombreux domaines d'activités humaines, à savoir l'écologie marine, l'économie, la gestion de l'eau, etc. Elles s'avèrent cruciales en cas de gestion de crises liés aux catastrophes survenues en mer ou prêt des côtes (naturelles ou causées par des acticités humaines), pour l'évaluation pendant la mousson d'été. La période d'intensification de ce courant côtier dure de 8 à 9 mois et correspond à l'extension maximale du panache fluvial se produisant généralement vers le milieu de l'automne (de septembre à octobre). En revanche, la plus faible intensité du courant est observée en été (de juin à juillet). Caractérisation dans plusieurs études de modélisation, les données de vitesse issues de la télédétection radar ont révélé La composante zonale du vent, qui suit une variation saisonnière quasi harmonique, induit un transfert du transport et de la dispersion des matières polluantes en dérive avec les coutants, ou encore pour la complexité de l'écoulement et de ses variations à un niveau de précision qui n'était pas disponible de masse et de quantité de mouvement en direction perpendiculaire à la côte (échange côte-large). l'évaluation du potentiel des énergies marines renouvelables. Le réseau radar HF existant au Vietnam auparavant. C'est cette composante qui contrôle les variations de la vitesse du courant côtier et son extension vers

L'application de méthodes performantes de traitement de données a rendu possible la constitution des séries longues de vitesse des courants de surface, l'analyse de la variabilité des courants ainsi que l'évaluation des performances d'un modèle de circulation régionale. Dans ce travail de thèse, les données d'une période de deux ans et demi (avril 2014 -octobre 2016) ont été utilisées car, pendant cette période, les radars avaient un fonctionnement plutôt stable et la couverture spatiale par des mesures était plus grande. Des séries longues de vitesse, à haute fréquence d'échantillonnage et d'une couverture spatiale étendue, ont servi pour évaluer la variabilité des courants dans une large gamme d'échelles allant de la fréquence de marée à l'échelle annuelle. intégrera prochainement un réseau international, en constitution depuis les dernières années, qui vise à surveiller continuellement l'environnement marin des régions côtières. la première partie de l'étude, les données en provenance de deux sites radar (XUAN et DHOI) ont été retraitées par la méthode EOF/2dVar pour obtenir des séries continues de vitesses. Ces données, couvrant une période de temps assez étendue (deux ans et demi), ont servi à l'évaluation de la variabilité des courants de surface dans la partie sud du golfe du Tonkin -la région dépourvue d'observations. Les résultats de l'analyse ont révélé le rôle dominant de la marée et du vent saisonnier (la mousson de l'Les différentes échelles de variabilité spatio-temporelle de la circulation ont été quantifiées. Les résultats ont révélé que la marée contribue à la hauteur de 60% dans la variation totale des vitesses. La circulation dans le GoT est principalement dominée par le régime des marées diurnes. par exemple, la brise marine amplifie les variations des courants à la fréquence diurne. Les flux de flottabilité depuis des estuaires vers la mer, la dynamique à fine échelle ou éventuellement les forçages distants (par exemple, les cyclones tropicaux) peuvent engendrer les variations à haute fréquence de la circulation de surface en été. Enfin, le rôle des apports d'eau douce par des rivières, principalement par le fleuve Rouge, dans la modulation de la circulation côtière a été étudié car ces apports augmentent la complexité de la dynamique dans cette région. Une couche d'eau, d'environ 5 m d'épaisseur, de faible salinité, se trouve pratiquement détachée de la couche inférieure et advectée par le vent en surface. S'écoulant vers le sud le long des côtes vietnamiennes sans frottement, ce grand volume d'eau, forcé par le vent soutenu du nord-est, génère l'intensification du courant côtier. Nous avons démontré que la vitesse peut dépasser 1 m s-1 dans cet écoulement côtier, intensifié par les apports fluviaux et le vent du nord-est, soufflant la mer. Au contraire, la variabilité de la composante méridienne du vent (orientée le long des côtes) ne crée qu'une faible modulation du courant côtier.

Caractérisation du transport et de la dispersion lagrangienne dans le Golfe du Tonkin à partir des mesures radar et de la modélisation à haute résolution

  Dans la deuxième partie de la thèse, nous avons abordé la problématique de la caractérisation du transport et de la dispersion turbulente dans le GoT en utilisant une approche lagrangienne. Cette approche fait intervenir des particules virtuelles (petits volumes d'eau étiquetés) advectées dans le champ de vitesse des courants mesurés par radar et également issues d'un modèle numérique à haute résolution (modèle SYMPHONIE). Ce modèle de circulation régionale a été mis en oeuvre dans le GoT pour la première fois par Piton et al. (2020, 2021). Puis il a été beaucoup amélioré par Nguyen-Duy et al. (2021), dans le cadre de sa thèse au LEGOS. Ces améliorations et un raffinement du maillage du modèle ont permis de reproduire des structures dynamiques à fines échelles dans l'écoulement et plus particulièrement au voisinage des côtes vietnamiennes. Ces structures, caractérisées par des échelles spatiales allant d'un à cent km et des échelles temporelles allant du jour à la semaine, affectent fortement le transfert d'eau et de matière via le mécanisme de dispersion turbulente. A notre connaissance, cette problématique scientifique n'a pas encore été abordée dans cette région géographique et même dans la région plus vaste de l'Asie du sud-est.

3.2. The article

4.2. The articleChapter V. Turbulence and spatial distribution of phytoplankton

flotteurs dériveurs qui peuvent couler pour atteindre une profondeur spécifique et se déplacer à cette profondeur[START_REF] D'asaro | Advances in Observing and Understanding Small-Scale Open Ocean Circulation During the Gulf of Mexico Research Initiative Era[END_REF]. Les deux seront utiles non seulement pour valider les performances d'un modèle numérique de circulation ou des mesures radar, mais également pour pouvoir réaliser des études plus détaillées sur la dispersion turbulente à différents niveaux verticaux.La convergence et la divergence des courants sont considérées actuellement comme des processus physiques étroitement liés aux mouvements verticaux d'eau et à une éventuelle répartition de matières au sein de clasters (regroupement ou assemblage) dans la colonne d'eau. Par exemple, les structures à sous-mésoéchelle (échelles spatiales de centaines de mètres à dizaines de km) associées à des gradients horizontaux de densité (zones frontales) avec une forte convergence en surface et une subsidence de l'eau, peuvent facilement générer une répartition tridimensionnelle du matériel dérivant initialement en surface (e.g.,[START_REF] D'asaro | Ocean convergence and the dispersion of flotsam[END_REF] Essink et al., 2018). Ces processus de transfert d'eau et de matière peuvent être importants pour des activités biogéochimiques, car ils créent le mélange vertical et peuvent ainsi contrôler l'apport de nutriments nécessaires à la croissance des organismes marins. D'autre part, des matières toxiques, telles que des hydrocarbures, déversées accidentellement dans la mer, peuvent être entraînées en profondeur par des mouvements descendants, amplifiant ainsi leur impact sur l'écosystème[START_REF] D'asaro | Ocean convergence and the dispersion of flotsam[END_REF]. C'est un autre sujet attractif et très d'actualité que nous pouvons aborder dans un avenir proche.

VASI/MONRE: Vietnam Administration of Seas and Islands/ Ministry Of Natural Resources and Environment VHF: Very-High Frequency VNES/SCS: Vietnam East Sea (or the South China Sea) vi

Perspectives

The hydrodynamics of the Gulf of Tonkin, situated in the northwestern part of the Vietnam East Sea (or the South China Sea), was documented only in a limited number of publications (in English) and was mostly based on modeling studies. The complex hydrodynamics of the GoT is a result of a macro tidal regime, significant river freshwater discharge, and strong seasonal variability of atmospheric forcing. However, the response of the GoT circulation to these forcings remains poorly understood.

The lack of systematic observations in the region is assumed to be the main reason that prevents further analysis of the overall scheme of the water dynamics in this basin, especially leading to the debate on the seasonal variability of the flow field (e.g., cyclonic/anti-cyclonic circulation in summer) and the role of physical processes controlling this variability.

In this context, the main objective of the present study was to improve the knowledge of the coastal water dynamics in the GoT. To reach this objective, we took advantage of the continuous measurements from coastal HF radars operating in the GoT. The radar data can be potentially used for assessing the hydrodynamical model performance and analyzing the surface current variability in the region. In my PhD thesis the data of a 2.5-year-long period (April 2014 -October 2016) were used because, during this period, the radars performed rather stable and provided the largest coverage.

Long-time series of surface current velocities allowed assessment of the spatio-temporal variability of the surface circulation in the study area at different scales, spanning from the tidal and sub-tidal frequencies to the annual scale.

Characterization of ocean currents is important as it provides valuable information for many aspects of human activities including marine ecology, economics, water management, etc. In this regard, highperformance technology of surface current monitoring (HF radars), which are set up along the coast of Vietnam, appears to be useful for assessing the coastal circulation, the transport and dispersion of materials in the water, or evaluation of the potential of marine renewable energy and validation of hydrodynamic models. Additionally, the HF radar observations in Vietnam will possibly integrate the emerging international network aiming at environmental monitoring of the coastal regions.

APPENDIX Appendix A. Statistical metrics

Statistical measures for both scalar and vector correlations are used in the present study. The scalar correlation measures include the correlation coefficient (r 2 ), root mean squared error (rmse), mean absolute error (mse), mean, standard deviation. The scalar correlation measures between any two data sets x = x1, x2, x3…….…, xn and y = y1, y2, y3……………, yn are given below:

The mean is defined as:

The mean absolute error is defined as:

The standard deviation is defined as:

The correlation coefficient is defined as:

The root mean squared error is defined as:

The expected error e is defined as the mean absolute difference between the interpolated value x interp and the true value x normalized by the mean absolute error:

Where < > denotes the average. The vector correlation between any two vector fields is computed following the formulations of complex correlation suggested by [START_REF] Kundu | Ekman Veering Observed near the Ocean Bottom[END_REF]. The complex correlation coefficient between two vectors𝑥𝑥 ⃗ = 𝑢𝑢 𝑥𝑥 + 𝑖𝑖𝑣𝑣 𝑥𝑥 and 𝑦𝑦 ⃗ = 𝑢𝑢 𝑦𝑦 + 𝑖𝑖𝑣𝑣 𝑦𝑦 is defined as:

Where α represents the magnitude of the complex correlation while 𝜃𝜃 represents the phase of the complex correlation, representing the average veering of second vector with respect to the first vector.

The positive value of θ shows that the second vector veers to the right of the first vector and vice versa. The phase correlation is meaningful only if the magnitude of the correlation is high. The values of α ~ 1 and θ ~ 0° denotes an excellent comparison between the two-vector series.

Appendix B: Variational interpolation with gap-filling capability for mapping the ocean surface circulation remotely sensed by HF radar

B.1. The radial velocity gap filling

The data interpolating EOF is an iterative methodology for interpolation of gaps and missing data in geophysical data. The technique is applied to the 3-d radial data matrix spanning both space and time dimensions.

Before the analysis, the outliers of velocity measurements were identified. This is important because such outliers can result in large errors in the total velocity field as well as in the comparison statistics.

The basic criteria to identify erroneous information was based on the statistical study of the radial data and from the experience in regional dynamics. In the preliminary step, the velocity exceeding 1.5 m s -1 was removed from the data since the current velocity in the GoT rarely exceeds this value. Then the temporal and spatial gradient of radial speeds were inspected. Gaussian filter was applied to the entire dataset to detect the trends in the data. The differences between filtered data with the raw velocities can be compared and it is possible to eliminate a large part of the abrupt change by setting acceptable temporal and spatial gradient threshold. In the present study, this threshold value is practically chosen as 2 times standard deviation of the current velocity. The data points were discarded if the change in velocity gradient becomes larger than two times the standard deviation. After running the outlier removal, roughly 10% more of the data was removed from the dataset.

In the first step, anomalies of non-missing data were computed at each location then the gaps or missing data were marked and set to zeros. The covariance matrix C can be implicitly drawn from the velocity field. This covariance matrix is represented by the spectral decomposition:

where U is the rectangular matrix whose column contains the eigenvectors ek (EOFs) of C corresponding to the eigenvalues λk, Λ = diag(λk). The radial velocities are roughly estimated from the sum of finite number N of orthogonal modes which are "fixed" in spatial patterns and evolve in time domain:

where αk is the expansion coefficient of each mode. The missing data, initially set at zeros, were filled in by the EOF modes computed based on the original data. After this stage, a new set of EOF expansion was computed by the filled data and this computation was iteratively improved until the lowest error ε between the reconstructed and the original dataset was found [START_REF] Yaremchuk | A combined EOF/variational approach for mapping radar-derived sea surface currents[END_REF] . In order to avoid the strong seasonal variation of the GoT circulation, we used a 4-month moving average for the application of the EOF gap-filling method in our study. For testing the gap-filling application, the iterative EOF method was applied for four months of hourly data from September to December 2015, which corresponded to 2928-time instances and the mean standard deviation of about The spatial variability of the mean RMSE indicates the reconstructions are better (less than 5 cm s -1 ) in the middle field with large coverage (more than 60% of the data availability), however, at the edges of each site, the RMSE is found up to more than 13 cm s -1 . Therefore, a second spike removal technique was applied to the reconstructed velocities in order to remove the erroneous points prior to obtaining the final dataset. 1 indicates the regularization of projected velocity v on the radial beam r. Additionally, the expression in the second term requires the penalizing the small-scale variability (or enforcing smoothness of the interpolated fields) via justifying the velocity gradient pattern, 𝛻𝛻𝑣𝑣 = 𝜕𝜕 𝑥𝑥 𝑢𝑢 + 𝜕𝜕 𝑦𝑦 𝑣𝑣, 𝑐𝑐𝑢𝑢𝑟𝑟𝑐𝑐𝑣𝑣 = 𝜕𝜕 𝑥𝑥 𝑣𝑣 -𝜕𝜕 𝑦𝑦 𝑢𝑢 and an additional smoothness for velocity field Δv. This approach maintains the extraction of important physical features in the flow field while reducing the number of artifacts from the interpolation. Along with the Eulerian view, a better Lagrangian Prediction (LP) skill is obtained with a more accurate reconstruction of the geostrophic component, which in turns, reduce the presence of higher frequency variation components (tides, wave-induced, etc.) and smoother the flow field (Yaremchuk et al., 2016). The 2dVar method proposes a more flexible choice in terms of regularization, thus, the exercise of fine-tuning the 2dVar method via the comparison with the in-situ measurement and the drifter observations helps to provide an accurate radar-derived velocity field.

Assuming the flow field is non-divergence, the dimensionless weight factor values are chosen as Wd = 1e 2 , Wc = 5e 0 and Wu = 1 respectively.

C.2. Comparison between radar-derived velocities and in-situ measurement

The 30-minutes data series from two moored AWACs during two periods October 17 -29, 2015 (P1)

and June 02 -17, 2020 (P2) (Fig. 2.10, chapter II) were used for comparison with the radar measurements.

Here we compared the performance of two techniques 2dVar and the commonly used OMA method which were both non-local interpolation methods with the surface current velocity processed by a traditional method, the Least Squared fit (LS). OMA utilizes a set of linearly independent eigenfunctions or modes (boundary, incompressible or irrotational) that can be used for interpolation and extrapolation of the flows on the pre-defined domain (Kaplan & Lekien, 2007). In terms of adjustable parameters, OMA provides two choices for regularization: the minimum mode cutoff length scale which was chosen as 10 km, and the corresponding regularization weighting constant κ. The velocities were generated by 96 modes which creates a gaps-free surface current map.

We investigated both the differences between the AWAC current meters and the HFR total current velocity processed using OMA solution and EOF/2dVar method. Three sets of radar-derived velocity were compared with the AWAC data: (1) the radial velocities reprocessed by the OMA method; [START_REF] Kohut | Inner-shelf response to tropical storm Floyd[END_REF] the velocities after the gap-filling by EOF and reprocessed by the OMA method; and (3) the velocities reprocessed by the EOF/2dVar with gap-filling capability.

The results, which are presented in Fig. C.1, revealed that all methods provide a good complex correlation between the AWAC and radar velocities, and the use of iterative EOF to fill the gap in radial velocity benefits the overall outcomes. For a detailed comparison, the absolute correlation values (α) are larger than 0.7. The phase difference (θ) for each of the three cases is less than 3° and demonstrated a rotation of the HFR-derived current vector to the right of the AWAC-derived current vector. Quantitatively, the bias between the AWAC and HFR is about 0.03 m s -1 for the zonal components for the three cases and less than 0.06 m s -1 for the meridional component. In terms of RMSE, the differences are found to be less than 0.14 m s -1 for both components. Generally, the radarderived velocities processed by EOF/2dVar exhibit a slightly better agreement with the AWAC measurements than those processed by the OMA method ( 

C.3. Lagrangian tracking assessment

In this study, seven surface drifters released close to the XUAN radar site also were used to assess the Lagrangian tracking ability by the HFR-derived velocity. Table C.2 provides the number, time, and tracks of each drifter being used in this study from April 2017 to January 2018. We started with the analysis focusing on the accuracy of single trajectory computed by HFR and the real drifters. In order to do that, the HFR-advected drifters were computed from fourth order Runge-Kutta integration scheme with a timestep of 30 minutes. We initially placed the virtual drifters surrounds the position of the real ones and then the distance between both virtual and real drifters are computed. Following other authors (Berta et al., 2014a;[START_REF] Hernández-Carrasco | Impact of HF radar current gap-filling methodologies on the Lagrangian assessment of coastal dynamics[END_REF]Enrile, et al., 2018), we also reinitialized the virtual drifters at the position of the real ones every 6h during the calculation since this time window is relevant for Search and Rescue operation (SAR).