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Abstract

Deltas and coastal regions deliver the largest inputs of freshwater and sediments to the shelf and
open ocean, understanding water and sediment dynamics and variability in those regions is there-
fore crucial. The spatio-temporal variability of estuarine and ocean dynamics under the influence
of natural forcings and their impact on sediment transport and fate was assessed along the Red
River estuary - coastal ocean - Gulf of Tonkin continuum. First, in-situ estuarine observations evi-
denced the seasonal and tidal variabilities of flow and suspended matter, and showed in particular
the role of tidal pumping in the estuary siltation. Second, a 3D realistic hydrodynamic model was
set up and calibrated with various observations and satellite data. Beforehand, a high-resolution
model configuration was implemented and optimized with sensitivity tests of the Gulf of Tonkin’s
tidal components to bathymetry and various bottom friction parameterizations. Third, the result-
ing optimized configuration was used to study the large scale Gulf of Tonkin circulation at daily,
seasonal and interannual scales, and to identify the drivers of their variabilities. Ekman transport
variability due to monsoon winds reversal drives the seasonal circulation, which can be reversed in
summer by episodic typhoon events and intensified in winter. ENSO, strong typhoon activity and
Arctic Oscillation have been identified as drivers of the interannual circulation variability. Lastly,
preliminary tests with a sediment transport module coupled with the hydrodynamics model re-
vealed the importance of the seabed composition and of the parameterization of the erosion co-

efficients.

Keywords : estuarine to regional circulation, sediment transport, variability, in-situ observations,
regional ocean modelling, estuary-coastal ocean continuum, Red River, Gulf of Tonkin
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Résumé

Les deltas et les régions cotieres constituent les sources les plus importantes d’eau douce et de
matiere en suspension vers le plateau continental puis le large, la compréhension de leur dy-
namique et de leur variabilité est donc cruciale. Cette thése vise a mieux comprendre la variabilité
spatio-temporelle de la dynamique estuarienne et océanique sous l'influence de forgages naturels
et 'influence de cette variabilité sur le transport et devenir des sédiments le long du continuum
estuaire - océan cotier du Fleuve Rouge au Golfe du Tonkin. Des observations in-situ collectées
dans l'estuaire ont d’abord mis en évidence I'influence de la variabilité saisonniere et de la vari-
abilité due a la marée sur le débit et sur le devenir des matiéres en suspension, en particulier
le réle du pompage tidal dans 'envasement de I'estuaire. Deuxiémement, un modeéle hydrody-
namique 3D réaliste, basé sur une configuration haute-résolution et un paramétrage optimisés et
validés a partir de plusieurs jeux d’observations in-situ et de données satellitaires, a été utilisé pour
I'étude de la circulation a I’échelle du Golfe du Tonkin. Cette configuration a préalablement été
optimisée a l'aide de tests de sensibilité des solutions de marée a la bathymétrie et a la paramétri-
sation du frottement de fond. Les facteurs de la variabilité de cette circulation aux échelles jour-
naliere, saisonniére a interannuelle ont été identifiés. La variabilité du transport d’Ekman due
a l'inversion saisonniere des vents de mousson a été identifiée comme le principal moteur de
la circulation saisonniere, cette derniére pouvant étre inversée (intensifiée) en été (hiver) par le
passage de typhons. ENSO, I'Oscillation Arctique ou encore une forte activité cyclonique ont été
identifiés comme les facteurs de la variabilité interannuelle. Des tests préliminaires avec un mod-
ule de transport sédimentaire couplé au modéle hydrodynamique ont révélé I'importance, pour
la représentation réaliste du transport de matiere en suspension, de la composition du sédiment
de fond et du paramétrage des coefficients d’érosion.

Mots clés : circulation estuarienne a régionale, transport sédimentaire, variabilité, observations

in-situ, modélisation océanique régionale, continuum estuaire-océan cétier, Fleuve Rouge, Golfe
du Tonkin
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General introduction

General context: understanding the transport and fate of water and matter in the delta-coastal

regions continuum, a socio-economic and scientific key question.

Since the start of civilization, humans have settled along rivers, subsequent deltas formed by them
and near coastal regions, as the sediments carried along and deposited by flowing rivers created
areas rich in nutrients, ideal for agriculture and fishing. Nowadays, deltaic regions hold more than
ever ecological and economic values throughout the world. At the transition between water and
land, these regions are strategically positioned for trade with the world market, and are major
centers of population with intensive agriculture and industry activities (Pont et al., 2002). While
these low elevated coastal regions represent only 2% of the earth’s land area (McGranahan et al.,
2007), they are home for 10% of the total population (i.e., ~ 600 million people in 2000; ~ 650
million in 2050, CIESIN, 2009). In many nations, deltaic and coastal regions are the engines of the
national economies with the highest contributions to national GDPs (Gross Domestic Production).
For example, the Bengal Delta represents 1.1% of India’s GDP, the Volta Delta, 4.4% of Ghana’s
GDP and the Ganges-Brahmaputra-Meghna Delta represents up to 28% of the Bangladesh’s GDP
(DECCMA project, 2019). In Vietnam, aquaculture and fisheries in both delta regions (Mekong
Delta and Red River Delta) represent 5% of GDP and most of the rice that is worldwide exported

(Vietnam is the world’s 2nd rice exporter) is produced in these deltaic regions.

Coastal and delta regions are now considered as "hotspots" in the context of global changes, i.e.,
as places where high exposure to climate stress and anthropogenic pressure (industrialisation, ur-
banisation, resources overexploitation ...) coincides with high levels of vulnerability (IPCC, 2001).
Combined to the deltaic subsidence enhanced by local groundwater withdrawal and hydrocarbon
and sand extraction, and to the global sea level rise inducing flooding, coastal erosion and saliniza-

tion, many deltas and surroundings have moved from a condition of active growth to a destructive
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phase (Milliman et al., 1989; Poulos and Collins, 2002; Day et al., 1995). Giosan et al. (2014) fur-
ther showed that sediment input to most major deltas is insufficient to maintain elevation with
rising sea level. Coastal systems and low-lying areas will increasingly experience sea level rise and
associated phenomena throughout the 21st century and beyond (IPCC, 2014). Economically, cli-
mate change has the potential to impact the deltas by reducing the GBP per capita by 8.5 to 14.5%

, through impacts on infrastructures, agriculture and fisheries (DECCMA project, 2019).

Deltas and coastal oceanic regions are not only key interfaces between the land and the ocean,
transferring huge quantities of water, organic and inorganic matter of natural and anthropogenic
origins between those two compartments of our planet system. They also represent preferential
concentration areas for land-derived material (as sediments, dissolved and particulate nutrients),
which play a main role in the sequestration of chemical elements (carbon, nitrogen, pollutants)
and in the sedimentary budget of the continental margins. The richness of those areas in terms of
matter availability explains their high biodiversity. Indeed, coastal zones sustain sensitive ecosys-
tems, provide critical habitat for many endangered species and are often classified as public her-
itage (Ramesh et al., 2015). Considering the East Asian Seas, the coastal regions are hosts for 35%
of the world’s mangrove, 33% of the world’s seagrass bed and 33% of the world’s coral reef (Daily
Bulletin EAS Congress, 2018). Globally, coastal ocean represents 15% of the global oceanic primary
production, 47% of the global annual export of particulate organic carbon, 90% of the sedimen-
tary mineralization and 75-90% of the oceanic sink of suspended load (Jahnke, 2010; Simpsons

and Sharples, 2012).

A better understanding of the functioning, variability and evolution of deltas and coastal regions
in terms of water and matter transport and fate is therefore of high socio-economic and scientific

importance.

To address these issues, the response of the scientific community is organized on the basis of
the LOICZ (Land-Ocean Interaction in the Coastal Zone), which federates global scientific or-
ganizations around common objectives of addressing the issue of the actual responses of the
coastal ocean to anthropogenic and climatic forcings (Ramesh et al., 2015). One of the funda-
mental approach of this project was to recognize the coastal zone as a global compartment rather
than a geographical boundary of interaction between the land and sea. Indeed, the riverine and
oceanic shelf processes were often considered separately, with hydrologists on one side and phys-

ical oceanographers on the other. However, understanding the complex connexions of deltaic and



coastal regions is not possible through sector-based approaches and requires strong interdisci-
plinary studies, which connect hydrology, oceanography, atmospheric and soil sciences, but also

geology, chemistry, biology and ecology.

The study of delta and coastal regions is therefore not only a scientific challenge, but also a method-
ological challenge, requiring the connection and coupling of existing tools and methods from dif-
ferent scientific disciplines, and the development of new ones. For example, since estuarine and
coastal processes are very fine processes at the scale of the global ocean, studies based on numer-
ical tools imply to increase regional model resolution and to use grid meshes that can adapt to the
fine river/coastal geography and bathymetry. In addition, forcing field data (continental, atmo-
spheric and oceanic) as well as bathymetry data are key ingredients for those numerical studies
and constitute a real stake for the scientific community as they require high temporal and spa-
tial resolutions and are often difficult to access, for physical or political reasons. Furthermore,
due to the different regions locations and to associated external forcings, the characteristics and
processes largely vary from one region to another. Therefore, dedicated in-situ observations cam-
paigns for each case study are needed and are a prerequisite for understanding and studying their
specific processes and variabilities. Such observations are however often few and far between, and

can constitute a real acquisition challenge for scientists.

Case study: the Red River Delta and Gulf of Tonkin system

The Red River Delta (RRD), located in the western coast of the Gulf of Tonkin (GoT) in the South
China Sea (SCS), is an ideal case study for those questions since it gathers most of the issues de-
scribed above. It has one of the highest demographic densities in the world (>1000 inhab km™2),
gathering highly populated rural areas and big urban centers in very low elevated areas (<10 m):
Hanoi (7.6 M) and Haiphong (2.4 M) (from the Statistical Yearbook of Vietnam, 2017). The Red
River is the principal source of freshwater (3500 m® s'!) and sediments (40 Mt y'!) to the GoT. In
terms of delta plain surface, the RRD is the fourth largest delta in Southeast Asia after the Mekong,
Irrawaddy and Chao Praya deltas. The RRD is fertile, with approximately 47% of its superficy used
for agriculture or aquaculture, and it constitutes 56% of the country’s rice production (General
Statistics Office, 1996-2006). This region is also a key to the economy of Vietnam, with the capital
city of Hanoi, with Ha Long Bay (a UNESCO world heritage site) for its particular touristic value
and with the Hai Phong ports system which connects the north of Vietnam to the world market.

This latter is the second biggest harbour of Vietham with a particular fast-growing rate in terms
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of volume of cargos passing through, of about 4.5x10° to 36.3x10° tons from 1995 to 2016, respec-

tively (Statistical Yearbook of Vietnam, 2017).

The RRD and GoT system constitutes an estuarine, coastal and marine environment that is sub-
mitted to a large range of influences of several origins (atmospheric, oceanic, continental and an-
thropogenic) and scales (from daily to decadal and climate change). The atmospheric variability
is associated to typhoons, drought and flooding, seasonal monsoon, interannual ENSO oscilla-
tion and long term climate change. The oceanic influence on the RRD and GoT system resembles
storm surges, wave and tidal forcing and large scale circulation (Wyrtki, 1961). The RRD-GoT sys-
tems is furthermore submitted to continental fluxes of freshwater and associated matter from the
Red River watershed and rivers. In addition, anthropogenic pressures impact the system, such as
the pollution due to activities associated to a galloping economic, groundwater and surface water
pumping, dams and sand dredging (Le et al., 2007). The Red River delta and surroundings regions
are therefore threatened by many natural and anthropogenic hazards. For example, sea level has
risen by 20 cm over the past 50 years, and a 1 m rise is planned for 2100, potentially resulting in
the salinization of 30 to 50% of the RRD (Duc et al, 2012). The illegal release of 300 tons of toxic
waste water from the Formosa plan killed marine life along almost 200 km of the GoT coast in
April 2016 and more than 100 tons of dead fishes were washed up on the shores, resulting in a
$ 5 M loss for local fishermen, a 30% decrease of tourists’ visits, not to mention the unevaluated
indirect economic and health impacts. This last event moreover revealed the strong lack of ma-
rine and coastal pollution monitoring (from in-situ measurements to operational modeling and

satellite image exploitation), management and mitigation in this region.

In this context, it is fundamental to improve the understanding of the response of Red River - GoT
continuum waters and sediment load, from the watershed to coastal and marine environments, to
those different forcing factors, and to develop tools and expertise for the applied and operational
management and monitoring of this environment. For example, since pollutants (such as dis-
solved metals and pathogens) can attach to the riverine suspended sediments, understanding sed-
iment spread and fate in the coastal area would be a great asset in monitoring catastrophic events
such as the Formosa one. This need has been formally identified by the Vietnamese government
and clearly appears in the objectives of « The Strategy for Science and Technology Development

for the 2011-2020 period » document published by the Ministry of Science and Technology.

Objectives
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The general scientific objective of this Ph.D. is to contribute to improve the understanding of the
estuary-coastal-open sea continuum in terms of transport and fate of water and sediments taking
the case study of the Red River Delta - GoT system. First, the focus is made on understanding the
hydrodynamics and identifying the drivers of its variability, from the Red River to the GoT. The
second step consists in understanding how the hydrodynamics and associated variability com-
bined to the sedimentary processes along the continuum influence the fate of suspended matter.
For that, specific methodologies were developed, with field campaigns dedicated to the analysis
of the seasonal and tidal variability of estuarine parameters (hydrodynamics and sediment fate),

and with high-resolution models implemented for the first time over the region.

This manuscript is organized around 5 chapters. The first chapter presents the scientific and re-
gional contexts of this thesis, reviewing the existing knowledge on hydro-sedimentary dynamics
in macrotidal systems in general and on characteristics and specificities of the RRD-GoT system.
Methodologies developed and results obtained during this Ph.D. are presented in the next three
chapters (Chapter II, IIl and IV). Chapter II explores the variability of estuarine hydro-sedimentary
dynamics, based on in-situ observations in the Red River estuary at tidal and seasonal scales.
Chapter III focuses on the tidal representation over the Gulf of Tonkin in numerical models using a
2D unstructured grid numerical model. Chapter IV describes the circulation and fluxes variability
of the GoT at daily, seasonal and interannual scales, based on 3D numerical simulations presented

and evaluated in the same chapter.

Finally, Chapter V gives the conclusions and discusses preliminary results on sediment transport

along the RRD, and proposes perspectives for future work.
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GENERAL INTRODUCTION



Introduction générale

Contexte général : comprendre le transport et le devenir de I'eau et de la matiere dans le con-

tinuum delta-océan cotier, une question socio-économiquement et scientifiquement clé.

Dés les débuts de la civilisation, attiré par la fertilité des terres et des eaux riches en nutriments
apportés par les rivieres, 'Homme s’est préférentiellement installé le long des cours d’eau, des
deltas et des zones cotiéres. De nos jours, les régions deltaiques sont, et plus que jamais, par-
ticulierement précieuses pour I'écologie et I'économie mondiale. Stratégiquement positionnées
a la transition entre la terre et la mer, ces régions regroupent d’intenses activités agricoles, in-
dustrielles et commerciales avec le monde, et abritent de grands centres de population (Pont et
al., 2002). En effet et bien que ces régions cotieres de faibles altitudes ne représentent que 2%
de la supertficie terrestre (McGranahan et al., 2007), elles abritent jusqu’a 10% de la population
totale (soit 600 millions de personnes en 2000 et jusqu'a 650 millions en 2050, CIESIN, 2009).
Dans de nombreux pays, les régions deltaiques et cotieres sont les moteurs des économies na-
tionales et contribuent largement au PIB (Production Intérieure Brute). Par exemple, le delta du
Bengale représente 1,1% du PIB de I'Inde, le delta de la Volta, 4,4% du PIB du Ghana et le delta du
Gange-Brahmapoutre-Meghna représente jusqu’'a 28% du PIB du Bangladesh (projet DECCMA,
2019). Au Vietnam, les activités aquacoles et piscicoles des régions deltaiques (delta du Mékong et
delta du Fleuve Rouge) représentent au total 5% du PIB. De plus, la majeure partie du riz exporté
dans le monde est produite dans ces régions deltaiques, le Vietnam étant le deuxiéme exportateur
mondial de riz. Le Groupe d’experts intergouvernemental sur I’evolution du climat a classifié les
régions cotieres et deltaiques comme des "points chauds" dans le contexte du changement clima-
tique global, c’est-a-dire comme zones ou une forte exposition au stress climatique coincide avec
des niveaux élevés de vulnérabilité (rapport du GIEC, 2001). Au cours des dernieres décennies, de
nombreux deltas et régions cotieres associées sont passés de conditions de croissance active a des

conditions de décroissance, causées par I'affaissement deltaique qui est lui-méme accentué par
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les actions combinées de prélévements locaux d’eau souterraine et |’extraction d’hydrocarbures et
par I'élévation du niveau de la mer aI’échelle mondiale qui induit inondations, érosions des zones
cotieres et salinisation des terres (Milliman et al., 1989 ; Poulos et Collins, 2002 ; Day et al., 1995).
Giosan et al. (2014) ont en outre montré que 'apport de sédiments dans la plupart des plus gros
deltas mondiaux est insuffisant pour maintenir I'élévation de ces deltas face ala montée du niveau
de la mer, qui au cours du 21e siecle et au dela, devrait continuer d’augmenter (GIEC, 2014). Sur
le plan économique, il a été estimé que les répercussions du changement climatique sur les in-
frastructures et sur les activités agricoles et piscicoles des zones deltaiques et cotiéres pourraient

réduire le PIB par habitant de 8,5 a 14,5% (projet DECCMA, 2019).

Les deltas et les régions océaniques cotiéres sont des interfaces clés entre la terre et 'océan, qui
transférent d’énormes quantités d’eau, de matiere organique et inorganique d’origine naturelle et
anthropiques entre ces deux compartiments. Elles représentent également des zones préféren-
tielle pour 'accumulation de matériaux d’origine terrestre (sédiments, nutriments dissous et par-
ticulaires), qui jouent un role essentiel dans la séquestration des éléments chimiques (carbone,
azote, polluants) et dans le bilan sédimentaire des marges continentales. La richesse de ces zones
en termes de disponibilité de matiere, liée a cette situation d’interface clé, explique la grande bio-
diversité et la richesse des écosystémes qui y sont rencontrés. En effet, les zones cotieres peu-
vent abriter des écosystémes sensibles et fournir des habitats essentiels a de nombreuses espéces
menacées, et sont souvent classées comme patrimoine public commun (Ramesh et al., 2015). Les
régions cotieres des mers d’Asie de 'Est abritent 35% des mangroves, 33% des herbiers marins
et 33% des récifs coralliens mondiaux (Daily Bulletin EAS Congress, 2018). De plus, il a été es-
timé que I'océan cotier global représente 15% de la production primaire océanique mondiale, 47%
de 'exportation annuelle mondiale de carbone organique particulaire, 90% de la minéralisation
sédimentaire et représente 75 a 90% du puits océanique de matiére en suspension (Jahnke, 2010 ;

Simpsons and Sharples, 2012).

Une meilleure compréhension du fonctionnement, de la variabilité et de I’évolution des deltas et
desrégions cotieres, en termes de devenir de '’eau et de la matiére, est donc socio-économiquement
et scientifiquement primordiale. Pour répondre a ces questions, la communauté scientifique s’est
organisée autour du projet LOICZ (Land-Ocean Interaction in the Coastal Zone), qui fédére des
organisations scientifiques mondiales autour d’objectifs communs pour comprendre les réponses
del'océan cotier face aux forcages anthropiques et climatiques (Ramesh et al, 2015). L'une des ap-

proches fondamentales de ce projet est de reconnaitre la zone cotiere comme un compartiment tel
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quel plutdt que comme une frontiere géographique entre la terre et la mer. Les processus fluviaux
et océaniques sont en effet souvent considérés séparément avec les hydrologues d'un coté et les
océanographes de I'autre. Il n'est cependant pas possible de comprendre les liens complexes entre
les régions deltaiques et cotieres avec des approches par secteur; il faut au contraire considérer des
études interdisciplinaires qui relient I’hydrologie, I’'océanographie, les sciences atmosphériques
ainsi que la géologie, la chimie, la biologie et I'écologie. L'étude des deltas et des régions cotieres
n'est donc pas seulement un défi scientifique, mais aussi un défi méthodologique, qui exige la
connexion et le couplage d’outils et méthodes issus de différentes disciplines scientifiques ainsi
que le développement de nouveaux outils. Par exemple, les processus estuariens et cotiers sont
des processus a tres fines échelles comparés aux processus de I'océan global. Il est donc néces-
saire d’adapter et d’augmenter la résolution des modeéles numériques régionaux et d’utiliser des
maillages de grille qui peuvent suivre les détails de la géographie et bathymétrie des rivieres et des
cotes, ce qui peut entrainer des cofts informatiques élevés. De plus, les champs forcants (con-
tinentaux, atmosphériques et océaniques) ainsi que les données bathymétriques constituent un
véritable enjeu pour la communauté scientifique car ils nécessitent des résolutions temporelles
et spatiales élevées et sont souvent difficiles d’acces, pour des raisons physiques et/ou politiques.
De plus, en raison de 'emplacement des différentes régions et des forcages externes associés, les
caractéristiques et les processus varient largement d’'une région a I'autre. C’est pourquoi des cam-
pagnes d’observation in-situ dédiées a chaque site sont nécessaires et constituent une condition
nécessaire et préalable a la compréhension et a I'étude de la variabilité des processus. Cepen-
dant, ces observations sont souvent peu nombreuses et éloignées les unes des autres et peuvent

constituer un véritable défi d’acquisition pour les scientifiques.
Etude de cas : le systeme Delta du Fleuve Rouge Golfe du Tonkin

Le Delta du Fleuve Rouge (DFR), situé sur la cote ouest du Golfe du Tonkin (GdT) en Mer de Chine
Méridionale (MCM), est un cas idéal pour étudier ces questions puisqu'’il recense la plupart des
problemes décrits ci-dessus. Cette région possede 'une des densités démographiques les plus
élevées du monde (>1000 hab km?), regroupant des zones rurales trés peuplées et de grands cen-
tres urbains dans des zones de trés faibles altitudes (<10 m) : Hanoi (7,6 M) et Haiphong (2,4 M)
(Statistical Yearbook of Vietnam, 2017). Le Fleuve Rouge constitue la principale source d’apports
d’eau douce (3 500 m3 s™) et de sédiments (40 Mt y!) pour le GdT. En termes de surface, le delta
est le quatrieme plus grand delta d’Asie du Sud-Est aprés les deltas du Mékong, de I'lrrawaddy

et du Chao Praya. Il est également tres fertile, avec environ 47% de sa superficie utilisée pour
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I'agriculture et’aquaculture, et il représente 56% de la production rizicole du pays (General Statis-
tics Office, 1996-2006). Cette région est également clé pour I'économie vietnamienne, grace a sa
capitale Hanoi, a la baie d’'Ha Long (patrimoine mondial de 'UNESCO) qui attire de nombreux
touristes et grace au port d’'Hai Phong qui permet de relier le nord du Vietnam au commerce mon-
dial. Ce dernier est le deuxieme plus grand port du Vietnam avec un taux croissant de volume
de cargaisons transitant par le port, particulierement rapide, avec une augmentation de 4,5x10° a

36,3x10° tonnes de 1995 a4 2016, respectivement (Statistical Yearbook of Vietnam, 2017).

Le systeme DFR et GdT est donc composé de milieux estuariens, cotiers et océaniques soumis a
un large éventail d'influences qui ont plusieurs origines (atmosphérique, océanique, continentale
et anthropique) et plusieurs échelles (du journalier au décennal et au changement climatique).
Les typhons, les sécheresses, les inondations, les moussons, 1'oscillation ENSO et le changement

climatique a long terme composent la variabilité atmosphérique.

Linfluence océanique sur le systéme DFR et GdT correspond aux forgages par la marée, par la cir-
culation grande échelle et celle impactée par les tempétes (Wyrtki, 1961). Le systeme DFR-GAT est
également soumis aux flux continentaux d’eau douce et de matiéres associées (sédiments, nu-
triments, matiéres organiques, polluants) qui proviennent du bassin versant et des rivieres, et
a l'influence météorologique naturelle. Les activités anthropiques impactent aussi le systéeme,
comme par exemple la pollution due aux économies croissantes, le pompage des eaux souter-
raines et de surface, les barrages qui perturbent les cours d’eau et les dragages de sable (Le et al.,
2007). Le DFR et ses régions environnantes sont donc menacés par de nombreuses pressions na-
turelles et anthropiques. Par exemple, le niveau de la mer a augmenté de 20 cm au cours des 50
dernieres années et une élévation de 1 m est prévue pour 2100, ce qui pourrait entrainer la salini-
sation de 30 a 50% du DFR (Duc et al, 2012). De plus, le déversement illégal de 300 tonnes d’eaux
usées toxiques de 'usine Formosa en Avril 2016 a anéanti la vie marine le long de 200 km de la cote
du Golfe, et plus de 100 tonnes de poissons morts ont été rejetés sur les cotes, entrainant une perte
de 5 MS$ pour les pécheurs locaux, une diminution de 30% des visites touristiques, sans parler des
impacts économiques et sanitaires indirects qui n'ont pas été évalués. Ce dernier événement a
d’ailleurs révélé un manque de surveillance de la zone marine et cotiére (absence de mesures in
situ, de modélisation opérationnelle et d’exploitation d'images satellites) ainsi qu'un manque de

gestion de la catastrophe.

Dans ce contexte, il est fondamental d’améliorer les connaissances du systeme et de comprendre
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les réponses du continuum Fleuve-Rouge - GdT a ces différents forcages, en termes d’eau et de
charge sédimentaire, depuis le bassin versant vers les milieux cotiers et océaniques, et de dévelop-
per des outils et expertises pour la gestion appliquée et opérationnelle, et pour la surveillance de
ce milieu. Comme les polluants (tels que les métaux dissous et les agents pathogénes) peuvent,
par exemple, se fixer aux sédiments en suspension présents dans les rivieres, il est tres utile de
comprendre la dispersion et le devenir de ces sédiments dans la zone cotiére afin de surveiller
des catastrophes telles que celle de 'usine Formosa. Ce besoin a été formellement identifié par
le gouvernement vietnamien et apparait clairement dans les objectifs du document " Stratégie de
développement scientifique et technologique pour la période 2011-2020 " publié par le Ministere

de la Science et de la Technologie.

Les objectifs de la thése

Lobjectif scientifique général de cette these est de contribuer a améliorer la compréhension du
continuum estuaire-cote-océan en termes de transport et de devenir de 'eau et des sédiments
apportés par les fleuves des régions deltaiques, en prenant le cas du systeme DFR-GdT. Premieére-
ment, I'accent est mis sur la compréhension de '’hydrodynamique et sur l'identification des fac-
teurs de sa variabilité, depuis le Fleuve Rouge vers le GdT. La deuxiéme étape consiste a compren-
dre comment ’hydrodynamique et la variabilité associée, combinées aux processus sédimentaires
le long du continuum, peuvent influencer le devenir de la matiere en suspension. Ces étapes sont
réalisées a l'aide de méthodologies spécialement développées pour cette étude, de campagnes de
terrain dédiées a I'analyse de la variabilité saisonniére et marémotrice sur des parametres estu-
ariens (hydrodynamique et devenir des sédiments), et de modeles haute-résolution implémentés

pour la premiere fois dans la région qui sont combinés a des forcages précis.

Ce manuscrit s’articule autour de cinq chapitres. Le premier chapitre présente les contextes sci-
entifiques et régionaux de cette thése, passant en revue les connaissances existantes sur la dy-
namique hydro-sédimentaire dans d’autres systemes macrotidaux et sur les caractéristiques et
spécificités du systeme DFR-GAT. Les méthodologies développées et les résultats obtenus au cours
de cette thése sont présentés dans les trois chapitres suivants (chapitres II, Il et IV). Le Chapitre
II explore la variabilité de la dynamique hydro-sédimentaire estuarienne, a partir d’observations
in-situ dans I'estuaire du Fleuve Rouge aux échelles de la marée et des saisons. Le chapitre III
porte sur la représentation des principales composantes de la marée du GdT dans des modeéles

numériques, en utilisant un ensemble de données bathymétriques a haute résolution et une paramétri-
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sation ajustée du frottement du fond. Le chapitre IV décrit la variabilité de la circulation et des flux
dans le GAT aux échelles journaliéres, saisonniéres et interannuelles, sur la base de simulations

numériques 3D présentées et évaluées dans ce méme chapitre.

Enfin, le chapitre V présente les conclusions de cette these et discute de résultats préliminaires sur

le transport sédimentaire le long du delta, et propose des perspectives de travaux futurs.
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22 CHAPTER I. INTRODUCTION

I.1 Complexity of hydro-sedimentary processes along the estuary - coastal

ocean - open ocean continuum

The nature and the intensities of the dynamics that dominates the hydro-sedimentary processes
are dependent on such factors as water and sediment discharges from river systems and physical
oceanographic regimes of the shelves onto which the sediment is transported (Wright and Nit-
trouer, 1994). This sections aims at summarizing the roles of continental and oceanic dynamics

on hydro-sedimentary processes and transport of suspended sediments.

I.1.1 Continental processes

Worldwide, rivers bring on average 1.3 10° m? s™! of freshwater to the sea and constitute the prin-
cipal input of suspended matter to the sea, of 630 t st (ie. 20109t y'l) (Inman and Jenkins, 2003).
Asia and Oceania contribute to up to 70% of this global suspended matter supply (Milliman and
Syvitski, 1992; Farnsworth and Milliman, 2003). Rivers flows (water and sediments) are mostly
influenced by two forcings: the gravitational circulation from high slopes to plains, and the pre-
cipitation runoffs. However, recent anthropogenic activities on large rivers have severely altered
sediment discharges, especially as a consequence of artificial dam impoundments (Syvitski et al.,
2005). Approximately 53% of the global sediment flux is considered trapped in reservoirs (Voros-
marty et al., 2003). For example, the sediment load from Missouri-Mississippi River decreased
from 400 to 145 10° t y'! over a 20-year period (Meade and Moody, 2010) and the Yellow River
from 1200 to 150 10° t y'! over a 40-year period (Wang et al., 2007; Wang et al., 2008). While sus-
pended loads of large rivers have been described in past decades, a need exists in monitoring both
small and medium rivers (i. e. mean annual river discharges <10000 m® s'!), as they represent
approximately half of the annual suspended sediment load to the sea (Milliman and Meade, 1983;

Milliman and Syvitski, 1992).

In terms of transport capacity, typical rivers can transport sediments from mud (1-63 pm) and
sand (63 pm to 2 mm) to gravels (2-64 mm), but larger floods can carry cobbles (64-256 mm) and
boulders (>256 mm). The biggest material (large boulders and rocks) are "rolling" by traction along
the river bed, while smaller pebbles and stones are "bounced" along the river bed by saltation
(Fig. 1.1 a). Smaller mineral particles of clay (1-4 pm), silt (4-63 pm) and sand are held within the
water and transported along in the flow of water, this constitutes the suspended load. Clays are

the smallest solid constituents of mud and they are responsible for cohesion properties (cohesive
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sediments), whereas silt and sand have no effect on cohesion (non-cohesive sediments) (Maggi,
2005). The suspended solid load is also composed of organic material such as phyto/zooplankton
and bacteria. All of this solid suspended load is known as the suspended particulate matter (SPM).
Lastly, particles of rock can be dissolved in the water and carried along without being seen, it is the

dissolved suspended load (Fig. I.1).

Figure I.1: Schematic representation of sediment transport within a river.

Due to river flows, the SPM load reaches the coastal zones and meet marine waters; the following

sections describe the SPM load dynamics when it encounters marine waters.

I.1.2 Coastal processes
I.1.2.1 SPM fate on ocean margins

Riverine SPM is the main sediment load delivered to the shelf. In water (riverine and marine), the
turbidity is a proxy of the concentration of SPM, and defines the clarity index of seawater. It quan-
tifies the quantity of light scattered or attenuated by suspended matter when light passes through a
water sample. Suspended solids, dissolved colored material, and also biological organisms (plank-
ton) reduce water clarity by creating an opaque, hazy or muddy appearance. Pollutants, such as
a dissolved metals and pathogens can attach to SPM and enter the water (this is why an increase
in turbidity can often indicate potential water pollution). Figure 1.2 presents a classification of the

different particles in seawater (Stramski et al., 2004).

The SPM spreads onto the shelf as a plume and thus, the fate of this plume controls the distribution

of the sediments and turbidity in the coastal zone. The plume dispersal and subsequent sediment
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Figure 1.2: Schematic diagram of the size spectra of the different components of seawater, with arrow de-
limiting the size classes of each constituent, from Stramski et al. (2004).

deposition over continental margins are controlled by wave, tide and current actions, as well as by
the inertia and buoyancy of the plume, and its frictional interaction with the seafloor (Goodbred,

2001; Nittrouer and Wright,1994).

Firstly and without any meteorological forcing, Coriolis force controls the plume’s dynamics by
deflecting its orientation to the right (left) in the northern (southern) hemisphere. This deviation
induces an along-coast flow. In case of wind forcing, an Ekman transport is generated, which
in return, can affect river plume directions (Chao, 1988) (Fig. 1.3). Besides impacting the plume
direction, wind also impacts sediment dynamics within the plume by generating waves, which
tend to keep the sediments close to shore (Fig. 1.3). Wave dominated plumes are mostly found in
high-latitudes in regions of high wind stress (southern Australia, southern Africa, north and south
Pacific). In contrast, tides force a general onshore-offshore movement of sediments mostly along
the coast, where the tidal energy is the strongest (Fig. 1.3). Tide-dominated plumes are found in

shallow basins with wide shelves such as the Yellow Sea or North Sea.

Then, the fate of the SPM transported by the plume depends upon a balance of several processes

such as transport, particulate deposition and resuspension (Fig. 1.3).

Transport in suspension is primarily related to the turbulence in the water column induced by

the waves and currents (tides and wind-driven) (Eisma, 1993). In wave-dominated environments,
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Figure 1.3: Conceptual diagram illustrating the major process responsible for sediment transport, from Nit-
trouer and Wright (1994).

the transport of sand occurs along-shore, where it can feed local beaches, and is generally limited
to depths <10 m, where wave action is still strong enough to induce sand motion. On the con-
trary, the finer suspended load is commonly transported towards the mid-shelf (depths >10 m), by
several processes such as wave-generated diffusion (Swift, 1970), advection from bottom currents
(McCave, 1982) and transport within density-driven flow (Moore, 1969). Beyond the coastal zone,
different mechanisms are responsible for advecting sediments across the outer shelf (Goodbred,
2001). First, storms can be a major agent for cross-shelf transport. Even though they are episodic,
storms generate steep and long-period waves that can resuspend sediments at great depths. Sec-
ond, the suspended sediments can be transported by a near-bottom return flow or by internal
waves, which can maintain a layer of high turbidity near the sea-bed (Cacchione and Drake, 1986).
Finally, sediments can also be exported off-shelf by gravity-driven flows, downwelling or advection

along slumps and slides (Nittrouer and Wright, 1994).

Deposition (or settling) of SPM occurs when the forces responsible for suspended transporta-
tion (i.e., turbulence) are too weak to overcome the forces of gravity and friction (Ueberman and
O’Neill, 1988; Stephenson, 2013). Deposition causes decrease in SPM concentration in the water
and can be enhanced by fine sediment flocculation (see section 1.1.3.2) processes which increases

the particle size.

Once deposited, particles can be redistributed over the entire shelf by different mechanisms such

as erosion (i.e. resuspension by wave-induced turbulence) and transport (by tides and currents). If
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the difference between deposition and erosion is positive, there is an accumulation of sediments,

otherwise there is a depletion (Nittrouer and Wright, 1994).

I.1.3 Transition zone between continental and marine waters: estuarine processes

The river estuary is the area of interactions between continental fresh and marine salty water
masses. Hydro-sedimentary processes are therefore influenced by the combined actions of river
discharges and tides, which induce formations of salty structures and sediments processes varying

at different time-scales (high-low tide cycle, neap-spring tide cycle, seasonal cycle).

I.1.3.1 Cycle of fine sediments within the estuary

According to Nichols and Biggs (1985), the hydro-sedimentary processes within the estuary are
controlled by four processes: erosion, transport, deposition and consolidation. Fig. 1.4 summa-
rizes the different phases of the SPM cycle within the estuary, regarding the cohesive sediments.
This suspended matter varies during its cycle, from a non-flocculated to a flocculated state. In-
deed, cohesive sediments are subjected to aggregation and breakup processes. First of all, the
turbulent mixing of the fluid (by currents) causes the suspended particles to come in contact, fa-
voring the coagulation and aggregation of these particles into large aggregates (i.e., flocs). In the
meantime, the fluid force can disrupt these aggregates, which cannot withstand the shear stress,
and cause breakage. Therefore, the rate at which the suspended particles aggregate and break up
highly depends on the turbulence intensity. Then, flocs can fall by settling (when gravity force
overcomes turbulence) and can accumulate on the estuary bed. When turbulence picks up, aggre-
gates forming part of the bed are eroded and lifted up, and take part in the flocculation reactions

again.

In the end, the SPM assemblage is composed of unique particles (or primary particles, <10 pm),
microflocs (10 -125 pm) and macroflocs (>125 pm) (Eisma, 1993) (Fig. 1.5). Microflocs are usually
dense and resistant to turbulence, whereas macroflocs present lower density and can be easily
fragmented into microflocs by shear forces. Both types of flocs are in lower abundance than the
primary particles, but can largely contribute to the total volume concentration (Dyer and Man-

ning, 1999; Manning et al., 2004).
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Figure 1.4: Conceptual representation of the cohesive fine-sediments cycle within the estuary, from Maggy
(2005).

[ T T T TTTIT] T T TTTTT] 1 T 11100 1T T 11117
10" 100 107 102 107
0.45 pm )
' microns
———————— > >
]
dissolved ' particulate
|
0.45 pm 4 ym 63 pm
: : :
------- > | | > |- -
" 1 1 i I
colloids clay silt sand
——————————————————— |
0.45 um 10 pm 125 pm
:‘-\. ,:‘\ i —

unique particles micro-flocs macro-flocs

Figure 1.5: Representation of the SPM granulometric classification (from Many, 2016).

I.1.3.2 Fine sediment aggregation

Previous section highlighted the importance of aggregation processes in the cycle of fine sus-
pended sediments such as clays. The aggregation capability is an intrinsic characteristic of co-
hesive sediments, although the medium also plays an important role. Indeed, in the aggregation
process, while particle concentration, size and fluid dynamics control collision rate, adhesion de-
pends upon the physico-chemical properties of the particles, such as the van der Waals forces

(Jackson, 1990). It is also assumed that the presence of transparent exopolymeric particles (TEP),
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which are formed by phytoplankton and other microorganisms, can enhance aggregation in estu-
aries (Wolanski and Spagnol, 2003; Bhaskar et al., 2005). Furthermore, the formation of aggregates
is not constant in space and time. Fine-sediment particles in the initial assemblage can be destabi-
lized by both an increase of the particle concentration and the setup of strong salinity or biological
gradients, which favor the formation of microflocs in few seconds (Montgomery 2005; Jarvi 2005;
Mari et al. 2012) (Fig. 1.6). Then, depending on the SPM concentration and transport, macroflocs
can be formed and this can take up to hours. Therefore, the final SPM assemblage is composed of

unique particles, micro flocs and macroflocs.

Figure 1.6: Conceptual representation of the formation of micro and macro flocs within an SPM assemblage
(from Montgomery, 1985; Many, 2016).

I.1.3.3 Estuarine turbidity maximum

One result of the interaction of freshwater and marine water is the appearance of a region of high
sediment concentrations compared to the lower and upper estuarine parts (Dyer and Manning,
1999; Uncles et al., 2006). These highly turbid regions are called Estuarine Turbidity Maxima
(ETMs). The SPM trapped in ETM encompasses a huge range of concentrations with maximum
values from less than 100 mg I'! in the Kennebec Estuary, USA (Kistner and Pettigrew, 2001), to
>200 mg 1! as in the Severn Estuary, UK (Kirby and Parker, 1983). ETM show intense particle de-

position rates, such as in the Hudson estuary, with rates as high as 30 cm y™! (Olsen et al., 1978).

In macrotidal estuaries, the ETM formations and dynamics depends on two mechanisms. First,
sediment accumulation is favored at convergence at the saltfront by the seaward sediment flux
from the river flow and by the landward sediment flux from gravitational circulation. The point of

convergence of the residual flow is called the nodal point (Fig. 1.7).

Second, in shallow estuaries, an asymmetry between ebb and flood tides is observed. Since the
celerity of the tidal wave increases with increasing water depth, the tide propagates faster at high
water than at low water. This tidal asymmetry favors a landward sediment transport at flood,

which generates a sediment accumulation at the tidal nodal point (Allen et al., 1980).
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Figure 1.7: Sketch of the ETM formation by gravitation circulation, adapted from Wolanski and Gibbs (1995).

These two mechanisms, by promoting upstream transport of SPM, induce sediment trapping down-
stream of the point where the river regime is dominant (Fig. 1.8). This trapping point moves up-
stream when the river flow decreases, and vice versa when the river flow increases. In macrotidal

estuaries, this type of transport dominates over density currents.

Figure 1.8: General scheme of net tidal transport and trapping of suspended sediments in a macrotidal
estuary with low density currents (from Allen et al., 1980).

Furthermore, tidal resuspension in ETM has been recognized as a key factor in maintaining high

SPM concentration (Brenon and Le Hir, 1999; Schubel, 1968; Sottolichio et al., 2000).

Since ETMs are key zones in sediment accumulation within estuaries, identifying the mechanisms
behind their formation is of interest for river management as they can influence water quality and

estuarine siltation.
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I.1.3.4 Influence of anthropogenic activities

Human activities along the coast (including land reclamation, port development, wind-farms im-
poundment), within river catchments and watersheds (dam impoundments, river diversion, ir-
rigation) and offshore (dredging, sand mining, oil and gas extraction) in combination with the
above mentioned natural forces often exacerbate coastal erosion. Furthermore, since the ongoing
climate change may impact the frequency and intensity of extreme events such as typhoons, cli-
mate change could also influence the erosion rate and sediment transport through the wave and

current actions.

Increases of erosion rates are particularly observed in Asia. The Jiangsu Province in China suffers
from erosion rates as high as 85 m y! (Bilan, 1993). The author attributes these rates to river
damming and diversion that lead to decrease in sediment supply to the coast, and to the clearing
of mangrove forests which makes coastal areas more susceptible to hazards. Also due to mangrove
clearing, 30% of the Malaysian coastlines are estimated to be undergoing fast erosion (Othman
1994). Thampanya et al. (2006) measured a net erosion rate of 1.3 to 1.7 m y'1 along the southern
coast of Thailand and attributed it to combines effects of dam impoundments, clearing mangrove
forests and coastal land subsidence. Since the early 20th century, southern Vietham has been
eroded at a rate of ~ 50 m y’!, mostly due to waves and currents actions on a vanishing mangrove

vegetation (Mazda et al., 1997; Cat et al., 2006).

The hydro-sedimentary processes detailed above (SPM transport, erosion, deposition, floccula-
tion, ETM) are key factors triggering the sediment dynamics in the Red River Delta and Gulf of
Tonkin system, from estuarine and coastal to regional scales. The following section presents the

characteristics and current knowledge regarding hydro-sedimentary dynamics of our study area.
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I.2 Regional settings and scientific questions in our study area: the Red

River Delta to Gulf of Tonkin system

This section highlights the regional settings of the study area, which extends from the Red River
Delta (RRD) to the Gulf of Tonkin, called more globally GoT afterwards. First, a general overview of
the characteristics of the GoT is presented. Then, the focus is made on the shelf hydrodynamics,
and lastly the hydrodynamics and SPM dynamics in the estuarine and coastal areas are presented.
The scientific questions raised by the presentation of the study area and to which this thesis will

respond are presented in boxes.

I.2.1 General description of the Gulf of Tonkin
I.2.1.1 Geography

The GoT covers an area of 115000 km2 from about 16° 10’-21° 30’N and 105° 30’-111° E (Fig. 1.9).
This crescent-shape semi-enclosed basin, also referred as Vinh Bac Bo in Vietnamese or as Beibu
Gulf in Chinese, is 270 km wide and 500 km long and lies in between China to the North and East,
and Vietnam to the West. It is characterized by shallow waters as deep as 90 m and is open to
the South China Sea (SCS, or Vietnamese East Sea) through the South of the Gulf and to the East
through the narrow Hainan Strait. This latter, also known as Quiongzhou Strait, is on average 30
km wide and 50 m deep and separates the Hainan Island from the Zhanjiang Peninsula (mainland
China). The bottom topography in the GoT and around Hainan Island is rather complex, con-
stantly changing, especially along the coastlines, and partly unknown. Furthermore, the Ha Long
Bay area counts about 2000 islets, also known as notched, sometimes no bigger than a few hun-
dred square meters. Lastly, the Red River Delta (RRD) coastlines is composed of low-lying plains

and tidal flats (Tong Si Son, 2016).

I.2.1.2 RRD geology

Both Red River and RRD are located in a tectonically active region, and the middle and lower
parts of the river flows along the NW-SE elongated fault-bound structure of the Cenozoic Song
Hong Basin (Wetzel et al., 2017). Geological, geomorphological and archaeological studies sug-
gest that the evolution of the delta itself was closely related to the GoT sea-level changes during
the Holocene (12000 years BP to present) (Hoekstra and Weering, 2007). In early Holocene and in

response to the inundations attributed to this period, the delta propagated into the drowned val-
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Figure 1.9: Geography of the Gulf of Tonkin and interesting features.

ley. In mid-Holocene, the sea-level rising (2 to 3 m above the present sealevel), allowed widespread
mangrove development on the delta plain, as well as the formation of the famous marine notches
in Ha Long Bay and Ninh Binh areas (Hori et al., 2004). In recent Holocene (4000yrs BP), the for-
mer delta plain emerged as the results of sea-level lowering, and the delta changed into the present
wave and tide-influenced delta (Tanabe et al., 2003). The northern part of the RRD, which is tide-
dominated, developed from 2000 to 1000 years BP. About 1000 BB, depositional processes shifted
southwards, leading to the construction of the southern delta which appears to be dominated by
fluvial and wave-induced morphological features. The actual shape of the RRD is therefore the
product of thousands of years of fluvial sediment inputs but also, the product of reworking waves

and currents, whose relative importance varies in time and space (van Maren et al., 2007).

At steady state, deltas are naturally slowly sinking due to sediment deposition. Natural subsidence
rates in deltas generally range from 1 to 10 mm y! (Jelgersma, 1996; Stanley and Warne, 1998),
even though accurate measurements remain rare. In combination with global rising sea-level, the
subsidence phenomena may be enhanced by anthropic activities such as oil and gas extraction,
sand mining, urban constructions, groundwater removal, decreasing sediment load by sediment
trapping in reservoirs upstream or diversion of freshwater for households and land-uses (Syvtski
et al., 2009). Accelerated subsidence has been documented in many deltas and can locally reach
up to 300 mmy! (Haq, 1997). Ericson et al. (2005) classified 40 deltas throughout the world based

on an assessment of the effective sea-level rise (ESLR) defined by the combination of eustatic sea-
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level rise, the natural rate of fluvial deposition and subsidence, and the accelerated subsidence
due to groundwater and hydrocarbon withdrawal. The RRD appeared to be only subjected to
eustatic sea-level rise, whereas neighboring deltas were subjected to sediment trapping (e.g. due
to reservoirs) or accelerated subsidence (e.g. by groundwater use). These results should be taken
into consideration with a careful attention since the methodology described in this study relies on
a number of assumptions, including a uniform eustatic sea-level rise. However, is it known that
the SCS sea-level rising rate is 3 times faster than the global mean rate (Dieng et al., 2015; Piton

and Delcroix, 2018).

1.2.1.3 Climate

The GoT climate, as well as the South China Sea (SCS) region climate, is mainly governed by two
alternative monsoon cycles, characteristics of subtropical climates. A southwest (SW) monsoon
during boreal summer and a northeast (NE) monsoon during boreal winter (Wyrtki 1961; Wang
and LinHo, 2002). A detailed view of this reversal of wind direction from winter to summer in the

GoT is shown in Fig. .10 a.

Figure 1.10: Annual (a) and seasonal (b, c, d, e) wind distribution over the GoT from ECMWEF over the period
2005-2017.

The winter monsoon lasts from fall to winter with almost homogeneous NE wind direction over
the GoT (Fig. 1.10 b, e), with mean speed peaks in winter of ~ 7 m s’!. In spring, the winds relax
with mean maximum values ~ 4 m s’! and change direction into becoming easterlies (Fig. 1.10
¢). The summer monsoon starts from June and lasts through September, and implies W-SW wind

direction with peaks of ~ 5 ms™! (Fig. .10 d).
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The winter monsoon originates from the Siberian High (Wang and He, 2012) and thus brings cold
and dry conditions; whereas the summer monsoon originates from the Southern Pacific and In-
dian Ocean (Lau and Yang, 1997), and thus bring warm and wet conditions over the GoT. Conse-
quently, the GoT shows a strong seasonal rainfall variability: driest from January to April, with net

water flux of ~ 3 mm d’!, and wettest in Summer and Fall (~ 6 mm d!) (Fig. 1.11).

Figure 1.11: Climatological monthly precipitation (in mm d!) over the GoT for the period 2005-2017 from
ECMWE

At shorter time-scales, the GoT atmospheric circulation is under the influence of typhoons (or
tropical cyclones), which hit northern Vietnam about 4-5 times every year and predominantly
from June to November, when the ITCZ (Intertropical Convection Zone) is positioned in the SCS.
The frequency of typhoons affecting the coast of Vietnam has increased during the second half
of the 20" century (Thanh et al., 1997). Typhoons are usually generated over the western Pacific
and are known to cause great destruction and death as they move over lands. The deadliest one
occurred in 1881, killing 300000 persons while swiping away Haiphong harbor. Besides the se-
vere impacts in terms of human loss, typhoons brings along high water levels, large waves, strong
winds and heavy rain that can lead to flooding, dikes and sand dunes erosion, as well as saltwater
intrusion in land crops (Vinh et al., 1996; Quynh et al., 1998). Furthermore, typhoons are asso-
ciated with strong impulse of momentum, heat and water exchanges between the ocean and the
atmosphere and thus can induce strong intraseasonal variations in the wind-driven circulation
and in the thermohaline structure of the SCS upper layer (Chu and Li, 2000; Lin et al., 2003; Tseng
etal., 2010). In the SCS, Typhoon Ernie (1996) triggered significant SST cooling and sea surface de-

pression in the wake of the storm (Chu et al., 2000). Typhoon Pabuk (2007) largely intensified the
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near-bottom current along its route (from the Luzon Strait to the Hainan Strait) (Liu et al., 2011).
Wang et al. (2014) also observed a strong deep SCS circulation induced by typhoon activities,

which suggests that effects of typhoons can penetrate into the deep ocean.

Lastly, at interannual time scales, the SCS region is dominantly influenced by the El Nifio South-
ern Oscillation (ENSO) phenomena. Several studies have been conducted on interannual (ENSO)
variability of the SCS region in terms of sea surface temperature (Huynh et al., 2016; Liu et al.,
2014; Tan et al.,, 2016; Yang et al., 2015: Wang et al., 2006), sea level (Peng et al., 2013; Rong et
al., 2007), surface winds (Huynh et al., 2016), precipitation (Juneng and Tangang 2005; Vinh et al.,
2014; Rdsdnen and Kummu, 2013; Risédnen et al., 2016), cyclone frequency occurrences (Camargo
and Sobel, 2005; Wu et al., 2005), river runoff (Rdsdnen and Kummu, 2013; Xue et al., 2011) and
upwelling variability (Da et al., 2019). Furthermore, many studies suggested that the SCS sum-
mer monsoon is modulated by ENSO such that El Nifio/La Nifia phases weaken/strengthen the
summer monsoon with a later/earlier onset (Lau and Yang 1997; Chou et al., 2003; Liu et al. 2012;
Dippner et al., 2013). While ENSO effects have been largely studied over the SCS, no studies (in

english) have focused on ENSO effects over the GoT.

In addition, the Madden Julian Oscillation (MJO) and the Indian Ocean Dipole (IOD) also influ-
ence the SCS interannual variability, and thus possibly the GoT interannual variability. MJO con-
tributes to ~ 10% of the intra-seasonal anomalous precipitations over the SCS in summer (Zhang
etal., 2009) while the IOD may impact the onset of the summer monsoon during non-ENSO years
(Yuan et al., 2008). Again, skewing through literature, no studies have focused on the impacts of

MJO and IOD over the GoT.

Rising questions:

Both typhoon-induced variability and ENSO induced variability have been studied on various at-
mospheric and oceanic parameters over the SCS, but remain undocumented in the GoT. In this

low elevated and densely populated region, it is essential to understand and estimate regional im-

pacts of short-term extreme events like typhoons to interannual variability factors like ENSO.

I1.2.1.4 River influences

Red River - Taking its name from its brown-reddish colour, the Red River has its source in the
mountains of Yunnan (China), where it is known as the Yuan River. It then flows into Vietnam

and is renamed the Thao River. Once in Vietnam, it receives two major tributaries: the Da and
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the Lo Rivers, and continues flowing through seven Vietnamese provinces (Fig. 1.12 a, b). With a
total length of 1150 km and a watershed of about 169000 km? (Fig. 1.12 a), the Red River system is
the second largest river system of Vietnam and still is an important commercial and transporta-
tion route. Downstream the confluence of the Da, Thao and Lo Rivers, the main river bifurcates
into numerous distributaries feeding the Red River Delta and enters the GoT through nine main

mouths (Fig. [.12 b).

Figure 1.12: (a) Red River basin catchments (Wei et al., 2019), (b) scheme of the Red River system (Vinh et
al., 2014).

Being dominated by a monsoon climate, the Red River has a large seasonal variation in water
discharge and in sediment load. The water discharge during the rainy season (June to October)
represents 71-79% of the annual discharge while the dry season (December to April) only repre-
sents 9-18% of the annual discharge (Vinh et al., 2014). The remaining 5-10% occurs during the
lowest rainfall period from January to March. In terms of values, the annual mean discharge is
about 3500 m3 s with maximum peaks in August of ~ 9000 m3 s (Fig. 1.13). The suspended sed-
iment concentration is also higher during the rainy season than during the dry season, with peaks
of 250 g m™ (Fig. 1.13). Vinh et al. (2014) showed that the sediment load during the rainy season

corresponded to 87 to 96% of the total annual discharge with an annual mean value of 40 Mt y™!,

In the past decades, several studies indicated that water discharge and sediment load in most
large rivers around the world had been drastically regulated by anthropogenic activities, such as
irrigation, diversions and dam operations (Nilsson et al. 2004; Syvitski et al. 2005: Vérosmarty et
al. 2003). The Red River is no exception to the rule, with serious changes in hydrological regime
observed since the impoundment of the first two dams in the region. The Thac Ba dam impound-
ment (1972) caused a decrease of ~ 5.5% of the sediment load (Lu et al., 2015) while the Hoa Binh

impoundment (1989) caused a decrease of 61% of the sediment load (from 119 to 46 10° ty’!, Vinh
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Figure 1.13: Climatological monthly Red River water (left) and sediment (right) concentration at Son Tay for
the period 1990-2016 from the National Hydro-Meteorological Service.

et al., 2014). Furthermore, Vinh et al. (2014) showed that seasonal discharges are also impacted,
with a decrease of 14% of water discharge during the wet season (summer) and an increase of 12%

of water discharges during the dry season (winter) corresponding to the regulation role of the dam.

The composition of this sediment load shows a strong seasonal variability, as reported by Vinh
et al. (2018) for the Cam River, which is one of the main distributaries of the RR. During the dry
season, the water column is composed at 27% of fine aggregates (1.48-17.7 um), at 40% of medium
flocs (17.77-92.6 um) and at 33% of coarse flocs (92.6-212 um). During the rainy season, particles
of fine, medium and coarse flocs occupy 35% , 38% and 27% of the total volume concentration of

the Cam River, respectively.

Coastal rivers - Many rivers of much smaller influences feed the GoT, however little is known about
them in terms of water and sediment discharges. From the south of the GoT towards the north,
there are the Lam, Lac Giang and Ma rivers which are Vietnamese rivers, and the Beilun, Qinjiang,
Nanliu and Jiuzhou rivers which are Chinese rivers. Climatological water discharge data suggest
that all of the rivers are subjected to a high seasonal variability, potentially influenced by the mon-
soon climate, similarly to the Red River case (Fig. 1.14). Nonetheless, the maximum discharge
peaks reached by the rivers Lam and Ma of ~ 2000 m3 s™! in August is ~ 4 times smaller that the
peaks observed in August for the Red River (Fig. 1.13 and Fig. 1.14). No information was found con-
cerning the sediment load from these rivers, however is it assumed that it is negligible compared

to the Red River loads.

1.2.1.5 Seabed, tidal flats and river-bed sediments

Niino and Emery (1961) reported that the GoT seabed composition was highly linked to the fluvial

inputs and that fine mud and fine sand were predominant, but that locally coarser sand and gravel
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Figure 1.14: Climatological monthly freshwater discharges for the Lam, Lac Giang, Ma (Vietnam National
Hydro-Meteorological Service) Beilun, Qinjiang, Nanliu and Jiuzhou rivers (from the Global Hydroclimatic
Data Network, Dettinger and Diaz, 2000).

could be encountered. In 2007, the Natural Conditions and Environments of Vietnam Sea and
Adjacent Area Altas (in Vietnamese) proposed a detailed map of the repartition of different types
of muds and sands over the seabed (Fig. 1.15). The GoT seems composed of complex alternatives
patches of mud, mud mixtures with sand, sand and sand mixture with gravel. The RRD coastlines
are mostly composed of mud and of mixtures of mud and sand. Coarser sediments (i.e.: sand,
mixtures of sand and gravel) are observed in the central GoT while the southern GoT seems mostly
composed of mud and mud mixtures. These results were confirmed, at least in the southern GoT,

by Ni et al. (2016) who observed the presence of mud and sand.

Tidal flats are specific environments which are submerged during flood tides and exposed during
ebb tide and are found all along the 350 km coastlines of the RRD. These shallow areas are thus
directly influenced by the region’s tidal regime, the seawater currents and river flows, and are ex-
tremely sensitive to changing environments due to natural forces and human activities. Tidal flats
are also known as areas of important rates of export and deposition of mud and sand. Therefore,
assessing their morphological evolution is difficult but highly necessary in understanding the sed-
iment transport and circulation. Tong (2016) was able to map the RRD tidal flats using remote
sensing images (by extraction of waterlines at lowest and highest water level) and classify them
into 3 categories. The tidal flats located in the northern part of the RRD are sandy and tide domi-
nated. The central ones are mainly composed by coal sediments (from coal exploitation over the
past 100 years). Lastly, the southern RRD hosts tidal flats dominated by sediments brought by the

rivers feeding the area.
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Figure 1.15: GoT seafloor composition from the Natural Conditions and Environments of Vietnam Sea and
Adjacent Area Altas (2007).

Few studies reported the composition of the river beds. In the Da, Thao and Lo Rivers, the values of
the median diameter of superficial sediments are, on average, of 0.35, 0.16 and 0.175 mm respec-
tively (Ministry of Agriculture and Rural Development). Downstream, in the estuaries and coastal
zones, the median diameter of the superficial sediments ranges from 5 to 195 pm (Do et al., 2007).
In the lower Cam-Bach estuary, which was the most intensively studied estuary until now due to
its strategic location (Haiphong harbor), bottom sediments result from a combination of fine silts
and fine sand, whose ratio highly varies at a distance of 5-10 km and with season (Lefebvre et al.,
2012). Furthermore, sediment samples from the Cam River revealed a high percentage of clay to

fine silts and a substrate more enriched in fine sand in the Cam estuary (Vinh et al., 2018).

Rising questions:

Except for the Cam River, observations on the suspended matter composition in the water column
and on its variability are non-existent or very limited in other distributaries of the Red River sys-
tem. Therefore, a need exists in documenting the SPM composition with in-situ observations in

other regions of the Red River.
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I.2.2 Hydrodynamical conditions of the GoT
I.2.2.1 General circulation

SCS circulation is largely driven by the atmospheric monsoon wind systems (Xu et al., 1982; Chu
and Li 2000; Fang et al., 2002) but transport through Luzon Strait plays also a role in the northern
SCS surface circulation (Wang et al., 2006b; Gan et al., 2006). In winter, NE winds induce a basin-
wide cyclonic circulation with an intense jet along the western coast (Fig. 1.16 b). In contrast,
the SW summer monsoon induces an anti-cyclonic circulation over the southern SCS with a NE
western boundary current which turns eastward/offshore between 11-13° N southern Vietham

(Fig. 1.16 a).

From the surface to 150 m, circulation patterns remain similar (even though the current speed
decreases with depth), however, the deep layer circulation is shaped by the Luzon strait transport

that generates a basin-wide cyclonic circulation (Chao et al., 1996; Lan et al., 2015).

Figure I.16: Mean SCS surface circulation during (a) summer and (b) winter from Chu et al. (1999).

While the SCS oceanic circulation is largely studied and understood, GoT circulation has attracted
only limited attention from researchers over recent decades and the GoT circulation remains a

topic of debate in the literature.

Winter circulation

Besides a general agreement on a gulf-scale cyclonic circulation in winter, four main structures of
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the winter circulation have been proposed (Fig. 1.17):

1) The gulf-scale cyclonic circulation consists in two cyclonic gyres: one in the southern GoT

and one in the middle of the northern GoT (Tan 1987, based on one-year observations).

2) The gulf-scale cyclonic circulation with a small cyclonic gyre enclosed in the northern GoT

(Yu and Liu, 1993, based on historical in-situ observations).

3) The gulf-scale cyclonic circulation consists in 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 currents following the western coasts of Hainan (Manh and Yanagi, 2000;

Xia et al.,, 2001; Sun et al., 2001, all based on 3D modeling).

4) The circulation consists in a northern enclosed cyclonic gyre and a southern anticyclonic

gyre (Liu and Yu, 1980, based on 2D model; Yuan and Deng, 1999; based on 3D model).

Figure 1.17: Schematic patterns of winter circulation in the Gulf of Tonkin from the literature (Gao et al.,
2017). Reference 1 to 4 are given in the text.

Despite these discrepancies in proposed structure circulations, all of the above-mentioned studies
suggested that winter monsoon winds are the primary drivers of the winter surface circulation.
However, Gao et al. (2014b), based on numerical models, found that the density-driven currents

are the most relevant factor that influences the winter circulation.

Summer circulation
Due to the combined effect of wind, heat flux and river plumes, the circulation structure during

summer is complex and generally classified into three patterns (Fig. 1.18):

1) A gulf-scale anticyclonic circulation (Wang, 1998; Sun et al., 2001, both based on 3D model-

ing)

2) A gulf-scale cyclonic circulation (Xia et al., 2001; Zu, 2005, using numerical modeling)
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3) A two gyres-structure circulation: one cyclonic gyre enclosed in the northern GoT and one
anticyclonic gyre at the southern GoT boundary (Yang et al., 2003, based on field observa-

tions; Gao et al., 2013, based on 3D modeling)

In addition, driving mechanisms are still under discussion as some studies suggest that the sum-
mer circulation is mainly driven by density-gradients (Xia et al., 2001; Yang et al., 2003; Zu, 2005,
based on 3D modeling) while others show that the summer GoT circulation is dominated by the

monsoon winds (Manh and Yanahi, 2000; Sun et al., 2001).

Figure 1.18: Schematic patterns of summer circulation in the GoT (from Gao et al., 2017).

Circulation in the Hainan strait
Aswell as the general seasonal gulf-scale circulation, the circulation in the strait of Hainan remains

largely discussed and is generally classified into two patterns:

1) A seasonal alternation in current direction (eastward in summer and westward in winter)

(Ke, 1983; Liu et al. 2001; Gao et al., 2013; Rogowski et al., 2019)

2) Avyear-lasting westward circulation ( Shi et al., 2001; Chen et al., 2007; Chen et al., 2009b)

Regarding the first pattern, Liu et al. (2001), based on field SLA observations, associated the circu-
lation reversal directly to the seasonal patterns of the monsoon. Based on a 2D modeling study, Ke
(1983) reported that the eastward current occured when the driving wind is southwesterly. Using
a 3-D numerical model (ROMS), Rogowski et al. (2019) suggested that the westward buoyant flow
observed in fall-winter came from the adjacent Pearl River discharges, which are similar to the
mean annual discharges of the Red River, and entered the GoT by wind-induced circulation. How-
ever, Gao et al. (2013), with a 3D modeling study, suggested that the sea level difference between

the two entrances of the strait had a stronger effect on current direction than local winds.

With respect to the second proposed circulation pattern, numerical and observational studies
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showed that tidal rectification over variable bottom topography was the process dominating the
westward current that lasts through the year (Shi et al., 2001, based on current observations; Chen
et al. (2007, 2009b), both based on 3D modeling). Other scientists suggested that the westward
current was driven by the coastal current off the western coasts of China (Bao et al., 2005; Ro-

zowski et al., 2019, both 3D model studies).

Boundary current

Finally, Manh and Yanagi (2000) were the first to observe a current off the Vietnamese coast that
moves southward along the shorelines in winter. Ding et al. (2013) furthermore showed that this
current was generated by the wind-driven circulation. However, the downcoast current was found
to last through the year by Rogowski et al. (2019), and forced by buoyant patterns generated by

intense inputs of freshwater from the Red River, in summer.

Rising questions:

While most studies agree on a predominance of a gulf-scale cyclonic flow during winter, the circu-
lation structure during summer remains a topic of debate. In addition, the scientific community
disagrees on the mechanisms dominating the surface current variability, whether it is driven by
monsoon wind-induced currents or by density-gradient currents. Therefore, a need exists in the
high-resolution description of the GoT seasonal circulation and in the identification of the circu-

lation driving mechanisms.

1.2.2.2 Tides

As previously discussed in sections I.1.2 and 1.1.3, tidal currents and breaking tide-induced inter-
nal waves play a crucial role in the ocean mixing at all depths and participate to drive the deep
circulation (Stewart 2008). Tidal mixing is particularly strong in shallow areas and can strongly
influence coastal sediment transport and mixing in the river mouths. In the SCS, their dissipation
can affect the vertical distribution of current and temperature, which in turn might play a role in
blooms of the biological communities (Nugroho et al., 2018). Wyrtki (1961) was the first to identify
the main tidal constituents in the SCS (01, K1, M2, S2) (Table I.1) and Ye and Robinson (1983), the

first to successfully simulate the tides in the area.

Few years later, it has been shown that the SCS and the GoT are one of the few regions in the world
where diurnal tides dominate the semidiurnal tides (Fang, 1986). In coastal seas and bays, tides

are primarily driven by the open ocean tide at the mouth of the bay. By resonance of a construc-
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Tidal wave Description Period (h)
01 Diurnal principal lunar 25.82
K1 Diurnal solar 23.93
M2 Semi-diurnal principal lunar 12.42
S2 Semi-diurnal principal solar 12.00

Table I.1: List of the GoT main tidal constituents.

tive interference between the incoming tide and a component reflected from the coast, large tide
amplitude can be generated. In the GoT case, tidal waves enter the basin from the adjacent SCS
and due to the basin geometry, O1 and K1 resonate (Fang et al., 1999). Their amplitudes reach
1.00 and 0.90 m respectively (Fig. 1.19 a, b). In addition, the major branch of energy flux entering
the basin from the southwest is weak for the semi-diurnal tides and strong for the diurnal ones. A
second branch of energy (also diurnal tidal waves) enters the GoT through the Hainan Strait (Ding
et al,, 2013). The tidal form factor (F), or amplitude ratio, defined by the ratio of the amplitude of
the two main semi-diurnal and diurnal constituents, provides a quantitative measure of the gen-
eral characteristics of the tidal oscillations at a specific location. At the entrance of the GoT and at
the Hainan strait, the tides are defined as mixed primarily diurnal with F varying from 1.5 and 2.2

depending on the given locations. At the RRD, F is around 15, attesting of a diurnal regime.

Figure 1.19: Tidal amplitude (m) for O1 (a), K1 (b), M2 ( c¢) and S2 (d) from the tidal atlas FES2014b.

In the GoT, the Coriolis force deflects to the right the incoming tidal waves and push them against
the northern enclosure of the basin. Once the waves are reflected, they propagate southward until
they slowly dissipate by friction. Fang et al. (1999) found that the amplitude of the tide gradually

decreases from 4 to 2 m North to South during spring tide. The amplitude of O1 in the GoT is larger
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than K1 because of a larger resonance effect, even though its amplitude in the SCS is smaller than
K1 (Minh et al., 2014) (Fig. 1.19 a, b). The largest semidiurnal waves of the GoT are M2 and S2.
They both appear as a degenerated amphidrome with smallest amplitudes near the RRD and with
maximum amplitude in the northwestern head of the GoT (0.50 m for M2 and below 0.15 m for S2)
(Hu et al., 2001) (Fig. 1.19 ¢, d). Given those values of amplitude, van Maren et al. (2004) defined
the tidal regime in the GoT as mesotidal, and locally even macrotidal, even though diurnal tidal

regimes are usually mainly microtidal.

Until recently, only few numerical studies have focused on the GoT (Fang et al., 1999; Manh and
Yanaghi, 2000; van Maren et al., 2004; Minh et al., 2014) and on the Hainan Strait (Chen et al. 2009).
The study of Minh et al. (2014) complemented the existing state of the art in numerically repro-
ducing the tides of the GoT and explored for the first time the GoT resonance spectrum, using a
high resolution 3D model (ROMS at 1/25° ). In particular, the authors showed that the resonance
was not only due to the diurnal waves, but also due to the semi-diurnal waves. In addition, the
authors mentioned that the semi-diurnal waves are small in the GoT, because they are small in
the SCS. However, this study also showed the limitations of using a 3D model in representing the
tidal spectrum. Indeed, large discrepancies between the model and observations (gauge stations
and satellite) especially for the M2 harmonics and for the phase of S2 were found. The authors ex-
plained those discrepancies by the lack of resolution in the coastal areas due to limitations implied

by the use of a regular grid and a poorly resolved bathymetric dataset.

Rising questions:

A good representation of the GoT tidal spectrum is crucial as tides play a key role in ocean circula-
tion and estuarine dynamics. Despite the large amount of studies on the GoT tides, the numerical
representation of the main tidal components is still limited and shows large discrepancies with
observations, due to poor bathymetric dataset and poor model resolution in coastal areas. There-
fore, a need exists in improving the available bathymetric datasets over the GoT and increasing
the resolution of numerical models to improve the tidal representation and understanding in the

area.

1.2.2.3 Waves

Rose by the urge of developing non-polluting and renewable energy, the temporal and spatial dis-
tribution of wave energy within the Gulf of Tonkin have been lately studied by Zhou et al (2014),

using the Simulated Waves Nearshore (SWAN) model. Their results show that the peak wave pe-
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riod undergoes no particular variation from summer to winter, with minimum values of 2 s in the
northern GoT and near offshore, and maximum values of 3 s in the southwestern GoT (Fig. 1.20 a,
d). The wave height presents an obvious seasonal variability, with a patch of values >0.5 m con-
fined in the central GoT during summer that extends toward the southern GoT in winter (Fig. 1.20
b, e). Lastly, the authors showed that the wave energy is >1 kW m™! in the central part of the GoT,

and values up to 1.4 kW m™! in the central and southern GoT in winter.

Figure 1.20: Spatial distribution of mean seasonal averages (summer, winter) of the wave period (Tp) (a,d),
wave height (Hs) (b, e) and wave energy (c, f) from Zhou et al. (2014).

Opposite to the general condition over the GoT, 41 years (1970-2011) of wave observations at the
hydrological station of Hon Dau (located in front of the Van Uc river mouth, see Fig. 1.12), re-
vealed that waves in the coastal area were dominated by a seasonal variability. Indeed, larger wave
heights were observed during the dry season (0.6-0.8 m) than during the wet season (0.5-0.6 m).
In addition, small wave heights (<0.5 m) occupied 52% of the total time of observations, while big

wave heights (>1.5 m) occupied ~ 15% of the total time of observations (Vinh, 2012).

Rising questions:

Since waves characteristics vary seasonally in the GoT coastal area and can reach significant
heights, it would be crucial to understand and characterize their variability and assess their im-
pacts on the transport of matter is crucial. This question has not been studied during the time
frame of this study. However, a need exists in taking them into account in modeling studies of

sediment transport, which was done in this Ph.D. for the RRD coastal area.
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I.2.3 Hydrological and SPM dynamics in the estuarine and coastal area
I.2.3.1 Estuarine processes

Even though river estuary is a focal point of the interaction between fresh and marine water masses,
only few studies focused on the SPM dynamics and processes, in link with Red River estuarine hy-
drodynamics. Based on field survey in the Ba Lat mouth coastal zone, van Maren and Hoekstra
(2004) showed that during the dry season, the flow patterns are determined by the tidal currents
which favor the local sediment resuspension. During the wet season, the Ba Lat estuary is flushed
at each ebb period and the sediment transport is dominated by advection processes. Several stud-
ies focused on the Cam-Bach Dang estuary, rose by the urgence of understanding the mechanisms
behind the Haiphong Harbor siltation. Lefebvre et al. (2012) investigated the mechanisms govern-
ing cohesive sediment aggregation in the Cam-Bach Dang estuary. Similar to the observation of
van Maren and Hoekstra (2004), the authors identified a marked seasonal and tidal contrast in
hydrological estuarine conditions. The strong freshwater input characteristics of the wet season
tends to generate a high turbulent energy level which in return generates transfers of coarse sed-
iments to fine sediments. During the dry season, the influence of tides on estuarine dynamics
dominates and the tidal pumping (flood tides shorter and stronger than ebb tides) produces a net
upstream transport of sediments. The effect of tidal pumping is discussed as a potential reason
for the silting up of the harbor. Furthermore, bio-aggregation of particles was shown to be en-
hanced at salinity around 10-15 PSU due to increasing stickiness properties of bio-exopolymeric
substances and could also enhance Haiphong harbor siltation (Mari et al., 2012). Finally, the Cam-
Bach Dang Estuarine Turbidity Maxima (ETM) was shown to be composed of two parts: an upper
well mixed ETM with high SPM concentration up to the surface that starts developing at salinities
as low as 0.1 PSU, and a lower ETM confined in the bottom layer, developing at salinity ~ 1 PSU

((Fig. 1.21) (Vinh et al., 2018).
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Figure 1.21: General pattern of ETM in the Cam-Bach Dang estuary as observed by Vinh et al. (2018). Blue
lines represent isolines (in PSU), turbidity patterns are shown in brown with darker color for higher turbidity
values.

Rising questions:

Tides and seasonal variations in river discharges are thus decisive factors in both estuarine hy-
drodynamics and estuarine SPM processes. Also, identification of SPM processes are essential
in the understanding of siltation, erosion, accretion along the RR estuaries. For that, a need ex-
ists in further documenting Red River estuarine processes along the tidal cycle (low/high tides
and neap/spring tides) during high and low seasonal river flow, in order to identify the siltation-
favorable conditions.

Furthermore, researchers have mainly focused on two estuaries of the Red River system (the Ba

Lat and Cam-Bach Dang), thus nothing is known about the dynamics of other Red River estuaries.

Investigating a different estuary will help improve general knowledge on the region.

I.2.3.2 Coastal morphodynamics and sediment transport along the RRD

Coastal morphodynamics

Over the past decades, the RRD coastal zone has been suffering from alternative patterns of ero-
sion and accretion, and some examples are given next. The Ba Lat River mouth has expended sea-
ward with an approximate rate of 6 m in the past 50 years, due to a combined effect of sediment
resuspension by wave actions and river floods (van Maren et al., 2004; van Maren et al., 2007).
The beach of Hai Hau (south of Ba Lat mouth) has experienced increasing erosion rates over the
past 20 years caused by the decrease of sediment supply brought to the beach by the Ba Lat river
plume (Duc et al., 2007). Hung et al. (2002) however suggested that the wave action during winter
combined with the complex topography of the delta was the prevailing mechanism of Hai Hau
beach erosion. Lastly, the touristic area of Do Son (located next to the Van Uc river mouth) have
experienced increased turbidity due to dykes impoundments that disturbed the local sediment

circulation (Cu and Cham, 2010).
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In this context of intense coastal morphological changes, Vinh (2018) used Delft3D to detail the
erosion and accumulation areas along the RRD coastal area. The author showed an unstable mor-
phology for depths <10 m with sediment deposition at river mouths (10-50 mm y!) and erosion
areas (2-30 mm y'l) in between river mouths (Fig. 1.22). As tidal currents flow in the opposite direc-
tion of the river plume, the stability of the river plume leads to sedimentation in front of the river
mouths, rather than an offshore dispersal. Further offshore, from 10 to 25 m depth, the author
showed a tendency to deposition with a deposition gradually decreasing from 10-30 mm y™! to <10

mm y ! offshore.

Figure 1.22: Morphological changes (mm y!) in the RRD coastal area from Vinh (2018).

Sediment transport

Few studies addressed the issue of sediment transport in the coastal area along the RRD. First, a
numerical study using Delft3D reported that the Ba Lat river plume was the main factor impact-
ing the seaward transport of sediment, while wave asymmetry caused onshore sediment transport
(van Maren, 2004, PhD). Second, Duc et al (2007) estimated that directions of sediment transport
along the RRD are variable where depths are <5 m, but from 5 to 10 m depth, sediments are mainly
transported southwards. Finally, Vinh (2018) quantified the sediment transport along the RRD
(Fig. 1.23). Although promoted during the rainy season by freshwater from the rivers, sediment
fluxes through cross sections along the RRD are smaller than during the dry seasons (Fig. 1.23 a),
thus the author suggested that erosion processes occurs mainly during the dry season. The small
alongshore sediment fluxes observed during the rainy season are potentially caused by sediment

gathering in the near river mouth due to flocculation processes, and due to low resuspension pro-
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cesses. Annually, the transport is shown to be southward, except in the extreme north of the RRD.
Lastly, the author showed that the presence of waves strongly intensifies the resuspension of sedi-

ment and intensify their southward transport.

Figure 1.23: Alongshore sediment transport for different cross-sections (x10° t) in the RRD coastal area dur-
ing dry and rainy season (a) and annually (b), from Vinh (2018).

Rising questions:

RRD morphodynamics and suspended sediment transport in the RRD have been partly studied
and numerical studies remain limited due the lack of observations for model calibration and
evaluation. Furthermore, sediment transport and export outside the RRD remains weakly doc-
umented. A need exists in detailing the coastal morphodynamics processes in link with the hydro-
dynamics variability (currents and waves). In addition, questions remain on where and how far the
deltaic sediments can be transported alongshore and offshore, and how this transport answers to

the different factors of variability.

I.3 Objectives and thesis outlines

The main objectives of this work are to improve our general knowledge on the RRD-GoT system in
terms of estuarine and ocean dynamics and their variability at different time and space-scales, and
to understand and quantify their impacts on the hydrodynamics and sediment fate and budget,
based on both in-situ measurements and fine-resolution modeling. Issues of this work can be

resumed as follows:

* What is the variability of the flow and suspended matter dynamics within the Red River es-

tuary, induced in particular by seasonal and tidal changes?

* What is the functioning and variability of the GoT ocean circulation from the tidal to sea-
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sonal and interannual scales, and what are their impacts on water and sediment fluxes

within and at the boundaries of the studied RRD-GoT system ?

¢ Can we produce a highly realistic numerical representation of those dynamical processes
at all scales and of their impact on sediment transport, and what are the key elements that

need to be improved for that ?

The structure of this thesis reflects the issues outlined above and to answer them, an ensemble of

observations and numerical models are used.

Chapter II explores the influences of seasonal and tidal changes on flow and suspended matter
dynamics in the macrotidal Van Uc river estuary. This chapter is based on the analysis of hydro-
dynamical and suspended particulate matter measurements, collected along river transects that

were organized and performed during 4 field campaigns in the frame of this PhD thesis in 2017.

Chapter III reports the application of the model T-UGO in simulating the GoT tidal spectrum and
in optimizing the configuration. The role of bathymetry and model resolution on tidal represen-

tation, as well as the importance of fine bottom friction parameterization is presented.

The abilities of the regional ocean model SYMPHONIE in reproducing the observed GoT hydro-
dynamics and water mass properties are discussed in Chapter IV, then the circulation variability
is quantified and studied. In particular, we examine in details the impacts of key factors, namely

typhoons and ENSO, on circulation and water budgets.

Chapter V summarizes the key results and findings obtained during this study and raises issues
and discusses about the preliminary results obtained with a sediment transport model along the

RRD. It further proposes questions to be addressed by future research.

Chapters II and III correspond to two submitted papers in international journals. They were sub-
mitted in Journal of Marine Systems for Chapter 2 and in Geoscientific Model Development for

Chapter 3.
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II.1 Summary of Chapter II

In previous Chapter I, we have seen that the sediment transport and fate in the RRD-GoT system,
and the evolution of the Red River delta in terms of siltation, erosion and accretion of its estuaries
and coastlines constitute a major concern. As tides and seasonal variations in river discharges are
decisive in both estuarine hydrodynamics and estuarine sediment processes, it is crucial to under-
stand and quantify their impacts on hydro-sedimentary processes in the Red River estuary. This
chapter aims at documenting the variability of the flow and suspended matter dynamics induced
by those variations based on in-situ measurements. Along-estuary hydro-sedimentary processes
are studied during a full diurnal tidal cycle (from neap to spring tides) and from the dry season
(low river discharges) to the wet season (high water discharges). Results of this chapter are based
on in-situ observations collected during 4 field campaigns (including each one tidal cycle) at 3 sta-
tions along the Van Uc River estuary, one of the main tributaries of the Red River delta, which has
never been sampled before. This particular estuary of the Red River was chosen as it is a typical
distributary of the system, with rice crops all along the banks that require water and construction
of soil dykes for flood protection, and with constant river bed dredging for both navigable water-
ways and selling purposes. Above all, the Van Uc estuary is an interesting site to study estuarine
dynamics because this meso- to macrotidal estuary (maximum tidal range: 4m) is both influenced

by a strong seasonal river signal and a monsoon regime.

These observations reveal that the water and sediment discharges of the Van Uc river undergo a
comprehensive regime change between high-seasonal (wet season) and low-seasonal (dry season)
discharges, with mixed estuarine conditions during the high-flow season and stratified estuarine
conditions during the low-flow season. The study of the flow shows that the seasonal discharges
are affected by the neap-spring cycle with different effects between the seasons. For example, only
spring tides at high tide can reverse the high downstream river flow of the wet season, while both
neap and spring tides affect the flow direction during the dry season. Results of the decomposi-
tion of the suspended matter flux reveal that the riverine down-estuary component is the most
important during high flow season while gravitational and tidal processes, like local resuspension,
are most important during low flow season. Indeed, up-estuary suspended matter flux appears to
account for 2/3 of the down-estuary flux in the low-flow season, which indicates that the estuary
is silting up and the delta is consolidating mainly during the dry season. The distortion of the tide
wave in spring tide is emphasized as the potential dominant process explaining the up-estuary

sediment mobility in wet season at spring tide during flood.
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Besides complementing knowledge on the Red River estuarine dynamics, these surveys were con-
ceived to provide a new benchmark for future model calibration/validation. Indeed, this chapter
constitutes the first step of this Ph.D. work in understanding estuarine dynamics and set the basis
of the modeling work for the study of transport and fate of sediments from the Red River to the

GoT.
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Abstract

This study explores the seasonal and tidal changes in flow and suspended matter dynamics in
the tropical and macrotidal Van Uc River estuary (North Vietnam) and aims at understanding,
among others, the sediment delivery to the ocean and the processes behind the estuary siltation.
Four campaigns took place during the contrasting high flow and low flow seasons, for each dur-
ing neap and spring tides. Water and suspended matter fluxes, salinity, turbidity and suspended
sediment concentrations were measured for 24h at three cross sections along the estuary. During
the high-flow season, the estuary was mixed, with seaward sediment flux during neap tide and

ephemeral up-estuary sediment flux at spring tides due to tidal distortion. During the low-flow
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season, the system transitioned from partially mixed to highly stratified with salty waters intru-
sions, salt wedge presence and up-estuary sediment flux varying with the tidal regime. Estuarine
siltation mostly occurred during low-flow at spring tides with a suspended matter inflow, primar-
ily due to local resuspension, which represented 2/3 of the outflow. These findings also provide a

new benchmark for hydro-sedimentary model calibration/validation.

Keywords:suspended sediments, estuary, estuarine turbidity maximum, neap/spring tide cycle,

Red River, Vietnam

I1.2.1 Introduction

Estuaries are links between land and ocean where freshwater coming from the rivers mixes with
saline oceanic water (Wolanski et al., 2013). They are typically characterized by strong gradients
of salinity, temperature, water surface level and suspended sediment concentrations (Priya et al.,
2012; Jay et al. 2014), and contribute to a high amount of sediments, nutrients and contaminants
input to the ocean (Milliman, 1991; Meybeck, 1993). These transitional zones are never at a steady
state, experiencing a variability at longer time scale from the river basin (interannual to seasonal)
than from the ocean. Since the effects of tidal currents on the salt and momentum balances in es-
tuaries were recognized by Pritchard (1954, 1956), tides indeed are known to play a key role in es-
tuarine dynamics. Affecting mixing, influencing a stronger or weaker stratification depending on
the sea water intrusion, and determining the characteristics of the water masses that can interact
with the shelf circulation, tidal and neap-spring cycles are amongst the main drivers of estuarine
dynamics (Geyer and MacCready, 2014). In some cases, estuarine waters may appear being well-
mixed during flood and being stratified during ebb (Simpson et al., 1990; Jay and Smith, 1990a).
Also, the residual circulation, the turbulent mixing (Simpson et al., 1990; Geyer et al., 2000) and the

along-estuary circulation (Lai et al., 2018) appeared to vary in response to the spring-neap cycle.

The evolution of the Red River delta in terms of siltation, erosion and accretion of its estuaries
and coastlines constitute a major concern, as the delta is the most populated region of Vietnam,
and is the second-most important rice-producing region of the country. The Red River was ranked
as the ninth river in the world in terms of sediment discharge but the construction of two dams
across the river in the 1980s caused a reduction of sediment discharges from 145-160 Mt y'! in the
1970s (Milliman and Meade, 1983) to 40 Mt y'! nowadays (Le et al., 2007; Vinh et al. 2014; Wei
et al,, 2019). Changes in water regulation due to the dams, induced an increasing siltation of the

harbour of Hai Phong, which is the second biggest harbour of the country and connects north-
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ern Vietnam to the world market. Such phenomenon forces an increasing dredging effort each
year, with 6.6 million US $ spent on dredging activities in 2013 (Vietnam maritime administration
2017). Recent studies have arisen from this issue, and the tidal pumping has been pointed out as
one of the physical processes responsible for the siltation, by creating a net upstream transport of
sediments in the dry season, which settled in a near bed layer at low turbulent energy (Lefebvre
etal, 2012). In the Cam-Nam Trieu estuary, the Estuarine Turbidity Maxima (ETM, mass of highly
concentrated suspended sediments) was shown to start developing at salinities as low as 0.1 PSU
(Vinh et al., 2018) and bio-aggregation was shown to be enhanced at salinity around 10-15 PSU
due to increasing stickiness properties of bio-exopolymeric substances (Mari et al., 2012). In the
coastal zone, the decrease of the suspended sediment loads caused alternative patterns of erosion
and accretion to develop. For example, the Ba Lat River mouth (Fig. 1I.1) has expended seaward
due to a combined effect of sediment resuspension by wave actions and river floods (van Maren
etal., 2007), and increased turbidity was observed in the touristic region of Do Son, while Hai Hau
coasts have experienced a severe erosion of several meters per year. In this context, investigat-
ing the fine scale physical processes in estuaries and in their regions of influence is of particular

interest for better understanding the Red River system.

The Van Uc River (Fig. 1I.1) is a typical distributary of the Red River, with rice crops all along the
banks that require water and construction of soil dykes for flooding protection, and with constant
river bed dredging for both navigable waterways and selling purposes. It is ranked at the third po-
sition of the Red River system in terms of both water and sediment discharges. (Vinh et al., 2014).
Above all, the Van Uc estuary is an interesting site to study estuarine dynamics because this meso-
to macrotidal estuary (maximum tidal range: 4m) is both influenced by a strong seasonal river
signal and a monsoon regime. Using the MIKE11 numerical model, Vinh et al. (2014) estimated
that 70 % of the annual water discharges were issued in the wet season (June-October) while 16 %
were issued in the dry season (December-April), the 14 % remaining being issued in intermediate
periods (May and November). For the sediment discharges, 86 % of the total annual discharges
were issued in the wet season, against 4 % in the dry season (10% were issued in the intermediate
seasons). If seasonal budgets of water and sediments are globally known, forced by the river inputs
(Vinh et al., 2014), if seasonal variations of hydrology (water flux, salinity, stratification) and sus-
pended matter was described at one station in the Ba Lat river mouth (Fig. II.1) (van Maren, 2004)
and if transects along the estuaries of the Red River tributaries were described at different seasons

at spring tides (Vinh et al., 2018), no effort has been initiated so far to document the hydrology
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and the suspended matter dynamics of Red River estuaries in terms of tidal variability. This ques-
tion represents the central objective of the present study, which aims at documenting the lack of

knowledge regarding the hydro-sedimentary processes in the Red River.

Based on new in situ data, this paper focuses on the analysis of the hydrology and on the char-
acteristics of the suspended particulate matter at different seasons and tidal cycles, along the Van
Uc estuary. It is the first step of a more comprehensive modeling study that aims at further an-
alyze the transport and fate of sediments from the Red River to the Gulf of Tonkin, using the
hydrodynamical-sediment transport model SYMPHONIE-MUSTANG (Marsaleix et al., 2008; Le
Hir et al., 2011) that is configured for the region. Hence, the choice of the parameters studied was

made in a modelling perspective.

In Section II.2.2, the estuary of interest is presented and in Section II.2.3, field campaigns and
methodologies for data sampling, instruments calibrations and data analyses are described. In
Section I1.2.4, findings on water and sediment fluxes, water column stratification and particles
properties, which are largely impacted by the lunar tidal cycle and related circulation are detailed.
The dynamical mechanisms that can explain these results are discussed in Section I1.2.5: in par-
ticular the distinct effects of gravitational circulation and of the along-estuary tidal distortion on

sediment fluxes and deposition.

II.2.2 Regional settings - The Van Uc estuary

The Van Uc estuary is located next to Hai Phong city (the third largest city of Vietnam), northeast
of Vietnam (Fig. II.1). The estuary is fed with fresh water and sediments by the Van Uc river, one of
the nine tributaries of the Red River, which receives water and sediments from both the Red River,
through the Duong River, and from the Thai Binh River through a complex network of connections
within the Red River Delta (see Vinh et al., 2014). The total river discharge through the Van Uc
estuary was estimated of about 17.7 10° m3 y'1 (for the period 1989-2010), which corresponds to
14.5 % of the total water discharge from the Red-Thai Binh system to the Gulf of Tonkin (Vinh et
al. 2014). These authors also evaluated the sediment fluxes and found a drastic drop in the annual
fluxes due to the Hoa Binh dam impoundment in the 1980s (from 11.5 to 5.1 Mt y'l). The Van Uc
sediment flux represents 14.4 % of the total sediment flux of the Red-Thai Binh River to the Red
River coastal area and is therefore the third most important distributary of the Red River Delta in

terms of river and sediment discharges (after the Day and the Ba Lat rivers).
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The Van Uc estuary is subjected to the South-East Asian sub-tropical monsoon climate (Wyrtki
1961), that is characterized by an alternation of a southwest summer monsoon and a northeast
winter monsoon. The wet summer season (June to September) accounts for 85-95% of the total
annual rainfall in the region (~ 1161 mm) and is dominated at 72% by winds blowing from the
South-West. In the dry winter season, the winds blow at 92% from the North-East and bring cold
and dry conditions over the region (Vinh et al., 2018). The seasonal variation of the Red River
hydrological regime is therefore strong and largely influences the Van Uc estuary. Vinh et al. (2014)
showed that 71-79% of the annual total water discharge of the Van Uc River was brought to the

coastal zone during the wet season and only 9-18% in the dry season (December to March).

The South China Sea and the Gulf of Tonkin are one of the few regions in the world where diurnal
tides dominate the semidiurnal tides (Fang, 1986). Wyrtki (1961) was the first to identify the main
tidal constituents in the South China Sea: O1, K1, M2, S2 (classified by their importance in ampli-
tudes). The diurnal tide dominates due to a double resonance: in the South China Sea because of
Helmholtz resonance (Zu et al., 2008), then in the Gulf of Tonkin, higher for O1 than K1 due to a
resonant peak period of 29h (Nguyen et al., 2014). The tide gauge measurements next to the Van
Uc River mouth (at Hon Dau, Fig. I1.1) show a tidal amplitude of about 0.5-1.0 m in neap tides and

of about 2.6-3.6 m in spring tides.

I1.2.3 Material & Methods
I1.2.3.1 Field data and sampling procedure

Four field surveys were performed in the Van Uc estuary during neap and spring tides in the wet
and dry seasons. Surveys are noted WN for wet season at neap tide, WS for wet season at spring
tide, DN and DS for surveys in the dry season at neap tide and spring tide, respectively. The dates

of each survey with corresponding tidal cycles and seasons are listed in Table II.1

Three stations (ST1, ST2 and ST3) spaced by 10 km were selected for sampling (Fig. 1I.1). ST1 is
located next to the river mouth while ST3 is the further upstream. Each station was sampled dur-
ing 24 hours with cross-river transects measurements every two hours to cover a full diurnal cycle,
starting at ST1 and finishing at ST3. Each series of measurements consisted of four different steps.
Firstly, cross river velocity profiles were measured with a hull-mounted, downward-looking, 1200
kHz Acoustic Doppler Current Profiler (ADCP RDI Workhorse in bottom tracking mode). Current

magnitude and direction were measured in depth cells of 0.25 m with a range of 15 m using a fre-
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quency of 0.2 Hz. Secondly, vertical profiles of conductivity and temperature were measured for
each transect, in the deep channel at the middle of the river, using a profiling CTD Compact-CTD
(ASTD687, Alec Electronics Co., Nishinomiya, Japan, now released by JFE Advantech Co., Nishi-
nomiya, Japan, as Rinko-Profiler). Thirdly and parallel to CTD measurements, depth profiles of
floc size distribution and concentration were measured using an in situ laser scattering and trans-
missometry instrument with a 90% path reduction module (LISST-100X, type B, Sequoia Scientific
Inc., Bellevue, WA, USA). The LISST-100X determines the volumetric particulate concentration in
32 logarithmically spaced size classes from 1.25 to 250 pm and uses a red laser (660 nm) through a
path of 5 cm with a sampling rate of 1 Hz. In order to study the relationship between turbidity and
suspended particulate matter concentration, water samples (of ~ 1 1) near subsurface (at ~ 1.5 m
depth) were also collected every four hours (i.e. every two CTD deployments) with a Niskin bottle.

Turbidity of these samples were measured onboard using a Hach 2100Q Turbidimeter.

Data at the hydrographic station Trung Trang (Fig. I1.1), provided by the National Hydro-Meteorological
Service (NHMS), were also used in this study. They include hourly water discharges and water el-

evations.

Figure II.1: Location of stations ST1, ST2 and ST3 (in red) in the Van Uc River and of Trung Trang and Hon
Dau hydrological stations (black star) (Landsat 8 image from September 29, 2017).

I1.2.3.2 Hydrological parameters

Salinity and density were derived from CTD data (temperature and conductivity) following general

UNESCO polynomial relationship (UNESCO, 1983).
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Survey WN WS DS DN
name
station| ST1 | ST2 | ST3 | ST1 | ST2 | ST3 | ST1 | ST2 | ST3 | ST1 | ST2 | ST3
Dates | 26/08| 27/08| 28/08| 03/09| 04/09| 05/09| 06/12| 07/12| 08/12| 12/12| 13/12| 14/12
(of
2017)
season wet wet dry dry
regime neap spring spring neap

Table II.1: Van Uc surveys characteristics and dates of sampling. Each sampling started at 8 am and finished
at 6 am the following day.

The Brunt-Vaisala frequency N? (in s2), also known as the buoyancy frequency, was computed

from the density depth-profiles and used as an indicator of the water column stratification:

_z8%

N?=—=2
p 0z

(IL.1)

where g is the acceleration of gravity (m? s~ !) and p the potential water density (kg m~3). A stable
stratification is considered when N2 > 0, while a stratification is considered unstable when N2 ~ 0

(Turner, 1973).

The dimensionless Richardson number (R;), which is used as a criterion for assessing the stability
of stratified shear flow through energy consideration, is computed by comparing N to the vertical
gradient of the horizontal current velocities ( g—\Z’ ) from ADCP data (Pacanowski and Philander,

1981), as:

N2

[

R;= (I1.2)

When R; = 0.25, the flow is considered stable and if R; < 0.25, the turbulence overcomes the density

stratification and generates vertical mixing (Miranda et al., 2002; Kirinus et al., 2002).

Furthermore, the Simpson parameter gives the potential energy ¢ (in ] m-3) that represents the
mechanical energy required to completely mix the water column. This parameter was used to
quantitatively analyze the physical mechanisms contributing to mixing and stratification in an

estuary (Simpson et al. 1978) and was computed as follows:
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1 (0 _
b=— f gz(p—p)dz (IL3)
HJ-u
with H, the water column depth.

I1.2.3.3 Water currents and derived water discharges

The ADCP transmits high frequency acoustic signals (pings), that are backscattered from water
constituents of different origins: suspended sediment, phyto/zooplankton and bubbles. These
constituents are assumed to travel with the speed of water and therefore, the current velocity (hor-
izontal and vertical) and the current direction as a function of depth are estimated through the
Doppler effect. Following the recommendations of Mueller et al. (2013), water discharges (noted
Qwneasured) Were computed using the measured water velocities (noted V) and the boat velocities

(noted Vp):
QBin = VwuVpy =V Vp) dtdz (IL.4a)

EnsemblesBins

QuMeasurea= )., ) Qpin (I1.4b)

j=1 =1
where V,y, and V,,y correspond to the meridional and zonal water velocities, respectively, and
Vpy and Vi, correspond to the meridional and zonal boat velocities, respectively. Qgin (in m3 s
was computed for each ensemble (i.e. time between two measurements) dt (5 s) and for each ver-
tical bin dz (0.25 m). As recommended by Mueller et al. (2013), the total water discharge Qapcp of
the river is the sum of Qpeasured @and the water discharges estimated in the unmeasured zones by

the ADCP (i.e. the top and bottom layers and the right and left edges of the river) as:

Qapcp = QLeftEdge + QTop + QMeasured + QBortom + QRightEdge (IL5)

Detailed descriptions and formulations of Qpeftedge, QRrighttdger QTop and Qpottom are available in

Mueller et al. (2013) and were computed accordingly.

Furthermore, the flux throughout the water column can flow in opposite directions (downstream
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or upstream), whether it is dominated by the river flow or by flood tides. Therefore, we chose to
compute Qapcp+ as the component of the flux flowing downstream and Qapcp- as the component

of the flux flowing upstream. Note that the sum of Qapcp+ and Qapcp- is equal to Qapcp-

I1.2.3.4 Suspended particulate matter parameters

I1.2.3.4.1 SPM concentration from water samples

Following the process proposed by Aminot and Kérouel (2004), the suspended particulate mat-
ter (SPM) concentrations were determined by filtering onboard a known volume of water (about
100-150 ml) per sample through two kinds of pre-weighed filters: polycarbonate Nuclepore filters
(porosity 0.45 um) and Whatman GF/F glass microfiber filters (porosity 0.7 pm). After filtration,
filters were rinsed three times with 5.0 mL of milli-Q water to remove salt. Then, they were dried
for 24 hours at 70° C in an oven and weighed on a high-precision electrobalance. The sediment
concentration obtained after drying the filters is the total SPM concentration, called SPMEgijers

hereafter, including organic and inorganic matter.

The particulate inorganic matter concentration was measured after burning the GF/F filter at
450 °C during 4 hours: this process removes all the organic matter from the filter. The differ-
ence between the total SPMpj;ers and particulate inorganic matter provided the particulate or-
ganic matter concentration and thus the ratio of organic to inorganic matter (particulate organic

matter/particulate inorganic matter) within the SPMgjeys.

I1.2.3.4.2 Optical backscattering sensors (OBS)

Turbidity is an optical proxy of SPM concentration which is measured by nephelometers or op-
tical backscattering sensors (OBS). The CTD was equipped with an OBS measuring in the infrared.
The sensor outputs (in Formazin Turbidity Unit - FTU) were calibrated against gravimetric SPM
concentrations measurements. The SPM concentrations measured by the CTD are called here-

after SPMogs.

I1.2.3.4.3 ADCP’s backscatter index

For the past twenty years, acoustic instruments such as ADCP, originally designed to measure ve-
locity profiles, have been used to quantify SPM concentrations in ocean and coastal environments
(Thorne and Hanes, 2002; Tessier et al., 2008; Le Coz et al., 2009). The measurement principle is
based on the fact that the acoustic signal is emitted with an initial intensity, that progressively de-

creases as it travels through the water column, and which is backscattered by suspended particles.
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Therefore, the intensity of the backscattered acoustic signal is a function of the quantity of the par-
ticles present in suspension in the environment. The acoustic method has the advantage of being

non-intrusive.

In order to infer the particle load from the signal recorded by the ADCBP, the sonar equation (in dB)
was used. The sonar equation represents an energy balance that expresses a signal-to-noise ratio,
taking into account the technical characteristics of the instrument. The received acoustic level

(RL), can be expressed as follows (Deines, 1999; Lurton, 2002):

BI=RL+2TL-SL (I1.6)

with SL, the source level emitted by the ADCP (in dB), TL the transmission loss due to attenuation
of the acoustic wave within the ambient environment (in dB), and BI the backscatter index, which

depends on the SPM concentration.
In our case and following the recommendation of Mullison (2017), the RL was computed as fol-

lows:

(E-Er)

RL:mlog(loKC 0 —1)+Br (IL7)

where Kc (in dB/counts) is the factor used to convert the amplitude reported by the ADCP, in
counts, to decibels. E the backscattered intensity of the acoustic wave, which was measured by
the instrument (in counts), Er the backscattered intensity signal, which is seen by the instrument
in the absence of any signal (the noise) and Br, the associated pressure level furnished by the man-
ufacturer (dB). In our case, since we will be looking at relative SPM concentrations, neglecting Br

will not affect our results.

Two types of transmission losses can be estimated. One is associated to the spherical spread-
ing, which corresponds to the decrease of the signal intensity as the signal travels away from the
emission source. The other type of loss corresponds to the acoustic signal attenuation due to the
ambient environment, i.e. the attenuation due to the water (« ) and the attenuation due to the
suspended particles characteristics (a g). In the presence of particles, the total transmission loss,

with a distance R from the emission source and ¢ the beam angle (20° ), is expressed as follows:
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TL:2010g10R+f (o (N +ag(r))dr (I1.8)
0
with the along beam distance R = ﬁ, where d is the bin vertical distance and 6 is the beam

angle (200). The attenuation coefficient o y (dB m1) was estimated from the model of Francois
and Garrison (1982a, 1982b). According to Tessier (2006), the particle attenuation o ¢ becomes
significant when the SPM concentration is of the order of 200 mg 1! for a 1200 kHz acoustic signal
and fine particles. The concentrations of SPM measured during the surveys (estimated from CTD
OBS profiling) were rather low in the dry season, and never exceeded 170 mg1'! in the wet season.

Therefore, the choice was made to neglect a  in the calculation of the backscatter index (BI).

An accurate estimate of the acoustic source level (SL) emitted by the ADCP is difficult. It can either
be obtained by laboratory calibrations of the instrument, or by using the average reference values
provided by the manufacturer. Laboratory experiments showed that for a 1200 kHz ADCP, the
values range from 216 to 218 dB (Tessier, 2006). Furthermore, the SL can vary with the battery
voltage. This effect could infer a bias in the measurement, when using the manufacturer reference.
In our case, the ADCP was not calibrated prior to the survey, and therefore SL is neglected. Again,

since we only look at relative SPM concentrations, neglecting SL does not alter our results.

Lastly, the best regression relationship between SPM concentrations measured by optical backscat-
tering (SPMogs) and Bl is found to be linear between 10/og;o(SPM) and BI. It is used to estimate
SPM concentrations (in mg1'') from acoustic measurements (in dB), called SPMuc hereafter, fol-

lowing:

10l0g10 (SPMac) = aBl+b (I1.9)

with a and b the slope and the intercept of the linear regression.

However, the uncertainties associated with the different terms of the sonar equation remain im-

portant, and the calibration of the acoustic signal is done in practice by adjusting the slope.

I1.2.3.4.4 Sediment discharges from ADCP

For each ensemble dt (5 s) and vertical bin dz (0.25 m), the sediment discharge (noted Qginsep)
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was computed as the product of instantaneous Qapcp and SPMyc as:

QginseD = Qapce X SPMac (I1.10a)

and the total sediment discharge is then:

EnsemblesBins

Qsep= ), ). QsinsD (I.10b)
j=1 =1
Furthermore, Qsgp+ was computed as the component of the sediment flux flowing downstream

and Qsgp- as the component of the sediment flux flowing upstream. Note that the sum of Qsgp+

and Qsgp- is equal to Qsgp.

I1.2.3.4.5 Particles properties measurements from LISST

The laser diffraction spectrum, discretized over 32 classes, was first converted into a particu-
late volume concentration (in pl™!) using the factory volume calibration constant. The sum of the
contributions provided the SPM volume concentration (SPMVC). However, following the recom-
mendation of Mikkelsen et al. (2005), the extreme size classes # 1, # 2, # 31 and # 32 were removed
before calculating the SPMVC, the particle size distribution (PSD) and the mean apparent diame-
ter (Dsp). Indeed, in stratified waters, water masses have different densities and therefore different
refractive indexes which can cause significant light scattering. This phenomenon is known and
called the schlieren effect. The LISST probe detects the schlieren effect as an accumulation of
large or small particles (i.e., the extreme classes of the spectrum) in the pycnocline (Styles 2006;
Mikkelsen et al. 2008). In addition, the measurements for which peaks of particles in extreme
classes occurred have been removed, as we found that schlieren effect happened to also con-
taminate classes as high as # 4 and as low as # 26. Based on data between classes # 3 (1.74 pm)
and # 30 (179.53 um), the particulate volume concentration was normalized by the width of each
logarithmically-spaced class and gave the PSD (in u 1"} pm). Then, D5 (in um) was calculated as

the diameter corresponding to 50% of the cumulative volume concentration of particles.

I1.2.4 Results

The effects of seasonal, tidal and spatial forcings on various water column parameters were inves-

tigated. Water and sediment fluxes are presented in the first part. The second part is dedicated
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to the hydrology and turbidity of the water column. Lastly, the suspended particulate matter vari-

ability is discussed.

11.2.4.1 Fluxes

I1.2.4.1.1 Calibrations of the optical and acoustical SPM, SPMOBS and SPMAC

Calibrations of optical instruments must be carried out in environments where flocculation of
fine grains/particles occurs and where hydrodynamics and grain types/particles properties are
highly variable (Bunt et al., 1999). A linear regression was used between the OBS signal (i.e. the
turbidity, in FTU) and the filtered SPMgjjers concentration (in mg 1'1), for the wet season surveys
and for the dry season surveys. The slope (a) and the intercept (b) of the fitted regression lines
were a=0.90 and b=-9.84 for the wet season (R2=0.96), and a=1.08 and b=-3.86 for the dry season
(R2=0.88). Based on these relationships, SPMqgs concentrations were determined from the tur-

bidity profiles, for each season.

The best-fit regression relationship between SPMops and BI was used at each survey to derive
SPM concentrations SPM¢ from the acoustic signal (Fig. 11.2). The determination coefficient R?
reflects the different sensitivity of optical and acoustic sensors to changes in SPM size and charac-
teristics/properties. Indeed, backscattering is influenced by sediment type, size, color and com-
position, with optical and acoustical backscattering showing different sensitivities and responses
to these parameters (Thorne et al., 1991; Fugate and Friedrichs, 2002; Voulgaris and Meyers, 2004;
Downing 2006). Gartner and Cheng (2001) and Gartner (2002) showed that optical sensors are
more sensitive to small particles while acoustic sensors are more sensitive to large particles. Fur-
thermore, Kim and Voulgaris (2003) found a slight bias in the SPM,¢ estimates when the sediment
is silt or finer. Rouhnia et al. (2014) showed that the intensity of the backscattered acoustic signal
from flocs is mainly affected by the flocculi (i.e the microflocs). However, flocs can have a smaller
influence on the backscatter signal than sand grains of the same size, due to their lower density
(Ha et al., 2011). Therefore, the SPMc should be considered with caution and as estimates only,

rather than exact SPM measurements.

Good correlations between SPMggs and Bl were found for surveys WN, WS and DS with R? 0f 0.83,
0.84 and 0.70, respectively (Fig. 11.2 a, b, c). Only survey DN showed a poor correlation (0.04)
between the datasets (Fig. 1.2 d). Following the circulation and thermohaline conditions of the

water column in survey DN (Fig. II.3 and see section 11.2.4.2), the water column was, at some



CHAPTERII. STUDY OF THE SEASONAL AND TIDAL VARIABILITY OF THE HYDROLOGY AND
74  SUSPENDED PARTICULATE MATTER IN THE RED RIVER ESTUARY WITH OBSERVATIONS

specific tidal stages, divided in two water masses flowing in opposite direction. The choice was
made to compute different calibrations for the top and bottom layers, and the boundary between
the two layers was defined by the reversal in current direction. A good correlation was found for
the bottom layer (0.85) (Fig 2 ), but a poor correlation remained in the top layer (0.13) (Fig. 1I.2
e). Therefore, for this particular case (top layer of the water column, survey DN), SPMj¢ could not
be estimated. As a first guess and instead of using Eq. I11.10 b., the contribution of this layer to the
sediment discharge Qsgp was computed as the product of the mean SPMggs with the mean Qapcp
of the top layer of the water column. Results of these estimates are presented in the following

section.

Figure I1.2: 10log; of suspended matter concentration estimated from CTD OBS (SPMogs in mg1'!) against
the ADCP backscattering index (BI in dB) for each survey WN, WS, DS and DN (panels a, b, c, d respectively).
Raw data are shown in grey and the binned data in black, the data trend line is shown in red. Panels e and f
correspond to the top and bottom water layers respectively in survey DN. On the y-axis, 10 corresponds to
10mgl!, 16 to 40 mg 1!, 20 to 100 mg 1!, 26 to 400 mg L.

I1.2.4.1.2 Water and sediment budgets

a) Time variations

Seasonal variations in Qapcp were high, with wet season water discharges (2425 m?3 st in aver-
age over the survey WN and 1757 m? s! for survey WS, Table I1.2) 4 to 11 times larger than the
discharges in dry season (478 and 222 m® s°! for survey DS and DN, respectively). Suspended sed-
iment discharges Qsgp varied accordingly, with 3 to 170 times larger values in wet season than in

the dry season (0.34 t s"' in WN and 0.11 t s’! in WS, as compared to 0.04 and 0.002 t s”! in surveys
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Figure I1.3: Mean currents directions (in ° N) measured at ST2 during survey DN at high tide (8 am), ebb
tide (12 am), low tide (4 pm) and flood tide (2 am).

DS and DN, respectively).

During the wet season, the total water and sediment discharges Qapcp and Qsgp were dominantly
directed down-estuary (Qapcp+ and Qsgp+) and only very limited fluxes directed up-estuary (Qapcp-
and Qsgp-) were observed (Fig. 11.4 a,b; Table I1.2). In neap tide, a mean Qapcp+ of 2432 m3 57! was
measured against a mean Qapcp- of 7 m3 s, the associated mean Qsgp+ being 0f 0.34 t s! against

amean Qsgp- of 10 ts™L. In spring tide, up-estuary fluxes were slightly higher but less than 4% of

the total water and sediment discharges (Table II.2).

As expected, the up-estuary component of the water discharge (Qapcp-) was much higher in the
dry season than in the wet season (Table II.2). During the dry season, both down-estuary and up-
estuary flows contributed to the total water and sediment fluxes. Globally, the down-estuary water
and suspended sediment discharges were respectively 61 and 66% higher than the up-estuary wa-
ter and suspended sediment flows in the dry season (Table I1.2). The range of Qapcp was around
3 times higher in spring tide (from -3976 to 3178 m® s'!) than in neap tide (from -1252 to 1826 m3
s’!, Fig 4. ¢,d). The difference was highly enhanced in the range of Qsgp (from -0.55 to 0.45 t s} in

spring tide, while they ranged from -0.015 to 0.022 t stin neap tide, Fig 4. c,d).

Fluxes were very sensitive to tidal variations in dry season, and in wet season during spring tide

(Fig. 11.4).

In the dry season and in the wet season at spring tide, Qapcp was influenced by the tidal diurnal
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cycle with high discharges at low tides, decreasing discharges at rising tides, low discharges at high

tides and increasing discharges at falling tides (Fig. 11.4 b,c,d). Qsgp followed the same patterns.

In the wet season, only spring tides have induced large enough amplitudes (of ~ 2 m) to balance
the riverine discharge and induce up-estuary flow (Qapcp-) at stations ST1 and ST2 (Fig. 11.4 b) ;
tidal currents at neap tides (maximum amplitudes of 0.5 m) were not strong enough to impact the
riverine discharges (Fig. I1.4 a). The rest of the diurnal cycle (i.e. low, ebb and flood tides) at each
station was dominated by a down-estuary flow (Qapcp+), which increased with ebb tides and was

the highest around low tides.

A noticeable difference can be seen on the flow regime between spring and neap tides in dry sea-
son. During spring tides, the flow was alternatively strictly down-estuary and strictly up-estuary
with positive Qapcp values and no Qapcp- component during 12 hours then the reverse during the
next 12 hours from the end of flood until halfway through ebb (Fig. 11.4 d). At neap tides (sur-
vey DN, Fig 4 c), the reversion of the total flow also occurred, but was more nuanced with both
Qapcp- and Qapcp+ components contributing at the same time to the flow at ST1 and ST2. This
particular case resulted from the strong stratification at neap tide and dry season, with two distinct
water masses as explained above in 4.1.1: the upper flowing down-estuary, and the lower flowing

up-estuary.

Qsep followed Qapcp patterns with mean net down-estuary sediment fluxes Qsgp 20 times larger in
spring tide (0.04 ts™!, Table I1.2) than in neap tide (0.002 t s!) in dry season, and with negligible up-
estuary sediment fluxes (Qsgp-) in wet season lower than 4% of the down-estuary fluxes (Qsgp+),
both for spring and neap tides. However, the sediment sources are different: while Qsgp+ refers to
the fluxes of fluvial suspended sediment, Qsgp- refers to the upward transport of sediment from
the coastal zone or resuspended in the estuary. A main information of the measurements is to
quantify this very high up-estuary flow of coastal sediment Qsgp- in dry season and spring tide
(0.08 t 57!, Table II.2) which is % of the down-estuary discharge of suspended matter Qsgp+ from
the river basin (0.12 t s'!). In other words, the estuary is silting up and the delta is consolidating

mainly in spring tide during the dry season.

At last, the time variations of tidal amplitude and discharge at Trung Trang during spring tides
(both in dry and wet seasons) clearly show that flood tides are shorter than ebb tides in the Van Uc
estuary. Such a non linear tidal distortion may be explained either by a high tidal energy dissipa-

tion by friction (reflected as a/h= tidal amplitude/water depth) or by a low intertidal storage (mea-
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sured by V¢/V.=volume of intertidal storage/volume of channels at mean sea level) (Friedrichs and

Aubrey, 1998; Kang and Jun, 2003).

Table I1.2: Mean water discharges at Trung Trang (Qrt), mean water (Qapcp) and mean sediment (Qsgp)
discharges derived from ADCP measurements and determination coefficients (R?), for the four surveys (for
our 36 values time series, the 99% significance threshold is reached for a correlation of 0.42). The means are
computed over the 3-days period of each survey (36 values), and computed over 24h when showed for each
station (12 values).

b) Spatial variations

Qapcp measured in the estuary exhibited very small differences compared to the mean discharges
from the hydrological station Trung Trang (noted TT from hereafter) in the wet season (below 1%
for WN and around 7% for WS, see Table I1.2). However, in the dry season, Qapcp is 27% higher
than the mean discharge at TT (Qr) in spring tide, and is 41% lower than Qrt in neap tide. Due
to its location roughly 15 km upstream of ST3 (Fig. II.1), TT station is less affected than our tran-
sect stations by the variation of discharges due to the tides, especially during the dry season, and
therefore, discrepancies in measured discharges at our stations and discharges at TT may appear.
Overall, time series of Qapcp and Qrr were highly correlated in surveys WS, DS and DN (R?=0.80,
0.81 and 0.81 respectively) and only survey WN showed a weaker (but still significant at 99% ) aver-
age correlation (R®=0.46) that may be explained by the small amplitudes of variations in Qzpcp in
this season and tidal range. Better correlations were obtained with a lag between Qrr and Qapcp
in surveys WS, DN and DN. The best R? values (R?=0.97, 0.98 and 0.97 for survey WS, DS and DN,
respectively) were found at each station and for each survey with a lag of two hours, which indi-
cated that Qr are leading Qapcp by two hours all along the estuary, in average, as can be seen in

Fig 4. b,c,d.
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Increases in Qapcp of about 52% , 33% and 42 % were observed between ST3 and ST2 during sur-
veys WN, WS and DS, respectively (Table I1.2). These increases are likely due to water inputs from
the Luoc River which flows into the Van Uc River, approximately 2 km downstream of ST3 (see Fig-
ure 1). The 40% drop in water discharge that was observed during the survey DN between ST3 and
ST2 coincided with decreasing water discharges measured at Trung Trang station (Qrt) during the
3-day period of measurements (Table I1.2; Fig. 11.4 c¢), and can thus be explained by a decrease of
discharge from the day of ST3 measurements to the day of ST2 measurements. Decreases in water
and sediment discharges amplitudes were observed from the river mouth upwards (from ST1 to
ST3) during surveys WS, DS and DN (Fig. 11.4 b,c,d). These decreases could be explained by the
variations in the tidal elevation range along the estuary that impact the capability of currents to
transport water and sediments. The tidal range increases towards the mouth before decreasing in
the river section, when the convergence effects of the estuary sides exceed the frictional effect of

the bed (Dyer, 1995).

Given the scarcity of water discharge data and of their tidal and seasonal variability in the Van Uc
river, those values will provide a precious basis for assessing the role of the neap-spring cycle on
estuarine dynamics, but will also provide a new benchmark for the calibration/validation of an

estuarine hydrodynamic and sediment model.

I1.2.4.2 Hydrology and turbidity

Salinity as well as Simpson parameter values (®), which correspond to the amount of energy
needed to homogenize the water column, exhibited large differences between the two seasons.
During the wet season, salinity ranged from 0.8 to 1 PSU (not shown) and ® from 0.07 to 1.3 ] m3
(Fig. 11.5), indicating strictly unstratified fresh waters conditions. During the dry season, salinity
ranged from 0.8 to 27 PSU (Fig. 11.6 a,b) and ® from 0.1 to 10°Jm™ (Fig. 11.5), which illustrated an

oscillation between fresh and unstratified to salty and stratified conditions.

During the wet season, tidal and spatial variations of salinity, of the average Richardson gradient
number (Ri) and of the Brunt-Vaisala frequency (N?) were indeed very limited. Values of R; >0.25
(not shown) indicate that the turbulent mixing across the stratification is suppressed, therefore the
water column is stratified, and conversely R; < 0.25 indicates a strong vertical mixing. In addition
of salinities <1 PSU for WN and WS at all stations, almost all R; values remained below 0.25 and N?
<0.001 s (not shown). R; < 0.25 and homogeneous relatively small values of N? are indicative of

homogeneous conditions with a strong vertical mixing. However, at 2 pm and 4 pm in survey WS
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Figure I1.4: Tidal elevation (in m, black line) and Qtr (m3 s}, blue line), measured Qapcp (m® s7!, red dots)
with associated Qapcp+ and Qapcp- (dark grey and light grey bars, respectively), and computed Qsgp (in t
s, black dots) with associated Qsep+ and Qsgp- (blue and purple bars, respectively), at all three stations
for all four surveys.

at ST1, R; = 0.52 and 0.64, respectively, and coincided with ® > 1 (Fig. I1.5). This light stratification
corresponded to a slight increase of the surface water temperatures (of about 1.5 ° C, not shown),

triggered by an intense solar heating during this particular afternoon.

During the dry season, spatial and tidal variations of salinity, turbidity, R; and N? were high. In
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Figure I1.5: Simpson parameter values (J m™) at ST3 (left), ST2 (center) and ST1 (right) for survey WN (or-
ange line), survey WS (cyan line), survey DS (black line) and survey DN (yellow line) during 24h tide cycles.
The letters “L" indicates the time of low tide. The missing value at 8pm at ST3 (survey WN) corresponds to
a failure in CTD measurement.

spring tides (survey DS), salinity ranges decreased along the estuary from 0.1 to 27 PSU at ST1,
from 0.1 to 20 PSU at ST2 and from 0.1 to 0.3 PSU at ST3 (Fig. 11.6a). At ST3, the water column
remained homogeneous throughout the day, with R; < 0.25 and small homogeneous N? values
(<0.001 s2). At ST2 and ST1, the water column alternated between stratified and homogeneous
conditions. During low and flood tides, the water column was composed of fresh, turbid (100-250
FTU) and homogeneous waters with Ri <0.25 and N? ~ 0 s72. On the opposite, during high tides and
ebb tides, the water column was partly stratified and composed of salty waters with lower turbidity
(below 100 FTU). In particular at ST1, Brunt-Vaiséld profiles indicated a stratification near the
surface in the top 3 m of the water column with N? ~ 0.05 s'2, which coincided with R; > 0.25.
At ST2, the intensity of the stratification decreased with R; < 0.25 and scattered N2 maxima were
observed. Following the results of Fig. 1.4 d, both spring and diurnal tides played a key role in
influencing the water column conditions of the dry season. The water column was either strictly
dominated by fresh turbid riverine waters flowing down-estuary when the tidal amplitude was the
lowest, or by salty marine waters flowing up-estuary when the tidal amplitude was high. The tidal
intrusion and efficiency to bring salty waters decreased with the distance from the river mouth
with a very limited influence at ST3 (20 km upstream of ST1) where the salinity does not exceed

0.3.

Neap tides water column characteristics in the dry season were very different than spring tides
characteristics. At ST1 and ST2, the water column was very stratified and divided into two layers:
one bottom layer composed of dense salty waters (up to 25 PSU) and one top layer composed of
fresh (~ 0 PSU) riverine waters (Fig. I1.6b). Overall, the turbidity values of survey DN were lower
than in any other surveys, but the top layer showed higher turbidity values (40-60 FTU) than the

bottom layer (< 20 FTU). Similar to survey DS case, the salinity (of the bottom layer) decreased
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(a)

(b)

Figure IL.6: Salinity (in PSU), N2 (in s2), and turbidity (in FTU) temporal series at ST3, ST2 and ST1 mea-
sured in survey DS (a, dry season, spring tides) and in survey DN (b, dry season, neap tides). Note the
different colorbars for salinity at ST3 for DS, due to very low values, and between DS and DN for N? and
turbidity.

along the estuary with the distance from the mouth (from 0.8 to 27 PSU at ST1, from 0.8 to 23 PSU
at ST2 and from 0.8 to 10 PSU at ST3). At ST1 and ST2, N2 values were maximum in the halocline
(~ 0.1 s2) and were twice bigger than in survey DS. In addition, R; > 0.25 at ST2 and R; > 0.5 at
ST1 indicated a strong stratification, that lasted throughout the 24 hours of measurements. In ac-
cordance with the salinity patterns, the stratification intensity decreased along the estuary, with
stronger stratification at the stations close to the mouth. As seen in section I11.2.4.1.2 and in Fig. 11.4
¢, neap tides in the dry season triggered a two layers circulation in the water column. On top, the
fresh and turbid river waters flowed downstream (corresponding to Qapcp+ in Fig. 11.4 c) whereas,
at the bottom the clear salty marine waters flowed upstream (corresponding to Qapcp- in Fig. 11.4
c). Lastly, near bed high turbidity values observed at ST1 were due to particles’ resuspension in-

duced by the maximal strength of the upstream flow of high tides (Fig. 11.6b).
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I1.2.4.3 Suspended particulate matter

I1.2.4.3.1 Time variations

The PSDs alternated between bimodal and trimodal distributions from a survey to another, with
varying contributions of each particle class to the total particle volume (Fig. I1.7 a). As mentioned
in the literature, PSDs of observed suspensions are more often bimodal or multi-modal rather than

unimodal (Ludwig and Hane 1990; Green and Boon, 1993).

In wet season, trimodal PSDs were measured with a first peak for particle diameters < 4 pm, a sec-
ond peak for particles of diameter 5-10 um, and a third peak for aggregates of larger diameters (of
30-70 um for survey WN and of ~ 30 um for survey WS). From hereafter, we consider the particles
<4 pum as primary particles (PP), the particles of 4-20 pm as flocculi, and the particles > 20 um
as microflocs. In the wet season, spring tides likely induced stronger turbulent stresses than neap
tides (see Fig. 11.4 b as compared to 2. 4 a) that may cause a breakage of the largest flocs, hence
a decrease in populations of microflocs >30 pm in spring tides. This is consistent with the results
from Mikkelsen et al. (2006), who demonstrated that when the water column stress increases, the
volume occupied by large particles (in their case: macroflocs) decreases, while the volume occu-

pied by finer particles (in their case: microflocs) increases.

In dry season, bimodal PSDs were measured with peaks moving in the spring-neap tide cycle.
Peaks of PP and flocculi were observed in spring tides (survey DS, Fig. 1.7 a), while peaks of flocculi
and microflocs appeared in neap tides (survey DN). However, the tidal average PSDs in spring tides
masked a diurnal alternation of PSDs. At low tide (Fig. I1.7 b), the instant PSD was similar to the
average PSD of survey DS (Fig. I1.7 a) but at high tide, the instant PSD (Fig. I11.7 b) appeared to be
similar to the PSDs of survey DN (Fig. I1.7 a). These observations highlight the fact that riverine
waters, which dominated the water column around low tides in spring tide (see section 11.4.1.2,
Fig. 11.4 d and section I1.2.4.2, Fig. 1I.6a), carried PP and flocculi. On the other side, marine salty
waters, which dominated the water column around high tide in spring tides and all along neap
tides, carried flocculi and microflocs. We suggest that the microflocs were formed by salinity-
induced flocculation of PP or covarying aggregation by bio-processes, either within the estuary,
or in the coastal area and they were brought back into the estuary by the tidal advection. As seen
in section I1.2.4.2 and Fig. 11.6,b, salinity maxima oscillated between 0.8 and 27 PSU during the
dry season, and Vinh et al. (2018) showed that flocculation happened for salinity as low as 0.1

PSU in the Cam Nam estuary (Fig. II.1). Besides, Eisma (1993) indicated that salinity flocculation
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is complete at 8 PSU or less, and Mari et al. (2012) demonstrated that the stickiness properties
of organic exopolymeric substances increase between 10 and 15 PSU, enhancing the bio-induced

flocculation in the Cam Nam estuary.

It is important to note that the high concentrations of PP observed in almost all surveys and which
sometimes corresponded to 5-15 % of the SPMVC, are to be considered with caution. Rather than
providing an exact number, these concentrations should be interpreted as an indication of the
presence of very fine particles (Fettweis and Baeye, 2015). Indeed, the LISST-100X (type B) detec-
tors show some limitations and uncertainties related to the characteristics of the particles. Sig-
nificant concentrations of particles smaller than the lowest LISST detection limit (<1.25 pm) can
influence the entire PSD with increase of concentrations of the two smallest size classes, a de-
crease of the next classes and an increase on the largest size classes (Andrew et al., 2010; Graham

atal., 2012).

I1.2.4.3.2 Spatial variations

We further investigated the transfer of particles from a class to another, and the relative contri-
bution of each class to the total SPMVC (Fig. 11.7 c). During spring tides (surveys WS and DS), the
proportion of each class remained quite unchanged along the estuary, while longitudinal varia-
tions were observed in neap tides (surveys WN and DN), with decreasing proportion of primary
particles and increasing proportion of microflocs from upstream (ST3) to the river mouth (ST1). In
survey WN, for example, microflocs made up 23% of the total volume at ST3, 35% at ST2 and 39%
at ST1, while PP contribution to SPMVC decreased from ST3 (34% ) to ST2 (22% ) and ST1 (18%
). Similar longitudinal transfers from PP to microflocs were observed in survey DN, even though
the PP contributions to SPMVC were about twice larger in survey WN. These discrepancies in PP
concentrations between dry and wet seasons could be due to differences in sediments discharges
(Qsep) between the seasons (section 11.2.4.1.2), with mean Qsgp approximately 170 times bigger
in survey WN than in DN (Table II.2). In survey DN, salinity-induced flocculation may explain the
transfers of PP to microflocs (see previous section), intensifying closer to the river mouth (ST2 and
ST1). For spring tide surveys (DS and WS), the proportion of each class remained spatially almost
unchanged because the along-estuary salinity gradient was non-existent, limiting the flocculation

and therefore the transfer of PP to microflocs.

Lastly, the SPMVC progressively decreased along the estuary with higher volume concentrations

recorded at ST3 than at ST2 and ST1, in each case (see the values on Fig. 11.7 a). The volume con-
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centration ratio between ST3 and ST1 decreased from 12 for survey WN, to ~ 3 for surveys WS, DS
and DN. Although SPMVCs should not be considered as exact values but only as indicators, such a
volume loss may be explained by particles deposition, with zones of accumulation spanning from
ST3 to ST1. Here, hydrodynamical-sediment transport modelling would be a useful tool to detail
the transport and deposition of SPM, and could highlight zones of accumulation / accretion in the

estuary and along the shorelines.

Figure I1.7: a) PSD at each station for all surveys and their associated SPMVC. b) PSD at ST2 in survey DS at
high tide (measured at 8 am) and low tide (measured at 8 pm). c) Proportions of primary particles, flocculi
and microflocs in terms of % of volume occupied, by station and for all four surveys.

I1.2.5 Discussion and Conclusion

Water column and sediment time-series observations made along the lowermost 20 km of the Van
Ucriver, which included acoustic and optical determination of SPM concentration, measurements

of flow velocity, salinity, and PSD, at different seasons and neap-spring cycle, showed that:

1 - The water and sediment discharges of the Van Uc river undergo a comprehensive regime change
between high-seasonal (wet season) and low-seasonal (dry season) discharges. The sampled por-
tion of the estuary varied from mixed to stratified, depending on tidal state and freshwater inflow.
Strictly mixed conditions occurred during high-flow season with low salinity (<0.09 PSU), charac-
terizing the upper estuary. During high-flow season, the middle and lower estuaries (likely located

in the bay) was not sampled. In the sampled estuary during low-flow season, water column con-
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ditions transited from mixed, partly-stratified to very stratified, with salinity of a few PSU, char-
acterizing the middle or lower estuary, due to the combined effects of neap-spring cycle, diurnal
tides and low discharges: in spring tides, the water column was either partly-stratified near the
surface with high tides or mixed with low tides, while neap tides triggered a constant and strong

stratification.

2 - The seasonal discharges are affected by the neap-spring cycle with different effects between
the seasons. The high seasonal flow is not disrupted by neap tides but spring tides can reverse the
downstream river flow at high tides. In low-flow season, the spring tides reverse the flow for half
the day, while neap tides trigger a gravitational circulation (two-layer circulation) with a flow in
both directions (up-estuary for the bottom layer and down-estuary for the top layer) and a very
stratified water column. The occurrence of gravitational circulation thus depends both on fresh-

water flow and on the tidal state.

3- Decomposition of the suspended matter flux revealed that the riverine down-estuary compo-
nent was the most important during high flow season while gravitational and tidal processes, like
local resuspension, were most important during low flow season. Up-estuary suspended matter
flux appeared to account for % of the down-estuary flux in the low-flow season, which indicates
that the estuary is silting up and the delta is consolidating mainly during the dry season. This fine
marine sediment importation in the estuary, likely due to a gravitational circulation, is driven by
the longitudinal density gradient caused by freshwater inflow, developing an estuarine turbidity
maximum near the upstream boundary of the gravitational circulation (Dronkers 1986). This is
particularly observable in neap tides when a sediment flux is oriented seaward in a surface layer
at the same time than alandward sediment flux in the underlying salted layer. The ETM (estuarine
turbidity maximum) was described by Vinh et al. (2018) in another distributary of the Red River,
close to the Van Uc River, and our measurements indicates that an ETM is likely located between
stations ST1 and ST2 during the dry season. During the wet season, salinity remained very low in
the riverine part of the estuary (with maximum value of 0.09 PSU at the river mouth), indicating
that mixing between riverine and marine waters develops in the bay and in coastal waters, like in
the Cam-Nam Trieu estuary (Vinh et al., 2018). Since stratification remains low during the tidal cy-
cle, another process than gravitational circulation should explain the landward flux of suspended
sediment in the wet season, which was observed at spring tides. Important asymmetry (or distor-
tion) can occur in the tidal curve and velocities, in estuaries characterized by larger tidal ranges

than water depths and by cross-river sections rapidly decreasing going up-estuary (Dyer, 1986).
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In these cases, flood tides become shorter and stronger than ebb tides. The distortion of the tide
wave in spring tide may be the dominant process to explain the up-estuary sediment mobility in
wet season at spring tide during flood. A combination of the two main estuarine processes could
thus explain the estuarine behaviour between two extreme conditions, at neap tides in dry season
when gravitational circulation dominates, and at spring tides in wet season, when tidal distortion
dominates. The effects of both processes may be further quantified and compared from numerical

simulations.

4- Seasonal and tidal flow dynamics are also reflected in grain-size characteristics. All types of
particles (PP, flocculi and microflocs) are transported during the high-flow season at any tidal
stages, while mainly flocculi and microflocs are transported in the low-flow season, at high tides
in spring tides and all along neap tides. The presence of the finest fraction (PP and flocculi) cor-
responds to the so-called wash load transport, which keeps particles in motion by turbulence at
all current speeds and can therefore occur at any season and any tidal stages. The coarser fraction
(microflocs) is likely in motion and transported by suspension, re-suspension and bedload (Dyer,
1995). While suspension can occur at any season, bedload occurs mostly during the high-flow

season with highest current velocities (high water discharges).

This study took place in the framework of a more comprehensive modeling project which aims
at representing the transport and fate of sediment from the Red River to the Gulf of Tonkin and
analyzing the relevant processes. As tides have a major effect on the sediment dynamics within
the estuaries and in the plume area (Pritchard 1954, 1956; Allen et al., 1980; Fontes et al., 2008;
Vinh et al., 2018), and as monsoonal estuaries are highly affected by seasonal water discharges
(Wolanski et al., 2013; Vinh et al., 2014; Nowacki et al., 2015), it is necessary to document and
understand the estuarine hydrology and suspended matter dynamics, before setting up a set of
numerical models and investigating the fine scale sediment physics. Considering model calibra-
tion, the primary objective of the field campaigns was to assess the up and down-estuary fluxes of
both water and suspended matter, and fixed sampling stations were chosen accordingly. Note that
the above-mentioned differences between the wet and dry seasons could be due to spatial aliasing
with respect of the salinity intrusion. During the dry season, sampling stations were likely located
in the saline estuary, while during the wet season stations seemed located in the tidal river as
salinity intrusion was pushed seaward. Such configuration of a delta-front estuary (following the
physiographic type defined by Fairbridge, 1980), with a narrow river opening to a large bay, makes

very difficult to measure the tidal prism when the estuary develops off the river mouth. Numeri-
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cal simulations will offer the possibility to compute the tidal prism and thus to estimate common
estuarine dimensionless parameters such as the stratification number, the estuarine number and
the circulation number. Nevertheless, this study complemented the understanding of the Van Uc
estuary, which, to our knowledge, has never been sampled before. Further field studies are also
encouraged to focus on the mixing processes and estuary configuration in wet season along the

Red River delta.
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III.1 Summary of Chapter III

The major role played by tides on sediment dynamics within the estuaries and in the plume area
and, at a larger scale, on circulation and sediment transport in coastal and open seas have been
detailed in Chapter I. In addition, the results of Chapter II confirmed and described the role of
tides in hydro-sedimentary dynamics in the Red River estuary. This also shed light on the need
of accurate tidal solutions for modelling estuarine and coastal processes in macrotidal regions.
In particular, bathymetry and bottom shear stress are crucial parameters to consider in shallow-
water regional and coastal modeling since they both influence the propagation and distortion of
the tides. In this context, the first objective of this chapter is to propose a robust and simple ap-
proach that allows to solve the tidal representation of the main constituents of the GoT. The second
objective is to provide an optimized model configuration, in terms of bathymetry and bottom fric-
tion parameterization, based on tide representation in the GoT, which will be used in the rest of
this thesis for modeling the hydro-sedimentary dynamics along the estuarine-coastal ocean-open
sea continuum. For that, an improved bathymetry and coastline database over the GoT is con-
structed and sensitivity experiments performed with the hydrodynamical model T-UGOm, which
allows the user to perform fast and low-cost tests on various parameterizations and bathymetry
configurations. These experiments are compared with satellite altimetry data and with previous
results from the literature. This strategy allows to assess and quantify the importance of each
element considered and to determine the best configuration and parameterization that will be
applied in the forthcoming sediment transport modeling study. Results from these experiments
allow to quantify the importance of the bathymetry and shoreline dataset and of the choice of
bottom friction parameters for the representation of tidal simulations over a shallow area like the
GoT. First, they show that the new bathymetry dataset constructed for this study allows to reduce
the errors (taking along-track altimetry data as a reference) of the representation of M2 and S2 in
T-UGOm simulations by 40% and 25% respectively and O1 and K1 by 32% and 6% respectively,
compared to simulations that use the regular GEBCO dataset. Second, tests on the bottom fric-
tion parameterization reveal that the regionalisation of the roughness length into three regions,
for addressing the issue of representing the complexity of seabed composition and morphology,
improves the accuracy of our simulation in terms of tidal solutions. However, finer local adjust-
ments of the roughness length or the choice of a linear velocity profile in the area of fine mud, do

not improve the accuracy of our simulations.
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Abstract

Tidal dynamics consequences on hydro-sedimentary processes are a recurrent issue in estuarine
and coastal processes studies and accurate tidal solutions are a prerequisite for modelling sedi-
ment transport, especially in macro-tidal regions. The motivation for the study presented in this
publication is to implement and optimize the model configuration that will satisfy this prereq-
uisite in the frame of a larger objective to study the sediment dynamics and fate in the Red River
delta to the Gulf of Tonkin from a numerical hydrodynamical-sediment coupled model. Therefore,
we focus on the main tidal constituents to conduct sensitivity experiments on the bathymetry and
bottom friction parameterization. The frequency-domain solver available in the hydrodynamic
unstructured grid model T-UGOm has been used to reduce the computational cost and allow for
wider parameter explorations. Tidal solutions obtained from the optimal configuration were eval-
uated from tide measurements derived from satellite altimetry and tide gauges: the use of an im-
proved bathymetry dataset and fine friction parameters adjustment significantly improved our
tidal solutions. However, our experiments seem to indicate that the solution error budget is still
dominated by bathymetry errors, which is the most common limitation for accurate tidal mod-

elling.



CHAPTER III. BATHYMETRY AND BOTTOM FRICTION CONTRIBUTIONS TO THE TIDE
96 REPRESENTATION IN THE GULF OF TONKIN

I11.2.1 Introduction

The tide impacts on open seas and coastal seas are nowadays largely studied as they influence the
oceanic circulation as well as the sediment transport and the ecosystems biogeochemical activity.
For instance, Guarnieri et al. (2013) found that tides can influence the circulation by modification
of the horizontal advection and can impact on the mixing. According to Gonzalez-Pola et al. (2012)
and Wang et al. (2013), tides can also generate strong tidal residual flows by non-linear interac-
tions with the topography. In the South China Sea (SCS), their dissipation can affect the vertical
distribution of current and temperature, which in turn might play a role in blooms of the biological
communities (Nugroho et al., 2018). The inclusion of tides and tidal forcings in circulation models
is therefore not only critical for the representation and study of tides, but also for simulating the
circulation and the mixing through different processes: bottom friction modulation by tidal cur-
rents, mixing enhanced by vertical tidal currents shear and mixing induced by internal tides, and
non-linear interactions between tidal currents and the general circulation (Carter and Merrifield,
2007; Herzfeld, 2009; Guarnieri et al., 2013). Including these mechanisms in circulation models
has improved the representation of the seasonal variability of stratifications cycles compared to

models without tides (Holt et al., 2017, Maraldi et al, 2013).

At a smaller scale, the effects of tidal currents on the salt and momentum balances in estuaries
were first recognized by Pritchard (1954, 1956). Since then, tides are known to play a key role in
estuarine dynamics. Affecting mixing, influencing a stronger or weaker stratification depending
on the sea water intrusion, and determining the characteristic of the water masses that can inter-
act with the shelf circulation, tides influence is often the main driver of the estuarine dynamics.
Amongst others, tidal asymmetry and density gradients are responsible for the presence of estu-
arine turbidity maximum (mass of highly concentrated suspended sediments, Allen et al., 1980).
Slack waters are found to favor sedimentation and deposition, while flood and ebb tend to en-
hance erosion and resuspension within the estuary, and the tidal asymmetry induce a tidal pump-
ing (i.e. spring tides are more energetic than neap tides). Understanding the dynamics of these
turbidity maxima is crucial for harbours and coastal maritime traffic managements as they are of-
ten related to high siltation rates, necessitating regular dredging by local authorities (Owens et al.,
2005; Vinh et al., 2018). These zones of accumulation of suspended sediments are also important
for the ecology of coastal areas as sediments can carry pollutants that endanger water quality (Eyre
and McConchie, 1993). The ability to understand and predict the formation of these zones related

to tide cycles is therefore crucial for coastal and local activities.
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The Gulf of Tonkin (from hereafter GoT) covers an area of 115 000 km? from about 16° 10’ - 21°
30’N and 105° 30’ - 111° E. This crescent-shape semi-enclosed basin, also referred as Vinh Bac Bo
in Vietnam or as Beibu Gulf in China, is 270 km wide and 500 km long and lies in between China to
the North and East, and Vietnam to the West. It is characterized by shallow waters as deep as 90m
and is open to the South China Sea (SCS) through the South of the Gulf and to the East through
the narrow Hainan Strait (Fig. III.1a). This latter, also known as Quiongzhou Strait, is on average
30km wide and 50m deep and separates the Hainan Island from the Zhanjiang Peninsula (main-
land China). The bottom topography in the GoT and around Hainan Island is rather complex,
constantly changing, especially along the coastlines, and partly unknown. Furthermore, the Ha
Long Bay area counts about 2000 islets, also known as notches, sometimes no bigger than a few

hundreds square meters.

The GoT is subjected to the South-East Asian sub-tropical monsoon climate (Wyrtki 1961), there-
fore largely influenced by seasonal water discharges from the Red River (Vietham) and by many
smaller rivers such as the Qinjiang, Nanliu and the Yingzai Rivers (China). The Red River, which
brings in average 3500m® s’! (Dang et al., 2010) of water along 150km of coastlines, was ranked
as the ninth river in the world in terms of sediment discharge in the 1970s with 145-160 Mt/year
(Milliman and Meade, 1983). Its sediment supply was drastically reduced since then to around
40 Mt/year of sediments (Le et al., 2007; Vinh et al., 2014). The Red River area accounts for the
most populated region of the GoT, with an estimated population of 21.13 millions in 2016, corre-
sponding to an average population density of 994 inhabitants/km? (from the Statistical Yearbook
of Vietnam, 2017). This region is also a key to the economy of Vietnam, with Ha Long Bay (a UN-
ESCO world heritage site) for its particular touristic value, and with the Hai Phong ports system,
connecting the North of the country to the world market. This latter is the second biggest har-
bour of Vietnam with a particular fast-growing rate in terms of volume of cargos passing through
the port, of about 4.5 10° to 36.3 10° tons from 1995 to 2016, respectively (Statistical Yearbook of
Vietnam, 2017). However, the harbour of Hai Phong is currently affected by an increasing silta-
tion due to tidal pumping, related to changes in water regulation by dams since the late 80’s. Such
phenomenon forces a dredging effort more and more important each year, with 6.6 million US $
spent on dredging activity in 2013 (Lefebvre et al. 2012, Vietnam maritime administration, 2017).
In this particular case, fine scale tidal modeling is of great interest for harbour management and

risks prevision.

The tides in the SCS and in the GoT have been extensively studied since the 1940s (Nguyen, 1969;
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Figure II1.1: (a, left) Gebco bathymetry (in m) and (a, right) details of the Ha Long Bay area (black rectangle in
a left). (b, left) TONKIN_bathymetry data set merged with TONKIN_shorelines over GoT and (b,right) zoom
in the Ha Long Bay area. (c) Absolute (m) and (d) relative (%) differences between TONKIN_bathymetry and
Gebco bathymetry (in m).
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Ye and Robinson, 1983; Yu, 1984; Fang, 1986). Skewing through the literature, a lot of discrepancies
exist in the cotidal charts before the 1980s, especially over the shelf areas. With the development
of numerical models, the discrepancies have been significantly reduced by improving the accu-
racy of tides and tidal currents prediction. Wyrtki (1961) was the first to identify the main tidal
constituents in the SCS (01, K1, M2, S2) and Ye and Robinson (1983), the first to successfully sim-
ulate the tides in the area. Until recently, only few numerical studies have focused on the GoT
(Fang et al., 1999; Manh and Yanaki, 2000; van Maren et al., 2004) and on the Hainan Strait (Chen
et al. 2009). By using, for the first time, a high resolution model (ROMS at 1/25°) and a combina-
tion of all available data, Minh et al. (2014) gave an overview of the dominant physical processes
that characterize the tidal dynamics of the GoT, by exploring its resonance spectrum. This study
improved the existing state of the art in numerically reproducing the tides of the GoT, however
it also showed the limitations of using a 3D model in representing the tidal spectrum. Indeed,
large discrepancies between the model and observations especially for the M2 harmonics and for
the phase of S2 were found. The authors explained those discrepancies by the lack of resolution
in the coastal areas due to limitations implied by the use of a regular grid and a poorly resolved

bathymetric dataset.

The SCS and the GoT are one of the few regions in the world where diurnal tides dominate the
semidiurnal tides (Fang, 1986). The tidal form factor (F), or amplitude ratio, defined by the ratio of
the amplitude of the two main diurnal over the semi-diurnal constituents (as F=(01+K1)/(M2+S2)),
provides a quantitative measure of the general characteristics of the tidal oscillations at a specific
location. If 0< F<0.25, then the regime is semi-diurnal, if 0.25<F<1.5, the regime is mixed pri-
marily semi-diurnal, if 1.5<F<3, the regime is mixed primarily diurnal and if F>3, the regime is
diurnal. Values of F shown on Fig. I11.2 are calculated using tidal amplitudes from FES2014b-with-
assimilation (product described in section 2.2.3). At the entrance of the GoT and at the Hainan
strait, the tides are defined as mixed primarily diurnal with F varying from 1.5 and 2.2 depending
on the given locations . At the Red River Delta, F is around 15, attesting of a diurnal regime. Indeed,
the major branch of energy flux entering the basin from the southwest is weak for the semi-diurnal
tides and strong for the diurnal ones. A second branch of energy (also diurnal tidal waves) enters

the GoT through the Hainan Strait (Ding et al., 2013).

In coastal seas and bays, tides are primarily driven by the open ocean tide at the mouth of the
bay. By resonance of a constructive interference between the incoming tide and a component

reflected from the coast, large tide amplitude can be generated. In the GoT case, tidal waves enter
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Figure III.2: Map of tidal form factor F computed with the amplitudes of tidal waves O1, K1, M2 and S2
obtained from FES2014b-with-assimilation.

the basin from the adjacent SCS and due to the basin geometry, O1 and K1 resonate (Fang et al.,
1999). Their amplitudes reach 90 and 80 cm respectively. The Coriolis force deflects to the right
the incoming waves and push them against the northern enclosure of the basin. Once the waves
are reflected, they propagate southward until they slowly dissipate by friction. Fang (1999) found
that the amplitude of the tide gradually decreases from 4 to 2 m North to South during spring
tide. The amplitude of O1 in the GoT is larger than K1 because of a larger resonance effect, even
though its amplitude in the SCS is smaller than K1 (Minh et al., 2014). The largest semidiurnal
waves of the GoT are M2 and S2. They both appear as a degenerated amphidrome with smallest
amplitudes near the Red River delta in the northwestern head of the Gulf (between 5 to 15 cm for
M2 and below 5 cm for S2) (Hu et al., 2001). Given those values of amplitude, Van Maren et al.
(2004) defined the tidal regime in the GoT as mesotidal, and locally even macrotidal, even though

diurnal tidal regimes are usually mainly microtidal.

Our first objective in this paper is to propose a robust and simple approach that allows to quan-
tify the sensitivity of the tidal solutions to bottom friction parameterization and to bathymetric
changes in the Gulf of Tonkin. This article furthermore represents the first step in a more com-
prehensive modeling study aiming at representing the transport and the fate of sediments from
the Red River to the Gulf using the tridimensional structured coupled SYMPHONIE-MUSTANG
model (Marsaleix et al., 2008; Le Hir et al., 2011). In this framework, our final objective is to opti-

mize the configuration (bathymetry) and parameterization (bottom stress) that will be used in this
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forthcoming study. These objectives are based on the quantification of the response of the tidal

solutions to the calibration of the bottom friction and to the improvements of the bathymetry.

As evidenced by Fontes et al. (2008) and Le Bars et al. (2010), local tidal simulations are mainly
affected by the bathymetry and the bottom stress parametrization. These latter often lack of de-
tails in remote coastal regions and/or in poorly sampled regions (in terms of bathymetry and tide
gauges). It is particularly the case for the GoT. By its location at the boundary between China and
Vietnam and by its intense maritime transport activity, the region is extremely difficult to sam-
ple, in particular in the highly protected region of Ha Long Bay, in the strait of Hainan and in the
nearshore/ coastal areas. In situ data and soundings are consequently rare and yet extremely valu-
able. The precise goal of the present study is therefore to build an improved bathymetry and coast-
line database over the GoT and to define the best configuration for bottom stress parameterization
in this region, evaluating the impact of those parameters on the tidal representation in the GoT.
The resulting optimized configuration will then be used for future numerical studies of ocean dy-
namics and sediment transport in the region. For that, we first worked on the improvement of the
general and global bathymetric datasets available, i.e.. GEBCO (Monahan, 2008), the Smith and
Sandwell bathymetry (Smith and Sandwell 1997) and the ETOPO1 Global Relief Model (Amante
and Eakins, 2009) by incorporating new sources of data. We then worked on the optimization of
the bottom stress parameterization. Our approach to address the issue of the parametrization and
to evaluate the impact of our configuration setup is based on the use of the hydrodynamical model
T-UGOm model of Lyard et al. (2006). Thanks to its frequency-domain solver, shortly described
in the next sections, T-UGOm can indeed perform tidal simulations at an extremely limited com-
putational cost (compared to time-stepping solver), in our case roughly 80 times faster than usual
time-stepping hydrodynamical models (i.e. from few minutes for T-UGOm against hours/days).
Furthermore, different formulations for the bottom friction can be prescribed as well as a varying
spatial distribution of its related parameters (roughness or friction factor). These particular assets
allow to perform a large number of sensitivity tests at a reasonable computational cost on bathy-
metric and bottom stress parametrization, hence to fasten up the processes of precise tuning and

calibration/validation of our configuration.

In section II1.2.2, we describe the bathymetry, shorelines and waterways construction as well as
the numerical model and the modeling strategy in terms of sensitivity experiments. The data used
for model evaluation and the metrics used for this evaluation are also presented in this section.

In section II1.2.3 we present the results regarding the sensitivity of simulations to bottom stress
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parametrization and to bathymetry. Conclusions and outlook are given in section I11.2.4.

I11.2.2 Methods and tools

I11.2.2.1 Shorelines and bathymetry construction

The first step of our work is to improve the shoreline and bathymetry precision. Two global digital
shorelines are commonly used for representing the general characteristics of the GoT shorelines:
the Global Self-consistent, Hierarchical, High-resolution Geography Database (GSHHG, Wessel
and Smith, 1996) and the free downloadable maps from OpenStreetMap (OpenStreetMap contrib-
utors, 2015; retrieved from http://www.planet.openstreetmap.org). The GSHHG and Open-
StreetMap shoreline products are both superimposed on satellite and aerial images of the GoT
downloaded from Bing (https://www.bing.com/maps) and used now as our reference. Bing is
chosen here for the accessibility to its opendata, which makes our shoreline construction method
do-able by everyone. Fig.II1.3 shows the shorelines products superimposed on a downloaded im-
age of a small region of the GoT. When closely comparing the shorelines products to the images,
it appears that the OpenStreetMap product looks fairly reasonable all along the coastlines of the
GoT, except in the Halong Bay area (not shown) where the complex topography and the islets
are clearly too numerous. However, the OpenStreetMap shoreline is most of the time shifted by
a few meters westwards compared to the land (Fig. 111.3). The GSHHG dataset suffers from the
same problem but shifted by up to 500m eastwards. The observed shifts in both OpenSteetMap
and GSHHG products are not documented but could be due, among others, to the use of nauti-
cal charts and/or local topography maps for product construction, which could have been col-
lected before accurate GPS measurements in the area. Our objective in this study is to propose
a grid matching the reality (i.e. Bing maps, our reference) as close as possible, therefore, none
of these databases looked precise enough to meet our expectations. Consequently, we have built
our own shorelines data set, named TONKIN_shorelines, by using the POC Viewer and Process-
ing (POCViP) software (available on the CNRS sharing website , https://mycore.core-cloud.
net/index.php/s/ysqfIlcXbnjfAYD/download), developed at LEGOS. The satellite and aerial
images of the region, previously downloaded from Bing, are georeferenced with POCViP. The soft-
ware allows the user to draw nodes and segments with a resolution as fine as needed. The re-
sulting TONKIN_shorelines database has a resolution down to 10m and its accuracy is observable
on Fig.II.3. We followed the same procedure for building a waterways database of the Red River

system. This latter is also included in TONKIN_shorelines. For the Ha Long Bay area, another
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strategy has been considered since drawing by hand each islet would have been unaffordably time
consuming. In this case, images from the Shuttle Radar Topography Mission (SRTM) (https:
//earthexplorer.usgs.gov/) were downloaded and coastlines got extracted and merged to

TONKIN_shorelines.

Figure I11.3: Shorelines products from OpenStreetSap (blue line), GSHHS (yellow line) and TONKIN_shore-
lines (red line) superimposed on a satellite image downloaded from Bing over a small region of the GoT.

Because of the shallowness of the area, the bathymetry of the GoT is a critical point and could have
a strong impact on tidal simulations as it is often the main constraint in tidal propagation (Fontes
etal., 2008). The GEBCO 2014 (30 arc-second interval grid) dataset is largely based on a database of
ship-track soundings, whose resolution can be locally much finer than 1 km resolution, but grid-
ded data are provided with a 1 km resolution (as explained on the GEBCO website: https://www.
gebco.net/data_and_products/historical_data_sets/. GEBCO dataset can hence be used
to represent the slope and the shape of the basin at a relatively large scale (Fig.III.1 a,b). However,
its resolution of approximately 1 km is too low to accurately represent detailed geomorphological
features, in particular in coastal regions, near the delta and in the Ha Long Bay area. In the purpose
of providing an improved tidal solution, we have developed a bathymetry with a better precision,
named TONKIN_bathymetry (Fig. III.1 c,d). For that, we have merged the GEBCO bathymetry
with digitalized nautical charts of type CM-93 via OpenCPM (https://opencpn.org/). Note that
bathymetric data from nautical charts in coastal shallow areas are often chosen shallower than the

“real” bathymetry for navigation security purposes. We also incorporated the tidal flats digital el-
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evation model from Tong (2016). This author used waterlines from Landsat images of 2014 to
construct a surface model from elevation contours. As tidal flats are suffering tidal regime with
submersion during flood tide and exposure during ebb tide, their representation is crucial in tidal

modelling. TONKIN_bathymetry is merged to TONKIN_shorelines dataset.

This scattered bathymetric dataset shows realistic small-scale structures and depths over the shelf
and in the Ha Long Bay area. The details and the islets of the bay are now represented (Fig.III.1 ¢,d),
as well as the Red River waterways. In the deeper part of the basin, near the boundary, two deeper
branches (in light red) are distinguishable. These latter could correspond to the location of the
ancient river bed of the Red River during the last glacial time, which split in two around 18° N-108°
E (Wetzel et al., 2017). The biggest differences compared to GEBCO are observed in the central
part of the region and in the Hainan Strait (Fig.IIl.1 e,f). In the strait, the GEBCO bathymetry
underestimates depths by roughly 20m (approx. 50% in terms of relative difference) compared to
TONKIN_bathymetry. In the center, differences can be up to 30m between the two datasets (not
shown on the colorbar), corresponding to relative differences up to 100%. Such high observed
discrepancies are due to the interpolation of the scattered measuring points from the nautical
charts. High relative differences are also observed all along the coastlines, corresponding for most
of them to the integration of the intertidal DEM in the Red River delta area, as well as to a better
resolution in shallow areas obtained from the nautical charts. Discrepancies in most other parts of
the basin remain roughly inferior to 30%. Patches of differences of about 40% between the datasets
are also observed at the open ocean boundary of the domain, with GEBCO also underestimating

depths in the southernmost part.

We draw attention to the fact that the TONKIN_bathymetry dataset provides an improvement to
the available bathymetric dataset, but that some flaws and uncertainties still exist, partly due to

sampling methods and shallower waters induced by nautical charts data.

I11.2.2.2 Model, configuration and forcings

I11.2.2.2.1 T-UGOm hydrodynamic model

The tidal simulations are based on the unstructured grid model T-UGOm (Toulouse Unstruc-
tured Grid Ocean Model) developed at LEGOS, and is the follow-up of MOG2D (Carrere and Lyard,
2003). In its standard applications, T-UGOm uses unstructured triangle meshes allowing for an
optimal grid resolution flexibility, in particular to discretize complex coastal geometry regions, to

follow various local dynamical constraints, such as rapid topography changes or to simply adapt
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resolution in regions of special interest. The flexibility of unstructured triangle meshes is fully ad-
equate for fine scale modelling, especially in delta or estuarine systems, whereas usual structured
meshes may struggle to represent fine geography of certain areas. The T-UGOm model is widely
used in global to coastal modelling, mostly for tidal and storm surges simulations: in the repre-
sentation of semi and quarter-diurnal barotropic tides in the Bay of Biscay (Pairaud et al., 2008),
in studying the tidal dynamics of the macro-tidal Amazon estuary (Le Bars et al. 2010), ), in the
representation of tidal currents over the Australian shelves (Cancet et al., 2017) and in assessing
the role of the tidal boundary conditions in a 3D model in the Bay of Biscay (Toublanc et al., 2018).
Furthermore, T-UGOm has proven its accuracy in global barotropic tidal modelling in the Cor-
sica Channel (Vignudelli et al., 2005) and in a global assessment of different ocean tide models

(Stammer et al., 2014).

In addition to its traditional time-stepping solver, it has the remarkable particularity to include a
frequency-domain solver kernel, that solves for the 2D/3D quasi-linearized tidal equations. This
spectral mode solves the quasi-linearized Navier-Stokes equations in the spectral domain, in a
wave by wave, iterative process (to take into account non-linear effects such as bottom friction).
It has demonstrated its efficiency (accuracy, computational cost) as well for the astronomical tide
simulation as for the non-linear tides. The frequency-domain solver can be used either on triangle
or quadrangle unstructured mesh, and therefore can be used on any C-grid configuration. Com-
pared to a traditional time-stepping mode that simulates the temporal evolution of the tidal con-
stituents over a given period, the numerical cost of the frequency-domain mode (2D) is roughly

1000 times smaller.

For our purpose of assessing the sensitivity to various parameters of the tide representation by
the model, T-UGO is set up in a 2D barotropic, quadrangle grid, shallow-water and frequency-
domain mode (version of the code: 4.1 2616). This configuration (including TONKIN_bathymetry
and the specific version of T-UGOm code) is from hereafter named TKN. The main advantage of
this fast and reduced-cost-solver is the possibility to perform in an affordable time a wide range of
experiments at the regional or global scale, in order to parameterize the model: optimize bottom
stress parametrization, test bathymetry improvements and others numerical developments. In
our case, the run duration of a spectral simulation with T-UGOm lasts on average 6 mn (CPU
time), which is roughly 40 times quicker than a simulation with a regional circulation model such
as SYMPHONIE (Marsaleix et al., 2008, CPU time is approximately 4h for a 9-month simulation,

corresponding to the required time with SYMPHONIE to separate the tidal waves).
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Another useful functionality from T-UGOm for our study is the possibility to locally prescribe the
bottom friction, including the roughness length but also the choice of parametrization type. In
some shallow coastal regions like the GoT, the presence of fluid mud flow and fine sediments can
induce dramatic changes on bottom friction. The quadratic parameterization may be obsolete
and a linear parameterization more adequate (Le Bars et al., 2010) and will be tested hereafter. This
functionality is essential in those particular regions like shallow estuaries, where the influence of

bottom friction on the tides propagation is crucial.

I11.2.2.2.2 Numerical domain over the GoT

The numerical domain over the GoT, built from the TONKIN_bathymetry, is discretized on an
unstructured grid made of quadrangle elements (Fig I11.3). The most commonly used elements
in T-UGO are triangles, however here the final goal of our work is to use the resulting grid for
coupled hydrodynamical-sediment transport models like SYMPHONIE-MUSTANG (Marsaleix et
al., 2008; Le Hir et al., 2011) using quadrangle structured C-grids. We therefore run the T-UGO
tidal solver on a quadrangle grid. As in Madec and Imbard (1996), this grid is semi-analytical. A
first guess is provided by the analytical reversible coordinate transformation of Bentsen et al (1999)
which produces a bipolar grid. The singularities associated with the two poles are located in the
continental mask, slightly to the north of the numerical domain, where the horizontal resolution
is the strongest (Fig.I11.4). This first guess is then slightly modified to control the extension of
the grid offshore, in practice to prevent extension beyond the continental shelf. As in Madec and
Imbard (1996) this second stage is partly numerical (and preserves the orthogonality of the axes
of the grid). The largest edges of the quadrangles are about 5 km at the boundaries of the domain
and the smallest of about 150 m long, with a maximum refinement located in the river channels
(Fig.I11.4). This grid allows to represent the complexity of the islets of Ha Long Bay as well as the
details of the coastlines of the Red River Delta. A regular C-grid would hardly take into account

such complex topography and details.

I11.2.2.2.3 Tidal open-boundary conditions

For modelling barotropic tidal waves, nine tidal constituents have been imposed as open
boundary conditions (OBC) in elevation (amplitude and phase) for our domain: O1, K1, M2, S2,
N2, K2, P1, Q1 and M4. Since the astronomical spectrum of tide is dominant in the GoT, 8 out
of the 9 constituents simulated are astronomical constituents, and M4 is chosen here as a repre-

sentative of all linear interactions. These constituents, ordered by their amplitudes (in the GoT),
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Figure I11.4: Model mesh over the GoT (left) with a zoom in Halong Bay region (right). The maximum re-
finement (150 m) is reached in the river channels.

are the main tidal waves in the GoT, and come from the FES2014b global tidal model resolved on
unstructured meshes but distributed on a resolution coherent 1/16° x 1/16° grid. FES2014b (Car-
réere et al., 2016) is the most recent available version of the FES (Finite Element Solution) global
tide model that follows the FES2012 version (Carrere et al., 2012). The FES2014b global tidal atlas
includes 34 tidal constituents and is based on the resolution of the tidal barotropic equations with
T-UGOm (frequency-domain solver for the astronomical tides and time-stepping solver for the
non-linear tides, described in the above section). The FES2014b bathymetry has been constructed
from the best available (compared to previous FES versions) global and regional DTMs (Dynam-
ical Topography Models), and corrected from available depths soundings (nautical charts, ship
soundings, multi-beam data) to get the best possible accuracy, typically 1.3 cm RMS (Root Mean
Square error) for the M2 constituent in the deep ocean before data assimilation. The tidal simu-
lation performed using this configuration and without assimilation is called FES2014b-without-
assimilation. Moreover, in addition to the hydrodynamic solutions, altimetry data-derived and
tide gauges harmonic constants have been assimilated, using a hybrid ensemble/representer ap-
proach, to improve the atlas accuracy for 15 major constituents and fulfill the accuracy require-
ments in satellite ocean topography correction. This version of FES will from hereafter be named
FES2014b-with-assimilation in the following, in comparison to FES2014b-without-assimilation.
Thanks to the accuracy of the prior FES2014b-without-assimilation solutions and the subse-

quent higher efficiency of data assimilation, this latest FES2014b-with-assimilation version of
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the FES2014 atlas has reached an unprecedented level of precision and has shown a superior
accuracy than any others previous versions (see http://www.aviso.altimetry.fr/en/data/

products/auxiliary-products/global-tide-fes.html and FE Lyard personal comments).

The tidal distribution of the O1, K1, M2 and S2 tidal waves and their first harmonics from
FES2014b-with-assimilation and FES2014b-without-assimilation is shown in Figs. I11.5 ab, III.6ab,
II1.7 ab, 1I1.8ab, as well as their error along the satellite altimetry track dataset of CTOH-LEGOS
(described below in section I11.2.2.3.1). FES2014b-with-assimilation shows negligible errors com-
pared to FES2014b-without-assimilation thanks to the assimilation. The main interest of us-
ing FES2014b-without-assimilation in our study is to assess the real capacity of the FES model
in reproducing the tidal harmonics without using data assimilation, whereas FES2014b-with-
assimilation can be used together with satellite altimetry as a reference to evaluate tidal solutions

€ITors.

I11.2.2.3 Simulations and evaluation

We use the model configuration described above to assess the impact of the improvement of our
bathymetry database and to optimize the representation of bottom friction in the model. For that
we perform sensitivity simulations that we compare with available data using specific metrics.

Those tools and methods are presented in this section.

I11.2.2.3.1 Modelling strategy and sensitivity experiments
The T-UGO 2D model (in its frequency-domain, iterative mode) is run on the high-resolution
grid described in section II1.2.2.2. The following sections describe the tests performed for the bot-

tom friction parametrization.

a) Bottom stress parametrization

In shallow areas where current intensities are strong due to a macro-tidal environment combined
to strong rivers flows and winds forcing, the sensitivity of the model to the bottom stress is sig-
nificant. The bottom stress is thus a crucial component for modelling nearshore circulation and
sediment transport dynamics (Gabioux et al. 2005; Fontes et al., 2008). The bottom stress formu-
lation depends upon a non-dimensional bottom drag coefficient (or friction coefficient) Cp and

can be obtained as follows, in barotropic mode:
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1 = pCp |l (IIL1)

with u the depth averaged velocity and the fluid density.

In this study, we test two commonly used parameterizations: a constant drag coefficient Cp as-
suming a constant speed profile and a drag coefficient Cp depending upon the roughness height

Z0.

In the first parameterization, a constant profile of the speed is assumed over the whole water
height, leading to quadratic bottom stress and a constant Cp that depends on the Chézy coeffi-

cient C and on the acceleration due to gravity g (Dronkers 1964):

Cp

(I11.2)

In the second parameterization, a logarithmic profile of the speed is assumed over the whole water
column (Soulsby et al. 1993), leading to a Cp depending upon the roughness length z;, the total

water height H and the von Karman’s constant k=0.4:

Cp = (M)2 (II1.3)
Hm%+%—H

The roughness length z; (also called roughness height) depends not only on the morphology of
the bed (i.e. the presence of wavelets or not) but also on the nature of the bottom sediment. In
presence of fluid mud, the friction is considered as purely viscous (Gabioux, 2005). However, the
repartition of sediments and the structure of the sea bed are not uniform over the GoT shelf as the
Red River discharge causes patches of sediments of different natures (Natural Conditions and En-
vironment of Vietnam Sea and Adjacent Area Atlas, 2007). Consequently, we can expect z, to vary
spatially. This issue can be addressed with T-UGOm since it contains a domain partition algorithm
allowing to take into account the spatial variability of the sea bed roughness. Furthermore, this Cp
parameterization which includes a logarithmic profile of the speed, allows to adapt the Cp to the
model vertical resolution by considering the water column depths, as a way to correspond to the

friction coefficient resolution in 3D models.
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In the case of fluid mud when the bottom friction is purely viscous and the velocity profiles are

linear, Gabioux et al. (2005) described the 1} as follows:

Tp,=pru (IT1.4)

with r corresponding here to the friction coefficient.

A third parameterization of the coefficient of friction is tested in this study: a linear profile of the
speed is assumed over the whole water column which characterizes viscous conditions. In this
case, a linear bottom stress is assumed and r depends on the frequency of the forcing wave w

(here O1) and the fluid kinematic viscosity v:

r=vov (II1.5)

In this study, these three formulations of the coefficient of friction (Eqs. III.2, II1.3 and III.5) are
tested for model parameterization, varying respectively the value of Cp, the value of zy and the

value of .
b) Sensitivity to uniform friction parameters

Sensitivity numerical experiments were first conducted in order to assess the sensitivity of the
model to uniform parameters of friction for two of the parameterizations described above: a
quadratic bottom stress with a uniform drag coefficient Cp (Eqgs. III.1 and III.2) and a logarith-
mic variation of Cp depending on a uniform bottom roughness height z, (Eq. II1.3). For that, we
performed a first set (SET1) of 45 tests running the model with a constant Cp with Cp values span-
ning from 0.5 107 to 5.0 10" m (see Fig.IT1.9 where we plotted Cp values spanning from 0.5 to 2.5
1073 m). We then performed a second set (SET2) of 6 tests running the model with a logarithmic

Cp by testing values from 1.0 10! to 1.0 10® m for z, (see Fig.II1.10).
c) Sensitivity to the regionalization of the roughness coefficient

As mentioned in the previous section, a uniform roughness coefficient does not usually allow for
reaching a satisfying level of accuracy over the whole domain, since the variability of the seafloor

morphology is not fully taken into consideration. To take this variability into account, the spatial
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SET3 | A B C D E F SET | 1 2 3 4 5 6 7
4
Mud | 1.18 | 1.18 | 1.18 | 1.18 | 1.18 | 1.18 | Regon| 1.0 [ 1.0 [10 [1.0 |1.0 | 1.0 | 1.0
re- X X X X X X l(zo) X X X X X X X
gion | 10%* | 10% | 10* | 10* | 10 | 10™* 102 | 102 | 10% | 10* | 10* | 10 | 107
(1)
zin| 10 [1.0 |1.0 [1.0 |[1.0 | 1.0 | Regon|1l5 |15 |15 |15 |10 |15 |15
the X X X X X X 2 (=0) X X X X X X X
rest | 10% | 10®° | 10° | 10 | 103 | 107 10° | 10° | 10®° | 10® | 10* | 10 | 107
of the
do-
main
Region| 1.0 | 1.0 [ 1.0 |15 |15 |10 | 1.0
3(z0) | x X X X X X X
104 | 10% | 10* | 10® | 10° | 10* | 1073

Table III.1: Description of SET 3 and SET 4 (in m).

variability of the seabed roughness must be prescribed to the model. For that, our study area is
divided into several zones based on seabed sediment types repartition obtained from the Natu-
ral Conditions and Environment of Vietnam Sea and Adjacent Area Atlas (2007). The third set of
sensitivity experiments (SET3, tests A to E in Table II1.1) consisted in prescribing a linear velocity
profile only in the area of fine mud, following Egs. I11.4 and II1.5, with a fixed r = 1.18 x 10" m (see
Fig.II1.10 a), and to test different values of uniform zy (from 1.0 x 102 to 1.0 x 10°® m) over the
rest of the region, prescribing a logarithmic velocity profile. This value of r is taken from the value
empirically tuned on the region of the Amazon estuary and shelf with the configuration described

in Le Bars et al. (2010).

The fourth set of sensitivity experiments (SET4, tests 1 to 7 in Table III.1) consisted in dividing
the region into three zones, according to a supposed spatial distribution of the seabed sediments,
inspired from the above-mentioned Vietnamese atlas (Fig.II[.12 b): zone 1 is mostly composed
of muddy sand, zone 2 of mud and zone 3 of sand and coarser aggregates. In each zone, a value
of zy (from 1.0x 107 to 1.0 x 10° m) is prescribed following a logarithmic speed flow (Eq. II1.3).
Note that for this set of experiments every combination of z, were tested, yet for the sake of clarity
we show and describe in section II1.2.4 only the ones with errors (see section I11.2.2.3.3) for S2
solutions below 2.5 cm. The fifth and last set of experiments (SET5) consisted in dividing the
domain into twelve zones, in order to refine the representation of the spatial distribution of the
seafloor’s sediments following the Vietnamese atlas (Fig. 111.12c). Zones 1 and 11 correspond to
muddy sand; zones 2, 6, 10 and 12 to sand slightly gravel; zones 3 and 5 to sandy mud; zone 4 to fine

mud; zone 7 to sandy gravel; zone 8 to mud slightly gravel; and zone 9 to sand. Different z, values
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(varying from 1.0x 107 to 1.0x 10"° m), using a logarithmic velocity profile, were prescribed to
each of the 12 twelve zones and corresponding run were performed, each time imposing a random

and different value to each zone.

I11.2.2.3.2 Satellite data and tide gauges data for model assessment

The evaluation of the performance of the simulations is made with along-track tidal harmonics
obtained from a 19-year (1993 - 2011) long time series of satellite altimetry data available every ten
days from TOPEX/Poseidon (T/P), Jason-1, and Jason-2 missions (doi: 10.6096/CTOH_X-TRACK_-
Tidal_2018_01). These data are provided by the CTOH-LEGOS (Birol et al., 2016). The tracks of the
altimeters passing over the GoT are shown in Fig. IIL.5 to II1.8, and are spaced by approximately
280 km. To complement those data in the intertrack domain, we also compare our simulations

with the FES2014b-with-assimilation tidal atlas, as explained in section I11.2.2.3.

Harmonic tidal constituents at 11 tide gauge stations are also used for evaluation of the simu-
lations. The data are distributed by the International Hydrographic Organization (https://www.
iho.int/) and are available uponrequestathttps://www.admiralty.co.uk/ukho/tidal-harmonics.
The name and position of these stations are shown on III.5a. Amplitudes and phases of O1, K1,

M2 and S2 at the 11 gauge stations are available in Chen et al. (2009).

I11.2.2.3.3 Metrics

For comparison of the simulations with the tidal harmonics from satellite altimetry, two statis-
tical parameters (metrics) are used. These are the root mean square error (RMS*) and the mean
absolute error (MAE). The RMS* computation is based on a vectorial difference which combines
both amplitude error and phase error into a single error measure. The errors computations are

detailed in Appendix.

I11.2.3 Results

In this section we present the results concerning the sensitivity of the modeled tidal solutions
to the choice of bathymetry dataset and to the choice of bottom friction parameterization. Spa-
tially varying uniform friction parameters only slightly improve the tidal solutions compared to
uniform parameters. Furthermore, prescribing a linear parameterization in supposed fluid mud
areas does not allow to significantly improve the solutions, unlike in Le Bars (2010). Lastly, the re-
constructed bathymetry dataset allows to strongly improve the semi-diurnal tidal solutions. The

improvements consist mainly in a correction near the coasts and in reducing the errors in phase
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Figure III.5: O1 tidal amplitude (in m) from different products: (a) FES2014b-with-assimilation, (b)
FES2014b-without-assimilation, (c) TKN-gebco and (d) TKN. The circle diameter is proportional to the
complex error (Appendix ; Eq. II1.6 ) between the solutions and satellite altimetry (in m).
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Figure II1.6: Same as Fig. II1.5 for K1.
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Figure II1.7: Same as Fig. II1.5 for M2.
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Figure II1.8: Same as Fig. IIL.5 for S2.
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(as it can be expected from a bathymetry upgrade). We present the results of the conducted sensi-

tivity experiments in details in the following sub-sections.

I11.2.3.1 Model sensitivity to bottom stress parameterization

I11.2.3.1.1 Sensitivity to a constant or varying Cp (SET1 and SET2)

We first analyse in this section and in the next one the sensitivity to the parameterization of
bottom friction. Firstly, to show the sensitivity to the choice of uniform friction parameters, the
model errors (Appendix; Eq. I11.6) compared to satellite altimetry are shown in Fig.II1.9 (SET1) and
II1.9 (SET?2), for the main tidal constituents (O1, K1, M2, S2) for each values of uniform Cp and
zo tested in SET1 and SET2 described in section I11.2.2.3. On both Figs. I11.8 and II1.9, the space
in between two solid lines corresponds to the errors for the considered wave (see legend) and the
yellow line represents the cumulative errors for the four waves. The dashed red line represents the

smallest cumulative error (i.e. the minimum value reached for the yellow line).

Figure II1.9: Model complex errors (Appendix ; Eq. II1.6) relative to altimetry alongtrack data for tests per-
formed with varying the values of the uniform drag coefficient Cp over the domain (SET1). The space in
between two lines corresponds to the error for each wave. The yellow line therefore corresponds to the cu-
mulative error for all four waves. The red dashed line corresponds to the smallest cumulative error, here
equals to 11.50 cm, and obtained for Cp =0.9 x 103 m.

First of all, the diurnal waves O1 and K1 are more affected by the changes in the values of Cp and
zo than the semi-diurnal waves M2 and S2 (Figs. I11.8 and I11.9). This can be explained by the fact

that diurnal tides are of greater amplitude than semi-diurnal in the Gulf of Tonkin, thus the tidal

friction is truly non-linear for O1 and K1 and marginally only for M2 and S2. For Cp values below
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Figure I11.10: Model complex errors (Appendix ; Eq. II1.6) relative to altimetry data for tests performed with
varying the values of the uniform z; over the domain (SET2). The space in between two lines corresponds
to the error for each wave. The yellow line corresponds to the cumulative errors for all four waves. The red
dashed line corresponds to the smallest cumulative error, here equals to 10.96 cm, and obtained for zp=1.5
x 10 m.

0.6 and above 1.0 x 103 m, O1 and K1 errors are larger than errors for M2 and S2. For example,
for Cp=2.5x 103 m the errors for O1 are roughly 4 to 11 times larger than errors for M2 and S2 and
errors for K1 are roughly 3 to 10 times larger than errors for M2 and S2, respectively). Small values
of Cp also induce large errors of O1 and K1 (for Cp=0.5 x 10°3 m, errors for Ol are roughly 1.5
to 3.8 times larger than errors for M2 and S2, and errors for K1 are roughly 2.8 to 6.9 times larger
than errors for M2 and S2, respectively). High and small values of z; also trigger larger errors
on the diurnal waves (Fig.II1.10). Secondly, the tests of sensitivity to a spatially constant friction
coefficient Cp show that the lowest error is reached for Cp=0.9x 1073 m (the cumulative error is
equal to 11.50 cm) (Fig.II1.9). This value of Cp is roughly half lower than those used for the whole
South China Sea (2.0x 10 m: Fang et al. 1999; Cai et al., 2005) and similar to the one used in the
GoT by Nguyen et al. (2014) of 1.0x 103 m. The tests of sensitivity to the roughness length z, show
that the value zp=1.5x 10> m yields the least errors (the cumulative error is equal to 10.96cm)
(Fig.I11.10). This is a relatively small roughness length value, indicating a sea bed composed of
very fine particles. Finally, the use of a constant Cp parametrization with a Cp of 0.9 x 10 m or
a constant roughness length with a zy of 1.5 x 10" m leads to almost identical errors (0.54 cm of
differences). The similarity of the results between the two simulations are due to the values of Cp

obtained for zy=1.5x 107> m: those values vary spatially from 0.8 to 1.1x 103 m, and are thus very
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close to the optimized value of Cp=0.9x 103 m for a constant Cp (figure not shown). This small
spatial variability of the varying Cp explains why the results of the two optimized simulations from
SET1 and SET?2 are finally similar. The rather low values of friction (0.9 x 103 m) and roughness
coefficients (1.5x 10~ m) suggest the presence of a majority of fine sediments in the GoT. This
is consistent with the results from Ma et al. (2010), who found the western and central parts of
the GoT to be mainly composed of fine to coarse silts, with a few patches of sand next to Hainan

island.

Thirdly, the lowest error for each wave is reached for different values of Cp and zy. In SET1, the
lowest error value for O1 is reached when Cp= 0.9x 103 m, while the lowest error value for K1 is
reached for Cp= 1.0x 103 m. The lowest errors values of the semi-diurnal waves are reached for
Cp=1.4x 103 m (Fig.I11.8). In SET2, the lowest errors values of the diurnal waves are reached for z,
=1.5x 107> m and are reached for zy =1x 10" m for the semi diurnal waves (Fig.II.9). This finding is
of course unphysical, and the reader must keep in mind that optimal parameter setting also often
deals with model errors numerical compensation. In our study, it is quite obvious that the model
bathymetry is far from perfect despite the large efforts carried out to improve the topographic
dataset, and remaining errors due to bathymetry imperfections can be partly canceled by the use
of an adequate (i.e. numerical, not physical) friction parameter. As bathymetry-induced errors
will strongly be affected by the tidal frequency group (species), and since bathymetry directly and
distinctly impacts the waves’ phase propagation, we can expect that optimal friction parameteri-
zation alteration (and corresponding alterations of the bottom shear stress) will slightly vary in a
given frequency group but strongly from one to another. The examination of sensitivity studies
tends to promote the idea that these differences are mostly due to remaining errors in the bathy-
metric dataset and the final decision for an optimal friction parameterization will be based on the
best compromise for the overall solution errors. As the K1 and O1 sensitivity to friction alteration

is prevailing, the compromise is of course mostly driven by these two tidal waves.

To assess the significance of the differences between two parameterizations, Fig. I1II.11 presents
spatially the relative differences between the two simulations (SET1 and SET2), in terms of perfor-
mance in amplitude and phase, taking FES2014b-with-assimilation as a reference. Negative values
(in blue) indicate that the simulation from SET2 with a 2z of 1.5x 10 m produces the smallest dif-
ferences to the reference, while positive values (in red) indicate that the simulation from SET1 with
a constant Cp of 0.9x 103 m produces the smallest differences to the reference. For K1, values are

positive almost all over the GoT basin, indicating that the tidal solution from simulation with a
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constant Cp (SET1) performs better. However the differences of performance between the two
simulations are very small: 0.5%. For O1, M2 and S2 cases, values are mostly negative over the
GoT, suggesting that simulation with a zy of 1.5x 10> m (SET2) better represents the tidal solu-
tions for these three waves than simulation with a constant Cp (SET1). Once again however, these
improvements are really small (lower than 5%). These results finally show that the tidal solutions
are not very sensitive to changes of bottom friction parameterization, from a constant Cp to a Cp

varying with z.

Figure II1.11: Relative differences (in %) between simulation with Cp=f(zo=1.5x 105,H) and simulation with
Cp=0.9x 103 m compared to FES2014b-with-assimilation (as a reference) for the tidal harmonics of O1, K1,
M2 and S2.

I11.2.3.1.2  Sensitivity to the value of spatially varying roughness length (SET3, SET4, SET5)
This section presents the results of the tests performed to assess the model sensitivity to a re-

gionalized roughness coefficient (see Table II1.1 and Fig.II1.12).
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Figure II1.12: Spatial partitioning of the domain for the set of experiment SET3, (a), for SET4 (b) and for
SETS5 (c).

a) Sensitivity to a quadratic or linear stress (SET3 vs. SET2)

No significant improvement of the tidal solutions is obtained from SET3, i.e. by imposing a linear
flow in the mud region (where the resolution is the highest), compared to the tests performed with
spatially uniform parameters (drag coefficient, SET1 and bottom roughness length, SET2, Figs.
I11.8 and I11.9) (Fig. 111.13). The cumulative error of all four waves (yellow line) is always above the
10.96 cm value of the smallest error found for SET2 (the smallest cumulative error of 11.33 cm is
obtained for test C). Results from SET3 (Tests A to F) show that the solutions still greatly depends
upon the roughness length values imposed to the rest of the region, with errors increasing with low
and high values of zj : from tests D to E cumulative errors increase by a factor 3.5 with zy values
increase from 1x 10 to 1x 10"! m; from test A to B, errors decrease by a factor 2 with values
decreasing from 1x 107 to 1x 10 m (Fig. II1.13). As previously observed, the diurnal waves O1
and K1 (in tests A to F) are more sensitive to changes in zy than the semi-diurnal M2 and S2 waves:
for zo=1x 10°2 m, errors of Ol are 3 and 7 times larger than errors of M2 and S2 respectively, and

errors of K1 are 4.5 to 11 times larger than errors of M2 and S2, respectively.

Tests from SET3 suggest that the model sensitivity to bottom friction parameterization in the area
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Figure II1.13: Model complex errors (Appendix; Eq. 6) relative to altimetry data for tests listed in Table 1
performed with non-uniform values of zy (SET3 and SET4). The space in between two lines corresponds to
the errors for each wave. The yellow line corresponds to the cumulative errors for all four waves. The red
dashed line corresponds to the smallest cumulative error, found for Test 6 (SET 4), equals to 10.43 cm.

of fine mud is limited and therefore poorly influences the cumulative errors over the GoT. This is
due to the fact that tidal energy fluxes and bottom dissipation rates are extremely small in this area
of fine mud near the Red River delta, as can be seen on Fig. II1.14. : most of the tidal dissipation
occurs along the western coast of Hainan Island and in the Hainan Strait (values up to -0.2 W m~2in
these areas for O1, K1 and M2). Note that the value of r (which is here set to 1.18x10™* m following
the optimization of Le Bars et al. 2010 over the Amazon shelf) could be tested and could lead to an
optimized value for the GoT. However, this would have presumably not significantly affected the
final tidal solutions since the choice of a linear parameterization in the area of fine mud did not

significantly modify the tidal solutions.

b) Sensitivity to a spatially varying roughness length (SET4 and SET5 vs. SET2)

Improvement of the tidal solutions is obtained from SET4, i.e. by varying spatially the values of the
bottom roughness length (imposing a logarithmic speed profile). The cumulative error of all four
waves (yellow line) reach a minimum value of 10.43 cm for Test 6 (red dashed line), which reduced
the error found in SET2 by 0.53 cm. This value is reached by imposing values of zy=1.5x 10> m
in regions 1 and 2 (Fig.I11.12) and zp=1x 10* m in region 3. Moreover, results from Test 1 and
Test 2 show that the solutions largely depend upon the roughness length imposed in region 1 (zg
values of 1x 1072 to 1x 1073 m). Again, as already mentioned in the previous section, the remaining

bathymetry-induced errors in our solutions have probably damaged the precise identification of
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Figure II1.14: Bottom dissipation flux (W m™2) for O1, K1, M2 and S2 computed from model outputs of
simulation “TEST 6”.
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truly physical friction parameterization in this spatially varying roughness length experiment.

The significance of these results is assessed on Fig. III.15. Simulation from Test 6 (SET4) better
represents K1 harmonics while simulation with varying Cp = f(z9 = 1.5x 107 m) (SET2) better rep-
resents O1 harmonics, taking FES2014b-with-assimilation as a reference. However the relative
improvements from a simulation to another are again very small (<3%). Considering the semi-
diurnal waves, the differences are heterogeneous over the basin, with overall a slightly better rep-
resentation (difference of 2%) of the waves by the simulation with Cp = f(zg = 1.5x 107 m) (SET2).
These results finally suggest that differences between simulations from SET2 and SET3 are locally
and globally insignificant, and that the tidal solutions in the GoT are therefre not very sensitive to

changes of bottom friction parameterization, from a constant z to a spatially varying z.

Figure I11.15: Relative differences (in %) between simulation TEST6 and simulation with Cp=f(zp=1.5e-5,H)
compared to FES2014b-with-assimilation (as a reference) for the tidal harmonics of O1, K1, M2 and S2.

b) Sensitivity to a spatially varying roughness length (SET4 and SET5 vs. SET2)
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Lastly, the results of the tests from SET5 did not show any improvement on the tidal solutions,
compared to SET3 and SET4. The minimum cumulative error found in SET5 is reached by impos-
ing zg values that correspond exactly to the configuration of Test 6 in SET4 and is consequently
also equal to 10.43 cm (i.e. the same as in SET4). This result again suggests that the model seems
to be insensitive to high spatial refinement of the bottom sediment composition and associated

roughness for the representation of tidal solutions.

I11.2.3.2 Sensitivity to the bathymetry

Model bathymetry is a key parameter for tidal simulations. In order to evaluate the sensitivity
of the model to the bathymetry, an additional sensitivity simulation is performed. First, the so-
lutions obtained with the grid configuration with improved bathymetry and shoreline datasets
described in section I11.2.2.1 (Fig.I1.4) and a spatially varying roughness length (described in Test
6, Table III.1) with a logarithmic velocity profile are chosen as this choice of bottom roughness pa-
rameterization has shown the best tidal solutions (the least errors to satellite altimetry) in section
I11.2.3.1.2. This simulation is named TKN hereafter. Second, we run a twin simulation with exactly
the same configuration, parameterizations and choice of parameters, except that the bathymetry
and shoreline are not built from our improved dataset but from the default GEBCO bathymetry
dataset and default-shoreline dataset. This simulation is hereafter named TKN-gebco. The results
from these tests are presented in this section, where we evaluate the quality of the tidal solution

obtained in our different simulations.

I11.2.3.2.1 Average assessment over the domain

We first evaluate the tidal solution in average over the domain. Integrated alongtrack RMS* er-
rors (Appendix; Eq. I11.6) between modelled and altimetry derived ocean tide harmonic constants
(noted hereafter AH for Altimetric Harmonic) are shown in Fig. 111.16. FES2014b-with-assimilation
errors are globally always lower than errors given by the three other simulations, thanks to the as-
similation of the satellite altimetry: 3 to 4.7 times lower for O1, 2.6 to 3.2 times for K1, 2.3 to 3.7
times smaller M2 and 1.3 to 2.7 times for S2. As explained in section I11.2.2.2.3, FES2014b-with-
assimilation, which minimizes the error, is used in the following as a reference for the evaluation
of our simulations to spatially complement altimetry data which are only available along the al-

timetry tracks.

Alongtrack RMS* errors for M2 are reduced by 12% in TKN-gebco relative to FES2014b-without-
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Figure II1.16: RMS* errors (Appendix ; Eq. 6) between numerical simulations (TKN, TKN-gebco, FES2014b-
without-assimilation and FES2014b-with-assimilation) and altimetry data for O1, K1, S2 and M2.

assimilation and by 47% in TKN. The errors are also lower for S2, with a reduction of the errors
by 41% between FES2014b-without-assimilation and TKN-gebco, and by 56% between FES2014b-
without-assimilation and TKN. On the other hand, both TKN and TKN-gebco simulations show
bigger errors than FES2014b-without-assimilation for O1 and K1. However, TKN simulation in-
creases the errors for Ol by 7% relative to FES2014b-without-assimilation whereas TKN-gebco
increases the errors by 58%. The complex errors for K1 obtained from both TKN and TKN-gebco
simulations increase by roughly 12 and 20% compared to FES2014b-without-assimilation, respec-
tively. Such results illustrate the fact that K1 wavelengths are longer than the other waves’ wave-
lengths considered here, e.g.: at 60 m depth, K1 wavelength is 2000 km and M2 wavelength is 1000
km (Kowalik and Luick, 2013), therefore K1 is less sensitive to bathymetric variations. These re-
sults further illustrate FES model efficiency in tidal simulation in coastal areas, which is related in
particular to the use of an unstructured triangle grid mesh specifically dedicated to finely adapt to

complex coastal topography and coastline.

The mean absolute differences MAE (Appendix; Eq. II1.7) of amplitude and phase of the four tidal
constituents between our simulation TKN and AH, and between the two FES2014b products and
AH are given in Table III.2. The errors to AH in both amplitude and phase are always reduced in
TKN compared to FES2014b-without-assimilation (except for the phase of S2): from 1.2 times for

the phase of K1 to 2.7 times for the amplitude of S2. However, errors to AH are increased in both
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amplitude and phase in TKN compared to FES2014b-with-assimilation (except for the amplitude
of S2). In addition, integrated RMS* errors between simulated and observed tidal harmonics from
tide gauges are presented in Fig. III.17. Again, FES2014b-with-assimilation errors are globally
always lower (for O1, K1 and M2) than errors given by the three other simulations, thanks to the

assimilation of including those tide gauges data.

Figure I11.17: RMS* errors (Appendix ; Eq. 6) between numerical simulations (TKN, TKN-gebco, FES2014b-
without-assimilation and FES2014b-with-assimilation) and tide gauges for O1, K1, S2 and M2.

TKN-gebco increases the errors for O1 by 27% relative to FES2014b-with-assimilation while TKN
increases it by 16%. TKN also slightly reduces (by 0.2 cm) the integrated tidal gauge RMS* errors for
01 compared to FES2014b-without-assimilation. The complex errors for K1 obtained from both
TKN and TKN-gebco simulations increase by roughly 25% and 90% compared to FES2014b-with-
assimilation, respectively. The errors for M2 are increased by 11% with TKN and by 101% with
TKN-gebco compared to FES2014b-with-assimilation. Similar to O1 case, TKN slightly reduces
(by 0.3 cm) the RMS* errors for M2 compared to FES2014b-without-assimilation. Finally, both
TKN and TKN-gebco simulations reduces the errors for S2 by 44% and 9% compared to FES2014b-
with-assimilation, respectively. So for the 4 main tidal constituents, errors between simulated and
observed tidal harmonics from tide gauges are significantly reduced in TKN compared to TKN-

gebco.

These results show first that TKN configuration brings a clear improvement in tidal solutions
compared to TKN-gebco configuration, and second that it only slightly improves tidal solutions

for some of the tidal components compared to FES2014b-without-assimilation. This last result
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related to the use of an unstructured grid in FES2014b (with and without-assimilation), better
adapted for the representation of the complex coastal topography that the structured grid that is
used to optimize our TKN configuration since it will be used in our tridimensional structured grid

model.

I11.2.3.2.2 Spatial assessment of tidal solutions

The modelled O1, K1, M2 and S2 fields for TKN, TKN-gebco, FES2014b-without-assimilation
and FES2014b-with-assimilation are shown in Figs. IIL.5 to II1.8. For each tidal component and
simulation, the complex errors RMS* between these simulations results and AH are represented

for each point of the altimetry track by the circles superimposed on the maps.

Both model simulations (TKN-gebco and TKN) reproduce well the distribution patterns of O1 har-
monics compared to FES2014b-with-assimilation, improving the results compared to FES2014b-
without-assimilation. Moreover, TKN solutions look more accurate than TKN_gebco. Errors to AH
for O1 (circles on the maps) are smaller than 10 cm in TKN_gebco and are reduced by 35% com-
pared to FES2014b-without-assimilation. They are further reduced in TKN: most of the errors are
smaller than 5 cm and are reduced by 50% compared to FES2014b-without-assimilation (Fig.III.5).
Note that higher errors of AH (of about 20cm) are observed in TKN and TKN-gebco in the Hainan
Strait and also near the coasts. These errors also appear in FES2014b-without-assimilation and,
to a lesser extent (with values of about 15 cm in the Hainan Strait) in FES2014b-with-assimilation.
The increase of complex errors in these particular areas could be explained by either model errors
associated with errors in coastal bathymetry and shorelines, whose accuracy is decisive to shallow
water tidal wave and/or to erroneous altimetric data (land contamination in the altimeter foot-
print). For K1, even though both model simulations reproduce well the distribution pattern of the
harmonics compared to FES2014b-with-assimilation, the errors to AH compared to FES2014b-
without-assimilation are not reduced in TKN-gebco nor in TKN (Fig.III.6). Errors to AH for K1 are
equals or smaller than 10 cm in FES2014b-without-assimilation, TKN-gebco and TKN along the
altimetry tracks, and are extremely similar between those simulations. As observed for O1, larger
and similar errors of about 20 cm are also observed in the Hainan Strait in TKN-gebco and TKN
and in the two FES2014b products (though with smaller values of about 15 cm in FES2014b-with-
assimilation that includes assimilations). Furthermore, the angle of the circles’ radius indicates
which of the error in amplitude or the error in phase dominates the complex error. The smaller

the angle is to the ordinate axis, the more the error in phase dominates the complex error. On the



II1.2. ARTICLE UNDER REVIEW IN GEOSCIENTIFIC MODEL DEVELOPMENT: SENSITIVITY
STUDY ON THE MAIN TIDAL CONSTITUENTS OF THE GULF OF TONKIN BY USING THE
FREQUENCY-DOMAIN TIDAL SOLVER IN T-UGOM. 129

contrary, the bigger the angle is to the ordinate axis, the more the error in amplitude dominates
the complex error. When the angle to the ordinate axis approaches 45°, the error in phase and the
error in amplitude account equally for the complex error. For both O1 and K1, errors in phase are
dominating the northern and central parts of the region, while the phase and amplitude account
equally for the complex errors in the southernmost part of the region and in the Hainan Strait

(Fig.IIL5 c,d; I11.6 c,d).

Fig.II1.7 shows that M2 amplitude is globally overestimated by TKN and TKN-gebco compared
to FES2014b-with-assimilation and FES2014b-without-assimilation, especially in the areas where
the wave resonates (i.e. in the north eastern bay and in the south-western part). Differences to
FES2014b-without-assimilation are up to 30 to 35 cm in TKN and in TKN-gebco (in the north-
eastern bay), with amplitudes increasing by almost 45% in model simulations. Both model simu-
lations increase the resonance of M2 in the bays. These amplitude overestimations could be par-
tially explained by the bathymetry dataset (TONKIN_bathymetry) which integrates nautical charts
that underestimate depths, especially in shallow areas, for navigation purposes. However, the am-
plitudes are underestimated near the amphidromic point (20.7° N, 107.3° E) by both simulations
compared to FES2014b-without-assimilation (by up to 10 cm, roughly 80%). Globally, errors to AH
are reduced in TKN by 30% compared to TKN-gebco: most of the errors in TKN are smaller than 10
cm while most of the errors in TKN-gebco are equals or larger than 10 cm. Both simulations show
also smaller errors to AH south of Hainan Island compared to FES2014b-without-assimilation by
up to 50%, with errors of about 1 cm in FES2014b-without-assimilation and of about 0.5 cm in
model simulations). Again, large errors are observed in the Hainan Strait in simulations and both
FES2014b products, however the errors are reduced by 25% in TKN and TKN-gebco compared
to FES2014b-without-assimilation. Furthermore, these errors are dominated by errors in phase

rather than in amplitude.

Lastly, both TKN and TKN-gebco model simulations overestimate the amplitude of S2 compared
to FES2014b-with-assimilation and FE2014b-hydrodynamics by up to 10 cm (approximately 50%)
in the south-western and north-eastern bays, where S2 resonates (Fig.II1.8). The resonance of
S2 in the bays is therefore amplificated in both model simulations. These amplitude amplifica-
tions observed in both models could be again partly explained by the bathymetric soundings of
TONKIN_bathymetry that underestimate depths in shallow water areas. Similar to M2 case, both
simulations also underestimate by roughly 5 cm the amplitude of S2 near the amphidromic point

(20.7° N, 107.3° E) compared to the two FES2014b products. However, the complex errors to AH
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are globally 50% smaller in TKN (between 2 to 3 cm) than in TKN-gebco (between 4 to 5 cm). Fur-
thermore, errors to AH remain large in the Hainan Strait (up to 6 cm) in both FES products and
both model simulations. In the very near coastal areas, errors to AH in TKN and TKN-gebco are
larger than in the rest of the basin (up to 6 cm). However, the errors to AH in TKN are reduced
by 30% in the south-western most part of the region. Like M2 case, the complex errors of S2 are

dominated all over the basin the by errors in phase rather than errors in amplitudes.

I11.2.3.3 Assessment of tidal solutions with previous studies

The mean absolute differences MAE (Appendix; Eq. 7) of amplitude and phase of the four tidal

constituents between our simulation TKN and the satellite altimetry are given in III.2.

Our results are compared with the errors given in Minh et al. (2014) and in Chen et al. (2009). Minh
etal. (2014) authors used a ROMS_AGRIF simulation at a resolution of 1/25° x 1/25° over the GoT,
and compared their solutions to the same altimetric dataset as the one used in our study. Chen et
al. (2009) compared their simulations, performed with ECOM (Extended Control Model) ata 1.8 x
1.8 km resolution (covering the area 16° N-23° N, 105.7° E-114° E), to gauge stations located along
the GoT coast. Our simulation TKN shows large improvements in both amplitude and phase for
the four constituents (except for the phase of M2) compared to the results of Minh et al. (2014).
The errors are reduced by approximately 60% for the amplitudes of M2 and S2 approximately, and
by roughly 40% for the amplitudes of K1 and O1, respectively. The errors in phase for O1 and K1
are also reduced by approximately 50% in our simulation. Our results show also improvements
compared with the errors proposed by Chen et al. (2009), for both amplitude and phase of S2 (by
65% in amplitude and by 35% in phase), O1 (by 50% in amplitude and almost 60% in phase) and
K1 (by 68% in amplitude and by 41% in phase). Only the solutions of M2 are not improved by our
simulation compared to Chen et al. (2009): they remain the same in amplitude and increase by

14% in phase.

The improvement of our tidal solution from TKN compared to these two previous studies could be
due first to the use of T-UGO that is specifically developed for tidal modelling purpose, compared
to models used by Minh et al. (2014) and Chen et al. (2009), which are hydrodynamical model
not specifically conceived for tidal representation. Second, to our model configuration which has
been specifically optimized for tidal modelling purpose, in terms of grid resolution, bathymetry

accuracy and resolution and bottom friction parameterization.
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Tides

01

K1

M2

S2

Amplitude
(cm)

Phase (°)

Amplitude
(cm)

Phase (°)

Amplitude
(cm)

Phase (°)

Amplitude
(cm)

Phase (°)

TKN

1.5

3.7

1.9

5.4

2.3

7.6

0.9

14.7

- this
study
Compared
to Satellite
altimetry

Minh

et al.
(2014)
Compared
to Satellite
altimetry

2.4 8.4 2.8 10.4 8.0 7.8 2.4

Chen

et al.
(2009)
Compared
to Satellite
altimetry

3.0 9.0 5.4 8.9 2.3 6.7 2.8

Table II1.2: Mean absolute differences (Appendix ; Eq. II1.7) of amplitudes (in cm) and phase (in deg) of
M2, S2, 01, K1 constituents between our reference TKN and satellite altimetry. For comparison, the work
of Minh et al. (2014) compared with satellite altimetry and the work Chen et al., (2009) compared to gauge
stations are presented.

I11.2.4 Conclusions

This study takes place in the framework of a more comprehensive modeling project which aims at
representing the transport and fate of the sediments from the Red River to the GoT. In this future
study, the ocean dynamics and the sediments transport will be represented using the regional cir-
culation model SYMPHONIE coupled with the sediment model MUSTANG. As tides have a major
effect on the sediment dynamics within the estuaries and in the plume area (Pritchard 1954, 1956;
Allen et al., 1980; Fontes et al., 2008; Vinh et al., 2018), it is necessary to accurately represent the
tidal processes before investigating the fine scale sediment physics.This coupled-model will allow
for example to study the impact on tides of freshwater discharges and its strong seasonal vari-
ability, since this effect could be relatively important in the very nearshore coastal area. The op-
timization of the configuration and parameterizations of this coupled tridimensional structured
grid model is the final objective of this study. Optimizing the bathymetry and the parameteriza-
tion of the bottom shear stress is crucial in shallow-water regional and coastal modeling since they
both are critical parameters influencing the propagation and distortion of the tides (Fontes et al.,
2008; Le Bars et al., 2010). The T-UGO hydrodynamical model is used in this study in its spectral
mode, which allows the user to perform fast and low-cost tests (compared to simulations with se-

quential models like SYMPHONIE) on various parameterizations and bathymetry configurations.
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This strategy allows to assess and quantify the importance of each element considered and to de-
termine the best configuration and parameterization that will be applied in the above-mentioned

forthcoming modeling study with SYMPHONIE-MUSTANG model.

In this study, we have first constructed an improved bathymetric dataset for the region of the GoT
from digitalized nautical charts, soundings, intertidal DEM and GEBCO bathymetry dataset. We
also integrated to this bathymetry a new coastline dataset created with POCViP and satellite im-
ages, since the existing descriptions of the GoT coastlines, the Ha Long Bay islets and the Red River
delta were very poor. We then performed tests with the fast-solver 2D T-UGOm model on an un-
structured grid refined in the Red River delta and Ha Long Bay area to test the added value of this
improved bathymetric dataset. With this new bathymetry, we have been able to reduce the errors
(taking along-track altimetry data and tide gauges data as a reference) of the representation of M2
and S2 in T-UGOm simulations by 40% and 25% respectively and O1 and K1 by 32% and 6% respec-
tively, compared to simulations that use the regular GEBCO dataset. Our improved bathymetry
showed also better solutions for the semi-diurnal waves than the tidal atlas FES2014b_hydrody-
namics (errors reduced by 47% or M2 and by 25% for S2), even though our model seems to amplify
their resonance. Moreover, our simulations also improved accuracy over the existing state of the
art, by reducing the errors in amplitude of the semi-diurnal waves by 60%, the errors in amplitude
of the diurnal waves by 40%, and the errors in phase of the diurnal waves by 50% compared to the
results found by Minh et al. (2014). We believe the remaining errors in our best tidal solutions are
due to potential lacks of details and resolution in the bathymetric dataset. Since bathymetry di-
rectly impacts the waves’ speeds, bathymetric uncertainties may lead to alterations of the bottom

shear stress.

The other key parameter influencing shallow-water tidal modelling is the bottom friction. In this
study, the use of a constant Cp parametrization or the use of a Cp depending on the roughness
length led to fairly similar results, in line with the results found by Le Bars et al. (2010) in the Ama-
zon estuary. Furthermore, our study shows that the model is very sensitive to the values imposed
to Cp and z, especially for the diurnal waves with errors increasing for extreme Cp and z, values.
The lowest cumulative errors of all four waves (of 11.50 and 10.96cm) were found for a uniform
Cp of 0.9x 103 m (prescribing a constant velocity profile) and for a uniform zy of 1.5x 10° m
(prescribing a logarithmic velocity profile), respectively. More importantly, the regionalisation of
the roughness length into three regions, for addressing the issue of representing the complexity of

seabed composition and morphology, only slightly improved the accuracy of our simulation, with
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a lowest cumulative error for all four waves of 10.43 cm. Finer local adjustments of the roughness
length or the choice of a linear velocity profile in the area of fine mud, did not significantly im-
prove the accuracy of our simulations. In particular, the model in this configuration showed a very
limited sensitivity to the presence of fine mud and a greater sensitivity to the roughness length
values prescribed in the rest of the region, which was unexpected following the results of Le Bars

et al., 2010 and explained by the low energy dissipation occurring in this area of fine mud.

Our results therefore quantitatively showed that the key parameter for the representation of tidal
solutions over a shallow area like the GoT is the choice of bathymetry and shoreline dataset. Sec-
ond, they revealed that the choice of the bottom stress parameterization does not significantly
affect the performance of the model, but that, for a given parameterization, the choice of the value
of the friction coefficient is important. Furthermore, the use of T-UGOm in a 2D barotropic mode
showed its efficiency in tidal spectral modelling with reduced simulation durations in both CPU
and running times compared to structured grid numerical models. This allowed us to optimize
our configuration in terms of grid, bathymetry and bottom friction parameterization regarding
the representation of the tidal solutions. Our resulting configuration brought a clear improve-
ment in the tidal solutions compared to previous 3D simulations from the literature and to the
tidal atlas FES2014b (without data assimilation) for the semi-diurnal waves. The modeling strat-
egy proposed here showed its efficiency in quickly optimizing the configuration that will be used
in future works to address the issue of sediment transport and fate in the GoT, which was our
primary objective. Finally, our configuration did not produce a clear improvement compared to
FES2014b-without-assimilation, and perform worse than FES2014b-with-assimilation, due to the
use in both FES2014b simulations of an unstructured grid better representing the coastal topog-
raphy complexity, and the use of assimilation in FES2014b-with-assimilation. This underlines the
importance of data assimilation for the production of tidal atlases, and the need to go on develop-
ing satellite mission and in-situ campaigns, despite the great improvements of numerical models

in the last decades.

The evaluation of T-UGO performances should be completed with the study of tidal currents,
which is for now limited in the area due to in-situ data unavailability, but will be possible in the fu-
ture thanks to the on-going development of observed current datasets from high-frequency radars
(Rogowski et al., 2019). Note also that the use of nautical charts for bathymetry construction could
have led to overestimation of the tidal amplitudes in coastal areas, due to underestimation of real

depths for navigation safety purposes. Furthermore, using bathymetry data available from digi-
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talized navigation charts was a relatively simple way (compared to performing additional in-situ
measurements) to significantly improve the representation of topography in the coastal and estu-
arine areas of the GoT, and could be applied successfully in other regions. However, updates and
improvements in shorelines and bathymetry databases, particularly in the river channels, coastal
areas and in the Hainan strait would still improve the present results and especially reduce the
tendency to increasing errors at the coasts. Continuous efforts should be made in bathymetric

data acquisition and sharing them with the community should be a crucial concern.

Code and/or data availability:

The model grid, which integrates the bathymetry and the coastline datasets developed in this
study, is available for download viahttps://zenodo.org/record/2640763#.XLSBcJzgreM. The
T-UGO model code installation instructions are updated at ftp: //ftp. legos.obs-mip.fr/pub/
ecola/README.html, and the code, as well as the updated tools and the poc-solvers are available
on https://hg.legos.obs-mip.fr/tools/. An archive of the exact version of T-UGOm used
in this study (version 2616:78a276dd7882) is also available on https://zenodo.org/record/
2669397#.XNBDLJzgreM. The configuration files (initial conditions and modified drag coeffi-
cients) are available on https://zenodo.org/record/2640793#.XLSGYZzgreM. Model bound-
ary conditions (i.e. FES2014 products) are available through: https://www.aviso.altimetry.
fr/en/data/products/auxiliary-products/global-tide-fes.html. The satellite altime-
try track dataset of CTOH-LEGOS for model outputs comparison are available through:http://
ctoh.legos.obs-mip.fr/products/coastal-products/coastal-products-1/sla-1hz (doi:

10.6096/CTOH_X-TRACK Tidal_2018_01).
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III.2.5 Appendix

For comparison of the simulations with the tidal harmonics from satellite altimetry, we first intro-

duce the vectorial difference z, or complex difference, as:

Z2=2Zm— 2 (I1I1.6)

with z,,=A,,e'8” the vector representing a given modelled tidal constituents (of amplitude Am
and phase G,,) and z; the vector representing the observed tidal constituent. For assessing the
errors between the simulations (modelled constituents) and altimetry (observed constituents),
we compute the root mean square error (RMS*), like in Stammer et al. (2014) and in Minh et al.
(2014). RMS* depends upon the vectorial difference z and is computed for each given constituent

of each simulation, as follows:

RMS* = /(3 LN, 0.5|2%)

RMSx* = \l (% 20.5[(Am c0s(G) — Ay c08(Gy))2 + (A, sin(G,y,) — Ay sin(Gy))?]) (I11.7)
with Am and Gm being respectively the amplitude and phase of the modelled constituent, Ao and
Go , the amplitude and phase of the constituent from satellite altimetry and N the number of
points of comparison (i.e. the number of equivalent gauge stations along the altimetry tracks).
The model performance is also estimated using the mean absolute error (MAE). MAE measures
the mean of the difference between the simulated and the observed values and is computed for

each constituent according to:

~ - |E;
MAE = ——— (I11.8)

with E; representing for each point i of the track the difference between the modeled constituent

and the observed constituent. The MAE is separately calculated for amplitudes and for phases.
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IV.1 Introduction

Previous 2D study on the principal tidal components of the GoT (Chapter III) provides valuable
tools (improved bathymetry dataset and bottom friction parameterization) for a hydrodynamical
3D study. In addition, in-situ data collected in 2017 in the Van Uc estuary (Chapter II) constitute
a benchmark for hydrodynamical model calibration and evaluation. These elements are helpful
to implement the regional ocean model SYMPHONIE in the GoT, which is presented here. After
presenting the model and the forcing parameters, the construction and calibration of the con-
figuration is detailed. The model performances are then evaluated against in-situ data, model
reanalysis and satellite observations. Based on validated model results, the patterns of surface cir-
culation are presented and the processes behind the circulation variability are discussed. Lastly,

the impacts of extreme events on water budgets over the GoT are assessed.

IV.2 Material & Methods

IV.2.1 Theregional circulation model SYMPHONIE
IV.2.1.1 Governing equations

SYMPHONIE is a 3D hydrodynamical model developed by the SIROCCO group at the Laboratoire
d’Aérologie (Marsaleix et al., 2008, 2009, 2012). The model equations are based on mass conser-
vation, momentum conservation, Boussinesq approximations and hydrostatic equilibrium. In a
Cartesian coordinate system, where the origin O corresponds to the rest level of the sea surface,
where Ox and Oy are the horizontal axes and Oz is the vertical ascending axis, the velocity compo-

nents u, vand w (for Ox, Oy and Oz axes respectively) are given as follows:

@4_@4_6_“}—0 (IVl)

dx Oy oz B '
%+6uu+6vu+6wu_ y—_ig_p+uA2u+£(K 5_”) (IV.2)
8¢ o6x 8y bz "~ po Ox 5z "6z '

@+6uv+61}v+8wv+ . 1 &p
6t dx  dy oz

o) ov
- Km—) Iv.3)
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where f is the Coriolis parameter, pg is the reference water density, p is the pressure, v is the kine-
matic viscosity, A? is a horizontal squared Laplacian operator and Ky, is the vertical coefficient of

eddy diffusivity.

The hydrostatic hypothesis gives the vertical pressure gradient as:

0
p(2) :f gpdz (Iv.4)

where gis the acceleration due to gravity, p the density, and n is the free surface elevation anomaly,

which is derived from the depth-averaged component of the current (%, v) = % fi]h (u,v)dz by:

on & , . &, _
§+§(Hu)+a(Hu) =0 (IV.5)

where H = h + 1 is the sum of the water column thickness at rest and the free surface elevation

anomaly.

Temperature (T) and salinity (S) variations are linearly deduced from a simple advection diffusion
tracer equation, since pressure effects on water density, in a coastal context, remain limited aslong

as the shallow water approximation is considered:

6_T+6uT+6vT+6wT_£(K 6_T)+ 1 %+6F§+@ e
5t ox oy oz oz\ "5z poCp 8z  dx By ’
6—S+6L‘S+61’S+6ws—E(K 6—S)+6—}‘:§“+5—Fi (Iv.7)
5t ox oy 0z 0z\ "dz) ox oy '

where I is the radiative solar forcing, Cp the water heat capacity and Fﬂ;s) are the diffusion fluxes,

(%)
for temperature and salinity. T, S, and p variables are involved in the non-linear state equation that
computes the density (Jackett et al., 2006). The eddy diffusivity coefficient K}, is determined by the

turbulence closure scheme.
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IV.2.1.2 Turbulence closure scheme

Turbulence closure schemes are used to compute the two coefficients of eddy diffusivity (K, and
Km). In the present study, the k-¢ turbulence closure scheme is chosen, which includes the wave-
current effect, and has been implemented according to Michaud et al. (2012). Following Gaspar et

al. (1990), the horizontal eddy viscosity coefficient Ky, is written as:

Kj =vV2Ei Sy, (Iv.8)

while the vertical eddy diffusivity coefficient Ky, is defined as:

K = /2Ex kS m (IV.9)

In Egs. IV.8 and IV.9, I is a mixing length which depends on the turbulent kinetic energy Ey. The Iy

parameter is computed as :

3
le=coEi e (IV.10)

where cg is a constant and ¢ is the dissipation rate of the turbulent kinetic energy Ex. Sy, and Sy,
in Egs. IV.8 and IV.9 respectively, refer to stability factors described in Canuto et al. (2001). These
factors depend on the Brunt-Vaisala frequency (N), on Ey and & for which, Burchard and Bolding

(2001) established the following equations:

dE; _ 0 (K 6Ek)+P+B IV.11)
dr 8z " 8z '

d¢ & (K, 8E k) Hd
—=—|——|+=—(P+c3B-c V12
P 6Z(O’k 52 Ek( 1 3 26) ( )
where cj, ¢, and c3 correspond to constants of calibration determined following the recommen-

dations of Canuto et al. (2001). Furthermore, o i is the Schmidt number for dissipation, P is the

production of turbulent kinetic energy and B is the buoyancy flux as:
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PoK (6_”)2+(@)2 (IV.13)
N AP 5z '
5
B=S8k, P (IV.14)
p 0z

Boundary conditions approximations for Ey:

15
* At the surface, fluxes (F) follow the formulation of Craig and Banner (1994): (F = 100 (%) )

where 71 is the wind stress computed by the bulk formulas.

¢ At the bottom, Ey corresponds to the equilibrium between energy production and dissipa-

tion:

Bpop=——— (IV.15)

Boundary conditions approximations for &:

Bottom and surface boundary conditions for the dissipation term ¢ are derived from the mixing

length / and Ey as:

3
E=cEII! (IV.16)

This condition is computed at the first level below the surface, or at the first above the bottom.
The mixing length corresponds to the equilibrium between kinetic energy and the Brunt-Vaisala

frequency N:

l=——— (Iv17)

IV.2.1.3 Grid discretization, terrain-following coordinate system and discretization schemes

To solve the model equations, the GoT domain is spatially discretized over a Arakawa staggered

C-grid (Fig. IV.1 a) (see section I11.2.2.2 of Chapter III for grid construction details). This mesh has
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Figure IV.1: (a) Arakawa C-grid representation: indices, i, j, k refer to grid points in x, y and z directions,
respectively, and scalar quantities are represented by ¢. (b) o (sigma) vertical layers coordinates along the
red transect.

the particularity to define the scalar quantities (such as temperature and salinity) at the center of
each grid volume, whereas velocity components are shifted by half a grid width in their respective
direction so that they are defined at the edges of the grid volumes. Besides its bipolarity and curvi-
linearity, which offers a horizontal resolution as high as 150 m in the river channels and as low as
5 km at the open boundaries (see Chapter III, section I11.2.2.2), the grid over our GoT domain is
composed of Nx x Ny = 431 x 602 horizontal points, and of 20 vertical o coordinates (Fig. IV.1 b).
Sigma coordinates provide a strong advantage over regular z-coordinates in regions with compli-
cated bathymetry where a high resolution of the vertical grid is required, not only near the surface
but also near the bottom. In our case, sigma coordinates allow a high resolution in the coastal area

where most of the sediment transport and transformation usually occurs.

Two different schemes are used for solving the equations in space. The scalar quantities are com-
puted by an advection-diffusion scheme of type upwind of order 3, whereas the vectorial quan-
tities (velocities) are computed by a centered scheme of order 4. In time, the forward-backward

scheme is used and is further described in Marsaleix et al. (2019).

IV.2.1.4 Boundary conditions and associated forcings

In order to carry out realistic simulations of the ocean dynamics of the Gulf of Tonkin, good quality

boundary conditions are crucial.

IV.2.1.4.1 Free surface boundary
The free surface represents the interface between the ocean and the atmosphere. In SYMPHONIE,

the wind stress 1 represents the source of kinetic energy and affects the surface conditions as fol-
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lows:

K (% @)—(T Ts,y) (IV.18)
PoXm 6Z, 52 = Tsxr s,y A

where Tsx and Tsy are the wind stresses.

The atmospheric heat forcings gather different types of fluxes: the sensible heat Qs, the latent heat
Qy, the short waves radiative flux Q. and the long waves radiative flux Q.. The sum of these fluxes

corresponds to the total heat fluxes such as:

oT
Km§2Q1+Qc+Qs+Qe (IV.19)

The salinity flux is zero at the surface and depends on the fresh water budget at the surface. This

latter is estimated from the surface boundary condition applied to the vertical velocity W,

(Iv.20)

where Ly is the latent heat of condensation ( Ly=2.5x10° J kg'!) and Pr represents the precipita-
tion rate. The turbulent fluxes at the ocean-atmosphere interface provide Qs, Q;and ts and are
computed following formulations of Large and Yeager (2004). In this study, the atmospheric con-
ditions (i.e. wind intensity, potential temperature, atmospheric pressure, relative humidity, pre-
cipitation rate, short and long waves radiative flux) come from the European Centre for Medium-
Range Weather Forecasts (ECMWF), the product used is a forecast CF-1.0 with analyses every 3

hours.

IV.2.1.4.2 Lateral boundaries (ocean and river)
The lateral boundary conditions are described in Marsaleix et al. (2006). Lateral boundaries can
be closed along the continent or islands, in this case the variables equal zero. However, lateral

boundaries can be open when connected with other bodies of water, including oceans or rivers.

With open ocean boundaries, the values for u, v, w, T, S and the surface elevation n associated

with the large scale circulation should be provided at every time step by a larger scale model. Vari-
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ables u, v and 1 moreover also include the tidal circulation. In this study, lateral ocean boundary
conditions are provided by Mercator Ocean (http://www.mercator-ocean.fr). The product
used is the daily mean fields from Global Ocean 1/12° Physics Analysis and Forecast, (downloaded
from: http://marine.copernicus.eu/services-portfolio/access-to-products/). Con-
cerning the tides and despite the effort made on improving the tidal solutions by using an im-
proved bathymetry dataset and an appropriate parameterization (Chapter III), solutions obtained
for the main tidal constituents of the GoT (01 and K1) with TKN simulation showed greater er-
rors compared to altimetry than solutions (for O1 and K1) from FES2014b (which performs better
thanks to the assimilation procedure). Therefore, the choice is made to use FES2014b for tidal

solutions at the lateral boundaries.
Scalar variables

The scalar variables (T, S) are advected at the open boundaries by a hybrid scheme composed of

an upstream scheme and a centered scheme.
Barotropic currents

A Flather type condition is applied to the surface elevation n when considering barotropic cur-

rents:

n-ng=—/—=(u-us) at x=0 (IvV.21)

H_ __
n-ny= g(u—uf) at x=xp (IV.22)

where f corresponds to the sum of forcings (i.e., large scale circulation and tidal circulation).

Moreover, a Neumann condition is applied to the tangential transport at the boundaries:

SH (7 - 75)

=0 at x=0 and x=x,, (IVv.23)
ox

Tide

In this section, details of the formulations for u, v and 1 derived from the tidal forcing are given.


http://www.mercator-ocean.fr
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In coastal open seas, tidal forcing consists mainly of tidal surface elevations and currents intro-
duced as forcing terms in the lateral boundary. Tidal forcings are also composed, to a smaller ex-
tent, of astronomical and loading potentials (I1 and IIy, , respectively), which provide a barotropic
force added to the momentum equation, through the horizontal components of their gradients.

Tidal sea surface elevations and associated currents can be written as follows:

N 1) =) finox (A @) cos(wk (£ — o) + Vo k. + Uk — Gy k (A @) (IV.24a)
3

u(N@,t) =) feuok (A @) cos(wg (£ 10) + Vo i + Uk — Gy (A, @) (IV.24b)
3

v(A@,t) =3 fivok (A @) cos(wr (£~ 1) + Vo r + tr = Gy (A, @) (IV.24c)
k

where (no, 4o, vo) and (G, Gy, G,) are the amplitudes and phase lags for sea surface elevations
and currents which depend on the latitude ¢ and the longitude A . The subscript k represents the
partial tides taken into account in this configuration: O;, K;, My, Sy, Na, Ko, P1, Q; and My. The
terms f; and uy are the nodal factors and are considered as constants (Doodson, 1927), w is the
tidal frequency and Vj is a constant related to the reference time #, . The tidal potential due to

astronomical effects I1, (Hendershott, 1972) is then taken into account as follows:

1-3sin?(¢)

Ma=0+ke+h) fax|vy 5

+v15in(2¢) + vacos® (@) | x cos(w (£~ tp) + VA + Vo + 1)

(Iv.25)

with a the equilibrium amplitude of the tide considered and k, and h; the Love numbers. The
values of the terms (v, v1, v2) and v vary with the type of tide considered. In the case of long
period tide, vy = 1 and v = 0, for the diurnal tide v; = 1 and v = 1 and for the semi-diurnal tide

v =1 and v=2.

Then, the loading potential Iy, , also called LSA potential, which is considered as the retroactive

effect of tides on themselves, is provided by FES2014b atlas and given as :
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Iy, = fIo (A, @) cos(w (£ — to) + G (A, ) + Vo + u) (IV.26)

Lastly, the horizontal momentum equation for the hydrostatic pressure force is defined as:

_vr
Po

n
=—p§Vf (p=po)dz'—gV (n—Ta~TI) (Iv.27)
0 z
Baroclinic currents
When considering baroclinic currents, a radiative condition of Sommerfeld type is applied on the

difference between the SYMPHONIE model variables (®) and the forcing model variables (®y):

5(@-of)
bt

5(®-of)
dx

+C, =0 at x=0 (Iv.28a)

5(0—® 5(® - @
( f)—cc (©=21) 4 o P (IV.28b)
ot ox

with C. the phase velocity of baroclinic waves.

Sponge layer

Correction terms (or recall terms) are combined with Eqgs. IV.21, IV.22, IV.28 and if the boundary is

as x=0, the terms are written as follows:

(Iv.29)

where @ is the velocity, or T or S depending on the equation considered. The term d corresponds
to a distance of exponential decrease that depends on the size of the domain, which is chosen by
the user according to the buffer zone considered. The term T, corresponds to the recall time and

is also addressed by the user.

Rivers
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This study includes 14 rivers inputs, listed in Fig. IV.2 a. Each of the rivers mouths are located at
the closest grid points compared to their real locations. The green dots represent rivers for which,
their associated discharges were prescribed as climatological monthly means. Each of these rivers
is represented as one simple grid point, on which forcing is applied. The red dots represent the 7
distributaries of the Red River system for which, daily mean discharges for the study period (2009-
2017) were prescribed as forcings. Unlike the previous rivers (green dots), and due to their geo-
graphical configuration over the delta, the choice has been made to represent the 7 rivers of the
Red River system as simple channels. Each channel is constructed as a straight row of meshes, with
one mesh in width. The construction of these particular channels is further described in section

IV3.1.

Water discharges data were collected by the National Hydro-Meteorological Service (NHMS) of
Vietnam at the hydrographic station of Son Tay (Fig. IV.2 b). Following the work of Vinh et al.
(2014), who estimated the contribution of each distributary to the total Red River discharges using
the MIKE11 model, a percentage of the total Son Tay’s daily discharges was attributed accordingly
to each distributary: 7% of the total discharge was attributed to the Bach Dang channel, 13.2% to
the Cam channel, 14.5% to the Van Uc channel, 6.4% to the Thai Binh channel, 30.3% to the Ba
Lat channel, 5.6% to the Ninh Co channel and 23% to the Day channel. The forcing variables Q
(discharge), T and S are imposed at the river grid point (in case of river represented by green dots),
or at the most upstream channel grid point (in case of river represented by red dots), where S=0

and T varies from 17°C in winter to 29°C in summer.

IV.2.1.4.3 Bottom
Losses of turbulent kinetic energy, generated by the friction of currents on the sea bed, depend

on the bottom stress (t¢) as:

12 = poCplIVplIVp = po e (IV.30)

where (V}) are the bottom velocities and u. the friction velocity. In SYMPHONIE, the parametriza-
tion of the non-dimensional bottom drag coefficient ( Cp ) is based on the assumption of a loga-

rithmic speed profile over the whole water column and is written as:
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Figure IV.2: GoT bathymetry (in m) (a) and details of the Red River system (b). Green dots correspond to
rivers represented as a simple grid point in the model, red dots correspond to rivers of the Red River system
represented as channels in the model, the pink line represents the position of the CTD transects and the
black stars represent Hon Dau, Bach Long Vy, Son Tay and Trung Trang hydrological stations.

(Iv.31)
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with zp the roughness length at the bottom, z; the height of the first layer of the model and « the
von Karman’s constant ( k = 0.41 ). In this bottom layer, the turbulent heat and salt fluxes are

considered as zero.

IV.2.2 In-situ and satellite observation datasets

In this study, various in-situ data and products were used to evaluate the performance of the SYM-

PHONIE hydrodynamical model.

In situ datasets

In the Gulf of Tonkin, two hydrographic stations provide temporal coverage of sea surface salinity
(SSS), sea surface temperature (SST) and sea level over the period 1991-2017: Hon Dau and Bach
Long Vi (Fig. IV.2 a). The data are provided by the NHMS at hourly time scale. Since the model’s
SSS, SST and sea level anomaly (SLA) are analysed on monthly averages, the high-frequency sig-
nals from the in-situ stations are removed by performing a monthly average of the data. Further-
more, the hydrological station of Trung Trang (TT) located on the Van Uc river (Fig. IV.2 b), 30
km upstream of the mouth, provides hourly water discharges and water elevation. In this case,
the high-frequency data are of particular interest for assessing the model’s ability to reproduce the

tidal influence on water discharges within the river.

For validation of the model’s vertical structure of temperature and salinity, a set of CTD transects
are used (see Fig. IV.2 a). These 25 km long CTD transects were collected from September 2015 to
August 2016 and are distributed by the Viethnamese Administration of Seas and Islands, Center for

Oceanography.

To evaluate the modeled surface currents, maps of ocean surface currents derived from high fre-
quency radio waves obtained by three High Frequency (HF) radars are used. These HF radars are
located along the coastline of Vietnam at three CODAR stations (Hon Dau, Nghi Xuan and Dong
Hoi) and are part of the Global High Frequency Radar Network (Roarty et al., 2019). Hourly data
are available from 2012 to present, with a resolution of 5.85 km. The locations of the radars and

their spatial coverages, which vary with the seasonal monsoon patterns, are presented in Fig. IV.3.

Products and satellite-observations datasets

For the evaluation of the modeled SST over the GoT, the 1/18° daily Operational Sea Surface Tem-

perature and Sea Ice Analysis (OSTIA) distributed by the UK Met Office (Stark et al., 2007) is cho-
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Figure IV.3: Positions of the HF Radars stations (black dots) overlaid with 20 m depth contours. The gray
and black polygons indicate the coverage boundaries during the summer and winter seasons, respectively
(from Roarty et al., 2019).

sen. The data are available for the period 2006 to present from https://podaac. jpl.nasa.gov/

dataset/UKMO-L4HRfnd-GLOB-0STIA.

The 1/4° L3_DEBIAS_LOCEAN_v3 product from the Soil Moisture and Ocean Salinity (SMOS)
satellite mission of the European Space Agency (ESA) launched in 2009 is used for the validation of
the model’s SSS (Boutin et al., 2018). SMOS is the first satellite mission using L-band interferomet-
ric radiometer to measure SSS and soil moisture from space. The L3_DEBIAS_LOCEAN_v3 Sea
Surface Salinity maps have been produced by LOCEAN/IPSL (UMR CNRS/UPMC/IRD/MNHN)
laboratory and ACRI-ST company. This product is distributed by the Ocean Salinity Exper-
tise Center (CECOS) of the CNES-IFREMER Centre Aval de Traitement des Données SMOS
(CATDS), at IFREMER, Plouzane (France) and is available at https: //www. catds.fr/Products/

Available-products-from-CEC-0S/CEC-Locean-L3-Debiased-v3.

Lastly, to evaluate the modeled sea level anomaly (SLA), the delayed-time Global Ocean Grid-
ded SSALTO/DUACS Sea Surface Height 14 product and derived variables available, from:
http://marine.copernicus.eu/services-portfolio/access-to-products/?option=

com_csw&view=details&product_id=SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_047,
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is used. This is a global product with 1/4° resolution at daily timescale, from 1993 to present in
which, the SLA is computed with respect to a twenty-year mean. For comparison with the model
outputs, the mean SLA over the model period (2009-2017) is then subtracted to the SLA at each

grid point, both for the model and the data.
Climate indices

The interannual variability of different modeled parameters is compared to well-known climate
indices, to search for possible relationships, such as the atmospheric El Nifio Southern Oscil-
lation (ENSO) Index (SOI) (Allan et al., 1996; https://www.esrl.noaa.gov/psd/gcos_wgsp/
Timeseries/S0I/) and the oceanic ENSO index SST Nifio4 (in the box 5° S-5° N, 160° E-150°
E) (Rayner et al., 2003; https://www.esrl.noaa.gov/psd/data/correlation/nina4.data).

The SST Nifio4 index is preferentially used to characterize all types of El Nifio events.

The Dipole Mode Index (DMI) (Saji et al., 1999; https://www.esrl.noaa.gov/psd/gcos_wgsp/
Timeseries/DMI/), used to characterize the intensity of the Indian Ocean Dipole, as well as the
Pacific Decadal Oscillation (PDO) (Mantua and Hare, 2002; http://research. jisao.washington.
edu/pdo/PD0.latest. txt), are also considered as they may influence the climate changes of the
studied region. Lastly, the Marshall Southern Annular Model (SAM) which characterizes westerlies
variability over the southern Pacific (Marshall, 2003; https://legacy.bas.ac.uk/met/gjma/sam.html)
and the Northern Pacific (NP) index which characterize changes in sea level pressure over the
northern Pacific (Trenberth and Hurrell,1994; https://climatedataguide.ucar.edu/sites/
default/files/npindex_monthly.txt) are also used as they may impact atmospheric circula-

tion over the GoT.

IV.2.3 Metrics and statistical methods

For comparison of the simulations with observations, three statistical parameters are used. These
are the correlation coefficient R, the Nash-Sutcliffe efficiency coefficient NSE (Nash and Sutcliffe,
1970) and the bias. R calculates the strength of the relationship between the relative movement of
two variables. If x; represents the observed temporal series, y; the simulated temporal series, and

X and y the mean of each series, R is computed as follows:

ZII\I:I (xe %) (y: - )

R= (IV.32)
VEX (=322, (e -7)2
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The values range between -1.0 and 1.0; a correlation of -1.0 shows a perfect negative correlation,

while a correlation of 1.0 shows a perfect positive correlation.

In NSE, the sum of the absolute squared differences between the simulated and observed values

of Q is normalised by the variance of the observed temporal series as:

Y (xe—ye)?

NSE =
> (xt _x_t)

(IV.33)
NSE varies from 1.0 (perfect fit) to —oo ; a negative value indicating that the mean value of the
observed temporal series would have been a better predictor than the model (Krause et al., 2005).

Lastly, the bias represents the difference between the means of the two temporal series as:

bias=y-x (IV.34)

The interannual variability of the simulation outputs can be studied by removing the seasonal
variability of the signals by using the method TY-H13 developed in Piton and Delcroix (2018). This
method consists in subtracting the typical year from the original time series and filtering the re-
maining signal with a 13-months low pass Hanning filter. The filter passes almost no signals at
periods less than or equal to six months, filtering out the intraseasonal variability (and shortening

each time series by 6 months at the two extremities).

Empirical Orthogonal Functions (EOFs) are often used in climate studies to indicate the possible
spatial modes of variability of a dataset and how it changes with time, by isolating the dominant
signals of variations (North et al., 1982). Each EOF mode separates the spatial function and the
temporal functions from the signal. This way, the amplitude of the signal is the direct product
of the spatial and temporal functions. Here, EOFs are applied on the modeled surface currents
signals to get the principal modes of variability of the seasonal cycles, and on surface currents

series filtered with the TY-H13 method to get the principal modes of interannual variability.

IV.3 Configuration Optimization

One of the main objectives of this chapter is to validate SYMPHONIE model’s outputs with obser-

vations, especially in estuaries and coastal areas, where hydro-sedimentary processes are develop-
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ing. Therefore, efforts have been made to configure the river channels, in terms of river discharges,
tidal intrusion, salinity and stratification to best fit the in-situ observations (see Chapter II). In this
section, steps in river channels construction, water discharges set up along with model evaluation

with observations are described.

IV.3.1 Step 1: Rivers constructions and evaluation

As previously mentioned in section IV.2.1.4, the seven Red River distributaries are represented in
the model grid as channels, which are constructed as a straight row of meshes with one mesh in

width (Fig. IV4 a).

Figure IV.4: Schematic representation of the initial river channels from a top view (a) and from a lateral view
(b).

Each mesh has associated "real" longitude and latitude coordinates. However, the width W , the
length L and the depth k. of each mesh can be manually adjusted by the user (Fig. IV.4 b). This
tool is of particular interest when modelling tidal intrusion/dissipation or water discharges, since
changes in the mesh size directly impact velocities. Indeed the velocity u can be computed as

follows:

(IV.35)

where Q is the water discharge.
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Rivers Bach Dang | Cam | Van Uc | Thai Binh | BaLat | Ninh Co | Day
River length (km) 60 81 134 80 123 74 74
D (km) 109 103 59 122 80 144 143

t(h) 32.7 31.0 17.7 36.6 24.0 43.2 43.0

Table IV.1: River lengths as represented in the model of each river of the Red River systems, D the distance
between Son Tay station and the first river grid point and t the time lag imposed to each river discharge.

As for most of the rivers, bathymetric and elevation data are not available, channels were con-
structed the same way: at the first river point, W, L and k. values match the characteristics of
the closest ocean mesh. Going upstream, W and h, values linearly decrease until reaching 100
m and +2 m, respectively while L linearly increase until reaching 3000 m. Such increase in mesh
length allows to artificially extend the channel length, without adding more meshes. The value of
h. = 2m at the last channel points was determined after testing the attenuation of the tidal am-
plitude through the channels for different values of h. . Three two-year long simulations were
performed with h; =0m, h, = 1m and h. = 2m . Regarding the Thai Binh river case, O1 amplitude
was ~ 5 cm at the last channel point with an elevation h, = 0m , ~ 2.5 cm with h, = 1m and < 1
cm with h, = 2m (Fig. IV.5 a). For M2 case, both simulations with /. = 1m and h; = 2m showed
the lowest amplitudes at the last channel grid point (Fig. IV.5 b). Similar tests were performed for
the Bach Dang, Cam, Van Uc, Ba Lat, Ninh Co and Day channels, and each time, smallest tidal

amplitudes were found for h. = 2m . Therefore, for each channel, the elevation was set to 2 m.

Figure IV.5: Tidal amplitude of waves O1 (a) and M2 (b) along the Thai Binh channel grid points for different
values of h,.

Since each rivers are composed of a different number of grid points, their lengths vary. The total

length of each river is given in Table IV.1.

IV.3.2 Step 2: Water discharges set up

Son Tay hydrological station, which provides water discharge data (Q) (section IV.2.1.4), is located

upstream of the 7 Red River distributaries. The distances D from Son Tay to the first grid point
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of each river channel are listed in Table IV.1. This suggests that a lag should be applied to the
discharge Q at the first river mesh, corresponding to the time required for the water to travel the
distance D. To determine the lags, a three-year simulation (2009-2011) is performed with initial
and boundary conditions mentioned in section IV.2.1.4 and with hourly model outputs. Two Q
time series from two points, spaced by 10 km on the Van Uc channel, are extracted. The time
series are filtered over 24 h to remove the diurnal tidal signal. The best lagged correlation (R and
NSE) between the two Q time series were found for a lag of 3 h. It leads to assume that the current
speed is u = d/lag =10/3 =3.33 km h! (~ 93 cm s™!). From this assumption, the time ¢ needed for
the water from Son Tay to travel the distance D to the first grid point of each channel is computed
ast=D/u (TableIV.1). The value of uis used for each channel. These delays t are therefore applied

to each Q time series of each channel.

IV.3.3 Step 3: Van Uc river construction and evaluation

Regarding the Van Uc river case and as described in Chapter 2, various data were collected along
the estuary throughout the year 2017 (salinity, temperature, turbidity, SPM, current velocities). In
this study, Van Uc survey data are used for the model calibration in the estuary and for evaluating
the model performances in representing water discharges and fluxes, tidal intrusion and water
mass properties within the estuary. Therefore, Van Uc river channel construction differed from
the rather simple method used for the construction of the six other channels (section IV.3.1). Here,
a particular attention was given to represent real river bathymetry and river width, based on the

collected data.

To do so, W, L and h, values were manually adjusted, mesh by mesh, based on the depths and

widths of the river bed. A schematic representation of the adjustments are presented in Fig. IV.6.

01 and M2 amplitudes along the Van Uc channel are compared between a simulation with a chan-
nel constructed with linearly decreasing W , L and /. (noted "Channel initial" ) and a simulation
with a channel constructed with realistic W, L and h, values (noted "Channel real bathy" ) (Fig.
IV.7). Both simulations showed O1 amplitudes ~ 2.5 cm, which are higher compared to amplitudes
obtained for Thai Binh (Fig. IV.5 a). To improve tidal attenuation within the Van Uc channel, three
grid points are added at the end of the channel, each of L = 15000m (simulation is noted "Channel
extended" ). Simulation with "Channel extended" showed amplitudes <1 cm upstream for both

01 and M2, suggesting that this simulation allowed a good tidal dissipation (Fig. IV.7 a).
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Figure IV.6: Schematic representation of the meshes adjustments made for the Van Uc channel, from a top
view (a) and from a lateral view (b).

Figure IV.7: Tidal amplitude of waves O1 and M2 along the initial Van Uc channel (blue line, "Channel
initial"), the channel with a real bathymetry (red line, "Channel real bathy") and the extended channel
(yellow line, "Channel extended").

After constructing a realistic river in terms of depth and width, model performance evaluations
led to further modifications of the configuration. Especially, model efficiency to reproduce daily
water discharges Q at the hydrological station of Trung Trang was evaluated. Focus was made
on the month of December 2017, when data corresponding to the dry season were collected. In
Chapter II, it has been shown that neap/spring tide cycle plays a crucial role in water and SPM
discharges during this period. Spring tides could reverse the flow for half the day, while neap
tides could trigger a gravitational circulation (two-layer circulation) with a flow in both directions
(up-estuary for the bottom layer and down-estuary for the top layer) and a very stratified water
column. Furthermore, up-estuary suspended matter flux appeared to account for % of the down-
estuary flux in the low-flow season, which indicated that the estuary was silting up and the delta

was consolidating during the dry season. Therefore, a good representation of water discharges
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by the model is crucial for the representation of the above-mentioned processes. For the month
of December 2017, modeled discharges (with simulation "Channel extended" ) represented well
(NSE=0.89) the discharges at Trung Trang hydrological station. Modeled mean Q value (370 m3 s!)
was however lower than the mean value from Trung Trang (433 m®s™!). Such results suggest a too
strong tidal intrusion that could block the discharges. Tidal propagation within the estuary may
be influenced by the bottom roughness length, therefore several simulations were performed with
various zg values in the channels. Note that in the case of the simulation "Channel extended" , zg
was set to 0.001 m. While changes in mean Q value were very little (from 367 m3 s with z = 0.01
m to 371 m3 s with zg = 0.0001 m), simulation with zg = 0.01 m showed the best representation
of observed discharges with NSE=0.92, against 0.89 and 0.85 for zy = 0.001 m and zy = 0.0001 m,

respectively) with Trung Trang discharges data (Fig. IV.8).

Figure IV.8: Comparisons between measurements of water discharges Q at Trung Trang in the observations
(blue) and in the simulations (other colors) during December 2017.

Following these results, a simulation with a zy = 0.01 m and increased river discharges by 10% was
performed (noted zp = 0.01 m + 10% ). Again, correlation with Trung Trang discharges data was
good (NSE=0.91) and the mean modeled Q (391 m3 s'!) showed closer values to Trung Trang mean
value than the previous simulations. However, concluding on the best parameterization option

was difficult as results were very close to one another.

To help with the parameterization choice, modeled salinity profiles along the Van Uc estuary were

compared to the observations (detailed in Chapter 2) during neap and spring tides of December
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2017. Results from simulations with zg = 0.01 m, zg = 0.001 m and zy = 0.0001 m showed the model
ability, in every case, to reproduce the tidal intrusion of spring tides, with decreasing salinities
from the mouth (ST1) to upstream (ST3), and with salty water intrusion all over the water column
at high tides (Fig. IV.9). However, salinities were overall too high compared to observations, es-
pecially in the simulation with zy = 0.0001 m. This is consistent with the fact that the smaller the
roughness coefficient is, the less the bottom interacts with the currents. In addition, the model
struggled to reproduce the observed low salinities at low tides, which suggested that either the
along estuary tidal dissipation was not efficient enough, either river discharges were not strong
enough. Simulation zy = 0.01 m + 10% showed a better representation of the low salinities at low

tides as well as better salinities at ST3.

Figure IV.9: Salinity profiles during survey DS (dry season, spring tides) at ST1, ST2 and ST3 (top row) and
corresponding salinity profiles from simulation with zy = 0.01 m (second row), zy = 0.001 m (third row), z¢ =
0.0001 m (fourth row) and zy = 0.01 m with increased Van Uc discharges by 10% (last row).

Interestingly, in neap tides, all four simulations presented very similar results (Fig. IV.10). The
model nicely reproduced the salinity patterns compared with observations, especially in terms of
thickness of the salty water layer. In terms of salinity values, simulations slightly underestimated
the values of the bottom salty layer at ST1 and overestimated them at ST2. At ST3, the depth of
the salinity gradient is well reproduced by the model but the salinity of the bottom layer was over-
estimated by the simulations. As observations did not show values below 10 m, it is difficult to

evaluate the model performance at this station. Here, bottom roughness parameterization and
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changes in river discharges did not significantly alter the tide propagation within the estuary. Fol-
lowing the results for neap and spring tides, the choice is made to set the river roughness length
in the Van Uc river to 0.01 m and Van Uc river discharges initially given by Vinh et al. (2014) are

increased by 10 % .

Figure IV.10: Same as Fig. IV.9 but for survey DN (dry season, neap tides).

Lastly, model performances in terms of current velocities within the Van Uc estuary were com-
pared to observations (i.e. ADCP measurement, see Chapter II). Fig. IV.11 a presents the vertical
velocity profiles measured in the middle of the Van Uc river, at ST2 during the dry season at neap
tides. Measured data showed characteristics velocity profiles of tidal intrusion, especially during
floods and high tides, with maximum values between 6 and 8 m depth. These correspond to the
tidal currents that propagates along the estuary from flood to high tide during neap tide. Modeled
profiles from simulation zy = 0.01 m + 10 % showed similar results at every tidal stage compared
to observations, both in terms of values and patterns (Fig. IV.11 b). Only velocity maxima at flood
and high tides were located slightly above the measured maxima (between 5 to 7 m). These small

discrepancies suggest a slightly too strong tidal intrusion along the estuary.

Overall, simulation zy=0.01 m + 10 % showed good agreement with observed water discharges,
salinity and currents in the Van Uc estuary. Therefore, the choice was made to use this configura-

tion for the rest of the study.
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Figure IV.11: Currents velocities (m s1) measured (a) and modeled (b) at ST2 during survey DN (dry season,
neap tide) at high tide (8 am), ebb tide (12 am), low tide (4 pm) and flood tide (2 am).

IV.3.4 Hypothesis frameworks for 2D and 3D approaches

In Chapter III, T-UGO hydrodynamical model was used in its spectral mode (2D) for determining
the best grid configuration and bottom parameterization that should be applied to SYMPHONIE.
Thanks to its low computational cost, T-UGO 2D proven its efficiency in solving tidal solutions
faster than 3D regional models. The main result of this study was the key role played by the
bathymetry dataset when modeling shallow-water tides. Indeed, the new bathymetry dataset de-
veloped in Chapter III allowed to improve tidal solutions of the four main constituents of the GoT,
compared to previous studies using regular GEBCO bathymetry. Besides affecting tidal solutions,
bathymetry matters in ocean circulation by influencing the steering and the vertical mixing in the
ocean (Gille, 2003; Ledwell et al., 2000; Metzger and Hurlburt, 2001). Therefore, the improvement
of the bathymetric dataset is also of particular interest for 3D modeling and is integrated in the

SYMPHONIE model configuration used in this chapter.

In addition, the results presented in Chapter III emphasized the role of the bottom friction param-
eterization when modeling shallow-water tides. Particularly, a spatially regionalized roughness
length (zg) configuration allowed a clear improvement in the tidal solutions compared to previous
3D simulations from the literature and to the tidal atlas FES2014b (without data assimilation) for

the semi-diurnal waves. Details of the zy regionalization are given in Fig. IV.12.

In this section, this configuration developed with the T-UGO 2D model is tested with the 3D
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Figure IV.12: Best bottom friction parameterization obtained with T-UGOm in 2D mode.

SYMPHONIE model, and the results are compared with results from SYMPHONIE from a sim-
ple bottom-friction parameterization. Two twin simulations (1 year long) forced by FES2014b
are performed: one simulation configured with the regionalized bottom friction parameteriza-
tion developed in Chapter 3 (noted SIMU_varying_zp), another simulation configured with a uni-
form bottom friction parameterization for 3D modeling, i.e. with z;=0.001 m all over the domain
(noted SIMU_constant_zg). Fig. IV.13 presents the differences between the two simulations and

FES2014b atlas in terms of tidal amplitudes, for waves O1, K1, M2 and S2.

Figure IV.13: Tidal amplitudes differences (in m) between the modeled tidal waves and the forcing tidal
waves (FES2014b) for O1 (a,e), K1 (b,f), M2 (c,g) and S2 (d,h), from SIMU_constant_z, (top panels) and
from SIMU_varying_z, (bottom panels).

The patterns of differences of each wave are very similar between the two simulations. Consider-

ing the semi-diurnal wave M2, SIMU_constant_z, clearly shows smaller differences to FES2014b
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(up to 0.06 m) than SIMU_varying_z, (up to 0.10 m), especially in the northeastern and south-
westen parts of the basin where the wave resonates (Fig. IV.13 c¢,g). Overall, differences are positive
almost all over the domain, meaning that both simulations overestimate M2 amplitude. Similar to
M2 case, SIMU_constant_zy shows smaller differences (negative and positive) to the tidal atlas for
S2 (up to 0.025m) than SIMU_varying_z, (up to 0.04 m) (Fig. IV.13 d, h). Again, the largest differ-
ences to FES2014b are observed in areas where S2 resonates. The two simulations show approxi-
mately the same differences to FES2014b considering the diurnal waves, except for K1 case in the
northeastern part of the domain, where slightly higher positive differences appear with SIMU_-
varying zp (0.18 m against 0.15 m from SIMU_constant_z,). Besides showing the sensitivity of
SYMPHONIE to the bottom friction parameterization, these results suggest that the bottom fric-

tion configuration developed with a 2D model is not appropriate for a 3D modeling.

Therefore, a uniform zy=0.001 m parameterization over the GoT is chosen for the rest of the study.

IV.4 Evaluation of model results over the Gulf of Tonkin

Using the configuration previously described, a 9 year-long SYMPHONIE simulation was per-
formed over the period 2009-2017. In this section the realism of this simulation, noted SIMU, is
evaluated in its representation of seasonal, annual and interannual variability of sea surface tem-
perature (SST), sea surface salinity (SSS), sea level anomaly (SLA) and oceanic circulation. SIMU
is compared to the available products and satellite data, to in-situ temperature, salinity and tide
gauge data and to surface currents data presented in sections IV.2.1.4 and IV.2.3. If the modeled
and observational data have different spatial/temporal resolution, the finer one will be resampled

to the same resolution as the coarser one before making comparisons.

IV.4.1 SST

First of all, the realism of the simulation’s seasonal SST fields (SIMU) are analysed. Fig. IV.14 shows
the seasonally averaged maps of SST in summer (months of June, July, August, noted JJA hereafter)
and in winter (months of December, January, February, noted from hereafter DJF), over the GoT
for the 2009-2017 period, obtained from OSTIA analysis, SIMU and the forcing field (noted from
hereafter GOM, for Global Ocean Model). Compared to OSTIA, the spatial distribution of SST
in winter is well reproduced in SIMU, with a spatial correlation (R) of 0.94 (p<0.01), and of 0.95
(p<0.01) in GOM (Fig. IV.14 b, c). In winter, the northeast cold monsoon brings a cold tongue of

surface water into the GoT from the SCS (Fig. IV.14 a, b, c). This strongly affects the GoT SST,



CHAPTER IV. HYDRODYNAMICS OF THE ESTUARY - COASTAL ZONE - OPEN SEA CONTINUUM
168 IN THE GULF OF TONKIN

causing a clear N-S gradient: SST varies from about 17°C along the Chinese coast to about 25°C
in the south of the GoT. In summer, the SST is more homogeneous and warm over the GoT with
temperatures varying from ~ 28 to 30 °C (Fig. IV.14 d). Observations also show two small cold water
areas of about 28.5 °C: one located near the southernmost Vietnamese coast (between latitudes 17
to 18 ° N) and one along the south-east coast of Hainan Island. Those observed cold patterns
are reproduced in SIMU (Fig. IV.14 e) but with even colder temperatures (~ 27.5 °C), while only
the cold area along the Vietnamese coast is reproduced in GOM (Fig. IV.14 f). Furthermore, a
warm water band along the northern coast of the GoT and of Hainan is observed in SIMU and
GOM, which explains the higher mean SST in SIMU (30.07 °C) and GOM (30.24°C) compared to
OSTIA (29.87 °C). The spatial correlations over the GoT in summer between OSTIA and SIMU are
lower than in winter (R=0.39, p<0.05), but remain higher than between OSTIA and GOM (R=0.25,
p=0.12). Some of those weaker correlations in summer than in winter can be explained by the

much smaller range of SST spatial variability.

Figure IV.14: Evaluation of SIMU seasonal maps of SST. Climatological comparisons of sea surface temper-
ature (SST, °C) between OSTIA (a, b), SIMU (c, e) and the forcing GOM (c, f) in summer (top panels) and
winter (bottom panels)

To further explain these differences in spatial correlation and the inability of GOM to reproduce
the cold water area along Hainan Island, a simulation without tide is performed (named SIMU_-
No_Tide, Fig. IV.15). The climatological SST patterns for JJA in SIMU_No_Tide are very similar to
the ones in GOM. Note that, the forcing model GOM does not integrate any tidal representation in

its configuration. SIMU_No_Tide is unable to reproduce the cold water area along Hainan Island
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and shows even poorer spatial correlation with OSTIA (R=0.14 (p=0.15)) than the spatial correla-
tion found for SIMU. This suggests that the inability of GOM to represent this cold water area is
related to the fact that GOM does not represent the effect of tides, which play a role in SST patterns,

particularly in summer, and that implementing them in hydrodynamical simulations is crucial.

Figure IV.15: Climatological SST of the summer season (JJA) from simulation without tide.

Fig. IV.16 a presents the monthly SST anomaly variability averaged over the GoT for OSTIA, SIMU
and GOM. Both models show good correlations with OSTIA. SIMU shows the lowest SST bias (on
SST signal, not SST anomaly) to OSTIA (0.24 °C) while GOM shows almost twice bigger bias (0.43
°C). During the winter, SIMU always overestimates the negative SST anomalies compared to OS-
TIA, while GOM always underestimates both negative and positive anomalies in winter and sum-
mer respectively, compared to OSTIA. SIMU, GOM and OSTIA show good correlation with in-situ
datasets, in terms of R and NSE (Fig. IV.16 b, c). In both Bach Long Vi and Hon Dau cases, the
highest biases are reached by GOM (0.74 (p<0.01) and 0.84 °C, respectively), while OSTIA is the
closest to the in-situ dataset at Bach Long Vi (bias of 0.63 °C) and SIMU the closest to Hon Dau

in-situ dataset (bias of 0.43 °C).

Fig. IV.17 presents the annual and interannual cycles of SST averaged over the GoT and at Bach
Long Vi and Hon Dau stations. The annual cycle of SST is very well reproduced by both SIMU and
GOM, with high correlation values (R and NSE) (Fig. IV.17 a). The model SST follows closely the
observed OSTIA values from March to December, while it slightly overestimates the negative SST
anomalies in January and February. However, GOM underestimates both negative and positive
anomalies in winter and summer respectively, as previously described in Fig. IV.16. The in-situ
annual SST cycles are also well reproduced by SIMU at both Bach Long Vi and Hon Dau stations

(Fig. IV.17 b, ¢). Despite the good correlation with the in-situ dataset, all three products (SIMU, OS-
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Figure IV.16: Evaluations of the monthly SST anomaly signals over the GoT of SIMU and GOM compared
to OSTIA (a); of SIMU, GOM and OSTIA compared to Bach Long Vi hydrological station (b); of SIMU, GOM
and OSTIA compared to Hon Dau hydrological station (c). Bias refer to the SST (not anomaly) signal.

TIA and GOM) slightly underestimate the negative and positive anomalies (in winter and summer,

respectively) at Bach Long Vi (Fig. IV.17 b) by ~ 0.4 °C.

Atinterannual time scales, SIMU and OSTIA spatial averaged SST anomaly are also well correlated,

with R=0.96 (p<0.01) and NSE = 0.85, which are slightly better correlation values than between
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GOM and OSTIA (R=0.88 (p<0.01) and NSE=0.86) (Fig. IV.17 d). At Bach Long Vi and Hon Dau,
SIMU shows also better correlation with the in-situ datasets, compared to OSTIA and GOM (Fig.

V.17 e, f).

(a) (b)

Figure IV.17: Evaluations of the annual (left column) and interannual (right column) SST anomaly signals
over the GoT in SIMU and GOM compared to OSTIA (a, d); in SIMU, GOM and OSTIA compared to Bach
Long Vi hydrological station (b, e); in SIMU, GOM and OSTIA compared to Hon Dau hydrological station (c,
f).

Evaluations of the temporal climatological monthly, annual and interannual evolution of SST, as
well as its spatial variability, highlight the very good behaviour of SIMU in terms of SST spatial and

temporal representation.

IV.4.2 SSS

Fig. IV.18 shows the mean seasonally averaged SSS comparison between SMOS satellite data,
SIMU and GOM. As explained in section 4.2.3, the coverage of SMOS in the GoT is coarse (1/4°
) and sparse in the coastal areas. The comparison between model results and those data should
therefore be considered with caution. In winter, SSS are rather homogeneous over the GoT (~ 33
PSU) as rainfalls and associated river discharges are low (Fig. IV.18 a). A lower salinity area (~ 32
PSU) is in SMOS observed near Hainan Strait and seems to be coming from the strait, possibly
pushed along the northern coast by the NE monsoonal winds. SIMU reproduces well those pat-

terns, with a spatial correlation (R) with SMOS of 0.81 (p<0.01), while GOM shows a poorer spatial
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correlation (R=0.67 (p<0.01)).

Figure IV.18: Similar to Fig. IV.14 but for sea surface salinity (SSS, PSU) comparison between SMOS, SIMU
and GOM.

In summer, the southwest monsoon, associated with heavy rain and strong river discharges, trig-
gers a NW-SE SSS gradient which appears in the observations (from 31 PSU near the coast to 34
PSU in the south of the GoT) (Fig. IV.18 d). The location of this gradient is well reproduced in SIMU
and values <29 PSU are observed along the coast (Fig. IV.18 e). However, the poor spatial correla-
tion between SIMU and SMOS (R=0.21 (p=0.12)) is possibly due to the discrepancy in the ranges of
SSS values and to the fact that SMOS does not cover the coastal band of very low SSS values. The
NW-SE gradient in GOM is weaker than in SMOS and SIMU, with values ranging from 31.5 to 32.5
PSU (Fig. IV.18 f). The rather high SSS values observed along the coast in GOM may result from
inaccurate representation of the Red River water discharges in this model (personal comments of
Romain Bourdallé-Badie, Mercator). The very poor spatial correlation between GOM and SMOS
(R=0.04 (p=0.22)) indicates that water discharges are crucial for SSS patterns in summer in the

GoT, and should be carefully represented in ocean circulation models.

Fig. IV.19 shows the monthly SSS variability averaged over the GoT for SMOS, SIMU and GoT. The
climatological monthly variations of SIMU are in phase with SMOS variations, despite the inability

of SIMU to reproduce the observed SMOS SSS rising trend (Fig. IV.19 a).

Correlation between SMOS and SIMU monthly anomaly values over their common period (R=0.76

(p<0.01), NSE=0.57) are largely better than the correlation with GOM (R=0.25 (p<0.05), NSE=0.01).
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Figure IV.19: Evaluations of the monthly SSS signals over the GoT of SIMU and GOM compared to SMOS
(a); same evaluations but with detrended SSS signals (b). Bias refer to the SSS (not anomaly) signal.

Indeed, GOM appears to be limited in reproducing both SSS monthly cycle and trend, the latter
appearing even slightly decreasing. The explanation of GOM limitations in reproducing the GoT
SSS is beyond the scope of this study, but could be due to the assimilation of in-situ data when
estimating the model’s initial conditions. The numerical GoT domain used in this study is rather
small, which favors a short residence time of the water (~ 1 y). Therefore, the boundary condi-
tions provided by GOM could largely affect the long term modeled water masses properties vari-
ability (i.e. trend), while the shorter time scales (monthly, seasonal) could remained unaffected.
The detrended datasets show even better correlation between SMOS and SIMU (R=0.81 (p<0.01),
NSE=0.65), while correlation between SMOS and GOM is very low (R=0.16 (p=0.14), NSE=-0.11)
(Fig. IV.19 b). Note that the biases between SMOS and SIMU are reduced when using detrended

data, compared to trended data.

Furthermore, both GOM annual and interannual SSS cycles show poor correlation with SMOS cy-

cles, with low correlations of respectively 0.37 and 0.13 (Fig. IV.20 a, b). This confirms the inability
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of GOM to reproduce the SSS variability over the GoT. On the contrary, SIMU closely follows the
annual SSS cycle (R=0.96 (p<0.01), NSE=0.92). The correlation is weaker for the interannual cy-
cle (R=0.70 (p=0.08), NSE=0.37), since SIMU is potentially affected by GOM, however SIMU still

performs much better than GOM at the interannual scale.

Figure IV.20: Evaluations of the annual (a) and interannual (b) SSS signals over the GoT of SIMU and GOM
compared to SMOS.

Figure IV.21: Evaluations of the monthly SSS signals at Hon Dau of SIMU, SIMU+20% and SIMU+40% com-
pared to in-situ dataset. Bias refer to the SSS (not anomaly) signal.

SIMU SSS temporal variability evaluation at Bach Long Vi station is not presented as a bias of the
in-situ salinity sensor has been depicted from 2014. SIMU SSS temporal variability is however
evaluated at Hon Dau station (Fig. IV.21). A comparison with SMOS at Hon Dau station is not pos-
sible because it is located outside of the SMOS domain. Hon Dau station is located near the coast
in the Red River’s plume, a complicated area where the tidal and river discharges signals are strong.
GOM temporal variability is not represented here as it shows small non-significant correlation

with in-situ measurements (0.32, p=0.12). On the contrary, SIMU reproduces very well the tempo-
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ral variability of SSS (R=0.94 (p<0.01), NSE=0.82). However, the positive bias to the observations
(not anomaly) of 1.81 PSU suggests that SIMU is limited in reproducing the in-situ seasonal min-
imum SSS. In river plumes, SSS anomalies are directly driven by river discharges. Therefore, two
simulations with increased river discharges (increases of 20% and 40% ) are performed and noted
SIMU+20% and SIMU+40% . Increasing the discharges tends to increase the correlations with the
observations (R= 0.94 and NSE=0.86 for SIMU+20% , R=0.95 and NSE=0.88 for and SIMU+40% )
and to decrease the biases (from 1.56 to 1.39 PSU for SIMU+20% and SIMU+40% , respectively)
(Fig. IV.21). Among the three simulations, SIMU+40% is the one that best reproduces the observed

temporal cycle.

SIMU+40% also best reproduces the annual variability of the observations (R=0.99 (p<0.01), NSE=
0.94 for SIMU+40% , 0.93 for SIMU+20% and 0.88 for SIMU) (Fig. IV.22 a). At the interannual time
scale, the simulations are almost similar and all three of them fairly well reproduce the observa-

tions, with R between 0.78 and 0.79 and NSE between 0.60 and 0.62 (Fig. IV.22 b).

Figure IV.22: Evaluations of the annual (a) and interannual (b) SSS signals at Hon Dau of SIMU, SIMU+20%
and SIMU+40% compared to in-situ dataset.

Despite showing the best results in reproducing the observed SSS anomalies at Hon Dau, the river
discharges imposed in SIMU+40% (increase of discharges of 40% ) are not realistic. Such high river
discharge increases could be triggered by short episodic events like typhoons and storms, but in

any case could not last for years. Therefore, for the rest of the study, SIMU is kept as reference.

IV.4.3 SLA

Model outputs (SIMU and GOM) and altimetry data (ALTT) are compared over their common pe-
riod, i.e. 2009-2017. In this section, SLA is therefore calculated both from the models and the
data from sea surface height (SSH) fields by removing at each point the mean SSH over the period

considered:
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SLA (i, j,t) =SSH(i, j, t) - SSH(, j,2009 — 2017) (IV.36)

Fig. V.23 shows maps of altimetry (ALTT), SIMU and GOM seasonal mean SLA. In winter, a N-S
gradient of SLA is observed in the observations with values ranging from 0.02 (in the north) to 0.11
m (in the south) (Fig. IV.23 a). This gradient is possibly enhanced by the NE monsoonal winds
blowing over the GoT during this season, which could push the water masses towards the south.
SIMU reproduces realistically this spatial variability with R=0.71, and mean values (0.062 m) very
close to ALTI mean values (0.061 m) (Fig. IV.23 b). Higher mean value from GOM (0.090) suggests

that GOM overestimates the winter positive anomaly of SLA all over the GoT (Fig. IV.23 c).

Figure IV.23: Similar to Fig. IV.14 but for sea level anomaly (SLA, m) comparison between ALTI, SIMU and
the forcing GOM.

In summer, SLA is negative all over the basin with a mean value of -0.108 m (Fig. IV.23 d). Com-
pared to winter conditions, the N-S gradient is reversed with decreasing SLA values from the north
towards the south (lowest values observed in the south as low as -0.18 m). SIMU reproduces well
the mean JJA SLA value (-0.109 m) but the gradient is not as strong as in ALTI (Fig. IV.23 c). A patch
of SLA ~ -0.10 m is observed at the southern boundary of the domain, which seems enhanced by
the forcing GOM (Fig. IV.23 d). GOM does not represent the N-S SLA gradient and generates a band
of strong negative values along the Vietnamese coasts, leading to overestimating the mean nega-

tive SLA over the GoT (-0.153 m). Despite the rather poor spatial correlations of both models with
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ALTT in summer (0.36 and 0.21 for SIMU and GOM, respectively), SIMU overall better reproduces
the JJA SLA spatial patterns than GOM. Regarding the monthly temporal series, SIMU better re-
produces the ALTI monthly variations of SSS over the GoT (R=0.97 (p<0.01), NSE=0.95) than GOM

(R=0.95 (p<0.01), NSE=0.83) (Fig. IV.24 a).

Figure IV.24: Evaluations of the monthly SLA signals over the GoT of SIMU and GOM compared to ALTI (a),
at the annual time-scales (b) and at the interannual time-scales (c).

SIMU reproduces well the climatological annual variations of observed SLA (R=0.99 (p<0.01), NSE=
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0.98), although the modeled SLA slightly underestimates the negative anomalies in summer and
the positive anomalies in winter, compared to ALTT. GOM also well reproduces the SLA annual
cycle (R=0.99 (p<0.01), NSE= 0.88) but shows larger underestimations of the minimum and max-
imum observed in ALTI. At interannual time scales, SIMU spatially averaged SLA shows better

correlations with ALTT (R=0.76 (p<0.05), NSE= 0.54) than GOM (R=0.70 (p<0.05), NSE= 0.43).

Evaluations of SIMU, ALTI and GOM compared to in-situ gauges stations are presented in Table
IV.2. In both Bach Long Vi and Hon Dau stations cases, SIMU better reproduces the observed SLA

monthly, annual and interannual variabilities than ALTI and GOM.

Bach Long Vi gauge station | Hon Dau gauge station

Cycle R | p-value NSE R | p-value | NSE

monthly | 0.54 | <0.01 -0.85 0.71 | <0.01 0.05

ALTI annual | 0.54 <0.01 -0.41 0.77 <0.01 0.50
inter. 0.63 0.10 0.34 0.57 0.14 0.23

monthly | 0.59 | <0.01 -0.35 0.76 | <0.01 0.50

SIMU | annual | 0.59 | <0.01 -0.61 0.78 | <0.01 0.51
inter. 0.80 | <0.01 0.37 0.84 | <0.01 0.50

monthly | 0.45 | <0.01 -0.60 0.64 | <0.01 0.12

GOM | annual | 0.52 0.08 -0.87 0.69 | <0.05 0.07
inter. 0.75 | <0.05 0.52 0.77 | <0.05 0.54

Table IV.2: R, associated significance (p-value), NSE and biases computed for ALTI, SIMU and GOM at the
monthly, annual and interannual time-scales compared to Bach Long Vi and Hon Dau gauges stations.

Evaluations of the temporal climatological monthly, annual and interannual evolution of SLA, as
well as its spatial variability, highlight the very good behaviour of SIMU in terms of SLA spatial and

temporal representation, compared to the forcing model GOM.

IV.4.4 Circulation

In this section, SIMU depth-averaged currents are first compared with currents seasonal maps
from the literature (Fig. IV.25), and then, monthly-mean surface circulation are compared with

Radar HF data (Fig. IV.26).

Nowadays, uncertainties remain in understanding the GoT circulation, which come from the fact
that the GoT has been mostly studied as a by-product of the South China Sea research. In the
mid-2000s, longer-term observations and finer-resolution numerical studies enabled the scien-
tific community to fill the gap, but published english-written papers that review the GoT circu-
lation are still a few and the mechanisms behind the seasonal circulation remain controversial,

particularly in summer (Gao et al., 2017). As seen in section 1.2.2.1 in Chapter I, most studies agree
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on a predominance of gulf-scale cyclonic flows during winter but the circulation structure during

summer remains uncertain, with either gulf-scale anticyclonic or cyclonic circulation.

In winter, SIMU reproduces the southward current off the Vietnamese coasts that has been em-
phasized by several authors (Manh and Yanahi, 2000; Ding et al., 2013; Rogowski et al. 2019) (Fig.
IV.25 a, b, c). The modeled circulation reveals that this current is strongest in the very near coastal
area, with velocities up to 0.25 m s™'. Liu and Yu, 1980 and Yuan and Deng, 1999 suggested that
the winter circulation consisted in one cyclonic gyre in the northern GoT and in one anticyclonic
gyre in the south (Fig. IV.25 b). SIMU however produces a large cyclonic gyre (Fig. IV.25 a) which
is supported by the results of Manh and Yanagi (2000) and Ding et al. (2013) (both based on 3D
numerical studies) (Fig. IV.25 c¢), and a small anticyclonic gyre south of Hainan island. Based on
POM model outputs , Sun et al. (2001) verified that the current in the Hainan Strait and off the
northwestern coast of Hainan is westward and southwestward respectively, as produced in SIMU

(Fig. IV.25 a).

Figure IV.25: Climatological comparisons of SIMU depth-averaged currents (m s™!) (a,b) with schematic
circulation patterns found in literature in summer (top panels) and winter (bottom panels).

In summer, SIMU shows a rather complex and mostly-anticyclonic depth-averaged circulation
(Fig. IV.25 d) which is supported by Wang et al. (1998) and Ding et al. (2013) (Fig. IV.25 e, ). SIMU
shows a large anticyclonic gyre in the southern part of the GoT with an intense southward branch
of 0.3 m s’! along the southern coast of Hainan, a cyclonic gyre off the Vietnamese coast at 18-19°

N, 106-107.5 ° E and a small anticyclonic eddy appears north west of Hainan island. The Hainan
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strait appears dominated by an eastward current which is supported by the results of Gao et al.

(2015).

Modeled monthly surface current fields are compared with HF Radar derived surface currents in
Fig. IV.26. Despite slightly overestimating the mean velocities of the surface currents (except in
April: Fig 4.26. b, g), SIMU reproduces well the current spatial variability compared to observa-
tions. Here, for the sake of conciseness and as they represent a good overview of the annual vari-
ability, only months of January, April, July, October and December of 2017 are presented, but SIMU
reproduces well all months of years 2015, 2016 and 2017. Both SIMU and HF Radar observations
exhibit the strong monthly variability of the winter southward coastal current, in terms of speed
and direction, which has been previously observed in Fig. IV.25 a. The current is weak and nar-
row in spring (Fig. IV.25 b, g) with velocities up to 0.2 m s1, and is confined along the Vietnamese
coasts. From summer to fall, the current intensifies (velocities higher than 0.4 m s™') and becomes

larger (up to 75 km width). The mechanisms behind this variability are discussed in section 4.5.

Figure IV.26: Monthly averaged SIMU surface currents intensity fields (in m s™!) overlaid with correspond-
ing current directions (arrows) for January, April, July, October and December of 2017 (panels a,b,c,d,e);
monthly averaged HF radar-observed surface current intensities (in m s™') and corresponding currents di-
rections for January, April, July, October and December of 2017 (panels f,g,h,i,j).

IV.4.5 Vertical structures of temperature and salinity

The ability of SIMU to reproduce the vertical structures of coastal water masses in terms of tem-

perature (Fig. IV.27) and salinity (Fig. IV.28) is evaluated in this section. SIMU is compared to 25
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km-long CTD cross-sections collected on the 6th of September 2015, 23rd of December 2015, 26th
of May 2016 and on the 25th of July 2016 (see location on Fig. IV.2 a). In almost each case, the
observed stratification patterns are well reproduced by SIMU, in terms of position and depth of
temperature and salinity gradients (Fig. IV.27 and Fig. IV.28). In terms of intensity, SIMU slightly
underestimates the warmer temperatures (by up to 1.5° C) and overestimates the colder tempera-
tures (up to 2° C) (Fig. IV.27 a-i), except in July when SIMU overestimates the entire water column

temperature (Fig. IV.27 j-1).

Figure IV.27: Temperature (in ° C) transects along a 25 km across-shore line from SIMU (a,d,g,j), from CTD
observations (b,e,h,k) and biases between SIMU and observations (c,f,i,1).

Regarding salinities, SIMU also correctly represents the spatial patterns, but underestimates the
minimum values (by up to 4 PSU) and overestimates the maximum values in September, Decem-
ber and May (Fig. IV.28 a-i). Only in July, salinity patterns are not well represented by SIMU, with

the low water mass shifted eastwards by ~ 20 km (Fig. IV.28 j-1).

Despite the complexity of the hydrodynamical dynamics of the coastal ocean, comparisons of
vertical profiles of water properties with in-situ observations therefore shows that SIMU provides

a realistic representation of the coastal ocean spatial and temporal patterns.
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Figure IV.28: Same as Fig. IV.27 but for salinity (in PSU).

IV.5 GoT surface circulation and fluxes

As above mentioned and detailed in Chapter 1 (section 1.2.2.1), circulation in the GoT remains
uncertain. While most studies agree on a predominance of gulf-scale cyclonic flows during win-
ter, the circulation structure during summer remains a topic of debate. Also, circulation through
the Hainan strait is considered as either westwards all year long, or alternating with monsoon
winds reversal. In addition, the scientific community disagrees on the mechanisms dominating
the surface current variability, whether it is driven by the monsoon wind-induced currents or by
the density-gradient currents. In this section, based on results from SIMU, new conclusions on
the driving mechanisms of the seasonal and interannual variability of the currents are proposed

and estimations of water fluxes at different time-scales are proposed.

IV.5.1 Drivers of the seasonal circulation variability

Section 1.2.2.1 in Chapter I highlighted the efforts made by the scientific community to first, doc-
ument the general circulation of the GoT and second, to understand the mechanisms respon-
sible for the GoT surface current variability. However, conclusions remain controversial on the
winter/summer circulation patterns and on whether surface circulation is driven by winds or by
density-gradients. To complement the literature and determine the mechanisms dominating the
variability of the total surface current (noted Uia) and the surface geostrophic currents (Ugeos.)

are computed from sea surface height (SSH) fields (from SIMU), and the surface Ekman currents
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(Ukkman) are deduced from: Uyor4; = Ugeos. + Ugkman - Winter (October, November, December,
January) and summer (May, June, July, August) mean fields maps of surface currents Uistal, Urkman
and Ugeos are presented in Fig. IV.29. In winter, the total simulated circulation (Uta) shows a gulf-
scale cyclonic circulation with a strong down-coast current off Vietnam (of ~ 0.4 ms™!), a westward
flow through the Hainan strait (of ~ 0.2 m s™') which joins the coastal current, and a northeastward
branch (~ 0.2 m s™!) of an unclosed gyre in the south of the GoT that also joins the coastal current
(Fig. IV.29 a). Total surface circulation patterns from SIMU therefore coincides with the fourth op-
tion of winter circulation described in section 2.2.2 of Chapter 1. Ugyman Circulation patterns are
similar to Uyoq patterns over the GoT, with only slightly reduced intensities (Fig. IV.29 b). Ugeos
circulation patterns are similar to Uy, patterns in the western part of the basin, but shows large
discrepancies to Uyt in the eastern part (Fig. IV.29 c¢). Furthermore, overall intensities are much
smaller in Ugeos than in Uygal, €xcept in the boundary current (Fig. IV.29 a, c). Globally, the winter
average circulation is therefore mainly driven by wind, except for the boundary current where the

density driven and wind driven currents are consistent and both contribute to the total current.

Figure IV.29: Winter (a,b,c) and summer (d,c,f) mean fields of surface Uygtal (,d), Ugkman (b,€), Ugeos (C,f) (in
ms1).

In summer, the total simulated circulation (Uota) Shows a gulf scale anti-cyclonic circulation, with
eastward circulation in the Hainan strait (<0.1 m s™}) and strong eastward current south of Hainan
flowing outside the GoT (~ 0.4 m s™!), which is fed by eastward current coming from the Viet-
namese coast (Fig. IV.29 d). This circulation pattern coincides most to the first pattern described

in section 1.2.2.1 of Chapter I, despite the fact that Wang (1998) and Sun et al. (2001) did not men-
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tion the eastward flow in the Hainan strait. Similar to winter case, Uggman SUmmer circulation
patterns are also very similar to Uy, but with smaller intensities (Fig. 1V.29 e). Besides show-
ing very small current intensities, Ugeos Summer circulation patterns are very different from Uygq
summer patterns, except south of Hainan island (Fig. IV.29 d, f), and are also much weaker. The

summer circulation is therefore globally again mainly driven by wind.

These first observations suggest a basin-scale seasonal surface current variability dominated by
the Ekman transport rather than by the geostrophic circulation. However, domination of Ugxman
circulation over Ugeos circulation is not evident for smaller scale structures (i.e. boundary current,
Hainan strait circulation). Therefore, contributions of Ugkman and Ugeos to the total circulation,
for summer and winter seasons, in terms of relative proportions are detailed in Fig. IV.30. In
summer, Ugxman dominates the circulation at ~ 80% almost all over the GoT and more interest-
ingly, Ugkman is responsible for the strong current flowing south of Hainan island (Fig. IV.30 a,
¢). This observation is therefore consistent with studies suggesting that the summer circulation is
driven by monsoon winds (see section IV.5.1.2; Manh and Yanahi, 2000; Sun et al., 2001). However,
summer currents in the northern coastal areas and in Hainan strait appears to be roughly equally
controlled by Ugiman and Ugeos (Fig. IV.30 a, ¢). Therefore, these results are not sufficient to con-
clude on the mechanisms behind the Hainan strait circulation as both Ekman and geostrophic

circulation contribute to the circulation (as mentioned in section 1.2.2.1 of Chapter I).

In winter, Ugxman dominates most of the GoT circulation, especially the Hainan strait westward
current and the branch that enters the basin south of Hainan island (Fig. IV.30 b, d). However,
Ugeos dominates the strong boundary coastal current from 60 to more than 80% . This is consis-
tent with the fact that river plumes generate intense density-gradients by inputs of fresher waters,
inducing currents to follow these slopes. These results are consistent with the studies suggest-
ing that NW monsoon wind was the primary driving factor of winter surface circulation over the
density-gradient term (see section 2.2.1 of Chapter I;Gao et al. 2014b; Manh and Yanahi, 2000;
Sun et al. 2001; Xia et al., 2001) but none reported the dominant contribution of the geostrophic

currents to the coastal boundary current.

To complement this analysis, Empirical Orthogonal Functions (EOFs) are performed on Uy,
UEkman, Ugeos monthly mean fields from 2009 to 2017, for both zonal (u) and meridional (v) com-

ponents, to extract the dominant pattern of variability. Only statistically consistent EOFs, based
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Figure IV.30: Relative proportions of Ugxman (a,b) and Ugeos (¢,d) in summer (a,c) and winter (b,d) superim-
posed with Uy surface currents fields (in m s'!) during corresponding seasons. Note that here, summer
corresponds to the months of May, June, July and August, and winter corresponds to the months of October,
November, December and January.

on North et al. (1982) are shown here.

The first EOF mode (EOF;) on the zonal component of U, corresponds to 89.9% of the total
variance (Fig. IV.31 a). The corresponding spatial pattern shows negative values all over the basin,
except along the southern coast of Vietnam, and indicates that the GoT is mostly influenced by
this first mode of variability in the Hainan strait, in the region south of Hainan island and along
the Red River delta (Fig. IV.31 a). The associated temporal function (PC) denotes a clear seasonal
variability (Fig. IV.31 e). In summer, the product of the spatial and temporal functions suggests

1 over the

that this variability is responsible for zonal eastwards currents to flow at ~ 0.15 m s’
central part of the GoT and at maximum velocities of 0.40 m s! in the Hainan Strait, south of
Hainan island and along the Red River delta. However, along the southern coast of Vietnam, the

EOF; indicates that the summer total zonal currents are weakened by up to ~ 0.15m s1. In winter,

zonal circulation reverses with velocities of approximately the same order of magnitude.
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The EOF; on the zonal component of Ugyman presents similar patterns of spatial variability (ex-
cept only negative values all over the GoT), with a good spatial correlation of 0.97 (p<0.01) with
the spatial patterns of Uiy (Fig. IV.31 b). The associated temporal function also shows a clear
seasonal variability as a first mode of variability (at 67.4% ) (Fig. IV.31 e) and is well correlated with
the temporal function of EOF; on Uy (R=0.86 (p<0.01)). In this case, the product of the spatial
and temporal functions shows that this mode of variability is responsible for zonal eastward Ek-
man currents to flow at up to ~ 0.50 m s™' in Hainan strait, south of Hainan island and along the

Red River delta during summer.

The EOF; on the zonal component of Ugeos accounts for less than 60 % of the total variance and
shows a similar (spatial correlation with Uy 0f 0.87 (p<0.01)) but much weaker spatial influence
on the GoT than the EOF; on Uyqga; and Uggman (Fig. IV.31 a,b,c). The associated temporal function,
which shows poor correlation with Uy, zonal temporal function (R=0.26 (p<0.01)), suggests that
the variability of the zonal geostrophic currents is mostly dominated by an increasing trend rather
than by a seasonal variability (Fig. IV.31 e). The product of the temporal and spatial functions

gives relatively small current velocities, with a maximum of 2.5x1 02ms!

in winter 2017. However,
the second EOF mode (EOF,) on the zonal component of Ugeos that accounts for only 29% Ugeos
total variance, reveals a seasonal variability well correlated with the EOF; on zonal Uyya (R=0.78
(p<0.01)) (Fig. IV.31 e). The spatial function (Fig. IV.31 d) varies similarly to EOF; on Uy (R=0.92
(p<0.01)) but presents more patches of positive values over the basin. During summer, this EOF, is
responsible for zonal geostrophic currents to flow eastward at ~ 0.10 m s’! in Hainan strait, south
of Hainan island and along the Red River delta. In the rest of the basin (areas of positive values

on Fig. IV.31 d) geostrophic currents are westward. Similar to EOF; on Ugta and Uggman cases,

geostrophic circulation reverses in winter.

This suggests first that the dominant mode of variability of the current is the seasonal variability.
Second that the total seasonal zonal current variability is mainly linked to the seasonal variabil-
ity of the zonal Ekman transport, and to a lesser extent, to the seasonal variability of the zonal
geostrophic current, except for the coastal boundary current. This latter is indeed mostly driven

by the seasonal variability of the zonal geostrophic current.

The EOF; on the meridional component of Uyya; accounts for the majority of the total variance
(85.5% ) and also suggests a strong seasonal variability with eastern and western opposite pat-

terns of variability (Fig. IV.32 a, e). Similar patterns of variability appears in the spatial function
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Figure IV.31: Spatial functions (a,b,c,d) and associated principal components (noted PC) of the temporal
variability (e) of the first EOF mode on the zonal component of Uyyq (@), on the zonal component of Ugyman
(b), on the zonal component of Ugeos (€ ), and second EOF mode on the zonal component of Ugeos (d).
The product between the spatial and temporal functions denote the intensity of the considered current.
On panels b, ¢, d, R correspond to the correlations between EOF; U1 and EOF; Uggman, EOF; Ugeos and
EOF; Ugeos, respectively. On panel e, R corresponds the correlation between EOF; Uyoa; and EOF; Ugiman,
R(PC;) corresponds the correlation between EOF; Uyga and EOF; Ugeos, and R(PCz) to the correlation be-
tween EOF; Uygal and EOF Ugegs.

of the EOF; on the meridional component of Uggman (R=0.90 (p<0.01)). This mode, which also
suggests a seasonal variability, is well correlated with the seasonal variability of the EOF; of Uygtq
(R=0.68 (p<0.01)) but only accounts for 45.5 % of Ugyman total variance (Fig. IV.32 c, e). Similar to
the zonal current case, the EOF; on the meridional component of Ugeos depicts that the majority
of Ugeos variability (57.5% ) is dominated by an increasing trend with a weaker spatial influence,
compared to EOF; on Uyya) and Uggman (Fig. IV.32 a,b,c,e). Only the EOF, on the meridional com-
ponent of Ugeos shows a temporal function that depicts a seasonal variability well correlated with
EOF; on Uy, (R=0.74 (p<0.01)). The associated spatial function presents slightly weaker but sim-
ilar patterns to EOF; on Uyga (R=0.89 (p<0.01)). Spatial patterns of EOF; on meridional Uggman
and EOF; on meridional Ugeos are very similar, even though the range of values is slightly lower for
EOF3 on Ugeys (from -0.005 to 0.003) than for EOF; on Ugkman (from -0.008 to 0.005) (Fig. IV.32 b,d).
This suggests that EOF, on Ugeos generates slightly slower current speeds than EOF; on Uggman (as
ranges of values on the temporal are roughly the same). Therefore, the meridional component of
all three considered currents behave the same, only with different speeds (given by the product

of the temporal and spatial functions) (Fig. IV.32 a,b,d). Currents direction is northward in the
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western part of the GoT and southward in the eastern part during summer, and reverses during

winter.

Figure IV.32: Same as for Fig. IV.31 for the meridional component of the currents.

The EOF analysis confirms that the variability of Uiy, is dominated by the seasonal variability,
which explains almost 90% of the signal. Seasonal variability also explains the majority of Ugxman
signal, while only ~ % of Ugeos signal variability. Uggman seasonal cycle generates basin-scale
currents intensities stronger than the ones generated by Ugeos seasonal cycle. Both Ekman and
geostrophic seasonal circulations affect the coastal boundary current, the Hainan strait circula-
tion and the southern boundary flow, but in each case, Ugiman trigger stronger current intensities.
This confirms that the Ekman transport dominates the total circulation over the geostrophic cir-

culation, and therefore mostly contribute to the seasonal variability of the total current.

IV.5.2 Drivers of the interannual circulation variability

The previous section enhanced the important role of the surface Ekman circulation on the total
surface circulation at the seasonal scale. In this section, the dominant patterns of the interannual
surface current variability are extracted, with similar EOF analysis performed on detrended and
filtered Utotal, Upkman @nd Ugeos signals (following the TY-H13 method described in section IV.2.4).
Contributions of the Ekman transport and geostrophic circulation to the interannual signal of the
total currents are assessed, and lastly, potential mechanisms responsible for the observed interan-

nual variability are discussed.



IV.5. GOT SURFACE CIRCULATION AND FLUXES 189

EOFs; on the interannual signals of zonal Uy, and Uggman show similar spatial and temporal
functions with correlations of 0.76 (p<0.01) and 0.95 (p<0.01) respectively, and both EOFs; account
for the majority (more than 80% ) of the interannual signals (Fig. IV.33 a, b, e). Negative anoma-
lies on PCs; are observed in winter 2009/2010 and in summer 2015. These anomalies indicate a
strengthening of the eastward total and Ekman currents in the major part of the basin (blue areas),
which reach up to 0.1 m s™! in the Hainan strait and along the Red River delta. Along the southern
Vietnamese coasts, the EOFs; indicate a total and Ekman westward circulation of ~ 0.1 m s, In
contrast, the positive anomalies on PCs; of the year 2011, show the EOFs; were responsible for a
westward circulation over the basin and an eastward circulation along the southern vietnamese
coast. Besides showing poor correlations with both spatial and temporal functions of EOFs; on
zonal Uyga (R=0.22 (p<0.01) and R=0.37 (p<0.01), respectively), EOF; on zonal Ugeos reveals that
the geostrophic interannual variability generates negligible changes in zonal currents (temporal
and spatial functions values are close to 0) compared to changes generated by EOFs; zonal Uygta

and Ugyman (Fig. IV.33 ¢, e).

Figure IV.33: Spatial functions (a,b,c,d) and associated principal components of the temporal variability (e)
of the first interannual EOF mode of the zonal component of Uiy (2), of the zonal component of Uggman
(b), of the zonal component of Ugeos (¢), and of the zonal component of the wind (d). The product between
the spatial and temporal functions denote the intensity of the considered current. On panels b, c, d, R corre-
spond to the spatial correlations between EOF; Uygta and EOF; Ugkman, EOF1 Ugeos and EOF, Ugeos, respec-
tively. On panel e, R in blue corresponds to the temporal correlation between EOF; Uyya; and EOF; Ugiman,
R in gray corresponds to the temporal correlation between EOF; Uygta and EOF; Ugeos and R in red corre-
sponds to the temporal correlation between EOF; Ugyy,n and EOF; on the zonal wind interannual signal.

These results suggest that the interannual variability of zonal Uiy, is mainly driven by the inter-
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annual variability of zonal Ugypan. As the Ekman transport is driven by the winds, EOF analysis
are performed on the wind interannual signal (on both zonal and meridional components). The
temporal function of EOF; on the zonal wind shows a very high correlation of 0.91 (p<0.01) with
EOF; Ugkman temporal function (Fig. IV.33 e). Therefore, the first mode of variability of the inter-
annual zonal wind dominates the interannual variability of the zonal Ekman transport, which in

return is responsible for the majority of the interannual variability of the zonal total current.

Similar to the zonal current case, temporal functions of EOFs; on meridional Uy, and Uggman
are well correlated (R=0.93 (p<0.01)) (Fig. IV.34 a, b, e). Despite relatively poor correlation (R=0.31
(p<0.01)), both spatial functions present negative values to the west and positive values to the east.
The negative anomalies observed on PCs; during winter 2009/2010 and summer 2015 indicate a
strengthening of the northward currents in the western GoT (up to 0.15 m s’! for the total current
along the vietnamese coast). Additionally, the temporal function of EOF; on the meridional wind
shows good correlation with EOFs; on Ugyyan temporal function (R=0.87 (p<0.01)). Here again,
EOF; on meridional Ugeos generates weak currents (Fig. IV.34 ¢) and shows poor correlations with
EOF; on meridional Uiy (0.03 and 0.33 for spatial and temporal functions, respectively) (Fig.
IV.34 e). Therefore, the interannual variability of the meridional wind dominates the interannual
variability of the meridional Ekman transport, which in return controls the majority of the inter-

annual variability of the meridional total current.

Figure IV.34: Same as Fig. IV.33 but for the meridional component (v) of the currents and the wind.

These results, based on EOF analysis on interannual current and wind signals, show that the inter-
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annual variability of the total circulation is mostly driven by the interannual variability of the Ek-
man transport, which is itself driven by the wind interannual variability, and that the geostrophic

component plays a negligible role.

IV.5.3 Hypothesis on drivers of the wind interannual variability

Since wind appears to be the main driver of the surface current interannual variability, the mech-

anisms behind the wind interannual variability are investigated in this section.

Previous studies related ENSO to the wind interannual variability over the entire South China Sea,
using different wind products, time-periods and analysis methods (Wang et al., 2006; Cheng et
al., 2016; Piton and Delcroix, 2018). All of these studies suggested lags of 2 to 4 months in the
wind response to ENSO events (both La Nifia and El Nifio events) and attributed these lags to the

teleconnection through the Pacific atmospheric bridge (Klein et al., 1999; Wang et al., 2004).

Table IV.3 presents the correlations between the temporal functions of the EOF; on zonal and
meridional wind components with climate indices which describe Pacific large-scale patterns and
which may influence the atmospheric circulation over the GoT (described in section IV.2.3). Note
that correlations are computed with detrended and filtered climate indices following the same
method (TY-H13) used for currents and winds. Best lagged anti-correlations are found for Nifio
4 (ENSO index) (-0.65 and -0.72 for wind u and v respectively, with lags of 3 months) and PDO
(Pacific Decadal Oscillation index) indices (-0.78 and -0.67 with lags of 2 and 1 months for wind u

and v, respectively) with both wind components (Table IV.3).

Nifo 4 SOI PDO DMI SAM NP
EOF1 Windu | -0.65(3) | 0.56(4) | -0.78(2) | -0.15(4) | -0.40(0) | -0.15(0)
EOF1 Windv | -0.72(3) | 0.64(3) | -0.67(1) | -0.24(3) | -0.36(0) | -0.20(0)

Table IV.3: Maximum correlation coefficients (at given lags) between EOF; principal components of wind u
and v and ENSO, PDO, DMI, SAM and NP indices. All values are significant at 99% confidence level.

This suggests that both ENSO and the PDO influence the GoT circulation, with ENSO events lead-
ing the wind signals by 3 months and the PDO leading by 1 to 2 months. Even though correlation
values indicate good relationships between the wind signal with ENSO and PDO activities, the
temporal functions presented on Fig. IV.35 however also suggest that ENSO and PDO activities
can not explain the totality of the interannual wind signal. Indeed, depending on the particular
period considered, ENSO and PDO indices lead the wind signals or are led by the signals, or seem

not related at all.
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Figure IV.35: Temporal functions (black lines) on the EOF1 on zonal (a) and meridional (b) wind compo-
nents. Overplotted are Nifio 4 (solid green lines) and PDO (dotted green lines) indices detrended and filtered
with the TY-H13 method.

Table IV.4: Wind behaviors in link with signs of PCs; on Fig. IV.35 and with the seasonal mean wind.

During periods 2009-2013 and summer 2016 to 2017, the ENSO, PDO and wind signals behave
consistently with the above correlation. Details of the wind activity in link with ENSO events are

detailed below:

* The strong El Nifio event of 2009/10 (represented by a strong negative anomaly of the ENSO
index on Fig. 1V.35) seems to trigger a negative anomaly on the PC; of the wind (both u
and v) 2-3 months after the event (Fig. IV.35 a, b). Thus, this event triggered positive wind
anomalies (as the products of PC; and EOF; see Fig. IV.33 d and 4.34 d), of ~ 0.5 m s’! for
the zonal wind and of ~ 2.5 m s! for the meridional wind over the GoT. The mean winter
wind being NE, associated with the winter monsoon wind, this anomaly corresponds to a
weakening of the winter monsoon winds (see Table IV.4 for wind activity recap according

to the sign of the PC1 anomaly and the seasonal mean wind). This is consistent with the
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observed 2 to 3 months lagged winter wind weakening in the northern SCS of ~ 3 m s!

observed by Piton and Delcroix (2018). The weakening effect of El Nifio events on winter
monsoon was also observed by these authors on the 1982-83, 1986-87, 1991-92, and 1997-

98 El Nifio events.

* The two following La Nifia events of 2010/11 and 2012/13, and the La Nifia event of 2016/17

(characterized as positive ENSO index anomalies on Fig. IV.35) triggered a lagged response
of 5-6 months of the zonal and meridional winds, but with opposite signs to El Nifio re-
sponses. In these cases, the La Nifia events triggered negative zonal and meridional wind

anomalies, meaning a strengthening of the NE winter monsoon winds (Table IV.4).

The long El Nifio event that lasted from the end of 2014 through spring 2016, triggered
intense negative wind anomalies on PC;, from early spring to summer 2015, that started
roughly 4 months after the beginning of the event (Fig. IV.35). This particular event was
therefore associated with a weakening of the 2015 NE winter monsoon, similar to the El
Nifio 2009/10 case, and with a strengthening of the following SW summer monsoon. In win-
ter 2015/16, when the El Nifio event reached its maximum intensity, wind anomalies were

however close to zero. This will be discussed later on.

In 2013 and in early 2016, relationships between ENSO and wind activity are less clear and factors

potentially responsible for the wind interannual variability are proposed here:

* In summer-fall 2013, both EOF; on zonal and meridional wind show negative wind anoma-

lies over the GoT (positive anomalies of PC;), suggesting a weakening of the summer SW
winds (Fig. IV.35; Table IV.4), whereas ENSO and PDO activities were steady. This wind weak-
ening could be explained by the strong typhoon activity observed during June to November
2013 : cyclones travel from the Pacific ocean through the Philippines towards southeast Asia
in opposite direction of the summer SW winds and can thus, potentially infer with the sum-
mer monsoon winds. Indeed, the 2013 typhoon season was recorded as the most active
typhoon season over the Pacific since 2004 and the deadliest since 1975 (Mori et al., 2014).
It counted the super Yolanda (Haiyan) typhoon which hit the GoT early November, and was
one of the most powerful cyclones in recorded history (Schiermeier 2013; Philippine Na-

tional Disaster Risk Reduction and Management Council, 2015).

* The strong El Nifio event of 2015/16 did not trigger the expected winter wind weakening
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like observed for the previous El Nifio events (2009/10 and 2014/15). Instead, PCs; are close
to 0 in winter 2015/16. This could be due to the cold wave that hit East Asia during winter
2015/16, killing more than 100 people and generating temperatures as low as 5 ° C in Hanoi,
which were the lowest recorded in the last 20 years. This event was driven by a fast Arctic
warming that occured within the troposphere, which forced the Arctic Oscillation to change
phase rapidly, facilitating the strengthening of the Siberian high (Wang et al., 2017). Thus,
this cold wave triggered by the Arctic Oscillation variability, presumably induced a strength-

ening in winter NE wind activity that counterbalanced the weakening effect of El Nifio.

Results from this section suggest that ENSO interannual variability explain the patterns of wind in-
terannual variability observed over the GoT in general, and particularly for the periods 2009/early-
2013,2014/mid-2015 and mid-2016/2017: El Nifio events triggered weaken NE winter winds, whereas
La Nifia events triggered intensified NE winter winds. Since winds drive the Ekman transport,
which is the main driver of the GoT circulation variability, ENSO activity during these periods
hence drive the GoT circulation. However, particular events also show that the wind variability
could be subjected to other factors such as the typhoon activity, that explains the weakening of
the summer SW winds in 2013, and the cold wave of winter 2015/16 that explains the unexpected

low wind anomalies after an El Nifio event.

IV.5.4 Seasonal circulation and SSS patterns

Now that the GoT surface current variability is clarified, impacts of this variability on water mass
distribution are investigated. SSS and surface currents monthly mean fields from SIMU (for March,

July, September and December) are presented in Fig. IV.36.

Freshwater discharges and seasonal wind reversals typical of the monsoon climate seem to be the
main drivers of the Red River plume. Indeed, the NW-SE SSS gradient previously described in
section IV.4.2 shows a strong seasonal extent variability. In winter, due to minimum Red River dis-
charges combined with the strong southward coastal buoyant current (up to 4 m s1), the extent
of the Red River plume (i.e. low salinity waters) is limited to the very near coastal area (Fig. V.36
a, d), with freshwaters transported as south as 17.2 ° N. In July, in the core of the wet season, due
to increasing rainfalls and associated discharges combined with weaker and eastward coastal cir-
culation (~ 0 to 0.1 m s’!), the freshwater plume extends eastward (approximately ~ 50 km from
the coasts) (Fig. IV.36 b), and remains trapped above 18 ° N. In their numerical study using ROMS

at 1/15° over the period 2007-2016, Rozowski et al. (2019) simulated a freshwater plume that re-
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Figure IV.36: March (a), July (b), September (c ) and December (d) monthly mean fields of SSS (in PSU)
superimposed with surface currents monthly mean fields (in m s™!) from SIMU over the period 2009-2017.

mained trapped right in front of the only Red River distributary represented in their configuration,
north of 20° N. This shows the importance of representing in a model configuration each of the
seven estuaries of the Red River system, as well as others Vietnamese rivers (such as the Ma, Lac
Giang and Lam rivers, Fig. IV.2), as they affect the river plume’s representation and associated SSS.
In September, the southward coastal current strengthens as northeastern winds pick up, which al-
lows to “release" freshwaters and to export them southward, as low as 17° N (Fig. IV.36 c). As winter
progresses (December), river discharges decrease and the southward current intensifies (up to 0.5
m s 1), which diminishes the eastward plume extent, while freshwaters are still transported south-
ward (Fig. IV.36 d). Note that in September and December (Fig. IV.36 c, d), the vanishing of the
southward buoyant current south of 17.2 ° N may be caused by GOM lateral boundary conditions,
which impose saltier waters at the southern open boundary and therefore limit the freshwaters

export outside the domain.

SSS distribution over the GoT, and in particular freshwater distribution, is thus largely depending
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on the GoT seasonal surface circulation.

IV.5.5 Water flux variabilities and budgets

In this section, cross-section fluxes are computed over the simulation period 2009-2017 at differ-

ent time-scales and compared, when possible, with literature.

IV.5.5.1 Seasonal variability

Fig. IV.37 presents the winter and summer water fluxes across five sections, located across the
trajectories of the Hainan strait current (section 1), of the current south of Hainan island (section
2), and of the coastal boundary current (sections 3, 4, 5). Atmospheric fluxes are computed over

the GoT area encompassed in between sections 1, 2 and 3.

(b)

(a)

Figure IV.37: Mean summer and winter fluxes (in Sv) through sections 1 to 5 computed from SIMU over the
period 2009-2017 (left), schematic representation of flux dispersal (right).

Comparison with existing evaluation

General seasonal water flux values over the GoT computed from SIMU are consistent with the
values of Chu et al. (1999) who, in their study over the entire SCS, observed fluxes in the GoT of 0
to 1 Svin both summer and winter. When considering the flux through Hainan Strait only, flux of
-0.067 Sv computed with SIMU falls within the range of the flux observed by Shi et al. (2001) (-0.2
to 0.1 Sy, Table IV.5) but are slightly lower than the ones computed by Gao et al. (2013) from their

model (-0.28 to -0.18 Sv).
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Summer Winter Method Period
Shi et al., 2001 -0.2t0 0.1 0.2t0 0.4 | in-situ SLA observations 1963-1999
Chen et al., 2009b 0.026 0.116 Numerical model 1-year simulation
Gao et al., 2003 -0.28t0-0.18 | 0.3t0 0.4 Numerical model 2006-2007
SIMU -0.067 0.098 Numerical model 2009-2017
SIMU_deeper_Hainan -0.072 0.102 Numerical model 2009-2017

Table IV.5: Water transport (in Sv) through the Hainan strait from previous studies and from our simulations
(negative values indicate an eastward flux).

SIMU flux of 0.098 Sv in the Hainan strait are also slightly weaker than the ones from Shi et al.
(2001) and Gao et al. (2013), but are close to the results computed by Chen et al., 2009b (0.116 Sv).
Flux discrepancies among the studies may be caused by the different methods and time-periods
considered by each author (Table IV.5). Furthermore, flux computations depend on the size of the
section and thus on the bathymetry, which could be particularly difficult to represent in straits.
In SIMU configuration, the smoothing scheme induced an error of ~ 15% in the Hainan strait
bathymetry. In order to evaluate the sensitivity of the water fluxes to changes in bathymetry, a
simulation with a bathymetry deepened by 15% (~ 10 m) in the Hainan strait is performed (noted
SIMU_deeper_Hainan). Results show that a deeper depth in the strait moderately increases the
summer water flux by 7% and the winter water flux by 4% (Table IV.5). These results show the role

of bathymetry in the flux computation through the Hainan Strait, but they mitigate its importance.

Seasonal variability of fluxes

Winter fluxes all over the GoT are more intense than summer fluxes: from ~ 1.5 times bigger during
winter than during summer across section 1, to 38 times bigger during winter than during summer
across section 2 (Fig. IV.37). Furthermore, winter flux along the south of the delta (0.14 Sy, section
4) is larger than along the northern delta (0.023 Sy, section 5), suggesting a 0.114 Sv gain of water
from offshore in between these sections (river inputs is only 0.003 Sv). This is confirmed by the
winter surface currents (Fig. IV.29 a), which show strong W-SW currents flowing towards the delta.
On the contrary, in summer, combined river and section 4 fluxes correspond to 0.014 Sv, whereas
flux through section 5 are 0.008 Sv, showing a 0.006 Sv loss of water in between section 4 and 5
associated with a non negligible eastward offshore flux. Summer surface currents (Fig. 1V.29 d)

indeed indicate a N-NE circulation along the delta, responsible for those eastward offshore fluxes.

Monthly fluxes responsible for input/export of water inside/outside the GoT are presented on Fig

4.38.
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Figure IV.38: Climatological cross-section, rivers and surface fluxes computed for the period 2009-2017.
Negative values indicated flux flowing outside the GoT.

During winter, the water input to the GoT mostly occurs through section 2 (from 50 to 90% ) and
the rest through Hainan Strait (section 1) (Fig. IV.38). This is consistent with results from Shi et al.
(2001) who estimated that the flux via the Hainan Strait (section 1) may replenish less than 44% of
the GoT water in winter. Contribution of rivers and precipitation to the input of water remain very
limited from October to April. Export of water outside the GoT almost only occurs through section
3, i.e., through the coastal boundary current, and less than 0.5 % is exported via the atmospheric

flux (i.e. evaporation).

During summer, the GoT waters enter mostly from the SW GoT through section 3, i. e. via the
coastal boundary current, and to a much lesser extent (~ 5% ) from rivers and precipitation inputs.
Water is mainly exported outside the GoT through Hainan Strait (section 1) (between 60 and 90%)

, while the rest is exported through the section south of Hainan (section 2).

These results show that the GoT water renewal mostly occur during winter and that the coastal
current plays a key role in exporting waters outside the GoT. Hainan straits fluxes are important
for winter water inputs, and crucial in summer for water export outside the GoT. The general cir-
culation drives the flux patterns, leading to offshore flux (eastward) in the delta area in summer,

whereas during winter the GoT waters converge towards the western GoT.
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IV.5.5.2 Climatological averages

Now that the seasonal fluxes at the GoT boundaries (i.e. the Hainan Strait and the southern open
boundary) are quantified, the annual mean exchanges with the SCS through these passages are
compared with flux estimates in the SCS. Fang et al. (2009) detailed the annual mean water fluxes

through the six main straits of the SCS (Fig. IV.39 and Table IV.5).

Figure IV.39: Water fluxes (in Sv) in the South China Sea its interocean passages (in blue, adapted from Fang
et al., 2009) and in the GoT (in red, from SIMU). Solid blue lines indicate the cross-sections where fluxes
were computed for the Luzon (L), Taiwan (T), Mindoro (MD), Balabac (B), Karimata (K) and Malacca (ML)
Straits by Fang et al. (2009). Solid red lines indicate the cross-sections for the Hainan strait (1) and for the
total southern boundary of the GoT (2-3), which are computed from SIMU. Arrows denote directions of the
mean water transport. Isobaths are in meters.

In the computation of Fang et al. (2009), western Pacific waters enter the SCS through the Luzon
Strait with an annual mean flux of 4.80 Sv, of which 1.71 Sv returns to the western Pacific (and
East China Sea) through the Taiwan Strait, while 3.09 Sv flow toward the SCS and are exported

to adjacent seas via the different straits. In SIMU, SCS waters entering annually the GoT via the
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Hainan Strait correspond to 0.019 Sv, while the GoT exports waters to the SCS via the southern GoT
passage at 0.025 Sv. The difference of 0.006 Sv corresponds to the annual Red River fluxes of 0.005
Sv and of the atmospheric flux of 0.001 Sv that feed the GoT with freshwaters. Therefore, the SCS
gains annually 0.006 Sv of freshwater from the GoT, that comes from combined inputs of Red River
and precipitations. For a superficy of 1.45x10'! m2, the GoT represents 5% of the SCS superficy (~

3.33x10'2 m2), while it represents 10% of the total SCS river runoffs (0.051 Sv for the whole SCS).

These results highlight the importance of the GoT freshwater fluxes in the total SCS fluxes, and
further suggest that all of the Red River runoff that feeds the GoT continental shelf is transported
to the SCS. More generally, this suggests that all of the contaminants brought by the Red River to

the GoT can be exported to the SCS.

IV.5.5.3 Interannual variability

Previous sections IV.5.2 and IV.5.3 indicated that the interannual variability of the surface circula-
tion in the GoT is mainly driven by the interannual variability of the wind, which is itself mostly
controlled by ENSO and also by other factors, such as typhoon activity and Arctic Oscillation vari-
ability. In this section the interannual variability of the water fluxes through the GoT boundaries,
which interact with the SCS, are investigated. The temporal flux series of sections 1, 2 and 3 are
filtered using the TY-H13 method to extract the interannual signals. Good correlations between
the filtered signals and the temporal functions of the EOF; on the wind interannual variability are

found (Table IV.6 and Fig. IV.40).

PCiwindu | PCiwindv
Filtered flux signal - Section 1 | 0.88 (<0.01) 0.64 (<0.01)
Filtered flux signal - Section2 | 0.93 (<0.01) | 0.81 (<0.01)
Filtered flux signal - Section 3 | -0.93 (<0.01) | -0.74 (<0.01)

Table IV.6: Correlation coefficients (R) values between the interannual water flux signals through sections
1, 2, 3 and the temporal functions of the EOF; on zonal and meridional wind.

Such results were expected as surface circulation drives the surface fluxes. Furthermore, as fluxes
values correspond to the fluxes integrated over the water column, these results suggest that the
wind variability impacts the entire water column. Therefore, as ENSO appears to have a notable
impact on the interannual wind variability over the GoT (section IV.5.3), by cascading effect, ENSO

also impacts the interannual GoT fluxes variability as follows:

* The El Nifio events 0f 2009/10 and 2014/15, which triggered a weakening of the NE monsoon

winds (section IV.5.3) with a potential weakening of the GoT circulation, seems responsible
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for decreasing water fluxes through all the GoT boundaries. Indeed, negative flux anomalies
through section 2 (meaning a decrease of water input in winter) are observed ~ 3 months
after the negative peak on the PC; of wind (u), and positive flux anomalies are observed
through section 3 (meaning a decrease of water export in winter) with the same lag (Fig.
IV.40). Furthermore, this El Nifio event seems to also decrease the westward winter flux
through Hainan, with negative anomalies observed ~ 3 months after the negative peak of

the wind PC;.

* On the contrary, the La Nifia events (2010/11,2011/12 and 2016/17) which triggered a strength-
ening of the winter monsoon, potentially intensifying the surface circulation, seemed re-
sponsible for fluxes intensification over the GoT. Indeed, positive flux anomalies through
sections 1 and 2 (meaning increased water input to the GoT) and negative anomalies through
section 3 (meaning increased water export outside the GoT) are observed 3-4 months after

the positive peaks on the PC; of the wind.

These results, which suggest that El Nifio events weaken and La Nifna events strengthen the winter
GoT fluxes. Qu et al. (2004) also showed an impact of ENSO at the Luzon Strait, based on a nu-
merical modeling study over the period 1982-1998. However they observed an intensification of
the water fluxes entering the SCS after El Nifio events. They further detailed that El Nifio events
were responsible for a weakening of the southward Kurushio currents off the Philippines, which
provided favorable conditions for the Pacific waters to enter the SCS through Luzon Strait. This
suggests that ENSO effects on flux transport through straits depend upon the regional circulation
around those straits and on the way it is impacted by ENSO. At least in the SCS, generalizing on

the impacts of ENSO on the transports through straits is not possible.

Previous section IV.5.3 shed light on other mechanisms responsible for the wind interannual vari-
ability (typhoon activity and Arctic Oscillation variability). Impacts of these mechanisms on the

water fluxes are detailed here.

e The catastrophic 2013 typhoon season (summer-fall) that weakened the summer SW mon-
soon due to strong cyclonic winds, triggered during summer positive flux anomalies through
section 1 and 2 (meaning a decrease of summer fluxes entering the GoT) and negative fluxes

through section 3 (meaning a decrease of summer fluxes exiting the GoT) (Fig. IV.41).

* Previous section IV.5.3 highlighted the potential role of the cold wave that struck southeast
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Asia in early 2016, in counterbalancing the El Nifio effects on the wind activity. These effects
also appear on the flux variability, since anomalies are close to 0 for the 3 sections consid-
ered, whereas negative anomalies for section 1 and 2 and positive anomalies for section 3

could be expected after an El Nifio event.

Figure IV.40: Filtered flux signals through sections 1, 2 and 3 (in red) superimposed with EOF1 temporal
function of the zonal wind (in black). Positive flux values indicate fluxes entering the GoT, negative values
indicate fluxes flowing outside the GoT. Note that Section 3 series is reversed.

These results show that ENSO variability largely influences the GoT fluxes variability, with El Nifio
events decreasing the winter water fluxes and La Nifia intensifying the winter water fluxes. Other
factors such as typhoon activity and Arctic Oscillation variability can also influence the flux vari-
ability, by weakening the summer water fluxes for the former, and increasing them hence counter-

balancing the El Nifio influence for the latter.

IV.5.5.4 Typhoon-induced variability

Since the 2013 typhoon activity seems to play a role in the GoT water flux interannual variability,
effects of typhoon activity on water fluxes are evaluated in this section. A tropical typhoon (or
cyclone) is an intense localized source of surface wind stress that produces a significant response
in the ocean environment, especially in the thermal structure, the upper currents and the sea
surface height (Chu et al., 2000). Indeed, the most obvious feature of the oceanic responses to
typhoon activity is the decrease of SST (Dickey et al., 1998; Walker et al., 2005). Furthermore, due
to suction and typhoon entrainment, mixed layer temperature decreases correspondingly with an
increase of its thickness (Church et al., 1989; Jacob et al., 2000). This may cause large changes in
density structures and current fields of the upper ocean (Dickey et al., 1998; Zelder et al., 2002).
Responses to typhoons between coastal regions and open oceans are similar (Chu et al., 2000). In
the SCS, Typhoon Ernie (1996) triggered significant SST cooling and sea surface depression in the
wake of the storm (Chu et al., 2000). Typhoon Pabuk (2007) largely intensified the near-bottom

current along its route (from the Luzon Strait to the Hainan Strait) (Liu et al., 2011). Wang et al.
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(2014) also observed a strong deep SCS circulation induced by typhoon activities, which suggests

that effects of typhoon can penetrate into the deep ocean.

To our knowledge, no english-written studies have focused on the impacts of typhoons on water

fluxes in the SCS nor on the impacts on the GoT circulation.

Among the 18 typhoons passing over the SCS in 2013, four hit the GoT (Joint Typhoon Warning

Center). Characteristics of these typhoons and their wind intensities are given on Fig 4.41.

Figure IV.41: Typhoon Fabian, Jolina, Paolo and Yolanda trajectories (a) and associated wind when passing
over the GoT (inms™) (b, ¢, d, e).

Daily water budgets are computed for each typhoon on the day it passes over the GoT, and are
compared to the total water budget of the corresponding month (Fig. IV.42). Note that these bud-
gets do not correspond to the total budgets generated by the passage of a typhoon, as it has been
shown that the strong current induced by a typhoon lasts 3-4 days after its passage over the SCS

(Ke et al., 1987).

The following results therefore only represent water budgets during one day, and do not take into

account the typhoon inertia effect on water fluxes.

Typhoon impacts on circulation

First, each of the four typhoons generated a westward flux through Hainan Strait (section 1) (Fig.

IV.42 a-d). Furthermore, along the RRD (section 4 and 5), all typhoons generated a southward
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circulation, which can therefore be determining when studying sediment transport. Typhoons
Fabian, Paolo and Yolanda generated cyclonic circulation over the GoT (Fig. IV.42 a, c, d). However,
due to its trajectory (passing over the northern part of the GoT), Typhoon Jolina only generated

cyclonic circulation through sections 1, 4 and 5 (Fig. IV.42 b).

These results suggest that typhoons generate a cyclonic circulation over the GoT, that enhances the
winter circulation, but also occurs when summer anticyclonic surface circulation is dominating

(typhoons Fabian and Jolina, Figure IV.42), i. e., typhoons can reverse the circulation.

Figure IV.42: Daily-averaged fluxes (in Sv) generated by typhoons (colored arrows) and monthly accumu-
lated daily-averaged fluxes (grey arrows) for (a) typhoon Fabian and month of June, (b) typhoon Jolina and
month of August, (c) typhoon Paolo and month of September, and (d) typhoon Yolanda and month Novem-
ber. Percent values correspond to the ratio between typhoon daily fluxes and accumulated fluxes in one
month.

Typhoon impacts on flux intensities

The way typhoons impacted the flux intensity varies from a typhoon to another and from a sec-
tion to another, and are represented on Fig. IV.42. These fluxes, in terms of water budgets are

summarized in this section.

First of all, all typhoons generated strong southward fluxes along the RRD (sections 4 and 5), which

represented 25 to ~ 50 % of the monthly water flux for typhoon Yolanda and Fabian, respectively
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(Fig. IV.42 a, d).

Through the Hainan Strait, the westward daily flux generated by the typhoons represented from
2 (Typhoon Fabian) to 12 % (Typhoon Paolo) of the monthly flux through this section. In terms
of water, Typhoon Paolo generated an input of 14000 m?® of water in one day, i.e. 12% of the total

input of 117000 m?3 in November (Fig. IV.42 ¢).

At the southern GoT boundaries, typhoons Fabian, Paolo and Yolanda generated exports of water
through section 3 from 9 to 14 % of the monthly export, and daily inputs of water through section
2 represented from 8 to 100% of the monthly input (Fig. IV.42 a, ¢, d). Indeed, Typhoon Fabian
generated in one day a northward water input of 26000 m® through section 2, which corresponds

to the total southward export of water through this section in June (Fig. IV.42 a).

These results show that typhoons can significantly modify the circulation and associated water
fluxes in the GoT, generating daily fluxes anomalies of the same order as the fluxes accumulated

in one month.

Lastly, and as previously mentioned, it has been shown that typhoons can impact circulation days
after their passages over the SCS (Ke et al., 1987). Here, typhoons impacted the water fluxes in
total during 6 to 8 days (Fig. 1V.43). In summer, typhoon Fabian triggered flux decreases and
reversals through sections 2 and 3, and Typhoon Jolina through section 1 approximately 4 days
before the typhoon’s passages. Fluxes reversed back to their initial direction 2 to 3 days later. In
winter, typhoon Paolo and Yolanda seemed to generate flux increases through section 2 and 3,
approximately 3 days before their passages and their impacts seemed to vanish 2 to 3 days later
(Fig. IV.43). This confirms that the typhoon impacts on the circulation last several days before and
after the event, and that an estimation of the total water fluxes generated by a typhoon could be

obtained by taking into consideration fluxes during 3 days before and after a typhoon’s passage.

These results show the strong impacts of typhoons on the GoT water budgets, especially in terms of
water input and export, and in the water fluxes along the RRD. Therefore, a good representation of
typhoons in regional modeling of the sub-tropical regions is crucial for the study of water budgets

and sediment transport.

Relation between typhoon intensities and flux intensities
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Figure 1V.43: Flux temporal series through sections 2 and 3 for typhoon Fabian, Paolo and Yolanda and
through section 1 and 5 for Jolina, computed for 10 days before and after the passage of the typhoons over
the GoT. The convention is again positive (respectively negative) corresponds to input to (respectively out-
put from) the GoT.

Since typhoons and super typhoons are expected to increase both in number and intensity as a re-
sult of global climate change (Bender et al., 2010; Schiermeier, 2010), it is important to understand
their impacts on local environments to predict their potential future impacts. Relations between
typhoon intensities and induced fluxes are proposed on Fig. IV.44. To improve the robustness of
the study, the effects on water fluxes of four more typhoons are assessed: Typhoon Parma which
hit the GoT on October 13th 2009, Typhoon Conson on July 17th 2010, Typhoon Nesat on Septem-
ber 29th 2011 and Typhoon Ofel on October 28th 2012. These four typhoons have been chosen
according to their routes: only typhoons that perfectly passed over the GoT, potentially affecting
all cross-section fluxes, have been selected. Typhoon intensities are characterized as the mean
wind intensity on the day the typhoon hits the GoT. Here, only flux through section 3 are consid-
ered as they are responsible for most of the GoT water exports. In details, typhoon fluxes through

section 3 (Sv) correspond to the daily mean water flux subtracted of the monthly mean flux.

Fig 4.44 shows a good correlation (R=0.87 (p<0.01)) between fluxes and typhoon intensities. Be-
sides, the regression line (with a coefficient of determination of R2=0.79) confirms an increasing
regression between these datasets, i.e., the more intense the typhoons is, the more intense the
fluxes across section 3 are. For example, Super Typhoon Yolanda, which in terms of intensities is
1.5 times stronger than Typhoon Parma, generated maximum fluxes through section 3 that are 6

times stronger than the maximum fluxes generated by Typhoon Parma. Following this relation,
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and if strong typhoons tend to increase in number and intensities in the context of global change
, it is expected that GoT water fluxes will be more intensely impacted by cyclones, which will also

alter the summer anticyclonic circulation (reversal of the circulation).

Therefore, considering typhoons when studying water fluxes and budgets is crucial, as they trigger
cyclonic circulation that can even reverse the mean summer circulation. Furthermore, typhoons
enhance water fluxes and water inputs/exports, which seems to intensify along with typhoon in-
tensification. Since water transports suspended particulate matter, typhoons may also play a role

in the SPM transport and deposition.

Figure IV.44: Mean wind intensities over the GoT generated by typhoon Parma, Conson, Jolina, Fabian, Ofel,
Paolo, Nesat and Yolanda vs. fluxes through section 3 (in Sv) computed for each typhoon event subtracted
of the associated monthly mean flux (stars) and Red line linear regression (red line). R is the correlation
coefficient between the fluxes and the typhoon intensities and R2 is the coefficient of determination of the
regression line.

IV.5.6 Complements on Chapter II

One of the conclusions of Chapter II suggested that during the dry season, sampling stations (ST1,
ST2 and ST3) were likely located in the saline estuary, while during the wet season stations seemed
located in the tidal river as salinity intrusion was pushed seaward. It was further suggested that a
numerical study could confirm this hypothesis. Surface and bottom salinity fields from SIMU are
plotted for September 4th 2017, corresponding to survey WS (wet season at spring tides) and for

December 14 th 2017, corresponding to survey survey DN (dry season at neap tides) (Fig. IV.45).

On September 4th (Fig. IV.45 a, b), both surface and bottom salinity fields emphasize an extent of
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Figure IV.45: Daily mean surface (a, ¢) and bottom salinity (b, d) (in PSU) from SIMU on September 4th 2017
(a, b) and on December 14th 2017 (c, d). The black solid line represent the isohaline 20 and the locations of
sampling stations (ST1, ST2 and ST3) of Chapter II are indicated in red.

the Van Ucriver plume, characterized by low salinities, ~ 25 km further seaward than on December
14th (if following isohaline 20) (Fig. IV.45 c, d). This confirms that during the wet season survey,
riverine waters were expelled offshore and that the estuary (mixing between riverine and marine
waters) developed in the bay and in coastal waters. Sampling stations (ST1, ST2 and ST3) of survey
DS were therefore located in the tidal estuary. Salinity fields of December 14th show a reduced
freshwater plume at the surface that has disappeared in the bottom layer. These results suggest a
strong stratification of the water column during the dry season at neap tides, which has also been

observed in the estuary.

IV.6 Conclusion

With the aim of generating a good representation of the GoT hydrodynamics, that will be used for

sediment transport modeling, and with the aim of complementing the knowledge on the GoT cir-
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culation dynamics and variability, the hydrodynamical model SYMPHONIE was implemented and
validated in the Red River estuary and over the GoT. Firstly, the model configuration was optimized
in the Van Uc estuary with in-situ data collected in 2017. Then the reference simulation SIMU was
compared to available in-situ data, model analysis and satellite observations of basin-scale hydro-
logical characteristics and surface circulation. These comparisons showed that SIMU reproduces
correctly the seasonal, annual and interannual cycles and spatial patterns of the surface and upper
layer ocean hydrological and dynamical characteristics, whose realism was improved compared
to the forcing model (GOM) used at the lateral open boundaries of the configuration. SIMU could

therefore be legitimately used to study the surface circulation variability in the GoT.

Previous studies based on observations and numerical models on the GoT surface circulation re-
vealed uncertainties in both circulation patterns and circulation drivers. Some studies suggested
a cyclonic summer circulation while others depicted an anticyclonic one. Furthermore, some au-
thors suggested a year-long westward flow through Hainan strait, while others suggested a sea-
sonal reversal of this flow. These studies also raised the questions of drivers of the GoT circulation,
with authors suggesting a dominant geostrophic surface circulation and others, a wind-driven cir-
culation. Our high resolution simulation allowed to examine in details these aspects over a rather
long 9-year period. Results from SIMU over the period 2009-2017 showed on average a summer
anticyclonic surface circulation and a winter cyclonic surface circulation, with a seasonal reversal
of the Hainan Strait circulation (eastward in summer and westward in winter). In addition, EOF
studies revealed the leading role of the wind-driven currents over the geostrophic currents in con-
trolling the surface GoT circulation and its seasonal and interannual variabilities. Furthermore, we
showed that ENSO plays an important role in influencing the wind interannual variability, which

is also influenced by other factors such as typhoon activity and Arctic Oscillation variability.

Then, we showed that the seasonal water fluxes follow the seasonal circulation patterns. During
winter, water enters the GoT through the Hainan Strait and south of Hainan, flows westward to-
wards the Vietnamese coastline before flowing southward and exiting the GoT through the south-
west boundary, i. e., via the coastal boundary current. During summer, water inputs mostly enter
through the SW boundary, flows northward following the Vietnamese coastline before separating
into two branches near the RRD: one flowing toward the southeast to exit the GoT south of Hainan
Island, one following the NE Vietnamese/Chinese coastlines before exiting the GoT through the
Hainan Strait. These summer fluxes can however reverse under the action of typhoons, which

generate daily water fluxes of the same order as monthly average fluxes. Furthermore, the GoT
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contribution to the SCS freshwater fluxes has been estimated to 10% , and could therefore play
an important role in terms of sediment inputs and fluxes toward the deeper parts of the open
SCS. Lastly, typhoons have been identified as short-term mechanisms responsible for triggering a
gulf-scale cyclonic circulation, which can reverse the summer anticyclonic circulation, inducing
intense westward fluxes through the Hainan Strait, and southward fluxes along the RRD and at the

GoT southern boundary.

In the next chapter, the sediment transport will be studied in link with the circulation variability

and typhoon activity.
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Besides playing a key socio-economic role in Vietnam, the RRD constitutes the main input of
freshwater and sediments to the GoT and is submitted to a large range of influences of several ori-
gins (atmospheric, oceanic, continental and anthropogenic) and scales (from daily scale to climate
change). However, the responses of the RRD-GoT system to these different factors of variability are
poorly understood, especially in terms of freshwater and sediment fate. In this context, the main
objective of this present study was to improve our knowledge on the hydrodynamics variability
of the estuary-coastal-open sea continuum and understand the impacts of this variability on the
transport and fate of sediment brought by the Red River to the GoT. This objective raised the issue
of representing different spatial scales (estuarine, deltaic and regional) and temporal scales (daily,
tidal, seasonal, interannual) at once. To fulfill this objective, we collected and used a set of in-
situ observations in the frame of this Ph.D., and implemented, calibrated, evaluated and analyzed
high-resolution numerical models over our region of interest. Tidal cycle, monsoon induced vari-
ability on river discharge and on large scale circulation, long-term ENSO activity and short-term
typhoon activity were identified as key mechanisms driving the hydro-sedimentary dynamics in
the RRD-GoT system. The variability of this dynamics and its influences on sediment budgets,

from the Red River estuary to the GoT, are summarized in the next sections.

V.1 Results summary

V.1.1 Estuarine hydro-sedimentary processes: influence of tidal and seasonal vari-
abilities

We documented the variability of the water and sediment discharges of the third largest estuary of
the Red River system, the Van Uc estuary, and the variability of the particles assemblage at seasonal
and tidal scales. This work was based on four field campaigns performed in the Van Uc estuary, at
the contrasting high flow and low flow seasons, for each neap and spring tides during a full diurnal
cycle. Measurements were taken along cross river sections to characterize hydrological parame-
ters and suspended particles properties, using a CTD, a hull-mounted ADCP, a LISST-100X and
water samples. Results emphasized a comprehensive regime change in water and sediment dis-
charges between high and low flow seasons (corresponding to respectively wet and dry seasons),
between neap and spring tides and between high and low tides. During high-flow season, the in-
tense water discharges induced strictly mixed estuarine conditions with very low salinities (<0.09
PSU). Only spring tides disrupted the seaward river flow by generating a flow reversal around high

tides (Fig.V.1 a, b). The tidal distortion (i.e. flood tides are more energetic than ebb tides) led to
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a small up-estuary sediment flux at high tide. Otherwise, sediment discharges were driven by the
riverine seaward flux component. Mixing between riverine and marine waters likely developed in
the bay and in coastal waters (i.e., the estuary developed in the bay). Grain size measurements
revealed that riverine sediment loads were composed of primary particles (<3 pm), flocculi (6-10

pm) and microflocs (50-80 um), which are transported by wash-load and bed-load transport.

During the low-flow season, the reduced water discharges favored a stronger along-estuary tidal
intrusion, which induced estuarine conditions to transit from mixed, partly-stratified to very strat-
ified, with salinity from a few PSU to 25 PSU. Spring tides enabled a flow reversal for half the day,
while neap tides triggered a gravitational circulation (two-layer circulation) with a flow in both di-
rections (up-estuary for the bottom layer and down-estuary for the top layer) (Fig.V.1 c,d). Saline
water appeared to be composed of primary particles, flocculi and microflocs, whereas riverine
water were composed of primary particles and flocculi only. Furthermore, high tides induce an
up-estuary flux of suspended matter that represent 2/3 of the down-estuary flux. This fine marine

sediment import in the estuary is potentially responsible for estuarine siltation.

Figure V.1: Schematic representation of the Van Uc estuary during the wet (a, b) and dry season (c, d) at
neap tides (a, ¢) and spring tides (b, d) as observed during surveys WN (a), WS (b), DN ( ¢) and DS (d).

V.1.2 RRD-GoT hydro-sedimentary variability

Numerical modeling was chosen as a tool for addressing the issue of understanding the hydro-
sedimentary dynamics and variability at the scale of the GoT. The first step of the modeling work

consisted in implementing a high-resolution configuration over the RRD-GoT system to satisfy
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the prerequisites of modeling fine-scale hydrodynamics and sediment transport. The second step
consisted in optimizing the model configuration with first, sensitivity tests of the tidal compo-
nents to bathymetry and various bottom friction parameterization and second, the construction
of realistic Red River distributaries and associated discharges. The third step consisted in per-
forming simulations over the period 2009-2017 using the optimized configuration and evaluating
the model performances. The fourth step consisted in investigating the GoT hydrodynamics vari-
ability at several time-scales (daily, seasonal and interannual) using the model simulations and to

assess the impacts of this variability on suspended matter dynamics.

All of these steps focused on representing the hydrodynamics in the RRD-GoT, which was crucial
to first investigate and understand before modeling and studying its impacts on sediment trans-
port and budget. The final step of this work consisted in using a coupled model for sediment

transport and transformation, with which preliminary tests were performed.

V.1.2.1 Configuration optimization and model evaluation

The RRD-GoT system was discretized over a bi-polar curvilinear grid which allowed a fine hori-
zontal resolution near the RRD (150 m of resolution) and a larger resolution at the open boundary
(5 km), as well as a fine vertical resolution with 20 terrain-following sigma layers. The numerical
representation of the complex shorelines and shallow bathymetry of the area was improved using
high-resolution shorelines and bathymetric datasets that were built from satellites images, digital
elevation models and nautical charts. To satisfy the prerequisites of modelling hydro-sedimentary
dynamics in macro-tidal regions, the configuration was further optimized regarding its perfor-
mances in providing accurate tidal solutions. Sensitivity experiments on the bathymetry and bot-
tom friction parameterization were performed using the frequency-domain solver available in the
2D model T-UGOm that reduced the computational cost and allowed for wider parameter explo-
rations. Our results confirmed the importance of the bathymetry and shoreline dataset and of the

choice of bottom friction parameters for the tidal representation over the GoT.

In details, results from the simulations showed that the improved bathymetry dataset allowed to
reduce the errors (taking altimetry as a reference) by 40% and 25% for M2 and S2 and by 32% and
6% for O1 and K1, compared to the simulations that used a regular GEBCO dataset. In addition,
tests on various parameterizations of the bottom friction (constant Cp, Cp depending on the zj,
uniform or spatially varying zy) showed the high model sensitivity to this parameter. A region-

alized z0 parameterization into three regions displayed the best tidal solutions, even though the
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importance of this regionalization was mitigated since tidal solutions obtained with a uniform z,

of 1.5x107° m showed very similar results.

Since one of the objectives of this thesis was to understand the hydro-sedimentary dynamics in
the Red River estuaries, the last step of the configuration optimization consisted in constructing
the rivers of the Red River system and associated discharges. The tuning of the river channels and
the performances of the configuration were tested with the SYMPHONIE 3D model using several
simulations performed for the year 2017, to coincide with the observations available in the Van
Uc river. The model showed good efficiency in reproducing tidal dissipation along the Red River
channels, and in reproducing observed water flux, temperature and salinities in the Van Uc river.
After this optimization of the configuration, in terms of bathymetry, coastlines and rivers repre-
sentation, we performed a SYMPHONIE simulation (SIMU) for the period 2009-2017 where the
model was forced at its open boundaries by interannually varying daily atmospheric and monthly
oceanic fields, and by daily river discharges. Model outputs were compared with available in-situ
and satellite observations and analysis of water masses hydrological characteristics and surface
circulation. These comparisons showed that SIMU reproduced correctly the seasonal, annual and
interannual cycles and spatial patterns of the surface and upper layer ocean hydrological and dy-
namical characteristics, whose realism was improved compared to the forcing model (GOM) used
at the lateral open boundaries of the configuration. SIMU could therefore be legitimately used to
study the hydrodynamics variability and to be coupled with a sediment transport module (MUS-

TANG).

V.1.2.2 Dynamics

Results from SIMU over a 9-years period allowed to first, document the variability of the GoT sur-
face circulation and second, determine the mechanisms behind this variability, which both remain

a topic of debate in the scientific community.

Seasonal

We highlighted a summer anticyclonic surface circulation and a winter cyclonic surface circula-
tion, with a seasonal reversal of the Hainan Strait circulation (eastward in summer and westward
in winter). EOF studies revealed the leading role of the wind-driven currents over the geostrophic
currents in controlling these seasonal circulation. We showed that the seasonal water fluxes fol-

lowed these seasonal circulation patterns. During winter, water enters the GoT through the Hainan
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Strait and south of Hainan, flows westward towards the Vietnamese coastline before flowing south-
ward and exiting the GoT through the southwest boundary, i.e., via the coastal boundary current.
During summer, water inputs mostly enter through the SW boundary, flows northward following
the Vietnamese coastline before separating into two branches near the RRD: one flowing toward
the southeast to exit the GoT south of Hainan Island, one following the NE Vietnamese/Chinese
coastlines before exiting the GoT through the Hainan Strait. We further estimated that the GoT
contributed annually to 10% of the SCS freshwater fluxes, even though its superficy represents

only 5% of the total SCS superficy.

Interannual

EOF studies further revealed the leading role of the wind-driven currents over the geostrophic
currents in controlling the interannual variability of the GoT surface circulation. We also showed
the important role played by ENSO in influencing the interannual variability of wind, hence of the
circulation. Indeed, El Nifio events weakened the winter monsoon winds, potentially weakening
the winter surface circulation, while they strengthened the summer monsoon winds, potentially
resulting in an intensified summer surface circulation (Fig.V.2 b,e). Typhoon activity and the Arctic
Oscillation variability have also been emphasized as factors driving the wind variability over the

GoT, and therefore, potentially impacting the surface circulation.

Impacts of extreme events

We highlighted the importance of typhoon events on the GoT circulation and associated fluxes.
Indeed, typhoons have been identified as short-term mechanisms responsible for triggering a
gulf-scale cyclonic circulation, which can reverse the summer anticyclonic circulation, inducing
intense westward fluxes through the Hainan Strait, and southward fluxes along the RRD and at
the GoT southern boundary (Fig.V.2 c,f). Conversely during winter, typhoons are able to intensify
the cyclonic circulation and generate intense water fluxes. We quantified the water fluxes gen-
erated by several typhoons and showed that they could induce daily fluxes of the same order of

magnitude as monthly fluxes.
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Figure V.2: Schematic patterns of the GoT seasonal circulation under normal (a, d), El Nifio (b, e) and ty-
phoon (c, d) conditions.

V.2 Perspectives

Despite improving the general knowledge of the hydro-sedimentary dynamics in the RRD-GoT
system, this work showed some limitations, associated with the methodological choices we made
and the data and tools that were available. Further work and studies are still necessary to better
understand the functioning and variability of the hydro-sedimentary processes along the river-

estuary-coastal ocean continuum in the region.

V.2.1 Suggestions for future observations

One of the biggest limitations of this Ph.D. work was the scarcity of available in-situ data, not only
for understanding hydro-sedimentary processes but also for calibration and evaluation of models.

A non-exhaustive list of future in-situ observations is suggested next to fulfill this gap.
ETM

The formation of a double core ETM in the Cam estuary has been identified as the principal factor
responsible for the Haiphong harbor siltation (Vinh et al., 2018). Therefore, understanding the
siltation processes in the Van Uc river could be of great interest for boat traffic and dredging activ-
ities. In Chapter II, we emphasized a potential ETM formation 15 km upstream from the Van Uc
river mouth during the dry season. The ETM characteristics (mechanisms of formation, location

and variability) of the Van Uc estuary could be studied with along river transects measurements of
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salinity, SPM concentration and PSD, collected during the dry season at high tides.

Disaggregation

In link with ETM observations and in order to assess the importance of aggregation processes
in the ETM formation, the absolute particle size distribution (APSD) could be measured. This
would allow to obtain the fraction of flocs present in the water column and to understand their
compositions. Opposite to the effective particle size distribution (EPSD) measurements that have
to be performed in-situ (with laser based technology devices), the APSD, which consists in the
disaggregation of flocs into individual particles, is performed in the laboratory using solutions of

sodium pyrophosphate and laser sizer technology (Mikkelsen and Perjup, 2000).

Organic matter content

The estimations of organic matter content of SPM measurements by filtration on GF/F filters have
failed during the Van Uc river campaigns (Chapter II) due to a dysfunction of the laboratory oven.
However, information on the content of organic matter in the Van Uc estuary, and in the other es-
tuaries of the Red River, would help quantify the importance of organic matter, SPM concentration
or salinity gradient on flocculation processes in the estuaries. This measurement should therefore

be considered in future field campaigns.

Plume dynamics

Future observations should focus on the RRD plume area since its variability in terms of extent and
sediment processes is poorly documented in both dry and wet season and since results from Van
Uc campaigns suggested that the mixing between riverine and marine waters are likely to happen
in the plume area during the wet season. The Van Uc river plume dynamics and variability could
be studied with hydrodynamics and particle properties measurements along a cross shelf section
from the river mouth to offshore, completed with two transverse sections parallel to the shore as
suggested in Fig.V.3. Campaigns should be carried out at different seasons and at different tidal
regimes. As the area is subjected to waves, these campaigns require the use of a hull boat rather

than the flat-bottom boat (which was used for the surveys in Chapter II).

Seabed composition

One of the biggest challenges and limitations for sediment modeling studies in the RRD-GoT sys-

tem is the lack of data of the seabed composition for both model initialization and evaluation. In-
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Figure V.3: Boat trajectories and sampling stations of potential future field campaigns in the Van Uc river’s
plume.

deed, for modeling sediment dynamics, knowledge of the bottom composition is crucial as rates of
erosion and consolidation highly depends on the bed composition. This gap needs to be filled in
order to improve the initial conditions prescribed to sediment models and to evaluate the model
outputs. For that, dedicated campaigns should be considered both in the estuary and plume area
as well as all over the basin. For example, samples of the surficial bed could be collected during the
above mentioned campaigns in the Van Uc estuary and along the plume (see Fig.V.3 for potential
bed sampling stations). At the scale of the basin, dedicated campaigns should be considered in
order to confirm the seabed map proposed by the Atlas of Natural Conditions and Environments

of Vietnam Sea and Adjacent Area (published in Vietnamese in 2007).

Bathymetry

A general effort in collecting and distributing bathymetric data should be made all over the RRD-
GoT system. Due to the difficulty of bathymetric measurements in areas of intense boat traffic and
dredging activities and due to the restricted access to existing data, bathymetric data are particu-
larly lacking in the estuaries of the Red River, in Ha Long Bay and in the very near coastal regions.
These shallow regions are however key regions for hydro-sedimentary processes where bathymet-

ric uncertainties can largely impact the representation of currents and associated shear stress.

For hydrodynamics evaluation
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In Chapter IV, a SMOS product was used to evaluate SYMPHONIE’s ability to reproduce the ob-
served seasonal, annual and interannual SSS cycles and spatial fields. The relevance of this prod-
uct in representing accurate SSS patterns at scales of interest can be discussed as its resolution of
about 45 km can only depict large changes across the GoT basin. As a consequence of its resolu-
tion, SMOS SSS between the coastline and 45 km offshore are blanked out by its land-sea mask,
limiting the observation of the Red River plume. Future products using a combination of SMOS
(2010-) with Aquarius (2011-2015) and SMAP (2015-) L-band radiometers provided by the ESA (Eu-
ropean Space Agency) SSS CCI (Climate Change Initiative) should provide better quality SSS fields
over the GoT but will not increase its resolution. However, the SMOS HR (High-Resolution) project
(in its CNES phase 0) would maintain the continuity of L-band measurements while increasing
the spatial resolution to 15 km and thus provide data closer to the coast. Therefore, considering
these products for future model evaluation should help evaluate the model’s performance in terms
of SSS. In addition, SYMPHONIE model evaluation in reproducing accurate vertical structures of
temperature and salinity was very limited due to the lack of available data for comparisons. In the
region, deployments of autonomous profilers (gliders, Argo floats) for collecting such data is not
considered, due to intense fisheries activities and boat traffic that could intercept the profiler tra-
jectory, and due to local authorities permissions. Therefore, dedicated cruise campaigns should

be considered.

V.2.2 Suggestions for future modeling work
V.2.2.1 Configuration improvements

Despite showing good results in terms of representation of hydrodynamical processes compared
to observations, further developments in our SYMPHONIE configuration could be made to im-

prove the realism of its outputs.

First of all, bathymetry remains a crucial parameter for hydrodynamical modeling. In our SYM-
PHONIE configuration, more detailed representation of the channel bathymetric profiles should
be considered for future studies. Indeed, six out of the seven distributaries of the Red River sys-
tem were constructed as simple channels as their respective bathymetric profiles were unknown
(see Chapter IV). Adjusting the bathymetry of these channels, at least in the estuarine parts, could
improve the realism of the currents within the channel and therefore of estuarine dynamics. Such
improvements would allow to study the variability of estuarine dynamics among the different dis-

tributaries of the Red River.
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Second, the representation of the Van Uc estuary could also be improved. In Chapter II we have
seen that the Luoc river, which flows into the Van Uc river at 20 km upstream of the river mouth, is
potentially responsible for the water discharge increases observed between ST3 and ST2. Adding
the Luoc river to the configuration could help verify this hypothesis and allow a better representa-

tion of the Van Uc river discharges.

Third, the water discharges prescribed to the rivers that are not part of the Red River system (i.e.
rivers represented as single grid point) should be prescribed more accurately. In Chapter IV, we
emphasized the importance of prescribing accurate daily river discharges to the SSS representa-
tion in the RRD coastal area. Even though the Red River system is the main source of freshwater
to the GoT, the impacts of prescribing accurate daily water discharges (rather than climatologi-
cal discharges) to the seven other rivers that feed the GoT should be studied in terms of SSS and

vertical mixing.

Lastly, taking waves into account in an ocean circulation model allows a better representation of
currents during storm events in nearshelf zones (Michaud et al., 2012 & 2013). Therefore, con-
sidering the coupling of SYMPHONIE with the WWIII wave generation and propagation model
(Tolman, 2009) could improve the simulated circulation. Such coupling has already been done for
a SYMPHONIE configuration over the Gulf of Lions (Mikolajczak, 2019). Results of Mikolajczak
(2019) indicated that the waves impacted mostly the very near coastal areas and that the presence
of waves allowed a better vertical representation of the currents, compared to a simulation without
waves. Therefore, a SYMPHONIE configuration including waves representation could also impact

the shallow nearshore transport of sediments along the RRD.

V.2.2.2 Preliminary tests with the coupled model SYMPHONIE-MUSTANG and suggestions of

future work

Due to lack of time, only preliminary tests were performed on the sensitivity of the module MUS-
TANG to the erosion parameterization, to the settling velocities of particles and to the seabed com-
position. The module description and the choice of parameterization and initialization for these
tests are presented in Appendix A. The impacts of the parameterization of the critical shear stress
for erosion (1) on surface SPM concentrations along the RRD in a “mud only” environment were
first assessed. 6 simulations (simulation #1 to #6, see Table A.4 in Appendix A) of 5-months (April-
August 2009) using different set of particles (set-1: fast settling velocities; set-2: slow settling ve-

locities) and different values of 1., (0.2, 0.35 and 0.5 N m™?) are compared to satellite observations
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and are presented in Fig.V.4. Results of these simulations first indicate that the module is both sen-
sitive to crvalues and to the settling velocities of particles. Indeed, increasing values of 1., induced
decreases of SPM surface concentrations along the RRD in all simulations, due to an increase of
erosion limitation with increasing 1., values (Fig.V.4 b-g). Simulations performed with particles
of set-2 (i.e. slow settling velocities) (Fig.V.4 c,e,g) showed patterns of SPM of higher values and
further westward extends than the SPM patterns obtained with the simulations performed set-
1(Fig.V.4 b,d,f). This indicates that the water column is preferentially composed of microflocs and
flocculi that settle fast (0.24 and 0.052 mm s’!, respectively) rather than microflocs and flocculi

with slower settling velocities (0.13 and 0.023 mm s, respectively).

Second, results from simu #3 showed the closest SPM concentrations and patterns to the obser-
vation, even though some discrepancies remained. The simulation overestimates the SPM con-
centrations of the Ba Lat river plume and along Hai Hau beach, but slightly underestimates the

concentrations in front of the Van Uc river.

Based on these results, we wanted to assess the impact of sand on erosion and resuspension
episodes. Taking the parameterization of simu #3, we performed 2 other simulations with modi-
fied seabed composition by adding 20% of sand (seabed-2) and 50% of sand (seabed-3) (Table A.3

in Appendix A) (Fig.V.5).

Results from simu #7 and simu #8 emphasized the sensitivity of the model to the seabed com-
position and suggest that resuspension of particles is limited with increasing sand content. These
results show however large discrepancies with the observations (Fig.V.4 a). The simulations under-
estimate the SPM concentrations in the plume areas and largely overestimate the concentration in
the bay, south of Hai Hau beach. In the light of these results, many more tests on the model param-
eterization and improvements of the configuration are to be considered for numerically studying
the sediment in the RRD-GoT system. This could constitute the work of a future Ph.D and a list of

research suggestions is proposed next.

Seabed and water column initialization

Even though we dispose of very few sediment bottom data, it is likely to expect that the bottom
substrate is composed not only of mud, but of sand and coarser particles, since sandy beaches are
observed along the RRD. Therefore, future simulations should include realistic initial sediment

bottom conditions, at least in the coastal area where sandy beaches are known to exist. This sand
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Figure V.4: Monthly mean surface SPM concentrations (g1'!) of August 2009 from satellite observations (a)
and from simulation #1 to #6 (b-g).
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Figure V.5: Monthly mean surface SPM concentrations (g1™') of August 2009 from simu #7 (a) to #8 (b).

input could be crucial on erosion/accumulation patterns since previous experiments have shown
that the resistance to erosion increases when sand is added to mud (Partheniades 1965; McCave
1984; Ockenden and Delo 1988; Mitchener and Torf 1996; Ahmad et al. 2011). Furthermore, pat-
terns of erosion and deposition also largely depend on the sediment in the water column and of
its associated settling velocities. Therefore, the composition of the water column prescribed to the

module should be improved with in-situ observations.

Flocculation

Flocculations processes are crucial in fine sediment cycle within estuaries and plumes and can
explain most of the sedimentation of fine sediments (Gibbs, 1985; Van Leussen, 1994; Dyer and
Manning, 1999). In MUSTANG, this process is usually taken into account through an empirical
relationship between the settling velocity of mud and the suspended concentration of mud, mul-
tiplied by a function of turbulence (Le Hir et al., 2011). In this study however, the flocculation
process was not activated. In future studies, taking this process into account should be consid-

ered and impacts on deposition of particles should be assessed

Parameterization

In this preliminary study with the coupled SYMPHONIE-MUSTANG model, only few parameter-
izations were tested. More tests should be performed to determine the best parameterization in
terms of erosion, resuspension and deposition. For example, the sensitivity of the model to the
erodibility parameter Ej (for sand and mud), to the different formulations of the erosion transi-

tion trends between sand and mud (linear or exponential) and to the critical shear stress for depo-
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sition (t4) should be tested. Furthermore, the sediment discharge inputs were prescribed at the
first grid point of each river channel. This therefore enabled the particles to deposit all along the
channel which potentially decreased the SPM concentrations before the riverine water reached
the river mouth. Limiting the particles deposition along the river channels could influence the

plume patterns and should be considered in future studies.

Online retroactions

In this study, MUSTANG was considered as a module integrated to SYMPHONIE, which can be,
or not, activated. In details, SYMPHONIE provided the hydrodynamical conditions necessary
to MUSTANG at each time step. This methodology however excludes the possibility of retroac-
tions of the sediment module outputs on the hydrodynamical model, i.e. SYMPHONIE does not
take into account any changes in morphology or water column composition that could be in-
duced by the sediment model. However, bathymetric changes in the RRD shallow area induced
by erosion/deposition could influence current intensities and shear stress. In addition, large sedi-
ment concentrations in the water column induced by resuspension or river inputs could influence
the water mass density. For more realistic simulation, future studies should therefore integrate

retroactions of the sediment module on the hydrodynamics.

Suggestions for future modeling studies

Finally, the SYMPHONIE model configuration implemented in this Ph.D. study can also be used
to study other processes in the GoT. For example, the Ph.D. of D.T. Nguyen that started in October
2018, aims at analyzing the sensitivity of the freshwater plume to small perturbations of the forcing
fields by running ensemble simulations. Once improved and evaluated, the coupled configuration

SYMPHONIE-MUSTANG could be used to study:

¢ the variability of the coastal boundary current and its role in sediment transport;

¢ the role of extreme events, like storms and typhoons, on erosion and sediment transport;

¢ the spread of the Red River plume into the GoT in terms of suspended matter and assess
the seasonal and interannual variability of the matter fluxes in link with the water fluxes

observed in Chapter IV;

¢ the influence of different wave regimes in the coastal resuspension and morphological changes;
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* therole of tides in the vertical mixing of sediments south-west off Hainan island;

¢ the sediment model outputs could be used to improve the accuracy of the suspended matter
inputs of the currently on-going coupled physical-biogeochemisty studies in the SCS (with

SYMPHONIE-Eco3m-s) (Ph.D. of Trinh Bich Ngoc and Ph.D. of To Duy Thai).

These suggestions for future research lie at the core of the LOTUS (Land-Ocean-aTmosphere re-
gional coUpled System) mixed international laboratory based at the University of Science and
Technology of Hanoi which federates IRD (Institut de Recherche pour le Développement) researchers
from Vietnamese and French institutes. The modeling work and in-situ campaigns suggested in

this Chapter could be carried out under this frame.
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Conclusion générale

Objectifs

Le Delta du Fleuve Rouge (DFR) joue un role socio-économique clé pour le Vietnam et représente
le principal apport d’eau douce et de sédiments au GdT et est soumis a un large éventail d'influences
de plusieurs origines (atmosphérique, océanique, continentale et anthropogénique) a différentes
échelles de temps (de I'échelle journaliere a celle du changement climatique). Les réponses du
systeme DFR-GAT a ces différents facteurs de variabilité sont cependant mal comprises, en parti-

culier concernant le devenir de I'’eau douce et des sédiments apportés par le Fleuve Rouge.

Dans ce contexte, I'objectif principal de cette these a été d’améliorer les connaissances sur la vari-
abilité hydrodynamique du continuum estuaire-océan cotier et de comprendre les influences de
cette variabilité sur le transport et sur le devenir des sédiments apportés par le Fleuve Rouge vers
le GAT. Cet objectif a soulevé la question de la représentation, a la fois, des différentes échelles spa-
tiales (estuarienne, deltaique et du golfe) et des différentes échelles temporelles (journaliére, cycle
de marée, saisonniere, interannuelle). Pour atteindre cet objectif, nous avons utilisé des observa-
tions in-situ collectées pendant ce doctorat ainsi que des sorties de modéle numérique a haute

résolution (modele qui a préalablement été implémenté, calibré et validé pour la zone d’étude).

Les cycles de marée, la variabilité induite par la mousson sur le débit fluvial et sur la circulation a
grande échelle, la variabilité interannuelle d’'ENSO et les événements courts et extrémes comme
les typhons ont été identifiés comme des mécanismes clés dans le controle de la dynamique et du
transport sédimentaire du systéme DFR-GAT. La variabilité de ces mécanismes et leurs influences
sur la dynamique hydro-sédimentaire, de 'estuaire du Fleuve Rouge au GdT, sont résumées dans

les sections suivantes.

Influences de la marée et de la variabilité saisonniére sur la dynamique hydro-sédimentaire de

233
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lestuaire

Nous nous sommes tout d’abord intéressés a documenter la variabilité de la dynamique estuari-
enne et son influence sur le transport et sur les processus sédimentaires a 1’échelle des cycles de
marée et des cycles saisonniers. La variabilité des débits d’eau et de sédiments du troisiéme plus
grand estuaire du Fleuve Rouge et la variabilité de son assemblage particulaire ont en particulier
été étudiées. Ce travail s’est basé sur quatre campagnes de terrain réalisées dans I'estuaire de la riv-
iere Van Uc, au cours des saisons contrastées de crues et d’étiage, pour chaque marée de mortes-
eaux et de vives-eaux, pendant un cycle diurne complet. Les mesures ont été réalisées le long
de sections transverses au cours de la riviére, pour caractériser les parametres hydrologiques et les
propriétés des particules en suspension, a'aide d'une CTD, d'un ADCP de coque, d'un LISST-100X

et d’échantillons d’eau.

Les résultats de ces mesures ont mis en évidence de fortes variations dans le régime de débits
d’eau et de sédiments entre les saisons de crues et d’étiage (respectivement, la saison des pluies
et la saison seche), ainsi qu’entre les marées de vives-eaux et mortes-eaux et entre marée haute et

marée basse.

Pendant la saison des crues, les forts débits ont favorisé un estuaire strictement mélangé, avec des
salinités tres faibles (<0,09 PSU). Seules les marées de vives-eaux sont parvenues a perturber le
débit fluvial en générant une inversion du courant a marée haute (voir Fig. VI.1 a, b). L'asymétrie
de la marée (c.-a-d. le flot est plus énergétique que le jusant) a entrainé, a marée haute, un flux de
sédiments vers 'amont de I’estuaire. Le reste du temps,, les débits sédimentaires ont été dominés
par la composante fluviale, c.-a-d., un flux allant de I'estuaire vers 'océan. Le mélange entre les
eaux douces de riviere et les eaux salées océaniques a alors probablement eu lieu dans la baie (c.-
a-d. al'extérieur de I'estuaire). Les mesures de la taille des particules en suspension ont révélées
que l'assemblage des sédiments fluviaux était principalement composé de particules primaires
(<3 pm), de flocculi (6-10 um) et de microflocs (50-80 pm), qui ont été transportés par lessivage et

charriage.

Pendant la saison d’étiage, I'affaiblissement des débits fluviaux a permis des intrusions d’eaux
salées par la marée, tout le long de 'estuaire, générant des conditions estuariennes variant de
mélangées a partiellement stratifiées et a tres stratifiées, avec des salinités allant de quelques PSU
a ~ 25 PSU. Les marées de vives-eaux ont permis d’inverser le sens d’écoulement fluvial de I'eau

et des sédiments (pendant la moitié de la journée, aux alentours de marée haute), tandis que
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les marées de mortes-eaux ont déclenché une circulation gravitationnelle (circulation bi-couche)
avec un écoulement dans les deux directions (vers I'amont pour la couche inférieure et vers 1’aval
pour la couche supérieure) (voir Fig. VI.1 c, d). Lassemblage particulaire de ces eaux salées était
constitué de particules primaires, de flocculi et de microflocs, tandis que celui des eaux fluviales
était seulement constitué de particules primaires et de flocculi. Nous avons également montré
que les marées hautes ont pu générer des flux de matiére en suspension (MES) vers 'amont de
I'estuaire, représentant jusqu’a 2/3 du flux vers 'aval de l'estuaire. Cette importation de sédi-
ments fins d’origine marine dans 'estuaire a été identifiée comme potentiellement responsable

de l’envasement de celui-ci.

Variabilité hydro-sédimentaire a I’échelle du DFR-GAT

Dans un second temps, la modélisation numérique a été choisie comme outil pour aborder la
question de la compréhension de la dynamique et de la variabilité hydro-sédimentaire a I'échelle
du GdT. La premiere étape de ce travail de modélisation a consisté a implémenter une configu-
ration a haute résolution dans le systeme DFR-GAT afin de satisfaire aux pré-requis de la mod-
élisation a fine échelle du transport sédimentaire. La deuxiéme étape a consisté a optimiser la
configuration du modeéle avec, d'une part, des tests de sensibilité réalisés sur les composantes de
la marée par rapport a la bathymétrie et a diverses paramétrisations du frottement de fond et,
d’autre part, a la construction des différentes rivieres du Fleuve Rouge avec des débits associés
réalistes. La troisieme étape du travail de modélisation a consisté a réaliser des simulations sur la
période 2009-2017 en utilisant la configuration optimisée et a évaluer les performances du mod-
ele. La quatrieme étape a consisté a étudier la variabilité hydrodynamique du GdT a plusieurs
échelles temporelles (journaliere, saisonniere et interannuelle) a I'aide des sorties du modéle et a

évaluer I'influence de cette variabilité sur la dynamique des MES.

Toutes ces étapes ont donc été dédiées a I'’hydrodynamique dans le DFR-GAT, qu’il était crucial de
représenter et de comprendre avant de pouvoir modéliser et étudier son influence sur les trans-
ports et les bilans sédimentaires. La derniere étape de ce travail a consisté a utiliser un modele
couplé dédié au transport et a la transformation des sédiments, avec lequel des essais prélimi-

naires ont été réalisés.

A) Optimisation de la configuration

Le systeme DFR-GAT a été discrétisé sur une grille curviligne bipolaire permettant une ré-
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solution horizontale fine prés du DFR (~ 150 m de résolution) et plus large aux frontieres
ouvertes (~ 5 km), ainsi qu'une résolution verticale fine avec 20 couches sigma. La représen-
tation de la complexité de la topographie des cotes et de la bathymétrie peu profonde de la
région a été améliorée grace a une nouvelle base de données haute-résolution construite
a base d’'images satellites, de modéles numériques de terrain et de cartes marines a haute

résolution.

Pour satisfaire aux conditions préalables pour la modélisation de la dynamique hydro-
sédimentaire dans les régions macro-tidales, la configuration a été optimisée en terme de
performances a fournir des solutions de marée précises. Des tests de sensibilité sur la
bathymétrie et sur la paramétrisation du frottement du fond ont été effectués a I'aide du
modele 2D T-UGOm qui, avec des cofits de calcul réduits, permet d’explorer un large éven-
tail de paramétrisations. Nos résultats ont confirmé I'importance d'une bathymétrie réaliste
et de la paramétrisation du frottement de fond pour la représentation de la marée dans le

GdT.

En détail, les résultats des simulations ont montré que notre base de données
bathymétrique "améliorée" a permis de réduire les erreurs (en prenant 'altimétrie comme
référence) de 40% et 25% pour M2 et S2 et de 32% et 6% pour O1 et K1, par rapport aux
simulations utilisant une bathymétrie GEBCO. De plus, des tests avec différentes paramétri-
sations du frottement de fond (Cp constant, Cp fonction du zg, zy uniforme ou variant dans
I'espace) ont montré la forte sensibilité du modele a ce parametre. Une paramétrisation
avec un zg régionalisé sur trois régions a montré de meilleures solutions de marée, méme
si 'importance de cette régionalisation a été nuancée par le fait que les solutions de marée

obtenues avec un z uniforme de 1,5x10° m ont donné des résultats trés semblables.

Puisque I'un des objectifs de cette theése était de comprendre la dynamique hydro-
sédimentaire des estuaires du Fleuve Rouge, la derniere étape dans I'optimisation de la
configuration a consisté a construire les différentes rivieres du réseau et a déterminer leurs
débits associés. Loptimisation des canaux et les performances de la configuration ont été
testés avec plusieurs simulations du modéle 3D SYMPHONIE réalisées pour I'année 2017,
afin de comparer nos résultats avec les observations disponibles dans la riviere Van Uc. Le
modele a prouvé sa capacité a reproduire la dissipation de la marée le long des canaux du

Fleuve Rouge ainsi qu’a reproduire le réalisme des débits d’eau, des températures et des
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salinités mesurés dans la riviere Van Uc.

Suite a 'optimisation de la configuration, nous avons réalisé une simulation SYMPHONIE
(appelée SIMU) pour la période 2009-2017 pendant laquelle le modele a été forcé a ses fron-
tieres ouvertes par des champs atmosphériques et océaniques et par des débits de rivieres
journaliers. Cette simulation a été comparée a des observations in-situ, a des images satel-
lites et a des analyses représentant les caractéristiques hydrologiques des masses d’eau et
de la circulation en surface. Ces comparaisons ont montré que SIMU reproduisait cor-
rectement les cycles saisonniers, annuels et interannuels et les caractéristiques spatiales des
masses d’eau et de la circulation de surface. SIMU était, en outre, plus réaliste que le modele
forcant (GOM) utilisé aux frontiéres latérales ouvertes de la configuration. SIMU a donc été
légitimement utilisée pour étudier la variabilité hydrodynamique du GdT et le couplage a

un module de transport de sédiments (MUSTANG) a pu étre considéré.

B) Dynamique

SIMU a permis, d'une part, de documenter la variabilité de la circulation de surface du GdT et,
d’autre part, de déterminer les mécanismes a I'origine de cette variabilité, qui sont actuellement

des sujets de débats au sein de la communauté scientifique.

Concernant la circulation saisonniére, nous avons mis en évidence une circulation de surface
anticyclonique en été et une circulation de surface cyclonique en hiver, avec un renversement
saisonnier de la circulation dans le détroit de Hainan (vers I'Est en été et vers I’Ouest en hiver).
Des analyses en EOF ont révélé le role dominant des courants d’Ekman, comparés aux courants
géostrophiques, dans le controle de cette circulation saisonniere. Nous avons montré que les flux
saisonniers d’eau suivaient les structures de circulations saisonnieres. En hiver, ’eau entre dans le
GdT par le détroit de Hainan et par le Sud de I'lle d’'Hainan, puis s’écoule vers 'Ouest en direction
de la cote Vietnamienne avant de s’écouler vers le Sud et de quitter le GdT par la frontiere Sud-
Ouest du bassin, c’est-a-dire par le courant de bord Ouest. En été, les apports d’eau se font prin-
cipalement par la frontiére Sud-Ouest du bassin, puis I'’eau s’écoule vers le Nord le long de la cote
Vietnamienne avant de se séparer en deux branches pres de DFR: une branche s’écoulant vers le
Sud-Est pour sortir du GdT au sud de I'ile d’Hainan, I’autre suivant les cotes Nord-Vietnamiennes

et Chinoises avant de quitter le GdT par le détroit d’'Hainan.

Nous avons de plus estimé que le GAT contribue annuellement a environ 10 % des flux d’eau douce
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de la MCM, méme si la superficie de celui-ci ne représente qu’environ 5 % de la superficie totale

de la MCM.

Concernant la variabilité interannuelle, des analyses en EOF ont également révélé le role domi-
nant du transport d’Ekman, comparés aux courants géostrophiques, dans le contréle de la vari-
abilité interannuelle de la circulation de surface du GdT. Nous avons aussi montré le role impor-
tant joué par ENSO dans l'influence de la variabilité interannuelle du vent, et donc de la circula-
tion de surface. En effet, nous avons vu que les événements El Nifio pouvaient affaiblir les vents
de mousson d’hiver et donc potentiellement la circulation de surface en hiver, tandis qu’ils pou-
vaient renforcer les vents de mousson d’été, entrainant potentiellement une intensification de la
circulation de surface en été (Fig. V.2 b, e). Une forte saison de typhons ainsi que la variabilité de
I'Oscillation Arctique ont également été mis en évidence comme mécanismes pouvant controler
la variabilité du vent dans la région du GdT et, par conséquent, pouvant influencer la circulation

de surface.

Finalement, concernant la variabilité journaliere, nous avons souligné I'importance des événe-
ments extrémes, comme les typhons, sur la circulation du GdT et sur les flux d’eau associés. En
effet, les typhons ont été identifiés comme des mécanismes a court terme responsables du dé-
clenchement d’une circulation cyclonique a I’échelle du Golfe, pouvant inverser la circulation an-
ticyclonique établie en été, induisant des flux intenses vers 'Ouest a travers le détroit d’'Hainan,
et des flux vers le Sud s’écoulant le long du DFR (figure V.2 c, f). Inversement, en hiver, nous
avons montré que les typhons sont capables d’intensifier la circulation cyclonique et de générer
d’intenses flux d’eau. Nous avons également quantifié les flux d’eau générés par plusieurs typhons
et montré qu’ils pouvaient induire des flux journaliers du méme ordre de grandeur que des flux

mensuels.

Dans la section suivante, des perspectives de recherche pour la modélisation couplée hydro-
sédimentaire sont proposées, basées sur des expériences préliminaires réalisées avec le module
sédimentaire MUSTANG. Il est a noter que ces résultats sont présentés dans le Chapitre V et
en Appendix A, et que des perspectives de travail portant sur des observations de terrain et sur

I'amélioration de la configuration SYMPHONIE sont également proposées dans le Chapitre V.

Perspectives pour la modélisation du transport sédimentaire

Faute de temps, seuls des tests préliminaires ont été réalisés sur la sensibilité du module MUS-
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TANG a la paramétrisation de I'érosion, aux vitesses de chute des particules et a la composition
du fond marin. La description du module ainsi que les choix de paramétrisation et d’initialisation

faits pour ces tests sont présentés en annexe A.

Ces premiers tests ont montré que la colonne d’eau dans la région du DFR serait principalement
composée de flocculi et de microflocs, ayant des vitesses de chutes de 0.24 et 0.052 mm s respec-
tivement, et qu’ une valeur de 0.35 N m2 attribuée a 1., permettrait une meilleure représentation
des processus d’érosion et de remise en suspension. La composition du sédiment de fond semble
aussi étre importante dans la représentation de la MES le long du DFR, puisque 'ajout de sable

(en différentes proportions), a changé les structures de MES de surface.

Ces résultats préliminaires suggerent que de nombreux autres tests sur le paramétrisation du
module et sur 'amélioration de la configuration sont a envisager pour la modélisation du trans-
port sédimentaire dans le systeme DFR-GAT. Cela pourrait constituer le travail d'un futur doctorat

et des suggestions d’amélioration et des pistes de recherche sont proposées ci-apres:
* Initialisation de la colonne d’eau et du sédiment de fond.

Méme si trés peu de données sont disponibles sur la composition du sédiment de fond dans la
zone, il est probable que le substrat du fond soit composé, en plus de vase, de sable et de partic-
ules plus grossieres, puisque des plages de sable existent le long du DFR ainsi que dans la baie d’'Ha
Long. De ce fait, les futures simulations devraient inclure des conditions initiales réalistes du sédi-
ment de fond, au moins dans les zones cotieres ol ces plages existent. Cet ajout de sable pourrait
étre crucial pour les structures d’érosion/accumulation, puisque de précédentes études ont mon-
tré que la résistance a I’érosion augmente lorsque du sable est ajouté a la vase (Partheniades 1965;

McCave 1984; Ockenden et Delo 1988; Mitchener et Torf 1996; Ahmad et al. 2011).

De plus, les modes d’érosion et de dépot dépendent aussi largement des particules présentes dans
la colonne d’eau et de leurs vitesses de chute associées. Par conséquent, la composition par-
ticulaire de la colonne d’eau, qui est prescrite au module sédimentaire, devrait étre également

améliorée et basée sur observations in-situ.
¢ Floculation

Dans les estuaires et les zones de panache des riviéres, le processus de floculation est crucial et

peut expliquer la majeur partie de la sédimentation des sédiments fins (Gibbs, 1985 ; Van Leussen,
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1994 ; Dyer et Manning, 1999). Dans le module MUSTANG, ce processus est généralement pris
en compte a travers une relation empirique entre la vitesse de chute des vases et leurs concentra-
tions en suspension, multipliée par une fonction de turbulence (Le Hir et al., 2011). Dans notre
étude cependant, le processus de floculation n’a pas été activé. Il conviendrait d’envisager la prise
en compte de ce processus dans les futures études, et d’évaluer son influence sur les dépots des

particules.

¢ Paramétrisation du module

Dans cette étude préliminaire réalisée avec le modéle couplé SYMPHONIE-MUSTANG, seuls
quelques paramétrisations ont été testées. D’autres tests devraient étre effectués afin de déter-
miner la meilleure paramétrisation des termes d’érosion, de remise en suspension et de dépot.
Par exemple, la sensibilité du modéle au parametre d’érodabilité Eq (pour le sable et la vase) et a
la tension critique de dépdt (t4) ainsi qu’aux différentes formulations (linéaire ou exponentielle)
pour la transition du régime d’érosion entre le sable et la vase dans le cas d'un sédiment mixte

pourraient étre testées.

De plus, les concentrations en MES pour les rivieres ont été prescrites au premier point de grille
de chaque cours d’eau. Cela permet donc aux particules de se déposer tout le long de la riviere,
ce qui peut potentiellement diminuer les concentrations de MES dans la colonne d’eau, avant
que I'eau fluviale n'atteigne 'embouchure de la riviere. De futures simulations pourraient inclure
une limitation du dépét de particules le long des rivieres, et I'influence de cette limitation sur
la composition particulaire du panache et sur les structures d’érosion et de dépdt pourrait étre

évaluée.

¢ Rétroactions "on-line"

Dans I'étude préliminaire réalisée avec le modele couplé, MUSTANG a été considéré comme un
module intégré a SYMPHONIE, qui peut étre activé ou non. En détail, SYMPHONIE fourni les
conditions hydrodynamiques nécessaires a MUSTANG a chaque pas de temps. Cette méthode
exclut cependant la possibilité de rétroactions du module sédimentaire sur le modele hydrody-
namique, c’est-a-dire que SYMPHONIE ne tient pas compte des changements morphologiques
ou de composition de la colonne d’eau qui pourraient étre générés par le module sédimentaire.
Cependant, dans les zones peu profondes comme celles du DFR, des variations de bathymétrie

générées par de |'érosion et/ou du dépot pourraient influencer les champs de courants et les con-
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traintes de cisaillement. De plus, de fortes concentrations de MES dans la colonne d’eau, induites
par de la remise en suspension ou par des apports fluviaux, pourraient modifier la densité des
masses d’eau. En vue de simulations plus réalistes, les futures études devraient donc intégrer les

rétroactions du module sédimentaire sur le modele hydrodynamique.

Suggestions pour de futures études couplées

Une fois améliorée et évaluée, la configuration couplée SYMPHONIE-MUSTANG pourrait étre util-

isée pour étudier :

- la variabilité du courant de bord Ouest et son role dans le transport des sédiments;

- le role des événements extrémes, comme les tempétes et les typhons, sur I'érosion et le transport

des sédiments;

- la propagation du panache du Fleuve Rouge dans le GdT en terme de MES et I'étude de la vari-

abilité des flux de MES en lien avec |'étude des flux d’eau présentée dans le Chapitre IV;

- l'influence des différents régimes de vagues sur la remise en suspension le long des cétes et sur

les changements morphologiques;

- le role de la marée dans le mélange vertical des sédiments au Sud-Ouest de I'ile d’'Hainan ;

- les résultats du modele sédimentaire pourraient étre utilisés pour améliorer la précision des ap-
ports de MES par les fleuves dans des études couplées hydro-biogéochimiques (avec SYMPHONIE-
Eco3m-s) qui sont actuellement en cours dans le MCM (doctorats de Trinh Bich Ngoc et de To Duy

Thai).

Ces pistes de recherche sont au coeur des objectifs du Laboratoire Mixte International LOTUS
(Land-Ocean-aTmosphere regional coUpled System) basé a I'Université des Sciences et Technolo-
gies de Hanoi, qui fédere des chercheurs de I'IRD (Institut de Recherche pour le Développement)
au sein d’instituts Vietnamiens et Francais. Dans ce contexte 13, les travaux de modélisation et les

campagnes d’observations in-situ proposés dans ce chapitre devraient y étre soutenus et réalisés.
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This appendix presents the sediment transport module MUSTANG, which was coupled with SYM-
PHONIE model, and describes the first choices made for the module parameterization and initial-

ization. The results of this preliminary study are presented in Chapter V (section V.2.2.2).

A.1 MUSTANG module description

The module MUSTANG aims at simulating the transport and evolution of all kinds of sediment
mixtures under the effect of hydrodynamic forcings (waves and currents). The module handles
the sediment transport in the water column, the exchanges with the bed by erosion (E) and depo-
sition (D) and the consolidation processes in the bed. As a result, MUSTANG simulates sediment
concentrations (C) and related fluxes, as well as the morphological changes that are likely to occur
in sediment nature, by mixing or sorting (Le Hir et al., 2011). Hence, the formulation of the module

can be written as follows:

5C _ _%Cu; (B5CWi 8 %€k p A1)
5t 8x; 8z 8z ‘oz '

ng’fi the transport by currents (u), % the sediment settling with Wy the settling velocity,

with
% (Kzg—g) the vertical molecular and turbulent mixing, E the erosion process and D the deposition
process. The following sections detail the processes behind the source and sink terms E,Wsand D
for cohesive and non-cohesive sediments. Note that the present study does not consider the con-
solidation process, since it is not represented in our version of MUSTANG. The modeling strategy

is presented in section A.2 and the forcings data are presented in section A.3.

A.1.1 Erosion

Erosion flux E depends on the bottom stress linked to currents and waves (13,;) and on the choice

of the erosion law.

A.1.1.1 Bottom shear stress

The bottom stress linked to waves 1,, is defined by Jonsson (1967) as:

1
Tw= 5fw|uarb|2 (A.2)
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where the wave friction factor is given by Myrhaug et al. (2001) as:

[torp|T

=1.39
fw ( 2mzg

)-0.52 (A.3)

where T is the wave period, zy the roughness length and u,,;, is the bottom wave orbital velocity.

This latter can be written as:

|tdorp olls (A4)
Ugrpl = ———— .
bl /g sinh (kD)

with H; the wave height, k the wave number, o the relative frequency and D the water depth.

The bottom stress due to the current only is expressed as follows:

Te=Pwl2« (A.5)

with p,, the density of water and u. the friction velocity (or shear velocity). Since both waves and
currents enhance the shear stress at the bottom, a mean stress T,, that combines the two stresses

is given by Soulsby (1997) and expressed as:

T
Ty =Tell+1.2(—X

)3.2] (A.6)

c w

Finally, the bottom stress 1j,; linked to waves and currents can be expressed as a vectorial sum of

T,, and 1, as:

Tpor = [(Tm + Twlcosdl)2) + (T sind)2]o s (A7)

where ¢ is the angle between current direction and wave propagation.

Here, Hg, k, 0 and T are provided by a wave hindcast database built with the WAVEWATCH III wave
model, hereafter WW3 (Tolman (2008, 2009); Ardhuin et al. (2010)). For this thesis work, WW3

simulations were performed over the period 2009-2017 by the Laboratoire d’Aérologie (Toulouse,
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France) on the grid used in Chapter III and Chapter IV, horizontally degraded every second point
and extended of 5 points at the open lateral boundary. These simulations on a bigger grid thus

provide the wave conditions at the open lateral boundary of the grid used for hydrodynamics.

A.1.1.2 Erosionlaw

The mud erosion rate is expressed as a function of the excess shear stress to a power, which
depends on the particle diameter (higher power for smaller particles). For cohesive and non-

cohesive sediments, the Partheniades-Ariathurai (1962, 1974) erosion law is prescribed as:

T
E = Eol( bot

=Dn, fTpor = Ter
Ter (A.8)

E=0, i fThor < Ter

As often most in literature, n is equal to 1 (Ferré et al., 2008; Mengual et al., 2017; Gangloff, 2017;
Mikolajczak, 2019), while Ey the erodibility parameter and 1., the critical shear stress for erosion
are to be determined for each sediment class i. The erosion flux can therefore be expressed by

particle class according to their respective proportion in the sediment (p;) as:

Thot

E; = piEo,i( = Dni, ifTbot = Teri

Ter,i (A.9)
E;i=0,ifTpor < Teri

Three types of erosion are considered depending on the sediment composition: erosion of mud
only (cohesive), erosion of sand only (non-cohesive) or erosion of a mixture of mud and sand. The
different cases are determined by the mud fraction ( f;;;) of the sediment, which is compared to two
critical mud fractions: mudfrl and mudfr2. The critical value of mudfrl is formulated according
to the diameter of sand (d;) following the recommendations of Panagiotopoulos et al. (1997) and

Le Hir et al. (2011) as:

mudfrl =oyds (A.10)

where d; is the diameter of the sand fraction and o is set to 103 m_;. The value of mudfi2is fixed to
70% following the recommendations of Le Hir et al. (2011). For each sediment mode to be eroded

(described next), each class of sediments are eroded following Eq. A.9.
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1/ If f,,> mudfr2(i.e. cohesive sediment) In this case, the sediment is eroded with an erodibility
parameter Eg ,,,,4 fixed at 2 x 10.5 kg my s.; following the work of Vinh (2018) in the RRD area,
and different values of 1, ,,,4 are tested in this study (from 0.2, 0.35 and 0.5 N. m.,), following the

choices made by Mikolajczak (2019), Dufois (2008) and Gangloff (2017).

2/ If f;< mudfri(i.e. non-cohesive sediment) In this case, the erodibility parameter Eg,sandis fixed

at1 x 10.4 kgm_, s .; following Vinh (2018), while 1.,,sand is in this case expressed as follows:

2
Zj:] (psand(j)Tcr,sand(j))

Ter,sand = Max( » Ter,sand2) (A.11)

Z?zl(psand(j))

with T¢r sand1 and Ter, sand2 expressed following the formulation of Soulsby (1997):

Tcr,sandj = ecr,sand(j) (psand(j) - pw)gds(j) (A.12)
where g=9.81 m s, is the gravitational acceleration constant, psqnq(j) is the density of each sand

class j, p,,=1025kg m_3 is the density of water and 0.;,54n4(;) is the Shields threshold for each sand

class, defined as:

0.3

0 N = +0.055(1 —e. * ; A.13
cr,sand(j) 1+ 1-2d*,sand(j)) ( 0.02d ,sand(])) ( )
ith
W, (psand(j) _ l)g
Pw
d*,sand(j) = ds(j)[ 113 (A.14)

where v is the kinematic water viscosity (1.14 10.g my s.1).

3/ If mudfri<fy,<mudfr2 (i.e. sand/mud mixture) In this case, the erosion parameters (1., Eo,
n) are interpolated from the respective sand and mud parameters with an exponential transition

trend, following the recommendations of Mengual et al. (2017).

A.1.1.3 Sediment layers erosion

In MUSTANG, the bed is composed of superimposed sediments layers that can be eroded one after

another. This is the concept of active layer which allows erosion of underlying layers to start if the
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upper layer have been eroded within the time step dt. Erosion lasts until the time step is over or if

the active layer if fully eroded.

A.1.2 Settling velocities

Settling velocities of particles vary with particles properties (size, effective density) and fluid char-
acteristics (viscosity, turbulence). SSC also contribute to particle settling, with high SSC (>1gl.)
limiting the particle settling by space limitation (Le Hir, 1999). In addition, aggregation processes
by collision, salt flocculation (Thill et al., 2001), or by electro chemical action of the organic matter
(Naudin et al., 1997) are also phenomena responsible for modification of settling velocities. How-
ever, these latter processes are not taken into consideration in this present study. In MUSTANG,
settling velocities for cohesive sediments and flocs can be directly prescribed by the user. Settling

velocities for cohesive particles of each class i can be estimated following the Stokes formulation:

-1 .
W, = (si—1)gd>; (A.15)
18v

Psi

where s; represents the relative grain density as s; = 0

, with ps the grain density and p,, the water

density and d represents the median diameter of each sediment (i.e. D).

For flocs, settling velocities can be estimated with the Agrawal and Pottsmith (2000) formulation

for an estuary:

d.
Wy, = 0.45x10_3(?l)1,17 (A.16)

where W is expressed in cm s.; and d in pm.

Lastly, settling velocities for sands are computed by MUSTANG, following the Soulsby law:

Vv
Wi j = =—[(10.36, +1.049d5. sanaj)os — 10.36] (A.17)
S

Characteristics of modeled particles and associated settling velocities for our present case study

are described in section A.2.1.
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n 1
Termud 0.2;0.35;0.5 N m.,
Eo,mud 2105 kgmy s
Eo,sand 1104 kgm; s.;
(0 0)) 1000 m_4;
mudfir2 70%
T4 1000 N m.,
dzZseamax 0.5m
Nmax 10

Table A.1: Erosion, deposition and configuration parameters values used in this study.

A.1.3 Sediment deposition

The deposition flux of each cohesive sediment class i follows the Krone law:

Thot

D; =Ws,;C;(1- )y ifThor = Ta,i

Ta,i (A.18)
D; =0, ifThor <Ta,i

where W ; is the settling velocity, C; is the suspended sediment concentration in the closest mesh
to the bed and t4; is the critical shear stress for deposition. This latter represents a threshold
above which deposition does not occur. In this study and following Mengual (2017) and Vinh
(2018), 14=1000 Pa for each sediment class in order to allow depositing material to leave the water

column whatever the turbulence level near the bottom.

Once deposition begins, sediments start filling the bed layer. If the thickness of the deposited sedi-
ments exceeds the maximum layer thickness (d zseqgmax), @ new layer is generated. If the maximum
number of layers created is reached (N;,,x), the two most underlying layers can merge into one,
and a new layer can be generated on the top (Le Hir et al., 2011). Here, dzseqmax=0.5 m and N, 4
=10. The values of all erosion and deposition parameters above-mentioned and used in this study

are summarized in Table A.1.

A.2 Modeling strategy

The aim of this preliminary study is to test the model sensitivity, in terms of sediment transport,
to different model parameterizations, seabed compositions and types of particles in the water
column, with the longer term objective of using the model to study sediment transport in our

region of interest. The different tests and model set ups are made accordingly and are described
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in the next sections.

A.2.1 Choice of class of particles in the water column

To assess the model sensitivity to the types of particles in the water column, different particles and
associated properties are tested. Based on field measurements, the results from Chapter IT em-
phasized the presence of 3 types of sediments in the Van Uc estuary water column (see Fig. I1.7 a):
primary particles (<3 pm), flocculi (6-10 pm) and microflocs (50-80 um). This study further em-
phasized that the concentrations of the finest fraction of particles (primary particles) drastically
decreased during the low-flow season and with the intrusion of salty seawater along the estuary.
It was suggested that this decrease could be due to the transfer of primary particles into larger
flocs by flocculation and/or aggregation. Indeed, the combined effects of the along-estuary salin-
ity gradient at high tide and the decrease of turbulence at low-flow could have favored particles
aggregation, and thus a decrease in primary particles concentration. As the aim of this study is to
simulate the sediment transport in the ocean, the choice is made to only consider the coarser frac-
tion of particles (flocculi and microflocs) since concentrations of primary particles were low in the
presence of sea water. Diameters of 8 and 60 pm are chosen for flocculi and microflocs, respec-
tively. In addition, results from Chapter II showed that primary particles, flocculi and microflocs
occupied respectively 25%, 50% and 25% of the total volume of particles. As we do not represent
the primary particles in this study, it is thus considered that flocculi and microflocs represent 60%
and 40% of the total SSC from the rivers, respectively. Lastly, we test the model sensitivity to the
choice of settling velocities for both flocculi and microflocs. Two sets of particles are tested, one set
(set-1) with faster settling velocities than the second one (set-2). W for the microflocs and flocculi
of set-1 are computed following Eq. A.16 (i.e. W; for flocs) and Eq. A.15 (i.e. W, for unique cohe-
sive particles), respectively (Table A.2). For set-2, W of microflocs is obtained from Vinh (2018) in
the Cam - Bach Dang estuary and W of flocculi is computed following the formulation of W for

flocs (Eq. A.16) (Table A.2).

Sediment type | D (um) | ps (kgm.3) | We(mms._1) Sources Proportion
(%) in the
water  col-
umn
set-1 Microflocs 60 - 0.24 Eq. A.16 40
Flocculi 8 2650 0.052 Eq. A.15 60
set.2 Microflocs 60 - 0.13 Vinh (2008) | 40
Flocculi 8 - 0.023 Eq. A.16 60

Table A.2: Water column particles characteristics for set-1 and set-2.
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A.2.2 Choice of seabed composition

In sediment transport models, the bed layer is usually initialized with an approach based on core
samples and/or on sea bed composition measures (Bever and Mac Williams, 2013). However, in
the present study, we do not dispose of enough seabed measurements to produce sufficiently ac-
curate spatial coverage. Therefore, we test 3 different seabeds (seabed-1, seabed-2, seabed-3) with
various compositions (Table A.3). First, seabed-1 is chosen to be composed of only flocculi (60%)
and microflocs (40%) following the proportions of particles chosen for the water column in section
A.2.1. Second, grain size distributions of seabed samples collected in the Cam and Bach Dang es-
tuary revealed high contents of particles 8 um, of particles 60 pm and of coarser particles 100-200
pm (Lefebvre et al., 2012). Following these observations, two seabeds with various sand contents
are tested: seabed-2 with 20% of sand, 35% of microflocs and 45% of flocculi, and seabed-3, with

50% of sand, 20% of microflocs and 30% of flocculi (Table A.3).

seabed-1 | seabed-2 | seabed-3
Flocculi 60% 45% 30%
Microflocs 40% 35% 20%
Sand 0% 20% 50%

Table A.3: Proportions (%) of particles in the bottom sediment for different seabed configurations.

A.2.3 Strategy of sensitivity simulations

Various water column composition, seabed composition and 1., values are tested through sensi-
tivity simulations summarized in Table A.4. In order to perform fast tests, the simulations are only
performed over 5 months from April to August 2009. This allows 4 months of model spin-up as

only the month of August will be studied.

simulation | set-1 | set-2 | seabed-1 | seabed-2 | seabed-3 | T, Nm.; period
#1 X X 0.2 04-08/2019
#2 X X 0.2 04-08/2019
#3 X X 0.35 04-08/2019
#4 X X 0.35 04-08/2019
#5 X X 0.5 04-08/2019
#6 X X 0.5 04-08/2019
#7 X X 0.35 04-08/2019
#38 X X 0.35 04-08/2019

Table A.4: Summary of sensitivity simulations.
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A.3 Data for model forcing and model evaluation

A.3.1 Suspended sediment concentration in rivers

The suspended sediment concentrations (SSC) at the upstream limit of the 7 rivers of the Red River
system modeled in this study are derived from SSC in-situ data that were collected by the National
Hydro-Meteorological Service (NHMS) of Vietnam at the hydrographic station of Son Tay (see Fig.
IV.2 b in Chapter IV for location). Following Vinh et al. (2014), who estimated the contribution of
each distributary to the total Red River sediment discharges using the MIKE11 model, a percentage
of the total Son Tay’s daily sediment discharges was attributed accordingly to each distributary:
6.9% of the total discharge was attributed to the Bach Dang River, 13.9% to the Cam River, 14.4%
to the Van Uc River, 6.4% to the Thai Binh River, 30% to the Ba Lat River, 5.6% to the Ninh Co River
and 22.8% to the Day River. The forcing variable is imposed at the most upstream channel grid
point. As explained in section IV.3.1 of Chapter IV, Son Tay hydrological station is located further
upstream of each first grid point of each river, therefore, a delay ¢ is applied for each SSC time
series of each river (see Table IV.1 in Chapter IV for t values). In other rivers of the GoT (i.e. these
represented by green dots on Fig. IV.2 a), SSC are set to 0 g 1.; as we do not have access to any

sediment discharges data in these rivers.

A.3.2 Observations

Model outputs are compared to monthly mean of SPM derived from remote sensing ocean color
data collected by the MEdium Resolution Imaging Spectrometer (MERIS) at full spatial resolu-
tion (300 x 300 my), here for August 2009. SPM are computed using Han (2016) algorithm and
are available at ftp://ftp.ifremer.fr/ifremer/sextant_data/GLOBCOAST/SPM (Loisel and

Dessailly, 2016).

The results of the modeling strategy and of the simulations presented in this appendix are shown

and discussed in section V.2.2.2 of Chapter V.
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Abstract

Deltas and coastal regions deliver the largest inputs of freshwater and sediments to the shelf and
open ocean, understanding water and sediment dynamics and variability in those regions is there-
fore crucial. The spatio-temporal variability of estuarine and ocean dynamics under the influence
of natural forcings and their impact on sediment transport and fate was assessed along the Red
River estuary - coastal ocean - Gulf of Tonkin continuum. First, in-situ estuarine observations evi-
denced the seasonal and tidal variabilities of flow and suspended matter, and showed in particular
the role of tidal pumping in the estuary siltation. Second, a 3D realistic hydrodynamic model was
set up and calibrated with various observations and satellite data. Beforehand, a high-resolution
model configuration was implemented and optimized with sensitivity tests of the Gulf of Tonkin’s
tidal components to bathymetry and various bottom friction parameterizations. Third, the result-
ing optimized configuration was used to study the large scale Gulf of Tonkin circulation at daily,
seasonal and interannual scales, and to identify the drivers of their variabilities. Ekman transport
variability due to monsoon winds reversal drives the seasonal circulation, which can be reversed in
summer by episodic typhoon events and intensified in winter. ENSO, strong typhoon activity and
Arctic Oscillation have been identified as drivers of the interannual circulation variability. Lastly,
preliminary tests with a sediment transport module coupled with the hydrodynamics model re-
vealed the importance of the seabed composition and of the parameterization of the erosion co-
efficients.

Keywords : estuarine to regional circulation, sediment transport, variability, in-situ observations, regional
ocean modelling, estuary-coastal ocean continuum, Red River, Gulf of Tonkin

Résumé

Les deltas et les régions cotiéres constituent les sources les plus importantes d’eau douce et de
matiere en suspension vers le plateau continental puis le large, la compréhension de leur dy-
namique et de leur variabilité est donc cruciale. Cette thése vise a mieux comprendre la variabilité
spatio-temporelle de la dynamique estuarienne et océanique sous 'influence de forgages naturels
et 'influence de cette variabilité sur le transport et devenir des sédiments le long du continuum
estuaire - océan cotier du Fleuve Rouge au Golfe du Tonkin. Des observations in-situ collectées
dans I'estuaire ont d’abord mis en évidence I'influence de la variabilité saisonniére et de la vari-
abilité due a la marée sur le débit et sur le devenir des matiéres en suspension, en particulier
le réle du pompage tidal dans 'envasement de l'estuaire. Deuxiémement, un modele hydrody-
namique 3D réaliste, basé sur une configuration haute-résolution et un paramétrage optimisés et
validés a partir de plusieurs jeux d’observations in-situ et de données satellitaires, a été utilisé pour
I'étude de la circulation a I’échelle du Golfe du Tonkin. Cette configuration a préalablement été
optimisée a l'aide de tests de sensibilité des solutions de marée a la bathymétrie et a la paramétri-
sation du frottement de fond. Les facteurs de la variabilité de cette circulation aux échelles jour-
naliére, saisonniere a interannuelle ont été identifiés. La variabilité du transport d’Ekman due
a l'inversion saisonniére des vents de mousson a été identifiée comme le principal moteur de
la circulation saisonniere, cette derniere pouvant étre inversée (intensifiée) en été (hiver) par le
passage de typhons. ENSO, I'Oscillation Arctique ou encore une forte activité cyclonique ont été
identifiés comme les facteurs de la variabilité interannuelle. Des tests préliminaires avec un mod-
ule de transport sédimentaire couplé au modéle hydrodynamique ont révélé I'importance, pour
la représentation réaliste du transport de matiere en suspension, de la composition du sédiment
de fond et du paramétrage des coefficients d’érosion.

Mots clés : circulation estuarienne a régionale, transport sédimentaire, variabilité, observations in-situ,
modélisation océanique régionale, continuum estuaire-océan cotier, Fleuve Rouge, Golfe du Tonkin



