Integration of surface water modelling in a decision support system: Application to the Lower Var valley, France
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Nowadays, the coastal areas concentrate frequently densely populated cities where economic development is associated to a fast urbanization. In many locations rivers are integrated within the urban areas and present both resources and potential risks. The growing competition between the economic activities and the essential space for the rivers requests an efficient management based on reliable tools able to provide hydrological information. Typically, the Lower Var valley, in south of France, faces to an increase of human activities, and the social impacts on the natural environment have become more and more intensive. Therefore, the water cycle is unbalanced implying water problems. To deal with this issue, local authorities needs a Decision Support System (DSS) tool to simulate the behaviour of water system. This is the objective of the AquaVar research which includes three numerical models:

Mike SHE for the Var catchment, Mike 21FM for the Lower Var River, and Feflow for the aquifer.

Here, the research is focused on the 2D free surface flow model and its integration in the DSS tool.

The 2D hydraulic models represent a meaningful approach that can provide an accurate view on the physical processes within the river and on the hydrodynamics during the extreme events (inundation, drought and accidental pollution). The 2D free surface flow model is designed with Mike 21FM software using common methodology. It is calibrated and validated for the three specific weather conditions in the Lower Var valley: floods which occur in November, spring floods due to snow melting and droughts in summer. Not only the 2D hydraulic model allows to simulate scenarios of inundation and accidental pollutions, but it is also able to exchange water volume with the groundwater model developed with Feflow. A specific interface is developed to connect river and aquifer in the Lower Var valley. It required validation cases to accurately simulate the river-aquifer exchanges.

Obviously, Mike 21FM is finally the core of the DSS tool because it is the centre of the modelling system. The hydrodynamics of the river depends on precipitations converted in flow by Mike SHE model, and exchanges water volume with the aquifer modelled by Feflow. The last part of this research is dedicated to the construction of the DSS tool and the integration of the 2D hydraulic model. The modelling system is implemented in a web interface adapted for different types of users. This DSS tool can be easily updated by sharing data from all the stakeholders. In the future, this tool could integrate sewage network and drinking water supply system to consider all the water cycle. Hence, local authorities could forecast and control the water resources and the potential risks.
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Résumé

Aujourd'hui, les zones côtières concentrent souvent des villes densément peuplées où le développement économique est associé à une rapide urbanisation. Dans de nombreux endroits, les cours d'eau sont intégrés en zone urbaine présentant à la fois des ressources et des risques potentiels. La concurrence croissante entre les activités économiques et l'espace essentiel aux rivières et aux milieux naturels nécessite une gestion intégrée basée sur des outils fiables capables de fournir des informations hydrologiques. La Basse vallée du Var, dans le sud de la France, est spécifiquement exposée à une augmentation de l'activité humaine, et les impacts sociaux sur l'environnement deviennent de plus en 
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Introduction The water issues in 2018

Nowadays, extreme hydrological events are more and more frequent due to the ongoing climatic variations. Flood events are more intense and drought periods are increasing significantly. Obviously, each new natural disaster reminds us the climate change effects. In the meantime, cities are expanding worldwide, concentrating in vulnerable areas population and economical assets. During the last decade, due to the increase in human activities, the social impacts on the natural environment have become more and more intensive. Therefore, the water cycle is unbalanced implying water problems in terms of quantity and quality. It affects three aspects including "Integrated Water Resources Management", "Disaster Control" and "Environment Protection". Nowadays, with the concern to protect the growing urbanized areas, local authorities must adapt the urban development with the natural environment.

Especially, the economic development has to insure water balance and integrate urban areas in a water system. For local authorities, their assessments of water related problems often contain multi objectives, which can be represented by a Decision Support System (DSS). It is capable to combine several data and produce detailed information about the water balance situation in a catchment system. Then, based on new technologies (computer science, internet, remote sense etc.) decision makers tend to design DSS tool to optimize their water management. Today, these tools respond to water resources control and flood disaster forecast.

The French Riviera is typically an area of strong economic expansion. Furthermore, with its Mediterranean climate variations this location faces flash floods and drought periods. In order to prevent the consequences of these extreme events, the local authorities adopted new approaches: (1) integrate the water management at departmental scale and (2) develop new technologies to forecast water problems. To apply this, the Lower Var valley is one of the best place in the Alpes-Maritimes Department. Here, the scientific knowledge is summarized and used in numerical models to create a DSS tool which can support decision makers in their choices concerning the water stress situations (quantity or quality of water resources and flood disaster). It obviously includes the influence of morphological change in the river and its influence on the river-aquifer exchanges. resource management they started the AquaVar research project since 2014 and planned to last for 4 years. The objective is to create a Decision Support System (DSS) tool able to simulate the water cycle in the Var catchment in order to support the decision-making process regarding the daily operations, behaviours of accidental events and influence of future development. Many partners were associated in the framework of the project to share data and knowledge: Métropole Nice Côte d'Azur (local authorities in charge of drinking water management), Conseil Départemental des Alpes-Maritimes in charge of the water management in the most of rivers, H2EA (engineering consultants), Agence de l'Eau Rhône Méditerranée Corse (public establishment which acts to preserve the water resource at regional scale) and Météo-France (public establishment in charge of meteorology and climatology prevention in France). This collaborative work allows to provide an overview of the water cycle, to collect the most recent data and to integrate several water management aspects in the DSS tool. It was required to cover different temporal and spatial scales. With this goal, four functions should be fulfilled at the end of the research project:

the modelling system should provide real-time information about water table in the whole Lower Var valley, it should be able to forecast the impact of extreme meteorological events such as drought and flood periods, it should simulate accidental contamination of the fresh water such as chemical pollutant leakage into the river or the groundwater, and seawater intrusion, it should be used to predict the impact of future construction projects on river and groundwater hydraulics.

Hence, the results of the research are expected to be able to provide daily (or hourly) information about: water situation (river or aquifer in the lowest part of the river), behaviour to extreme events (flood, drought and pollution) and impacts of future developments. This tool is a deterministic modelling system taking into account 4 processes: (1) the catchment behaviour, [START_REF]intervention which modifies one of these three parameters leads to a morphological change. Rehabilitation, reprofiling and diking contribute to the channelization of rivers. These changes modify the geometry of the bed, the grain size and the facies. Developments made on the Var for several decades, led to gradually channeling the river. Retraction and revegetation of the active band are notable[END_REF] the river hydrodynamic, (3) the groundwater dynamics and (4) the river-aquifer exchanges. Considering the project needs, it contains 3 individual models and a coupling interface:  a hydrological model which simulates the rainfall-runoff process: in the whole catchment, it converts the precipitation in flow discharge by considering multi-hydrogeological processes interacting together (snow melting, infiltration and evapotranspiration),  a river hydraulic model which simulates the surface flow in the Lower Var River considering the river-aquifer exchanges,  a groundwater flow model which simulates the unconfined aquifer dynamics in Lower Var River valley by considering several hydrogeological processes (evapotranspiration, infiltration, river-aquifer exchanges and groundwater extraction), -design a DSS tool for the local authorities which integrates the river system and its relations with the Var catchment and the unconfined aquifer of the Lower Var valley.

How this work is organized

According to the research aim, this thesis is divided into five chapters which deal with a specific subject explained above.

The first chapter introduces the theoretical framework of numerical modelling. It is an overview about the possibilities to develop the Decision Support System required by the AquaVar project. The three stages of the DSS tool are considered: (1) hydrology of the Var catchment, (2) hydraulics of the river system, and (3) hydraulics of the aquifer. More specifically, the role of surface hydraulics model within the DSS tool is detailed in this part.

The next chapter introduces the Var catchment and the Lower Var River valley on several aspects. The actual knowledge of the study area is given and enhanced. Especially, the geomorphology of the river system and the river-aquifer exchanges are analysed with recent field measurements.

The next two chapters deal with the surface water flow model developed with Mike 21FM software.

Data assessment shows some uncertainties and leads to hypotheses to build the model. Here, the classical methodology to build numerical model is described and its applications are developed. The river-aquifer exchanges are complicated processes which depend on the transient state of the water level in the river and the groundwater level in the aquifer. Therefore, a coupling interface has been built to couple the Feflow [START_REF] Diersch | FEFLOW: Finite element modelling of flow, mass and heat transport in porous and fractured media[END_REF] and Mike 21FM [DHI, 2011] software.

The last chapter presents the DSS tool. This is an information system based on a modelling system made of 3 numerical models. It could be used by the local authorities for an integrated water management at catchment scale.

In the conclusion, perspectives of the thesis have summarized the achievements of this research and gives guide for the next step of the project.

Integrated surface water modelling in a decision support system: Application to the Lower Var valley, France

Chapter I Theoretical Framework

With the increasing urbanization of modern societies, the need to optimize the use of space and resources quickly became associated with social demand in order to consider their impact on the environment.

The methods able to understand the complexity of a project rely more and more on mathematical modelling.

In the water domain, activities are separated in three ways: water uses related to the human activities, preservation and protection of the natural system, and the crisis management [START_REF] Gourbesville | Key challenges for Smart Water[END_REF]. To be operational, the implemented actions are chronologically organized: 1. investigation, 2. observation, 3. conception, 4. construction and destruction, and 5. exploitation. Thus, water issues represent a growing challenge for modern societies that must invent solutions to ensure their development and sustainability while ensuring the preservation of a limited resource. To answer there issues, one of the essential elements is the use of models which represent a part of the reality and specifications of some physical processes interacting with future constructions. The modelling tools can identify the components of a system, represent its structure and describe its functional links. Moreover, models allow simulating changes in the environment with or without projects, as well as evaluate measures to eliminate, reduce or compensate the damaging effects.

Among the different kinds of models, there is the mathematical model which is a set of formalized concepts of interest in the form of mathematical expressions. This model is associated with a numerical model which is a method of solving expressions/equations conceptualizing the reality within the bounds of area of interest. In the water domain, several types of models can be used regarding the available data [Cunge, 1997].

In the AquaVar project, the first step was to choose the adapted software tools to represent the hydrological and hydraulic behaviour of the Var catchment: both free surface and groundwater flows.

In this chapter, the models are described for each part of the AquaVar project. Before presenting the software tools and their principles, the numerical models in the water domain are presented to classify the several types which exist. And then, at the different scales (catchment, river and hydrogeological catchment) the software tools used for the AquaVar objectives are detailed.

Possible modelling strategies for the water cycle

Computational fluid dynamics (CFD) is defined as the field of science that uses computers and numerical techniques to solve problems involving fluid flow [START_REF] Popescu | Computational Hydraulics, Numerical Methods and Modelling[END_REF]. The Computational Hydraulics term was defined by Abbot and Minns [START_REF] Abbot | Computational Hydraulics[END_REF], it is a subfield of CFD.

Numerical methods and simulations relate theory and experiment, by providing qualitative and quantitative insight into many phenomena that are either too complex to be solved by analytical methods, or too expensive because of time consuming and/or impossible to be experimentally performed.

The models, in many different forms, constitute helpful tools to simulate the reality. As an example, the language is a model [Pospecu, 2014] 'making associations between abstract concepts and labels (defined by words), using a set of rules for clustering words together (grammar), as such allowing to describe reality (i.e., build models of reality)'. Thus, a model is a simplification of the real world.

Moreover, the models were designed to help engineers, scientists and decision-makers to determine what is happening in reality and to predict what may happen in the future. In the environment context, these tools are often used to clarify the impact of human activities or of artificial systems. A classical definition of the model is 'a simplification of reality over some time period or spatial extent, intended to promote understanding of the real system' or 'a model is a simplification of reality that retains enough aspects of the original system' [START_REF] Chapra | Numerical Methods for Engineers[END_REF][START_REF] Eykhoff | System Identification: Parameter and State Estimation[END_REF]. A model is a physical or mathematical description of a system which interacts with the outside surrounding environment. It is currently used to simulate the effect of changes in the system either due to itself or due to external conditions. Reliability of the model results depends on the expertise of the modeller and on the quality of calibration and validation. In general, models are mathematical representations, in forms of equations, of physical phenomena. They involve a set of parameters and quantitative relationships between different variables and parameters. Models were classified [START_REF] Singh | Computer Models of Watershed Hydrology[END_REF][START_REF] Tim | Emerging issues in hydrologic and water quality modelling research[END_REF], depending on the description of:

-problem type and solution (see The conventional scientific procedure to build a model consists in understanding the observed phenomenon and then expressing it in the form of equations. The numerical methods solving these equations are programmed, and the results are compared to the observations available. With this aim, Schlesinger [Schlesinger, 1979] proposed a set of terminology reference guidelines. A summary diagramme presents the different components of the simulation environment and the relationships connecting them: the real phenomenon, the conceptual model (sets of corresponding equations), and the computational model (the code). Figure I.4, the inner arrows describe the processes that make possible moving from one component to another, and the outer arrows refer to the procedures assessing the credibility and reliability of each of these processes. The models can be characterized by two aspects: the consistency and the dynamics. This means that the number of unknown dependent variables must be equal to the number of independent equations. Secondly, from a mathematical point of view models are dynamic or static, or they are discrete and continuous. A mathematical model is dynamic if the state variable u is time dependent. If u does not depend on time, then the mathematical model is static or stationary.

Different types of models have been designed over time. The main mathematical models used for water related problem are classified in three categories:

1. Lumped conceptual models that are based on the concept of exchanges between global storage entities, which compose the system under study (i.e., one compartment for surface water, another one for aquifer storage, etc.). These models satisfy principles such as the continuity principle, but do not embed a complete description of the driving forces, governing the system (e.g., rainfall-runoff model, reservoir model, etc.).

2. Physically-based, distributed models, which use a description of the physical phenomenon which governs the behaviour of water. The principles that apply are mass conservation and additional laws describing the driving forces, such as momentum equation. In case that these models refer to flow in saturated or unsaturated porous media, along with the continuity principle, the hypothesis of laminar flow is applied (i.e., shear stress proportional to the velocity gradient, which determines the Darcy [START_REF] Darcy | Les fontaines publiques de la ville de Dijon : exposition et application des principes à employer dans les questions de distribution d'eau[END_REF] or Richards' equations for flow [START_REF] Richards | Capillary conduction of liquids through porous mediums[END_REF]).

3. Data driven models, which seek for a correlation between input and output data, without trying to detail/analyse the phenomena (e.g., linear regression, unit hydrograph). These models do need a lot of prior knowledge and data observations.

Several authors [START_REF] Branson | Rangeland Hydrology[END_REF][START_REF] Shepherd | Verification, calibration, simulation: protocols in ground-water and AG/ NP5 modelling[END_REF] have outlined the steps to be taken for developing a proper modelling approach for solving water related problems (see Figure I.5). There exists also different applications of numerical models: hydrology way, hydraulics way (including surface flow modelling and groundwater flow modelling) and coastal engineering hydraulics way. For each issue, the mathematical models depend on the equations which represent physical process.

2D surface water flow modelling

2.1. From the physical process to the mathematical formulation

In continuum mechanics the equations refer to conservation laws, which are based on Newton's laws.

In hydraulics the laws are conservation of mass, momentum and energy equations. These laws are not applicable only to fluids, they are also valid for solids' but they differ in behaviour. Based on that, the general principle of conservation laws is that the rate of change of a quantity u within a volume V plus the flux of u through the boundary A (noted as f(u)) is the same as the rate of production of u denoted Eq. I.1 is referred to the integral approach of the conservation law, and can be further detailed for mass, momentum and energy. These fundamental physical conservation principles are [Apley, 2018]:

-the conservation of mass states that the mass entering the volume minus the mass leaving the volume equals the change of mass inside the control volume, -the conservation of momentum states that the change of momentum is due to volumetric (gravity)

and boundary (pressure, shear and surface) forces acting on the control volume, -the conservation of energy states that the change of energy is due to temperature which influences both kinetic and potential energies.

The three presented conservation laws, in fluid mechanics, form the so-called Navier-Stokes equations, which are space and time-dependent, that is, there are four independent variables (pressure, density, temperature and velocity).

Shallow Water Equations

The physical processes related to water problems are represented mathematically by differential equations: Ordinary Differential Equations (ODEs), and by Partial Differential Equations (PDEs). The PDEs with two independent variables (homogenous and non-homogenous, i.e. without or with source terms) are mostly used. Especially, the Saint-Venant equations system [de Saint-Venant, 1871] describe shallow water flow, where the surface water is sufficiently thin to assume a horizontally and negligible velocity over the water column. As known, the 2D Shallow Water Equations (2D-SWEs) are a simplification of the Navier-Stokes equations [Navier, 1823 andStokes, 1945] and are valid under the following conditions [START_REF] Abbott | Computational hydraulics[END_REF]:

 water is incompressible and homogeneous,  vertical velocity components is negligible,  pressure distribution is hydrostatic in the vertical direction,  bottom slope is small,  friction terms (viscosity assuming Newton fluid, bottom and free surface friction) can be described by empirical expressions (Manning, Strickler, Chezy, etc.). Concerning the momentum equations, the first term I represents the time evolution, II is the transversal component, III is the convection term, IV is the hydrostatic pressure, V includes the slope and energy losses related to friction against channel boundaries. The momentum equation can be approximated in several ways: the kinematic wave approximation (V), the diffusive wave approximation (IV + V), and the fully dynamic wave solution.

The first two approximations are usually used for the free surface flow modelling. The kinematic wave approximation only considers the energy losses related to the friction; the acceleration and pressure terms in the momentum equation are neglected. Kinematic wave approximation has no terms varying in time. However the flow itself is not steady, because the unsteadiness is taken into account by the continuity equation. The slope of the energy line is the same as the slope of the channel bed. An extensive study on the kinematic wave can be found in [START_REF] Ponce | Shallow water propagation in open channel flow[END_REF]]. This approximation is suitable in simple problems such as the translation of a flood wave. In addition, the diffusive wave approximation takes into account the pressure term. It is commonly used when inertial terms are negligible with respect to gravity, friction and pressure terms. Several methods of solutions are available in the literature [START_REF] Cunge | On the subject of a flood propagation method[END_REF][START_REF] Strelkoff | Dimensionless solutions of border-irrigation advance[END_REF]Katopodes, 1977, Todini and[START_REF] Todini | Parabolic and Backwater, an unconditionally stable flood routing scheme particularly suited for real time forecasting and control[END_REF]. These two approximations are often used in the hydrological issues. In the case that inertial forces are as important as the pressure forces the fully dynamic expression of the momentum equation is used for the solution of Saint-Venant equations. Due to their complex nature, these equations can be solved analytically for very simple cases, but numerical methods are usually used.

Properties of the 2D-SWEs

The integration of the momentum and mass conservation equations in x direction (see Eq. I.3 Eq. I.4) leads to following equations in one dimension: Eq. I.3 means the variation of water depends on quantity hu [m 3 /s] at the boundary and the source terms such as precipitation and infiltration. Eq. I.4 means the variation of the quantity equals the total external forces. Thus, these two equations take into account the definition of mass and momentum conservation.

𝜕 𝑡 ∫ ℎ(𝑡,
The SWEs system can be written in one dimension in vectorial conservative form in an Euclidian space [START_REF] Delestre | Simulation du ruissellement d'eau de pluie sur des surfaces agricoles[END_REF]. This formulation allows finding the propagation wave velocities. For a surface flow, the surface waves propagate differently depending on the ratio between gravitational and inertial force (Froude number). The Froude number is defined as follow:

𝐹 𝑟 = |𝑢| √𝑔ℎ Eq. I.5
where, 𝑢 is the velocity [m/s], 𝑔 is the constant of gravity acceleration [m/s²] and ℎ is the water depth [m]. Three configurations are possible:

-if 𝐹 𝑟 < 1, flow regime is subcritical and the water flow is controlled by the upstream and downstream part, -if 𝐹 𝑟 > 1, flow regime is supercritical and the water flow is controlled by the upstream part,

-if 𝐹 𝑟 = 1, flow regime is critical.
In these configurations, the discharge is a function of the water depth.

From the mathematical to numerical model

Because of the complex nature of physical phenomena in a riverbed, the SWEs have to be approached with numerical solution [START_REF] Cunge | What Do We Model, What Results Do We Get? Anatomy of Modelling Systems Foundations[END_REF], which come up with the approximation of PDE. The unknowns are the hydraulic variables in a finite number of points (nodes) of the studied domain, and in a finite number of instants during the considered period of time (spatial and temporal discretization). To ensure the efficiency of a numerical scheme (see Figure I.8), three properties have to be verified [Lax and Richtmeyer, 1956]: convergence, consistency and stability. A numerical solution is convergent if it gets closer to the analytical solution of the PDE when the grid size of the discretization and time step tend to zero.

A numerical solution is consistent if it gives a correct approximation of the differential equation as the computational, of time and/or space, step is decreased, which means that local truncation error goes to zero as step size go to zero. Consistency is usually verified using Taylor Series expansion.

Stability refers to the magnitude of the change of the error. A scheme is stable if initial errors or small errors at any time remain small while computation progresses. It is unstable if initial errors or small errors at any time get larger and larger, or eventually get unbounded, as computation advances in time.

The issue of stability was noticed by Courant, Friedrichs and Levy in late twenties (hence the name CFL condition); was well defined by von Neumann in 1940's and rigorously defined by [START_REF] Lax | Survey of the Stability of Linear Finite Difference Equations[END_REF]Richtmyer in 1950's [Lax and[START_REF] Lax | Survey of the Stability of Linear Finite Difference Equations[END_REF]. Numerical methods can be classified in absolutely stable, conditionally stable and unstable. Stability verification is more complex than consistency. Several numerical methods exist to approximate the solutions of the SWEs and the most commonly used are finite differences, finite volumes and finite elements methods. These three methods are introduced in Appendix 1.

Recent software tools for 2D surface flow modelling

Figure I.9 lists some recent software tools for 2D surface flow modelling. Their numerical settings were identified [Abily and Zavattero, 2016]. Other software tools can also be cited:

-Iber software [START_REF] Bladé | Iber: herramienta de simulación numérica del flujo en ríos[END_REF] -Basilisk C [START_REF] Popinet | Quadtree-adaptive tsunami modelling[END_REF][START_REF] Popinet | Adaptive modelling of long-distance wave propagation and fine-scale flooding during the Tohoku tsunami[END_REF][START_REF] Popinet | A quadtree-adaptive multigrid solver for the Serre-Green-Naghdi equations[END_REF], developed by University of Pierre and Marie Curie (UPMC) -France.

In this research project, three software tools were specially used: Mike 21, Mike 21FM and Telemac 2D. To solve the 2D SWEs, different methods are applied in Mike 21, MIKE 21FM and Telemac2D. Bear in mind that spatial discretization is specific to each software. Mike 21 [DHI, 2016] solves the 2D-SWEs with the Alternating Direction Implicit method (ADI), which is a finite difference method. The domain is designed as a structured mesh. The solution is performed with a finite volume method in Mike 21FM [DHI, 2016]. The user can choose the time integration between two options: lower order method which is the first order explicit (Roe scheme) or higher order finite volume method which is the second order, Runge-Kutta, method.

In both cases, the convection flux is computed with a Roe scheme [START_REF] Roe | Approximate Riemann solvers, parameter vectors, and difference-schemes[END_REF] and a TVD slope limiter method is used to minimize oscillations [START_REF] Darwish | TVD schemes for unstructured grids[END_REF] to perform a second order accuracy in space. The geometry can be designed with triangular or quadrangular cells. Finally, Telemac2D proposes several numerical methods (both finite volume and finite element), but the finite element technique is mainly used [START_REF] Hervouet | Introduction, in Hydrodynamics of Free Surface Flows: Modelling with the finite element method[END_REF]. Spatial integrations are controlled by the SUPG (Streamline Upwind Petrov/Galerkin) method. Unstructured mesh is used in Telemac2D. 

Modelling tools used in this doctoral thesis

In AquaVar project, the Decision Support System tool was designed with three software tools, which were chosen to be coupled and simulate the water cycle. The objectives were to take into account the rainfall-runoff process, the river behaviour and its impact on the water table. DHI software tools were selected to produce hydrological and hydraulic results in the Var catchment.

Hydrological model: Mike SHE

Mike SHE was originally produced by the cooperation among three European water agencies including British Institute of Hydrology, UK, Danish Hydraulic Institute (DHI), Denmark and SOGREAH, French under the financial support from European Commission [START_REF] Abbott | An introduction to the European Hydrological System-Systeme Hydrologique Europeen, "SHE", 1: History and philosophy of a physically-based, distributed modelling system[END_REF].

Mike SHE model is considered as a high performance modelling system for representing the water cycle in the catchment. It contains a full suite of pre-and post-processing tools, plus a flexible mix of advanced and simple solution techniques for each hydrological process existing in the watershed. The main hydrological processes (evapotranspiration, rainfall-runoff process, overland flow and soil flow including unsaturated and saturated flow) could be accurately caught in the Mike SHE simulations. They can be represented with different level of spatial distribution and complexity depening on the purpose of the modelling assessment, availability of the field measurements and modeller's decisions [START_REF] Butts | An evaluation of the impact of model structure on hydrological modelling uncertainty for streamflow simulation[END_REF][START_REF] Graham | Flexible, integrated watershed modelling with MIKE SHE[END_REF]. In addition, the Mike SHE model has the capacity to be coupled with other Mike series models such as Mike 11 and Mike Urban (commonly used to model sewage network) work on more complicated tasks.

In the Mike SHE model, the simulation approaches are organized, including several solution techniques, to translate different processes in nature. Therefore, it allows the modellers to optimize the function of each component when the model was selected to be applied for representing the hydrological system in large river basin or the catchment of complicated hydrogeological conditions. The modelling structure mainly consisted with 8 main functions: "Rain and Snow", "Evapotranspiration", "Snow Melt", "Overland Flow", "Channel Flow", "Unsaturated Zone Flow", "Groundwater Flow" and "Sewer Flow" to represent the multiple hydrological processes in a natural and urban catchment (see Figure I.10). In Mike SHE model the Strickler/Manning law is applied to describe the relationship between water depth and velocity, the final simplifying equations with Strickler coefficients 𝐾 in both x-and ydirection are shown as follow:

{ 𝑢ℎ = 𝐾(- 𝜕𝑧 𝑤 𝜕𝑥 ) 1/2 ℎ 5/3 𝑣ℎ = 𝐾(- 𝜕𝑧 𝑤 𝜕𝑦 ) 1/2 ℎ 5/3
Eq. I.7

The application of diffusive wave approximation allows the flow depth to have significant variation between neighbouring calculation grids and backwater conditions to be simulated. However, in cases of simulating the water movement with low velocities and shallow water depth, it could lead to some numerical instabilities due to discontinuity.

In addition, Mike SHE was coupled with Mike 11 to correctly simulate the channel flow by 1D SWEs.

The coupling between both software tools is based on the river links located at the edges of the cells In the design of the AquaVar DSS tool, the hydrological modelling assessment [START_REF] Ma | Deterministic hydrological modelling for real time decision support systems: application to the Var catchment[END_REF], as the starting point of the modelling process, plays a significant role in the integrated modelling system. The model selected in this part should have excellent performance to produce detailed and accurate representation of the complex catchment hydrological system. Indeed, this model is able to simulate flow in each sub-catchment taken into account all the meteorological specificities in the Var catchment (heavy rainfall, snow melting, infiltration and connection with different hydrogeological catchments).

The Mike SHE model is able to integrate simulation numerous hydrological processes interacted in a catchment system. It has been applied as the main hydro-informatics tool to answer the questions about water resources management and deal with the problems related to environmental and ecological components between surface and ground water.

2D free surface flow model: MIKE 21FM

In the design of the AquaVar DSS tool, the 2D free surface flow model, as the center of the modelling process, plays a significant role in the integrated modelling system. The model selected in this part Today, the use of this software tool was extended to the river modelling.

In Mike 21FM, simulation of hydrodynamics is carried out by solving 2D SWEs (section 2). To solve these equations finite volume numerical method is applied, and unstructured grids are used to define the topography. Simulations generate unsteady two-dimensional flows in one layer fluids (vertically homogeneous). In Mike 21FM, overland flow is described by the kinematic wave approximations of the Saint-Venant system which contains two components: the conservation of mass and momentum The time integration considers two options: lower order method which is first order explicit (Roe scheme) or higher order method which is second order, Runge-Kutta, method. In both cases, the convection flux is computed with a Roe scheme [START_REF] Roe | Approximate Riemann solvers, parameter vectors, and difference-schemes[END_REF] and a TVD slope limiter method is used to minimize oscillations [START_REF] Darwish | TVD schemes for unstructured grids[END_REF] and to perform a second order accuracy in space.

In this research work, three module of Mike 21FM were used: the hydrodynamic module, the transport module and the sediment transport module [START_REF] Du | Simulation de l'influence du nouveau champ captant du Roguez sur l'écoulement souterrain[END_REF]. The objectives were to simulate extreme hydrological situations, accidental pollution and morphological changes in the Var River.

A review of the surface water quality models has been made with the objectives to explain the development of these models at three stages and analyse the suitability, the accuracy, and the methods among the different models [START_REF] Wang | A review of Surface Water Quality Models[END_REF]. Since 1925, the water quality models have been improved. From 1925 to 1965, water quality models focused on the interactions among different components in river systems affected by living and industrial point source pollution like transmission, sediment oxygen, and algal photosynthesis. From 1965 to 1995, water quality models have been improved with the use of 2D and 3D models because they are more realistic in the reproduction of some hydraulic phenomenon. Furthermore, a non-linear relationship was used. For example, QUAL [START_REF] Grenney | Characteristics of the solution algorithms for the QUAL II river model[END_REF][START_REF] Brown | The Enhanced Stream Water Quality Models QUAL2E and QUAL2E-UNCAD: Documentation and User Manual[END_REF]], MIKE 11 [DHI, 1993], and WASP [Ambrose and[START_REF] Ambrose | WASP4, A Hydrodynamic and Water Quality Model Model Theory, User'sManual and Programmer's Guide[END_REF][START_REF] Guglielmi | Hydrogéologie des aquifères Plio-Quaternaires de la basse vallée du Var[END_REF] are different water quality models developed during this period. After 1995, nutrients and toxic chemical materials have been included in the model framework because of the increase of organic compounds, heavy metals, and nitrogen compounds. [START_REF] Cao | Commentary on study of surface water quality model[END_REF] classified the water quality models depending on the water body, the model-establishing methods, the water quality coefficients and components, the properties, the spatial dimensions, and the reaction kinetics. Today, software like Mike 21, Mike 21FM or Telemac2D are useful tools to prevent the pollution transport. And, they are used in different ways: hydrodynamic-ecological way [START_REF] Kaas | Early warning of bathing water qualityan operational water forecast service[END_REF], trajectory and residence time of biochemical pollutant [START_REF] Li | Estimation of Transport Trajectory and Residence Time in Large River-Lake Systems: Application to Poyang Lake (China) Using a Combined Model Approach[END_REF], oil spills [START_REF] Goeury | Modélisation du transport des nappes d'hydrocarbures en zone continentale et estuarienne[END_REF] etc. However, these software tools are controlled by different methods, and present probably different results.

To simulate the pollutant transport with Mike 21FM, two modules have to be used: the hydrodynamic part which is the basis of the second part which represents the behaviour of the pollutant in the water.

The process is described in Figure I.12. In order to describe the pollutant evolution, physical and chemical processes are taken into account in the 2D model. Two types of pollutants can be considered: conservative or non-conservative. First of all, the pollutant is described by its concentration in terms of mass per unit volume. After that, two types of mechanisms are considered to represent the pollutant transport. The first one is the advection transport [START_REF] Gulliver | Introduction to chemical transport in the environment[END_REF]: it is the first mechanism, which transports the pollutant in the water body. It depends on water velocity; this is why hydrodynamic part is important. The second one includes dispersion transport, determined with Fick's law: it is the evolution of the concentration even without any motion.

To do this, pollutant flux and the concentration gradient are introduced in the equations. The solution of the 2D tracer equation is performed thanks to a finite volume method in Mike 21FM

[ [START_REF] Van Leer | Towards the ultimate conservative difference scheme. V. A second-order sequel to Godunov's method[END_REF]. The user is able to choose the time integration like the hydrodynamic option in order to get more accurate results. In both cases, TVD-MUSCL limiter method is used to minimize oscillations [START_REF] Darwish | TVD schemes for unstructured grids[END_REF][START_REF] Hirsh | Numerical Computation of Internal and External Flows[END_REF].

3D groundwater flow model: Feflow

Feflow software was developed by DHI WASY [START_REF] Diersch | FEFLOW: Finite element subsurface flow and Transport simulation system, Reference manual[END_REF] for applications in groundwater and porous media modelling. It can simulate several processes which involve fluid flow, groundwater age, contaminant and heat transport under fully or variably saturated conditions at different scales. [START_REF] Du | Integrated hydraulic modelling of groundwater ow and river-aquifer exchanges in the lower valley of Var River[END_REF] details the construction of Feflow model for the AquaVar project.

The governing equations for the saturated flow are the fluid continuity equation [START_REF] Verruijt | Theory of groundwater flow[END_REF] and the Darcy equation [START_REF] Verruijt | Theory of groundwater flow[END_REF] -the medium is porous, incompressible and non-deformable, -the fluid is of constant density. Integrated surface water modelling in a decision support system: Application to the Lower Var valley, France
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In this case, the variation of the mass of water stored in the soil only depends on the flux that enters in and leaves from the soil. It can be written as:

𝑆 𝑠 𝜕𝜓 𝑔 𝜕𝑡 + ( 𝜕𝑞 𝑥 𝜕𝑥 + 𝜕𝑞 𝑦 𝜕𝑦 + 𝜕𝑞 𝑧 𝜕𝑧 ) = 0
Eq. I.11

or a vector form can be used: where, S s is specific storage (m -1 ). B is the thickness of the unconfined aquifer (m). S y is specific yield (dimensionless), also called drain/fillable porosity or effective porosity. ψ g is the hydraulic head of the groundwater (m). For unconfined aquifer, its value equals to the piezometric level. q is the tensor notion of the flux of groundwater flow (m/s). ε is the total porosity of the porous media (dimensionless). Q is the specific mass supply per unit time per unit depth (s -1 ). P is the accretion of the mass added into the system per unit area per unit time (m/s).

𝑆 𝑠 𝜕𝜓 𝑔 𝜕𝑡 + ∇𝑞 = 0
In Feflow software, these two equations are generalized to adapt to the variable saturation and solved by finite element method [START_REF] Diersch | Coupled groundwater flow and transport: 2. Thermohaline and 3D convection systems[END_REF][START_REF] Diersch | FEFLOW: Finite element subsurface flow and Transport simulation system, Reference manual[END_REF]. In the design of the AquaVar DSS tool, the 3D groundwater flow model, as the last point of the modelling process, plays a significant role in the integrated modelling system. components [START_REF] Du | Simulation de l'influence du nouveau champ captant du Roguez sur l'écoulement souterrain[END_REF].

Conclusion

In the AquaVar project, the choice of modelling tools was made according to the need of outcomes for the DSS tool and available data. Firstly, in the Var catchment several physical processes occur especially in the Lower Var valley where the river-aquifer exchanges are intensive. Secondly, the DSS tool has to couple hydrological aspects of the Var catchment, the hydraulic behaviour of the river and its impacts on the water table. Thirdly, this DSS tool is designed for decision-makers, who need to have a detailed view in whole the domain. To design it, several data were available along time. These three points require software tools able to: 1. simulate hydrological and hydraulic processes, 2. be coupled to each other, 3. give detailed results in the whole study domain by using a large amount of data. For the AquaVar project and this doctoral thesis, taking into account the constraints, DHI software tools were chosen: Mike SHE for the hydrological aspect, Mike 21FM for the behaviour of the river and Feflow for the groundwater evolution. These models are physically-based and distributed models and give detailed information in whole the domain by considering all physical processes (like evapotranspiration, snow melting, etc.). 

Chapter II The Lower Var valley and its catchment

In the Alpes-Maritimes department, in south of France, the Var River is recognized for its large catchment, and its Lower Var valley which has been developing for several decades leading to huge water issues. In this chapter, the state of the art deals with regulatory context and scientific knowledge.

By crossing these two aspects, the history of the Lower Var River valley can be described through different documents and studies. In addition, a further study of the scientific knowledge is also presented.

Regulatory context

The French water policy has been providing a lot of tools to lead the water challenges and the European water policy. The French law is consistently in progress. In order to preserve water resources and improve the prevention of flood risk, several tools have been developed at different scales. In the Lower Var valley, regarding the various water issues, the local authorities need to have a reliable tool to bring together the solutions for achieving good quality and quantity status of all water bodies and those for 

Flood risk issue

To prevent flooding risk, two tools were developed in the Lower Var valley: the Plan for Flood Risk Prevention (PFPR), and the Flood Prevention Program (PAPI). The first one is used as a regulatory framework, whereas the second one is an operational tool defining actions. The PFPR [PPRI, 2011], updated in 2011, gives recommendations for the territorial development regarding the flood risk. This plan is based on a hydraulic study in which numerical modelling provided flood hazard maps. There have been two successive FPP (2009-2013 then 2013-2017). Both FPP have been achieved in the Lower

Var valley [PAPI, 2009 andPAPI, 2013]. The first FPP "PAPI Var 1" (2009), allowed carrying out levees to protect the western part of Nice, Saint-Laurent-du-Var, and Le Broc Lake. It also allowed achieving actions to prevent flood risk (lowering of weirs, rehabilitation of rivers). In 2013, the second FPP "PAPI Var 2" was launched to achieve 3 objectives: better prevent flash floods in the Var River and its tributaries, reduce the vulnerability of goods and persons, and reinforce the degraded protection structures.

Water resources issue

In accordance with the Water Framework Directive, a strategy was defined in the Water Development and Management Scheme (SAGE) in 2007 [Souriguère et al., 2007]. The main objectives are to improve the knowledge about the hydrodynamics in the Lower Var valley, to promote the return to a Mediterranean natural facies in the riverbed, and to enhance the groundwater resources. To achieve this strategy, a river contract was signed in 2011 [Souriguère and al., 2015]. This contract aims to provide a sustainable and collaborative management of the river by restoring and enhancing rivers. It is a technical and financial contract among the French government, the local authorities and stakeholders. This operational tool allows funding 23 actions distributed in three categories: flood protection (as a complement of the PAPI), water quality and waste water, communication and awareness about the water challenges in the Lower Var valley.

Var catchment description

Previous studies in the Lower Var valley

Previous studies were carried out to assess the hydraulic behaviour of the unconfined aquifer and the river in the Lower Var valley [START_REF] Guglielmi | Hydrogéologie des aquifères Plio-Quaternaires de la basse vallée du Var[END_REF][START_REF] Rossi | Re-thinking the Var River Training in Nice[END_REF]Hochard, 2002;[START_REF] Potot | Etude hydrochimique du système aquifère de la basse vallée du Var, apport des éléments traces et des isotopes[END_REF][START_REF] Du | Integrated hydraulic modelling of groundwater ow and river-aquifer exchanges in the lower valley of Var River[END_REF].

The methodologies applied were based on stationary hydrogeology [START_REF] Guglielmi | Etude de la variation piézométrique de la nappe du Bec de l'Estéron en vue de la réalisation d'une zone d'activité[END_REF][START_REF] Tennevin | Etude hydrogéologique des nappes profondes de la basse vallée du Var (Alpes-Maritimes)[END_REF] or hydrochemistry measurements [START_REF] Potot | Groundwater and river baseline quality using major, trace elements, organic carbon and Sr-Pb-O isotopes in a Mediterranean catchment: The case of the Lower Var valley (south-eastern France)[END_REF], and on a numerical model [START_REF] Rossi | Re-thinking the Var River Training in Nice[END_REF][START_REF] Du | Integrated hydraulic modelling of groundwater ow and river-aquifer exchanges in the lower valley of Var River[END_REF]. Generally, the main objective was to improve the knowledge about the hydrodynamics of the river (for example the sealing effect) and the water storage capacity in the Lower Var valley. Other researches were conducted about submarine slope stability in front of Nice airport [START_REF] Mulder | Des courants de turbidité hyperpycnaux dans la tête du canyon du Var ? Données hydrologiques et observations de terrain[END_REF]1997;Dan, 2007;[START_REF] Bonneau | Impact des oscillations climatiques rapides du dernier cycle glaciaire sur l'érosion et les transferts sédimentaires dans le sud des Alpes[END_REF]. These studies were focused on the 1979 coastal landslide which caused the loss of human lives and important material damages.

Researches lead by Thévenin [1970] and [START_REF] Guglielmi | Hydrogéologie des aquifères Plio-Quaternaires de la basse vallée du Var[END_REF] have improved knowledge on the Lower Var valley aquifers. It was highlighted that the alluvial aquifer has a 70 Mm 3 capacity and a more significant permeability in the upstream part. La Manda and Saint-Isidore sectors are the main water intake from the bank. In these sectors, the discharge provided by conglomerates is estimated at 1 m³/s and those coming from the karst is evaluated at 0.2 m³/s. On the contrary, the Var River feeds the alluvial aquifer with 1.5 m 3 /s at Saint Isidore, and with 0.3 m 3 /s at Saint-Laurent-du-Var. The chemical composition of the different water bodies was also identified. As a conclusion, some locations were pointed as a good quality and quantity of water for pumping in order to produce drinking water.

Potot [2011] carried out the improvement of knowledge of the Lower Var valley aquifers by using hydrochemical methods. The water chemistry gave information about the various water exchanges and their origins. This study brought details about conclusions given by [START_REF] Guglielmi | Hydrogéologie des aquifères Plio-Quaternaires de la basse vallée du Var[END_REF]. The karst and conglomerate contributions to the water supply of alluvial aquifer are low. Particularly, the karst supplies the alluvial aquifer before the confluence between the Var and the Estéron Rivers, and close to Plan-de-Gattières. The Var River is the main recharge of the unconfined aquifer, especially between the confluences of the Var with Vésubie and Estéron Rivers, and in the downstream part around the pumping areas. The approach has also estimated the groundwater velocity between 1.10 -5 and 5.10 -5 m/s in the entire hydrogeological catchment. Finally, the water age of the alluvial aquifer was evaluated between 15 to 60 years.

Du [2016] developed a 3D groundwater flow model using the Feflow software to provide knowledge about the alluvial aquifer in transient mode. This deterministic model allowed simulating several scenarios: river-aquifer exchanges, extreme hydrological events, pollution and salt intrusion.

Comparison between drought and flood periods identified river to aquifer feeding locations (see Figure II.45): close to the Estéron confluence, to weirs no. 9 and 10, and in the downstream part because of the pumping stations. A disconnection has been located at weir no. 4. Pollutant scenarios showed the transfer of pollution, from the upstream to the downstream part, requires around 10 years. Salt water intrusion scenarios with high pumping rate showed a 300 m inland motion of the brackish body. Finally, exchanges were quantified at 3 points: 0.58 mm/s on the Broc Lake, 0.07 mm/s at the weirs section, and 0.02 mm/s nearby the mouth of the river.

In order to find solutions regarding the sealing issues in the upstream part of weirs, [START_REF] Rossi | Re-thinking the Var River Training in Nice[END_REF] developed numerical tools to simulate different scenarios. Lowering weirs by 2 m appeared to be a good solution to restore the river morphology and retrieve the natural Var River.

Var catchment

The Var catchment is located in South-eastern France and covers most of the Alpes-Maritimes department and a small part of the Alpes-de-Haute-Provence department. This catchment has a total area of approximately 2 820 km² and is divided into 5 sub-catchments (see it along a 22 km-long reach. The average slope in the downstream part is the lowest. Moreover, the narrow riverbed width of the lower valley limits the efficiency of drainage. Considering the catchment area and the steep slope, the Var is very likely to produce flash floods after intense rainfall (like in 1976, 1994, 2011 and 2016). The Lower Var sub-catchment appears to be the most artificialized area among all the sub-catchments of the Var River basin. Some cities are located in this reach such as Nice, Saint-Laurent-du-Var, and Carros. Furthermore, the alluvial plain allowed urban and industrial development.

In this downstream part, a considerable proportion of the alluvial plain is also used as agricultural land. In its downstream part, the valley restores its width progressively until the mouth of the river, where an airport was built in the 20 th century.

The Lower Var valley is also known for its typical sediment transport. [START_REF] Chapuis | Mobilité des sédiments fluviaux grossiers dans les systèmes fortement anthropisés : éléments pour la gestion de la basse vallée de la Durance[END_REF] compared the Lower Var valley with the lower Durance valley which presents similar sediment aspects. The Lower Var valley is considered as an extreme anthropogenic system. It presents coarse river sediments. On the first hand, the alluvial sediments brought by the Estéron broaden the Var River valley at the confluence.

On the second hand the construction of the airport has blocked the sediment transport from the river mouth of Var to the beach of Nice city, which is driven by the along shore current [START_REF] Dumasdelage | Storm Events of Nice Bay: A Numerical Modelling of the Interactions between Wave, Current, and Solid Transport[END_REF].

In addition, between 3 and 9% of sediment were trapped into the Var delta [START_REF] Bonneau | Impact des oscillations climatiques rapides du dernier cycle glaciaire sur l'érosion et les transferts sédimentaires dans le sud des Alpes[END_REF] where the sedimentation rate was estimated at 4.8 to 5.9 mm/year [START_REF] Mulder | Des courants de turbidité hyperpycnaux dans la tête du canyon du Var ? Données hydrologiques et observations de terrain[END_REF]. Regarding its steep slope, its narrow flood plain made of alluvial sediments and its incompletely developed meanders due to the limit of the mountains aside, this is a typical Mediterranean river valley. Since the beginning of the 19 th century, human activities have changed the topography of the Var River valley. Since the 80's, Nice has become the fifth largest city in France thanks to its attractive tourism on the French Riviera. 300 000 people live in the Nice city and another 100 000 people live in the nearby towns including Saint-Laurent-du-Var, Carros, Saint-Martin-du-Var, etc. This growth of population has increasingly required urbanization and induced huge building extensions in the floodplain. The agricultural, urban and industrial developments have reshaped the morphology of the river which is currently narrowed by artificial embankments made of rock riprap and concrete blocks (see Figure II.4).

This has led to an increase in the water velocity, thus erosion gradually increased in many places along the river.

The first embankment was built in 1845 ("Sardes dike") on the left bank along 23 km, to protect the crops from flooding. From 1880 to 1980, the right bank was also embanked to protect populations. After the Second World War, the Lower Var valley concentrated agricultural activities because of its fertile soils. Indeed, during floods the alluvial deposits broadened these crops. Furthermore, before 1984, sand and gravel from alluvium were widely mined as a raw material source for the concrete industry. The total extracted volume was estimated at 15 billion of m 3 in 40 years, which corresponds to 150 years of natural sedimentation [Souriguère and al. 2015].

Combining all these factors, the Var River was channelized (see Figure II.5). Because of the close connection between the Var River and its aquifer, as the consequence of riverbed erosion, groundwater depletion has also been reported. In 1967, the most severe shortage of groundwater resource happened in the valley, the water table decreased by 8 m below its static level in the upstream part. In order to slow down the erosion process of the riverbed and to maintain the water table level, weirs were built on the riverbed from 1971. Because of sediment extractions in French rivers causing progressive bed erosion, a ministerial decree was approved in 1984 to ban the extraction of sediment both in the valley and the riverbed. The weir construction caused fine sediment deposit in the upstream part of the weirs, which allowed the vegetation development, but also the jam phenomenon during flood events. All these changes finally resulted in the decrease of the width of the riverbed by 58% between 1800 and 1997.

One of the consequences was the destruction of weirs no. 2 and no. 3 during the 1994 flood event.

The construction in the floodplain never stopped since the beginning of the industrialization in the Lower Var valley in 1960s. In the 70s, an industrial zone was built on the right bank of the floodplain at Carros, between the confluence and La Manda Bridge. 200 ha of floodplain was turned into impervious land to promote the economic development. Soon afterwards, another 50 ha of floodplain was used to build the industrial zone of Saint-Laurent-du-Var also on the right bank of the floodplain. In the middle reach of the valley, the floodplain is used for agricultural activities on both sides, while mixed with industrial and commercial areas. The estuary of the valley is densely urbanized with the administrative center of the Alpes-Maritimes Department, the National Interest Market of Nice (Marché d'Intérêt National: MIN), the airport, and a huge mall called Cap3000. In a general view, the main land uses in the valley are industrial units in the upstream area, agriculture in the middle part, and urban zones in the downstream area. Several roads were also constructed within the riverbed narrowing once again the width of the river: on the right bank, the road 202bis passes under the deck of La Manda bridge, while on the left bank, another road passes under the Napoléon III bridge.

Nowadays, the width of river bed varies from 150 to 280 m, which means that the streamline of Var

River is strictly limited between the embankments. The tectonic activity during Pliocene (5.33 to 2.58 MYA) and Quaternary (2.58 to 0 MYA) valley is responsible of the present structure. The submarine canyon was created during the Messinian Salinity Crisis (5.96 to 5.33 MYA) in the late Miocene [START_REF] Clauzon | The Messinian Var canyon (Provence, Southern France) paleogeographic implications[END_REF]Anthony et al. 2010]. After that, the Pliocene transgression flooded the canyon up to the upstream part of the Var (about 100 km long), which was progressively filled by first marine then fluvial sediments. The thickness of marine Pliocene marls may reach 150 m and marine conglomerates more than 400 m.

During the Quaternary, and especially during the post-glacial and Holocene periods, incision and deposition stages occurred following glacio-eustatic sea level oscillation. Currently, the Var River conveys gravels, sands, and silts. The recent decline of the sea level promoted the coarse sediment transport to the estuary of the Var River [START_REF] Dubar | The Holocene deltas of Eastern Provence and the French Riviera: geomorphological inheritance, genesis and vulnerability[END_REF].

Based on drilling results and field surveys, 8 geological profiles of the Lower Var valley were drawn by In upstream section and estuarine area the quaternary alluviums are directly in contact with the Pliocene conglomerate. At profile no. 5, the Jurassic limestone is folded and is in contact with the alluvium. In the section no. 6, the alluviums are in contact with the faulted Eocene marls. 

Hydrogeological context

The Lower Var valley presents several bodies of groundwater: the shallow holocene alluvium, the pliocene conglomerates and the jurassic limestones. In this area, the groundwater provides drinking water for 600,000 people and is used for agricultural and industrial activities. The annual pumping volume is estimated at around 50 million of m 3 [START_REF] Du | Integrated hydraulic modelling of groundwater ow and river-aquifer exchanges in the lower valley of Var River[END_REF].

The alluvium is the main aquifer to provide water. [START_REF] Guglielmi | Hydrogéologie des aquifères Plio-Quaternaires de la basse vallée du Var[END_REF] investigated the geological layers in the Lower Var valley to decider the alluvium and the conglomerate layers. The hydraulic conductivity and the groundwater level are varying along the lower valley.

In the upstream part, the hydraulic conductivity is high (10 -3 to 10 -2 m/s). The water table is between 4 m to 8 m underground. The highest value of hydraulic conductivity is observed at Carros industrial zone with 0.041 m/s [START_REF] Guglielmi | Hydrogéologie des aquifères Plio-Quaternaires de la basse vallée du Var[END_REF]. In this area the aquifer is entirely unconfined and has large exchanges with the Var River and the Broc Lake.

In the weirs section, from weir no. 10 to weir no. 2, the hydraulic conductivity is about 10 -3 m/s. The depth of water table varies from 10 m to 16 m, and the aquifer is confirmed to be disconnected with the river [START_REF] Potot | Etude hydrochimique du système aquifère de la basse vallée du Var, apport des éléments traces et des isotopes[END_REF][START_REF] Du | Integrated hydraulic modelling of groundwater ow and river-aquifer exchanges in the lower valley of Var River[END_REF]. In this part, the surface water and the groundwater are isolated by fine deposition upstream of the weirs.

In the downstream estuary area, lens of silt and clay are present in the alluvium making the aquifer to be unconfined below these aquitard [START_REF] Tennevin | Etude hydrogéologique des nappes profondes de la basse vallée du Var (Alpes-Maritimes)[END_REF]. The lens begins at the inland 3 km upstream of the shoreline, and it becomes thicker towards the sea. In this area, the hydraulic conductivity is between 10 -4 to 10 -3 m/s.

A deeper aquifer occurs in the Pliocene conglomerates, below the quaternary deposits. The hydraulic conductivity of the conglomerates was estimated at 2.6 10 -6 m/s [START_REF] Guglielmi | Hydrogéologie des aquifères Plio-Quaternaires de la basse vallée du Var[END_REF].

A layer of Pliocene marl separates the Pliocene conglomerates and the Jurassic limestones. This last body constitutes a karst aquifer. On the right bank to the south of the middle section, the limestone is directly in contact with the conglomerates and the alluvium because of the lack of marls, making direct connections possible.

Groundwater abstraction

In the Lower Var valley, the groundwater is extracted for three types of use: drinking water, industrial activities and irrigation. To provide drinking water, the pumping stations are operated by Veolia

Company and by the Métropole Nice Côte-d'Azur. The pumping volume is well planned and documented, and also recorded by the basin water agency (Agence de l'eau Rhône Méditerranée Corse: https://www.eaurmc.fr/). For the agricultural water consumption, the pumping volume is rarely known.

By using 3D groundwater modelling, this amount was estimated to about 15 mm/day [START_REF] Du | Simulation de l'influence du nouveau champ captant du Roguez sur l'écoulement souterrain[END_REF].

This value was evaluated on 20 ha of crops during 3 months (August, September and October), which is equal to 0.2 Mm³/year. Figure II.9 and Table II.2 show the location of the wells and the volume extracted for drinking water.

In the downstream area, the Pugets and Saint-Laurent-du-Var stations present the greatest pumping volumes with 11 boreholes distributed along the river. On the left bank of the river, the Prairies and Sagnes stations are used as complementary resources of drinking water, in Nice city. The other part is coming from a channel capturing the surface water in the Vésubie valley.

In comparison to the supply for drinking water, the pumping volume of industrial activities is lower.

Table II.3 shows the annual groundwater pumping volume for the largest industrial activities. Nice airport extracts water not only in the unconfined aquifer, but also in the confined one, for a total of 1.9

Mm 3 . However, most of this volume is injected into the unconfined aquifer after having been used by the air conditioning system. The true water consumption is about 0.7 Mm 3 . 

Monitored piezometers

In order to analyse the groundwater level variations, the Alpes-Maritimes department equipped piezometers with sensors from the 1960s. There are 21 piezometers in the alluvium and 5 in the conglomerate aquifer. Groundwater level is recorded with a daily time step. The graphs can be extracted and show the sectors which are influenced by the river or not [START_REF] Du | Integrated hydraulic modelling of groundwater ow and river-aquifer exchanges in the lower valley of Var River[END_REF]. To sum up, the time series

show that groundwater level is strongly influenced by the seasons and by the Var River level. Regarding the time series, several sections can be identified:

nearby the Broc Lake, the water table oscillations are larger and slower: the groundwater is influenced by the season because of these fluctuations. The high hydraulic conductivity might cause this sensitivity;

in the weirs section, the water table oscillations are less significant because of the clogging layer and the disconnection;

in downstream area, the water table oscillations prove that the river and the aquifer are connected. Furthermore, the pumping stations influence can be observed on these time series.

Hydrological context

There are 78 meteorological stations in the Var catchment, which record temperatures and precipitations since 1928 (see Figure II.10). For each sub-catchment, some stations give information at daily scale, whereas others record data with hourly time step (see Table II.4).

14 stations are located in the Lower Var valley, with a lower density in the mountains because the population is living in downstream areas. The altitude of these stations varies from 691 m (Levens station) to 2 m (Nice airport station). In the Lower Var valley, 4 stations were compared to know the influence of the altitude on rainfall (see Precipitation data were analysed at Nice airport station during 72 years to obtain frequency of the intensity. Among the measurements, only 10 events are observed with a heavy rainfall which is a rainfall greater than 100 mm in 24 hours. The highest rainfall is observed in October 1973 with a value recorded at 191 mm. Regarding the number of raining days, 97.6 % of daily rainfall are less than 50 mm, and even precipitations higher than 20 mm per day have only a frequency of occurrence of 14.3%. The highest precipitations are observed in November, with 17 events higher than 20 mm/day in the observed 72 years, which is a frequency of 23 %.

The total rainfall suddenly decreased from the 80s to the 90s. Before this period, the total rainfall was averaged at 800 mm/year, whereas at that time the average was measured at 600 mm/year (see Figure 
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the Lower Var River valley. Since 1870, the annual precipitations have been analysed and compared with the average rainfall [START_REF] Fandel | La pluviométrie à Nice depuis 1870. Présentation, évolution et conséquences[END_REF]. In this research, two periods have been identified (see The average annual rainfall is 797.9 mm over more than 70 years. Four concave parts can be recognized as dry periods from the time series : 1943-1950, 1962-1970, 1980-1990 and 2001-2007, and The average monthly discharges are a direct reflection of the rainfall (see Figure II.15). Indeed, three types of events are observed: the spring flood period influenced by both rainfall and snow melting, the summer drought period when the rainfall is close to zero, and the winter flood period caused by heavy rainfall. In comparison to winter season, the average monthly discharge is higher during the spring season because of the base flow, which includes the snow melting and is fixed at about 100 m³/s. The winter flood events are usually categorized as "flash flood". This type of flood shows a simple hydrograph with a base flow equal to the average annual discharge. These aspects explain the difference observed between spring and winter season. At the northern boundary of the Lower Var valley, the Estéron River joins the Var and contributes to an average annual discharge of 7.6 m³/s. This value is of the same order of magnitude as the other main tributaries such as Vésubie (7.9 m³/s) and Tinée (6.7 m³/s). The average annual discharge of the Var River is at 52.5 m³/s at La Manda station, and at 50 m³/s at Napoléon III bridge station (DREAL PACA: https://www.vigicrues.gouv.fr). Finally, a difference is observed between data recorded by the two lower stations: the discharge is higher in the downstream part in autumn/winter, whereas it is higher in the upstream part during spring/summer. During the winter 1910 1915 1920 1925 1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 season, some valleys add discharge between both stations induced by localized thunderstorms. During the spring season, water is lost because of the river-aquifer exchanges, where the river feeds the aquifer.

Water level recorded at weirs

In the Lower Var valley, the hydropower plants are equipped with sensors (VEGASON 51 type SON51K.XCXXGK) to record the water level. Three of them were set, from September 2015 to July 2017, to analyse the behaviour of the Var River nearby the weirs (see Figure II.17,Figure II.18). The variations of the water level are due to the functioning of the turbines with a cycle of 1 hour. On average, the water level at weirs no. 4, 7, and 16 are 0.1 m, 0.2 m, and 0.23 m, respectively. Regarding hourly data, 11 flood events are observed at the weir stations. Among them, three events occurred during spring season. The recessing stage at weir no. 7 is longer for 2 flood events: in winter 2016 (the end of November 2016) and in spring 2017 (the end of March 2017). For the first event, the recessing stage of the weir no. 7 is 1 month long in comparison with 2 weeks for the other weirs. For the second event, the recessing stage of the weir no. 7 is 1 month long in comparison with 1 week for the other weirs. These events can be related to the logjam or a change of morphology in the section of weir no. 7. This configuration is frequently observed at weir no. 7, during flood events, because of the shape of its section. The hydropower plants are operating from January to July. During this period, the large flood events are less common, and the volume of water is large enough. The turbines work between 20 and 300 m³/s. Indeed, below this range, the water level is too small and above, the water is too turbid. When the weather conditions are correct, about 50 % of the discharge is used to produce electricity.

Contributions of valleys in the lower Var catchment

The discharges recorded at Carros and Nice stations, during flood events, prove that there is a significant contribution. From the small tributaries which have their outlet into the Var River (see Figure II.25).

With the objective to provide the Plan for Flood Risk Prevention (PFRP) (section 1), the 100-year return period peak discharge was estimated by using the SPEED method [START_REF] Lang | Estimation de la crue centennale pour les plans de prévention des risques d'inondations[END_REF]. It is a statistical method based on Poisson distribution and the sampling theory. The calculation considers a homogeneous rainfall for the longest concentration time among all the valleys. To apply this methodology, the most important hypothesis is that a 100-year rainfall generates a 100-year peak discharge. The considered rainfall is 173 mm in the north part and 150 mm in the south part. The formula may adjust according to the surface of the catchment: where, 𝑄 100 is the 100-year return period peak discharge [m³/s], 𝑆 is the catchment surface [km²]. Table II.5 gives the characteristics of each sub-catchments and the contribution of each valley of the Var River during a 100-year return period flood event. With a 100-year return period peak discharge evaluated at 3,500 m³/s in the Var River [Sogreah, 2011], all of these small catchments contribute to 9% of the flow discharge during a flood event (see Table II.5).

Table II.5 

Surface water intake

In the Lower Var valley, surface water intake is done in the upstream part of weir no. 8 (located in the As a conclusion of the hydrological part, three significant periods for the Var River in its lower part have been highlighted: a drought season, which is observed in summer, and two types of flood periods, which occur in spring and winter. Currently, the water level is recorded at 3 points and converted in discharge using a rating curve. It would be possible to settle sensors located at each weir to obtain an overview about the hydrodynamic behaviour at different sections of the Lower Var valley. Even with a less meaningful significance, the contributions of the valleys should be considered during a flood event and the water pumping at Roguez station should be taken into account during the drought period. During the considered decades three big flood events were observed in November 1994, November 2011, and November 2016 (for more details see Appendix 3).

Knowledge improvement of the river evolution

Hydromorphology and evolution of the river

In this research, the spatial and temporal variability of the river morphology was analysed (see Appendix

2). The Var River is typically coastal river which is characterized by Mediterranean facies and have been changed over time because of the human activities. The grain size distribution was given in 2014 with field measurements: the surface is covered by 48% of vegetation, 25% of fine-grained sediments, and 27% of coarse sediments. The coarse sediments are mainly located in the upstream part of the Lower Var valley and the silt deposition is observed in the downstream part because most of coarse sediments are trapped by weirs in their upstream part. Between 1969 and 2015, surface vegetation tripled and is now located at weirs section. Hence, construction of weirs in the 80s promoted silt deposition which is at the origin of vegetation development. In addition, calculation of specific power showed the section between weir no. 4 and the mouse is the most dynamic section. Three sections were identified in the Lower Var valley:

1. Section 1, which extends from the confluence with the Estéron to the weir no. 8, and is characterized by an active coarse sediment transport; 2. Section 2, which is bordered by weirs no. 7 and no. 4, and has a low sediment transport capacity;

3. Section 3, which covers the downstream part up to weir no. 4, and seems to be an active branch of morphological change with a river mouth appearing stable.

Using comparison of DEM in 2011 and 2013, allowed calculating sedimentation and erosion. From 2011 to 2013, the total amount of sedimentation is equal to 3 Mm³, and the eroded volume is 1.2 Mm³.

During this period, 1.8 Mm³ of sediments were stored locally at the weirs section where the dynamic is low. This method could be often used to evaluate, after a significant flood, the erosion and sedimentation zone. This type of measurement could be interesting to calibrate and validate a numerical model. The exchanges spatially change with the river morphology, the water level in the river in comparison with the groundwater table, and the bank/bottom bed permeability. The exchanges can also temporarily change not only with the hydrological season, but also with climate changes. The river-aquifer relations are interfered with hydraulic structures like dams, weirs, dikes. Besides the quantity exchanged between aquifer and river, the quality is also shared by both waterbodies. In terms of quality, the exchange areas are characterized by a sediment heterogeneity, high organic carbon levels and important bacterial and biological activities. These factors influence a lot the water transfer at the river-aquifer interface.

Several methods exist to identify the river-aquifer exchange. These approaches are related to many 

Geomatics analysis

• These approaches are based on piezometric contour map and on gradient computation • This method is designed with Geographic Information Systems (GIS) tool and spatial analysis tools

Hydrodynamic models

• Different types of models can be useful to represent the riveraquifer exchanges:

• Physically distributed models • Analytical models which are not very well known in France; • Combined models considering analytics and deterministic aspects.

Models, balance and statistics

• Mass balance between two river sections (for example: differential gauging) • Correlative and spectral analysis • Geochemical and isotopic balance to highlight the correlation between groundwater levels

Field measurements, sampling and plots

• Flow measurements with piezometers located near to exchange area along the bank • Flow measurements in a borehole • Geochemical measurements including physico-chemistry (major elements, temperature, conductivity, pH) and the isotopic chemistry

Biological markers

• These methods are based on bioindicators. For example, aquatic plants (macrophytes) or subsurface invertebrates (stygobies) could be bioindicators.

Other approaches

• The thermal infrared method allows to locate the exchange between surface and ground waters • An optic fibre installed along the bank to identify the exchange • Geological radar to identify the permeable layers and October 1999, two new maps were achieved by [START_REF] Guglielmi | Hydrogéologie des aquifères Plio-Quaternaires de la basse vallée du Var[END_REF] and Hochart [2002], respectively.

Their goal was to improve knowledge about the alluvial aquifer during drought and flood seasons.

Finally, two new piezometric maps were recently set up, in the frame of the AquaVar project (see Appendix 5): the first one in July 2015 (dry period) and the other one in December 2016 (rainy period).

The first observation is the influence of 1994 flood event on the water table in the downstream part of weir no. 4. A decrease in water table before 1994 flood event and a sudden increase after are observed.

It can be assumed that the destruction of weirs no. 2 and 3 cancelled the disconnection observed before 1994. In 1975, the groundwater table for dry and rainy periods seems to be similar (see Figure II.26). The river was connected to the aquifer and the flux direction was changing a lot along the river. At the confluence with the Estéron River, the groundwater was fed by the river on the right bank, in opposition to the left bank [START_REF] Guglielmi | Hydrogéologie des aquifères Plio-Quaternaires de la basse vallée du Var[END_REF]. In the downstream part of the "Lingostière center", the Var River supplied the aquifer. The alluvial aquifer is also recharged by adjacent hydrogeological catchment at 4 locations: at Carros, at weirs no. 7 on the right bank, at Castagniers, and at Saint Isidore on the left bank. Comparison between both periods shows a difference in the vicinity of the weirs. This is due to the influence of hydraulic structures. Indeed, at weir no. 5, river-aquifer exchange is only significant during flood season:

the water level increases and promotes the recharge of the groundwater. The pumping stations affect the feeding direction between drought and flood seasons, especially at "Prairies" pumping station. Indeed, the 10 m contour indicates that the aquifer is fed by the river during flood season in opposition to the drought season.

The 1994's and 1999's maps were designed before and after the extreme 1994's flood event, which destroyed weirs no. 2 and 3 (see Figure II.27). 4 sections can be identified. The section (1), from the weir no. 16 to Le Broc Lake, where water table is varying from 5 m to 10 m between dry and rainy periods and the Var River is feeding the alluvial aquifer. The section [START_REF]intervention which modifies one of these three parameters leads to a morphological change. Rehabilitation, reprofiling and diking contribute to the channelization of rivers. These changes modify the geometry of the bed, the grain size and the facies. Developments made on the Var for several decades, led to gradually channeling the river. Retraction and revegetation of the active band are notable[END_REF], from Le Broc Lake to the industrial zone of Carros, where the river and the aquifer are disconnected because of the clogging layer.

The section (3), from the industrial area to the "Lingostière center", where the groundwater is recharged on the right bank, by some adjacent inflows coming from the nearby hydrogeological catchments.

Finally, on the section (4), the aquifer is mostly supplied by the Var River down to the Saint-Laurentdu-Var pumping stations. Conglomerates are one of the input for the groundwater in the downstream left bank in Nice. By comparing the piezometric level between 1994 and 1999, two locations are highlighted: the first one is close to Le Broc Lake and the second one is downstream of weir no. 2. In both locations, the aquifer recharges the river after the 1994 flood event due to the erosion of the clogging layer. Indeed, the riverbed was lowered, and thus attracted the groundwater. The hydraulic gradient of the alluvial aquifer is in average 0.5% (Figure II.28). The steepest areas are located close to the weirs, whereas the lowest ones are characteristic of the widest parts of the riverbed:

Saint-Isidore, mouth of the Var River, and the Broc Lake. Compared to the riverbed, the water table is higher in two areas: between weirs no. 8 and 7, and close to Le Broc Lake. Indeed, it is noticed that the aquifer is feeding the river during drought period. In this configuration, the river and the aquifer are disconnected. (Appendix 3) with a return period of 2 years. The average hydraulic gradient of the alluvial aquifer is similar as in drought period, i.e. 0.5%. The 2016 flood event was a morphogenic flood which caused topographical changes nearby weirs. Also, the Nice pumping station area appeared to increase the gradient because of the important volume of water extracted at that time. On the contrary, the lowest gradients are located on the widest parts: Saint-Isidore, mouth of the Var River, and the Broc Lake.

Furthermore, around the destroyed weirs no. 3 (close to Lingostière mall centre), the hydraulic gradient is higher in this part where the aquifer is feeding the river.

Compared to the riverbed, water table is higher in several areas: before the confluence between the Var and the Estéron Rivers, close to the Broc Lake, between weirs no. 8 and 7 and, close to Saint-Isidore.

Indeed, at these locations the aquifer is feeding the river. On the other areas, the riverbed is higher than the groundwater table with a different elevation ranging from 6 m to 8 m. At these places (upstream part of weirs no. 5 and 4) the river and the aquifer are clearly disconnected. This observation is the same for the drought period because the difference is ranging from 8 m to 10 m. Rainy and dry seasons were compared to understand the evolution of the hydrodynamics in the alluvial aquifer (see Figure II.32). Some observations can be done from the upstream to downstream part:

from the Charles Albert bridge to the confluence with the Estéron River the alluvial aquifer is recharged by its nearby aquifers and is supplying the Var River;

despite its disconnection with the Var River, the water table is increasing at the weirs section;

from weir no. 4 to the Lingostière center, the water table slowly increases in riversides. The aquifer is feeding the river here;

in downstream part, the pumping stations affect the water table ;   a significant drainage way is identified close to Sagnes pumping stations. At this location, the flux direction changes seasonally. During the flood period, even if the aquifer is recharged by the river, this water amount is not enough to balance the pumping stations effects. -April and October 1975 represent the hydrodynamic state of the alluvial aquifer just after the weirs construction;

- March 1994 andOctober 1999 show the water table before and after the 1994 flood event with

the weirs destruction;

-July 2015 and December 2016 give information about the current piezometric level in the Lower Var valley.

In general, a water table depletion is observed around Le Broc Lake, in the northern part of the lake and from weir no. 4 to Saint-Isidore. Despite of a less significant deficiency during flood season, this depletion is due to the erosion, which had occurred during the flood event, and which had deepened the riverbed. Thus, the direction of the river-aquifer exchange has been changed in these sections. Indeed, the flow direction is currently parallel to the river channel, on the contrary to the past recharge of the aquifer by the river before 1975. Through the contour map and the comparison, it can be inferred that the construction of the weirs has influenced the water table and led to its depletion. Since the lowering of weirs no. 9 and 10, in 2011, the water table depletion has been partially recovered.

As a conclusion, the groundwater contour maps highlight some sections where the river is fed by the aquifer: around the Broc Lake and between weirs no. 7 and 8. It was inferred that the construction of the weirs has depleted the water table because of the development of a clogging layer in the river bed.

However, the lowering of weirs no. 9 and 10 has improved this situation. In the downstream part, the pumping stations affect the hydraulic gradient and the effects are even not balanced during flood periods.

It is difficult to identify an exchange from the river to the aquifer with these maps because the flow direction coming from the river does not clearly appear. Moreover, the alluvial aquifer is fed by the nearby aquifers and these quantities are not currently quantified. In the first range, from the surface to 6 m depth, the soil layer is made up of gravels. From 6 m to 20 m, gravels are combined with loamy sand. The averaged grain size is about 4 mm and increases with depth. In surface, the soil is composed of mixed gravels and sand. The averaged grain size is about 1.5 mm and decreases when depth increases. Compared to the LMPZ4 grain size, that of LMPZ5 is finer. Obviously, the layer around LMPZ5 is less permeable and can limit the exchanges between the river and the aquifer. Approximately, the water table is nearby the riverbed.

Compared to the riverbed, the water table of these six piezometers gives information about the connection between river and aquifer:

upstream from weirs no. 5, a disconnection appears because of the significant level difference between both levels (more than 5 m);

downstream from weir no. 5 and the old weir no. 2, the river-aquifer exchange can occur, at least during flood season. The Var River temperature is around 13 °C [SAGE, 2015]. Thanks to its average temperature equal to Regarding temperatures at weir no. 9, the upstream part (PZ9AM) is reacting faster (1 month) on the contrary to the downstream (PZ9AV) part (see Figure II.44). From 2010 to 2014, the average temperature is decreasing (from 17°C to 12°C). After this period the temperature is increasing. The temperature of P33_bis (located at the Carros pumping stations) is stable with an average of 14 °C.

Thanks to the temperature variations observed, the three piezometers are linked to the Var River.

However, another waterbody recharges the aquifer close to weir no. 9 due to the decrease/increase average temperature. After 2012, the trend of the temperature cycle is changed at weirs no. 9 and 10.

Indeed, the range variation is smaller, and that can be explained by the lowering of weirs. As a conclusion, from the Charles Albert Bridge to weir no. 9, the temperatures show a relation between the river and the aquifer due to the periodic variations. Close to Le Broc Lake and the Carros pumping station, the variations are lower than for the other places. That can be explained by a smaller connection with the Var River. On the left bank (P38bis, P40bis), a decrease of average temperature in 2013-2014 was noticed. At that time, the snowfall was the highest of the analysed period. Thus, this part of the aquifer can be recharged by nearby aquifers. In addition, the lowering weirs appear in the temperature graphics because of a smaller range variation (PZS10A, PZS10AV, PZS9AM and PZS9AV). The temperature method can be locally used to have more information in some exchange areas. Here, the past recorded temperatures show the annual cycle, but it should be more relevant to record also the Var River temperature to compare the evolution during one hydrological year.

3D groundwater flow modelling

The contour map of water table is generated from stationary measurements. It can only give qualitative conclusions about river-aquifer exchanges at the seasonal scale. Regarding the limitations of the previous studies, the hydrodynamics of the alluvial aquifer remains partially unknown and the quantification of the exchanges is needed. To give an overview of the hydrodynamics in transient mode, a 3D groundwater flow modelling has been set up by using Feflow DHI tool [START_REF] Du | Integrated hydraulic modelling of groundwater ow and river-aquifer exchanges in the lower valley of Var River[END_REF]. One of the results identified quantifies the river-aquifer exchanges. This complex process depends on the transient state of the water level in the river and the water table in the aquifer. indicates the flow direction between river and aquifer, 4 sections are identified as river-aquifer feeding direction and 3 sections are found between them where aquifer-river feeding direction appears. The comparison between the results of dry period and rainy period shows areas where aquifer-river feeding direction is changed: at weir no. 16, in downstream part of weir no. 9, at weir no. 4 and, close to Lingostière centre. In these places, the water table rises faster than the river level due to the nearby aquifer recharge. On the right side of the figure, some sections are chosen to show the variation of the exchange flow rate over seasonal scale. The flux of exchange is calculated with the equation below: The exchange flux is bigger in upstream part than in downstream part. Near to the Broc Lake, the aquifer feeds the river with a flow rate of more than 15000 m 3 /day, equivalent to 0.58 mm/s. Despite of the disconnection at the weirs section, there is 2000 m 3 /day of water going into the aquifer during dry season, which equals to a flux of 0.07 mm/s. In the downstream area, the exchange flux has two directions, but the magnitudes for both directions are not more than 500 m 3 /day, which is 0.02 mm/s. 
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Conclusions

Several approaches can be used to identify the river-aquifer exchanges. Indeed, the French Water Agency recommends to use different methods and cross them to conclude about the river-aquifer process in a given location. In the Lower Var valley three methods have been used: the water table contour map, the chemical surveys and the 3D groundwater flow modelling.

Regarding the approaches used here to identify river-aquifer "exchanges", some conclusions can be made for the Lower Var valley. First, four sections are identified as river-aquifer exchange: from the Charles Albert bridge to the confluence with the Estéron River; from weir no. 7 to weir no. 4, with a flow rate of 0.07 mm/s even if the sediments are composed with loamy sand; from the old weir no. 3 to the Prairies pumping station, with a flow rate of 0.02 mm/s; and at the mouth. Secondly, 4 sections are identified with a drainage of the aquifer by the river: near to Le Broc Lake, with a flow rate of 0.6 mm /s; from weir no. 8 to weir no. 7; at Lingostière center; and along the Prairies pumping station. Especially, the sections of Le Broc Lake and Lingostière center appear as a drainage of the aquifer location by the river only during flood season. It was inferred that the construction of the weirs has depleted the water table because of the development of a clogging layer in the river bed. Furthermore, the lowering of weirs no. 9 and 10 has improved this situation.

The water chemistry of the Var River is quite same as that of the alluvial aquifer. The physico-chemistry analysis in 2011 [START_REF] Potot | Etude hydrochimique du système aquifère de la basse vallée du Var, apport des éléments traces et des isotopes[END_REF] has located the principal recharge of the aquifer location by the river which occurs from the confluence with the Vésubie River to the confluence with the Estéron River and, near to the pumping stations in downstream part.

To go further, it should be interesting to follow the process proposed by the French Water Agency to give more accurate information about river-aquifer exchanges.

Chapter III Numerical model for surface flow

The coastal areas concentrate densely populated cities where economic development is associated to a fast urbanization process. In most locations, rivers are integrated within the urban areas and present both resources and potential risks. The growing competition between the economic activities and the required space for the rivers request an efficient management based on reliable tools. The 2D hydraulic models represent a meaningful approach that can provide an accurate view on the physical processes within the river and during extreme hydrological events. This type of numerical models are commonly used as decision supporting tools for decision makers to assess impacts of climate variability.

The Var River, located in the French Riviera in the south of France, is an urban river encompassed by various land uses: industries, agricultural fields, and urban areas. This location is obviously identified as a coastal area under stress regarding the balance between economic development and vulnerability of risks (flood hazard, water contamination, water stress, etc.). This configuration appeared as an important issue for the local authorities, and in order to prevent the risks, a 2D hydraulic model has been developed

and implemented in a DSS tool. The flow can be modelled by Navier-Stokes equations and their frequently used simplifications are the 2D SWEs, which are valid under certain conditions [START_REF] Abbott | Computational hydraulics[END_REF][START_REF] Gerbeau | Derivation of Viscous Saint-Venant System for Laminar Shallow Water[END_REF][START_REF] Mccowan | Improving the performance of a two-dimensional hydraulic model for floodplain applications[END_REF].

This chapter describes the steps to set up the 2D free surface flow model with Mike 21FM software, and evaluates the results produced. In a first part, the methodology is presented as well as the data analysis, which gives an overview about the quality of input data. The second part focuses on the model set-up, with details about the modeller choices. In a third part, the process to calibrate and validate the model is presented, and the results are discussed to highlight the abilities and limitations of this 2D hydraulic model.

Methodology

Working methodology

To 

First step: Overview

At the first step, also named preparation of the project, two main sub-steps need to be carefully done.

One is the data collection, which needs the communication with departmental, regional and local authorities, and data producers (National Geographical Institute, Météo France, Regional Environment 

Analyse the input data: topography and hydrological data

The 2D hydraulic model is based on several input data, which have to be accurate to suitably represent the hydrodynamic behaviour of the river. Here, the main input data are the topography and the hydrological data. Indeed, the topography describes the geometry of the river and hydraulic structures (weirs, dikes, bridges, roads, etc.), and the hydrological data constrain the hydraulic processes.

Therefore, having an overview about these data is useful in order to highlight their uncertainties and limitations. This analysis is given in section 1.2.

Testing the impacts of different Digital Elevation Model (DEM) resolutions

In the Var catchment, there were several previous studies [START_REF] Vázquez | Effect of grid size on effective parameters and model performance of the MIKE SHE code[END_REF][START_REF] Guinot | Calibration of physically based models: back to basics[END_REF]] which deal with this DEM resolution impacts, but only for the hydrological modelling. In the Lower Var valley, the influence of high resolution Digital Surface model was analysed on a specific place [Abily, 2016]. In general, the highest resolution topography data best describes the reality, but the . Firstly, three different modelling strategies were designed to be independently analysed: one to show the influence of mesh resolution, a second one to identify the mesh shape impact on the results, and the last one to know if the empirical laws reflect the weir effect on hydrodynamics.

Secondly, for a given flood scenario these different modelling strategies were compared with the observed water depths. Computation time and behaviour of water flowing over the weirs were analysed.

Finally, taking into account the computation time cost, the most suitable DEM resolution was chosen.

Regarding benefits from the several configurations, the suitable mesh resolution for the Lower Var valley was found and used for the hydraulic simulation in the following. 

Build the Mike 21FM model of the Lower Var valley

Basically, the previous two steps (sections 1.1.1 and 1.1.2) are related to the model input data analysis.

When the input data are clarified, we can start building the model. However, there are still several physical parameters required by Mike 21FM model. Hence, there are some hypotheses needed to estimate these parameters. So, the sensitivity analysis is a helpful methodology to test the model. There are two main objectives in the sensitivity analysis. Firstly, to make sure that all the parameters with a physical meaning have an estimated value in a reasonable range. Secondly, the sensitive parameters are changed to find the main driving factors, which will be used in the future model calibration.

1.1.3. Third step: Find the suitable parameter to represent the seasonal hydrodynamics This process is divided into two steps: a model calibration, and a model validation for special events (e.g. flood, drought, etc.). To achieve the model validation, three seasonal hydrodynamic behaviours were used: drought period, spring flood event, and winter flood event. To evaluate the model, some statistical coefficients were introduced in the calibration:

the linear regression, which indicates the temporal analogy between two series, the Nash-Sutcliffe efficiency criteria (NSE), which is a normalized statistical number which determines the relative magnitude of the residual variance ("noise") compared to the measured data variance ("information") [START_REF] Nash | River flow forecasting through conceptual models part I -A discussion of principles[END_REF],

percent bias (PBIAS) describes the average tendency of the simulated data to be larger or smaller than their observed counterparts [START_REF] Gupta | Status of automatic calibration for hydrologic models: Comparison with multilevel expert calibration[END_REF],

the Kling-Gupta Efficiency criteria (KGE) which is the developed Nash coefficient [START_REF] Gupta | Decomposition of the mean squared error and NSE performance criteria: Implications for improving hydrological modelling[END_REF]. This coefficient is described in section 3.2.1. These statistical coefficients evaluate
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Last steps: Applications

The goals of this project are to clearly understand the hydraulic behaviour in the Lower Var valley, and to estimate extreme scenarios in the future. Hence, based on the calibrated model, the extreme hydrological scenarios and accidental pollutions were applied in the model used to forecast the future situation. After that, the 2D free surface flow model has been integrated into a Decision Support System (DSS) tool to prevent critical situations.

1.2. Data analysis

Digital Elevation Model (DEM) analysis

The topographic data constitutes the base of 2D hydraulic modelling. Several studies analysed the effect of topography on the results (see section 2.2.1). The objective is to identify and quantify the sources of uncertainties among the input data. The Global Sensitivity Analysis (GSA) with 2D hydraulic codes were already applied, in the Lower Var River, to quantify and rank the uncertainties related to the use of high resolution (HR) topographic data in HR flood modelling over densely urbanized areas [Abily and al., 2016]. This variance-based method, which uses Monte-Carlo approach to generate uncertainty propagation, saves computation time and improves the convergence speed in a 2D hydraulic model [START_REF] Goeury | Uncertainties quantification on a real case with Telemac-2D. 22 nd Telemac & Mascaret User Club[END_REF]. The GSA method applied to the Var River, especially in urban area, highlighted the influence of modeller choice regarding the errors related to measurements of HR topographic data.

This leads to have an overview about the topographic data used for 2D hydraulic model. It should be interesting to design uncertainties maps on the whole Lower Var valley.

Several topographical data were recorded in the Lower Var valley. To build the 2D model, an overview about the existing data and their uncertainties is required. Indeed, the hydraulic results can be influenced by dikes, vegetation, roads, bridges, etc. All of these elements are described by the topographical data, and have to be analysed before building the 2D hydraulic model. Here, four points were studied: data sources, data distances, vegetation, and dikes description.

Data sources

The most recent topographical data is from 2013, its resolution is 1 m, and the data source is described in the following table. The vertical accuracy is varying from 0.2 m to 0.5 m. Regarding the data source, it appears that the altitude for water surface and buildings is evaluated by interpolation of 10 m. On the remaining surface, the LIDAR included 2 points per m². With this type of data, the bathymetry is not taken into account.

Data distances

Data distance describes the distance which separates the considered point and its closest point to estimate the elevation. The altitude of the point is computed by interpolation. The more the distance is, the less the accuracy is (see Table III.2). The bridges and roads, which cross the river, were deleted from the DEM and an interpolation was made to fill these areas (see Because of the interpolation, the DEM presents uncertainties at bridge locations due to the missing data in the river channel.

Several cross sections were extracted from the DEM to analyse the vegetation inclusion (see

Figure III.4).
The vegetation was removed from the DEM in the riverbed. Indeed, no tree appears.

Downstream of the weir no. 4, the riverbed is less visible.

Dikes

In the downstream part of the Lower Var valley, three dikes were analysed to identify their integration on the DEM. Long profiles were extracted and compared with topographical data measured in 2010 and 2012 (see Figure III.5). Regarding the data extracted from the DEM, the crest level of the dikes is 8 cm higher than the true crest level. Also some holes in the DEM data occurred. At these locations, the road was removed to describe a wastewater outlet or a stream outlet.

In a conclusion, the DEM used for 2D hydraulic modelling is dated from 2013. Its resolution is 1 m and its vertical accuracy is ranging from 0.2 m to 0.5 m. The bottom of the river channel is not described.

Bridges deleted from the DEM were interpolated with an accuracy of 20 m. The vegetation was only removed in the river bed. The crest level of the dikes is approximately higher than the reality. Hence, regarding the uncertainties of these data it can be used for 2D hydraulic modelling, but with conditions for the flooding event. Because of the crest level of the dikes and the absence of the buildings, the overflow and the flood propagation in urban areas can be skewed. AquaVar project, these input data will be provided by the hydrological model (Mike SHE). However, the discharges recorded on the field were used to build the model. For this reason, the data were analyzed and their uncertainties were evaluated. Often, flow rates are given by converting the water levels recorded with a rating curve.

In the Lower Var valley, the water depth is recorded with stream gauging or radar sensors. And, by using a rating curve, the water level is converted in discharge. The rating curve is created with a special methodology, which requires several flow measurements. To carry out these flow measurements, different equipment can be used. Here, depending on the water flow, a current meter or an Acoustic Doppler Current Profiler (ADCP) is used to measure the flow. This equipment present some limitations (see Table III.4). In the process of generating flow data, which ranges from the measurement of water level to the data archiving, the construction of the rating curve is, without doubt, the step where human interpretation is maximal and uncertainties are difficult to be evaluated [START_REF] Perret | Charte qualité de l'hydrométrie[END_REF]. The rating curve is obtained by following this methodology:

flow measurements: the number of gauges, depending on the season influencing the results;

analysis of the flow measurements;

the curve drawing: the uncertainty of this step is evaluated at 5 % and increases with the discharge;

extrapolation for the endpoints: different methodologies are used especially the use of hydraulic modelling;

validity period of the rating curve.
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The uncertainty of the rating curve firstly depends on the quality of the hydraulic control, especially the flow stability and the sensitivity of the water depth-discharge relation (or intrinsic variability of the station). Then, it depends on the quantity of gauging, its distribution in different flow ranges and its associated uncertainty. The associated uncertainty depends on the following factors:

the uncertainty of each flow measurement: it is often higher than the lowest and highest observed flows);

the uncertainty related to the number of stream gauging: many uncertain gauges can make it possible to determine a reliable curve (thanks also to hydraulic considerations), while few reliable stream gauging may lead to an uncertain curve;

the assumptions made to design the rating curve, including the extrapolated parts;

the variability of the water level-discharge relation with regard to the river morphology: sediment transport, bedload, development of herbaria, etc.;

the sensitivity of hydraulic control.

In The graph shows sudden variations of water level, which are due to the hydropower plant functioning.

During a flood event, the turbines are not activated and then do not influence the measurements. As mentioned before, the discharge is obtained by the rating curve. This is why the trends of discharge and water level are similar.

In the AquaVar project, the discharge used as boundary conditions will be extracted from the hydrological model (Mike SHE). But, the construction and validation of the 2D hydraulic model were made by using data recorded on the field, especially the discharges from Carros and Estéron stations.

Therefore, the uncertainty sources were identified to point to the limitations of the model construction.

Firstly, the water level measurement is influenced by several factors: the equipment, the hydropower plant functioning, the sedimentation and vegetation. The related uncertainty is around 10 cm. Secondly, the conversion from water level to discharge is made with the rating curve. The process to obtain this curve requires several flow measurements and human interpretations, which influence the results by giving uncertainties (around 15%). Finally, other factors can impact the peak discharged during a flood event. For example the spring flood event in April 2009 was a proof of that (Appendix 3). Hence, one has to keep in mind that the data used as boundary conditions to build the 2D hydraulic model present some uncertainties due to flow measurements. On the contrary to the hydrological or hydrogeological models, the hydraulic model is built to represent the hydrodynamics which is not need to be validated over several years. Indeed, it is not necessary to take into account some processes like recharge of the aquifer, snow melting, infiltration and other ones due to geology during flood event. For the hydraulic model the process is faster and does not depend on infiltration processes and groundwater flow. Hence, to validate the 2D hydraulic model several "events" were selected to represent the different departmental climate aspects.

Calibrations and validation cases

Methodology used to choose the validation cases

The events used to validate the 2D hydraulic model were selected over the 2009-2016 period. This recent period was selected because it matches the morphological river we got. Indeed, the DEM used to build the hydraulic model was acquired between 2009 and 2013 (see section 1.2.1). The Mediterranean climate and the relief of the department are the cause of irregular rainfall and specific local climates.

Thus, different types of events can be defined:

winter floods only induced by heavy rainfall,

spring floods due to snowmelt and precipitations, drought events that usually occur in summer and autumn.

By using flow discharges recorded at Nice station, temperatures and precipitation recorded at Nice airport, several events were selected. Regarding the biggest daily average discharge, flood events were identified. Whereas, the lowest monthly averaged discharge was used to select drought events. Based on the following methodology, the events were selected: (1) analysis of the flood and drought events at Nice station, (2) selection of validation case, (3) calculation of the return period for each event: use of the Gumbel and Galton laws (Appendix 6), and (4) choice of the simulation period, which will be a function of the measurement availability.

Drought events

From 2009 to 2015, Table III.5 shows the annual average discharges, and Figure III.8 presents monthly average discharges at Nice station. The minimum discharge is observed in 2012 and 2015. In 2012, July and August are the driest months.

In 2015, December was the driest months. Thus, both periods were selected. By using the Galton statistical law, the return periods of both events were evaluated: T = 3 years in 2012 and greater than T = 4 years in 2015.

In summer 2012, the average discharges observed were 2 m³/s on the Estéron River, 22 m³/s at Carros and 17 m³/s at Nice. The difference observed between Carros and Nice can be explained by the slope.

Indeed, the slope in upstream is higher than in downstream, which induces a faster velocity and then a bigger discharge considering the same section. The rainfall was practically equal to zero on the Lower Var valley in both months.

In December 2015, the average discharges observed were 2 m³/s on the Estéron River, and 17 m³/s at Nice. The rainfall was close to 4 mm on the Lower Var valley for this month. 

Technical questions

By using DHI tools, some questions have been raised to build correctly a 2D free surface model with Mike 21FM. The three types of technical questions concerned boundary conditions, the river channel geometry, and wetting/drying process.

 Boundary conditions

Mike 21FM was firstly designed and used for coastal issues, thus some types of boundary conditions are not adapted to river modelling issues. Three types of boundary condition are proposed: land value (which is closed boundary), Dirichlet condition (specified value), and Neumann condition (zero gradient). Because of numerical schemes, mesh size/shape, and significant variations of discharge, the numerical instabilities frequently appear. Hence, the boundary conditions have to be carefully selected (see section 2.3.1).

 Mesh conception

Under specific conditions and with a clear understanding of performance limits, the 2D hydraulic modelling is a meaningful approach that can provide an accurate view on the physical processes within the river. The modelling framework has to include a realistic description of the river bed and the structures that control the water flow in the riverbed. With the aim of designing an efficient tool, engineers need to properly represent the hydrodynamic process. Hence, the mesh conception is a key issue for the 2D hydraulic modelling and requires a good methodology.

 Flood and dry depths

Within diverse contexts, the purpose is to represent the physical processes of flood propagation on a surface, which might have different physical properties depending on the cases (i.e. floodplain, streets).

This implies to represent the state changes of a surface element (1) from dry to wet states and (2) from wet to dry states. The first transformation is named "flooding" and the second one "drying". Apart from the global aim of modelling free-surface flow, the definition of the flood extent is crucial. This means that inside the modelled domain, a part will be flooded and another part will not. How is it possible to define when a cell or an element of the domain is flooded or dry? Different numerical schemes exist and follow different methods [Mediros, 2008]. For several modelling tools, this can be determined by the definition of flooding and drying thresholds.

A short review can give us insights on how this topic has been handled so far. Various algorithms are used and reported in the literature. The mesh spatial resolution has a great impact on the hydrodynamic modelling results [START_REF] Hardy | The importance of spatial resolution in hydraulic models for floodplain environments[END_REF] and many different numerical schemes have been developed and presented with the aim to solve the 2D Saint-Venant equations. An interesting example is presented in [START_REF] Horváth | A two-dimensional numerical scheme of dry/wet fronts for the Saint-Venant system of shallow water equations[END_REF]. The partially flooded cells are handled using a "drainage time step technique".

This prevents high velocities generation at the dry-wet boundaries, which would require small computational time steps. Wetting and drying algorithms are reviewed in [Mediros, 2008] where they are divided into four categories: thin film, element removal, depth extrapolation and negative depth.

However, Mike 21FM requires the selection of flooding and drying thresholds to define the state of computational cells (see section 2.4. ). These values are selected by the modeller and define the number of computationally active cells, according to the following basic rule: as long as the accumulated water depth on a cell is lower than the flooding depth, the cell will remain dry. The cell is considered as wet when the flooding depth is overpassed. In a decreasing trend, the cell remains wet until the water depth reaches and gets lower than the drying depth. DHI Company has published a set of guidelines to set up a Mike 21 model [DHI, 2011] recommending to choose a drying depth close to 0.01 m and a flooding depth close to 0.02 m. These recommendations of DHI are usually taken into account but can be adapted to improve the result accuracy, like for instance in an urban study in which the values have been adapted

according to the rain event [START_REF] Filipova | Urban Flooding in Gothenburg, VATTEN[END_REF]. Moreover, in order to avoid instabilities, the difference between flooding depth and drying depths is increased, compared with the DHI recommendations. Performance can be improved with up winding of water depth in the friction term, as shown in [START_REF] Mccowan | Improving the performance of a two-dimensional hydraulic model for floodplain applications[END_REF].

Despite the existing recommendations and examples of the Mike 21FM software, these thresholds influence the results and should raise concern. Therefore, one of the significant points is to evaluate the influence of the flood/dry threshold on the 2D model.

Model set-up

Model domain

About the 2D free surface flow model, some numerical tools were obviously developed, but they are not in free access. For example, the regulatory documents like the Plan for Flood Risk Prevention (PFRP or PPRI for french regulation) or the Flood Prevention Program require numerical tools to design the flood maps [START_REF] Abily | Global sensitivity analysis with 2d hydraulic codes: applied protocol and practical tool[END_REF], but they are not in free access because they are developed by engineering 

Mesh generation

The generation of flexible mesh with DHI software tools requires several steps. Only one toolbox can create the topographical data for Mike 21FM. The methodology is described below. First of all, the domain is limited by land boundaries and divided in several polygons to define different mesh resolutions. The boundary conditions are also identified in this step.

After defining the domain limits, the area is triangulated by using the Rupert's algorithm [START_REF] Shewchuk | Triangle: Engineering a 2D Quality Mesh Generator and Delaunay Triangulator[END_REF]. This algorithm produces a mesh with no small angle allowing the density of triangles to vary quickly over short distances. The first step is finding the Delaunay triangulation for vertices. The second step is refining the mesh by adding vertices in the mesh [START_REF] Lawson | Software for C 1 Surface Interpolation[END_REF] until all constraints on minimum angle, and maximum triangle area are satisfied. By using this toolbox, it is also possible to generate quadrangular mesh with two options: a simple algebraic method using a boxing technique [DHI, 2017] or an algebraic grid generator using a transfinite interpolation [START_REF]Construction of curvilinear co-ordinate systems and applications to mesh generation[END_REF]. In this study, quadrangular mesh was combined with triangular mesh to generate the topography for the 2D model (see section 2.2.1).

Afterwards, the mesh is smoothed to obtain the angles and the element area as large as possible. The process identifies the smallest angle with its element area to relocate the nodes to converge to a better triangle. After this step, the user can analyse and edit the mesh by hand. Finally, the mesh is interpolated with the initial DEM by using natural neighbour interpolation.

Grid convergence

One of the main input data is the domain geometry, which is constructed by using topographical data and the mesh. Several investigations have studied the influence of these two components on the hydraulic results.

On the one hand, different topographic data sources were compared. LIDAR data are invaluable in revealing the subtle variation in topography that is typical of both estuary and river floodplains [START_REF] French | Airborne LiDAR in support of geomorphological and hydraulic modelling[END_REF]. The hydraulic model based on high resolution Digital Terrain Models (DTM) shows the greatest sensitivity to changes in the Manning's coefficient [START_REF] Casas | The topographic data source of digital terrain models as a key element in the accuracy of hydraulic flood modelling[END_REF]. Thus, larger topographic data involve a more tedious calibration. It was proved that the topography has less influence on hydraulic modelling than the mesh resolution [START_REF] Horritt | Effects of mesh resolution and topographic representation in 2D finite volume models of shallow water fluvial flow[END_REF].

On the other hand, the mesh resolution impact was analysed in the application of 2D hydraulic modelling.

Different hydraulic aspects change with the increase of mesh resolution: the extent of inundation area and the hydrograph magnitude [START_REF] Hardy | The importance of spatial resolution in hydraulic models for floodplain environments[END_REF][START_REF] Horritt | Predicting floodplain inundation: raster-based modelling versus the finite-element approach[END_REF]. 2D finite volume models of shallow water fluvial flow are sensitive to the mesh resolution and this is due to 2 effects: changes in the representation of the domain boundary and changes in the representation of small-scale flow processes [START_REF] Horritt | Effects of mesh resolution and topographic representation in 2D finite volume models of shallow water fluvial flow[END_REF]. By decreasing the mesh resolution, Horritt proved that from a given resolution the results converge to the same value (grid convergence). Indeed, from this mesh size, the results do not change except the velocity.

In numerical simulations, the highest resolution topography data will better represent the reality, but with the decreasing of the mesh size the computation time will show an exponential increasing trend.

Hence, before building the Mike 21FM model, different geometries were compared. The strategy is discussed according to mesh resolution and to needs regarding operational management. In order to obtain an efficient Mike 21FM model, several meshes were created to simulate the same flood event The study area was represented by triangular discretization with different resolutions (5 m, 10 m, 15 m, 20 m and 25 m). Afterwards, triangular mesh was compared with quadrangular mesh. Finally, hydraulic structures were implemented by an empirical law giving the characteristics of the weirs. In Mike 21FM software tool, three ways are suggested to model the weirs effects on 2D hydraulic modelling: the broad crested weir, the Villemonte formula [START_REF] Villemonte | Submerged-Weir Discharge Studies[END_REF], and the Honma formula [START_REF] Honma | Coefficient of flow volume on low overflow weir[END_REF].

Obviously, there are several options about how to calculate the q/h relationship, and the most common choice is to use Broad Crested Weir method. It requires a lot of calibrated parameters without any physical justification. Honma formula gave more suitable results in the Var River modelled with Mike 11 [START_REF] Rossi | Re-thinking the Var River Training in Nice[END_REF]. Therefore, in this study The flood event chosen for this set of tests is from 3 rd October 2015 to 6 th October 2015, because of the availability of observed data.

The comparison between models and observed data suggests that the 10 m resolution is the most accurate The quadrangular mesh gives the maximum velocities over the entire threshold, and low velocities at the downstream of the structure. However, the high velocities of hydraulic structures at their downstream part is visible. The implementation of the structures generates maximum speeds at the lateral ends of the threshold, which is not confirmed by the field observations. Indeed, on the field the maximum velocity is located on the hydraulic structure, not like the Mike 21FM results.

The computation time is also an indicator to choose the best mesh resolution. Table III.8 shows the computation time for each model. Regarding the comparison between observed and simulated results, and the computation time, the quadrangular mesh seems to be an optimal choice. However, the threshold effect (energy loss) is not efficient with this type of mesh. Hence, triangular mesh was chosen to describe the thresholds and the multidirectional velocities, in the flood plains. A quadrangular mesh was used in the river bed to optimize the simulation time. With this design, the calculation time is optimized and the structures are better represented.

Mesh generation

Usually, the shape of the triangles may noticeably impact the calculation time and the quality of the results [START_REF] Bern | Mesh generation and optimal triangulation[END_REF]. A triangular mesh formed with elements with small interior angles consumes longer calculation time than a mesh formed with equilateral triangles. Furthermore, the large aspect ratios caused by the small interior angle in triangles may give a large interpolation error.

When generating the mesh of the model, a correction is carried out to ensure a good mesh quality. The principle of the improvement of the mesh quality emphasizes the diminution of the elements with small interior angle and the removal of the unnecessary elements.

The grid size in the model is related to two predominant factors: the importance of the studied area and the computing time cost. For a challenged area, more detailed model inputs (topography, water level in the river, etc.) are needed, thus the grid size is small in order to obtain an accurate calculation and to provide a high resolution result. For other areas, the grid size can be larger to reduce the total number of cells and, consequently, the simulation time would be saved to a certain extent. Here, three types of mesh are generated for the 2D numerical model (see Figure III.26):

 The river bed has an important exchange with the aquifer. Besides, the river bed is an important area where a detailed output is also required. A grid size of 10 m is therefore assigned to the Var River. Furthermore, to save computation time, the mesh is designed as quadrangular along the river, except on the weirs, where the mesh is triangular to take into account the multidirectional velocities.

 The flood plain, which is also an important area of the study, is described by triangular cells and a grid size of 25 m. It is larger than the grid size of the river bed because the issue concerns the hydrodynamics of the river and not the floodplain.

 Coarse grids of 100 m are applied to the sea. Indeed, the model has been extended to 4 km offshore to solve instability problems, but not many details are required in the sea. offshore bathymetry has been designed by using the isobaths [START_REF] Guglielmi | Hydrogéologie des aquifères Plio-Quaternaires de la basse vallée du Var[END_REF]. This mesh will be improved in the following chapter to address the urban flood issue. the « land boundary », which is a closed boundary and so normal flux is forced to zero for all variables,

the « discharge boundary condition », which is imposed using both a weak formulation using ghost cell technique and an approach based on characteristics theory [START_REF] Sleigh | An unstructured finite-volume algorithm for predicting flow in rivers and estuaries[END_REF]]. The ghost cell technique evaluates the water level based on the value of the adjacent interior cell, and the velocity based on the boundary information,

the « level boundary », which is imposed using an approach based on the characteristic theory [START_REF] Sleigh | An unstructured finite-volume algorithm for predicting flow in rivers and estuaries[END_REF]]. In upstream part, the discharges recorded in the Estéron River and the Var River are used as boundary conditions. Two stations are used: Broc station for the Estéron River and La Manda station (located at Carros) for the Var River. Therefore, to build the Mike 21FM we consider that the discharge is kept from Le Broc Lake to la Manda Bridge. This is one of the main hypothesis to build the model. In the downstream part, the sea level is recorded by the National Hydrographic Service (SHOM). They have a tide gauge at Nice recording hourly values of the sea level. 

Initial conditions for discharge and water level

A pre-process is required, in Mike 21FM, to generate the initial conditions. Indeed, this hydraulic aspect avoids numerical instabilities and saves computation time. The idea is to « fill the domain with water » before starting a real simulation. This pre-process is called hot start in Mike 21 software tools. The files contain all necessary information to continue a simulation. In this way, computation time can be reduced if a number of scenarios have to be compared, all based on the same initial conditions.

The pre-process is a simple simulation considering a constant discharge. Here, the constant discharge depends on the previous drought period. Hence, the minimum discharge has been selected to generate In order to obtain efficient initial conditions, it is necessary to use two types of variables to describe the flow field: the total water depth and the velocity. To avoid generation of shock waves, it is recommended to match the initial surface elevation and the boundary condition at the start of the simulation. Thus, the boundary conditions have to be consistent with initial conditions.

Roughness

In the Lower Var valley the land use is heterogeneous with a floodplain composed by industrial activities, agricultural fields and urban areas. The river bed is characterized by vegetation zones, pebbles zones, transversal structures (as bridge, weirs, etc.). Therefore, the roughness should be designed as varying in space and based on land use. Here, Strickler coefficient is used in the model [m 1/3 /s]. Based on empirical tables [START_REF] Albridge | Roughness coefficients for stream channels in Arizona[END_REF][START_REF] Albridge | Roughness coefficients for stream channels in Arizona[END_REF][START_REF] George | Guide for selecting Manning's roughness coefficients for natural channels and flood plains[END_REF] were selected to represent: the river bed (25 m 1/3 /s), the vegetation areas (10 m 1/3 /s), the urban zones (70 m 1/3 /s), the agricultural fields (20 m 1/3 /s), and the water bodies as lake and sea (30 m 1/3 /s).

In the previous section, the grid convergence was proved that from a 10 m resolution no numerical diffusion is observed. As a matter of fact, from this mesh size the turbulence can be taken into account with a roughness coefficient. The turbulence can be modelled by using an eddy viscosity concept. This eddy viscosity is often described separately for the vertical and the horizontal transport. Here, this parameter has been described as constant viscosity. The turbulent viscosity parameter is a hydraulic parameter to describe some local turbulences. This coefficient is expressed in m²/s and represents the turbulence within a mesh, the head loss. The higher the coefficient is, the more homogeneous distribution of speed is. This parameter is taken by default: 0.28 m²/s. It may be further refined, in particular at thresholds where the head loss is higher. It can be noticed that this parameter value is indirectly taken into account in the Strickler distribution. 

Numerical parameters and settings

The numerical parameters and settings are identified as follows: the mesh, the Courant-Friedrichs-Lewy (CFL) number, the flooding and drying depths, the time integration, the spatial integration, and the time step. All these parameters and settings influence the numerical resolution of the Shallow Water Equations (SWEs). Thus, if these data are correctly selected and accurate, the physically-based model will provide results close to the observed data. The time step and the CFL number depend on the grid size.

The time integration of the SWEs is performed using an explicit scheme. Due to the stability restriction using an explicit scheme, the time step interval must be selected in order to have the CFL number less than 1. A variable time step interval is used in the calculation of both the SWEs and the transport equations determined so that the CFL number is less than a critical CFL number in all of computational nodes.

If the important processes are dominated by convection (flow), then higher order space discretization should be chosen. If they are dominated by diffusion, the lower order space discretization can be sufficiently accurate. In this context, it has to ensure that numerical diffusion is not more important than physical diffusion. In general, the time integration and the space discretization methods should be chosen alike.

Choosing the higher order scheme for time integration increases the computing time by a factor of 2 compared to the lower order scheme. Choosing the higher order scheme for space discretization increases the computing time by a factor of 1½ to 2. Choosing both space and time discretization as higher order will increase the computing time by a factor of 3-4. However, the higher order scheme generally produces results that are significantly more accurate than the lower order scheme. Here, different numerical settings were selected by considering the remarks and hints of DHI (see Table III.9). In the 2D models used to compute the water depth, some thresholds are implemented to reduce the simulation time by activating/deactivating the cells included in the computation process. Especially with DHI software tools, flooding and drying depths are used as rules for saving calculation time. These parameters regulate the number of cells which are considered to solve the SWEs.

Regarding Mike 21FM, the flooding/drying approach is based on the work of [START_REF] Zhao | Finite-volume two-dimensional unsteady-flow model basins[END_REF], and Sleigh For the first configuration, an element is dry when the water depth is less than the drying depth and the element faces are not flooded boundaries. In this case, the cell is removed from the calculation, and then saves computation time. For the second configuration, an element is partially dry when its water depth is between drying and wetting depths or when is less than the drying depth with one of its element faces as a flooded boundary. Here, only the momentum fluxes are computed. And for the third configuration, an element is wet for a water depth greater than wetting depth. This case takes into account the mass and momentum fluxes. In Mike 21FM, the flooding depth is used to define flooded boundaries of element faces. This process is studied in the sensitivity analysis and by several researchers [START_REF] Hardy | The importance of spatial resolution in hydraulic models for floodplain environments[END_REF]Mediros, 2008;Horvath, 2015;Abily, 2014 and[START_REF] Salvan | Analysis of flood and dry threshold definition in two dimensional hydrodynamic flood modelling tools[END_REF][START_REF] Apsley | Introduction to CFD[END_REF]. Here, the drying, flooding and wetting depths were chosen respectively as 0.005 m, 0.05 m, and 0.1 m. In the sensitivity analysis, these parameters were studied to select the best value for our case. Integrated surface water modelling in a decision support system: Application to the Lower Var valley, France 135

Model calibration and validation

The "good practice" for modelling requires a calibration based on accurate observed values. The events usually selected for calibration are considered as extreme hydrological events (drought and flood).

However, recorded data are sometimes influenced by technical malfunctions of the devices (for example, submersion of the device, destruction of equipment during a flood, morphological change of the bed, etc.). By definition, calibration of a model consists in adjusting the model parameters to match the simulated results with the observed values. Thus, the final parameters are validated for the chosen simulation period. Moreover, the physical parameters are hardly measurable because of their variability in space and time. All things considered, is it reliable to calibrate a model on an extreme event? All these theories are presented in some articles [Cunge, 2003, Guinot and[START_REF] Guinot | Calibration of physically based models: back to basics[END_REF]. Bearing in mind all things, one recent event was selected to do a sensitivity analysis and six other events were chosen to validate the model. In order to obtain a realistic model, these six events were identified to represent the specific local hydrology. Indeed, the drought periods and the flood events (in winter and in spring) were selected. This model should therefore be able to reproduce the hydraulic behaviour of the Var River within the limitations of the input data of the model: DEM, flow rates and roughness.

Sensitivity analysis

The objective of the sensitivity analysis (SA) is to determine the influence of each parameter on the model results, and then have a better understanding of the hydrodynamics that are modelled. A SA is the study of how uncertainties in the output of the model can be apportioned to different sources of uncertainties in the model input factors [Saltelli, 2010]. It is widely used in the process of numerical model setup [Bahremarnd and De Smedt, 2008]. The SA investigates how the variation in the output of a numerical model can be attributed to variations of its input factors [START_REF] Pianosi | Sensitivity analysis of environmental models: A systematic review with practical workflow[END_REF]. Several types of SA exist including Monte-Carlo method, which was studied to quantify the uncertainties on a real case with 2D hydraulic model [START_REF] Goeury | Uncertainties quantification on a real case with Telemac-2D. 22 nd Telemac & Mascaret User Club[END_REF]. This method, used to generate uncertainty propagation, increases the convergence speed and saves computation time to quantify the relative importance of each parameter of a model. [Abily and al., 2016] used a variance-based method, called Global Sensitivity Analysis (GSA) in the Lower Var valley. GSA was applied on uncertainties related to high resolution (HR) topographic data and the results illustrated the major influence of the modeller choices comparing to the errors measured in HR topography. However, in this study the focus is given on the variation interval of the output caused by the change of inputs. Table III.10 summarizes the variation interval of the target parameters and the fixed parameters used in the simulations of the sensitivity analysis.

Table III.10: Summary of the parameters considered in the sensitivity analysis.

PARAMETERS VARIATION INTERVAL FIXED PARAMETERS

Mesh size of the river bed [m]

From 5 to 25

𝐹𝐷 = 0.5m 𝐷𝐷 = 0.2m 𝑆= 25 m 1/3 /s Strickler coefficient [m 1/3 /s]
From 20 to 30

Variable in space 𝐹𝐷 = 0.5m

𝐷𝐷 = 0.2m ∆𝑥 = ∆𝑦 = 10m
Flooding depth (FD)

[m] From 0.3 to 0.5

𝐷𝐷 = 0.2m 𝑆= 25 m 1/3 /s ∆𝑥 = ∆𝑦 = 10m
Drying depth (DD)

[m] From 0.05 to 0.2

𝐹𝐷 = 0.5m 𝑆= 25 m 1/3 /s ∆𝑥 = ∆𝑦 = 10m
Four parameters were analysed for the sensitivity analysis: the mesh size (section 2.2.2), Strickler coefficient, and flooding and drying depth parameters that activate a cell for the computation. In order to carry out this analysis, one flood event was selected: November 2014.

With the grid convergence analysis, it has been concluded that a 10 m resolution is enough to describe the hydrodynamics in the Var River. The simulations have proved that quadrangular cells can be used in the river bed to produce accurate results, except at the weirs location. Regarding the results presented in Table III.12, the mesh size has more influence at weir no. 7 than at weir no. 4 due to the complex topography of the section. Indeed, the bridge was removed at this location and the DEM was interpolated from upstream to downstream of the bridge, thus the mesh has a non-negligible impact on the results of the 2D model.

According to the results of sensitivity analysis of the Strickler coefficient, the impact of this parameter varies in space. It has a larger influence at Carros station than at Nice station (see Table III.12). At both locations, the roughness has an effect on the intensity of the discharge value. At Carros station, the Strickler coefficient influences the base flow. On the contrary, at Nice station, this parameter affects the rising stage and the recession process. In conclusion, this roughness coefficient firstly influences the peak discharge and is more affecting than the flooding and drying depth (see Table III.12). Secondly, it may affect the rising/recession processes, but only at Nice station.

The results of the sensitivity analysis of flooding and drying depth parameters show that these parameters are not sensitive for the 2D model outputs. Indeed, the variation interval is too small in comparison with the ones of mesh size and Strickler coefficient (see Table III.12). We have to keep in mind that these parameters activate/deactivate the hydrodynamic process and can affect the flow over the dikes during a flood event.
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Based on the sensitivity analysis and the measured data, mesh size and Stricker coefficient have the biggest influence on the 2D hydrodynamic results. The mesh size affects the trend of the water level curve, and the Strickler coefficient has an effect on the intensity of the discharge value. Otherwise, flooding and drying depth, which are numerical parameters, have a low influence on the 2D results but may have an impact on the hydrodynamic process itself.

Thanks to this approach, the range value of each parameter is well defined regarding different river sections. This limitation of range value helps to save a lot of time on model calibration. Consequently, some adjustments have been done to calibrate the targeted parameters and settings: mesh size, Strickler coefficient, and flooding threshold values. The results are shown in Table III.11. To evaluate the 2D model several approaches can be used: the linear correlation R², the Nash-Sutcliffe efficiency [START_REF] Nash | River flow forecasting through conceptual models part I -A discussion of principles[END_REF], the percent bias [START_REF] Gupta | Status of automatic calibration for hydrologic models: Comparison with multilevel expert calibration[END_REF], and the KGE criterion [START_REF] Gupta | Decomposition of the mean squared error and NSE performance criteria: Implications for improving hydrological modelling[END_REF].

The correlation coefficient R² [START_REF] Pearson | Contributions to the Mathematical Theory of Evolution. II. Skew Variation in Homogeneous Material[END_REF] evaluates the linear relationship between two sets of data. Its value varies between 0 and 1. R² represents the temporal similarity between two sets of data. If its value is close to 1 the simulated curve follows the same trend as the observed chronicle. R² is defined as:

𝑅² = 𝑐𝑜𝑣(𝑥, 𝑦) 𝜎 𝑥 𝜎 𝑦 Eq. III.1
where,

𝑐𝑜𝑣(𝑥, 𝑦) = ∑ (𝑥 𝑖 -𝑥̅ 𝑛 𝑖=1 )(𝑦 𝑖 -𝑦 ̅) (𝑛 -1) covariance, 𝜎 𝑥 standard deviation of X, 𝜎 𝑦 standard deviation of Y.
NSE coefficient [START_REF] Nash | River flow forecasting through conceptual models part I -A discussion of principles[END_REF] allows to deduce if the model is more accurate than a naive model, simulating at each time step the mean of the observed flows. The Nash-Sutcliffe coefficient, also known as the Nash coefficient, is a normalized statistic that determines the relative magnitude of the residual variance ("noise") compared to the measured data variance. Although it is mainly applied to hydrological models for the simulated discharge, this coefficient can also be used to quantify the quality of the results of other models by substituting the flow rate with the target variable. The Nash coefficient writes as:

𝐸 = 1 - ∑ (𝑦 𝑜 𝑡 -𝑦 𝑚 𝑡 ) 2 𝑇 𝑡=1 ∑ (𝑦 𝑜 𝑡 -𝑦 𝑜 ̅ ) 2 𝑇 𝑡=1
Eq. III.2

where, In this method, a criterion of Euclidean distance is considered between the values taken by the three components and their optimal values. This criterion is finally called the Kling-Gupta criterion (KGE), which is the difference between 1 and the Euclidean distance. The objective is to reach the optimal values of the components, and for that, the Euclidean distance must tend towards zero. Then, the KGE coefficient is maximized. The mathematical translation is shown below:

𝐸

𝐾𝐺𝐸 = 1 -𝐸𝐷 Eq. III.6
with, 𝐸𝐷 = √(𝑟 -1) 2 + (∝ -1) 2 + (𝛽 -1)² and, 𝛽 = 𝜇 𝑠𝑖𝑚 𝜇 𝑜𝑏𝑠 .

This new coefficient underestimates some peak values, but improves the Nash-Sutcliffe efficiency by considering all aspects which impacts on the curve trend (for example, the important variations).

Simulation results and model evaluation

Validation cases have been presented in one of the section 1.3. Three types of hydrodynamic situations have been chosen to evaluate the efficiency of the 2D hydraulic model: drought events, winter flood events, and spring flood events. III.13). Regarding the observed values during drought periods, water level is not varying a lot and is quite constant along the time. This is why it is enough to evaluate the temporal aspect and the difference between observed and simulated data.

Regarding the results of linear correlation, the drought period of December 2015 is not accurate close to the weirs. Indeed, the water level recorded is influenced by the hydro-power plant functioning, which causes intense variations. According to the RMSE, there is not significant difference between observed and simulated values. Thanks to these results, drought periods are correctly represented by the model, and furthermore the simulated water level is underestimated, which is profitable for the extreme cases. According to the linear correlation, the simulated water level trend is similar as the observed water level (R² approximately equal to 0.9). The peak discharge simulated is arriving 15 minutes after the observed value in 2011 and more than 1 hour later in 2013. NSE coefficient is the proof of an efficient numerical tool at Carros station. It is not the case for Nice station because of the simulated initial water level, which is always underestimated (negative relative bias). Otherwise, the KGE criterion shows reasonable results (KGE around 0.8), except for Nice station in 2013. These results can be explained by the small inaccuracy of the geometry at Napoléon III bridge location. However, the RMSE is close to with a good correlation coefficient. 

Results and discussions

The process to build a 2D free surface flow model with Mike 21FM software tool, requires an accurate methodology with several steps. Firstly, the uncertainties sources of the input data were identified and quantified. To do this, topographic and hydrological (discharges in upstream of the Lower Var valley) data were analysed before building the hydraulic model. Some inaccuracies were highlighted:

bathymetry and areas around bridges which cross the river are interpolated, crest levels of dikes are lightly higher than the reality, discharges used as upstream boundary conditions present an uncertainties of 15% because of water level measurement and conversion into discharge.

Therefore, the 2D hydraulic model is totally dependent on input data and it induces that the model accuracy will firstly increase with the quality of input data. The most uncertain input data are topographic data related to DEM. Moreover, shaping meshes and model geometry also influences results.

To improve the knowledge of uncertainties about input data, the Global Sensitivity Analysis should be applied. This approach would allow to rank the sources of uncertainties when the 2D hydraulic model is built. [Abily and al., 2016] have already applied the GSA in the Lower Var valley especially for urbanized areas. In this research, the GSA method was not applied. Hence, extending this method on the whole Lower Var valley will improve knowledge about input data uncertainties for 2D hydraulic modelling.

Statistical approaches to evaluate the model have shown that the 2D free surface flow model is efficient for different seasons. The hydrodynamic process of the Var River depends on the climate variations, and three main periods have been identified: drought, spring, and winter flood periods. Regarding the results of each season, the model is able to simulate the water level close to the reality with some uncertainties, especially in the case of base flow during spring flood events. Firstly, the drought periods are well represented with only a difference of 5% between observed and simulated data. In addition, the water level has been underestimated, which is in the direction with the extensive dry weather. At the weir locations, the hydro-power plants functioning is not taken into account in the model. Secondly, the water level trend of a flood event is correctly modelled as well as the intensity of the peak value. From Carros to Nice, the wave is propagated in 1 hour 30 minutes in reality against 1 hour 10 minutes in the model. Comparing simulated and observed water levels, the wave is delayed 30 minutes at Carros station, and 10 minutes at Nice station. The delay noticed at Carros station is due to the upstream boundary condition that is extrapolated from Carros station. At Nice; the arrival of simulated wave is reasonable.

The wave propagation is correctly simulated. Nevertheless, simulation of initial water level related to the base flow in spring flood events appears as a difficulty for the model. Indeed, the simulated water level before the rising stage and after the recession process presents 18% of difference with the observed values. Bearing in mind that geometric and hydrological data have uncertainties, it is difficult to point out the parameter, which will improve the base water level for a spring flood event. At this stage, the only thing to do is to generate an initial condition with a base flow of 100 m³/s before simulating a spring flood event. Finally, the flash flood events in the Lower Var valley are correctly simulated by the model.

Buildings were not included in the model, especially in the Var River close to the weirs. This could influence underestimation of water level by the 2D hydraulic modelling.

The use of Mike 21FM has shown some difficulties to build the model. Basically, this software tool was developed for coastal issues and not for river management issues. This complicates the definition of boundary conditions and the flooding/drying cell process. Indeed, to avoid numerical instabilities a huge basin was created in downstream part of the model domain, and several flooding/drying thresholds were tested. Furthermore, the mesh generation reveals some designing constraints: boundary conditions, definition of different mesh types, file extension to interpolate the mesh.

The final 2D free surface flow model presents limitations and can be improved in the future. Firstly, to validate the model, selection of events was an essential step. Then, the accuracy of the discharge appears as a limitation. Indeed, the main hypothesis is the application of the flow rate recorded at Carros station 7 km in upstream. To deal with this issue, the discharge applied on the upstream boundary condition will be extracted from the hydrological model developed with Mike SHE software. Secondly, due to the initial objective, this model was not developed for urban flood management, and then the geometry was not designed with the idea to represent an overflow in urban areas. Then, one of the limitations of the 2D hydraulic model is the water propagation after overflowing river. Indeed, the mesh resolution is not refined in streets and the buildings are not implemented. To address the flood risk management in Nice, after the overflowing river, the mesh has to be designed with buildings and higher mesh resolution at some places. However, the model was improved (see Chapter IV) to correctly model the dikes overflow: piles of bridges were added and the mesh was refined close to the dikes. Thirdly, in this configuration, the model does not consider the exchanges with the aquifer, thus the coupling aspect between 2D free surface flow model and groundwater flow model has been developed in this way. Finally, the mesh setting causes some troubles with the sediment transport simulation, especially at weir locations. In this configuration, the weirs are not included as structures, and then are removed during a flood event by using sediment transport simulation. The software tool used is not able to fix a layer, as weir, in the sediment transport module. Hence, the sediment transport modelling with this model is actually limited and has to be improved by fixing a layer at weir locations. This methodology can be developed with other software tools (Telemac 2D or Iber).

As a conclusion, the user of this 2D free surface flow model has to keep in mind limitations which were identified along the process to build the model: the input data uncertainties, the modeller hypothesis, and the limits related to the calibration/validation methodology. Some suggestions were given to improve the model in respect with the existing data. Actually, this model is able to reproduce the hydrodynamics behaviour of the Lower Var River for different seasons and can be applied to different scenarios (see Chapter IV).

Chapter IV Model applications

1.

Flood events

The urban development of the downstream part of the Var valley has promoted artificial channelling of the river. By combining with intensive rainfall, this worsens the vulnerability to inundation hazards because several flood events occurred (November 1994, November 2011, November 2016 etc.). To minimize these side effects, local stakeholders have to set up a flood prevention plan in case of extreme flood events [PPRI, 2011 andSouriguère andal., 2015]. This chapter will provide information to them about potential extension of different flood events, obtained using numerical tools.

Usually, hydrological and hydraulic models are used to simulate inundation maps. In our study area measurement stations provide discharge data for several decades. By collecting and analysing them, the upstream boundaries of the 2D hydraulic model are computed. Here, the methodology applied to simulate inundation maps was: (1) generate hydrographs by using a statistical method and ( 2) define them as boundary conditions in the 2D hydraulic model.

Methodology to generate synthetic hydrographs

A statistical approach was used on available observed data for generating synthetic hydrographs. In the Lower Var valley, the inundations are caused by huge rainfall amounts and occurred in a short time, which are considered as flash flood events. In order to analyse this process, hourly streamflow data were analysed. Especially, Gumbel law [START_REF] Gumbel | Les valeurs extrêmes des distributions statistiques[END_REF][START_REF] Gumbel | The return period of flood flows[END_REF], and Laborde, 2011] was used to estimate the peak discharges for different return periods (Appendix 7). And, a part of "Simulation Climato-Hydrologique pour l'Appréciation des Débits Extrêmes" approach (SCHADEX method developed by EDF for the estimation of extreme floods used for the design of dam spillways) [START_REF] Paquet | The SCHADEX Method: A Semi-continuous Rainfallrunoff Simulation for Extreme Flood Estimation[END_REF] was applied to obtain the shape of the synthetic hydrographs. Therefore, by simulating peak value (results of Gumbel law analysis) and curve shape (results of shape analysis), the hydrographs for different return periods were generated, and prescribed as boundary conditions for the 2D hydraulic 

Computation of peak discharge

For 7 return periods (T=2 years, 5 years, 10 years, 20 years, 50 years, 100 years, and 1000 years), the peak discharge was computed by using the Gumbel statistical approach. Based on the observed data, this method analyses the statistical characteristics and gives theoretical relation between a value and its frequency. The Gumbel law application is described in Appendix 6.

Here, this statistical approach was applied on the maximum instantaneous observed discharges. These data were extracted, over several decades, from a French website (https://www.vigicrues.gouv.fr/), which makes the recorded measurements available at Estéron station (Estéron@Le Broc) and Carros station (Var@La Manda). For each year, the maximum instantaneous observed discharge was selected and the Gumbel law was applied on the selected set of data. This statistical law is described by two parameters: the gradex b [m 3 /s], which is the scale component, and the mode a [m 3 /s], which is the position component. Based on the return period T, the frequency is computed by:

𝐹 = 1 1 -( 1 𝑇 ) Eq. IV.1
through urban areas, the wave propagation is modified, and thus facilities and structures have to be considered in the 2D model. For this reason, the mesh was improved to treat the flood management.

In order to detail the influence of urban properties, the piers of bridge and dikes were added in the mesh.

To do so, the hydraulic structures were identified in the most vulnerable areas and were integrated in the mesh designing (see Figure IV.2).

In the flood threatened zones, the mesh was refined, with a 1 m resolution, close to the dikes. Indeed, two dikes are taken into account: the first one close to the administration center and the other one close to the mall center CAP3000.

With several arches, the Napoleon III Bridge causes strong energy dissipations and flow controls during heavy floods. This is why the bridge piers were represented in the mesh. Indeed, they were excluded from the mesh and a triangular discretization was chosen to better take into account turbulences.

Now, the Mike 21FM model counts 360,000 elements to describe the geometry of Var River (see Figure

IV.
2) and its alluvial plain against 325,000 for the previous mesh. To analyse the variance of this method, a sensitivity analysis was performed based on a jackknife resampling technique, commonly used in hydrology. In statistics, this approach is a resampling method, especially useful for variance and bias estimation [START_REF] Quenouille | Problems in plan sampling: Math[END_REF]Tukey, 1958]. The jackknife estimator of a parameter is found by systematically leaving out each observation from a dataset and calculating the estimate, and then finding the average of these calculations. Given a sample of size N, the jackknife estimate is found by aggregating the estimates of each N-1-sized sub-sample. Other resampling methods are used as "Bootstrap" method [START_REF] Efron | Bootstrap Method: Another Look at the Jacckniffe[END_REF], but are more complicated. Jackknife approach was applied in both stations. To do so, the flood events were calculated leaving out one Regarding the results, the difference between the minimum and maximum values is quite small, and mainly observed in the rising and recessing stages. The maximum value of the gap between maximum and minimum is 0.05 in both stations. Thus, with this method, estimated base flow can vary by 5% in the rising and recessing stages.

Combining the peak discharge with the shape of synthetic hydrograph, the upstream boundary conditions for the 2D hydraulic model were generated at both stations (Estéron@ Le Broc and Var@ La Manda). 

Inundation map

For each scenario (excepted for the 1000 years return period) a flood map was designed to present the inundation results. Here, the maximum water depth is shown, but it is also possible to generate the velocity map.

Regarding the results, the road to access the airport is already flooded by 1,110 m³/s * of water. On the left bank, the highway present a critical point near to the Nikaia place, where the water overflows at Integrated surface water modelling in a decision support system: Application to the Lower Var valley, France

Discussion

To generate the inundation maps, two main hypotheses were done, especially to create the input hydrographs for the 2D hydraulic model:

-in the Lower Var valley, an event with a given return period T is the cumulative effect of events Regarding this approach, some uncertainties can be noticed and stem from the statistical method used for hydrological part and from the 2D hydraulic model (see Chapter III). Thanks to the hydrological methodology used, the evaluated peak discharges can vary in a min-max range. This range was estimated for each return period based on the confidence interval 90% (see Table IV .2). By applying this method, the peak discharge can vary from -20% to +30% at Estéron station, and from -20% to +76% at Carros station. Then, the Gumbel law used to estimate the peak discharge presents some limitations for the Carros station and could underestimate the maximum flow at this station.

In addition, the theoretical values were compared with those available on the website https://www.vigicrues.gouv.fr/. It also produces hydrological analysis at each station (flood, drought, average behaviour, etc.). Thanks to maximum instantaneous discharges observed at Carros (1975Carros ( -2017) ) and Estéron (1911Estéron ( -2017) ) stations, parameters and results of Gumbel law were compared (see Table IV.3).

Regarding peak discharge values, the difference is averaged at 15% at Estéron station and at 1.5% at Carros station. This difference is reasonable knowing that the number of flood events used to apply Gumbel law is not exactly the same. Users of this website have to pay attention to the data used for Gumbel law application. The peak discharge of the 1994 flood event was estimated between 3600 and 3800 m 3 /s and its return period was evaluated at more than 100 years. This corresponds to the theoretical values given here.

Finally, it should be interesting to generate flood hazard maps to estimate the vulnerability. The vulnerability is a context of risk [START_REF] Gabor | The assessment of community vulnerability to acute hazardous materials incidents[END_REF]. It can be qualified with technical and social studies. In France, the flood hazard maps are requested to develop the Plan for Flood Risk Prevention (Plan de Prévention du Risque Inondation PPRI) which has a regulatory scope. To complete this knowledge, some researches have been conducted about Climate Disaster Resilience Index (CDRI).

Through fives dimensions (natural, physical, economic, social and institutional), indicators were created to represent the current level of resilience to various disasters. [START_REF] Batica | Methodology for flood resilience assessment in urban environments and mitigation strategy development[END_REF] Peak discharge for 50-years return period 530 456 --

Accidental pollution

Nowadays, with the growth of population and industrialization, the environment is increasingly exposed to several dangers. This led policy makers and authorities to introduce limitations of water extraction and use [START_REF] Benedini | Water Quality Modelling for Rivers and Streams[END_REF]. Indeed, water uses have to refer to the amount of water that the river can supply, either quantitatively or qualitatively, taking into account the environmental protection.

Obviously, maintaining an acceptable quality in the river can assure the correct resource use. This is why authorities should provide suitable monitoring systems.

A typical incorrect use of water resources is the uncontrolled discharge of sewage into rivers and streams.

Especially, the main problem raised by this phenomenon is how to get information about the pollution presence, and what is its variation. Of course, the water quality in a river depends on the quantity of water in which the pollutants are contained. So, water flow, level and velocity are the variables which determine the pollutant behaviour. This is why 2D surface water quality models are proper tools to represent the behaviours of pollutants in water environment. The methodology is to introduce the pollutant concentration in the hydrodynamic model as a function of time and space, and it follows the approach of the advection-dispersion transport [START_REF] Gulliver | Introduction to chemical transport in the environment[END_REF][START_REF] Valentine | Longitudinal dispersion with dead zones[END_REF]al., 1977, and[START_REF] Bottacin-Busolin | A Transport of solutes in streams with transient storage and hyporheic exchange[END_REF]] (see Eq. I.9 in section 3.2 of Chapter I).

The progress of computer science and mathematical procedures has introduced tools able to help scientists and professionals to ensure water quality protection. Obviously, these tools are useful to have control of water quality in the river, lake, and the aquifer. According to [START_REF] Cox | A review of currently available in-stream water quality models and their applicability for simulating dissolved oxygen in lowland rivers[END_REF]: "a water quality model can mean anything from a single empirical relationship through a set of mass balance equations, to a complex software piece". Three types of water quality models can be identified:

the physical models consist of a reproduction of reality at different scales, which was chosen for this study (Chapter I);

the analogical models are based on a formal identity of the mathematical expressions that interpret different phenomena;

the mathematical models interpret the reality by means of the numerical values that can be adopted to quantify the various phenomena and their components.

In France, the Center of Documentation, Research and Experimentation on Accidental Water Pollution (CEDRE) has identified 23 oil spill accidents occurred from 1940 to 2014 with 5 accidents happened in rivers or lakes. On average, the spilled volume varies from 5 to 20 m 3 . This is the main potential source of pollution for the Var River in its lower part. Indeed, with the urbanization and the different bridges which cross the river, the local municipalities would like to prevent a potential oil spill event in the river.

Moreover, several industrial areas can be a potential source point of pollution (biochemical, chemical, heavy metals). Hence, the Lower Var River valley and its aquifer, which is one of the main drinking water resources, are vulnerable to an accidental pollution and local municipalities would like to provide a monitoring system to prevent this. That leads to use 2D modelling tools like Mike 21FM. This tool was compared with other tools (Mike 21 and Telemac2D) to point out the differences among these three approaches [START_REF] Zavattero | 2D surface water quality model: a forecasting tool for accidental pollution in urban river -Application to the Var River, France[END_REF].

Pollutions in the Lower Var valley

In the Lower Var valley, two types of potential pollutions are appearing: traffic accident with oil spills or industrial discharge. In this section, the simulations concern industrial discharges which may be conservative or non-conservative pollutants. The Mike 21FM model was used to simulate accidental pollution induced by industrial discharges in the Lower Var valley. To do this, selected events will be presented, numerical settings of the model will be detailed, and finally the results will be given.

Selected accidental pollution events

The Lower Var valley presents various industries which could cause accidental pollutions. An inventory of the types of industries led to the conclusion that two types of pollutions can occur: conservative or non-conservative. Most conservative pollutants are identified as heavy metals and come from painting industries. Non-conservative pollutants are rather identified as organic substances, especially in organic wastes. Thus, these two types of pollution were simulated in our study domain.

One painting industry was selected to simulate an accidental pollution as conservative substance. Here, the Berkeley painting industry was chosen as an example. It is located in the Carros industrial zone close to La Manda bridge. The chemical entity is identified as conservative pollutant is the Cadmium.

One pharmaceutical industry was selected to simulate an accidental pollution as non-conservative.

Arkopharama, located in Carros industrial zone, is a potential danger of biological discharge in the Lower Var valley. Hence, one accidental organic pollution was simulated close to weir no. 10 location.

For each type of pollutant, two scenarios were considered: drought period (as summer 2012), and flood period (as spring 2013).

Mike 21FM simulations

The theory about advection-diffusion is presented in Chapter I. Here, two types of pollutant were simulated. Organic pollutants are non-conservative components and are decaying over time. The chemical oxygen demand (COD) is an indicator for this type of pollution. In the opposite, heavy metals are conservative components. These two accidental pollutions were performed using the advectiondispersion option in the Mike 21FM software tool. The dispersion can be formulated by three ways:

no dispersion;

dispersion coefficient: it is determined by empirical tables and it should be calibrated with a chemical tracing approach;

scaled eddy viscosity formula [START_REF] Smagorinsky | General Circulation Experiment with Primitive Equations[END_REF]: based on the eddy viscosity computed in hydrodynamic option, the dispersion is the result of the eddy viscosity multiplied by a scaling factor. It can be computed by the ratio of 1 by the Prandtl number which is normally equal to 0.9. However, using Reynolds analogy, the dispersion coefficient can be written as the product of a length and a velocity scale. In shallow water equations the length scale is similar to the water depth, while the velocity scale can be given as a typical current speed. [START_REF] Rodi | Turbulence Models and Their Application in Hydraulics -A State of the Art Review[END_REF] recommends to use a scaling factor of 1 to perform the dispersion.

A sensitivity analysis was performed about the approaches used to describe the dispersion. Here, this no chemical tracing method was used to determine the dispersion coefficient. Hence, both approaches used theoretical values to simulate accidental pollution (see Table IV.4). Regarding the physical characteristics of the lower Var River, dispersion coefficient was chosen in a range between 17 and 60 [START_REF] Schnoor | Processes, Coefficients, and Models for Simulating Toxic Organics and Heavy Metals in Surface Waters[END_REF]. Eddy viscosity value varies between 0.25 and 1. Both methods were compared to find the suitable way to simulate pollutant transfer in the Lower Var valley (see Figure IV.16).

Table IV.4: Parameters used to make the sensitivity analysis of the dispersion approaches.

Approaches used Scaling factor for eddy viscosity formulation Dispersion coefficient [m²/s]

Values 0.25 0.5 1 17 32.5 60 According to the initial concentration of 200 mg/l, the average variation of the simulated concentration is equal to 10, and respectively equal to 1.16 and 8.14 for the scaling factor and the dispersion coefficient.

It can be concluded that the results of concentration are more sensitive to the dispersion coefficient, and then this parameter should be subject to calibration. Moreover, with a high dispersion the pollutant concentration changes a lot due to numerical instabilities. Therefore, in these pollution simulations the eddy viscosity formulation was selected and a scaling factor of 1 was chosen.

For both scenarios mentioned above, the parameters used for numerical modelling are outlined in Table IV.5. Industrial discharges were considered to be 20 m³ for one hour. 

Dispersion method Eddy viscosity formulation Eddy viscosity formulation

Scaling factor 1 1

Results and discussions

The results were extracted at different time steps to see the pollutant transfer along time (see Figure IV.17,Figure IV.18,Figure IV.19,Figure IV.20). According to the results, whatever the type of pollutant, it reaches the "Prairies" pumping station 3 and 6 hours after injections respectively during the spring flood and the drought periods. At these times, the maximum concentration of pollution is observed. The polluted volume of water is higher in the spring flood period. On the contrary, the concentration of a non-conservative pollutant is higher in the drought period with a maximum concentration recorded at 0.0085 mg/l against 0.002 mg/l for the spring flood period. Hence, the transfer time for a pollutant in the Lower Var valley is around 3 hours during the spring flood period, and 6 hours during drought period.

In addition, the concentration is considered as very low in comparison with the injected concentration.

These simulations give theoretical information about pollutant transport in the Lower Var River valley.

The next steps could be to calibrate and validate the model by adjusting numerical settings. To do this, it should perform some chemical tracing in the study area to evaluate the real dispersion coefficient.

Regarding sediment transport, vegetation, sunshine and structure of the Lower Var River valley, the chemical tracer has to be appropriate and it should not be sensitive to the study environment. Behind the calibration aspect it should be interesting to evaluate the grid convergence effect on the dispersion equation in Mike 21FM software. Thus, evaluation of dispersion coefficient and estimation of uncertainties relating to turbulence treatment in the model would improve simulation of pollutant transfer. 

Coupling interface to represent the river-aquifer exchanges

Usually, the surface and the subsurface water are modelled separately, and the river-aquifer exchange is modelled as a transfer boundary computed by the groundwater model. This method simplifies the model and thus saves computation time, but it introduces inaccuracy in the simulated results. In numerical model, the water level in the river is considered as a steady boundary condition for the groundwater.

Thus, the volume of water exchanged between the river and the aquifer is not varying along time because of the no dynamic mode. In the Lower Var valley, the river-aquifer exchanges have to be modelled in a dynamic way because of their intensity. To do that, a better way to model the interactions is to couple the surface water model and the groundwater model. A summary of widely used surface watergroundwater models was made by [START_REF] Spanoudaki | Development and verification of a 3-D integrated surface water-groundwater model[END_REF]. Some of them couple the 1D or 2D shallow water equation [START_REF] Swain | A coupled surface-water and groundwater flow model (Modbranch) for simulation of stream-aquifer interaction[END_REF][START_REF] Sparks | Integrated modelling of 2-D surface water and groundwater flow with contaminant transport[END_REF][START_REF] Liang | Coupling surface and subsurface flows in a depth averaged flood wave model[END_REF] with groundwater model. Some of them replace the fully dynamic shallow water equations by the diffusion and kinematic wave approximations. [START_REF] Jobson | Modifications to the diffusion analogy surface water flow model (Daflow) for coupling to the modular finite-difference groundwater flow model (Modflow)[END_REF][START_REF] Vanderkwaak | Numerical simulation of flow and chemical transport in integrated surfacesubsurface hydrologic systems[END_REF][START_REF] Hussein | Modelling of flow and contaminant transport in coupled streamaquifer systems[END_REF][START_REF] Panday | A fully-coupled physically-based spatially-distributed model for evaluating surface/subsurface flow[END_REF][START_REF] Morita | Modelling of conjunctive two-dimensional surface-three-dimensional subsurface flows[END_REF][START_REF] Gunduz | River networks and groundwater flow: a simultaneous solution of a coupled system[END_REF].

Brandmeyer and Karimi [START_REF] Brandmeyer | Coupling methodologies for environmental models[END_REF] proposed several coupling methodologies.

Despite the common use of numerical modelling to quantify the river-aquifer exchanges, there are still many challenges, which include spatial and temporal scale issues [START_REF] Kollet | Integrated surface-groundwater flow modelling: A free-surface overland flow boundary condition in a parallel groundwater flow model[END_REF][START_REF] Loague | Scale issues[END_REF][START_REF] Loague | Physics-based hydrologic response simulation: Platinum Bridge, 1958 Edsel, or useful tool[END_REF][START_REF] Sudicky | On the challenge of integrated surface-subsurface flow and transport modelling at multiple catchment scales[END_REF][START_REF] Werner | Regional-scale, fully coupled modelling of streamaquifer interaction in a tropical catchment[END_REF], the initial conditions [START_REF] Noto | Effects of initialization on response of a fully distributed hydrologic model[END_REF], the available measured data for model calibration and validation [START_REF] Beven | The future of distributed models: model calibration and uncertainty prediction[END_REF][START_REF] Lefebvre | Geostatistics for assessing the efficiency of distributed physically-based water quality model[END_REF][START_REF] Uhlenbrook | Prediction uncertainty of conceptual rainfall-runoff models caused by problems to identify model parameters and structure[END_REF], equifinality [START_REF] Beven | A manifesto for the equi-finality thesis[END_REF]Freer, 2001a;[START_REF] Ebel | Physics-based hydrologic-response simulation: Seeing through the fog of equifinality[END_REF], conceptual and numerical difficulties [START_REF] Jolly | A review of modelling of groundwater-surface water interactions in arid/semi-arid floodplains[END_REF].

As far as digital difficulties are concerned, several techniques have been adapted to overcome this problem, including adaptive time step methods [START_REF] D' Haese | Assessment of adaptive and heuristic time stepping for variably saturated flow[END_REF][START_REF] Park | Application of implicit sub-time stepping to simulate flow and transport in fractured porous media[END_REF], non-linear solvers [START_REF] Hammond | Application of Jacobianfree Newton-Krylov with physics-based preconditioning to biogeochemical transport[END_REF][START_REF] Jones | Newton-Krylov-multigrid solver for large-scale, highly heterogeneous variably saturated flow problems[END_REF][START_REF] Knoll | Jacobian-free Newton-Krylov methods: a survey of approaches and applications[END_REF]] and parallel algorithms [START_REF] Kollet | Integrated surface-groundwater flow modelling: A free-surface overland flow boundary condition in a parallel groundwater flow model[END_REF]. Despite these questions, many hydrological problems are treated using models coupling surface-subterranean. These models are commonly used to quantify the river-aquifer exchanges because the measurement approaches are quite limited and they are used at a local scale [START_REF] Mouhri | Etat de l'art sur les méthodes de caractérisation et de quantification des échanges nappe-rivière, Programme PIREN-Seine[END_REF].

Regarding the groundwater flow model, there are 2D or 3D saturated or variably saturated models that solve either Darcy equation or Richards equation with the continuity equation of the groundwater flow.

The common way to compute river-aquifer exchange is to compute the exchange flux and add it as a source term in both numerical models. The coupling methods are either in iterative manner or noniterative manner [START_REF] Swain | A coupled surface-water and groundwater flow model (Modbranch) for simulation of stream-aquifer interaction[END_REF][START_REF] Jobson | Modifications to the diffusion analogy surface water flow model (Daflow) for coupling to the modular finite-difference groundwater flow model (Modflow)[END_REF].

The first approaches to take into account the surface/subsurface interactions were implemented in surfaces water flow [START_REF] Wooding | A hydraulic model for the catchment-stream problem, 1, Kinematic-wave theory[END_REF][START_REF] Chen | Hydrodynamics of mathematically simulated surface runoff[END_REF] with an infiltration process with a Green-Ampt equation formula [START_REF] Esteves | Overland flow and infiltration modelling for small plots during unsteady rain: numerical results versus observed values[END_REF]. The goal of this method was to study the hortonian runoff at parcel scale. The most common way to treat the surface/subsurface coupling is the Freeze and Harlan method [START_REF] Freeze | Blue-print for a physically-based digitally simulated hydrologic response model[END_REF], which is called the "changed boundary condition". In these works, the boundary condition of the surface model is a condition of imposed flow, equal to the rain, until the accumulation surface water occurs. And, this boundary condition is changed and the pressure is equal to the water head on the surface. Smith and Woolhiser [START_REF] Smith | Overland Flow on an Infiltrating Surface[END_REF] were the first to use this approach. In their model, the runoff is described by the kinematic wave approximation and the infiltration is computed with the 1D vertical Richards equation. Freeze [Freeze, 1972a, Freeze, 1972b] studied the role of the subsurface in the genesis of flows in rivers from a finite difference model coupling a 3D equation of subsurface and a 1D equation describing flows in rivers. The solution of the subsurface equation gives the boundary condition for the runoff equation, and vice versa. The works of Govindaraju [START_REF] Govindaraju | Dynamics of moving overland flows over infiltrating surfaces at hillslopes[END_REF] improved the coupling models by allowing to couple 2D saturated/unsaturated subsurface flow with 1D surface flow model (runoff and river). Later, a new method treated the surface/subsurface interactions through an interface and can be described by a 1D

Darcy law [START_REF] Vanderkwaak | Numerical simulation of flow and chemical transport in integrated surfacesubsurface hydrologic systems[END_REF][START_REF] Panday | A fully-coupled physically-based spatially-distributed model for evaluating surface/subsurface flow[END_REF]. The equations are solved independently and coupled with a first order law. Because of the lack of observed data for the "interface layer" Kollet and Maxwell [Kollet and Maxwell, 2005] developed a third approach to couple surface and subsurface flows. Based on Freeze and Harlan [START_REF] Freeze | Blue-print for a physically-based digitally simulated hydrologic response model[END_REF] condition, their method assumes the continuity of flux and pressure. Then, the kinematic wave equation is considered as boundary condition for Richard equation. There are a number of models available that simulated the interactions between surface water and groundwater. Spanoudaki [START_REF] Spanoudaki | Development and verification of a 3-D integrated surface water-groundwater model[END_REF] In the Lower Var valley, the river-aquifer exchanges are intensive, that leads to couple the river model with the groundwater model. In the context of AquaVar project, both numerical models were developed with DHI software tools: Mike 21FM for the 2D free surface flow model and Feflow for the groundwater flow model. As a commercial software, Feflow can add some plug-ins by using IFM (interface manager).

The data transfer is possible, but the code modification is not. Therefore, all the extensions developed to couple Feflow and other software should be non-iterative. So far, three coupled models have been developed for Feflow:

 IFMMIKE11 [START_REF] Monninkhoff | Coupling of the groundwater model FEFLOW with the hydrodynamic model MIKKE 11, German-Chinese conference "Modern Methods and Instruments for Water Management and Flood Protection[END_REF] was developed to couple Feflow and Mike 11; and Nujic, 2004] was developed to couple Feflow and HYDRO_AS-2D;

 IFMHYDRO_AS-2D [Schätzl
 MIKE GWSW [DHI, 2016] was developed to couple Feflow and Mike 21FM.

Feflow and Mike 21FM are two commercial software, for which codes modification is not possible. The graphical user interface (GUI) and the data storage cannot be shared. Thus the "shared coupling", "jointed coupling" and "tool coupling" cannot be achieved by a modeller. The only way to couple these two models is to create an automatic data transfer interface with plug-ins such as MIKE SDK or IFM.

Theory of surface and subsurface models

The conceptual model is composed of three components: 2D shallow water equations for overland flow, Darcy equation for fluid movement in the saturated soil, and the interface layer concept for coupling (section 3.2). The numerical aspect for both models are presented in Chapter I

The source term in 2D SWEs is evaluated from the rainfall and infiltration fluxes. This mass source term and specific mass supply from Richards's equation are the common parameters of both processes. Thus, they can be used to relate Mike 21FM with Feflow, and compute the exchanged volume of water.

Regarding the specificities of Mike 21FM, precipitation and infiltration processes were analysed to identify the numerical constraints of these modules. The objective was to choose the best one for the river-aquifer coupling. Various configurations were studied:

1) Horizontal channel with constant rainfall and infiltration;

2) "Ideal rain" case for precipitation and infiltration module;

3) Stationary case with M1 backwater curve for precipitation and infiltration module.

The first case with constant precipitation was studied in [START_REF] Salvan | Analysis of flood and dry threshold definition in two dimensional hydrodynamic flood modelling tools[END_REF] with the objective of choosing the correct value for flooding and drying depth parameters in Mike 21FM software tools. Due to the drying threshold, if the exchange flux is too small, no precipitation is considered in Mike 21FM.

Similarly, infiltration module is not working in case of water depth below the drying threshold.

The "ideal rainfall case" was chosen because of the availability of analytical solution and experimental data. Indeed, analytical solutions were compared with experimental measurements [START_REF] Giammarco | A conservative finite elements approach to overland flow: the control volume finite element formulation[END_REF][START_REF] Iwagaki | Fundamental studies on the runoff -Analysis by characteristics[END_REF]. In order to isolate every physical mechanisms in nature, a sloped channel was designed with an impermeable surface at INRA of Orléans. The experimental setup is described by [START_REF] Kirstetter | Modelling rain-driven overland flow: Empirical versus analytical friction terms in the shallow water approximation[END_REF]. The topography is tilted of 4.96 % and a constant rain intensity equal to 150 mm/h is applied. The length of the flume is 4.04 m and its width is 0.115 m. For numerical resolution, the channel is discretized in 400 cells and it is initially dry. The friction term is defined by Manning formula and fixed with a value equal to 0.025. The discharge in downstream part is extracted from simulations to compare it with the observed data. The total time simulation is fixed at -the first one (I) is the rising stage: the water depth is increasing with the outflow discharge;

-the second one (II) is the steady stage: this state is defined until the precipitation stops;

-the third one (III) is the recessing stage: the outflow discharge is decreasing because the rainfall event is finished. Simulated water depth presents 5% of difference in drought period and 6% in the flood period with the analytical solution. By varying inflow, the water depth changes by 2%, thus this method is sensitive to the input data also. To conclude, the source term in Mike 21FM modifies the momentum equation of SWEs, and then the hydrodynamics of the river in a reasonable scale (5% (around 5 cm) in drought period and 6% (around 20 cm) in flood period).

According to the characteristics of the precipitation, evaporation and infiltration modules implemented in Mike 21FM, it was revealed that the two first ones modules can be used to couple Mike 21FM with Feflow. This way allows to exchange volume of water as a source term in Mike 21FM without disturbing a lot the hydrodynamics of the river. Furthermore, the exchange flux between Var River and its alluvial aquifer is not considered as important value, thus reduces the velocity and its influence on the river hydrodynamics.

Coupling approach

Methodology

On the first hand, in SWEs, variables 𝑃 and 𝐼 are the external source terms. 𝑃 represents precipitation and exfiltration from the aquifer while 𝐼 represents the evaporation and infiltration to the aquifer. Thus, these source terms are considered as variable exchanged between the surface water model and the groundwater model. On the second hand, in SWEs, variable 𝑃 should be exchanged between the surface water model and the groundwater model. To make the coupling process consistent, the same variable is defined as exchanged flux (Eq. IV.1). An interface layer is introduced at the common boundary of the The coupling flux can be positive, the river feds the aquifer, or negative, the aquifer supplies the river.

In the first case, an infiltration for the surface model is considered (represented by an evaporation in Mike 21FM) and a loss of water in the subsurface model (simulated with a negative exchange flux in Feflow). In the second case, an exfiltration for the surface model is considered (represented by a precipitation in Mike 21FM) and a supply of water in the subsurface model (simulated with a positive exchange flux in Feflow). The coupling interface is a java script code to achieve the exchange of data with a specific time step ∆𝑡 (see Figure IV.28). 

Algorithm of coupling process

The basic idea of this algorithm is to establish a process, calculating the exchange of water between the As mentioned in the previous section, the time step of the groundwater model is larger than that of the surface water model. To couple both models, the same time step than for the groundwater model should be used. Before each time step of coupling, two input variables are needed: 𝜓 𝑠 and 𝜓 𝑔 , which indicate the relationship between the river and its aquifer. 𝜓 𝑠 is the output of SWEs, implemented in Mike 21 FM, while 𝜓 𝑔 is the output of groundwater flow equation in Feflow. During the coupling, the key variables that connect the two models are the exchange flow term 𝑞 𝑐 (𝑛) [m/s], which indicates the linear discharge on the interface of river and the aquifer.

Step (1): Assuming that there are totally n steps in the coupling operation, it starts from the moment when n=0, which is also the initial condition of both models.

Step (2): For each time step, we compare 𝜓 𝑠 and 𝜓 𝑔 to determine the status of water exchange (exfiltration or infiltration). According to the specific case, we use different approaches to conduct the coupling.

River feeds its aquifer

Step (3) -Test of water supply: For the infiltration case,𝜓 𝑠 -𝜓 𝑔 ≥ 0, water flows from the river into the aquifer. It is necessary to make sure that the water supply is enough or not. For a unit length of a cell, if ℎ(𝑛) is higher than 𝑞 𝑐 (𝑛) * ∆𝑡, it means that there will be water left after infiltration. Otherwise the water in the river will be inadequate for the infiltration, thus a dry cell will be created at the end of this time step.

 Adequate water supply

Step (3i): After having calculated the unit discharge 𝑞 𝑐 (𝑛), the source terms in SWEs and groundwater flow equations can be determined.

Step (4) and step (6): By introducing 𝐼 and 𝑄, the new output variables 𝜓 𝑠 and 𝜓 𝑔 can be calculated respectively by the two equations.

Last steps ( 12) and ( 13): These output variables are used as the new input for the next time step until the end of coupling process.

 Inadequate water supply

Step (3ii): When the water supply is not enough for the infiltration, the maximum value of 𝑞 𝑐 (𝑛) is the surface volume 𝑞 𝑐 (𝑛). Therefore, we can determine the source term in the two equations.

Step (5)water elevation in Mike 21FM: After infiltration, a new dry cell is created in Mike 21 FM model, thus the water surface elevation is the same as the ground elevation.

Step (6)water table in Feflow: We calculate the groundwater table in Feflow and this output is considered as the input of the next time step.

Aquifer feeding its river

Step (7)test of dry cell: For the exfiltration case, 𝜓 𝑠 -𝜓 𝑔 < 0, water flows from the aquifer into the river. However, it is also possible that the exfiltration happened in a dry cell, in this case, a special situation may occur.

 Exfiltration in wet cell

Step (7i): We calculate the source term in the two equations. Since 𝑞 𝑐 (𝑛) is negative in this case, we do not need to change any sign of the source term in the equations.

Steps (8), ( 11), ( 12) and ( 13): These procedures are similar to the calculation of infiltration case.

 Exfiltration in dry cell

Step (7ii): When there is a sudden raise of groundwater level, the exfiltration occurs on a dry cell thus a new wet cell is created in Mike 21 FM. The quantity of water released by the aquifer is 𝑄, which is the negative source term because the 𝑞 𝑐 (𝑛) is negative.

Steps ( 9) and ( 10): By assuming the exfiltration is happening before the surface water flow during one time step, we define the water depth of this newly formed wet cell as 𝑞 𝑐 (𝑛) * ∆𝑡, hence the water level can also be calculated. The next procedures are no changes for the rest of the loop. The simple test case was designed to couple the saturated groundwater flow model and the surface flow model by simulated exchanges in a trapezoidal channel with a slope of 0.5 % which is the average slope of the lower Var River. In groundwater model, the channel is located on a two layers soil with a dimension of 9x9x8 m (see Figure IV.33). The initial condition of 9 m, in Feflow, was given in order to get a connection between river and aquifer. The material properties of this soil block are the values that are similar to the porous media of the unconfined aquifer in the Lower Var River valley: hydraulic conductivity 𝐾=0.001 m/s, specific yield 𝑆 𝑦 =0.1, in/out transfer rate 𝜙 𝑖𝑛 = 𝜙 𝑜𝑢𝑡 =2×10 -5 s -1 . Two boundary conditions were given in the surface flow model: a discharge of 2.5x10 -6 m 3 /s in upstream part, and a water level of 9.7 m in downstream part. The value of Manning roughness coefficient on the river bed of the canal is 0.033 s/m 1/3 . The simulation was made during 7 days with a daily coupling time step where the FEFLOW time step was 0.01 day and the MIKE 21FM time step was 10 seconds. Du [START_REF] Du | Integrated hydraulic modelling of groundwater ow and river-aquifer exchanges in the lower valley of Var River[END_REF] described this case and shows that the coupling interface is working on a simple trapezoidal channel. The results show an exchange from the river to the aquifer, which is consistent with the initial conditions (𝜓 𝑠 -𝜓 𝑔 > 0).

A second test case was created to improve the coupling interface and to extend its application, especially to take into account the river border exchanges. Indeed, the first test case identified a connection only Different results can be extracted from both models to show the evolution of the exchanged water (see in upstream and downstream parts to identify the direction of the exchange between river and aquifer.

In upstream part of the channel the river supplies the aquifer which is confirmed by the groundwater table under the surface water. In the opposite, in the downstream part the aquifer feeds the river which is agreeing with the groundwater table being higher than the surface water. The isolines of the hydraulic head extracted from Feflow prove that the aquifer feeds the river in upstream part (see Figure IV.36). 

Smith and Woolhiser (1971)

The case of Smith and Woolhiser [START_REF] Smith | Overland Flow on an Infiltrating Surface[END_REF]] is an experimental study which is usually used to validate the surface and subsurface flow routines and their interactions. trend is correctly simulated by the interface. Thus, the three parts of the processes are respected.

However, a loss of water is observed with a difference of 30% between the observed and simulated volume of water. This can be explained by an extra infiltration rate of the interface layer. Thanks to the peak discharge, it arrives with 60 s of delay and it is smaller than the experimental data. In the coupling process, the characteristics of the interface layer are considered as the same as those of layer 1.

Furthermore, the precipitation process in Mike 21FM, corresponding to the river-aquifer exchange, is taken into account as a lateral inflow that can influence the stationary stage. As a conclusion, the coupling interface reproduces correctly the processes of the Smith and Woolhiser study, but the case has to be improved. Firstly, a sensitivity analysis of the hydraulic conductivity of the interface layer has to be made to know if this parameter has to be calibrated. Secondly, the critical depth imposed on the downstream boundary condition, in Mike 21FM, should be improved to make sure the critical state is simulated. Finally, other cases should be tested with the coupling interface to quantify the influence of the lateral inflow in Mike 21FM. Iwagaki case [START_REF] Iwagaki | Fundamental studies on the runoff -Analysis by characteristics[END_REF], DiGiammarco case [DiGiammarco and al., 1996] and Abdul [START_REF] Abdul | Experimental and Numerical studies of the effect of the capillary fringe on streamflow generation[END_REF] can be simulated with the coupling interface to validate the algorithm. 

Discussions and limitations

With the aim of building a Decision Support System (DSS) tool for the AquaVar project, a coupling interface was designed to simulate the river-aquifer exchanges, which are intensive in the Lower Var valley. Thanks to the constraint to use DHI software tools, it was necessary to understand each process designed by Mike 21FM (2D free surface flow model) and Feflow (3D saturated groundwater flow model) and imagine a coupling interface without changing the code. Thus, the idea was to exchange data between both models by giving a source term, positive or negative, in Mike 21M and boundary conditions, providing by the surface model, in Feflow. To achieve the exchanges between the two software tools the coupling interface converts files from a model to another and computes the direction and the volume of exchanges. This method can be considered as a simultaneous solution of surface and groundwater equations [START_REF] Spanoudaki | Development and verification of a 3-D integrated surface water-groundwater model[END_REF]. The process to couple Mike 21FM and Feflow is closer than Kollet and Maxwell method [Kollet and Maxwell, 2005] which is based on Freeze and

Harlan concept [START_REF] Freeze | Blue-print for a physically-based digitally simulated hydrologic response model[END_REF]. The coupling interface was developed in java script on the basis of an algorithm. To ensure the operation of this coupling interface, some test cases were made.

Some first cases were designed to ensure the functioning, and a third one was simulated to validate the coupling methodology. The algorithm is correctly exchanging data between Mike 21FM and Feflow Today, the Smart City concept is a paradigm of good information management to facilitate citizens live and the work of those who operate and maintain the facilities that make this welfare possible [START_REF] Sempere-Paya | ICT as an Enabler to Smart Water Management[END_REF]. On one side, the world population is increasing, especially in urban areas and cities, which impact on the water demand and wastewater generation. On the other side, variation of climate change influences weather phenomena affecting particularly the same areas. Thus, systems have to be adapted and provide resource management at critical times. To deal with these issues, the Smart water concept emerged with a gradual integration and convergence of Information and Communication Technologies (ICT) solutions implemented in the water domain [START_REF] Gourbesville | Key challenges for Smart Water[END_REF]. Obviously, the new technologies will affect the water cycle and management of the water related services.

By definition, Integrated Water Resources Management (IWRM) is "a process that promotes the coordinated development and management of water, soil and others related to resources, in order to maximize the resultant economic and social welfare in an equitable manner without compromising the sustainability of vital ecosystems" [Jønch-Clausen T. & Global Water Partnership (GWP), 2004]. In such approach, ICTs can provide the technologies that enable the integrated management system. In order to adapt such new technologies in the water domain it is necessary to look at the components of the water cycle, which are associated with business process and are linked to economic and social values.

The water environment can be divided into three domains: protection of the natural environment and ecosystems, natural hazard mitigation, and disaster prevention and water uses [START_REF] Gourbesville | ICT for Water Efficiency, Environmental Monitoring[END_REF]. To treat all of these issues, cities are looking for functional Decision Support Systems (DSS) that may integrate the various components and operate in a sustainable perspective. By definition, Decision Support Systems (DSS) are a specific class of computerized information system that supports business and organizational decision-making activities. In cities, the DSSs are supposed to streamline and integrate rules, procedures and decisions needed for solving complex problems: when relationships between required sets of data are unclear, the data come in multiple formats and/or pertinent problemsolving methods are required to be applied are not straightforward [START_REF] Stair | Fundamentals of Information Systems -Fifth Edition[END_REF]IBM, 2013]. Many similar services were developed and applied in Malta, in the Philippines, and Miami by IBM, CISCO, etc. [IBM, 2013].

In the case of the Lower Var valley, the local authorities need to manage groundwater flow and extreme hydrological events. In the context of the AquaVar research, the demand was focused on the development of an integrated water management tool able to provide real-time information and future situations through three numerical models. They have been integrated in a global Information System Architecture. The global process is described by [START_REF] Gourbesville | Key challenges for Smart Water[END_REF]. The research and development aspect is detailed in this chapter, by firstly explaining the concept, secondly detailing the scientific process, and finally giving adapted technologies to optimize the AquaVar system.

DSS for the AquaVar research

Concept

The aim of the AquaVar project is to develop a Decision Support System (DSS) tool in the Var catchment [START_REF] Gourbesville | Key challenges for Smart Water[END_REF], with more detailed view of the Lower Var valley. The idea is to provide information by a holistic approach that integrates several situations such as flood, drought, pollution, and the impact of infrastructures related to economic development. The DSS tool is a monitoring system, which is based on field data measurement network, and combines numerical models that could provide forecasts. This DSS tool has to provide several information to the local authorities through a web platform:

-A "real-time vision" will give information on the current and future state of the water cycle in the Lower Var valley. Not only this configuration will display the field data measurements, but also it will simulate extreme events based on weather forecasts (floods, droughts, pollutions).

-A "global vision" will make the results of simulated scenarios available (extreme hydrological events, accidental pollutions, morphological changes, etc.). In this configuration, the user will also be able to simulate his/her proper scenarios including the river-aquifer exchange.

This web interface will contain a knowledge database such as a library, which will store all data used to create the numerical models. 

Users

Firstly, the DSS was developed for the project members. But, with the increase in needs to have realtime information about water resource and extreme hydrological events, the monitoring system was designed for 3 types of users (see Figure V.2). They have been classified according to their profiles and their potential needs:

-Expert users: these users refer to the administrators of the models, and thus have the modelling skills to validate new input data, results, scenarios, and to update the existing models (MIKE SHE, MIKE 21FM and FEFLOW). Therefore, they have the full access to the system and the models.

-Professional users: there are the projects members and the engineering consultants. The first ones are the decision makers of water issues and will have access to all modules, will be able to run new scenarios and will contribute to the updating of models. The other ones will have access to the knowledge database and to some scenarios.

-Public users: these users will need hydrological or hydraulic data. With a web application, they will be able to download measured data, simulated results, and scenarios. They will also contribute to the crisis situation by giving information directly on the platform. One of the important issues is the size of files for the database. Indeed, it depends a lot on the recorded time and frequency of the simulation results. To optimize the platform efficiency, it is required to plan a server with an adapted capacity. Based on previous simulations using Mike SHE, Mike 21FM and Feflow, the file size was estimated for each type of data, and is listed in Table V.2. In module no. 1, all data have to be saved in order to build an exhaustive database which will be shared by all the users. In this real-time module, sensor record and relay time series data in a server. In comparison with the result files of the numerical models, these data can be easily stored. The times series data already used in the DSS tool represent a size of 8 GB and will annually increase of 200

MB.

In modules no. 2 and 3, the storage space required is bigger because of input and output data for the 3 numerical models. These data are spatially distributed (like a grid), and then contain more information.

In case of extreme hydrological events, the total amount of storage space was estimated for the 3 models (see Table V.3). Considering that, on average, 2 flood events and 1 drought event occur in one year, the required space is 14 GB. Actually, with the objective of storing recorded data and results simulation for 3 extreme hydrological events per year, the required storage space is around 50 GB. 

Computing capacity and prediction

Computing capacity is the biggest challenge of the setup of this monitoring system. In module no.2, simulations need to be performed in a loop with updated data. Therefore the computation time must be as short as possible. With the current computing power (2 Intel i7-4790 processors with 3.6 GHz and 16 GB of RAM), the real computing times were separately estimated (see Table V.4). These values depend on the number of elements and the numerical method used in each model. Regarding the computing power, the MIKE 21FM model is the most restrictive due to its mesh resolution and thus its number of elements. This computing power was theoretically estimated and, after that, the 3 models were launched in 4 configurations: flood event, drought event, and pollution event during flood and drought periods. The computation time of a 6-hours-simulation of a flood event is 2 hours in total for the three models (50 min for MIKE SHE, 50 min for MIKE21FM, 5 min for FEFLOW and 15 min for data conversion or other operations). For the drought event simulation, 2 hours' computation time (20 min for MIKE SHE, 80 min for MIKE21FM, 5 min for FEFLOW and 15 min for data conversion or other operations) can cover a simulation period of 20 hours. According to these examples, the computational power of the current computer can be summarized as: for a computation time of T hours, the monitoring system is able to simulate (or predict, if the predicted precipitation data from MétéoFrance is applied) a flood event that lasts for 3T hours, or a drought event that lasts for 10T hours. In case of pollutant transport, for a computing time of T hours the monitoring system is able to simulate 2T hours. To summarize the frequency of simulations and the time prediction, Figure V.5 shows the frequency of simulations in flood configuration by using a computer with the characteristics mentioned above. In case of a flood configuration, simulation is launched each hour and a long simulation is operated after 5 short simulations. In case of drought or averaged configuration, simulation is launched each 6 hours and a long simulation is operated after 5 short simulations. By this time controlled loops, DSS tool provides a forecasted state each 4 hours for flood configuration and 18 hours for drought configuration.

2.4.

Integration of the monitoring system in a supervision platform

In the Aquavar project, the objective was to develop an operational DSS tool. In the previous section the conception of this monitoring system was presented. In collaboration with Grégory Robin (engineer in computer sciences), this DSS tool was set up. The theoretical idea was translated in computer sciences to make the DSS tool operational. The combination of the 3 numerical models gives an overview about the water cycle in the Lower Var valley [START_REF] Gourbesvilles | DSS Architecture for Water Uses Management[END_REF]. After this initial elaboration, this analytical functionality should be integrated within the hypervision platform (see Figure V.6). In order to integrate the analytic functionality in the supervision platform several skills are required and have been managed. To make the AquaVar DSS operational, three engineering skills were identified:

the Geographical Information System (GIS) skill to shape results files and integrate them in the web interface, the IT System (ITS) skill to manage the IT architecture, and the back end skill to develop the monitoring system. Figure V.7 describes the task depending on each skill. Each expertise allows developing functions for the input data, the process and the output data. The IT System specialist integrates the results, produced by the GIS specialist, in the web interface. He is also in charge of the development of web application and the data warehouse. The GIS specialist retrieves the results data from the monitoring system and shapes them to provide the output data, which will be plotted on a web application. Finally, the AquaVar Back end is the monitoring system and has to retrieve the field measurement data in the data warehouse and to produce results for the GIS specialist. 

Development of the monitoring system

One of the first points was to automatically launch simulations. The DHI software tools are functioning with two necessary types of files: the input files (for example mesh, precipitation, roughness, etc.), and the configuration files format (*.she for MIKE SHE, *.m21fm for MIKE 21M and *.fem for FEFLOW).

They are a disadvantage for the software architecture due to their required updates. Indeed, to launch simulation, files which have to be updated are organized in three different architectures. To optimize the process, the configuration files were transformed into XML documents. The XSL transformation was used to create the XML files. This methodology allows not to compile the code again if the software versions are updated.

A second difficult point was to retrieve the field measurement data which are the input data for numerical models. In the AquaVar project, the municipality has a data warehouse where the measured data are stored. In order to get these data the REST (REpresentational State Transfer) technology was used [START_REF] Roy | Architectural Styles and the Design of Network-based Software Architectures[END_REF].

A third significant point was the implementation of Mike SHE model and the treatment of its input data.

Indeed, several types of data are required to run a simulation: precipitation with a spatial distribution and an evolution along time, evapotranspiration, temperature and snow melting. A simplification of the hydrological model is to consider the Var catchment as a reservoir which can be filled with water and saturated above its capacity. Keeping in mind this aspect, the Mike SHE model has to represent, at each time, the reservoir state. So, at each time T, the reservoir state depends on what occurred several months before. With this constraint, Mike SHE model has to be launched 6 months before the date of extreme hydrological events and has to be updated each day. Thus, to consider the hydrological aspect the Mike SHE model will finally be launched each night to update the reservoir state in the Var catchment.

Furthermore, precipitations and temperatures are available in time series data at several gauge stations.

In order to obtain spatially distribution of precipitation and temperature the back end uses the Inverse Distance Weight (IDW) interpolation method [START_REF] Shepard | A two-dimensional interpolation function for irregularly-spaced data[END_REF]. These three points were developed and combined with the coupling interface presented in Chapter III4.

3.

Optimized technologies for results and data management

IoT platform

As already indicated, the AquaVar system must have a modular architecture able to easily adapt it to an existing environment. In this objective, it is necessary to retrieve all field measurement data and store them. To reach this goal, IoT (Internet of Things) platforms offer opportunities that can be easily operated.

In a general way, an IoT platform is a software able to relate machines and sensors. This type of platforms performs treatments and transformations on data. Moreover, it makes it possible to manage data storage with an efficient manner. Partha Pratim Roy "A survey of IOT cloud platforms" summarizes the general principle platforms (see Figure V.8). Around fifty platforms are existing to provide this type of services. In order to choose the platform that best fits the AquaVar system, a state of the art of the different platforms available was made. The expected platform must be able to handle a large number of sensors. It has to communicate with several technologies, including the REST and the MQTT technologies. The platform must treat heterogeneous sensors and manage the data. In addition, it must be an Open Source. Finally, optimally, it would be appropriate to directly manage the sensors in the platform and raise alarms according to the data collected. The analysis carried out by Partha Pratim Ray [START_REF] Ray | A survey of IoT cloud platforms[END_REF] makes it possible to present a first table which summarizes the main solutions (see Figure

V.9). According to this table, there are a few platforms that offer integrated management of sensor heterogeneity and most of them give access to application developments. These criteria are not

Layer Server

In order to plot the simulation results, it was necessary to convert the shape files results into a mapping format. To do that, web mapping servers must be implemented. A state of the art was also made to choose the well adapted method. The server must have publish maps via web services, an integrated spatial database or at least the tools necessary to manage the spatial database. In addition, an administration interface has to be accessible from the internet (by using REST technology). Finally, the server will have to be open source and marketable. The analysis of available solutions shows that many web mapping server editors are presenting on the market. In order to refine the selection, the most famous cartographic servers, taking into account the number of citations, were analysed (see Table V .6).

Most existing open source solutions are comparable and satisfactory considering criteria of choice. The GeoServer server has already been used and has therefore been selected for the AquaVar system. 

Conclusion

The three numerical models developed and based on DHI modelling systems were combined and integrated in a supervision platform dedicated to urban monitoring and management. These models simulate the water cycle process from the precipitations to the groundwater level in the Lower Var valley.

In addition, the field measurement data were integrated in the monitoring system to provide real-time vision. This DSS gives an overview of the water cycle in the Lower Var valley and allows managing several water issues at critical times by the local authorities. This first version can be improved by adding computing power and choosing optimized technologies. Indeed, the current computing power can be improved by using new material in relation with the GPU functioning of the DHI tools. The AquaVar backend could be also developed with free access software tools. For example, the three following models can be used: (1) the conceptual GR4H model (the recent evolution of GR4J model [START_REF] Mathevet | Quels modèles pluie-débit globaux au pas de temps horaire ? Développement empirique et comparaison de modèles sur un large échantillon de bassins versant[END_REF][START_REF] Perrin | Improvement of a parsimonious model for streamflow simulation[END_REF]) for the hydrological process, Telemac 2D model [Hervouet, 2005] for the surface hydraulic, and Modflow [START_REF] Harbaugh | Modflow-2005, the U.S. Geological Survey modular ground-water modelthe Ground-Water Flow Process[END_REF] for the groundwater dynamics.

Today, one of the big issue in France is the crisis management and the resilience at the local scale. and 2017]. To do that, the French law combines the environmental preservation and the flood risk management. To deal with this complex issue, the AquaVar DSS could be a useful answer and a relevant management tool. Indeed, it enables to manage the water resources and to produce information during an extreme hydrological event. Thus, with the regulatory evolution and the growth of population, the AquaVar system appears as an efficient management tool for the water domain. It is able to simulate the hydrological process and to integrate sensors network to provide an overview of the current and future situations in this urban area.

General conclusions and perspectives

The Var River is the most important coastal river in the Alpes-Maritimes department, in south of France. It is due to its catchment size, its water resource, and the economic and land pressures around its lower part. The challenge is to obtain a sustainable management of the water cycle.

Even if the strategic thinking has already started, AquaVar research provides an overview of the water cycle and a real-time Decision Support System (DSS) tool to support the local authorities. This modelling system should (1) give the daily water situation in the river and in the aquifer, ( 2) forecast reactions of the water system facing to extreme events and (3) integrate the change of water cycle process regarding future developments. To design this modelling system, three research works have been conducted about: the hydrological behaviour in the Var catchment, the hydrodynamics in the lower Var River and the hydrodynamics of the unconfined aquifer in the Lower Var valley. These three components of the water cycle were separately analysed and were mathematically modeled by using DHI software tools. The three numerical models were finally combined to create a DSS tool. Two out of these three PhD thesis were already presented [START_REF] Du | Integrated hydraulic modelling of groundwater ow and river-aquifer exchanges in the lower valley of Var River[END_REF][START_REF] Ma | Deterministic hydrological modelling for real time decision support systems: application to the Var catchment[END_REF] about the hydrology of the catchment and the hydrodynamics of the aquifer. To complete the project, the hydrodynamics of the lower Var River and its integration in the DSS tool was presented.

This PhD thesis started with the discussion of the numerical tools able to simulate the water cycle. Then, the choice of DHI software tools was explained regarding the project needs.

Secondly, the scientific context of the Lower Var River valley allowed identifying recent water issues and phenomena which are/are not essential to take into account in the numerical model.

Here, hydraulic structures, vegetation and river-aquifer exchanges play a significant role in the river modelling. On the opposite, the effects of hydro-power plant and flows coming from the However, the 2D hydraulic model was developed to consider the volume of water exchanged with the unconfined aquifer.

Regarding results of the AquaVar research, it can be concluded that scientific knowledge was improved either by analysing field measurements or by using numerical models. The multihydrological process (precipitation, evapotranspiration, snow melting, infiltration, and runoff) in the Var catchment were detailed, the hydrodynamics of the lower Var River was analysed considering several pressures like river constructions, river-aquifer exchanges, and the groundwater flow was studied in the unconfined aquifer. Based on the three numerical models, an operational tool was developed to support the decision-making process for local authorities.

The modelling system allows characterizing the whole risk related to the water system in the Lower Var valley: climate variations, accidental pollution and salt intrusion. All AquaVar research partners contributed to design this tool. Indeed, several data and knowledges were collected to understand the history of the Lower Var valley and create the modelling system which is the core of AquaVar DSS. The philosophy of this tool is to share information about the water cycle in the Lower Var valley. That implies free information for all the stakeholders of water management. And, each of them should contribute to update the DSS tool in the future.

A scientific contribution

With its three layers, AquaVar research provides complete information on the water cycle in This work brings a whole knowledge about the Lower Var valley. As a coastal river, Var River has been urbanized in its lowest part, which made vulnerable water quality and quantity. In this catchment, French regulatory leads to mitigate this risk exposure by proposing several strategies.

In addition, several research works were focused on the hydrological and hydrogeological aspects, but maybe by failing in the hydrodynamics aspect of the Var River. Here, the scientific knowledge was focused on that. Indeed, the morphological changes, the influence of extreme events on the Var River, and the river-aquifer exchanges were analysed. Comparisons of aerial photographs over time allowed to identify 3 sections in the lower Var River (from the Estéron confluence to the mouth): (1) the upstream part which is an active transport zone, (2) the weirs section which is a deposition zone and (3) the last part which appears as the most influenced zone by the morphological changes. Simulations of extreme events allowed describing the overflowing dynamics and the pollutant transfer. Var catchment, the first way is to maintain the current monitoring network and reduce the measurements uncertainties. Furthermore, extending the measurements network is necessary to add control points and new indicators for river-aquifer exchanges. For example, temperature could allow characterizing the river-aquifer exchanges. Not only recorded data will help to understand physical behaviours but also they will allow updating numerical tools which help the understanding of the river behaviour for extreme events and the river-aquifer exchanges vision in the future.

A conception of operational tool

Up to now, the Var catchment has been studied in many ways and the scientific knowledge was enough to design a numerical tool able to simulate the water cycle. It was the objective of AquaVar research by creating a Decision Support System tool. Three layers were needed to represent the water behaviour from the precipitation to the groundwater table: hydrologic part, river part and groundwater part. To achieve that, taking into account the constraints, DHI software tools were chosen: Mike SHE for the hydrological aspect, Mike 21FM for the river and Feflow for the groundwater. These models are physical and distributed based models and give detailed information in the whole domain by considering all physical processes.

In this doctoral thesis, the 2D free surface flow model was created with Mike 21 FM software.

Initially developed for coastal engineering issues, this software tool is a numerical model able to simulate the hydrodynamics behaviour of the surface water. In this work, the 2D model provides an overview of the river in different situations: flood period, drought period, and accidental pollution. It was also designed for river-aquifer exchanges. The basic methodology to build a numerical model was applied and some difficulties were noticed. Firstly, input data have to be analysed to minimize uncertainties effects on results. Secondly, the uses of model have to be defined before modelling to correctly choose the numerical parameters (overland flow method and mesh discretization). This leads to easily avoid the numerical instabilities.

Finally, calibration and validation scenarios have to be efficiently selected to reliably represent the hydrodynamics of river. 

A collaborative vision

The AquaVar research had emerged a federating project around the water issues in the Lower Var valley in France. Indeed, several partners, whether public or private companies, have participated and shared their knowledges and data. Furthermore, research works have also University. All knowledge and data have been shared and collected to design the AquaVar DSS tool. This is why the architecture of the DSS tool was designed to adapt the platform for three types of users (expert, professional, and public). To maintain this type of management tool, it is necessary to update information in collaboration with all the partners. Regarding the climate variations and the extreme reaction of water system, this DSS tool can be used by all the stakeholders in the water issues. This is why all the means have to be shared in this type of platform to design the most recent overview of the water cycle in the Var catchment. Obviously, this modelling system could be developed with other software tools but the concept was designed in the AquaVar research. Furthermore, this concept can be apply in other places. The finite difference method solves the system of equations by determining values of the unknown variable function in discrete nodes of the domain. The value of the variable in any point of the computational domain, that is not a discretization node, is obtained by interpolation between the known values at discretization nodes. To do that, the domain is discretized in grid and, at each node, the derivative is approximated by an algebraic expression (using Taylor series development or the definition of the derivative). Time is one of the independent variable of the equation to be solved, three types if numerical schemes are used:
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-the explicit scheme in which the unknown variable at time level n+1 can be computed directly from the value at time level n, -the fully implicit scheme in which the determination of the derivative involves the value of the unknown variable at time level n+1, -the semi-implicit schemes in which explicit and implicit approaches are combined It was the first method due to its stability, its robustness and simplicity. The main drawback of this method is the difficulty to treat discontinuities that occur in case of transcritical flow followed by a hydraulic jump.

For example, the mass conservation equation of Navier-Stokes in case of incompressible fluid can be discretized as followed: The Alternating-Direction Implicit (ADI) is a widely numerical method applied for 2D free surface hydraulic codes (for example, ISIS 2D or Mike 21). This approach uses a 2D structured grid for discretization (see Figure 1.1). ADI method proceeds in two stages, treating only one operator implicitly at each stage. First a half-step is taken implicitly in one direction (e.g. x direction) and explicitly in the other direction (y direction). ADI method produces tridiagonal matrix of solution to compute at each step which is computationally not costly to handle and therefore allows swift and efficient computation. However, this method is not necessarily conservative.

 Finite Volume

Finite volume methods were often developed for hyperbolic and non-linear problems, for which the smoothness of the exact solution is unknown. They can be used on structured (Figure 1. [START_REF]intervention which modifies one of these three parameters leads to a morphological change. Rehabilitation, reprofiling and diking contribute to the channelization of rivers. These changes modify the geometry of the bed, the grain size and the facies. Developments made on the Var for several decades, led to gradually channeling the river. Retraction and revegetation of the active band are notable[END_REF] and unstructured meshes (for example, Mike 21FM, Telemac 2D, FullSWOF, Basilisk, Iber, etc.). The initial idea was thus to take the physical aspects into account and develop a method able to manage the discontinuities. Moreover, these problems, are often formulated in a conservative form, an essential form for understanding the appearance and development of potential discontinuities. The finite volume method is fundamentally different from finite difference methods (which focus on the regularity of the solution in order to approach derivatives using pointwise values and Taylor developments). It is also fairly different from finite element methods, although it can be compared to a discontinuous finite element method of the lowest degree. The finite volume method consists in:

-discretizing the domain into discrete elements called control volumes, -constructing approximation of the average values of u on each finite volume, -providing a way of calculating successive approximations of these average values, notably by means of numerical fluxes between adjacent finite volumes.

The approximate solution constructed in this way:

-may be considered to be piecewise constant (its value on each finite volume being an approximation of the average value of the exact solution),

-is discontinuous. It can thus prove delicate to compute fluxes on the edges of finite volumes, as these edges are the location of discontinuities of the approximate solution,

-is locally conservative (including global conservation) because balance equations are formulated for each control volumes. 

 Finite Element

The finite element method has considerable growth over the last few decades. Its two essential characteristics are, firstly, the possibility of using non-structured meshes and secondly, the existence of a solid mathematical framework providing error estimates. This mathematical framework was initially constructed for deformable continuum mechanics and has been extended to fluid mechanics and especially to conservation laws. The finite element method is based on:

-interpolation techniques enabling to accurately approach sufficiently smooth functions.

To do this, a partition of the computational domain is constructed, where functions are interpolated. After that, on each mesh element making up the partition, a simple functional behaviour is selected (e.g. polynomial),

-abstract theory for the approximation of partial differential equations using the Galerkin Method leading to global conservation. This theory enables, under certain hypotheses, to state that the approximation error is optimal, in the sense specified in the following section.

Drawback of numerous finite methods, is that being linear, they are not suited to treat accurately occurrences of discontinuities in the solution. To deal with this issue the finite elements methods rely on a Stream Upwind Petrov Galerkin (SUPG) scheme, upwinding the basic functions in order to account for the flow direction in the discretization of the advection terms as described in [START_REF] Hardy | The importance of spatial resolution in hydraulic models for floodplain environments[END_REF] and [START_REF] Hervouet | Introduction, in Hydrodynamics of Free Surface Flows: Modelling with the finite element method[END_REF]. Improvement by Discontinuous Galerkin methods can be interpreted as an artificial diffusion stabilizing a centred scheme. In two dimensions, by the effect of scalar product this diffusion applies only in the direction of the current.

samples at the surface: measure the dimensions of materials, with a tape measure, every 0.50 m by 20 m segments. A field survey of the sediment distribution on the riverbed was carried out during the dry season in 2014.

Based on 153 photographies taken during the field visit, a map was built to determine the size distribution of the riverbed sediment (see Figure 2.2).

The coarse sediments are mainly located in the upstream part of the Lower Var valley and the silt deposition is observed in the downstream part because most of coarse sediments are trapped by weirs in their upstream part. Downstream, between weirs no. 4 and no. 8 (Figure II.4), dense vegetation is continuously present. In July 2014, the surface is covered by 48% of vegetation, 25% of fine-grained sediments, and 27% of coarse sediments (see Table 2.2). Slope, grain size, and bed width decrease downwards along the river. The granulometry of the materials from Le Broc Lake to the weir no. 8 is heterogeneous. In this section, the coarsest sediments are located between weirs no. 9 and 10 where the crest is lower. These observations prove the heterogeneous dynamic in the Lower Var River valley. Between weirs no. 8 and 4, the fine sediments are accumulated, thus enhance vegetation development. Between weir no. 4 and the old weir no. 3, coarse sediments are observed which indicates that the erosion process keeps happening there. To the mouth of river, the granulometry becomes heterogeneous but smaller than the grain size in the upstream part due to its lower slope. Integrated surface water modelling in a decision support system: Application to the Lower Var valley, France
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At the section scale, for a given slope, the flow impacts the power of the watercourse: the raw power of the flow Ω (in watt/m) is the product of the energy slope I (in m/m), the liquid flow rate Q (in m³/s) and the specific weight of the water γS = 9 810 N/m³ [START_REF] Bagnold | An approach to the sediment transport problem from general physics[END_REF]. The specific power ω (in watt/m²) is defined as the ratio between the gross power and the bed width w (in m) [START_REF] Bull | Threshold of critical power in streams[END_REF][START_REF] Haschenburger | Bed material transport estimated from the virtual velocity of sediment[END_REF][START_REF] Larsen | Cumulative effective stream power and bank erosion on the Sacramento River, California, USA[END_REF]Lamarre and Roy, 2008b]:

ω = Ω 𝑤 = 𝛾 𝑠 𝑄𝐼 𝑤 Eq. 2.1
The specific power was calculated for several sections (see Figure 2.3 and Table 2.3). The discharges considered to evaluate the specific power were 11 m³/s for the section (1), 86 m³/s for the section ( 2)

and 97 m³/s for the other sections. The highest specific power is located in sections (1), ( 3) and (10). In section (1), the value is explained by the high slope and the narrow channel. In section (3) and ( 10), the value is explained by the narrowing of the channel. The destruction of weirs no. 2 and 3 during the 1994 flood event shows a high specific Integrated surface water modelling in a decision support system: Application to the Lower Var valley, France 262 power on the downstream part of these sections. The lowest specific power in the weirs sections is in correlation with the grain size.

Thanks to the development of the Lower Var valley, the river changed its morphology from braided form (slope of 0.5 %) to a fluvial channel (slope < 0.1 %) [Covered and Magnan, 2007]. Due to high slope and hydrological regime, the Var River is characterized by a fluvial style and braided gravel bed channels (see Figure 2.4). Multi-channel systems run all along stable, vegetation islands, where the banks are relatively cohesive. These systems combine some characteristics of meandering and braiding at the same time [START_REF] Rice | Morphology and evolution of bars in a wandering gravel-bed river; lower Fraser river, British Columbia, Canada[END_REF]. 

Temporal variability

Fluvial forms also vary over time with changes in control factors. This results in an adjustment of the channel and thus a reorganization of the river system. A classification of fluvial types was established, based on sediment characteristics and bedload (see Figure 2.5). The Var River can be considered as a mixed load channel. Indeed, the Var River presents braids with sand and gravel.

Liquid and solid flows evolve over time due to seasonal variability of hydrology and variability of sediment production. To analyse the temporal variability, it would be interesting to study the movement of one bar over time and after successive flood events. Integrated surface water modelling in a decision support system: Application to the Lower Var valley, France
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The natural state of the Var Riverbed is characterized by braided channels. The granulometry is heterogeneous. After the constructions of weirs, carried out between 1971 and 1980, a global morphological change of the riverbed is noticed. Especially, the weirs section is now channeled. The destruction of weirs no. 2 and 3, during the flood of 1994, brings a return to the natural state with the return of braided river in 1996 in the downstream part of weir no. 4. The lowering of weirs no. 9 and 10, in 2011 and 2012, does not allow for a return to the natural state. Three sections are identified in the Lower Var valley: 4. Section 1, which extends from the confluence with the Estéron to the weir no. 8, and is characterized by an active coarse sediment transport; 5. Section 2, which is bordered by weirs no. 7 and no. 4, and has a low sediment transport capacity; 6. Section 3, which covers the downstream part up to weir no. 4, and seems to be an active branch of morphological change with a river mouth appearing stable.

Sinuosity

Sinuosity is a parameter for classifying a watercourse. The sinuosity is calculated with the following formula: Sinuosity of the Var River is 1.08, which is low. This watercourse can be classified in the braided channel type. Vegetation is a low energy marker because the silt deposition promotes the growth of vegetation. The vegetation extension has been quantified since 1969. In 1969, the area covered by vegetation was 0.4 km², whereas it is about 1.3 km² today which is 3 times more. The vegetation area has significantly increased during the last 50 years (see Figure 2.9) with 6 % in 1969 and 23 % in 2015.

In conclusion, the construction of the weirs is at the origin of sediment deposition, and therefore the intensive development of vegetation. Indeed, the total area of vegetation on the riverbed has tripled in 40 years and the vegetated area between thresholds 4 and 10 has been multiplied by twenty. of characterizing rivers and understanding braiding mechanics [START_REF] Brasington | Methodological sensitivity of morphometric estimates of coarse fluvial sediment transport[END_REF]. However, while this approach has much to offer in terms of geometrical characterization, the accuracy of the data affects the results and this method presents some limitations. This method can provide location of sedimentation and erosion areas. Integrated surface water modelling in a decision support system: Application to the Lower Var valley, France
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Since 1994 flood event, the Lower Var valley is equipped with piezometers to follow the behaviour of the water table in the alluvial aquifer and its trend with the Var River evolution. Here, during the 2016 flood event, the water table has been analysed in 5 sections of the Lower Var valley (see Figure 3.8): at the Charles Albert bridge (a), nearby the Broc Lake (b), at weir no. 10 (c), on the weirs section (from weir no. 7 to weir no. 4) (d), and in downstream part (e). P37, located on Charles Albert bridge, presents a slow increase of water table, which shows a relative independence between the Var River and the aquifer. Nearby the Broc Lake, on the left bank, the aquifer reacts as the Var River, which can be a proof of connection. PZ_BRO, on the right bank is characteristic of the lake level. Weir no. 10 and the downstream part of the Lower Var valley seem to be similarly sensitive to the Var River wave. Thus, these parts are filled with water during flood events. Finally, a disconnection between the river and the aquifer can be deducted at the weirs section according to the trend of the water table. Indeed, the level curve does not follow the water level trend of the Var River. 

  plus intenses. Par conséquent, le cycle de l'eau est déséquilibré et induit des problèmes liés à l'eau. Pour traiter ces problèmes, les collectivités territoriales ont besoin d'outils d'aide à la décision qui simulent le comportement du bassin versant. Tel est l'objectif du projet AquaVar qui repose sur trois modèles numériques : Mike SHE pour le bassin versant du Var, Mike 21FM pour la rivière, et Feflow pour l'aquifère. Ces travaux de recherches se concentrent sur le modèle des écoulements à surface libre et son intégration au sein de l'outil d'aide à la décision. Les modèles hydrauliques 2D sont fréquemment utilisés car ils fournissent une vision précise des phénomènes physiques en rivière et de l'hydrodynamique durant des événements extrêmes (inondation, sécheresse et pollution accidentelle). Le modèle des écoulements à surface libre 2D est conçu avec le logiciel Mike 21FM en utilisant la méthodologie classique. Il est calibré et validé pour des conditions spécifiques de la Basse Vallée du Var : hautes eaux au mois de novembre, hautes eaux au printemps dues à la fonte des neiges et basses eaux en été. Le modèle hydraulique peut non seulement être utilisé pour simuler des scénarios d'événements extrêmes, mais il est également capable d'interagir avec le modèle des écoulements souterrains développé avec Feflow. Une interface spécifique est développée pour connecter le Var et son aquifère dans la Basse Vallée. Elle nécessite cependant une phase de validation afin de précisément simuler les échanges nappe-rivière. De toute évidence, le modèle Mike 21FM est le coeur de l'outil d'aide à la décision. L'hydrodynamique du fleuve dépend de la transformation des précipitations en débit (modélisée par Mike SHE) et du volume d'eau avec l'aquifère (modélisé par Feflow). La dernière partie est consacrée à la construction de l'outil d'aide à la décision avec l'intégration du modèle hydraulique 2D. Ce système de modèles est implémenté dans une interface web et accessible par différents utilisateurs. Cet outil peut être facilement mis à jour en partageant les données de chaque partenaire. Dans le futur, cet outil pourrait intégrer le petit cycle de l'eau (réseaux d'assainissement et d'alimentation en eau potable). Les autorités locales pourraient donc prévoir et contrôler leurs ressources en eau et les risques potentiels. Mots-clés : modèle des écoulements à surface libre bidimensionnel, outil d'aide à la décision, projet AquaVar, Mike 21FM, inondation, pollution accidentelle, aquifère, Basse Vallée du Var

  Figure I.1), -time and space problem dimension (lumped conceptual, one dimensional, two dimensional and three dimensional) (see Figure I.2), -method of solution (finite differences, finite elements, etc.) (see Figure I.3).
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 1 Figure I.1: Classification of model depending on the problem type and solution [Popescu, 2014].

Figure I. 2 :

 2 Figure I.2: Classification of models depending on time and space scales [Popescu, 2014].

Figure I. 3 :

 3 Figure I.3: Classification of models depending on methods to solve equations [Popescu, 2014].

Figure I. 4 :

 4 Figure I.4: Schlesinger diagramme which relates the three steps to build a model [Schlesinger, 1979].

  Firstly, in order to properly represent the phenomena in nature, the real systems and the mathematical model need to be consistent (another definition can be used for consistency regarding numerical scheme in Figure I.8.
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 5 Figure I.5: Process to develop a model [Popescu, 2014].

Figure I. 6 :

 6 Figure I.6: Control volume of quantity u in a (x, y, z) referential system [Popescu, 2014].

Figure I. 7 :

 7 Figure I.7: Presentation of the variables used in the Saint-Venant equations system in two dimensions [Delestre, 2010].
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 8 Figure I.8: Required properties for a numerical scheme.

Figure I. 10 :

 10 Figure I.10: Schematic view of the process in MIKE SHE [DHI 2014].

(

  see Figure I.11). The locations of the Mike SHE river link are defined by the coordinates of the river points in Mike 11. However, as the river links are created at the edges of the cell, depending on the cell size, all details of the Mike 11 may not be taken into account in Mike SHE. The more refined Mike SHE cell resolution is, the more accurately the river network can be represented[DHI, 2014].[START_REF] Ma | Deterministic hydrological modelling for real time decision support systems: application to the Var catchment[END_REF] details the construction of Mike SHE model for the AquaVar project.

Figure I. 11 :

 11 Figure I.11: Mike 11 branches and H-points in a Mike-SHE Grid with River Links.

  should have excellent performance to produce detailed and accurate representation of the Lower Var River valley system. The MIKE 21FM model is able to simulate numerous physical and chemical processes like the hydrodynamic behaviour, the pollution transfer and the morphological changes. It is considered as the center of the AquaVar DSS tool because its boundary conditions are the Mike SHE hydrological flow results and it provides boundary conditions for Feflow groundwater flow model. It has been applied as one of the main hydro-informatics tool to answer the questions about coastal management and river knowledge and deal with the problems related to environmental and ecological components. MIKE 21FM was developed by the Danish Hydraulic Institute (DHI) for applications within oceanographic, coastal and estuarine environment. This new modelling system is based on a flexible mesh approach (i.e. cells might be triangles or quadrangles) in the opposition with Mike 21. The hydrodynamic module is the basis computational component of the entire Mike 21FM modelling system for the Transport Module, ECO Lab Module, Mud Transport Module and Sand Transport Module.

Figure I. 12 :

 12 Figure I.12: Description of the process used by Mike 21FM to obtain the pollution transport.

  . The fluid continuity equation, also recognized as the equation of the conservation of mass, is established based on the transient, saturated groundwater flow that goes through a small cube of porous medium in an unconfined aquifer (see Figure I.13). Two assumptions are made in order to simplify the conditions:

Figure I. 13 :

 13 Figure I.13: Illustration of the derivation of the fluid continuity equation of the transient, saturated groundwater flow [Du, 2016].

  𝑠 is specific storage [m -1 ], 𝜓𝑔 is the hydraulic head of the groundwater [m], for unconfined aquifer, its value equals the groundwater level, and 𝑞 is the vector notion of the flux of groundwater flow [m/s]. This flux is calculated by Darcy equation. It describes the movement of the groundwater flow in saturated area (see Figure I.14). The Darcy equation is physically based and used to calculate the flux of groundwater flow through a given section according to the hydraulic gradient.

Figure I. 14 :

 14 Figure I.14: Illustration of Darcy equation of the saturated groundwater flow [Du, 2016].For a given piece of soil with a length of 𝐿 and a cross section of 𝐴, Darcy equation is written in the form below:

  Figure I.15: (a) Geologic map in the Lower Var valley and the modeled domain; (b) hydraulic conductivity assigned in the numerical model; (c) boundary conditions and external sources/sinks in the model [Du, 2016].

  preventing inundations (see Figure II.1). Local authorities have carried out several regulatory tools: the Water Development and Management Scheme (SAGE), the River contract, the Flood Prevention Program (FPP) [PAPI, 2009 and PAPI, 2013], and the Plan for Flood Risk Prevention (PFPR) [PPRI, 2011].

Figure II. 1 :

 1 Figure II.1: Different regulatory and operational tools used, in the Lower Var valley, to implement the European water policy (author's design).

Figure II. 3 :

 3 Figure II.3: Map (left) and elevation (right) of the Lower Var River valley (5 m DEM from NCA, bathymetry contour from IGN, Scan25_IGN_map).

Figure II. 4 :

 4 Figure II.4: Embankments in the Lower Var River valley (Alpes-Maritimes Department data source).

Figure II. 6 :

 6 Figure II.6: Land use map of the lower valley of Var River (Source: Database of European Environment Agency, data of 2006, resolution of 100 m).

  and Emily and al. [2010] have studied the geology of the Lower Var valley as illustrated on the map of Figure II.7. The lower valley of Var River is a transition zone between the subalpine area in Nice on the left bank to the east and the extended part of the Provencal geological structures on the right bank to the west. In the eastern area, the subalpine geology mainly consists of limestones formed during the Jurassic and Cretaceous periods (200 to 66 million years ago (MYA)), cut by NW-SE faults. In the western area, the Provencal structures are characterized by the folded and faulted Jurassic limestones lying on the Triassic (250 to 200 MYA) clay marls.

  Emily and al. [2010] (see Figure II.7, Figure II.8).

Figure II. 7 :

 7 Figure II.7: Geological map of lower valley of Var River [Emily et al., 2010].

Figure II. 9 :

 9 Figure II.9: Location of the pumping wells to supply drinking water stations in the Lower Var valley (Annual report about water resource in the Métropole Nice Côte d'Azur).

Figure II. 10 :

 10 Figure II.10: Location of meteorological stations in the Var catchment and in the Lower Var valley (Météo France).

Figure

  Figure II.11). Rainfall increases with the elevation, except for the Saint-Roman station where the exposition influences the recorded data. Precipitations are maximal in November and are almost similar in spring. The driest months are June, July, and August.

Figure II. 11 :

 11 Figure II.11: Comparison between mean monthly precipitations recorded in the Lower Var valley since 2001.

Figure

  Figure II.12): the first one, before 1950, where the variations are not significant and the second one, after 1950, with a more intense rainfall and an alternation between a flood period (from 1950 to 1975) and an intensive drought period(from 1976 to 2008). This reflects the increase of extreme hydrological events and a sharply alternation between flood and drought periods.

Figure II. 12 :

 12 Figure II.12: Precipitation trend at Nice for 140 years. Evolution of 20-year averages compared to the average over the period [Fandel and al., 2009].

  rainy periods are therefore observed alternately among them. It forms wet-dry cycles of about 20 years. It is possible that a wet year happens in the middle of a dry period and vice versa, but such single exceptions are easy to be seen and they can hardly break the cycle. Two severe droughts happened respectively in 1967 and 2015 in the valley. The minimum value of annual precipitation is 317.8 mm (2007), which followed consecutive droughts since 2003.

Figure II. 13 :

 13 Figure II.13: Total annual rainfall observed at Nice airport station since 1943.

Figure II. 14 :

 14 Figure II.14: Annual maximum of daily rainfall observed at Nice airport station since 1973.

Figure II. 15 :

 15 Figure II.15: Average monthly discharge recorded in the Lower Var valley (m³/s), and the location of gauge stations (DREAL PACA).

Figure II. 16 :

 16 Figure II.16: Availability of recorded discharge at Estéron, La Manda and Napoléon III stations.

Figure II. 17 :

 17 Figure II.17: Average monthly water level at three stations of the Lower Var valley: weir no. 16 nearby Charles Albert bridge, weir no. 7 close to La Manda bridge, and weir no. 4 nearby Nice Golf.

Figure

  Figure II.18: Water level recorded at weirs no. 4 (a), 7 (b), and 16 (c), from September 2015 to July 2017.

Figure II. 19 :

 19 Figure II.19: Average monthly discharges used to operate the turbines at weirs no. 4, 7, and 16 (Energy Var Company).

  𝑄 100 = 12 * 𝑆0.75 in the upstream part of Castagniers Eq. II.1 𝑄 100 = 10 * 𝑆 0.75 in the downstream part of Castagniers Eq. II.2 Integrated surface water modelling in a decision support system: Application to the Lower Var valley, France 65

:

  Figure II.20: Localization of the secondary tributaries in the Lower Var valley.

Figure

  Figure II.4) at Roguez station. This emergency intake is only used during low water conditions and during maintenance of the Vésubie channel. Figure II.21 shows the annual volume of water withdrawn at Roguez station. Usually, the Roguez extraction occurs up to 7 days. In comparison with the Var discharge, the pumped volume at Roguez station is negligible (< 1%).

Figure II. 21 :

 21 Figure II.21: Annual extracted volume of water (Mm³), in the upstream part of weir no. 8 for drinking water (Régie Eau d'Azur -Water Resource Department of local authority).

4. 2 .

 2 River-aquifer exchanges 2.2.1. Literature review The alluvial aquifers are mainly composed of gravels, sand and pebbles. The river-aquifer exchanges can be identified as the three following situations (see Figure II.22): (1) the aquifer is recharged by the river; (2) the aquifer is drained by the river, and (3) equilibrium between both entities. In some cases, river and aquifer are disconnected because of clogging layer.

Figure

  Figure II.22: Description of the river-aquifer exchanges and the different potential configurations (French Water Agency).

  disciplinary fields: geomatics, physics, statistics, geochemistry (see Figure II.23). The methodology which is advised by the French Water Agency is presented in Figure II.24.

Figure II. 23 :

 23 Figure II.23: Different approaches to identify the river-aquifer fluxes (French Water Agency).

Figure II. 24 :

 24 Figure II.24: Methodology suggested to obtain the river-aquifer fluxes on a given river (French Water Agency).

Figure II. 25 :

 25 Figure II.25: Timeline describing the water table evolution thanks to the construction and destruction of the weirs.

  Figure II.26: Comparison of water table contour maps in 1975. Both maps were set up during dry and rainy periods (Environmental Protection for Department Alpes-Maritimes (CIPALM)).

Figure II. 27 :

 27 Figure II.27: Comparison of water table contour maps in 1994 and 1999. The maps of 1994 and 1999 were made by Guglielmi Y. and Hochart M. (Potot, 2011).

Figure II. 28 :

 28 Figure II.28: Longitudinal profile of the riverbed and water table along the streamline of Var River. Difference between bed river and water table -July 2015.

Figure II. 29 :

 29 Figure II.29: Water table contour map and flow gradient [%] during drought period (July 2015) (AquaVar project). Observations of the weirs effects, the pumping stations influences, and the inflows coming from the nearby hydrogeological catchments.

Figure II. 30 :

 30 Figure II.30: Longitudinal profile of river bed and water table along the streamline of Var River.Difference between river bed and water table -December 2016.

Figure II. 31 :

 31 Figure II.31: Water table contour map and flow gradient [%] during rainy period (December 2016) (AquaVar project). Observations of the weirs effects, the pumping stations influences, and the inflows coming from the nearby hydrogeological catchments.

Figure II. 32 :

 32 Figure II.32: Evolution of the water table in the alluvial aquifer between recent drought and flood periods (December 2016 -July 2015). Identification of high increase of water table in red colour (from the Charles Albert Bridge to the confluence with the Estéron) and low increase of water table in blue colour (Nice pumping stations). River-aquifer exchange areas in the Lower Var valley and the flux directions.
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 33222 Figure II.33: Comparison of the water tables over the time with seasonal scale.

Figure II. 34 :

 34 Figure II.34: Location of the six new piezometers in the Lower Var valley, implemented in November 2015.

Figure II. 35 :

 35 Figure II.35: Grain size distribution in borehole LMPZ4.

Figure II. 36 :

 36 Figure II.36: Grain size distribution in borehole LMPZ5.

Figure II. 38 :

 38 Figure II.38: Water table during drought and flood period compared to the topography of the riverbed at the new piezometers.

  13.7 °C, and its small temperature variations, the piezometer PZ_BRO (see Figure II.39) is not influenced by the Var River (see Table II.7, Figure II.42). Since 2012, the maximum value of temperature of the aquifer has decreased by from 18°C to 11°C. Figure II.41 overlays the annual temperatures in groundwater and the snow. Since 2012, the snow has been increased, whereas the air temperatures are constant. It can be supposed that the amount of snow influences the groundwater temperature.

Figure II. 39 :

 39 Figure II.39: Temperatures recorded at the piezometer close to Charles Albert bridge from 2010 to 2016.

Figure II. 40 :

 40 Figure II.40: Location of the piezometers in the Lower Var River valley and their characteristics (altitude and borehole depth) [Du, 2016].

FigureFigure

  Figure II.41: Evolution of annual temperatures (at Nice station and in the groundwater close to Charles Albert bridge) and snowfall (at Isola 2000 station) from 2010 to 2016.

Figure II. 43 :

 43 Figure II.43: Temperatures recorded at the piezometer near to weir no. 10 from 2010 to 2016.

Figure

  Figure II.44: Temperatures recorded at the piezometer near to weir no. 9 from 2010 to 2016.

Figure

  Figure II.45 shows the simulated results of river-aquifer exchange. On the left side of the figure, which

Figure

  Figure II.45: River-aquifer exchange in m 3 /d during the dry period (left) and rainy period (right) [Du, 2016].

  build the 2D free surface flow model the working methodology was divided into five steps, developed in the next sections (see Figure III.1).

Figure III. 1 :

 1 Figure III.1: Methodology used to set-up the 2D free surface model in the Lower Var valley.

  computation time is exponential high. Hence, before building the Mike 21FM model, it is necessary to analyse the high DEM resolution (5 × 5 m, 10 × 10 m, 15 × 15 m, 20 x 20 m, and 25 x 25 m) impacts on the hydraulic model to find the most appropriated one. The objective is to well design the topography and have reasonable model computation time cost. To find the best solution, the process consists of three steps (see Figure III.2)

Figure III. 2 :

 2 Figure III.2: The working processes of analysing the DEM resolution impacts on the hydraulic model.

Figure III. 3 :

 3 Figure III.3: Location of places mentioned in Table III.1 andTableIII.3.

Figure III. 4 :

 4 Figure III.4: Cross sections extracted from the DEM at different part of the Var River.

  the Lower Var valley, several factors influence the flow data plotted in the Vigicrue website (https://www.vigicrues.gouv.fr). Along the process to obtain a discharge, two sources of uncertainties are noticed: the one related to the water level measurement and the other one related to the rating curve (conversion from water level to discharge). Two water level stations (at Carros and Nice) are equipped with radar sensors and are used to validate the model. The measurements are influenced by silt depositions, vegetation (see Chapter I), and especially by hydropower plants functioning at Carros station. The Lower Var valley counts 5 hydropower plants. By using the electricity production and a theoretical formula for turbines it is possible to estimate the discharge used by these plants. The average weekly turbine flows have been recorded since 2013.It was also noticed that the turbines function between 20 m³/s and 300 m³/s. Below this range, the water level is too small and above, the water is too turbid. When the flow conditions are correct, around 50 % of the discharge, at weir no. 7, is used to produce electricity. The trend of water level and discharge at Carros station shows the influence of hydropower plant functioning on the measured data in March 2016 (see Figure III.6).

Figure III. 6 :

 6 Figure III.6: Water depth and discharge recorded at the Carros station in March 2016.

First, calibration is

  based on a flood event which frequently occurs. Here, the flood event in November 2014 was considered. The observed flow in the Var River was 900 m 3 /s equal to a discharge with a 2 years return period. The sea level was equal 0.7 m. To validate the 2D hydraulic model, several events were chosen to ensure that the numerical model is able to represent the hydrodynamics in the river depending on the specific hydrology in the Alpes-Maritimes department. In the Lower Var valley, two stations can be used to validate the 2D hydraulic model: La Manda (Carros) and Napoléon III bridge (Nice) stations. Figure III.7 locates these two water level stations.

Figure III. 7 :

 7 Figure III.7: Location of the two water level stations considered in the Lower Var valley to validate the 2D hydraulic model.

Figure III. 8 :

 8 Figure III.8: Monthly average discharge at Nice station from 2009 to 2015 (DREAL PACA).

  Figure III.9 shows the discharge measured at two stations and the precipitation recorded at Nice airport for this.

Figure III. 9 :

 9 Figure III.9: Drought event selected in December 2015 to validate Mike 21FM model.

Figure

  Figure III.10 and Figure III.11 show the average daily flows from 2009 to 2015. Years 2011 and 2014 show the highest daily flows over the winter period. Years 2009, 2011, and 2013 present the highest spring events. TableIII.6 shows events, which were selected to validate the 2D hydraulic model.

Figure III. 10 :

 10 Figure III.10: Daily average discharge from 2009 to 2015 and selection of spring events (DREAL PACA, 2016).

Figure

  Figure III.11: Daily average discharge from 2009 to 2015 selection of winter events (DREAL PACA, 2016).

Figure III. 13 :

 13 Figure III.13: Spring flood event selected in March 2013 to validate Mike 21FM model.

  consultants. Therefore, a 2D hydraulic model is required to have a better understanding about the hydrodynamic process in the Lower Var valley and share the knowledge. Regarding the issue of the AquaVar project, this model has to coherently match with the groundwater flow modelling. This is why the boundaries of the Mike 21FM model are defined by the alluvial aquifer extensions in the Lower Var valley (see Figure III.16).

Figure III. 16 :

 16 Figure III.16: Domain for the 2D free surface flow model developed with software Mike 21FM.

Figure III. 17 :

 17 Figure III.17: Process used in the DHI toolbox to generate a flexible mesh.

(

  see Figure III.18 and Figure III.19) with different meshing strategies (size and shape of cells).

Figure III. 18 :Figure

 18 Figure III.18: Location of the area for grid convergence study and 6 different cell sizes.

Figure III. 20 :

 20 Figure III.20: Definition for the weir formula in Mike 21FM software tool (DHI, 2016).

(

  FigureIII.25), the highest velocities are not located on the weir but at their downstream foot. This observation goes against the physical process. Hence, the empirical laws to represent the structures is the least suitable way to simulate weirs effects.

Figure III. 21 :

 21 Figure III.21: Comparison between observed and simulated water depths at weir no. 4 for the flood event in October 2015. Scenarios with different mesh resolutions.

Figure III. 22 :

 22 Figure III.22: Relative uncertainty between observed and simulated water depths at weir no. 4 for the flood event in October 2015. Scenarios with different mesh resolutions.

Figure III. 24 :

 24 Figure III.24: Comparison between observed water depth and simulated water depth at weir no. 4 for the flood event in October 2015. Scenarios with implementation of hydraulic structures.

Figure III. 25 :

 25 Figure III.25: Comparison of velocities for different representations of the weirs: triangular mesh, quadrangular mesh, and with structures.

Figure III. 26 :

 26 Figure III.26: Description of the mesh designed for Mike 21FM model in the Lower Var valley.

Figure

  Figure III.27: Mike 21FM mesh generated for the Lower Var valley.

Figure

  Figure III.28 shows the different boundary conditions used in Mike 21FM model in the Lower Var valley.

Figure III. 28 :

 28 Figure III.28: Boundary conditions prescribed for the Mike 21FM model in the Lower Var valleyexample of the 2014 November flood event (data from DREAL PACA and SHOM).

  the initial conditions: QVar = 18 m³/s and QEstéron = 2 m³/s. The initial conditions are created once the flow is in steady state. To control the time simulation and obtain the initial condition faster, the water depth was recorded at some points: at weirs n°7 and n°4, and at Napoléon III bridge in Nice. In general, the steady flow is observed after two hours (see FigureIII.29).

Figure III. 29 :

 29 Figure III.29: Results of the pre-process to generate the initial condition -example of the October 2015 flood event.

  Strickler distribution map (see Figure III.30) was designed to build the Mike 21FM model. Based on the land use, five values of Strickler coefficients

Figure III. 30 :

 30 Figure III.30: Strickler coefficient map describing the roughness for Mike 21FM Var River model.

[

  1998]. The elements are classified as dry, partially dry or wet, and the element faces are monitored to identify flooded boundaries. In case of drying cell, the momentum fluxes are set to zero and only the mass fluxes are taken into consideration [DHI, 2016]. There are three configurations possible to happen (see Figure III.31).

Figure III. 31 :

 31 Figure III.31: Flooding and drying parameters used in Mike 21FM and their meaning in term of computation.

  Figure III.32: Sensitivity analysis of the Strickler coefficient at different locations -Carros water level station (above), and Nice water level station (below).

Figure III. 33 :

 33 Figure III.33: Sensitivity analysis of the flooding depth at different locations -Carros water level station (above), and Nice water level station (below).

Figure III. 34 :

 34 Figure III.34: Sensitivity analysis of the drying depth at different locations -Carros water level station (above), and Nice water level station (below).

  The first drought event was simulated in the summer in 2012 (from 20 th July to 20 th August). The results are shown in Figure III.35. The second one, was simulated in December 2015 (see Figure III.36). To evaluate the model for drought events only two coefficients were used: the correlation coefficient, and the root mean square error (see Table

Figure III. 35 :

 35 Figure III.35: Simulation results of the model validation, for summer 2012, at Carros station (left), and at Nice station (right).

Figure

  Figure III.37: Simulation results of the model validation, during March 2011, at Carros station (above), and at Nice station (below).

Figure III. 38 :

 38 Figure III.38: Simulation results of the model validation, during April and May 2013, at Carros station (above), and at Nice station (below).

Figure III. 39 :

 39 Figure III.39: Simulation results of the model validation, during November 2011, at Carros station (above), and at Nice station (below).

Figure III. 40 :

 40 Figure III.40: Simulation results of the model validation, in November 2014, at Carros station (above), and at Nice station (below).

  model. The applied methodology is summarized in Figure IV.1 and detailed below.

Figure IV. 1 :

 1 Figure IV.1: Overview of the methodology used for generating hydrographs, and upstream boundaries of 2D hydraulic model.

Figure IV. 2 :

 2 Figure IV.2: Improvements of the mesh to detail the description of the piers of the bridge (middle right) and the dikes close to the mouth (administration center on the top right and CAP300 center on the bottom right).

Figure IV. 3 :

 3 Figure IV.3: Extracted data at Estéron for maximum instantaneous recorded discharges per year.

Figure IV. 4 :

 4 Figure IV.4: Extracted data at Carros station for maximum instantaneous recorded discharges per year. By applying the Gumbel law, the mathematical relation between discharge and Gumbel variable was estimated with b = 97 m 3 /s and a = 148 m 3 /s (see Figure IV.5, Figure IV.6). For 7 return periods, the peak discharge was estimated in Table IV.1.

Figure IV. 5 :

 5 Figure IV.5: Gumbel law applied to maximum annual instantaneous observed discharge at Estéron station.

  Figure IV.8 present the averaged hydrographs (called the shape of hydrograph) for each river.

Figure IV. 7 :

 7 Figure IV.7: Dimensionless hydrograph averaged for 16 events at Estéron station.

Figure IV. 8 :

 8 Figure IV.8: Dimensionless hydrograph averaged for 10 events at Carros station.

  Figure IV.9: Range using the minimum and maximum values for the jackknife approach at (a) Estéron station and at (b) Carros station.

  Figure IV.10: Estimated hydrographs with 7 return periods for (a) Estéron River and (b) Var River.

1

  FigureIV.13, and Figure IV.14). Beyond this value, the Carros industrial zone, the left bank in from the weir no. 6 to the Lingostière center, and Saint-Laurent-du-Var (close to the city hall) are flooded by the Var River.

Figure IV. 12 :

 12 Figure IV.12: Maximum water depth in the Lower Var valley for an event which cumulates discharges coming from Estéron and Var Rivers with a return period of 100 years each (Qmax@Carros = 2,000 m³/s).

Figure IV. 14 :

 14 Figure IV.14: Maximum water depth in the Lower Var valley for an event with Qmax@Carros = 3,800 m³/s.

in

  Estéron and Var upstream rivers occurring with the same return period T, the flow peaks from Estéron and Var upstream rivers arrive at the same time in the Lower Var valley. The first hypothesis means that an event with a return period T occurs, at same time, in the Estéron and Var upstream catchment, and causes an event with the same return period in the Lower Var valley. In reality, this rarely happened because the storm is not stationary in the entire Var catchment. With this assumption the inundation map is the result of two extreme rainfall effects in the Estéron and Var upstream catchments. This situation could happen if a rainfall is stationary and intensive in the entire Var catchment. The second hypothesis means that the Estéron and Var upstream catchments have the same reaction time and generate simultaneously a wave which is propagating in the Lower Var valley. But in reality, a time interval is observed between both rivers (see Figure IV.15). The soil characteristics and the slopes are different in the Estéron watershed and induce a faster reaction.

Figure IV. 15 :

 15 Figure IV.15: Flood responses of Estéron and Var Rivers.

Figure IV. 16 :

 16 Figure IV.16: Comparison of two dispersion approaches: using the eddy viscosity formulation (scaling factor varying from 0.25 to 1) and using the constant dispersion coefficient.

Figure IV. 17 :

 17 Figure IV.17: Time evolution of an accidental conservative pollutant (injection concentration of 200 mg/l at Arkopharma industry) in drought period.

Figure IV. 19 :

 19 Figure IV.19: Time evolution of an accidental non-conservative pollutant (injection concentration of 1000 mg/l at Berkley Paintings industry) in drought period.

  summarized the widely used integrated surface-groundwater models (see Figure IV.21).

Figure IV. 21 :

 21 Figure IV.21: Summary of widely used integrated surface water-groundwater models [Spanoudaki and al., 2009].

  250 s and three dynamical regimes can be identified (see Figure IV.22):

Figure IV. 22 :

 22 Figure IV.22: Presentation of the ideal rainfall case (a) Configuration and (b) the outflow discharge [Delestre, 2010].

Figure IV. 23 :

 23 Figure IV.23: Ideal rainfall case -comparison of the outflow discharges obtained with experiment (Obs), the analytical solution (Qcin), Mike 21 FM (Precipitation, Evaporation, Infiltration).

Figure IV. 24 :

 24 Figure IV.24: Comparison of the water depth obtained by experiment (Hex), the analytical solution (Hcin), and Mike 21 FM (Precipitation, Evaporation) for the stationary state.

Figure IV. 25 :

 25 Figure IV.25: Comparison of the velocity obtained with experiment (Hex), the analytical solution (Hcin), and Mike 21 FM (Precipitation, Evaporation) for the stationary state.

Figure IV. 26 :

 26 Figure IV.26: Comparison of water depths obtained with analytical solution and Mike 21FM -application of the backwater curve M1 in a simplified Var River case.

  overland and soil compartments (see Figure IV.27).

Figure IV. 27 :

 27 Figure IV.27: Configurations of exchange process when river and aquifer are connectedfrom river to aquifer (on the left) and from aquifer to river (on the right).

Figure IV. 28 :

 28 Figure IV.28: Data flow of coupling process between the 3D saturated groundwater flow model (made by FEFLOW) and the 2D surface water flow model (made by MIKE21FM) [Du, 2016].

Figure IV. 29 :

 29 Figure IV.29: Time step adaptation between the coupling and the computation time steps [Du, 2016].

Figure IV. 30 :

 30 Figure IV.30: Mesh adaptation of the coupling interface [Du, 2016].

Figure IV. 31 :

 31 Figure IV.31: Flow chart of the data conversion processes for river-aquifer exchanges.

  2D surface water model (Mike 21 FM) and the 3D groundwater model (Feflow). The coupling process contains mainly a loop that starts from the beginning of the simulation until the end (see Figure IV.32).

Figure IV. 32 :

 32 Figure IV.32: Algorithm developed to couple Mike 21 FM and Feflow.

  in river because the 2D free surface flow model was a simple trapezoidal channel. This second test case considers the full flood plain. The MIKE 21FM model extends on a surface of 60 m² with a trapezoidal channel of 12 m width, 60 m long and 2 m deep. The surface flow model is located on two layers with a dimension of 60x60x60 m (see Figure IV.33). The domain is composed of 3,317 cells in Mike 21FM and 1362 cells with 2 layers in Feflow. To run the coupling interface the same characteristics than the previous test case were used with the exception of the discharge in Mike 21FM which was increased at 15 m 3 /s.

Figure IV. 33 :

 33 Figure IV.33: Geometry of the two test cases for the coupling interfacethe first simple channel case (on the left) and the second case (on the right).

Figure

  Figure IV.34 and Figure IV.35). Figure IV.34 shows an example of the exchanged flux computed by the coupling interface between days N and N+1. Figure IV.35 overlays surface water with groundwater table

Figure IV. 34 :

 34 Figure IV.34: Source term implemented in MIKE 21FM between days N and N+1 -river-aquifer exchange (on the left) and aquifer-river exchange (on the right).

Figure IV. 35 :

 35 Figure IV.35: Surface water and groundwater table in upstream part of the channel (left) and in downstream part of the channel (right).

  The experiment consists in providing rainfall of 25 cm/h for 15 minutes over a soil flume 1.220 cm long, 5.1 cm wide and 122 cm deep. The slope of the flume was considered equal to 0.01. The case involves a dry soil and is divided in three layers of thickness 7.65 cm, 22.95 cm and 76.1 cm (see Figure IV.37). The parameters used to simulate the experimental study are shown in Figure IV.37. The initial water depth of the surface flow nodes was set to 1x10 -4 m to represent dry starting conditions at the surface. A critical-depth gradient boundary condition was applied at the downstream end of the surface flow nodes, while the lateral and bottom boundaries of the subsurface are provided no flow conditions.

Figure IV. 37 :

 37 Figure IV.37: Experimental setup (on the left) and soil parameters (on the right) of the Smith and Woolhiser study and [Smith and Woolhiser, 1971].

Figure

  Figure IV.38 shows the results obtained by using the Mike 21FM/Feflow coupling interface. The outflow discharge is compared with the observed one from the Smith and Woolhiser study. The curve trend is similar with three states: the rising stage, the stationary stage and the recessing stage. Overall, the curve

  Figure IV.38: Results of the Mike 21FM and Feflow coupling interface compared with the experimental data from Smith and Woolhiser study.

  models. It is able to represent the two directions of the river-aquifer exchanges and quantify the volume of water. The Smith and Woolhiser case highlighted some limitations of this coupling method. Firstly, the source term used in Mike 21FM is the precipitation module which is taken into account as a lateral inflow. This influences the hydrodynamics. Secondly, the equations used in Feflow model are the fluid continuity equation, also recognized as the equation of the conservation of mass, based on the transient, saturated groundwater flow and Darcy law. In this configuration, the unsaturated flow is not considered.Finally, the algorithm computes the exchanged volume of water by using a simple equation which depends on the hydraulic conductivity. This parameter appears as a calibration parameter and gives more complexity to the coupling interface. As a conclusion, this coupling interface is adapted to the DSS tool for the AquaVar project and gives some knowledge about DHI software tools. It can be improved by calibrating the parameters with the experimental cas Integrated surface water modelling in a decision support system: Application to the Lower Var valley, France 203 Chapter V Development of the Decision Support System (DSS)

Figure V. 1 :

 1 Figure V.1: Principle of coupling 3 numerical models integrated within the DSS to represent the water cycle in the Lower Var River valley.

Figure V. 3 :

 3 Figure V.3: Integrated monitoring system of the DSS tool in the Var catchment with three modules (Du and Zavattero, 2016).

Figure V. 4 :

 4 Figure V.4: Input and output data involved in the 3 numerical models (MIKE SHE, MIKE 21FM and FEFLOW) [author's design].

Figure V. 5 :

 5 Figure V.5: Frequency of simulations and time prediction, in case of flood event, in the DSS tool with a computer with 2 Intel i7-4790 processors with 3.6 GHz and 16 GB of RAM.

Figure V. 6 :

 6 Figure V.6: Concept of supervision platform dedicated to urban monitoring and management with detailed analytics part for AquaVar project [Gourbesville et al., 2017].

Figure V. 7 :

 7 Figure V.7: Overview about the different skills required to integrate the analytic functionality in a supervision platform.

Figure V. 8 :

 8 Figure V.8: Application domains for the Internet Of Things (IoT) cloud platforms [Ray, 2016].

Figure V. 9 :

 9 Figure V.9: Characteristics of the main IoT platforms [Ray, 2016].

  Especially in the Alpes-Maritimes department, municipalities want to set up Information and Communication Technologies to efficiently manage the flood events and water network (drinking water and wastewater). Furthermore, in 2018 a new regulatory context emerged in France, the management of the aquatic environment and flood risk management (in French GEstion des Milieux Aquatiques et Prévention des Inondations GEMAPI) [Ministère de la Transition écologique et solidaire, 2014, 2015

  lateral valleys are negligible. Finally, the 2D hydraulic surface flow model MIKE21FM was built in the Lower Var valley and was integrated in the real-time DSS tool. It appears as the centre of the modelling system because it directly interacts with the two other models by receiving flow from hydrological model (Mike SHE) and exchanging water with the groundwater model (Feflow). On the whole, this model is able to produce water level, velocity and so discharge in the lower Var River whether drought or flood period. It can simulate the propagation of pollutant in the river. The model can easily be adapted with future developments by changing the topographical structure. Due to limitation of Mike 21FM model, the morphological changes and its influence on the river-aquifer exchanges is not yet simulated.

the

  Var catchment: (1) hydrology which describes reaction to climate variations in the watershed, (2) hydrodynamics behaviour of the river, and (3) hydrodynamics of the alluvial aquifer. Hence, the watershed functioning is known for the Var catchment, with more precision in its lowest part. The hydrological part (1), gives specificities of the Var catchment and allows to quantify flow arriving in the river by knowing forecast precipitations. The hydrogeological part (3), gives specificities of the alluvial aquifer and allows simulating quantities of water exchanged with the river. These two catchments are influenced by the Var River which is the object of the last research (2).

  completed and detailed some specific scientific questions: what is the relation between precipitation and flow in the Var catchment, what is the river behaviour, where the river and aquifer are connected, which amount of water is available in the aquifer, what is the response of this water system facing to stress situations. Before starting the AquaVar research, several scientists worked on the subject. Based on these studies, the AquaVar research tried to understand the history of the Lower Var valley, gathered all the public or private companies which can contribute to improve the knowledge and converted all of these data in a global numerical tool able to give an overview of the water cycle in the Var catchment. The construction of the modelling system has been based on three PhD thesis and a computer engineer work. Indeed, development of the three models (hydrology, hydraulics in river and hydraulics in groundwater) required three scientists in the water domain and the development of a DSS tool required a computer engineer. To build this modelling system, several data and knowledge have been collected from partners. This collaboration involved local authorities (Agence de l'eau Rhône Méditerranée Corse, Direction Régionale de l'Environnement, de l'Aménagement et du Logement en Région Provence-Alpes-Côte d'Azur, Conseil Départemental des Alpes-Maritimes, Régie Eau d'Azur and Métropole de Nice Côte d'Azur), private companies (Véolia, H2EA, and Météo France) and scientific researchers from Nice
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 1 Figure I.1: Classification of model depending on the problem type and solution[START_REF] Popescu | Computational Hydraulics, Numerical Methods and Modelling[END_REF]. __________ Figure I.2: Classification of models depending on time and space scales[START_REF] Popescu | Computational Hydraulics, Numerical Methods and Modelling[END_REF]. ________________ Figure I.3: Classification of models depending on methods to solve equations[START_REF] Popescu | Computational Hydraulics, Numerical Methods and Modelling[END_REF]. ___________ Figure I.4: Schlesinger diagramme which relates the three steps to build a model[Schlesinger, 1979]. ______ Figure I.5: Process to develop a model [Popescu, 2014]. __________________________________________ Figure I.6: Control volume of quantity u in a (x, y, z) referential system [Popescu, 2014]. ________________ Figure I.7: Presentation of the variables used in the Saint-Venant equations system in two dimensions [Delestre, 2010]. _________________________________________________________________________________ Figure I.8: Required properties for a numerical scheme. __________________________________________ Figure I.9: Comparison of different software tools used for the 2D surface flow water modelling [Abily and Zavattero, 2016]. _________________________________________________________________________ Figure I.10: Schematic view of the process in MIKE SHE [DHI 2014]. ______________________________ Figure I.11: Mike 11 branches and H-points in a Mike-SHE Grid with River Links. ____________________ Figure I.12: Description of the process used by Mike 21FM to obtain the pollution transport. _____________ Figure I.13: Illustration of the derivation of the fluid continuity equation of the transient, saturated groundwater flow [Du, 2016]. _________________________________________________________________________ Figure I.14: Illustration of Darcy equation of the saturated groundwater flow [Du, 2016]. ________________ Figure I.15: (a) Geologic map in the Lower Var valley and the modeled domain; (b) hydraulic conductivity assigned in the numerical model; (c) boundary conditions and external sources/sinks in the model[START_REF] Du | Integrated hydraulic modelling of groundwater ow and river-aquifer exchanges in the lower valley of Var River[END_REF].
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 1 Figure II.1: Different regulatory and operational tools used, in the Lower Var valley, to implement the European water policy (author's design). ______________________________________________________________ Figure II.2: Digital elevation model of Var catchment and some cross sections localized on the map [Du, 2016]. ______________________________________________________________________________________ Figure II.3: Map (left) and elevation (right) of the Lower Var River valley (5 m DEM from NCA, bathymetry contour from IGN, Scan25_IGN_map). _______________________________________________________ Figure II.4: Embankments in the Lower Var River valley (Alpes-Maritimes Department data source). ______ Figure II.5: Evolution of the Lower Var valley from the confluence with Estéron to Carros (source: IGN). ___ Figure II.6: Land use map of the lower valley of Var River (Source: Database of European Environment Agency, data of 2006, resolution of 100 m). ___________________________________________________________ Figure II.7: Geological map of lower valley of Var River [Emily et al., 2010]. _________________________ Figure II.8: Profiles indicated in Figure II.7 [Emily et al., 2010]. ___________________________________ Figure II.9: Location of the pumping wells to supply drinking water stations in the Lower Var valley (Annual report about water resource in the Métropole Nice Côte d'Azur). ___________________________________ Figure II.10: Location of meteorological stations in the Var catchment and in the Lower Var valley (Météo France). ________________________________________________________________________________ Figure II.11: Comparison between mean monthly precipitations recorded in the Lower Var valley since 2001.

Figure

  Figure II.12: Precipitation trend at Nice for 140 years. Evolution of 20-year averages compared to the average over the period[START_REF] Fandel | La pluviométrie à Nice depuis 1870. Présentation, évolution et conséquences[END_REF]. ________________________________________________________

Figure II. 39 :

 39 Figure II.39: Temperatures recorded at the piezometer close to Charles Albert bridge from 2010 to 2016. ___ Figure II.40: Location of the piezometers in the Lower Var River valley and their characteristics (altitude and borehole depth) [Du, 2016]. ________________________________________________________________ Figure II.41: Evolution of annual temperatures (at Nice station and in the groundwater close to Charles Albert bridge) and snowfall (at Isola 2000 station) from 2010 to 2016. ____________________________________ Figure II.42: Temperatures recorded at the piezometer from the confluence with Estéron River and Carros industrial zone from 2010 to 2016. ___________________________________________________________ Figure II.43: Temperatures recorded at the piezometer near to weir no. 10 from 2010 to 2016. ____________ Figure II.44: Temperatures recorded at the piezometer near to weir no. 9 from 2010 to 2016. _____________ Figure II.45: River-aquifer exchange in m 3 /d during the dry period (left) and rainy period (right)[START_REF] Du | Integrated hydraulic modelling of groundwater ow and river-aquifer exchanges in the lower valley of Var River[END_REF].

Figure III. 1 :

 1 Figure III.1: Methodology used to set-up the 2D free surface model in the Lower Var valley. _____________ Figure III.2: The working processes of analysing the DEM resolution impacts on the hydraulic model. _____ Figure III.3: Location of places mentioned in Table III.1 and Table III.3. ____________________________ Figure III.4: Cross sections extracted from the DEM at different part of the Var River. _________________ Figure III.5: Comparison between topographical data and DEM data for the crest level of dikes.__________ Figure III.6: Water depth and discharge recorded at the Carros station in March 2016. _________________ Figure III.7: Location of the two water level stations considered in the Lower Var valley to validate the 2D hydraulic model. ________________________________________________________________________ Figure III.8: Monthly average discharge at Nice station from 2009 to 2015 (DREAL PACA). ____________ Figure III.9: Drought event selected in December 2015 to validate Mike 21FM model. _________________ Figure III.10: Daily average discharge from 2009 to 2015 and selection of spring events (DREAL PACA, 2016). _____________________________________________________________________________________ Figure III.11: Daily average discharge from 2009 to 2015 selection of winter events (DREAL PACA, 2016).
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 12 Figure III.12: Spring flood event selected in March 2011 to validate Mike 21FM model. ________________ Figure III.13: Spring flood event selected in March 2013 to validate Mike 21FM model. ________________ Figure III.14: Winter flood event selected in November 2011 to validate Mike 21FM model. ____________ Figure III.15: Winter flood event selected in November 2014 to validate Mike 21FM model. ____________ Figure III.16: Domain for the 2D free surface flow model developed with software Mike 21FM. _________ Figure III.17: Process used in the DHI toolbox to generate a flexible mesh. __________________________ Figure III.18: Location of the area for grid convergence study and 6 different cell sizes. ________________ Figure III.19: Topography for the Mike 21FM at weir no. 4 for different resolution and types of mesh. ____ Figure III.20: Definition for the weir formula in Mike 21FM software tool (DHI, 2016). ________________ Figure III.21: Comparison between observed and simulated water depths at weir no. 4 for the flood event in October 2015. Scenarios with different mesh resolutions. ________________________________________
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  Figure III.32: Sensitivity analysis of the Strickler coefficient at different locations -Carros water level station (above), and Nice water level station (below). _________________________________________________ Figure III.33: Sensitivity analysis of the flooding depth at different locations -Carros water level station (above), and Nice water level station (below). _________________________________________________ Figure III.34: Sensitivity analysis of the drying depth at different locations -Carros water level station (above), and Nice water level station (below). ________________________________________________________ Figure III.35: Simulation results of the model validation, for summer 2012, at Carros station (left), and at Nice station (right). __________________________________________________________________________ Figure III.36: Simulation results of the model validation, for December 2015, at Carros station (1), at the weir no. 4 (2), and at Nice station (3). ____________________________________________________________ Figure III.37: Simulation results of the model validation, during March 2011, at Carros station (above), and at Nice station (below). _____________________________________________________________________ Figure III.38: Simulation results of the model validation, during April and May 2013, at Carros station (above), and at Nice station (below). _______________________________________________________________ Figure III.39: Simulation results of the model validation, during November 2011, at Carros station (above), and at Nice station (below). ___________________________________________________________________ Figure III.40: Simulation results of the model validation, in November 2014, at Carros station (above), and at Nice station (below). _____________________________________________________________________ Figure IV.1: Overview of the methodology used for generating hydrographs, and upstream boundaries of 2D hydraulic model. ________________________________________________________________________ Figure IV.2: Improvements of the mesh to detail the description of the piers of the bridge (middle right) and the dikes close to the mouth (administration center on the top right and CAP300 center on the bottom right). ___ Figure IV.3: Extracted data at Estéron for maximum instantaneous recorded discharges per year. _________ Figure IV.4: Extracted data at Carros station for maximum instantaneous recorded discharges per year. ____

  points (i, j) are represented in Figure1.1.

Figure 1 . 1 :

 11 Figure 1.1: Example of discretization scheme for finite difference method [Apley, 2014].

Figure 1 . 2 :

 12 Figure 1.2: Finite volume examples of control volume in 1D and 2D space [Popescu, 2014].

Figure 2 . 2 :

 22 Figure 2.2: Fluvial facies distribution on the riverbed of the Lower Var River, measured on July 2014 [Du, 2016].

Figure 2 . 3 :

 23 Figure 2.3: Distribution of specific powers along the Lower Var valley.

Figure 2 . 4 :

 24 Figure 2.4 : Evolution of the fluvial types in function of slope and discharge [Church, 2002].

Figure 2 . 5 :Figure 2 . 6 :Figure 2 . 7 :Figure 2 . 8 :

 25262728 Figure 2.5 : Classification of the fluvial types based on characteristics of system bedload [Church, 2006].

  𝐿 is the length of watercourse [m],𝐼 is the radial distance from the upstream to the downstream [m].

Figure 2 . 9 :

 29 Figure 2.9: Evolution of the area covered by vegetation from 1969 to 2015 in comparison with the area covered by the watercourse in the Lower Var valley.

Figure 2 .

 2 Figure 2.10: Comparison between DEMs extracted in 2011 and 2013 (Alpes-Maritimes department).

Figure 3 . 2 :Figure 3 . 3 :

 3233 Figure 3.2: Observations at the Napoléon III bridge station during the 1994 flood event (discharge and water level) in the Alpes-Maritimes department [DIREN, 1995].

Figure 3 . 5 :

 35 Figure 3.5: Destruction of weir no. 3 [DIREN, 1995].

Figure 3 . 6 :

 36 Figure 3.6: Observed precipitation in Europe 23 rd November 2016.

Figure 3

 3 Figure 3.7: Precipitations (Nice airport) and discharge recorded at Carros (La Manda bridge) and Nice (Napoléon III bridge) stations in November 2016.

  Integrated surface water modelling in a decision support system: Application to the Lower Var valley, France 276 Figure 3.8: Water table evolution in the Lower Var valley during 2016 flood event (a) at Charles Albert bridge, (b) close to Broc lake, (c) at weir no. 10, (d) from weir no. 7 to weir no. 4, and (e) in downstream part. Integrated surface water modelling in a decision support system: Application to the Lower Var valley, France 277 This event caused some overflows observed usually at the same places: road on the right bank of the La Mande bridge, Nice airport, CAP3000 mall center. Furthermore, the flood event was influenced by the morphology of the Var River by carrying sediments and trees. The Figure 3.9, Figure 3.10, Figure 3.11, Figure 3.12, Figure 3.13, and Figure 3.14 show the flooded areas and the morphological changes observed after the 2016 flood.

Figure 3

 3 Figure 3.9: La Manda bridge (Carros) -25 th November at 4 PM.

Figure 3 .

 3 Figure 3.10: Evolution of the flooded area on the road to access at Nice airport.

Figure 3 .

 3 Figure 3.11: CAP 3000 center -5 PM 25 th November 2016.

Figure 3 .

 3 Figure 3.13: Downstream part of weir no. 8 with erosion more than 2 m.

Figure 3 .

 3 Figure 3.14: Before (left) and after (right) the 2016 flood event at weir no. 4 -silt deposit.

Figure 8 . 1 :Figure 8 . 2 :

 8182 Figure 8.1: Maximum water depth in the Lower Var valley for an event which cumulates discharges coming from Estéron and Var Rivers with a return period of 2 years each (Qmax@Carros = 770 m³/s).

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Comparison of different software tools used for the 2D surface flow water modelling [Abily and Zavattero, 2016].

  

	Integrated surface water modelling in a decision support system:
	Application to the Lower Var valley, France
	Mike 21 Mike 21 FM FullSWOF Telemac 2D Code	Finite differences (ADI) Finite volumes (Roe) Finite elements (SUPG) Finite volumes (Roe) Finite volumes (kinetic: well balance with hydrostatic reconstruction) Finite volumes (kinetic: well balance with hydrostatic reconstruction) Figure I.9: wetting/drying Swiftest but not well adapted to SWE properties (e.g. flow regime changes) Structured (straight forward to use; non optimized of computational points) good stable; not accurate through topography or empirical formulas Threshold (possible mass creation) Adapted to SWE properties Non-structured (not easy to build if complicated topography; optimized number of computational points) reasonable stable through topography or empirical formulas Threshold (possible mass creation) Swift and adapted to SWE properties Non-structured (not easy to build if complicated topography; optimized number of computational points) reasonable stable Threshold (possible mass creation) Adapted to SWE properties Non-structured (not easy to build if complicated topography; optimized number of computational points) reasonable stable Threshold (possible mass creation) Adapted to SWE properties, to treatment of equilibrium at rest (e.g. permanent flow conditions or lake) and to wetting/drying Non-structured (not easy to build if complicated topography; optimized number of computational points) important stable ok Adapted to SWE properties, to treatment of equilibrium at rest (e.g. permanent flow conditions or lake) and to wetting/drying Structured (straight forward to use; non optimized of computational points) important stable through topography ok through topography or empirical formulas Overland flow possible possible no no no connection with sewer system Inclusion of structures (e.g. weirs) Flow regime changes Computation time Spatial discretization Numerical method
		27

  where, ℎ is the water depth [m], 𝑤 = 𝑅 -𝐼 is the mass source term [m/s] (with R the rainfall rate and I the infiltration rate), 𝑧 𝑤 is the surface elevation [m], (𝑝, 𝑞) = (ℎ𝑢, ℎ𝑣) are the flux densities in

													𝜕ℎ 𝜕𝑡	+	𝜕𝑝 𝜕𝑥	+	𝜕𝑞 𝜕𝑦	= 𝑤
	𝜕𝑝 𝜕𝑡	+	𝜕 𝜕𝑥	(	𝑝 2 ℎ	) +	𝜕 𝜕𝑦	( 𝑝𝑞 ℎ	) + 𝑔ℎ	𝜕𝑧 𝑤 𝜕𝑥	+ 𝑔𝑝	√𝑝 2 + 𝑞 2 𝐶 2 ℎ 2 -	1 𝜌 𝑤	[	𝜕 𝜕𝑥	(ℎ𝜏 𝑥𝑥 ) +	𝜕 𝜕𝑦	(ℎ𝜏 𝑥𝑦 )]
													+	ℎ 𝜌 𝑤	( 𝜕𝑝 𝑎 𝜕𝑥	) = 0	Eq. I.8
	𝜕𝑞 𝜕𝑡	+	𝜕 𝜕𝑦	(	𝑞 2 ℎ	) +	𝜕 𝜕𝑥	( 𝑝𝑞 ℎ	) + 𝑔ℎ	𝜕𝑧 𝑤 𝜕𝑥	+ 𝑔𝑝	√𝑝 2 + 𝑞 2 𝐶 2 ℎ 2 -	1 𝜌 𝑤	[	𝜕 𝜕𝑥	(ℎ𝜏 𝑦𝑦 ) +	𝜕 𝜕𝑦	(ℎ𝜏 𝑥𝑦 )]
	{												+	ℎ 𝜌 𝑤	( 𝜕𝑝 𝑎 𝜕𝑦	) = 0
	integrated over the vertical:							

directions x and y respectively [m²/s], 𝐶 is the Chézy friction coefficient [m 1/2 /s], 𝑔 is the gravitational gravity [m/s²], 𝑝 𝑎 is the atmospheric pressure [kg/m/s²], 𝜌 𝑤 is the density of water [kg/m 3 ] and 𝜏 𝑥𝑥 , 𝜏 𝑦𝑦 , 𝜏 𝑥𝑦 are the components of effective shear stress (they are determined by viscosity and velocity gradient).

  𝐾 𝑐 is the diffusion coefficient [m²/s], 𝐶 𝑠𝑐𝑒 is the initial concentration [kg/m³], 𝑆 𝑐𝑒 is the flux of pollutant [m/s], and 𝑘 is the decay constant. The components decay linearly in time. In DHI software tools the decay coefficient is specified, per second, by the user.

	𝜕𝑐 𝜕𝑡	= -𝑘𝑐
	= 𝐾 𝑐 (𝜕 𝑥 2 c + 𝜕 𝑦 2 c) + 𝐶 𝑠𝑐𝑒 𝑆 𝑐𝑒	Eq. I.9

The advection -dispersion equation is used to perform the pollutant simulation: 𝜕 𝑡 (ℎ𝑐) + 𝜕 𝑥 (ℎ𝑐𝑢) + 𝜕 𝑦 (ℎ𝐶𝑣) Eq. I.10

where, 𝑐(𝑥, 𝑦, 𝑡) is the concentration [kg/m³], (u, v)(x, y, t) are the velocity in directions x and y respectively [m/s],

  The model selected in this part should have excellent performance to produce detailed and accurate representation of the alluvial aquifer system in the Lower Var valley. The Feflow model is able to simulate numerous physical and chemical processes such as the hydrodynamic behaviour, the pollution transfer and salt intrusion. It is considered as the last link in the chain of the AquaVar DSS tool. Its boundary conditions are the MIKE 21FM results. It has been applied as one of the main hydro-informatics tool to answer the questions about groundwater resources, water table knowledge and the environmental and ecological

  Two types of European directives lead to the French water policy: the Flood Directive of 2007 and the Water Framework Directive of 2000. Both directives were carried out to suggest strategies to deal with the water challenges. French legislation has adapted its strategy at the different scales: basin, catchment and local. The Lower Var valley is located in the Rhône-Mediterranean Basin, which combines several regions in the south of France. On the first hand, to deal with the flood issue at this scale, a Flood Risks

	Management Plan (Plan National de Gestion du Risque Inondation -PGRI in french) was defined and
	constitutes a framework to reduce the vulnerability. On the second hand, to handle the water resources
	issue, a Water Development and Management Master Plan (Schéma Directeur d'Aménagement et de
	Gestion des Eaux (SDAGE)) was executed and extended until 2021. Both plans will be combined in
	2018 with extended competences called GEMAPI (Gestion des Milieux Aquatiques et Prévention des
	Inondations or Management of aquatic environment and flood prevention). In the Alpes-Maritimes
	department, a public territorial establishment was created to manage the water issues for all the
	catchments. On the Var River, several studies were made in order to launch actions to preserve water
	resources and protect population to floods.

Table II

 II 

	.1 and Figure II.2). The Var River, which is the longest river of the catchment has its source
	located in the village of Estenc, in the south of the pass of Cayolle. The river flows, through a distance
	of 122 km, from the mountains to the Mediterranean Sea. The river elevation varies from 1790 m at the
	spring to 0 m, which forms a steep average streamline slope of 1.5%. The Var River presents 5 large
	tributaries, the Cians (25 km), the Tinée (71 km), the Vésubie (48 km), the Coulomp (20 km) and the
	Estéron (54 km). They are all typical mountain streams with V-shaped transverse profiles of the valley
	which are formed by the natural erosion effects (see Figure II.2). On the upstream part, the Var River
	width (riverbed) is about 50 m, and 300 m in the valley. On the upstream part, the average slope is 2%,
	which makes it a typical mountain stream. After the confluence with Vésubie, the river flows into its
	lower valley, the slope drops to 0.5% and the averaged width of the river becomes 278 m, while the
	mean width of the floodplain is as large as 1.1 km at most.
	These sub-catchments are characterized by steep slopes. The two largest sub-catchments, Estéron and
	Upper Var, are the steepest. The lower Var River drains water from all the sub-catchments and conveys

Table II .1: Description of the 5 sub-catchments of the Var. Sub-catchment Area (km²) Average slope (%) Artificial area (%)

 II 

	1: Upper Var	1082	51	0.22
	2: Tinée	741	59	0.60
	3: Vésubie	392	61	0.42
	4: Estéron	446	44	0.24
	5: Lower Var	150	36	1.04
	(1)	(2)	(3)	
	(4)	(5)	(6)	
	(7)	(8)		

Figure II.2: Digital elevation model of Var catchment and some cross sections localized on the map [Du, 2016]. 3. Lower Var River valley

  

	3.1.	Geography and land use
	The Lower Var valley is the last reach of the Var River and connects the mountainous with the
	Mediterranean Sea. The total length of the Lower Var valley is 22 km, from the Charles Albert Bridge
	(weirs no. 16 located on Figure II.3) to the Mediterranean Sea. The elevation of the river bed decreases
	from 119 m to 0 m. The valley is surrounded by mountains on both sides, whose elevation reaches 1000
	m on the right bank and 800 m on the left bank. Several small valleys are connected perpendicular to
	the main channel. Their watercourses are generally dry and are concerned by flash floods (1994, 2011
	and 2016). The width of the Var valley varies depending on the section (see Figure II.2). From its
	confluence with the Estéron to the narrowest section, the Var width (without including dikes) is around
	900 m. The narrowest section is identified at the weirs section, where the width becomes merely 600 m.

Table II .2: Annual volume of abstracting water in the Lower Var valley for drinking water uses.

 II 

		Upstream part of the Lower Var valley	Downstream part of the Lower Var valley
	Pumping stations	Carros	Bastion	La Manda	Puget and Saint-Laurent-du-Var	Prairies and Sagnes
	Annual volume					
	of extracting	0.84	1.56	1.8	13.68	6.48
	water (Mm³)					

Table II.3: Annual groundwater pumping volume for industrial use (Water agency RMC, Nice airport). Companies Volume extracted from the unconfined aquifer (m 3 )

  

	La Mesta Chimie Fine	63,254
	Elis Riviera	97,382
	Initial BTB	49,457
	Allianz Riviera (after 2013)	497,496
	Méridionale de Granulats	925,859
	Azuréenne de Granulats	604,805
	Nice-Matin (before 2013)	1,199,061
	Nice Airport	419,634

Table II .4: Number of stations within each sub-catchment depending on the daily and hourly data. Sub-catchment

 II 

		Number of stations	Number of stations
		(daily data)	(hourly or 6 minutes data)
	Tinée	13	3
	Upper Var	13	6
	Vésubie	13	4
	Estéron	6	7
	Lower Var	9	4

2000 2005 2010 2015 Estéron La Manda Napoléon III

  

Figure II.37: Water table over time in the piezometers set up in the riverbed.

  The water table was measured at each piezometer over time (see FigureII.37). For all the piezometers, the water table increases similarly until the November 2016 flood event. Indeed, the level is increased by almost 3 m at each location.
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		0.01		0.1		1	10
				Grain size (mm)

Figure

II.38 

shows the water table and the riverbed extracted from the DEM to compare the levels and to highlight some potential connections between river and aquifer.

LMPZ3 is upstream from weir no. 5, and LMPZ2 and LMPZ4 are downstream. Compared to the riverbed, the water table is lower. Indeed, LMPZ3 is 9 m deeper during drought season and 6 m deeper during flood season. However, LMPZ2 and LMPZ4 are close to the river bed (1 m under river level) during rainy period.

LMPZ1 and LMPZ5 are upstream from the old weir no. 2. During flood period, the water table is 1 m deeper than the river bed. The water table is 5 m deeper during dry period.

LMPZ6 is close to Nice pumping station. The water table slightly varies between both seasons.

6: Minimum and maximum values of temperatures recorded (2010-2016) from the confluence with the Estéron to weir no. 9.

  piezometers are equipped with temperature sensors. Since 2010 the daily temperatures were recorded at 15 locations. In the groundwater, the temperature cycle is annually in whole the Lower Var valley. The maximum temperature is observed in October and the minimum in March (see TableII.6).

	Integrated surface water modelling in a decision support system:		
	Application to the Lower Var valley, France		
	2.2.3. Temperatures			
	Table II.From the confluence with the Estéron to the Carros industrial zone	Weir no. 10	Weir no. 9
	Min (°C)	10	8	8
	Max (°C)	16	18	18
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Some

  𝜓 𝑠 -𝜓 𝑔 ), 𝑖𝑓 𝜓 𝑔 ≥ 𝜓 𝑚𝑖𝑛 𝜑 𝑖𝑛 (𝜓 𝑠 -𝜓 𝑚𝑖𝑛 ), 𝑒𝑙𝑠𝑒

		Eq. II.1
	where,	
	𝜑 𝑖𝑛	in-transfer rate [s -1 ],
	𝜓 𝑠 , 𝜓 𝑔	respectively the river and water table [m],
	𝜓 𝑚𝑖𝑛	minimum water table [m].

  Second step: Set-up the Mike 21FM modelWhen enough data are collected and several relevant references have been read, then the project moves towards the second step which consists of three parts. First, before starting to create the Mike 21FM model for the Lower Var valley, several tests need to be analysed.

	1.1.2.
	-	applications and limitations of Mike 21FM,
	-	data uncertainties,
	-	mesh resolution, type and structures impacts on the hydraulic modelling,
	-	numerical instabilities,
	-	Mike 21FM validation cases,
	-	integrated water management applications.

Direction (DREAL), French Navy's Hydrographic and Oceanographic Department (SHOM)) to get geological, meteorological and hydrological data. At the same time, the literature review has to be done in parallel. It is mainly focus on the six main directions, which relate to the future steps:

Table III .1 and Table III.3. Table III.1: Data source of the DEM used for 2D hydraulic modelling.

 III 

	Location	River Bed	Flood plain	Buildings
	From the Broc Lake to the Nikaïa	LIDAR survey (2		
	stadium	points by m²) with		
		interpolation > 10 m		
	From the Nikaïa stadium to the	of the LIDAR survey under bridges LIDAR survey (2	LIDAR survey (2 points by m²)	Interpolation > 10 m of the LIDAR survey
	Napoléon III bridge	points by m²)		
	From the Napoléon III bridge to the	LIDAR survey with		
	mouse	fictitious points		

Table III .2: Data distance for different types of area.

 III 

	Type of area	Surface water in the riverbed and buildings	Edge of river channel and buildings	Other areas
	Data distance	Around 15 m	Around 5 m	< 1 m

Table III .3: Interpolation used to describe riverbed at bridge and road locations.

 III 
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	Table III.3).				
	Name of structure	La Manda bridge	602 bis road	Highway	Napoléon III bridge
	Distance (m)	5	6	8	25
	Distance in the river channel (m)	20	18	8	25
		101			

Table III .4: Limitations of the equipment used to measure the river flow.

 III 

	Equipment	Limitations	Measurement uncertainties (average)
	-	Disturbance caused by	
	Current meter		

Table III .5: Annual average discharge recorded at Nice station from 2009 to 2015 (DREAL PACA 2016).

 III 

	Year	2009	2010	2011	2012	2013	2014	2015
	Q annual average (m³/s)	59.7	60.9	50.2	42.3	71.6	78.8	25.8

  Honma formula (see Figure III.20) was used to simulate the weirs effect on the Var River:

		𝑄 =	{	𝐶 1 𝑊(𝐻 𝑢𝑠 -𝐻 𝑤 )√2𝑔(𝐻 𝑢𝑠 -𝐻 𝑤 ) 𝑓𝑜𝑟 𝐶 2 𝑊(𝐻 𝑢𝑠 -𝐻 𝑤 )√2𝑔(𝐻 𝑢𝑠 -𝐻 𝑑𝑠 ) 𝑓𝑜𝑟	𝐻 𝑑𝑠 -𝐻 𝑤 𝐻 𝑢𝑠 𝐻 𝑢𝑠 𝐻 𝑑𝑠 -𝐻 𝑤	< 2/3 ≥ 2/3	(1)
	where,					
	𝐶 1	weir coefficient 1,		
	𝐶 2 = 1.5√3𝐶 1	weir coefficient 2,		
	𝑊	width of the structure [m],		
	𝐻					

𝑢𝑠 upstream water level [m],

𝐻 𝑤 weir level [m],

𝐻 𝑑𝑠 downstream water level [m].

Table III .7: Parameters used to model the structures in the 2D hydraulic model of the Lower Var valley.

 III 

	Parameters	Weir no. 7	Weir no. 6	Weir no. 5	Weir no. 4	Weirs no. 4bis
	Weir coefficient	1.8	1.8	1.8	1.8	1.8
	Weir level					
		60	55	49.3	43.7	37
	[m NGF]					
	Width [m]	215	245	241	238	241

Table III .8: Details about simulation time for each scenario.

 III 

	RESOLUTION (M) River bed Flood plain	MESH	SIMULATION TIME FOR 5 DAYS (H)
	5 m	20 m	Triangular	15
			Triangular	12
	10 m	25 m	Quadrangular	5
			Triangular with structures	12
	15 m	30 m	Triangular	5
	20 m	35 m	Triangular	3
	25 m	40 m	Triangular	2

Table III .9: Numerical parameters and settings used to build the 2D free surface flow model of the Lower Var valley.

 III 

	Numerical parameters	CFL Number	Time integration	Space integration	Time step
	Values	0.8	Lower order	Higher order	1 s

Table III .11: Calibrated parameters and settings in the 2D free surface flow model built by Mike 21FM.

 III 

Table III .12: Result of sensitivity analysis on mesh size of the river bed, on Strickler coefficient, and on flooding and drying depths. TESTED PARAMETER: MESH RESOLUTION FOR THE RIVER BED VARIATION INTERVAL: FROM 5 TO 25

 III 
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	Location	Weir no. 7	Weir no. 4
	Average variation of the simulated water level [m]	0.23	0.13
	Maximum variation of the simulated water level [m]	0.28	0.18
	TESTED PARAMETER: STRICKLER COEFFICIENT (ROUGHNESS)	
	VARIATION INTERVAL: FROM 20 TO 30		
	Location	Carros water level station	Nice water level station
	Average variation of the simulated water level [m]	0.08	0.02
	Maximum variation of the simulated water level [m]	0.45	0.31
	TESTED PARAMETER: FLOODING DEPTH (FD)	
	VARIATION INTERVAL: FROM 0.3 TO 0.5		
	Location	Carros water level station	Nice water level station
	Average variation of the simulated water level [m]	0.003	0.003
	Maximum variation of the simulated water level [m]	0.032	0.030
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TESTED PARAMETER: DRYING DEPTH (DD) VARIATION INTERVAL: FROM 0.05 TO 0.2

  

	3.2. Simulation results and model evaluation		
	3.2.1. Evaluation criteria of the model		
	Location	Carros water level station	Nice water level station
	Average variation of the simulated water level [m]	0.040	0.002
	Maximum variation of the simulated water level [m]	0.290	0.030

  This coefficient can vary from -∞ to 1. A NSE coefficient close to 1 corresponds to a theoretically perfect model. On the contrary, an NSE close to 0 indicates that the prediction of the model is as accurate as the average of the observed values. A value less than 0 means that the averaged observed value is more representative. The Nash coefficient was chosen to evaluate the reliability of the 2D model for

	With,				
	𝛼 2 =	𝜎 𝑠𝑖𝑚 2 𝜎 𝑜𝑏𝑠 2			the ratio between simulated and observed variances,
	validation cases. In addition to the NSE coefficient, the relative bias is advised to evaluate the model (Ritter, 2013). This (𝜇 𝑠𝑖𝑚 -𝜇 𝑜𝑏𝑠 )² the standard error, 𝜇 𝑠𝑖𝑚 , 𝜇 𝑜𝑏𝑠 are respectively the 𝛽 𝑛 = 𝜎 𝑜𝑏𝑠 2 average of simulated and observed data,
	coefficient reports the capacity of the model to under/overestimate the reality. It is computed with the following formula: 𝑟 = 1 𝑛 ∑ (𝑃 𝑖 𝑜𝑏𝑠 -𝜇 𝑜𝑏𝑠 )(𝑃 𝑖 𝑠𝑖𝑚 -𝜇 𝑠𝑖𝑚 ) 𝜎 𝑠𝑖𝑚 𝜎 𝑜𝑏𝑠 the correlation coefficient.
	𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑏𝑖𝑎𝑠 =	1 𝑁	∑ (𝑃 𝑖 * -𝑂 𝑖 * ) 𝑁 𝑖=1 𝑂 * ̅̅̅	* 100	Eq. III.3
	where, 𝑃 𝑖 * et 𝑂 𝑖 𝑅𝑀𝑆𝐸 = √	1 𝑛	𝑇 𝑡=1 ∑(𝑦 0 𝑡 -𝑦 𝑚 𝑡 )²	Eq. III.4
	where,				
	𝑦 𝑜 𝑡	observed value at t time,	
	𝑦 𝑚 𝑡	simulated value at t time,	
	𝑛	number of values.	
	Gupta et al. (2009) proposed an update of the NSE coefficient. It was split up into three components:
		Nash-Sutcliffe coefficient,	
	𝑦 𝑜 𝑡	observed value at t time, 𝑁𝑆𝐸 = -𝛽 𝑛 -𝛼 2 + 2𝑟𝛼		Eq. III.5
	𝑦 𝑚 𝑡	simulated value at t time,	
	𝑦 𝑜 ̅̅̅	average of the observed values.

* are respectively simulated, and observed values; 𝑂 * ̅̅̅ is the average of the observed values.

The Root Mean Squared Error is a frequently used measure of the differences between values predicted by a model or an estimator and the values actually observed. RMSE is very commonly used and is made for an excellent general purpose error metric for numerical predictions. Compared to the similar Mean Absolute Error (MAE), RMSE amplifies and severely punishes large errors. The formula is given by:

Table III .13: Statistical parameters to evaluate the model during drought periods.

 III 

	MODEL EVALUATION OF DROUGHT PERIODS			
	Events	2012			2015	
	Location	Carros	Nice	Carros	Weir no. 4	Nice
	R²	0.95	0.42	0.10	0.12	0.93
	RMSE	0.02	0.06	0.029	0.020	0.12

Table III .14: Statistical parameters to evaluate the model during spring periods. MODEL EVALUATION OF SPRING PERIODS

 III 

	Events	2011		2013	
	Location	Carros	Nice	Carros	Nice
	R²	0.98	0.75	0.99	0.88
	Time arriving of Qsim after Qobs	1h15mn	-15 mn	30 mn	1h
	NSE	0.95	0.40	0.88	0.60
	Relative bias	1%	-4%	-11%	-2%
	RMSE	0.05	0.13	0.14	0.14
	KGE	0.90	0.72	0.85	0.35

  The first winter flood event simulated is the one of November 2011 (from 1 st to 15 th November). The results are shown in Figure III.39. The second is the one of November 2014 (from 3 rd to 8 th November) (see FigureIII.40). To evaluate the model five coefficients were used (see TableIII.15).According to the correlation and the NSE coefficients, the model can be qualified as an efficient numerical tool to represent the flood process in the Var River (R² > 0.90, and NSE is around 0.90). The peak discharge simulated is delayed 2 hours at Carros and 30 minutes in Nice compared to the observed value in 2011. The relative bias indicates an underestimation of the water level in 2011, whereas an overestimation appears in 2014. In 2011 and 2013, the curves show two flood events occurred.Regarding the good correlation coefficient, RMSE should be close to zero. But the value is more than 0.1, which shows some observed and simulated data have significant difference. This value is due to the base flow. And, the KGE is reasonable for all stations. It is only lower at Carros station, in 2014, because of the numerical instabilities observed in the graphics. Overall, the winter flood events are correctly simulated by the model Mike 21FM.
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Table III .15: Statistical parameters to evaluate the model in flood periods. MODEL EVALUATION OF FLOOD PERIODS

 III 

	Events	2011		2014	
	Location	Carros	Nice	Carros	Nice
	R²	0.99	0.98	0.99	0.95
	Time arriving of Qsim after Qobs	15 mn	-30 mn	0 mn	0 mn
	NSE	0.98	0.92	0.88	0.88
	Relative bias	-6%	-10%	14%	6%
	RMSE	0.10	0.12	0.21	0.14
	KGE	0.93	0.88	0.76	0.90

Table IV .1: Estimated peak discharges corresponding to each return period, using maximum annual observed data, at Estéron and Carros stations.

 IV 

	Return period [year] 2	5	10	20	50	100	1000
	Gumbel variable [U] 0.3665 1.4999 2.2504 2.9702 3.9019 3.9019 6.9072
	Estimated peak	Estéron station	184	295	386	439	530	598	823
	discharge [m³/s]	Carros station	770	1111	1337	1554	1834	2045	2739

Among 34 years of hourly streamflow data at Estéron station and 24 years of hourly streamflow data at Carros station, only 16 and 10 hydrographs, respectively, were selected (Appendix 7). This extraction was made in March 2017. Based on these hydrographs, the shape of the synthetic hydrographs was

Table IV .2: Confidence interval (90%) for the estimated peak discharges at Estéron and Carros stations. Return period [year]

 IV continued these researches, especially on Nice city, by developing Flood Resilience Index (FRI) to evaluate the flood resilience in urban systems.
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			2	5	10	20	50	100
	Gumbel variable [U]	0.3665	1.4999	2.2504	2.9702	3.9019	3.9019
		Estéron					
			184	295	386	439	530	598
	Estimated peak	station					
	discharge [m³/s]	Carros					
			770	1111	1337	1554	1834	2045
		station					
		Estéron					
	Confidence	station					
	interval (90%)						
				173			

Table IV .3: Comparison between the computed peak discharges from this chapter and those from DREAL PACA.

 IV 

		Estéron station		Carros station	
	Parameters and results of Gumbel law	Estimation	DREAL PACA	Estimation	DREAL PACA
	Number of flood events selected	40	58	14	11
	𝑎 mode	148	135	659	697
	𝑏 gradex	97	82	301	267
	Peak discharge for 2-years return period	184	165	770	795
	Peak discharge for 5-years return period	295	258	1111	1100
	Peak discharge for 10-years return period 386	320	1337	1300
	Peak discharge for 20-years return period 439	379	1554	1490

Table IV .5: Numerical settings used to simulate accidental pollutions in the Lower Var valley.

 IV 

	POLLUANTS	COD component Arkopharma	Cadmium component Berckley Paintings
	Type	Non-conservative	Conservative
		From 24 th April to 8 th May	From 24 th April to 8 th May
		2013	2013
	Initial concentration [mg/l]	0	0
	Injection concentration [mg/l]	1000	200
	Decay coefficient [day -1 ]	0.5	NO
	POLLUANTS	COD component Arkopharma	Cadmium component Berckley Paintings
	Type	Non-conservative	Conservative
		Drought period	Drought period
	Simulation periods	From 1 st to 8 th August 2012	From 1 st to 8 th August 2012
		Spring period	Spring period

  The field data measurement network counts several sensors that record precipitation (78 stations), temperature (78 stations), water level in the river (3 stations in the Lower Var valley), groundwater level (21 stations in the alluvial aquifer and 5 stations in the conglomerate aquifer), and sea level (1 station at Nice harbor). The modelling system involves three numerical models (see Figure V.1): a hydrological model (MIKE SHE), a surface hydraulic model (MIKE 21FM) and a groundwater model (FEFLOW). They are developed with DHI software tools and have been coupled to create the DSS tool. Firstly, the hydrological model calculates the runoff of the Var catchment from the precipitation. To run this type of numerical model, several data are required: topography, land use, precipitation, evapotranspiration, temperature, and snow melting. Secondly, the discharge provided by MIKE SHE is considered as the inflow boundary condition of the surface hydraulic model. It was designed with MIKE 21FM for the last 22 km, and simulates water level and velocity in the river based on hydrological, topographical, and physical data. Input data are provided by previous studies and field measurements.Finally, the groundwater flow model uses the water level results as input to calculate the groundwater level and flow velocity in the unconfined aquifer. The FEFLOW model is dependent on several data: topography, geology, temperature, evapotranspiration, hydraulic conductivity water extractions, etc.

  Several types of data can be used to run simulations. Two categories were identified: time series data and spatially distributed data. The second type of data can be fixed or variable in time. For example, topography is a spatially distributed fixed in a short time, whereas precipitation is varying both in space and time. To use modules no. 2 and 3, different types of data can be useful and are listed in TableV.1.
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Table V .1: Types of data used in the DSS tool for the AquaVar project.

 V 

	Data	Type of data	Units
	Precipitation	Time series & spatially distributed	mm
	Temperature	Time series & spatially distributed	°C
	Velocity	Spatially distributed	m/s
	Water level	Time series & spatially distributed	m
	Extracted water	Time series	m 3 /d
	Pollutant concentration	Time series	mg/m 3
	Land use	Spatially distributed	-
	Snow melting	Spatially distributed	m
	DEM	Spatially distributed	m

Table V .2: Estimation of size of the files in the DSS tool.

 V 

	Data	Quantity of files	Estimated size (MB)
	Precipitation	Δt=1 day, 74 years, 80 stations	160
	Temperature	Δt=1 day, 74 years, 80 stations	160
	Var discharge	Δt=1 day, 40 years, 2 stations	1.2
	Water level in the river	Δt=1 day, 40 years, 2 stations	1.2
	Groundwater level	Δt=1 day, 16 years, 48 stations	25
	DEM of the Var catchment	5 m resolution	4,000
	DEM of the Lower Var valley	1 m resolution	1,000
	Land use	5 m resolution	650
	Results of Mike SHE	Δt=1 day, 1 year	10,000
	Results of Mike 21FM	Δt=1 hour, 1 week	1,000
	Results of Feflow	Δt=1 day, 1 week	300

Table V .3: Estimation of size of the results files in case of extreme hydrological events.

 V In the Mike SHE model (see Figure V.4), several input data are required: DEM, land use, snow melting, precipitation, temperature and roughness. All of these data are spatially distributed being constant or variable in time. To use this model, the grid files have to be converted in *.dfs2 file format. The results can be given in time series or in grid type, but conversion is, one more time, necessarily. In the Mike 21FM model (see Figure V.4), boundary conditions are time series data, but they have to be converted in *.dfs0 file format. The other data, like DEM or roughness, are spatially distributed and have to be converted in *.dfsu file format. As Mike SHE principle, the input and output data are binary file extension and have to be converted to plot the results. The surface water model provides water level,

	Extreme hydrological event	Flood		Drought
	Time step	1 hour	12 hours	12 hours	1 day
	Simulated time	7 days	7 days	30 days	30 days
	Size		8 GB	1 GB	6 GB	2.5 GB
	2.2.	Simulation data			
	To run the 3 numerical models, it is required to convert the data from general format to binary formats
	especially in Mike SHE and Mike 21FM models. Indeed, the extensions of input data files are *.dsf2
	(grid file), *.dfsu (grid file) and *.dfs0 (time series file). On the contrary, Feflow model does not need
	any special extension file.			
	velocity and discharge. In Feflow model (see Figure V.4), the required input data are: DEM,
	groundwater level, precipitation, water level in the river (provided by Mike 21FM), extracted volumes.
	These data are mainly time series data which can be easily prepared. The results can be given in time
	series or in 2D view to the user interface.		

Table V .4: Ratio simulation/computing times by using separately Mike SHE, Mike 21FM and Feflow with a computer with 2 Intel i7-4790 processors with 3.6 GHz and 16 GB of RAM.

 V 

		Mike SHE	Mike 21FM	Feflow
		Hydrological	Surface water flow	Groundwater flow
		model	model	model
	Cell size of the shortest mesh	25 m	10 m	25 m
	∆𝒕 of simulation for flood event	0.5 hour	2 seconds	0.25 hour
	∆𝒕 of simulation for drought	6 hours	5 seconds	1 hour
	event			
	Computing time	5 minutes	0.3 seconds	0.15 minutes
	Ratio flood event (Simulation/computing)	6	6	100
	Ratio drought event (Simulation/computing)	72	16	400

Table V .6: Comparison of the characteristics of web mapping servers for the AquaVar system.

 V 

		ARGIS	GEOSERVER	MAPSERVER	QGIS SERVER	DEEGREE	MAPGuide OS
						WebServe	
	License	Commercial	General Public License MIT-Style	General Public License General Public License General Public License
	Diffusion MS	Yes	Yes	Yes	Yes	Yes	Yes
	Spatial	External	External	External	External	External	External
	database	Oracle/PostGIS	Oracle/PostGIS	Oracle/PostGIS	Oracle/PostGIS	Oracle/PostGIS	Oracle/PostGIS
	Human	Yes	Yes	No	No	No	No
	resources						

  The Var River overflows by the highway close to the Nikaia place with an observed discharge of 1,100 m 3 /s at Carros station. The transfer time for a pollutant in the Lower Var valley is around 3 hours during the spring flood period, and 6 hours during drought period (chapter 3) for 12 kms. Furthermore, by crossing physical, chemical and numerical methodologies, there were identified 4 locations of river-aquifer exchanges and 3 locations of aquifer-river exchanges (chapter 2). Whether for the river or aquifer, hydraulic gradient, velocity and water level is available in all the Lower Var valley for different seasons. In this PhD thesis, it was proved that combination of previous studies, field measurements and numerical tool lead to improve the scientific knowledge in the lower Var River. These different methods are based on observed and recorded data. For several decades, local authorities set up a monitoring network allowing visualising precipitation, flow and water level in river in few points, and water table. Obviously, to improve scientific knowledge of the

  Indeed, there are only two locations in the Var River where the water level is recorded and these data are sometimes incorrect because of problems related to data acquisition. 2D free surface flow model totally depends on available data in the Lower Var valley(topography, flow, water level, precipitation, etc.) and on modeller hypotheses. In the Lower Var valley, available data are sufficient to create a 2D model of river but they have to be analysed before using it. Actually, this model is able to simulate hydrodynamics of the river in the Lower Var valley. Indeed, flow, water level and velocity are computed in the whole domain for the three seasons observed: spring, summer and winter. The main difficulty for the 2D model is to represent the recessing stage during a spring flood event. However, overland flow and accidental pollution can be given by the model. Sediment transport simulation is not presented in this PhD thesis because the numerical model is not completed. Indeed, two difficulties appeared during construction of the model: implementation of fixed weirs and lake of data for calibration. But, with more field measurements and time the sediment transport can be added in Mike 21 FM model. For future study, it should be interesting to run the river model with the entire Var catchment at some places where they are most crucial to be accurate.Calibration and validation could be more efficient at the catchment scale. This is finally the core of AquaVar research because it is the centre of the modelling system.The hydrodynamics of the river depends on water volume which comes from precipitations and water volume which is exchanged with neighbours water bodies. In terms of numerical modelling, the river model (Mike 21 FM model) depends on the flow coming from the Var catchment (Mike SHE model) and the water volume exchanged with the alluvial aquifer in the Lower Var valley (Feflow model). This is why, this PhD thesis presents an integrated modelling system which considers three layers operating together. In addition, a method to couple Mike 21FM and Feflow is also presented but not yet validated. This interface allows connecting river and aquifer by exchanging water volume. It needs an experimental validation to finalise the interface and use it to forecast exchanged volume between river and aquifer during different seasons. The DSS tool which emerged from the AquaVar research could answer to the new strategies adopted by the French government. Regarding extreme events occurred due to climate variations, local authorities needs Information and Communication Technologies to efficiently manage the water cycle (flood, drinking water and wastewater networks). The AquaVar system appears as an efficient management tool for the water domain. It is able to simulate the hydrological process and to integrate sensors network to provide an overview of the current and future situations in an urban area. Furthermore, it is able to give information in real time to support decision-makers during crisis situations. With the new regulatory in France, this new complex system can help local authorities in their global management at catchment

scale. In the real operational mode, flood model could be link with weather forecasting in order to warn and alert local authorities. This function will help crisis management related inundations. As a conclusion, this type of management tool can be developed only by a collaborative work because many data and engineering expertise are needed.

  Observations of the weirs effects, the pumping stations influences, and the inflows coming from the nearby hydrogeological catchments. __________________________________________________________ Figure II.30: Longitudinal profile of river bed and water table along the streamline of Var River. Difference between river bed and water table -December 2016._____________________________________________ Figure II.31: Water table contour map and flow gradient [%] during rainy period (December 2016) (AquaVar project). Observations of the weirs effects, the pumping stations influences, and the inflows coming from the nearby hydrogeological catchments. __________________________________________________________ Figure II.32: Evolution of the water table in the alluvial aquifer between recent drought and flood periods (December 2016 -July 2015). Identification of high increase of water table in red colour (from the Charles Albert Bridge to the confluence with the Estéron) and low increase of water table in blue colour (Nice pumping stations). River-aquifer exchange areas in the Lower Var valley and the flux directions. _________________ Figure II.33: Comparison of the water tables over the time with seasonal scale. ________________________ Figure II.34: Location of the six new piezometers in the Lower Var valley, implemented in November 2015.Figure II.35: Grain size distribution in borehole LMPZ4. _________________________________________ Figure II.36: Grain size distribution in borehole LMPZ5. _________________________________________ Figure II.37: Water table over time in the piezometers set up in the riverbed. __________________________ Figure II.38: Water table during drought and flood period compared to the topography of the riverbed at the new piezometers. ____________________________________________________________________________

table evolution thanks to the construction and destruction of the weirs. __________________________________________________________________________________ Figure II.26: Comparison of water table contour maps in 1975. Both maps were set up during dry and rainy periods (Environmental Protection for Department Alpes-Maritimes (CIPALM)). ______________________ Figure II.27: Comparison of water table contour maps in 1994 and 1999. The maps of 1994 and 1999 were made by Guglielmi Y. and Hochart M. (Potot, 2011). _________________________________________________ Figure II.28: Longitudinal profile of the riverbed and water table along the streamline of Var River. Difference between bed river and water table -July 2015. _________________________________________________ Figure II.29: Water table contour map and flow gradient [%] during drought period (July 2015) (AquaVar project).

Table 2 .1: Grain size along the Lower Var valley (SAGE document [Sogreah, 2002]).
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	Section

Table 2 .2: Facies distribution in the Lower Var valley in July 2014 (source: field measurements, Du, 2016).
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	Facies

Table 2 .3: Parameters used to evaluate the theoretical transport capacity of the sediments in the Lower Var valley (French National Geographical Institute (IGN) and DREAL PACA).

 2 

	Section	(1)	(2)	(3)	(4)	(5)	(6)	(7)	(8)	(9)	(10)
	Slope (m/m)	0.01	0.008	0.005	0.005	0.005	0.004	0.002	0.005	0.005	0.004
	Bed width (m)	100	200	245	280	275	250	250	280	290	230
	Specific										
	power	10	34	19	17	17	15	8	17	16	19
	(W/m²)										

Table 5 .1: Measurement made in the Lower Var valley in December 2016.
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		X-coordinate	Y-coordinate	Water table level	Water table level
	ID	(m)	(m)	July 2016	December 2016
				(m NGF)	(m NGF)
	PZ1	1038702.445	6296141.577	5.35	10.407
	F3	1037288.182	6300629.092	13.57	24.659
	F5	1038413.304	6304917.600	5.98	56.666
	PZ2	1038759.354	6308569.074	4	79.550
	PZ3	1038598.129	6308776.628	4.03	80.990
	F10	1038457.049	6308914.400	3.81	82.200
	PZ6	1037574.749	6304916.204	6.7	54.192
	F9	1038543.981	6308876.315	3.56	81.745
	F11	1037844.468	6309494.725	4.21	87.215
	PZ4	1038219.412	6309138.068	3.85	84.849
	F12	1037221.917	6310132.100	5.24	92.410
	F13	1037141.888	6310517.480	6.88	95.025
	F14	1036854.944	6310957.872	8.8	97.370
	F15	1037124.59	6312412.900	15.6	104.641
	PZ5	1037709.993	6309651.622	4.61	88.699
	Well	1040187.776	6294617.890	3.75	1.807
	F4	1037097.621	6302493.620	13.6	35.714
	F1	1038176.696	6297638.990	6.05	15.268
	F16	1036807.909	6303208.510	10.87	40.670
	F17	1036602.894	6302613.663	12.18	35.831
	F18	1036621.888	6302148.550	15.07	31.199
	F19	1036660.023	6301378.038	16.3	26.338
	PZ7	1036847.400	6300299.530	21.482	-
	F7	1039144.123	6305973.996	3.02	64.659
	F6	1038701.819	6305261.262	4.95	59.446
	F21	1037922.376	6295294.070	6.06	7.575
	F20	1037749.794	6295797.518	6.23	9.372
	FP213	1038590.140	6293634.260	1.46	-
	F201	1038632.440	6293298.000	0.69	-
	F202	1038610.180	6293208.340	0.83	-
	FP211	1038416.220	6293503.600	0.85	-
	FSc7	1038529.190	6293814.050	1.5	-

Figure 8.10: Maximum water depth in the Lower Var valley for an event with Qmax@Carros = 5,000 m³/s.

Hydrological data analysis

Hydrological data are one of the main input data in the 2D hydraulic model. Here, the discharges recorded at Carros and Estéron stations are considered as boundary conditions in the model. In the The Gumbel variable is given by: 𝑢 = -ln (-ln(𝐹))

Eq. IV.2

And, the peak discharge can be computed with: 𝑄 = 𝑏 * 𝑢 + 𝑎 Eq. IV.3

1.1.2. Shape of the synthetic hydrograph

The shape of the synthetic hydrograph was averaged over several observed past flood events. The specific aim of this part is to reflect characteristics such as the peak and volume of discharge when the floods occur. It was designed for Estéron and Var Rivers. To do that, hourly discharges were extracted, over several decades, from the free regional database (Banque HYDRO, DREAL PACA). After that, a set of hydrographs was selected, responding to two criteria, to draw the average shape of hydrograph for each station. The selection criteria were:

-A peak discharge more than 80 m 3 /s for Estéron River and more than 700 m 3 /s for the Var River:

these values are recorded once a year, -A hydrograph with triangular trend, which represents one flood wave: it corresponds to a flood generated by only one rainfall event, and not by several events.

Then, the dimensionless flood hydrographs (𝑄 𝑖 , i is time step per hour) are computed by:

where 𝑞 𝑖 is the observed discharge and 𝑞 𝑚𝑎𝑥 is the maximum discharge among the observed discharges for each hydrograph. Finally, the average of them gives the shape of the synthetic hydrograph.

Methodology to generate flood maps

The flood maps are generated by the 2D hydraulic model. In whole the domain, these maps give the maximum water level for a flood event. They can be used to prevent the inundation risk and identify the extended flood areas. The inflow boundary conditions of the 2D hydraulic model are the hydrographs.

Here, the two upstream boundary conditions (Estéron and Var Rivers) are generated with the approach previously described. To generate a flood map for a return period T, two hydrographs are implemented in the model with the same return period. To design 7 flood maps, 14 hydrographs were computed (7 for the Estéron River and 7 for the Var River). In addition, to provide information to local stakeholders, 4 simulations were performed with respectively the following peak discharges values: 3,000, 3,500, 3,800 and 5,000 m³/s, as requested by the local authorities. Basically, the 2D free surface model was developed for the water resource management and not for the flood risk management. With this aim, the mesh was not refined in the floodplain because the interest was focused on the riverbed and the variation of the water depth, which can influence the river-aquifer exchanges. Knowing that Var River goes 

The monitoring system

To manage all the data, three modules were designed to create the monitoring system (see Figure V.3).

Module no. 1 is the real-time monitoring module. It allows viewing instantaneously the field data measurements on a web platform. The sensors record time series data, which are stored in *.ascii format.

These stored files are directly connected to the web interface where the users can see the hydrological evolution (water level, precipitation, temperature, etc.). The data are only available at the existing stations, and with a fixed time step. ). After that, the same coupled process is used to obtain the groundwater level.

The results can be returned as spatially distributed maps, which will be easier to read by the decision makers.

Module no. 3 is the scenario simulation depending on the demand from the users. On one hand, this module contains the river-aquifer exchange interface, which allows computing the exchanged volume of water. Thus, the user can ask for information about river-aquifer exchanges. On the other hand, specific simulations can be run under the request of users. Less frequently, complex input data need to be changed making the simulation period longer because of changes of basic input data. For example, the user can update the topographical data of the model to perform a simulation (lowering weirs or newly built infrastructures). In this module, the simulation results are also stored and visualized in the web application, but they are also archived as a reference for the water management service.

discriminating. Keeping in mind that one of the essential characteristics is the data management, an analysis can be made with this criteria (see Table V.5).

Regarding the functionalities of each platform, most of them are not in free access and deliverable. Only KAA, Nimbits and ThingBoard they are. Among these 3 platforms, ThingsBoard allows to communicate with MQTT technology. Thus, it was chosen for the AquaVar system.
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Appendix 2. Hydromorphology and evolution of the river

Fluvial hydro-morphology is described as the study of the physical processes governing the stream behaviour and the resulting forms [START_REF] Malavoi | Éléments d'hydromorphologie fluviale[END_REF]. It concerns various disciplines such as physical geography, geomorphology, sedimentology, hydraulics and hydrology. The river system is comprised of slopes and channels interconnected by water and sediment transport processes. Thus, Schumm [1963] defines the river system as a watershed divided into three zones in which erosion, transport and deposition coexist (see Figure 2.1). The production area presents erosion processes that prevail over sedimentation. The transport zone combines erosion and deposition processes. In the downstream part the deposition zone is due to the transport of fine particles. The watercourse is a subsystem of the fluvial system. Fluvial hydromorphology is an integrated approach based on the analysis of:

1. the shape of watercourses;

2. the processes that govern this morphology;

3. the evolution of these forms over time;

4. the river integration for the management of territories.

In order to achieve the objectives set by the Water Development and Management Scheme [SAGE, 2016] in the Lower Var valley, a special attention was paid to the hydromorphological restoration of watercourses by limiting the alteration due to hydraulic operation in the river. This will ensure ecological continuity and promote the quality of habitats and biodiversity.

Spatial variability

Gravel bed rivers are defined as rivers with a median particle diameter (D50) between 2 and 64 mm [Bunte and Abt, 1998]. In this configuration, the bedload shapes the fluvial forms. According to the SAGE document [Sogreah, 2002], the median particle diameters range from 36 mm to 44 mm in the Lower Var River (see Table 2.1). To determine the grain size, two types of sampling were used:

samples in the alluvium mass: 100 to 200 kg sampled at 1m depth;

Integrated surface water modelling in a decision support system: Application to the Lower Var valley, France

The sections no. 1 and 3 are more active than the section no. 2. In this section the stream is rarely changed because of channeling the river. From 2011 to 2013, the total amount of sedimentation is equal to 3 Mm³, and the eroded volume is 1.2 Mm³. During this period, 1.8 Mm³ of sediments were stored locally at the weirs section where the dynamic is low.

The dredging in the riverbed before 1982 durably disturbed the sediment dynamics by reducing the volume of available sediments. The energy excess of the flow induced an incision of the bed immediately downstream of the disturbance and created a retraction of the channel. For the Var, studies of natural solid transport [Sogreah, 2011;and SAGE, 2015] indicate an annual transport volume of about 0.2 Mm³/year. The lack of materials caused a general incision of the riverbed. Thus, it passed from a braided river to a silted channel. After the prohibition of extractions in 1982, a gradual return of the natural equilibrium was observed.

Integrated surface water modelling in a decision support system: Application to the Lower Var valley, France

Appendix 3. Floods events in the Lower Var valley

Three significant documented flood events were identified for several decades in the Lower Var valley:

in November 1994, in November 2011 and in November 2016.

The 1994 flood event was documented by the Regional Direction of the environment (DIREN PACA)

in 1995 [DIREN, 1995]. This document summarizes and analyses the 1994 flood event in the Provence-Alpes-Côte-d'Azur Région. Especially, the precipitation observed in the Alpes-Maritimes department was equal to 150 mm the 4 th November 1994 (see Figure 3.1). One of the main information is the cumulative rainfall in the two previous months in this area which was equal to 600 mm, or the equivalent of annual precipitation. That has saturated soils and caused directly run-off. The peak discharge at the Napoléon III bridge was estimated with the Gumbel law, by using 37 monthly instantaneous maximum discharges, as 3,600-3,800 m³/s (see Figure 3.2). The observed water level evolved from 1.52 m, at 11 AM, to 4.31 m, at 6 PM at this station. The water table was also recorded during the event, and the river-aquifer exchange is clearly identified in this flood event. This event caused a lot of damages (see Integrated surface water modelling in a decision support system: Application to the Lower Var valley, France

Appendix 5. Water table contour maps achieved in the AquaVar project

Several maps were set up in the past to understand the behaviour of the alluvial aquifer and its exchanges with other water bodies. To obtain a current view of this hydrodynamics, two maps were designed: the first one in July 2015 (dry period) and the other one in December 2016 (flood period).

On the field, the accessible points were identified based on a French database [IGN, 2016] which lists boreholes since the 50s. This database locates the boreholes and gives geological information. But, sometimes the wells are not usable because of the land development in the last past decades. Therefore, a field investigation was done

Integrated surface water modelling in a decision support system: Application to the Lower Var valley, France 286 to locate 146 boreholes including 62 accessible points. Among these points, 31 devices record the water table level with a real-time system. For each point the piezometric level was evaluated with water depth and topography of the equipment. To obtain these, two devices were used: a sensor "OTT KL010" to measure the water depth and a Global Navigation Satellite System (GNSS "LEICA GX 1230X") method to give the The GNSS method provides spatial coordinates, and travel speed. These data are obtained by measuring the distance, at time t, between the receiver and an artificial satellite which position in space is accurately known.

By combining the simultaneous measurement of the distance from, at least, four satellites, the receiver can provide the position by trilateration. The uncertainty of the positioning is in the order of a few centimetres or less. Here, the device uses two satellites placed in geostationary orbit, the information provided by signals from the American GPS and Russian GLONASS satellite constellations [Leica Geosystems, 2001]. And, with approximately 1000 recorded values the spatial coordinates present a reasonable accuracy of 1 cm.

A form was designed to explain the methodology used. It describes the process from requiring data collection to the achievement of the water Weighting (IDW), Spline interpolation, and Kriging approach. Here, the IDW method was used. This approach assumes that things that are close to one another are more alike than those that are farther apart.

To predict a value for any unmeasured location, IDW uses the measured values surrounding the predicted location. The measured values which are closest to the prediction location have more influence on the predicted value than those farther away. IDW assumes that each measured point has a local influence that diminishes with distance. It gives greater weights to the closest points to the prediction location, and the weights diminish as a function of distance. First, the distance is evaluated between a searched point and the others:

ℎ 𝑖 (𝑥, 𝑦) = √(𝑥 -𝑥 𝑖 )² -(𝑦 -𝑦 𝑖 )².

Eq. 5.1

Secondly, the weights ωi (i = 1, .., N) are inversely proportional to a power p > 0 in order to have more influence than the closest values. Thus, with given data 𝑥 𝑖 , 𝑦 𝑖 , 𝑧 𝑖 , where 𝑧 𝑖 is the considered point to make interpolation and, z the results of the IDW approach are:

𝑧(𝑥, 𝑦) = ∑ 𝜔 𝑖 (𝑥, 𝑦)𝑧 𝑖 𝑁 𝑖=1

, Eq. 5.2

where 𝜔 𝑖 are given by: 𝑤 𝑖 (𝑥, 𝑦) = ℎ 𝑖 (𝑥, 𝑦) -𝑝 ∑ ℎ 𝑖 (𝑥, 𝑦) -𝑝 𝑁 𝑖=1

Eq. 5.3

Integrated surface water modelling in a decision support system: Application to the Lower Var valley, France Appendix 6. Description of the Gumbel law Gumbel law involves two parameters: the gradex b which is the scale parameter, and the mode a which is the position parameter. To apply this method, two kinds of observed data are collected at each boundary: one is the maximum daily average discharge and the other is the maximum instantaneous observed discharge. These data were extracted to maximum value for each year. Also, the Gumbel law was applied based on these maximum values.

The data are sorted in ascending order and ranked by number. And, Gumbel variable U is defined:

Eq. 6.1

where frequency F is defined by: 𝐹 = (𝑅 -0.5) 𝑁 Eq. 6.2

with ranked number R and the number of data N.

Here, the moment method is used to compute two statistical parameters, the gradex b and the mode a. These parameters are defined by: 𝑏 = 𝜎 * √6 𝜋 𝑎 = 𝑥 -𝑏 * 0.5772

Eq. 6.3

where 𝜎, 𝑥 are standard deviation and average of observed data respectively.

Knowing these parameters, estimated peak discharge 𝑄 𝑒𝑠𝑡,𝑚𝑎𝑥 is calculated as follows:

𝑄 𝑒𝑠𝑡,𝑚𝑎𝑥 = 𝑏 * 𝑈 + 𝑎 Eq. 6.4

According to this formula, each return period can be associated with an estimated peak discharge:

𝑄 𝑒𝑠𝑡,𝑚𝑎𝑥 = 𝑏 * [-𝑙𝑛{-𝑙𝑛(𝐹)}] + 𝑎 Eq. 6.5

The confidence interval is an observed range where the probability of the observed value is contained in the interval limited by two boundaries. For a confidence interval that equals to 𝛼% on an estimation of a variable, there is a probability of 0.5𝛼% that the variable is smaller than the upper boundary or bigger than the lower boundary. The confidence interval at 𝛼% on quantile 𝑥 𝐹 is given by the standard division 𝜎 and the estimation of the quantile 𝑥 ̂𝑓: where, 𝑢 𝑎 is the probability of not exceeding 1 -1-𝑎 2 of a variable that follows a standard normal distribution. For 𝛼=90%, 𝑢 𝑎 = 1.6449 and for 𝛼=95%, 𝑢 𝑎 = 1.96. 𝑡 𝐹 is the probability of not exceeding 𝐹 of a variable that follows Gumbel distribution, given by the mean and standard deviation of the variable:

-ln[-ln(𝐹)] -0.557 1.28 . Eq. 6.8

Appendix 7. Flood events selected to generate the shape of the hydrographs at

Carros and Estéron stations

In order to generate hydrographs for boundary conditions of the 2D hydraulic model, representative flood events were collected and analysed to identify the shape. Two measurement data were used: those from the Esteron river and those from the Var River. These inundation maps were generated for different return periods (2, 5, 10, 20, 50, and 100 years) and extreme peak discharges (3,000 m3/s, 3,500 m3/s, 3,800 m3/s and 5,000 m3/s).