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. On this test case, measured velocities have been compared with the simulated ones. Thanks to an infiltration source term added to the mass conservation equation, hydrographs at the outlet of the plot have been well reproduced, as well as the main part (including the highest values) of the measured velocities. In particular, the velocities are well represented when the criterion given in the first test case is satisfied. Finally, the model is applied to a real watershed with an area of 1 km 2 on which hydrographs at the outlet have been successfully reproduced for two extreme rainy events [Le Bouteiller et al., 2015]. It appeared that both physical and numerical error were low in the hydrographic network and that the local velocities are correctly reproduced there, unlike in the hillslopes where the velocities are not well reproduced even if the mass fluxes are correct.

Introduction

In mountain areas, civil and industrial safety issues require an assessment of the sediment exportations over some very productive watersheds. As a first step, the comprehension and prediction of the sediment dynamic require a model capable of reproducing hydraulic transfers at the catchment scale, and more particularly to be able to reproduce local velocity field in runoff modelling. Thanks to the increasing computer capacities and the availability of high resolution DEM (Digital Elevation Models), it is becoming more and more relevant to use physically based models. The Shallow Water Equations (SWE) [START_REF] De Saint-Venant | Théorie du mouvement non permanent des eaux, avec application aux crues des rivières et à l'introduction des marées dans leur lit[END_REF] are widely used to represent the overland flow ( [START_REF] Zhang | Modeling of two-dimensional overland flow[END_REF]], [START_REF] Gottardi | A control-volume finite-element model for two-dimensional overland flow[END_REF], [START_REF] Nord | PSEM2D: A physically based model of erosion processes at the plot scale[END_REF], [START_REF] Burguete | Friction term discretization and limitation to preserve stability and conservation in the 1d shallow-water model: Application to unsteady irrigation and river flow[END_REF], [START_REF] Delestre | FullSWOF: A software for overland flow simulation[END_REF], [START_REF] Cea | Experimental validation of a 2D overland flow model using high resolution water depth and velocity data[END_REF]). To solve these equations, two main challenges must be fixed. The first one concerns the numerical aspect of the problem, in particular the treatment of the wet/dry transitions with the presence of steep slopes over a large domain. The need to define a criterion to characterize the accuracy of the numerical resolution is then highlighted. The second challenge is the modelling of an essential physical process: the friction. Regarding the first challenge, many authors have dealt with different aspects of the numerical solution of the 2D Shallow Water models for runoff applications. Since the nineties, the finite volume method ( [Bouchut, 2004], [Toro, 2009], [Vázquez-Cendón, 2015]) is mainly used to solve the 2D Shallow Water Equations. Thus, it appears that the key point of this numerical resolution is to preserve the positivity of the water depths, to deal with dry zones in presence of steep slope, and to be well-balanced in the sense of [START_REF] Greenberg | A well-balanced scheme for the numerical processing of source terms in hyperbolic equations[END_REF], meaning preserving the hydrostatic balance of the lake at rest. In the literature, some numerical schemes have been developed to verify all these properties ( [START_REF] Kurganov | A second-order well-balanced positivity preserving central-upwind scheme for the Saint-Venant system[END_REF], [START_REF] Gallardo | On a well-balanced high-order finite volume scheme for shallow water equations with topography and dry areas[END_REF], [START_REF] Canestrelli | Well-balanced high-order centred schemes for non-conservative hyperbolic systems. applications to shallow water equations with fixed and mobile bed[END_REF], [START_REF] Hou | An improved hydrostatic reconstruction method for shallow water model[END_REF], [START_REF] Cea | A simple and efficient unstructured finite volume scheme for solving the shallow water equations in overland flow applications[END_REF], [START_REF] Chertock | Well-balanced positivity preserving central-upwind scheme for the shallow water system with friction terms[END_REF], [START_REF] Xia | An efficient and stable hydrodynamic model with novel source term discretization schemes for overland flow and flood simulations[END_REF]). For the purpose of having a robust resolution of the Shallow Water Equations for runoff applications, the best compromise needs to be found between accuracy of the numerical scheme and the good properties above-mentioned. One common numerical method to respect states of equilibrium from a classical numerical scheme such as the HLLC scheme introduced by [START_REF] Toro | Restoration of the contact surface in the HLL-Riemann solver[END_REF] or the kinetic scheme is the hydrostatic reconstruction introduced in [START_REF] Audusse | A fast stable well-balanced scheme with hydrostatic reconstruction for shallow water flows[END_REF]. Nevertheless, in case of steep slopes and low water depths, the hydrostatic reconstruction needs very fine mesh (see [START_REF] Delestre | A limitation of the hydrostatic reconstruction technique for shallow water equations[END_REF]) and this is not compatible with large scale applications like in entire watershed. Several authors propose improvements of the hydrostatic reconstruction ( [START_REF] Caleffi | Well-balanced bottom discontinuities treatment for high-order shallow water equations WENO scheme[END_REF], [Bouchut and De Luna, 2010], [START_REF] Díaz | High order exactly well-balanced numerical methods for shallow water systems[END_REF], [Morales de Luna et al., 2013], [START_REF] Hou | An improved hydrostatic reconstruction method for shallow water model[END_REF], [START_REF] Xia | An efficient and stable hydrodynamic model with novel source term discretization schemes for overland flow and flood simulations[END_REF]). In this paper, a modification of the hydrostatic reconstruction proposed by [START_REF] Chen | A new hydrostatic reconstruction scheme based on subcell reconstructions[END_REF] will be compared to experimental data at different scales from representative test cases of runoff applications and a criterion to qualify the numerical results will be defined. The second challenge concerns the modelling of the friction terms which is one of the essential physical processes for runoff applications. Indeed, in the presence of steep slopes, the solution of the Saint-Venant equations is provided by a slope-friction balance. Some limitations are encountered for the physical representation of important phenomena such as the effect of bottom friction on flow. The diversity of flows from rain-induced runoff leads to varied inundation regimes and the laws of friction are often specific to each regime. To represent the friction of water on the bottom, the model of [Lawrence, 1997] is chosen for its ability to represent different flow regimes. However, since this model is defined for turbulent flows, a Poiseuille friction law is used as in [START_REF] Kirstetter | Modeling rain-driven overland flow: empirical versus analytical friction terms in the shallow water approximation[END_REF] for laminar flows.

The key point of this study is to evaluate the relevance of a numerical model to represent the velocity field in a watershed with rain-induced runoff, using a friction law adapted to each turbulence and inundation regime. More generally, under which conditions the velocity field can be well represented and how much confidence one can have in numerical model for the velocity field representation.

The objectives of this paper are:

• to consider the different aspects of the problem: the numerical treatment of the slope source term and the physical representation of the friction term for application on a wide range of scales;

• to propose a double criterion to qualify the simulation results, and more particularly the relevance of the velocities. This double criterion is defined from both the theoretical error on the discretization of the source term [START_REF] Chen | A new hydrostatic reconstruction scheme based on subcell reconstructions[END_REF] and a heuristic analysis of the root mean square error on the laboratory test cases. The first criterion ensures the mesh convergence of the numerical scheme. The second criterion shows that in the case of low water depths and large slope gradients, it is possible to have well represented velocities in the model;

• to validate and deepen the whole methodology with representative test cases of increasing difficulty from laboratory experiments to real applications.

In this work, the model is confronted with velocity measurements at different scales and the velocity field is evaluated on a watershed application. Many works are interested in the representation of the velocity fields on a specific case ( [START_REF] Tatard | Measurement and modelling of high-resolution flowvelocity data under simulated rainfall on a low-slope sandy soil[END_REF], [START_REF] Cea | Experimental validation of a 2D overland flow model using high resolution water depth and velocity data[END_REF], [START_REF] Kirstetter | Modeling rain-driven overland flow: empirical versus analytical friction terms in the shallow water approximation[END_REF]) and some works that have addressed numerical problems on steep slopes at different scales with a focus on discharges at the domain outlet [START_REF] Kim | Coupled modeling of hydrologic and hydrodynamic processes including overland channel flow[END_REF]. The key contribution of this work is to propose a method for evaluating velocities in the computational domain:

• at different scales, ranging from a laboratory channel of a few meters to a mountain watershed;

• with steep slopes and friction laws adapted to each case;

• with a recent, simple and massively parallel numerical method.

The paper will be organized as follows: in the first section, the governing equations and the finite volume scheme will be described and we will focus on the improvement of the hydrostatic reconstruction by the Chen and Noelle's scheme. The theoretical error due to the discretization of the slope source term, given by [START_REF] Chen | A new hydrostatic reconstruction scheme based on subcell reconstructions[END_REF], is following a dimensionless number depending on the slope, the mesh size and the water depth. The friction modelling will be adressed in details. The second section will be dedicated to laboratory test cases used on one hand for the definition and validation of a heuristic criterion to qualify the simulation results and, on the other hand, the validation of the friction modelling. The first experiment is a laboratory case [START_REF] Kirstetter | Modeling rain-driven overland flow: empirical versus analytical friction terms in the shallow water approximation[END_REF] which simulates a rain induced runoff in a straight channel with a constant slope. It will be used to evaluate the error made on the numerical resolution of the Shallow Water Equations and its effects on the velocities. The second experiment is also a laboratory case, but with a more complex geometry [START_REF] Cea | Experimental validation of a 2D overland flow model using high resolution water depth and velocity data[END_REF]. It is a sinusoidal mould with a rough fixed bottom on which several types of flow are developing. This allows the observation of the velocities for different inundation regimes and consequently the evaluation of the effect of the friction law. Finally, we present the results of the methodology on a more complex test case. Data from an instrumented plot of 40 m 2 in Thies (Senegal) have been selected [START_REF] Tatard | Measurement and modelling of high-resolution flowvelocity data under simulated rainfall on a low-slope sandy soil[END_REF]. They are used to qualify velocities on a real field with rain induced runoff on a larger scale than laboratory experiments. The data of the Draix-Blone observatory in France [Le Bouteiller et al., 2015] are used for an application on the Laval watershed, a well instrumented watershed of about 1 km 2 . Even if the velocities are not measured on this basin, their impact on the outlet discharge and catchment response will be evaluated.

Material and method

Overland flow simulation

The 2D Shallow Water Equations are derived from the Navier-Stokes equations with hydrostatic pressure and uniform vertical velocity assumptions [START_REF] Gerbeau | Derivation of viscous Saint Venant system for laminar shallow water; numerical validation[END_REF]. These assumptions are available if the flow is shallow and the variations of the slope are not large [START_REF] Gerbeau | Derivation of viscous Saint Venant system for laminar shallow water; numerical validation[END_REF]. They write:

             ∂h ∂t + ∂hu ∂x + ∂hv ∂y = R -I ∂hu ∂t + ∂ hu 2 + gh 2 2 ∂x + ∂huv ∂y = gh -∂z ∂x -S f x ∂hv ∂t + ∂huv ∂x + ∂   hv 2 + gh 2 2   ∂y = gh -∂z ∂y -S f y , ( 1 
)
where h is the water height, t the time, u the flow velocity in the x direction, v the flow velocity in the y direction, R the rain intensity, I the infiltration rate given by an infiltration model (see section 2.1.3), g the gravity constant, z the bottom elevation and S f x and S f y the friction slope respectively in the x and y directions.

Numerical resolution

An unstructured mesh is used to discretize the domain in space. This allows better adaptation to the complex topography of a basin by better representing its topography and especially the shape of rivers and gullies in the river system. Using the formalism presented in [START_REF] Audusse | A well-balanced positivity "secondorder" scheme for shallow water flows on unstructured meshes[END_REF], a control volume is constructed at each node of the mesh, creating a boundary between each neighbor node of the mesh, as shown in figure 1.

Figure 1: Representation of the formalism used for the 2D unstructured mesh resolution.

The Shallow Water Equations (1) can be solved with a finite volume scheme which writes:

U t+1 i = U t i - j∈Vi ∆t ∆x ij F t ij + ∆t ∆x ij S t ij , (2) 
where

U t i = (h t i , h t i u t i , h t i v t i
) the states at time t in the node P i , V i all the nodes surrounding P i , ∆t the time step, ∆x ij = Ci Lij the space step with C i the area of the cell constructed around the node P i and L ij the length of the boundary edge between the cells C i and C j , F t ij is the numerical flux at the interface between the cells C i and C j along n ij , the normal vector to the boundary edge and S t ij = (R i -I i , s t ijx , s t ijy ) are the source terms of mass and of momentum along x and y directions. The main difficulty in solving these equations lies in how to deal with the slope source terms s t ijx and s t ijy to respect the positivity of the water depth and the hydrostatic balance and more particularly in case of wet/dry transitions and steep slopes applications.

The Shallow Water Equations are solved with the scheme (2) and the interface fluxes are calculated with the HLLC method [START_REF] Toro | Restoration of the contact surface in the HLL-Riemann solver[END_REF]. The intermediate states involved in the flux calculation are defined as

U ij = (h ij , h ij u i , h ij v i ).
The modified hydrostatic reconstruction method finally gives:

z ij = min(max(z i , z j ), min(h i + z i , h j + z j )), h ij = min(h i + z i -z ij , h i ), S ij = g 2 (h i + h ij )(z i -z ij )n ij L ij .
Based on the definition given by [START_REF] Chen | A new hydrostatic reconstruction scheme based on subcell reconstructions[END_REF], a fully wet state when the water depth is higher than the bottom difference between two cells, and a partially wet regime otherwise, are distinguished at the interface of two cells (Figure 2 illustrates these regimes).
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Figure 2: Illustration of the partially wet and fully wet regimes at the interface of two cells.

If we consider the non dimensional number β = h ∆x∂xz , if β is inferior to 1 the regime is partially wet and fully wet otherwise. The exact error made on the source term then can be estimated. Indeed, [START_REF] Chen | A new hydrostatic reconstruction scheme based on subcell reconstructions[END_REF] give the theoretical slope source term error like:

S ij S ex = 1 - 1 2β , (3) 
for the fully wet regime (β ≥ 1) and

S ij S ex = 1 - β 2 , (4) 
for the partially wet case (β < 1). The simulations are performed in two dimensions with the open source computational code TELEMAC2D [Hervouet, 1999] mainly used in river applications. The computation code is parallelized with the MPI method. The computation times given in the next sections correspond to simulations on 56 cpu cores on Intel Xeon CPUs E5-2697 v3 -2.60GHz. The presented scheme has been added the TELEMAC2D computation code and is available since the V8P0 version.

Friction term

Whatever the formulation considered, the friction term is computed with a semi-implicit treatment [START_REF] Kirstetter | Modeling rain-driven overland flow: empirical versus analytical friction terms in the shallow water approximation[END_REF]. [START_REF] Bristeau | Boundary conditions for the shallow water equations solved by kinetic schemes[END_REF]] demonstrated that the friction term S f defined as:

S f = 3νu gh 2 , ( 5 
)
where ν is the water kinematic viscosity, is the approach that fits best with the data for the flume test case (section 2.2.1). More generally, this formula is used to represent friction in cases where the flow is laminar. For turbulent flows, the friction term defined by [Lawrence, 1997] is introduced to spatialize the friction term according to a constant size of roughness k s . This roughness size is linked to the Darcy-Weisbach coefficient with the following relation:

f =                      1 1.64 + 0.803ln(Λ) 2 if Λ ≥ 10 10 Λ 2 if 1 ≤ Λ ≤ 10 8 π C D min π 4 , Λ else , (6) 
with Λ = h ks the inundation rate and C D the drag force of the rough particles fixed to 1 in [Lawrence, 1997]. With this formulation, the friction coefficient varies continuously for different inundation ratios and is related with the friction slope with the relation:

S f = f 8g u|u| h . (7) 
It has been demonstrated in [Lawrence, 1997] that this friction model can fail for Reynolds numbers below 1000 and inundation ratios above 10 (Λ ≥ 10 in the equation ( 6)). In these cases, as the Reynolds number is low, the flow is laminar. By replacing the Lawrence's friction model by the Poiseuille model, presented in the equation ( 5), a mixed friction model is introduced.

All these friction models are not yet available in the official version of TELEMAC2D and have been implemented for this work.

Infiltration model

An improvement of the [START_REF] Green | Studies on soil physics[END_REF] model, presented in [START_REF] Brakensiek | Agricultural management effects on soil water processes part II: Green and Ampt parameters for crusting soils[END_REF]] and [START_REF] Esteves | Overland flow and infiltration modelling for small plots during unsteady rain: numerical results versus observed values[END_REF] is used to represent the infiltration in the model. It is a vertical 1D model computed at each cell of the domain. As this infiltration model is only 1D vertical, its resolution is much faster than a 3D model with groundwater exchange like [Richards, 1931] type models. Moreover, the conductivity of the layers can be variable in the domain. The Horton model [Horton, 1933] is also widely used, but it does not allow to represent the vertical structure of the soil like this model. The infiltration rate is described like:

I = K 1 + h f + h z f , (8) 
with K the soil conductivity under less than 1 cm of hydraulic head, h f the capillarity head and z f the wetting front. Then, the wetting front is updated following the equation:

z f = I C θ s -θ i , (9) 
with I C the cumulated height infiltrated since the beginning of the event, θ s the saturated soil moisture or the porosity and θ i the initial soil moisture. In the watershed application, the soil is vertically divided in two layers, a first one with an associated depth Z c and conductivity K c and a second one with a depth considered as infinite and a conductivity K s . The conductivity K varies with the wetting front evolution according to this equation:

   K = K c if z f ≤ Z c K = z f z f -Zc Ks + Zc Kc if z f > Z c . (10) 
This model can be used with one or two layers depending on the nature of the soil in each case. Considering the thickness of the first layer as infinite allows to reduce it to a single-layer model. This single-layer model is used in particular in the case of the Thies instrumented plot. The use of the two-layer model is justified by the fact that the measurements carried out in the Laval watershed clearly show a different structure between the surface layer and the inner layer of the soil. Indeed, [Mathys, 2006] shows that for out of more than 160 profiles measured in the basin, there is a superficial structure, unstructured and porous of 8 cm deep on average. Deeper, there is a much more structured layer with less porosity. This model is not present in the TELEMAC2D official sources and has been added by the authors via users routine.

Experimental test cases

Four test cases are selected at different scales and degrees of complexity. First two laboratory test cases are selected with a simple geometry. The first laboratory case is used to evaluate the effect of the resolution method and the other one to evaluate the impact of the law of friction on local velocities. Then, the model is applied to a real case on a small plot to confirm the results of the two previous test cases. Finally, the model is evaluated over a watershed of about 1 km 2 on which it is possible to reproduce the discharge at the outlet.

Flume experiment

[ [START_REF] Kirstetter | Modeling rain-driven overland flow: empirical versus analytical friction terms in the shallow water approximation[END_REF] provide data for a test case which is a straight channel of dimensions 4.04 m by 0.115 m. With a rain simulator over the domain, a steady rain, with an intensity of 25 mm/h or 50 mm/h depending on the chosen scenario, is applied during 600 s. The temporal evolution of the discharge at the outlet of this channel is observed with a time step of 0.1 s. This temporal evolution of the discharge is obtained by weighting the water flowing out of the channel. The water depth and the velocities are also measured along the channel every 60 cm when the steady state is reached. They are measured with a salt-tracing method [START_REF] Planchon | An automated salt-tracing gauge for flow-velocity measurement[END_REF]. The dataset is available for three slope values: 2%, 5% and 25%. All slope and rain intensity configurations are used with the exception of the case with a slope of 5% and a rain intensity of 50 mm/h as no data are available on this case. The table 1 

Sinusoidal mould experiment

The second test case is a laboratory test case representing a real field with several values of inundation ratio [START_REF] Cea | Experimental validation of a 2D overland flow model using high resolution water depth and velocity data[END_REF]. At the inlet, runoff with water depths from 1 to 3 mm is observed, with high velocities. Then the flow is directed to furrows where the water depths can reach 2 cm. This test case is representative of the hydraulic transition which can be observed on a real plot with hydraulic jump between the runoff and the flow in the furrows. The number of furrows varies from one to three depending on the choice of the slope and the inlet discharge. Three configurations are considered. The basic configuration has an inflow of 94.12 cm 3 /s, a mean slope of 11.54 %, so we have only the first furrow filled with water. In the second configuration, the mean slope is increased to 20.4 %, the inlet discharge stays close to the initial configuration 108.52 cm 3 /s and water is flowing in the three furrows. The last configuration takes the same slope as the first configuration 11.54 %, but the inflow is three times higher: 291.15 cm 3 /s, and two furrows are supplied by water. The data available on this test case are measured at the steady state so they do not evolve in time. The water depths and the bottom elevation are measured with a laser scanner as presented in [START_REF] Legout | High spatial resolution mapping of surface velocities and depths for shallow overland flow[END_REF] in the whole domain with a spatial resolution of 0.5 mm and the experimental uncertainty of the water depth is 1 mm. Concerning the velocities, they are measured with the LSPIV method [START_REF] Legout | High spatial resolution mapping of surface velocities and depths for shallow overland flow[END_REF], with a spatial resolution of 5 mm and an experimental uncertainty of 0.1 m/s. Figure 3 shows the bottom topography of the sinusoidal mould.

There is no infiltration in this test case.

Figure 3: Bottom elevation of the sinusoidal mould experiment.

Plot experiment

The third experiment is described in [START_REF] Tatard | Measurement and modelling of high-resolution flowvelocity data under simulated rainfall on a low-slope sandy soil[END_REF]. The measurement site is located in Thies, Senegal. The plot is 10 m long and 4 m wide. An uniform rain is applied to the domain using a rain simulator as described in [START_REF] Esteves | Overland flow and infiltration modelling for small plots during unsteady rain: numerical results versus observed values[END_REF]. After several rain events that have eroded the soil, the sediment mobility of the soil was considered as negligible and the soil is considered fixed for the period of interest. The soil is mainly composed of sand with a roughness size that will be considered spatially uniform. The average rain intensity applied by the simulator is 67 mm/h for 2 h. We note that there is a significant infiltration process in the domain because the total mass of rainfall does not correspond to the mass that was collected at the outlet. Velocities measurements were taken at 62 different locations on the plot. The measurement procedure is salt-tracing as in the first experimental case. Unlike the previous test case, there is no water level measurement in this case. Figure 4 shows the bottom topography of the plot and the location of the 62 velocity measurements. Some irregularities can be observed on the bottom topography which can mainly be due to measurement errors. However, since the true elevation of the bottom at these locations is not known, and they are quite far from each measurement point, the topography is kept as it is for the simulations. Overland flow models have already been tested on this dataset [Mugler et al., 2011].

Figure 4: Bottom elevation and velocity measurement points of the plot experiment in Thies.

Watershed application

The model is then evaluated by comparing results of the model to measured outlet discharges from field measurements on a real catchment. The Laval watershed is a sub-catchment of the Bouinenc watershed, located on the Draix-Bleone site [Le [START_REF] Bouteiller | Observatoire hydrosédimentaire de montagne Draix-Bléone[END_REF] in the Southern French Alps. The climate is a mountainous climate influenced by the Mediterranean climate which is reflected in particular by heavy summer storms and an average annual rainfall of 900 mm. Its total area is 0.86 km 2 and the mean slope is 58 %. The soil is mostly constituted of black marls and 68% of the surface is a bare soil. At the outlet of the catchment, the data are available for many rainfall events with a time step of 60 s. The rainfall for every event is also measured every 60 s. The flow rate is evaluated by laser measurement of the water depth over a known fixed section. The size of the basin and the steep slopes cause the hydrological response to be fast. Consequently, the short and intense storm events lead to the highest flow rates at the outlet [Mathys, 2006]. Two different events are selected, one spring rain following three rainy days with a high soil moisture initial condition, and a summer storm with a dry initial soil state. The choice of these events is motivated by the fact that the initial state of the soil is very different from one to the other, but also because they are the two events that had the greatest impact on sediment transport in a year. Figure 5 shows the bottom topography of the Laval watershed. Different studies have been performed in this observatory, mainly related to sediment transport ( [START_REF] Lukey | Test of the SHETRAN technology for modelling the impact of reforestation on badlands runoff and sediment yield at Draix, France[END_REF], [START_REF] Bechet | Detection of seasonal cycles of erosion processes in a black marl gully from a time series of high-resolution digital elevation models (DEMs)[END_REF]), but also to hydrological processes [START_REF] Esteves | Soil hydraulic properties in a marly gully catchment (Draix, France)[END_REF]. 3 Results

Flume experiment

The domain has been discretized in three triangular meshes with a space step of respectively 10 cm, 1 cm and 1 mm. Thus, the outlet discharge considered is rescaled for a width of 0.115 m. On the 1 mm mesh, the number of elements is 1.3 million and the computation time is about 3 hours. The simulation duration is 1000 s, the first 600 s representing the rise of the hydrograph and the steady state and the last 400 s the emptying of the domain.

To evaluate the error between the simulation and the measurements, the root mean square error is calculated on the outlet discharge. Then, it is normalized by the mean values of the measured outlet discharge at the steady states. The error is first evaluated on the outlet discharge, because it is the most accurate data available for this test case. Indeed, velocities are measured at only seven points along the channel with uncertainties regularly exceeding 10%.

In this test case, the slope source terms treatment is crucial in the momentum conservation equation because the water depths are low and the slopes are steep. In addition, the equations ( 3) and (4) show that the numerical accuracy of the slope source terms treatment is strongly dependent on the mesh size (via the definition of β). The evolution of the water depth is regular in this test case, so the mean value in the domain at the steady state is considered as the representative depth for the calculation of β. In figure 6, the simulations error made on the outlet discharge is compared with the theoretical error made on the source term depending on the value of β.

For the fully wet regime (β > 1), the RMSE on the outlet discharge follows the theoretical source term error. This result implies that we have a convergence in mesh size because whatever the slope and the positive water height defined, a mesh size can always be adapted to be in the case where β is large enough to minimize the error. But due to CPU limitation β could be less than 1 so the partially wet regime must be studied. There is no clear relation between the simulation error and the theoretical source term error. It appears that an error is made on the homogeneous problem, coming from the reconstructed values used in the calculation of the numerical fluxes. Focusing on the points that are in the partially-wet regime, it shows that the six points corresponding to the smallest errors are the simulations with a 25% slope. In addition, the two simulations corresponding to the smallest errors are the simulations with a rain intensity of 50 mm/h, and the error is very close for two different mesh sizes. Starting from these observations, it seems that the error made in the partially-wet case is not strongly dependent on the mesh size. Moreover, it seems to decrease when the slope and the water depths increase. By plotting the simulation error and the value of the water depth multiplied by the slope, a clear relation is highlighted in figure 7. This result suggests that for the partially wet case, the error is decreasing when the slope source term gh∂ x z is increasing.

To illustrate the impact of the numerical resolution on the velocities behavior in the domain, three simulations in particular are selected. The first case is the case where the error is minimal, i.e. the fully-wet case for which β is maximal. This is the case with a 50 mm/h rain on a 2% slope with a mesh size of 1 mm. Figure 8 shows the simulated discharge compared to the experimental data at the channel outlet, but also the velocities along the channel at the steady state. This result shows that for a fully-wet case with a large enough value of β, the numerical resolution is accurate and the simulations fit well with the experimental data. The second case chosen is where the error is maximal. This corresponds to a rainfall of 25 mm/h on a slope of 2% with a mesh size of 10 cm. In this case, a loss of quantity of movement is observed and the outlet discharge is very underestimated, as shown on figure 8. The values of the mass fluxes at the steady part of the hydrograph show that the numerical scheme is mass conservative. This corresponds to the sum of the F ij terms in the equation (2) at the output boundary condition. The simulated discharge presented here is the product between the longitudinal component of the velocity and the water depth (hu in the shallow water equations ( 1)). Therefore, the difference between the measured discharge and the experimental signal is directly related to the treatment of the slope source term in the momentum conservation equation. This also has an effect on the velocities, which are largely underestimated. The third case chosen is the case where the error is minimal when β is less than 1, when the term h∂ x z is maximal. This is the case with a 25% slope, a rainfall of 50 mm/h and a mesh size of 10 cm. A discharge lower than the experimental discharge is observed at the outlet of the channel. However, the discharge obtained is greater than the one obtained in the previous case. Indeed, to compensate for the loss of motion quantity, the model slightly overestimates the velocities, as seen in figure 8.

To sum up, velocities in the domain are well calculated when β is large enough. The criterion chosen to consider the error acceptable (RMSE<25%) is β > 2 for the fully wet case. However, this is not always possible, especially for flows with low water depths on steep slopes to construct a mesh fine enough to always be in this case. When β is lower than 1, the velocities can be significantly underestimated. Nevertheless, this only happens when the slope source term gh∂ x z is small, and the velocities are a bit overestimated if it is large. The criteria chosen to consider the error acceptable (RMSE<25%) is gh∂ x z > 2 • 10 -4 m 2 /s 2 , and it is independent from the mesh size on the partially wet case. 

Sinusoidal mould experiment

In the previous section, a double criterion has been defined on a simple test case to evaluate the runoff resolution error and its impact on velocities in the domain. By evaluating the velocities under these criteria, which are β > 2 or gh∂ x z > 2.10 -4 m 2 /s 2 , this second test case allows to study several types of inundation regime. Thanks to its sinusoidal geometry, there are furrows in which the flow develops and between these furrows there is runoff with small water depths. The model is calibrated with the water depths, because it is the most accurate and a finely spatialized data available in this experiment. This measurement at the steady state is used to calibrate the representative size of the roughness in the friction law.

To choose the parameter of the roughness size k s in the [Lawrence, 1997]'s friction model ( 6), several simulations have been made on each configuration. As the uncertainty measurement on the water depth is low, we choose to minimize the RMSE on this parameter. The minimal value of the RMSE is reached for a roughness size between 0.25 mm and 0.27 mm depending on the configuration. The value of k s is then fixed to 0.26 mm. This value is coherent as the soil is made of grains between 0.5 mm and 1 mm and the roughness visible in the topography plays a role in slowing the flow. Moreover, the mesh sizes and the topographic measurements are fine enough to represent a part of these grains.

Accordingly to the flume test case, we created three triangular meshes with different grid sizes. The mesh sizes chosen are 10 mm, 5 mm and 2 mm for each configuration. For the finest mesh configuration, the number of elements is 536 654 and the computational time for 1000 s of simulation is about 7 minutes. The water depth in the furrow is well represented by the simulations for each tested configuration, as it is shown in figure 9. The location of the hydraulic jump and the flow in the furrows are in good agreement with the experiments. Indeed, the maximum water depths, as well as the location of the hydraulic jumps at the entrance of the furrows are very well reproduced. However, the water level is a little overestimated in the farthest furrows, especially in the experiments with three furrows. As shown in [START_REF] Cea | Experimental validation of a 2D overland flow model using high resolution water depth and velocity data[END_REF], the velocities measurement method can give inaccurate results where the water depths are small. In this test case, the main interest is in the physical representation of friction, so a filter is applied to the velocities and only those for which the numerical resolution is good are considered. Consequently, only velocities measurement points for which β is greater than 2 are therefore taken into account. The table 2 shows that the RMSE is smaller with the finest mesh, but the degradation of the spatial discretization does not impact significantly the accuracy. As said previously, the velocity measurement points on the domain are chosen under the criteria given in 3.1, which means β is greater than 2, the slope being too gentle to be in the case where β < 1 and gh∂ x z > 2.10 -4 m 2 /s 2 . It is therefore considered that the resolution error is negligible and that friction formula plays a major role in the velocities description. Figure 10 shows that the smallest velocities are well represented in the model, but the highest velocities are underestimated with the [Lawrence, 1997]'s friction model. The trend of the curve shows that the modeled velocities are limited. Indeed, high velocities do not seem to exceed a threshold for each simulation. The second configuration is also presented in [START_REF] Cea | Experimental validation of a 2D overland flow model using high resolution water depth and velocity data[END_REF] and the results are very similar.

By studying the distribution of Reynolds numbers in the domain, it appears that a velocity limitation often occurs for relatively small Reynolds numbers. In addition, figure 10 shows that there is no more limitation for the highest velocities with the mixed friction model. The roughness coefficient k s of the Lawrence's model has been recalculated in function of the water depth by minizing the RMSE as before. The new value found is 0.3 mm. The highest velocities are better represented by the model, even some unexplained underestimations remain for the test cases 1 and 2. The Lawrence's friction model is more accurate to represent the smallest velocities in the domain, but it is necessary to use the mixed friction model to represent the highest values of the velocities. In the perspective of a coupling with a erosion and deposition sedimentary model, these velocities are the most important contributors.

Plot experiment

This experiment has been chosen to evaluate whether the conclusions drawn from the laboratory experiments could be exported to a real plot. It also acts as a transition between laboratory cases and a real watershed, especially with the introduction of the infiltration model described in 2.1.3. From a given average rainfall, the infiltration model is calibrated to reproduce the flow at the outlet of the plot. Then the velocities of the model are compared to measured velocities at several points. The error induced by the resolution of the shallow water is first evaluated on the velocities measurement points according to the conclusions drawn on the flume test case. Then, the goal is to see if the same limitation as on the sinusoidal mould test case is observed and if it is corrected by the mixed friction model.

On the plot, the finest mesh created is a 25 mm mesh, which corresponds to the resolution of the topographic data. This mesh has 137 921 elements and the computational time for the 8000 s simulation is about 7 minutes. The rain applied on the plot is variable with a mean value of 66.73 mm/h. The rain intensity is measured with rain gauges and fluctuations are observed around the mean value. These fluctuations are reflected in the outlet discharge observations. However, the salt-tracing velocity measurement technique requires a steady state in the plot. These fluctuations therefore lead to average several velocity measures spread over time. For the simulations, the choice made is to apply a constant rain to compare measured velocities with steady state simulated velocities. Thus, the infiltration model is calibrated to reproduce the total amount of water exiting the domain during the rain event. Figure 11 shows the measured and simulated total rain applied to the plot and the induced discharges at the outlet. To obtain this discharge with the Green-Ampt infiltration model, only one layer of soil is considered. The parameters used are:

• the layer conductivity: K = 7 mm/h,

• the effective porosity: θ s -θ i = 0.125.

The behavior of the hydrograph is well reproduced with this infiltration model. The raise of the hydrograph is very coherent with the observations. However, the hydrograph is drying up a little bit more rapidly than that observed, which can be explained by the fact that exfiltration is not represented by the model. The simulated velocities are compared with the 62 measurement points when the flow rate is stabilized (t=7000s). To set the representative size of the bottom roughness, k s in the friction model, the RMSE on the velocities is minimized. Unlike the previous experiment where the friction was set on the water depths, here only the measured velocities are available in the dataset. The parameter k s minimizing the RMSE is 0.37 mm for both Lawrence's friction and mixed friction model. Figure 12 represents the simulated velocities compared to the measured velocities in the domain. For both friction models, the highest velocities are well represented and an underestimation is observed for a part of the lowest velocities. The difference between the two friction models is observed only on the two points corresponding to the highest velocities.

Based on the results of the flume test case, the velocity can be underestimated for low values of β. This underestimation is observed for cases where β is less than 2 and the slope source term is not dominant (gh∂ x z < 2.10 -4 ). In this experiment, the slope is not steep enough to be in the case where β < 1 and gh∂ x z > 2.10 -4 so we can distinguish two cases: the case where β ≤ 2 and the velocity is underestimated because of the numerical scheme and the case where β > 2 and the velocity is well represented. These two cases are highlighted in figure 12 and explain the part where low velocities are underestimated. A mesh convergence analysis has been performed on this test case and the results are displayed in the table 3. It shows that the RMSE decreases with the mesh size. In addition, the topography is less well represented and the slopes are not strong enough for the source term to become dominant. To conclude, this experiment confirms the relevance of the use of the simplified Green-Ampt infiltration model to estimate the outlet discharge. The velocity behavior corroborates the results obtained from the two laboratory experiments. Velocities are underestimated when β is less than 2 due to the limitations of the numerical scheme highlighted in the flume test case. The two highest velocities are underestimated if the Lawrence model is located in the well inundated case with Reynolds numbers below 1000, which is corrected by the mixed friction model as shown in the sinusoidal mould test case. However, the larger is the mesh size, the smaller is the difference between the models. The choice of the mixed friction model is thus relevant for small scale experiment, especially to represent the highest velocities, but its impact is limited when the scale and the mesh size is increased.

Watershed application

The model is now applied to a real watershed on which outlet discharge measurements are available. At this scale, the finest mesh size used is 1 m and the Lawrence's friction model and the mixed friction model give the same results. The goal is to observe the effect of the numerical resolution on the representation of the outlet discharges.

On this domain, three mesh sizes are considered, with a space step of 1 m, 2 m and 5 m. The 1 m mesh has almost 2 millions elements and the computational time for a simulation is about 30 minutes. In the hydraulic network, the mesh is forced to follow the lowest point of the river. This leads to a greater representation of the channels geometry, in particular for the coarser mesh, and the water is flowing in the river direction. The model is calibrated to field data by comparing the measured and simulated outlet discharges on two events. The events are selected because they are the most erosive of the 2012 year, in terms of sediment volume exported at the outlet. The first event is recorded the 29th of May succeeding six rainy events from the 21st to the 27th of May. The maximal value of the rain intensity is 84 mm/h and the peak discharge is 3 m 3 /s. Concerning the other event, it is a summer storm of the 25th August with an initial dry state, the last recorded event being the 25th July. The maximal intensity of the rain is 156 mm/h and the peak discharge is 6.6 m 3 /s.

To simulate these events, we set the properties of the soil constant in time and space, modifying only the initial soil moisture (θ i in the infiltration model). The calibration has been performed on the finest mesh and gives the following soil parameters:

• first layer thickness: Z c = 80 mm,

• first layer porosity: θ 1 = 0.35,

• first layer conductivity: K c = 30 mm/h,

• second layer porosity: θ 2 = 0.25,

• second layer conductivity: K s = 1 mm/h,

• capillarity head: h f = 50 mm.

Inspired by the measurements of [Mathys, 2006], the parameters are chosen to have a porous surface layer and a more structured base layer. The value chosen for the base layer conductivity is clearly underestimated to balance the effects of the exfiltration, which is not represented by the model. the parameters representing the soil properties have been set to be as close as possible to the measurements. Then, the calibration process was carried out in two steps: a first step in which the initial water content was set to represent the peak intensity for each event, and a second step in which the representative size of the roughness was set according to the peak arrival time for the two events. The initial soil moisture is set to θ i =0.22 for the spring event and θ i =0.03 for the summer storm. Figure 13 presents the measured and simulated outlet discharges for the spring event and the summer event. The simulated results are in good agreement with the observations. The outlet hydrographs are well represented for the two events, especially for the 1 m and 2 m meshes. For the 5 m mesh, the flow is slowed and a dephasing is observed. The table 4 shows the RMSE on the outlet hydrographs normalized by each maximal value for the two events. The mixed friction model is used with a roughness size fixed to 5 cm, as the RMSE on the outlet discharge is minimized for this roughness size. Figure 14 shows the RMSE in function of the roughness size parameter of the Lawrence's friction model, and both events are minimized for the same value. The soil properties are considered as uniform in space, as well as the friction coefficient. The representation of the vertical structure of the soil is sufficient to have a satisfactory reproduction of the hydrographs. By isolating the areas where the error on the resolution is low according to the criteria given in 3.1, it appears that in the hydraulic network one has a good representation of the velocities by the numerical scheme. However, figure 15 shows that the dynamic is a little different for the two events. For the spring event where the soil is already wet and therefore the infiltration capacity is lower, the well resolved zone is better distributed upstream of the network. Concerning the summer event, the infiltration capacity is higher, but also is the discharge. The quantity of water concerned by the well resolved zone is more important downstream of the basin, but is less high in the network. The accuracy of the hydrographs seems to be in relation with the presence of large well resolved zones close to the outlet, where the discharge is measured. Indeed, the RMSE of the simulated outlet hydrograph of the summer event is much lower than the one for the spring event. 

Conclusion

This paper focuses on the relevance of the Shallow Water Equations to model rain-induced runoff modelling and particularly on the evaluation of the local velocities. Four experimental test cases were used to analyze and assess the numerical model and to better understand its behavior. The first experiment is a flume with a constant slope on which drops a constant rain used to evaluate the error due to the numerical scheme. The second test case is a sinusoidal mould with furrows representing the agricultural terrain. Then the conclusions from these two laboratory experiments were used to interpret the simulated results obtained on the Thies test case (10 meters long real sandy plot) in comparison with measurements. Finally, the model was applied on a real catchment (Laval catchment, in the southern French Alps) where only outlet discharge measurements were available.

The flume test case demonstrates that the error of the numerical resolution with the [Chen and Noelle, 2017]'s scheme can be quantified. This test case shows explicitly that this numerical error can lead to very important deviations on the simulated velocities for well reproduced mass fluxes. Thus, two criteria were defined to reproduce conditions in which the error is acceptable. The first one is verified if the water depth is two times higher than the bottom elevation difference between two adjacent cells. The second criterion is verified if the slope and the runoff water level are high enough for the slope source term gh∂ x z to be greater than 2 • 10 4 m 2 /s 2 .

The [Lawrence, 1997]'s friction model was used for its ability to reproduce a wide range of inundation ratios. Comparisons with velocities of the second test case showed that Lawrence's friction model is well adapted but presents a limitation to reproduce the highest velocities. This limitation was corrected by adding a laminar friction law to represent the velocities in a well inundated regime combined with low Reynolds numbers. The difference between Lawrence's model and the mixed friction model became less visible when the mesh size was larger, which was the case for larger scale applications (Thies plot and Laval watershed test cases).

On the Thies plot test case, the numerical error criterion allowed to discriminate well reproduced velocities from the other ones. When the numerical criteria are respected, the mixed friction model gave very good results compared to the measured velocities. The error coming from the friction representation could not be compared with the error coming from the numerical resolution, but the numerical criterion found was able to frame the good representation of the velocities.

On the Laval watershed, two rainy events with two different seasons and initial conditions were selected. The outlet hydrographs were well reproduced on both events with the mixed friction model. The numerical criterion showed that the velocities are well reproduced mainly in the hydraulic network. Depending on the initial soil moisture and the rain intensity, the well resolved zone (the zone respecting the numerical criterion) spread more or less in the gullies upstream.

This work proposes a new methodology to evaluate the quality of the representation of the velocity field in a watershed for rain-induced runoff. It highlights well known problems in solving the Shallow Water Equations in the presence of steep slopes and low water depths [START_REF] Delestre | A limitation of the hydrostatic reconstruction technique for shallow water equations[END_REF], [START_REF] Kim | Coupled modeling of hydrologic and hydrodynamic processes including overland channel flow[END_REF]). This provides an objective criterion for evaluating the discretization of the slope source term in a real case. This was possible thanks to a friction law identification work adapted to each studied test case allowing to neglect the impact of the physical representation of this one compared to the numerical error committed on the discretization of the slope source term.

Moreover, this methodology is built using a first-order numerical scheme implemented in open source computational code. This, combined with the choice of the right friction law for each case, makes this methodology transferable to other numerical schemes, and can be used as a basis for an objective choice of the numerical method to be used for velocity modelling for rain-induced runoff cases.
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 5 Figure 5: Bottom elevation of the Laval watershed.
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 67 Figure 6: Normalized Root Mean Square Error made in the simulations compared to the theoretical source term error.

  Figure 8: Temporal evolution of the outlet discharge (left) and velocities along the channel at the steady state (right) for the three chosen test cases, simulations vs measurements.

Figure 9 :

 9 Figure 9: Water depth (m) on the domain, experimental measure (left) versus simulation results (right) for the three configurations.
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 10 Figure 10: Measured velocities compared to simulated velocities, comparison between the Lawrence's friction model and the mixed friction model for the sinusoidal mould test case.
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 11 Figure 11: Rain and outlet discharge of the event in the plot for Thies case.
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 12 Figure 12: Measured velocity compared to simulated velocities, comparison between the Lawrence's friction model (left) and the mixed friction model (right) depending on the value of β for Thies case.
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 13 Figure 13: Measured outlet discharge compared to simulated results for the watershed case.
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 14 Figure14: Normalized RMSE on the outlet discharge for the two events considered for the watershed case.
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 15 Figure 15: Location of areas with minimal resolution error for the watershed case.

  

  

  

  

Table 1 :

 1 summarizes the simulated cases. The infiltration is not taken into account. Configurations for the flume test case simulations.

	Slope (%) Rain intensity (mm/h) Data available
	2	25	X
	5	25	X
	25	25	X
	2	50	X
	5	50	
	25	50	X

Table 2 :

 2 Mesh convergence analysis on the velocities.

	Configuration ∆x (mm) RMSE (m/s)
	1	2	0.0658396
		5	0.0718715
		10	0.0781000
	2	2	0.0584047
		5	0.0626524
		10	0.071708
	3	2	0.0384667
		5	0.0410869
		10	0.0471743

Table 3 :

 3 Mesh convergence analysis on the velocities for Thies case.

	∆x (mm)	RMSE (m/s)	RMSE (m/s)
		Lawrence's model mixed model
	25	0.031507	0.030972
	50	0.078562	0.078575
	100	0.089981	0.089981

Table 4 :

 4 RMSE on the outlet hydrographs for each event and each mesh size for the watershed case.

	Event	∆x (m) RMSE (-)
	29/05/2012	1	0.041959
		2	0.052898
		5	0.239660
	28/08/2012	1	0.025281
		2	0.028930
		5	0.155558
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