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Grassed buffer zones are an effective method to reduce contaminant impacts on aquatic environments. The general objective of this study is to explore the impact of both surface and subsurface heterogeneity on the hydrological responses of a vegetative buffer strip. Heterogeneity is described by two variables, microtopography and saturated hydraulic conductivity. Numerous surface and subsurface heterogeneity scenarios were simulated with a physically-based numerical model of coupled surface/subsurface processes. The scenarios were evaluated relative to data from an experimental vegetative filter in a Beaujolais vineyard, France. The subsurface scenarios show that conductivity heterogeneity plays a key role on the buffer strip's capacity to infiltrate incoming surface runoff and on the ensuing runoff pathways. The conjunctive surface and subsurface scenarios indicate that microtopography variability is comparatively less influential on the hydrological interactions and pathways within the buffer strip, and that representing this heterogeneity via appropriate statistical distributions can be a good assumption in practice.

Introduction

Non-point source pollution due to contaminant transfer from agricultural fields to aquatic environments is still a major environmental problem. Amongst best management practices, landscape elements such as fences or buffer strips can help mitigate this transfer. In particular, vegetative buffer strips between crops and rivers are becoming mandatory in several countries [START_REF] Poletika | Chlorpyrifos and atrazine removal from runoff by vegetated filter strips: Experiments and predictive modeling[END_REF][START_REF] Real | Topps-prowadis project: development of diagnosis methods and proposal of practical solutions in order to reduce transfers of plant protection product from run-off and erosion[END_REF]. Such grassed zones create a fostering area for infiltration, sedimentation, adsorption and degradation [START_REF] Dosskey | Toward quantifying water pollution abatement in response to installing buffers on crop land[END_REF][START_REF] Fox | Modeling water and sediment trapping by vegetated filters using VFSMOD: Comparing methods for estimating infiltration parameters[END_REF]. Within these zones, water, pesticide and sediment behaviours are complex, especially concerning runoff, surface lateral transfers and surface-subsurface interactions [START_REF] Carter | Herbicide movement in soils: principles, pathways and processes[END_REF][START_REF] Lacas | Processus de dissipation des produits phytosanitaires dans les zones tampons enherbées: étude expérimentale et modélisation en vue de limiter la contamination des eaux de surface[END_REF]. The sizing and placement of grassed buffer zones in a watershed requires a correct understanding and quantification of these complex processes. A first approach for doing this is via field experiments. For example, [START_REF] Lacas | Efficiency of a grass buffer strip for limiting diuron losses from an uphill vineyard towards surface and subsurface waters[END_REF] showed on their experimental vegetative filter (Beaujolais vineyard, France) that buffer efficiency for a moderately soluble contaminant (Diuron) is related to two main mechanisms: water runoff infiltration and contaminant retention in the superficial soil horizons. These results are related to a specific context: the hillslope is steep (25% slope), with a highly permeable sandy clay topsoil overlying a granitic sand formation that induces lateral subsurface fluxes. This field study showed that permeability has a dominant influence on hydrological behaviour and buffer strip efficiency, but the results are not easily transferable to other sites characterized by different soil types, climate conditions and agricultural practices [START_REF] Lacas | Using grassed strips to limit pesticide transfer to surface water: a review[END_REF][START_REF] Poletika | Chlorpyrifos and atrazine removal from runoff by vegetated filter strips: Experiments and predictive modeling[END_REF].

Physically-based models represent a second approach for the detailed investigation of the processes and dynamics associated with buffer strips. They allow us to describe the relevant physics with more detail and accuracy than conceptual models, which is necessary to study complex and interacting processes. For example the models GRASS [START_REF] Lee | Modeling phosphorus transport in grass buffer strips[END_REF], VFSMOD [START_REF] Munoz-Carpena | Modeling hydrology and sediment transport in vegetative filter strips[END_REF] and HYDRUS [START_REF] Simunek | The HYDRUS-2D software package for simulating twodimensional movement of water, heat, and multiple solutes in variably-saturated media[END_REF][START_REF] Yu | Hydrus: Software for flow and transport modeling in variably saturated media[END_REF][START_REF] Koehne | Coupled simulation of surface runoff and soil water flow using multi-objective parameter estimation[END_REF] have all been used to simulate water behaviour in vegetative strips [START_REF] Abu-Zreig | Factors affecting sediment trapping in vegetated filter strips: simulation study using VFS-MOD[END_REF][START_REF] Lacas | Processus de dissipation des produits phytosanitaires dans les zones tampons enherbées: étude expérimentale et modélisation en vue de limiter la contamination des eaux de surface[END_REF] and to assist in the design of these buffer zones [START_REF] Dosskey | Toward quantifying water pollution abatement in response to installing buffers on crop land[END_REF]. In modelling studies, saturated hydraulic conductivity (K s ) is generally found to be the most influential parameter on infiltration [START_REF] Munoz-Carpena | Modeling hydrology and sediment transport in vegetative filter strips[END_REF][START_REF] Sovik | Spatial variability of a solid porous framework with regard to chemical and physical properties[END_REF][START_REF] Herbst | Numerical experiments on the sensitivity of runoff generation to the spatial variation of soil hydraulic properties[END_REF]. This confirms the finding from other study sites and scales that K s is dominant for relatively wet soils [START_REF] Gribb | Parameter estimation for determining hydraulic properties of a fine sand from transient flow measurements[END_REF][START_REF] Yeh | A geostatistical inverse method for variably saturated flow in the vadose zone[END_REF][START_REF] Boateng | Evaluation of probabilistic flow in two unsaturated soils[END_REF][START_REF] Mertens | Sensitivity of soil parameters in unsaturated zone modelling and the relation between effective, laboratory and in situ estimates[END_REF], whereas saturated soil water content is the most influential parameter under dry soil conditions [START_REF] Simunek | Parameter estimation of unsaturated soil hydraulic properties from transient flow processes[END_REF][START_REF] Abbasi | Two-dimensional simulation of water flow and solute transport below furrows: model calibration and validation[END_REF][START_REF] Dages | Parameterization and evaluation of a three-dimensional modelling approach to water table recharge from seepage losses in a ditch[END_REF].

Another parameter that can be highly influential in the context of vegetative buffer strips but that has been much less studied than K s is microtopography, which is defined here as the soil surface variation from the 1 cm to 1 m scale [START_REF] Liang | A new surface runoff parameterization with subgrid-scale soil heterogeneity for land surface models[END_REF][START_REF] Polyakov | Precision riparian buffers for the control of nonpoint source pollutant loading into surface water: A review[END_REF][START_REF] Moser | Characterization of microtopography and its influence on vegetation patterns in created wetlands[END_REF]. Measuring these two parameters that are representative of subsurface (K s ) and surface (microtopography) heterogeneity is costly, time-consuming and uncertain [START_REF] Mohanty | Spatial analysis of hydraulic conductivity measured using disc infiltrometers[END_REF], since both are known to be highly variable horizontally and vertically [START_REF] Beven | On hydrological heterogeneity : Catchment morphology and catchment response[END_REF][START_REF] Ceddia | Topography and spatial variability of soil physical properties[END_REF][START_REF] Mulla | Variability in soil properties from soil classification[END_REF]. Subsurface heterogeneity is highly influential on water movement, and thus solute transfer. On the surface, both K s and microtopography play a key role in regulating surface runoff spatial distribution and intensity [START_REF] Woolhiser | Effects of spatial variability of saturated hydraulic conductivity on Hortonian overland flow[END_REF][START_REF] Sole-Benet | Influences of micro-relief patterns and plant cover on runoff related processes in badlands from Tabernas (SE Spain)[END_REF]. In their review of uncertainty in soil physical properties, [START_REF] Van Der Keur | Uncertainty in soil physical data at river basin scale ? a review[END_REF] summarize the assessment of horizontal saturated hydraulic conductivity autocorrelation from the literature: it can vary from 1 m [START_REF] Sobieraj | Scale dependency in spatial patterns of saturated hydraulic conductivity[END_REF][START_REF] Mulla | Variability in soil properties from soil classification[END_REF] to 120 m [START_REF] Cook | Spatial variability of groundwater recharge in a semiarid region[END_REF] for field areas from 0.25 ha [START_REF] Russo | Soil hydraulic properties as stochastic processes: I. an analysis of field spatial variability[END_REF] to 14 ha [START_REF] Cook | Spatial variability of groundwater recharge in a semiarid region[END_REF]. The land surface heterogeneity effect has been much less studied, but according to [START_REF] Chen | The role of soil-surface sealing, microtopography, and vegetation patches in rainfall-runoff processes in semiarid areas[END_REF] and [START_REF] Frei | Effects of microtopography on surface subsurface exchange and runoff generation in a virtual riparian wetland. a modeling study[END_REF], ignoring small scale dynamics by representing complex slopes as smooth landforms leads to an inaccurate representation of the hydrological response.

Even when heterogeneity is recognized, one challenge is to define it properly for modelling. The study scale is an important factor to consider before trying to take into account the heterogeneity. For example, [START_REF] Seyfried | Spatial variability constraints to modeling soil water at different scales[END_REF] shows that a spatial variability that is significant at the 12 m 2 scale can be described as random in larger scale models. Other studies have dealt with heterogeneity by upscaling soil property variability from fine scale to larger areas [e.g., 40].

When K s heterogeneity is represented in studies, it is via a lognormal distribution per layer [START_REF] Dagan | Unsaturated flow in spatially variable fields: 1. derivation of models of infiltration and redistribution[END_REF] or even for the whole soil [START_REF] Abdou | Simulation of water flow and solute transport in free-drainage lysimeters and field soils with heterogeneous structures[END_REF][START_REF] Craig | Runoff infiltration partitioning using an upscaled Green-Ampt solution[END_REF][START_REF] Govindaraju | Local-and field-scale infiltration into vertically nonuniform soils with spatially-variable surface hydraulic conductivities[END_REF][START_REF] Pasetto | Impact of sensor failure on the observability of flow dynamics at the Biosphere 2 LEO hillslopes[END_REF], with the challenge being to define the relevant correlation scale, which is also dependent on the study scale [START_REF] Van Der Keur | Uncertainty in soil physical data at river basin scale ? a review[END_REF]. For microtopography, most hillslope scale studies describe it with a Gaussian distribution [START_REF] Zinn | When good statistical models of aquifer heterogeneity go bad: A comparison of flow, dispersion, and mass transfer in connected and multivariate Gaussian hydraulic conductivity fields[END_REF][START_REF] Antoine | Integrating subgrid connectivity properties of the microtopography in distributed runoff models, at the interrill scale[END_REF][START_REF] Appels | Influence of spatial variations of microtopography and infiltration on surface runoff and field scale hydrological connectivity[END_REF][START_REF] Yang | A new modeling approach for simulating microtopography-dominated, discontinuous overland flow on infiltrating surfaces[END_REF], despite recognition that the degree and structure of this heterogeneity are scale and time dependent [START_REF] Atkinson | Spatial scale problems and geostatistical solutions: A review[END_REF][START_REF] Thompson | Role of microtopography in rainfall-runoff partitioning: An analysis using idealized geometry[END_REF]. The influence of both K s and microtopographic heterogeneity in modelling has never been studied simultaneously despite being recognized as an important factor for improving models [START_REF] Anderton | Sensitivity analysis and multi-response, multi-criteria evaluation of a physically based distributed model[END_REF]. Today, with more attention given to integrated water resources management and with the emergence of detailed process-based models for simulating surface-subsurface interactions [START_REF] Paniconi | Physically based modeling in catchment hydrology at 50: Survey and outlook[END_REF], the roles of surface and subsurface heterogeneity need to be jointly examined.

The general objective of this study is to assess the impact of both surface and subsurface heterogeneity, characterized by microtopography and saturated hydraulic conductivity, on the hydrological responses and interactions that occur in a vegetative buffer strip. The insights gained should help improve model parameterization schemes. We use the physically-based coupled hydrological model CATHY [START_REF] Camporese | Surface-subsurface flow modeling with path-based runoff routing, boundary condition-based coupling, and assimilation of multisource observation data[END_REF] applied to the experimental buffer strip from [START_REF] Lacas | Processus de dissipation des produits phytosanitaires dans les zones tampons enherbées: étude expérimentale et modélisation en vue de limiter la contamination des eaux de surface[END_REF]. The hydrological responses considered include surface runoff pathways and outputs, infiltration to the subsurface, and water volume partitioning between surface and subsurface (both saturated and unsaturated) domains. The intent was not to precisely model this specific vegetative buffer strip, but rather to rely on the experimental data to ensure that the simulated results are realistic. In a first step, we assess the effect of K s heterogeneity on surface and subsurface hydrological fluxes by applying the CATHY model with several K s distribution scenarios to an artificial runoff event and a natural rain and runoff event.

In the second step of the study, the effects of microtopography coupled to K s heterogeneity on the hydrological responses of the buffer strip are examined.

Material and methods

CATHY model

The CATHY (CATchment HYdrology) model [START_REF] Paniconi | A comparison of Picard and Newton iteration in the numerical solution of multidimensional variably saturated flow problems[END_REF][START_REF] Camporese | Surface-subsurface flow modeling with path-based runoff routing, boundary condition-based coupling, and assimilation of multisource observation data[END_REF] is a physically-based model that simulates surface and subsurface water flows and their interactions in three dimensions. It integrates the 3D Richards equation for variably saturated porous media and a 1D diffusive wave equation, which is a simplification of Navier-Stokes equations, to describe surface flow through overland and stream channel networks:

S w S s ∂ψ ∂t + φ ∂S w ∂t = [K s K r ( ψ + η z )] + q ss (1) ∂Q ∂t + c k ∂Q ∂s = D h ∂ 2 Q ∂s 2 + c k q s (h, ψ) (2) 
where S w [-] is the water saturation (S w = θ φ ), θ [-] is the volumetric moisture content, φ [-] is the saturated moisture content or the porosity, S s [L -1 ] is the aquifer specific storage,

ψ [L] is the pressure head, t [T] is time, [L -1 ] is the gradient operator, K s [L.T -1
] is the saturated hydraulic conductivity, K r [-] is the relative conductivity, η z = (0, 0, 1), z [L] is the vertical coordinate directed upward, q ss [L 3 .L -3 T] is a source (positive) or sink (negative) term that includes the exchange fluxes from the surface to the subsurface, Q [L 3 .T -1 ] is the discharge (volumetric flow) along the overland and channel network, s [L] is the coordinate direction for each segment of the overland and channel network, c k [L.T -1 ] is the speed of the kinematic wave,

D h [L 2 .T -1 ] is the hydraulic diffusivity, h[L]
is the height of the surface water (ponding head at the surface, representing state variable continuity with subsurface head) and q s [L 3 .L -1 .T] is the inflow or outflow rate from the subsurface to the surface.

Equations ( 1) and ( 2) are solved on a regular mesh at the surface that is replicated vertically to form a 3D tetrahedral mesh. The vertical layers can be of varying thickness, and different soil hydraulic properties can be assigned to each node of the mesh. Boundary conditions and atmospheric forcing can be dynamically prescribed.

The surface mesh for the routing equation ( 2) is generated in a preprocessing step that establishes the flow paths (s directions) from topographic analysis of a digital terrain model and partitions the catchment into overland (hillslope) and channel (stream) cells [START_REF] Orlandini | Path-based methods for the determination of nondispersive drainage directions in grid-based digital elevation models[END_REF]. The coupling between surface and subsurface processes in CATHY involves boundary condition switching according to the balance between atmospheric forcing (rainfall and potential evaporation) and the infiltration or exfiltration soil capacity. More details on the CATHY model can be found in [START_REF] Camporese | Surface-subsurface flow modeling with path-based runoff routing, boundary condition-based coupling, and assimilation of multisource observation data[END_REF].

Experimental buffer strip

The CATHY model is applied in the frame of several numerical experiments on a steeply sloping (25%) buffer strip monitored by the French research institute on agriculture and environment (Irstea) in the Morcille catchment (surface area of 8 km 2 , in Beaujolais, France) [START_REF] Lacas | Processus de dissipation des produits phytosanitaires dans les zones tampons enherbées: étude expérimentale et modélisation en vue de limiter la contamination des eaux de surface[END_REF][START_REF] Lacas | Efficiency of a grass buffer strip for limiting diuron losses from an uphill vineyard towards surface and subsurface waters[END_REF]. The soil is a very permeable sandy clay with a deep and filtering texture of 2 m depth overlying a granitic sand formation. The hydrodynamic properties of the three soil horizons that make up the soil profile were measured by [START_REF] Lacas | Processus de dissipation des produits phytosanitaires dans les zones tampons enherbées: étude expérimentale et modélisation en vue de limiter la contamination des eaux de surface[END_REF] and are summarized in Table 1.

K s measurements were only made to a depth of 0.4 m, and the values at this depth were used for horizon 3. The climate is continental with Mediterranean influence according to the Koppen-Geiger classification [START_REF] Peel | Updated world map of the Köppen-Geiger climate classification[END_REF],

with an annual average rainfall of 860 mm (years 1992-2010) [START_REF] Vandenbogaert | Typologie des sols du bassin versant de la Morcille, caractéristation de leurs propriétés hydrauliques et test de fonctions de pedotranfert[END_REF]. The instrumented section of the buffer strip has a surface area of 25.2 m 2 (4 m wide by 6.3 m long) while the entire strip is 24 m long and is located between a vineyard plot and the Morcille river (Figure 1). Since 1990 a large number of rain and surface runoff natural events as well as some artificial runoff events [START_REF] Lacas | Efficiency of a grass buffer strip for limiting diuron losses from an uphill vineyard towards surface and subsurface waters[END_REF] have been monitored at this experimental site. Rain is measured by a pluviometer and input runoff is fed to the buffer strip via a gutter device (gutter 1 in Figure 1). Several response variables are monitored: infiltration volumes with lysimeters at 50 cm depth (there are four of them, each composed of two receptacles, at 0.5 m, 2 m, 4 m and 6 m downslope from gutter 1), output runoff collected in a second gutter (gutter 2 in Figure 1) and surface runoff propagation with a granular matrix sensor (GMS), which is useful for measuring the soil matrix potential [START_REF] Eldredge | Calibration of granular matrix sensors for irrigation management[END_REF]. Two monitored events, one artificial and one natural, that show contrasting hydrological behaviours in terms of duration, intensity and generated runoff (Figure 2) were selected for this study. For the artificial event (2006/04/13), 4.5 m 3 of water was introduced as surface runoff through gutter 1 for a period of 40 minutes. For this event the output hydrograph from gutter 2 was monitored but no surface water reached this point. However, GMS data are available to qualitatively describe surface runoff evolution during the event. To evaluate the subsurface flow, infiltration volume in the lysimeters, continuously monitored for 1 h (i.e., until 20 min after the runoff application period), was used.

The natural event (2004/09/12) lasted less than one hour and generated a very short runoff output hydro- graph highly connected to the rainfall dynamics (Figure 2 B). The water input for this event included both the precipitation that fell directly on the instrumented field and the runoff input resulting from surface runoff generated on the vineyard plot and collected in gutter 1. In total, 5 m 3 of water was introduced, and 0.1 m 3 of runoff was collected at gutter 2.

Simulation plan

The first step of the study aims at understanding the effect of hydraulic conductivity heterogeneity on surface and subsurface fluxes in a buffer strip. We used a homogeneous K s scenario, a layered (by soil horizon) homogeneous scenario and 5 statistically generated heterogeneous scenarios described in the next section. 60 realizations were performed on each statistically heterogeneous distribution to ensure the stability of the ensemble mean and variance of the response. All simulations were performed for the artificial event of 2006/04/13. The results were evaluated for three output variables: surface water volume at three times; 50 cm depth infiltration at the lysimeter locations; and spatial distributions of surface ponding.

On the basis of the first step analysis, one of the 7 K s scenarios was selected for the second part of the study, whose aim is to assess also the influence of microtopography. Two microtopography scenarios were generated (see below) and run for 5 realizations from the selected K s scenario. All simulations, including a third scenario representing the configuration with no microtopography, were performed for the natural event 6

of 2004/09/12. The same output variables as in step 1 were considered, as well as the surface runoff at gutter 2 (see figure 1).

Scenarios for studying the effect of subsurface heterogeneity

For the homogeneous (H) and layered homogeneous (L) scenarios we used, respectively, the harmonic average of all measured K s values (4.64e-5 m.s -1 ) and of the measured K s values by soil horizon (see Table 1).

The statistically heterogeneous scenarios were generated using the turning bands toolkit of [START_REF] Leblois | Space-time simulation of intermittent rainfall with prescribed advection field: Adaptation of the turning band method[END_REF] based on the customary lognormal distribution [START_REF] Dagan | Unsaturated flow in spatially variable fields: 1. derivation of models of infiltration and redistribution[END_REF][START_REF] Craig | Runoff infiltration partitioning using an upscaled Green-Ampt solution[END_REF][START_REF] Govindaraju | Local-and field-scale infiltration into vertically nonuniform soils with spatially-variable surface hydraulic conductivities[END_REF], with mean and standard deviation values for each soil horizon corresponding to the measured data reported in Table 1. Five scenarios were defined for the statistically heterogeneous case: 0, 2 and 8 m horizontal correlation length with no enforcement (0NE, 2NE and 8NE) and 2 and 8 m correlation length with enforcement (2E and 8E). For the 2E and 8E scenarios, the K s distributions were enforced with the measured values (8 points in horizon 1 and 8 points in horizon 2). The sampling is performed with the turning bands method and enforced by kriging. Exact measurement locations are forced to be respected exactly and their neighbour elements are influenced by their value, depending on their distance to the measurements. Table 2 summarizes the 7 K s scenarios and Figure 3 shows a realization of the K s distribution for scenario 8E. Land surface microtopography is highly dependent on soil composition, land use and agricultural practices. In absence of accurate radar or lidar field data, microtopography is generally described using fractal distributions for study scales below 1 m 2 [START_REF] Pardini | A combination of laser technology and fractals to analyse soil surface roughness[END_REF][START_REF] Darboux | Effects of surface water storage by soil roughness on overland-flow generation[END_REF][START_REF] Martinez | Multifractal modeling of soil microtopography with multiple transects data[END_REF] or Gaussian distributions for larger study scales up to 1 ha [START_REF] Mitchell | Microrelief surface depression storage: Analysis of models to describe the depth-storage function1[END_REF][START_REF] Zinn | When good statistical models of aquifer heterogeneity go bad: A comparison of flow, dispersion, and mass transfer in connected and multivariate Gaussian hydraulic conductivity fields[END_REF][START_REF] Thompson | Role of microtopography in rainfall-runoff partitioning: An analysis using idealized geometry[END_REF][START_REF] Antoine | Integrating subgrid connectivity properties of the microtopography in distributed runoff models, at the interrill scale[END_REF][START_REF] Appels | Influence of spatial variations of microtopography and infiltration on surface runoff and field scale hydrological connectivity[END_REF][START_REF] Yang | A new modeling approach for simulating microtopography-dominated, discontinuous overland flow on infiltrating surfaces[END_REF]. In this study we used , based on field observations, a Gaussian distribution with a standard deviation on elevation fluctuations of 3 cm or 6 cm and a mean of zero. A third scenario with no microtopography (corresponding to the hillslope landscape from the first step) was also included in the analysis. For each of these 3 scenarios, 5 realizations of the selected K s scenario from step 1 were sampled (labeled K s 1, ..., K s 5). Moreover, for each of the two microtopography distribution scenarios, 5 realizations were sampled (labeled M T 1, ..., M T 5).

For all this simulations, the roughness coefficient is kept at the same value because it refers to disturbances or irregularities in the soil surface at a scale which is generally too small to be captured by a conventional topographic map or survey [START_REF] Govers | Soil roughness and overland flow[END_REF]. Manning's coefficient is an important parameter for sediment transfers as well as for solute transport, but only in a context of gentle slope (less than 5%) [START_REF] Munoz-Carpena | Parameter importance and uncertainty in predicting runoff pesticide reduction with filter strips[END_REF], which is not the case here. Figure 4 shows an example for the 3 cm scenario. The total number of simulations for the surface and subsurface heterogeneity analysis is thus 55 (5 K s realizations for the no microtopographic relief case plus 5 K s x 5 M T realizations for each of the 3 cm and 6 cm microtopography cases). No horizontal correlation was used for the microtopography scenarios since observations of the experimental area show that the relief due to grass vegetation is not autocorrelated beyond a length scale of 50 cm, which is the surface mesh size.

Model setup

In the present study, boundary conditions were assigned according to available field information and were maintained fixed for all simulations. At the upslope lateral boundary, the water table level was maintained at a certain distance below the surface with a Dirichlet condition (fixed hydraulic head), while at the downslope lateral boundary a seepage face was set from 30 cm below the surface to the base of the domain (Figure 5).

The initial condition is a hydrostatic equilibrium with a water table matching the upslope boundary condition.

The water input was simulated as rainfall on gutter 1 for both the artificial and natural events plus, for the natural event, direct rainfall on the experimental plot as well. The other two lateral boundaries were assigned no flow conditions. Since the simulated domain is larger than the experimental area (see Figure 1), these zero-flux conditions did not unduly influence the simulation results. The land surface was discretized into 20

x 48 uniform cells of 50 cm x 50 cm resolution. For the subsurface model each cell was subdivided into two triangles, and the triangular grid was projected vertically over the 2 m soil depth into 15 parallel layers, to produce a 3D mesh of 28800 tetrahedral elements and 16464 nodes. The 15 layers are of variable thickness from 1 cm to 15 cm, with the thinnest layers near the surface in order to accurately resolve rainfall-runoff-infiltration partitioning.

The water table position was set to 1.5 m below the surface based on available piezometric field data. Given the importance of soil moisture, some preliminary tests were conducted bu simulating the artificial event with three different water table depths as initial condition and considering evapotranspiration (ET) or not. The average ET flux for April for the years 1996 to 2007 is 2.98e -8 m.s -1 (Météo-France). Figures 6A and6B show that evapotranspiration has no effect on surface water volume evolution through time but its influences on the average moisture in the first 50 cm of soil is apparent as early as the first simulation hours. Concerning the various water table depths, there is a clear difference in average moisture between the 0.5 m, 1 m, 1.5 m water table depth simulations, however all dynamics are similar. This parameter does not have a big impact 9 on surface water volume (Figure 6B) and will be kept fixed for the rest of the study. 

Effect of subsurface heterogeneity

The first step of our analysis focuses on subsurface heterogeneity and is performed on the monitored artificial event (Figure 2 A) for the seven subsurface K s scenarios (Table 2) and the smooth hillslope (no land surface microtopography) configuration. decreases rapidly by the end of the runoff injection at gutter 1. Comparing the homogeneous (H) and layered heterogeneity (L) scenarios, the surface water volume seems to directly depend on the conductivity of the first soil horizon: during the runoff event there is 0.005 m 3 more water on the surface for the homogeneous scenario (with K s = 4.64e-5 m.s -1 ) than for the layered scenario that has a higher K s (1.88e-4 m.s -1 ) in the first horizon. After the injection period this difference decreases and the surface volumes for the H and L simulations are almost equal. For the statistically heterogeneous scenarios, the global mean of the surface water volume follows the L scenario, which indicates again a strong link with average K s value of the first soil horizon. However, the average of surface water volume stays stable for all heterogeneous scenarios : K s spatial variability has little influence on this variable. Scenario 8NE (8 m correlation length, no enforcement) stands out as the configuration that produced the most variable and high response in terms of surface water volume over its 60 realizations. In addition to its volume, the spatial repartitioning of surface water can also be qualitatively analysed via information obtained form the granular matrix sensors. The GMS data (not shown) indicate a spatial heterogeneity of the surface runoff and a relatively low temporal variability. The simulated spatial surface water repartitioning is shown in Figure 8 in terms of surface pressure head for five realizations of each of the statistically heterogeneous scenarios at t = 40 min. Because the hillslope is smooth, the H and L scenarios, with horizontally homogeneous soils, produced, as expected, a uniform ponding and therefore are not shown. The resulting nonuniform pressure head distributions for all heterogeneous scenarios correspond to the evidence from the GMS observations. As with the surface water volume, the most highly variable ponding patterns (surface pressure heads greater than zero) occur for scenario 8NE. Because the subsurface heterogeneity is randomly generated, none of the simulated ponding patterns show clear runoff pathways. K s variability, whether between scenarios or realizations, exerts a major influence on surface pressure, and thus on runoff.

For some simulations (e.g., scenario 2NE realizations 1 and 5 and scenario 2E realizations 3 and 5, Figure 8) the surface water does not flow more than 3 or 4 m downslope from the injection point at gutter 1. This has consequences on the infiltration process, discussed next. that align with the lysimeter positions (see Figure 1). The dotted horizontal lines show the range of the measured data.

Figure 9 shows the volume infiltrated in the four lysimeters (see Figure 1) 60 min after the end of the simulation. On the field, each lysimeter is composed of two compartments, which provide two volume values, represented of Figure 9 by the two dotted lines. Note that the volumes measured and simulated at lysimeter D are quite negligible compared to the volumes at lysimeters A, B and C, and that more generally the average infiltrated volume decreases greatly in progressing downslope from lysimeter position A to D. For each lysimeter, the range of infiltrated volumes across the 7 scenarios varies over a much narrower range than from one lysimeter to the next. In contrast to the results for surface water volume, the most variable scenario here is not 8NE but 2E. This implies that the first 50 cm of soil can drastically alter trends observed at the surface.

The simulation generally conforms to the field data in lysimeter A and underestimates infiltration in lysimeters B, C and D.

In order to examine the interactions between subsurface and surface heterogeneity in the second part of this study, we will focuse on a heterogeneous scenario. On the basis of the lysimeter results, scenario 2E was selected among all heterogeneous scenarios and was applied for the natural rain event of 2004/09/12. In Figure 11 A, runoff pathways are represented at t = 31 min, the peak of the output hydrograph at gutter 2. In contrast to the first part of the study with a smooth hillslope (Figure 8), preferential runoff pathways are observable when there is microtopographic relief (MT1 to MT5). There is a higher sensitivity to subsurface heterogeneity than to surface heterogeneity, as the variability is greater column-wise (different K s realizations) than row-wise (MT scenarios). Indeed, the pressure head standard deviation for each node column-wise is three times higher (around 0.01 m) than row-wise (around 0.003 m). The same is also true for the hydrograph response in Figure 11B, and indeed in this case there is also not a great difference between the smooth hillslope, 3 cm microtopography, and 6 cm microtopography cases. This may be due to runoff response in the surface model being more sensitive to the routing (hydraulic geometry) parameters than to the microtopography characteristics. Surface runoff pathways present different shapes depending on wether the area is flat or not (see figure 11A). Areas with microtopography (as opposed to flat areas) influence the runoff pathway shape by concentrating flows, whereas the surface output hydrograph stays the same (see figure 11A, first column versus all others) : on non-flat areas, a same volume of water infiltrates on a smaller area. that align with the lysimeter positions (see Figure 1). The dotted horizontal lines show the range of the measured data.

Figure 12 shows the infiltration volumes in lysimeters A, B, C and D after 90 min (30 min after the end of the event). As with the runoff hydrograph response in Figure 11B, the lysimeter results for the 3 cm and 6 cm microtopography scenarios are comparable in volume and degree of variability. The infiltrated volume for the simulation with a smooth soil surface is higher than with the rough surfaces for all 4 lysimeters, consistent with the lower surface volumes reported in Figure 10 for the smooth hillslope case. Finally, as with the analysis of subsurface heterogeneity in the previous step reported in Figure 9, we again see a general overestimation of the simulated infiltrated volume for lysimeter A compared to the measured data and an underestimation for lysimeters B, C and D.

Conclusions

In this paper, the effect of surface and subsurface heterogeneity representation on water flow in a vegetative buffer strip was assessed. The seven scenarios of saturated hydraulic conductivity simulated with the CATHY model confirmed that conductivity heterogeneity has a significant impact on the buffer strip's capacity to infiltrate incoming surface runoff. Moreover, enforced scenarios were more consistent with the observations of surface and subsurface responses than the non enforced ones. This result strongly supports the necessity to 16 carefully parameterize hydraulic conductivity by adding information from measurements. In a second step, we examined both surface and subsurface heterogeneity via scenarios combining topographic relief and K s distributions. The results indicate that the hydrological responses of the buffer strip are much less sensitive to microtopography variability than to K s variability. This conclusion was observed for variations in both elevation mean and spatial distribution. Microtopography can thus be represented by synthetic distributions, so long as it is not entirely neglected, as is often done due to lack of data.

This study focused on K s and microtopography in representating subsurface and surface heterogeneity,

given their importance as suggested by the literature. Other soil characteristics may also be influential, such as initial soil moisture, porosity, roughness, and retention curve parameters. This study approaches the sensitivity analysis idea with few parameters. A rigourous sensitivity analysis of surface runoff and infiltration responses to a wider set of parameters will be conducted in a subsequent study, and will include also an investigation of potential correlations between surface and subsurface heterogeneity. Preferential transfer often accelerates pesticide transfer, depending on the soil structure. Moreover, solute and sediment transfers are in strong interaction with water fluxes on buffer strips. By deliberately focusing on hydrological processes alone in this present study, we have been able to elucidate the combined effects of soil surface and subsurface heterogeneity, at the scale and in the context of a buffer strip. This first study using a physically-based coupled model to examine both surface and subsurface heterogeneity factors has provided some key insights into what variables should be taken into account or neglected in order to properly represent integrated hydrologic fluxes in a vegetative filter.

Figure 1 :

 1 Figure 1: Schematic representation of the experimental plot (in grey) on the vegetative buffer strip in grey (Morcille, Beaujolais) with the runoff input and runoff collection gutters and the four lysimeters (A, B, C and D, respectively located at 0.5 m , 2 m, 4 m and 6 m downslope from gutter 1).

Figure 2 :

 2 Figure 2: Runoff and rain intensity for the two selected events on the Morcille buffer strip. A: Artificial runoff event (2006/04/13) and B: natural event (2004/09/12).

Figure 3 :

 3 Figure 3: Example realization of a saturated conductivity field with enforcement points in soil horizons 1 and 2 shown in black. The average Ks for horizons 1, 2 and 3 is, respectively, 1.88e-4 m/s, 4.00e-5 m/s and 1.76e-5 m/s.

Figure 4 :

 4 Figure 4: Five realizations of the microtopography field for the scenario with a standard deviation of 3 cm on the elevation fluctuations.

Figure 5 :

 5 Figure 5: 3D mesh of the simulated area with applied boundary conditions for the CATHY model (mesh: 50 cm * 50 cm and 15 soil layers). Gutters 1 and 2 are represented in red.
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Figure 6 : 3 .

 63 Figure 6: Model setup preliminary tests with various water table depth (WT depth) and evapotranspiration (ET) during the artificial event of 2006/04/13. (A) : average moisture evolution in the first 50 cm of soil through time. (B) : surface water volume evolution through time.

Figure 7 :

 7 Figure 7: Boxplot of surface water volume at time 20 min, 40 min (end of water input, see Figure 2 A) and 42 min for the seven Ks scenarios during the artificial event of 2006/04/13. The boxplot results for the 5 statistically heterogeneous scenarios are derived from the 60 realizations that were run for each of these cases.

Figure 7

 7 Figure7reports the boxplots of volume of water on the surface, defined as the integral of positive pressure head in regards to the surface, at three times: 20 min (middle of the runoff event), 40 min (end of the runoff event) and 42 min (after the end of the event and before all surface water has infiltrated). Globally, the timing trend is quite homogeneous: the volume of surface water is constant on average during the runoff event and

Figure 8 :

 8 Figure 8: Surface pressure head at t = 40 min for five randomly chosen conductivity realizations from each heterogeneous Ks scenario during the artificial event of 2006/04/13. Only the experimental plot is represented (see Figure 1), and the axes are given with respect to the model domain.

Figure 9 :

 9 Figure 9: Boxplot of infiltrated volume at the four lysimeter positions and t= 60 min for the seven scenarios of Ks distribution during the artificial event of 2006/04/13. The simulated values are calculated at 50 cm depth along each of the 9-node transects

13 3. 2 .

 132 Effect of surface and subsurface heterogeneitySimilarly to the first step of the study, we first compare simulated surface water volume at various times (Figure10): 15 min (first quarter of the natural event), 31 min (during the hydrograph peak) and 60 min (at the end of the event). The global trend follows a logical sequence for all three microtopography scenarios. At t = 15 min, the surface water volume is less than 0.01 m 3 , a relatively insignificant amount correponding to less than 0.05 mm over the entire domain. At t = 31 min, during runoff generation, the surface water volume reaches a maximum of 0.6 m 3 (average of 2.5 mm of water over the entire simulated surface). By the end of the event, the surface water volume decreases rapidly, which was already observed in the first step. Besides this general trend, it can be seen that the level of ponding increases as the degree of elevation fluctuations increases.

Figure 10 :

 10 Figure 10: Boxplot of surface water volume at three times: 15 min, 31 min (output hydrograph peak) and 60 min for the three scenarios of microtopography heterogeneity during the natural event of 2004/09/12.

Figure 11 :

 11 Figure 11: (A): Surface pressure head (m) at t=31min for the smooth hillslope and for five realizations of the 6 cm microtopography average elevation scenario during the natural event of 2004/09/12. (B): hydrograph output at gutter 2 for all microtopography scenarios during the same event.

Figure 12 :

 12 Figure 12: Boxplot of infiltrated volume at the four lysimeter positions and t= 90 min for the three microtopography scenarios during the artificial event of 2004/08/12. The simulated values are calculated at 50 cm depth along each of the 9-node transects

Table 1 :

 1 

		Horizon 1	Horizon 2	Horizon 3
		(0-10 cm)	(10-90 cm)	(90-200 cm)
	Porosity φ (-)	0.55 (SD: 9 %)	0.42 (SD: 12 %)	0.39
	Specific storage coefficient S s (m -1 )		1, 0x10 -5	
	n (-)	1.46	1.52	1.57
	Θ r (-)		0.15	
	ψ sat (m -1 )	0.0313	0.100	0.143

Soil hydrodynamic properties for the Morcille buffer strip (after

[START_REF] Lacas | Processus de dissipation des produits phytosanitaires dans les zones tampons enherbées: étude expérimentale et modélisation en vue de limiter la contamination des eaux de surface[END_REF]

). n, θr and ψsat are the parameters for the van Genuchten

[START_REF] Van Genuchten | A closed-form equation for predicting the hydraulic conductivity of unsaturated soils[END_REF] 

soil retention curves. Standard deviation (SD) values are reported when available. Saturated conductivity K s (m.s -1 ) 1.88x10 -4 (SD: 8 %) 4.0x10 -5 (SD: 42 %) 1.76x10 -5 (SD: 88 %)

Table 2 :

 2 Summary of the 7 hydraulic conductivity scenarios used in the first step of the study.

	Scenario Distribution Horizontal correlation length	Enforcement
	H	homogeneous	-	-
		layered		
	L		-	-
		homogeneous		
	0NE		0 m	
	2NE	statistically	2 m	no enforcement
	8NE	generated	8 m	
	2E	heterogeneity	2 m	
				enforcement
	8E		8 m	
	2.3.2. Scenarios for studying the effect of both surface and subsurface heterogeneities
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