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Abstract: Management of water resources of agricultural catchments has
emerged as an environmental priority due to the effects of anthropogenic
discontinuities or activities such as the field limits, embankments, drains,
ditches, and agricultural practices on runoff, erosion and pollutant transport.
MHYDAS, a physically based distributed hydrological model, was
especially developed to model water, pollutant and erosion transport, taking
into account these discontinuities and practices. A modular approach was
undertaken using the platform OpenFLUID, which enables the user to build
his own version of MHYDAS by combining various processes (interception,
runoff, channel routing, infiltration, transfer in the soil, pollutant fate and
transfer, erosion transfer) as a function of the objective of the study and the
availability and the accuracy of the data. Application cases are shown and
compared in various agro-hydro-climatic conditions in order to study the
impact on water and pollutant transfer of tillage practices in the vineyard,
stem-flow in tropical volcanic zone and drains in drained catchments.
Finally, the model was applied to simulate the impact of various land-use
scenarios.

Keywords: Hydrological modelling; Farmed catchments; Land-use
scenarios
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Introduction

Management of land and water resources of agricultural catchments has emerged as an
environmental priority due to the effects of land use on runoff, pollutant transport and
erosion (De Walle and Pionke, 1994; Gallart et al., 1994; Zhu et al., 1997; Voltz et al.,
1998). As compared to natural catchments (e.g. Quinn et al., 1991; Robinson et al., 1995),
hydrological processes in agricultural catchments differ since the agricultural land use, the
division of the landscape in fields and the ditch network, are significant man-made
hydrologic discontinuities in controlling flood generation, pollutant transport and erosion.
Man-made structures modify the natural pass of storm water flow across the land surface.
Agricultural operations like tillage have an important influence on local surface runoff (De
Walle and Pionke, 1994; Pionke and De Walle, 1994) infiltration, and surface storage by
altering soil hydrologic properties and soil surface roughness (Mwendera and Feyen, 1993,
1994; Ahuja et al., 1998; Léonard and Andrieux, 1998). Also, the networks of ditches and
drains influence the water transfer from the fields to the catchment outlet and the flow
exchange between the surface and groundwater since the ditches don’t necessarily follow
the steepest slope of the catchment surface topography (Moench et al., 1974; Sharma and
Murthy, 1992; Marofi, 1999; Dages, 2005; Dages et al., 2008).

To predict the effects of land use change in agricultural catchments, one needs physically-
based distributed hydrological models (Bowles and O’Connell, 1991). Although it was
once sufficient to model catchment outflow, it is now necessary to estimate distributed
surface and groundwater flow characteristics, such as flow depth, flow velocity and water
table level. These flow characteristics are the driving mechanisms for sediment and nutrient
transport in landscapes and unless they can be predicted reasonably well, water quality
models cannot be expected to adequately simulate sediment and nutrient transport.
Spatially distributed models using physically realistic, process-based equations are one
method of simulating and predicting the hydrologic behaviour of flow processes within
catchments (Abbott et al., 1988). In the literature, various models were developed and
applied on natural basins (e.g. Abbott et al., 1988; Beven, 1989), however very few take
into account the specificities of farmed basins.

MHYDAS (Modélisation HYdrologique Distribuée des AgroSystémes / Distributed
Hydrological Modelling of AgroSystems; Moussa et al., 2002) was especially developed by
the LISAH to model hydrological processes taking into account hydrological
discontinuities. MHYDAS enables to help the modeller in understanding hydrological
processes in farmed systems, and to simulate the impact of various land-use scenarios. A
modular approach was undertaken using the platform OpenFLUID (Fabre et al., 2009)
which enables the user to build his own version of MHYDAS by combining various
processes as a function of the objective of the study and the availability and the accuracy of
the data. This paper is structured in three section. First, we present the structure of
MHYDAS, then we present the Roujan experimental basin used as a study case in the
applications and finally we present application cases in various agro-hydro-climatic
conditions.
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1. Model description

1.1. General structure

MHYDAS is a physically based rainfall-runoff model that was mainly used in farmed
contexts (Chahinian, 2004; Tiemeyer, 2007; Charlier, 2007; Ghesquicre, 2008). Full details
on the model description are available in Moussa et al. (2002).

The model consists of a series of interconnected hydrological units, each representing a
specific portion of the area of the entire catchment. The interconnection between the
hydrological units form a treelike structure which reflects the main drainage pattern and the
topography of the basin. Each hydrological unit may be connected to and be receiving
channel runoff from upstream units, but it is connected and drains to only one downstream
unit (figure 1). Hydrological units differ in the size, topographic features and soil properties
of the area units represented by them. Surface runoff is routed on hillslopes and through the
channel network taking into account the interaction between the channel network and the
aquifer. The program starts with the upstream exterior cells, and proceeds to the
downstream cells. A modular approach was undertaken using the platform OpenFLUID
(Fabre et al., 2009), which enables the user to build his own version of the model as a
function of the objective of the study. The next sections present the procedure developed to
subdivide the catchment into hydrological units and the model hydrological components.

C—10ther cultivations
E—yntilled vineyard
Tilled vineyard
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Figure 1. Main processes and hydrological discontinuities represented in MHYDAS.

1.2. Subdivision of the catchment into hydrological units

MHYDAS considers a subdivision of the catchment into irregularly sized and shaped
surface and linear topographically-connected hydrological units which allows to take into
account a great number of natural and man-made hydrological discontinuities that can be
encountered in farmed catchments. Geo-MHYDAS, the GIS tool that help users of
MHYDAS - and possible similar models — enables to perform this complex landscape
subdivision prior to running the model (Lagacherie et al., 2010). This landscape
subdivision has the following characteristics:

- take into account both natural and man-made landscape features of various sizes e.g.
subcatchments, soil units, land use units but also ditches network, field boundaries;

- provide both linear and polygonal hydrological units by a specific selective cleaning
procedure that performs a user-controlled filtering of the small and/or badly-shaped units;

- build a topology that connects all the surface and linear hydrological units along an
oriented tree to enable the routing of the simulated flows;

- enable multiple subdivisions for sensitivity analysis of geographical input data through a
full automatic subdivision process.

Geo-MHYDAS can be compared to GIS tools that were developed by hydrological model
editors to help users in running the models, e.g. gecoWEPP (Renschler, 2003) AVSWAT
(Di Luzio et al, 2004) or AGWA (Miller et al, 2007). These tools include a landscape
subdivision based on DEM-derived subcatchments only. The specificity of Geo-MHYDAS
is to implement a more complex subdivision by handling a great variety of landscape
features that are not all ordered along the slope. Geo-MHYDAS has been developed under
GRASS version 6.3 (GRASS Development Team, 2008) with both Shell and Perl scripts.
GRASS was selected because of its large amount of functionalities, both in the raster and in
vector mode and because of its ability to be widely distributable as an open source
software.

1.3. The model hydrological components

Over each hydrological unit, MHYDAS incorporates the main processes of water, pollutant
and erosion transfer (figure 1). The model simulates infiltration-runoff partition as an
Hortonian process. The determination of infiltration rate is based on the Morel-Seytoux’s
(1982) equations. This model is applied on each hydrological unit to calculate the rainfall
excess under variable rain. It depends on the saturated hydraulic conductivity, which is a
function of soil surface features. Surface features vary in space and in time as a function of
tillage practices. It depends also on the mean initial water content at the soil surface, which
is time dependent. It is assumed that its value is measured or calculated independently by a
soil water balance calculation. The other parameters are the hydraulic properties of the
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hydrological units such the saturated hydraulic conductivity, the water content at saturation
and the residual water content.

The rainfall excess function for each unit is converted to a surface runoff hydrograph by
routing it to the proper outlet of the unit. The operation of converting excess rainfall into
surface outflow is carried out by a numerical convolution involving a unit hydrograph
derived as a Hayami response function (Moussa, 1996). This procedure is function of the
topographic data available from DEMSs, such as the mean distance between the centre of
gravity of the hydrological unit and the ditch network, the mean slope of the unit, and the
Manning roughness.

Once in the network, considered as a set of linear reaches, water is routed to the catchment
outlet using the diffusive wave equation (Moussa and Bocquillon, 1996). Over each reach,
the parameters of the diffusive wave model are calculated using topographic data such as
the length of the reach, its slope, the Manning coefficient of roughness and the cross-
sectional shape. The routing function needs also topographical parameters such as the
connectivity and the distances between units (surface-surface, surface-linear or linear-
linear).

Groundwater is considered as a compartment which get water infiltrated from surface units.
Water can also be exchanged between the channel network and the groundwater according
to the difference of water levels computed inside these compartments. The used equation
has a Darcyan form which needs the saturated hydraulic conductivity of the bottom of each
reach of the channel network.

A pollutant transfer module (Louchart, 1999; Louchart et al., 2001) and erosion module
(Gumiere, 2009) were also developed. Both pollutant and erosion transfer processes are
coupled to surface runoff processes on hillslopes and through the channel network.

2. The study site

2.1. General description

The elementary basin of Roujan is located in the Hérault valley Southern France, about 60
km west of Montpellier (figure 2). It is mainly covered by the vineyards and has a surface
area of 91 ha between 75 m and 125 m above sea level. Silty clay loam forms the top soil
of the catchment. Four geomorphologic and topographic domains were distinguished
within the catchment area : central depression, glacis, terraces and plateau. Soils and
geological outcrops differ markedly between these topographical domains. Terraces are
usually about 1m high and 10m wide, and have a man made containing wall of limestone
(Andrieux et al., 1993). The drainage network is formed by man made ditches and
generally follows agricultural field limits.

The climate is Mediterranean with a mean annual precipitation of nearly 700 mm, showing
a bimodal distribution with two rainfall peaks one in spring and the other in autumn. The
precipitation is usually of high intensity and short duration. The mean annual temperature
is about 14°C and mean annual Penman evapotranspiration of 1090 mm.
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Figure 2. Example of land use and agricultural practices on the Roujan catchment (0.91 km?) in June
1993 non-tilled vineyards (0.53 km?), tilled vineyard (0.18 km?) and other land uses (0.2 km?).

The major runoff events are usually caused by high-intensity, short-duration storms, and
the hydrologic response is dominated by Hortonian style runoff with sub-surfaces
processes being relatively unimportant. Rainfall intensity and the initial soil moisture state
are the main factors affecting runoff production. The proportion of base flow is relatively
small in each flood event.

2.2. MHYDAS parameterisation on the Roujan catchment

MHYDAS requires the knowledge of the spatial distribution of parameters of the
hydrological units, reaches, and groundwater units. In this application, three kinds of
parameters can be distinguished: those extracted from DEMs, those obtained from field
observations and those from the analysis of hydrological data at the field scale.

Geometrical characteristics, such as the area, the mean slope and the distance to another
unit or to the reach for a given hydrological unit, the length and the mean slope for a given
reach, were automatically extracted using Geo-MHYDAS. The following input data were
used on the Roujan catchment: A 2x2 m resolution Digital Elevation Model (DEM) derived
from low altitude aerial photographs, the delineation of the 237 fields included in the
catchment, the delineation of the 11.2 km reach network of the catchment including 257
elementary reaches and a simplified soil map.
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The parameters measured or observed in the field were geometrical characteristics of the
ditch network (Lagacherie et al., 2006) such as the reach depth, the reach width, the
Manning roughness, together with soil water properties and aquifer geometry. Soil
properties, such as the residual water content and the water content at natural saturation
were calculated from field observations and considered as mean values over the whole
catchment, respectively 0.02 m*/m’ and 0.39 m’m’. Initial water contents at the soil
surface were estimated separately for each of the four geomorphologic domains:
depression, glacis, terraces, and plateau by using field measurements (Hébrard, 2004;
Hébrard et al., 2006). The groundwater level at the beginning of the flood event was also
obtained from field measurements.

The parameters to be calculated from hydrological data analysis at the field scale are the
hydraulic conductivity at natural saturation K. As K depends essentially on tillage
practices, hydrological units can be grouped for different classes of the hydraulic
conductivity. To this aim, we considered three classes of land use corresponding to the
three major land uses on the Roujan catchment: non-tilled vineyards, tilled vineyards and
other land uses, mainly fallow land and scrubland. Chahinian et al. (2005, 2006a) had used
the Morel-Seytoux model coupled to the Hayami unit hydrograph in order to simulate 28
flood hydrographs on a non-tilled experimental field (1200 m?) on the Roujan catchment.
The results shows that K = 5 mm/h which is quite similar to the infiltrability values
measured on the same field, at a 1 m? scale, by Léonard and Andrieux (1998). A similar
approach was also applied by Chahinian et al. (2006b) on a tilled experimental field (3200
m?) on the Roujan catchment. Results shows that the values of K decrease from 30 mm/h
just after tillage in spring to 5 to 10 mm/h at the end of summer, and are consistent with the
infiltrability values measured by rainfall simulations (Andrieux et al., 2002). For the “other
land uses” type, as no observed runoff data at the field scale was available, the value of the
hydraulic conductivity K was taken equal to 30 mm/h, which is the average of the values
of infiltrability (25 mm/h to 35 mm/h) measured by rainfall simulation on fallow and
scrubland. Note that the infiltrability of fallow and scrubland is high all year round because
the vegetation is permanent and has a dense root system, which creates large macro-
porosity in the surface layers.

3. Applications of MHYDAS

Application cases are shown on farmed catchments in various agro-hydro-climatic
conditions : on the Roujan catchment in the vineyard zone southern France (Chahinian,
2004; Ghesquicre, 2008), on banana cover in tropical volcanic zone in Guadeloupe
(Charlier, 2008), and in artificially drained lowland catchments in temperate zone northern
Germany (Tiemeyer, 2007). These applications aim first to study the impact of tillage
practices (Chahinian, 2004), stem-flow (Charlier, 2008), drains (Tiemeyer, 2007), erosion
(Gumiere, 2009) or to define new indicators of pollution (Wohlfahrt, 2008), and then to
apply MHYDAS to quantify the impact of various land-use scenarios.
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3.1. Impact of tillage practices and ditch network structure

The simulations on the Roujan experimental catchment (Chahinian, 2004; Ghesquicre,
2008) showed the sensitivity of MHYDAS and the impact of both tillage practices and
ditch network structure on hydrological processes. Soil treatment has an important
incidence on simulated runoff volumes at both the field and the catchment scale.
Calibration on field runoff data indicated that tillage decreases runoff coefficients and
increases infiltration, which agrees with field observations made by Léonard and Andrieux
(1998). The most sensitive parameter of MHYDAS is the saturated hydraulic conductivity,
which varies in space and in time according to tillage practices. These results point out that
it is essential to take into account the influence of soil treatment when simulating
hydrological processes at the scale of farmed catchments.

The ditch network constitutes also a man-made linear elements in the landscape, and
appears to serve various purposes with regard to water flow. The ditch network accelerates
runoff by concentrating flow and avoiding natural obstacles and influence the flow
exchange between surface and groundwater. Simulations agree with observations made on
natural catchments by Sharma and Murthy (1992); in effect, when the water table is below
the ditches’ bed, most of the runoff produced at the field scale infiltrates through the ditch
network (Dages, 2005; Dages et al., 2008). The exchange coefficients between the ditches
and the groundwater depend on infiltration properties of the ditch network, which are
generally unknown, and should be measured at different locations of the ditch network.
The Manning roughness coefficient can vary in space and time due to the evolution of the
vegetation cover in the ditch network.

3.2. Specific case studies

The modular structure of MHYDAS using the platform OpenFLUID enables the modeller
to develop his own version of the model as a function of the objective of the study and the
available data. Herein some examples of the applications of the model.

MHYDAS was first applied on the Roujan vineyard Mediterranean catchment (Roujan,
France) for flood prediction and simulation. The model was applied to simulate surface
runoff processes at both the plot (1000 — 3000 m?) and the catchment scales (1 km?). A
module to simulate over-bank flow during extreme flood events was developed
(Ghesquiére, 2008), and more recently a module for erosion transfer (Gumiere, 2009). A
framework for sensitivity analysis was proposed by Cheviron et al. (2010), and a spatial
parameterisation strategy and multi-criteria approaches were also analysed and compared
by Chahinian (2004) and Moussa and Chahinian (2009). Results show that the most
sensitive parameters of MHYDAS are the hydraulic conductivity at natural saturation, the
Manning roughness coefficient and the coefficients used to simulate the exchange between
the channel network and the aquifer.

A second application of MHYDAS was the development of a ‘stem-flow” module
accounting for rainfall partitioning by vegetation in the case of plants concentrating
rainwater at the plant foot and promoting stem-flow. The stem-flow function divided the
plot into two compartments: one compartment including stem-flow and the related water
pathways and one compartment for the rest of the plot. This stem-flow function was
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coupled with the MHYDAS production function and applied on the Féfé experimental
catchment in Guadeloupe (Charlier, 2007; Charlier et al., 2008; 2009). Modelling results
showed that the stem-flow function improved the calibration of hydrographs particularly
when low flows were observed during residual rainfall.

A third application of MHYDAS was to represent the processes of flow transfer in an
artificial drainage system such as tile and ditch drain (Tiemeyer, 2007). It was hypothesised
that the tile drain discharge is composed of two components accounting for preferential
flow and matrix flow. The fast flow component is modelled by a transfer function approach
while the slow drainage discharge is calculated by the Hooghoudt equation. The model was
then applied to a small experimental catchment in the lowland area of North-Eastern
Germany. Modelled flow volumes, discharge rates and groundwater levels agreed
reasonably well with measured (Tiemeyer et al., 2007).

3.3. Impact of land use change

Finally, MHYDAS was used to study the impact of virtual scenarios of land use change.
An example is shown for the case of the flood event of 5 June 1997 on the Roujan
catchment. Two virtual scenarios named A and B were compared (figure 3) to the observed
scenario (figure 2). In both scenarios A and B, we have the same proportion of areas of the
three land use classes : tilled vineyard, non-tilled vineyard, other cultivations. Only differs
the spatial location of plots within the catchment. In scenario A, the tilled vineyard plots
are located in the central depression near the outlet, while the non-tilled vineyard plots are
located on the plateau. In the scenario B, we exchange the location of non-tilled and tilled
plots.

Scenario A Scenario B
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Figure 3. Scenarios of land use change : A with the non-tilled plots on the plateau and B with the
tilled plots in the depression.

Calculated discharge
300]
= Scenario A

=  Scenario B

150]

Discharge (I/s)

05:00 09:00 13:00
5 June 1997

Figure 4. Example of the impact of scenarios of land use change A and B on the simulated
hydrograph on the Roujan catchment.
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The model parameters calibrated for the reference observed hydrograph were applied for
both scenarios A and B. Figure 4 shows the impact of spatial land use distribution on the
hydrograph shape. We observe that the scenario B reduces the total volume and the peak
flow of the hydrograph because the non-tilled fields which produce high runoff coefficients
are located far from the outlet, and consequently fluxes re-infiltrates through the channel
network.

Conclusions

Hydrological processes on cultivated catchments vary in time and space due to the
interaction between agricultural land use (such as fields, terraces, embankments, roads,
ditches, etc.) and climatic conditions. These elements constitute hydrological
discontinuities that influence runoff contributing areas and pathways for surface runoff.
The aim of this paper was to study the role of these hydrological discontinuities. For that,
the spatially distributed hydrological model MHYDAS, which is adapted to take into
account the specificities of agricultural catchments, was developed and applied to analyse
the impact of different land use scenarios.

The modular structure of MHYDAS using the platform OpenFLUID enables the modeller
to develop his own version of the model as a function of the objective of the study, the
available data and the main hydrological and chemical processes (interception, runoff,
channel routing, infiltration, transfer in the soil, pollutant fate and transfer, erosion
transfer). Application cases are shown on farmed catchments in various agro-hydro-
climatic conditions : on the Roujan catchment in the vineyard zone southern France, on
banana cover in tropical volcanic zone in Guadeloupe, and in artificially drained lowland
catchments in temperate zone northern Germany. These applications aim first to study the
impact of tillage practices, stem-flow, drains, erosion or to define new indicators of
pollution. These simulations show that, in farmed catchments, the main hydrological
processes during flood events are controlled by man-made hydrological discontinuities,
especially tillage practices and ditch network. Tillage is the major factor that influences
runoff at the field scale while flow exchange between groundwater and ditches is the major
process when routing hydrograph through the ditch network.

Finally, the simulation of various scenarios of land use enable the decision-maker to
compare different land use configurations and to propose country-planning schemes. The
methodology proposed herein is useful for simulating both sensitivity analysis of
distributed hydrological models on farmed catchments, and the long-term geomorphologic
evolution of agricultural fields especially after land use changes.
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