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Highlights:

° We present an agro-hydrological catchment model considering small reservoirs

° Catchment elements (reservoir, plot, stream reach, etc.) are explicitly represented

° The model satisfactorily simulates hydrological and agricultural variables and fluxes
° Local and cumulative impacts of small reservoirs are simulated

° One of the goals of the model is to gain insight into the causes of the impacts

Abstract: Small-reservoir development is a challenging issue in agricultural catchments facing water
scarcity. An integrated, new and original agro-hydrological model considering small reservoirs,
MHYDAS-Small-Reservoirs, is presented. The model explicitly represents relevant spatial scales
(plot, small-reservoir, stream reach, groundwater, and catchment scales) and the agronomic and
hydrological links between these scales at which agriculture-hydrology interactions occur. After
numerical verification, the model is evaluated by applying it to a 19-km? catchment. The model
satisfactorily simulates the annual stream runoff (within 6%) and daily stream runoff (Nash

efficiency=0.47) but tends to overestimate the crop yield (+21%). Simulations, one under actual basin

1

© 2022 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S1364815222001153
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S1364815222001153

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

conditions and one under virtual conditions, were carried out. This highlighted the potential of the
model to predict the local and cumulative impacts of small reservoirs. Hence, MHYDAS-Small-
Reservoirs is a promising model for land use planning and water management of agricultural

catchments containing small reservoirs.

Keywords: small reservoirs, crop, plot, farmer decisions, agricultural water management

Introduction

The frequency of droughts has been increasing worldwide in many arid and semi-arid regions (East
Asia, Africa, Australia, and the Mediterranean basin) and temperate regions, such as Western Europe
(Spinoni et al., 2013). Drought occurrences may increase in the future due to climate change (Sheffield
and Wood, 2008) and anthropogenic pressures on water resources (Vorésmarty et al., 2000). Droughts
induce severe consequences notably on hydrology and agriculture (Van Loon, 2015, Malakoff and
Sugden, 2020). In agricultural catchments, small reservoirs are considered by water managers and
farmers as a potential way to adapt agricultural practices to drought occurrences (e.g., Rodrigues et al.,
2012; Malveira et al., 2012; Albergel et al., 2005; Essegbey et al., 2012). Previous global studies have
shown the often-overlooked potential of small water storage to increase water and food security. Small
water storage or a soft-path approach would avoid the construction of large, capital intensive, and
environmentally damaging water infrastructure. Previous studies estimated that irrigation with small
reservoirs can globally feed an additional 800 million people under current climate conditions (Rosa et
al., 2020a) and an additional 300 million people under a 3°C warmer climate (Rosa et al., 2020b).

Most of these studies are global and cannot account for many local site-specific variables.

Small reservoirs are reservoirs whose storage capacity does not exceed 10° m® (Habets et al., 2018).

By intercepting and storing surface, subsurface and stream runoff during high-flow periods, they
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constitute an alternative water resource for crop irrigation purposes during drought periods. As a
consequence, the number of small reservoirs has multiplied in recent decades in many regions
worldwide, and their spatial density may exceed 5 small reservoirs per km? (Habets et al., 2018).
However, the increase in small reservoirs may impose antagonistic impacts. As a positive effect, small
reservoirs represent an alternative resource required to maintain crop yields (Biemans et al., 2011;
Wisser et al., 2010). As a negative effect, each small reservoir may have a local hydrological effect on
its nearby environment, such as by modifying the groundwater-surface exchanges or reducing the
stream flow. The reservoirs taken as a whole (the reservoir network) may also induce a cumulative
effect. Hydrological modifications, especially local modifications, may induce ecological,
biogeochemical and geomorphological disturbances in catchments and the ecosystems they support

(Habets et al., 2018).

Small reservoirs in an agricultural catchment enhance the interactions between hydrology and
agriculture, particularly through crop water needs and farmers' decisions on crop management and
water withdrawals for irrigation (Figure 1). The elucidation and prediction of the hydrological and
agricultural impacts of small reservoirs require the articulation of the different spatial scales involved

in these interactions:

i the agricultural plot, where farmers decide cropping practices, where crop growth occurs and
where water is partitioned between evaporation, transpiration, runoff and infiltration
ii. the small reservoir, which, on the one hand, is related to its upstream hydrological drained

area and downstream catchment area and, on the other hand, to each irrigated plot

iii. the catchment, which integrates hydrological effects, especially those on stream runoff and
groundwater.
These different scales are linked by hydrological processes (surface runoff, stream runoff,

groundwater recharge, etc.) and crop and agricultural water management operations (water withdrawal

operations from reservoirs and irrigation applications).
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Numerical modelling is a widely adopted approach to better understand and predict small-reservoir
impacts. Most of the models dedicated to this aim are based on hydrological catchment models.
Among these hydrological models, few explicitly consider the plot scale at which management
operations are conducted. The spatial representation of reservoirs can be explicit (Deitch et al., 2013;
Nathan et al., 2005), statistical (e.g., Cetin et al., 2009; Glntner et al., 2004; Nathan et al., 2005;
Zhang et al., 2012) or global (e.g., Habets et al., 2014; Perrin et al., 2012; Tarboton and Schulze,
1991). The explicit spatial representation has the advantage of simulating both local and cumulative
hydrological impacts of the reservoir networks (Deitch et al., 2013; Nathan et al., 2005). Regarding the
representation of crop growth, very few models couple crop and hydrological models (e.g., Neitsch et
al., 2011; Therond et al., 2014). Most models simply represent crop growth through functional
parameters (e.g., leaf area and crop development coefficient) or forcing variables (transpiration
fluxes), while other models neglect this aspect. The interaction between crop growth and hydrological
processes is thus not considered. Water withdrawal from reservoirs and the irrigation amount applied
to crops can be modelled depending on both crop water requirements and water availability (Murgue
et al., 2014; Neitsch et al., 2011). However, certain models consider constant irrigation amounts over
given periods (e.g., Hughes and Mantel, 2010), while others do not consider crop irrigation (e.g.,
Rousseau et al., 2013). With the exception of very few catchment models (e.g., Therond et al., 2014),
farmer decisions on crop and agricultural water management are not represented in catchment models
dedicated to agricultural catchments containing small reservoirs. Finally, to our knowledge, very few,
if any, of these models simultaneously consider the various spatial scales (plot, reservoir, and
catchment), the water dynamics in small reservoirs in relation to water withdrawals and the agronomic

and hydrological links between these scales at which agriculture-hydrology interactions occur.

We developed a new distributed agro-hydrological model named MHYDAS-Small-Reservoirs. This
model is designed for agricultural catchments containing small reservoirs dedicated to irrigation. It
simulates the interactions between the hydrological behaviour of the catchment, crop growth and
farmer decisions related to the management of crops and reservoirs. MHYDAS-Small-Reservoirs is

based on the coupling of three already proven models: i) the catchment-scale distributed MHYDAS
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hydrological model (Moussa et al., 2002), ii) the plot-scale crop model AqgYield (Constantin et al.,
2015) that includes yield calculation and iii) a plot and reservoir-scale farmer’s decision model
(Murgue et al. 2014), without any name, that represents the farmer decisions related to crop and water
reservoir management. The latter two have already been used in a water management model, Maelia,
(Therond et al., 2014), which has been applied to water resource catchments of 1000-10,000 km? with
reservoirs dedicated to irrigation (e.g., Aveyron catchment in France, Allain et al., 2018). The spatial
representation used for MHYDAS-Small-Reservoirs combines landscape objects (e.g., plot, reservoir)
at the catchment scale and is based on that of MHYDAS, fully described in Lagacherie et al (2010).
This representation proves to be particularly effective for simulating surface hydrology (e.g., Hallema
etal., ), erosion (e.g., Gumiére et al., 2011) or pesticide transfer (e.g., Bouvet et al., 2010) in small to
medium agricultural catchments. The main novelty of this model is thus the explicit representation of
the relevant spatial scales (plot, reservoir, and catchment) and the links between these scales involved
in hydrology-agriculture interactions. MHYDAS-Small-Reservoirs is intended to be used in
catchments of 10-100 km? to understand and estimate the local and cumulative effects of small

reservoirs on the hydrology of catchments, especially stream runoff, and on crop production.

The objective of this paper is fourfold. First, it describes the principles of MHYDAS-Small-Reservoirs
in terms of catchment spatial segmentation and the modelling of hydrological processes, crop growth
and farmer management practices of crops and reservoirs. Second, it demonstrates the numerical and
computing consistency of the model. Third, it demonstrates the capacity of the model to represent the
hydrological and agricultural functioning of an agricultural catchment containing small reservoirs, via
an application to a real case study (the Gélon catchment, France). Fourth, it investigates the feasibility
of model application in the examination of the hydrological and agricultural impacts of catchment

situations in terms of the density of reservoirs dedicated to irrigation.

1. Model description
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1.1 Spatial segmentation

The catchment is segmented in spatially homogeneous units according to the principles adopted for

MHYDAS model representation (Moussa et al., 2002) and fully described and discussed in Lagacherie

et al. (2010), as shown in Figure 1.

Figure 1: Spatial segmentation of the MHYDAS-Small-Reservoirs model. Top: satellite view of a
catchment area including one non-connected reservoir used for irrigation, agricultural plots and
hydrographic network (blue line). Bottom: spatial segmentation in MHY DAS-Small-Reservoirs of this
catchment area. The polygons delimited by the black lines are entire or partial plots called surface
units (SUs). The blue lines represent the reach segment units (RSs). The red dot indicates a non-
connected reservoir unit (RE). The water transfer between plots is indicated by arrows. Water transfer
is the result of hydrological processes (the hydrological links are marked in blue in the left map) or

water withdrawal to irrigate crops (the agronomical links are marked in green in the right map).

Four spatial unit types, corresponding to the physical elements of a catchment, are explicitly

represented in MHYDAS-Small-Reservoirs (Figure 1):
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° The surface unit (SU) represents a homogeneous spatial entity in terms of its properties (soil
and land use) corresponding to one sub-part of a real plot with a uniform water flow direction.
Therefore, depending on the topography, a real agricultural or non-agricultural plot may be
represented in the model as a unique SU or several SUs. The SU boundaries are determined by
overlapping three geographical layers: the plot map, the flow direction map derived from the
topography and the soil map (Lagacherie et al., 2010). An agricultural SU is dedicated to crop
cultivation and can be irrigated. Non-agricultural SUs are plots with non-cultivated vegetation, such as
forests, moors or natural pastures, or non-vegetated plots (e.g., urban areas, bare rock areas, and sand
areas).

° The water reservoir unit (RE) represents a reservoir that can eventually be used for irrigation.
The RE directly connected upstream to a certain reach of the hydrographic network is hereafter called
a connected RE. This type of RE is filled by surface runoff from upstream SUs, stream runoff from
upstream RSs, and direct rainfall. In some countries, a minimum flow prescribed by environmental
regulations has to be released downstream. The RE not connected upstream to a reach is hereafter
called a non-connected RE. Unlike a connected RE, a non-connected RE is not filled by stream runoff
from upstream RSs, and a minimum flow has not been prescribed to be released downstream.

° The groundwater unit (GU) represents a hillslope shallow aquifer characterised by a
subsurface saturated flow following the structure of the hydrological catchment. Each GU is therefore
derived from the topography considered to identify the flow direction. Each GU discharges in a single
specific reach segment (RS).

° The reach segment unit (RS) represents a section of the hydrographic network between water
sources, confluence points, and connected RE or SU boundaries. RSs are connected to comprise the

hydrographic network. An RS can be used for irrigation purposes.

These four spatial unit types differ in their shape and geometrical properties (Table 1). SUs and GUs
are polygons whose boundaries are fixed based on the topography and anthropogenic discontinuities

(plots, vegetation cover, etc.). RSs are linear elements, while REs are represented by points.
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Table 1: Main geometrical properties of the spatial unit types in MHYDAS-Small-Reservoirs. The
flow distance between any two units corresponds to the distance between the centroids of these two
units.
Reach
Surface Unit Reservoir Unit Groundwater
Segment Unit
(SU) (RE) Unit (GU)
(RS)
Position (x,y,z)
Volume capacity
Flow distance Position (x,y,z)
(m®)
. (m) Slope (m/m)

Geometrical Maximum water Position (x,y,z)

Position (x,y,z) Length (m)
properties surface (m?) Area (M%)

Slope (m/m) Width (m)
Volume-to-
Area (m?) Height (m)
surface ratio
(m¥m?)

These units are linked by two types of relations:
° Hydrological links correspond to the water flows caused by a hydrological process, such as

surface runoff, stream runoff, drainage, and groundwater discharge. To establish a hydrological link
between SUs, REs and RSs, it is assumed that surface water (surface and stream runoff) flows along
the steepest slope to a downstream spatial unit (RE, RS or SU). Every GU is linked to its upstream
SUs and downstream RS.

° Agronomic links correspond to the water transfer from a water resource (RE or RS) to an

irrigated SU. A water resource can be linked to one or several SUs.

In the three following sections, the hydrological, crop growth and crop and agricultural withdrawal
management models are described. The equations are shown for the new model developed specifically

for the MHYDAS-Small-Reservoir model.
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Figure 2: Diagram of the different components of the MHYDAS-Small-Reservoirs model (coloured

boxes), simulated flows (black, green, blue or red lines) and state variables (grey circles). The black,
blue, green and red arrows correspond to the exchanged variables between the model’s components
coloured according to their type of climate forcing variables, hydrological variables, agronomic
variables and crop and water management variables, respectively. For each model, the simulated flows
are listed in the corresponding box. The grey circles represent the input variables. The colour of the
boxes indicates the type of model’s component according to whether it is hydrological (blue),

agronomic (green), or crop and water management (red)
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1.2 Hydrological processes

The fluxes and state variables associated with the following hydrological processes are calculated for
each spatial unit corresponding to one of the physical elements (SU, RS, RE, or GU) and at each time
step. The time step can range from 1 s to 1 d for all simulated hydrological processes, except for the

percolation and evapotranspiration of agricultural SUs, which are simulated at a daily time step.

1.2.1 Water excess, infiltration, percolation and soil water content

The water excess is the fraction of the water inputs (i.e., rainfall, irrigation or upstream runoff) that
does not infiltrate and runs off along the soil surface. Infiltration is the water input fraction infiltrating
into the soil. The water input distribution between infiltration and water excess is simulated by
considering the soil infiltration capacity concept. The maximum infiltration rate is equal to the
infiltration capacity. The soil infiltration capacity varies over time depending on the temporal
variations in the soil water content. A power law is adopted to relate the soil infiltration capacity and

soil water content:

SW,—SW(t)\»
fp(ti) = (Imax — Ks) * (WSW(?)) + K

Equation 1

where f; is the soil infiltration capacity (m/s), t; is the current time index, K; is the mean saturated
hydraulic conductivity (m/s) over the full soil depth, lna is the maximum soil infiltration capacity
(m/s), SWs and SW, are the soil water storage capacities (m) considering the total soil porosity and the
water-filled soil porosity at the residual water content, respectively, SW is the available water storage

(m) and A is a shape parameter (-).

In the soil, the percolation, evaporation and transpiration are considered the main drivers of the soil
water dynamics. The soil water dynamics modelling differs between agricultural and non-agricultural

SUs. In agricultural SUs, the soil is divided in three homogeneous layers, following the AgYield

10
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model formalisms (Constantin et al. 2015). The effect of tillage on soil is simulated by decreasing the
water storage capacity of the top soil layer every day after the tillage. The soil water balance is
calculated at a daily time step by simulating the soil water content, crop transpiration, soil evaporation
and percolation. In non-agricultural SUs, Soil and Water Assessment Tool (SWAT) model formalisms
are adopted, with the principle that percolation in soil occurs as soon as the soil water content exceeds
the retention capacity (Neitsch et al., 2011). The soil is divided into several layers for which the water
content is calculated by considering evapotranspiration, infiltration and percolation. These SWAT
formalisms are adapted for use at the sub-daily time scale, as they are not very sensitive to time scale
changes (Brighenti et al., 2019; Mabharjan et al., 2013). Regardless of the type of the SU (agricultural
and non-agricultural), the water flows downward from one layer once the soil water content in the
layer reaches the soil water capacity. The simulated percolation flux along the soil base of any SU,
whether agricultural or non-agricultural, contributes to the simulated recharge of the GU connected to

the SU.

1.2.2 Surface and stream runoff

Surface and stream runoff are simulated with the diffusive wave equation solved by the Hayami kernel
method assuming a unidirectional flow to represent runoff routing as described by Moussa and
Bocquillon (1996). Surface runoff corresponds to the downslope propagation of the water excess.
Surface runoff flows downstream from an SU to another SU, an RS or an RE, depending on the spatial
segmentation. Stream runoff is simulated at every time step in every RS considering the upstream flow
from any connected SUs, RSs, REs and GUs to the given RS. The simulated stream runoff from an RS
or RE flows into either a downstream RS or downstream RE. Every RS connected RE or RS used for
irrigation is characterised by a user-defined parameter called minimum flow used, denoted Qi, (M®.s°
1), to model the withdrawals (see section 1.4.2 Management of the withdrawal from water resources).
The minimum flow is a floor threshold introduced to represent the minimum flow imposed by water
regulation laws to maintain the ecological quality of the stream. Any water withdrawal can be

performed in the stream only if the stream runoff does not fall below this floor threshold.

11
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1.2.3 Evapotranspiration

In regard to the agricultural SUs, the actual evapotranspiration (AET) is the sum of the actual crop
transpiration and actual soil evaporation. The AET is calculated at a daily time step based on the soil
surface water content, reference evapotranspiration (ETO), and soil clay content (Constantin et al.,
2015; Therond and Villerd, 2020). The actual crop transpiration depends on the crop growth and soil
water content (please refer to section 1.3, Crop growth). Regarding the non-agricultural SUs, the AET
is calculated at each time step according to SWAT formalisms (Neitsch et al., 2011) based on ETO,
soil characteristics (e.g., bulk density, wilting point, and thickness), soil water content and the fixed

leaf area index depending on the given land use.

1.2.4 Groundwater recharge and stream baseflow

The groundwater unit (GU) recharge is the sum of the percolation fluxes from all the upstream SUs
connected to the GU. The groundwater discharge from a GU to its connected reach stream (RS) is
calculated with a power-law storage-

discharge  function B) (Kirchner, 2009) as

Qbey (t) = Agy * ((Qrefipy * (S0t
follows:

Equation 2

where Qbgy is the GU discharge (m3.s'1); ti and t; are the current and previous time index,
respectively: Qrefsy is the reference specific discharge of GU (m.s™); Agy is the surface area of GU
(m?); Seu is the water storage in the GU by area unit (m); Srefgy is a reference water storage by area

unit (m); and a (m) and B (-) are characteristic parameters of the GU.
The groundwater discharge from a GU to an RS represents the stream baseflow.

1.2.5 Water dynamics in reservoirs
The water volume dynamics in reservoirs are simulated at each time step based on a water balance.

Inflows include i) the surface runoff from upstream SUs, ii) the stream runoff from upstream RSs to a

12
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connected RE and iii) the direct rainfall volume. The latter is calculated as the product of the rainfall
rate and the reservoir maximum water surface. The infiltration through the reservoir bed is not
considered. Outflows may include i) minimum flow, ii) overflow, iii) evaporation volume and iv)

water withdrawal for crop irrigation.

VRE (t) = (QREup (t) - QREout(ti)) 7 (ti - ti—l) * R(ti) *AREmax —-E (t;) *ARE (t) - W(ti) ¥ VRE(ti—l)

Equation 3

where Vge is the water volume of the reservoir (m3); t; and ti.; are the current and previous time
indexes, respectively; Qgeyp IS the runoff from the upstream spatial units (m3.s'1); Qreout IS the
discharge released by the reservoir (m®s™); E is the evaporation over the time step (m); R is the
rainfall over the time step (M); Aremax and Age are the maximum surface area and the water surface
area of the reservoir, respectively (m?); and W is the withdrawal volume (m®). Following the
conclusion of numerous studies about reservoir evaporation (Lowe et al., 2009; McJannet et al., 2013;
), the evaporation is assumed to be proportional by a factor k to the reference evapotranspiration, ETO,

such as E=k.ETO.

The released discharge is simulated differently between the non-connected and the connected
reservoirs. A non-connected reservoir is generally not equipped with a discharge control system and
releases water only when it is full. Consequently, the released discharge is modelled as the water
volume, Vreexceed, €XCeeding the reservoir storage capacity, such as Qreout=VRreexceed! (ti-ti-1). When the
water volume is lower than the storage capacity, the released discharge is simulated as zero. Following
water regulation rules in some countries, a connected reservoir has to be equipped with a control
system to release a minimum flow, considered an ecological flow. When the upstream runoff to the
reservoir exceeds the minimum flow, a discharge equivalent to the regulatory minimum flow has to be

released. When the upstream runoff is lower than the minimum flow, the equivalent of all the

13
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upstream runoff has to be released. In accordance to these regulatory and management rules, the

released discharge for a connected reservoir, Qreout, IS Simulated as follows:

e

Equation (4)
1.3 Crop growth

The crop growth is calculated only in agricultural SUs at daily time steps based on the principles of the
AqgYield crop model (Constantin et al., 2015). Crop growth, both aerial and root, controls crop

transpiration and crop yield.

The crop aerial development is simulated using a crop coefficient representing foliar growth. Crop
coefficient dynamics are a function of crop transpiration, development stage (phenology), and various
parameters specific to a given species. Globally, the crop coefficient increases until the flowering
stage and then declines until the harvesting stage. Crop development stages, particularly the flowering
and maturity stages, are simulated based on the concept of growing degree days, with threshold values

of the growing degree days and parameters specific to each species and cultivar precocity class.

The actual crop transpiration is calculated with an empirical function of the maximum transpiration
and soil water available to roots. The maximum transpiration depends on the crop coefficient and ETO
minus soil evaporation. The soil water available to roots varies as a function of root growth. Root
growth depends on the cumulative daily effective temperature, a species root-growth coefficient and a

reduction coefficient linked to the soil structure.

The crop yield is calculated at harvest as a function of the potential yield, locally defined for a species
or cultivar precocity class, and the water satisfaction index defined as the ratio of the actual crop

transpiration to the maximum crop transpiration during the cropping season.
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1.4 Crop and agricultural withdrawal management

1.4.1 Crop management

The model simulates farmer management decisions at daily time steps and for every agricultural SU.
The decisions are related to several practices (tillage, sowing, harvesting and irrigation), but only one
practice, respecting a given priority order, is operated each day. Technical interventions are simulated
over a given user-defined period of the year. Within this window period, the exact dates of technical
operations and amounts of water applied to crops are determined according to decision rules based on
crop growth and development characteristics, soil type and water content, and weather conditions.
These rules, the priority order between practices, and the window period for each practice and crop
may be adjusted to the context via a user-defined set of parameters. The thusly simulated technical
operations modify the other model variables. Tillage operations affect the soil structure and thus the
soil water content capacity. The sowing and harvesting dates determine the start and end, respectively,
of crop cycles. Irrigation decisions trigger water withdrawal operations from REs or RSs and influence
the SU soil water content and thus the crop growth and crop yield. The irrigation demand by the
farmer depends on the crop water requirement according to its development stage but also accounts for

equipment constraints through a minimum delay between two irrigations.

Complementary to the presentation of Murgue et al. (2014), Appendix A details the simulation rules

applied to farmer management decisions.

1.4.2 Management of the withdrawal from water resources
Management of water withdrawal for irrigation purposes is modelled at a daily time step for each
water resource dedicated to irrigation, with RS being first withdrawn, then RE. This approach

prioritizes stream water as a resource used for irrigation.

The total irrigation water demand on a given resource (RE or RS) is determined as the sum of the daily
farmer’s irrigation demand for all irrigable agricultural SUs linked to that resource. If the available

water in the resource is larger than the total irrigation water demand, the water demand is satisfied by
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the water withdrawal, and the irrigation volume provided to each SU is equal to its demand.

Otherwise, the withdrawal volume corresponds to the available water volume in the resource, and the

irrigation volume applied to each
. . Ngy .

SuU IS W(t)=min(V . (t_)=V g ; Elferemj (t) proportionally

reduced compared to the

water demands.

Equation 5

where W is the water withdrawal from the resource (m®); Vi is the water volume in the resource (m®);
Vwrmin 1S the minimum water volume (m3) of the resource below which any withdrawal is never
performed; t; and t;.; are the current and previous time indexes, respectively; IrrDem; is the farmer’s
water demand for SU; (m3); and ngy is the number of SU irrigated from the water resource. The
minimum water volume of the resource, Viyrmin, COrresponds to the minimum flow, Qni,, multiplied by
the daily time step or to a volume threshold, Vremin, When the water resource is a stream reach (RS) or
a reservoir, respectively. The volume threshold, Vgemin iS the water volume below which water
pumping is technically difficult and usually not performed due to high concentrations of sediments in
the water. Similarly, the available water volume of the resource, Vwr, corresponds to the reservoir
water volume, Vgg, and to the stream runoff, Qgs, multiplied by the daily time step when the resource

is a reservoir and a stream reach, respectively.

1.5 Computer implementation

The MHYDAS-Small-Reservoirs model was developed within the OpenFLUID platform (Fabre et al.,
2020; Fabre et al., 2010). This platform facilitates model building by sequentially coupling blocks of
code, called simulators, with each simulator supporting one of the main model functions. The
OpenFLUID platform achieves the coupling of models via the exchange of simulation variables

varying both in space and time. The overall structure of the spatial domain is managed using a graph
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where the nodes are the spatial units (here, SUs, RSs, GUs, and RES) and the edges are these relations
between the above spatial units (hydrological or agronomic links). MHYDAS-Small-Reservoirs
consists of 16 simulators described in Appendix B and considers a total of 40 variables. All simulators

were written in the C++ language, which allows unit-oriented data entry (Jordan, 1990).

1.6 Input and simulated variables, parameters and initial conditions

The input variables are weather variables, namely, rainfall, ETO and air temperature (Figure 2). The
input variables are spatially distributed. The simulated variables per spatial unit type are shown in
Figure 2. The parameters adopted in the equations and relations implemented in the simulators are
listed in Appendix C. They correspond to either empirical values or functional properties of the spatial
units. They can be either global (i.e., a unique and common value for all the spatial unit types) or
spatially distributed (i.e., each spatial unit has its own value). The initial model conditions include the
soil water content in all agricultural and non-agricultural SUs, the water level in each GU, and the

volume of water stored in each RE, connected or not.

2. Materials and methods

2.1 Study area

The Gélon catchment was chosen for the application of the model, for the hydrologic year 2014-2015,
for which most of the data required for model implementation and evaluation was available, notably

the agricultural plot map.

2.1.1 General characteristics

The Gélon is a 19.8-km2 catchment belonging to the Arrats catchment, which is a 620 km? sub-
catchment of the Garonne River located in southwestern France in the Gers department (Figure 3). The
outlet is located at 43°51'38"N-0°48'07"E. It is a hilly catchment with the elevation ranging from 110
to 193 m above sea level. The soils are mainly composed of alluvial and molassic slope deposits (Party
et al., 2016). The lithology is globally impermeable, without a deep aquifer, which leads to a high

density of the hydrographic network (Cavaillé and BRGM, 1968). The total length of the Gélon stream
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is 8 km. The oceanic climate of the catchment induces a rainfall of 675 mm, an ETO level of 905 mm

and a temperature of 13.5°C on average over the period from 1989-2016.

Figure 3: Location and map of the Gélon catchment. The agricultural and non-agricultural plots in the
map are marked in green and yellow, respectively. The outlet is indicated by a red dot. The
hydrographic network and small reservoirs are represented by blue lines and dark blue areas,

respectively.

The Gélon catchment is mostly agricultural. The majority (75%) of the catchment area is devoted to
agriculture, representing 585 cultivated plots (IGN, 2015). The remaining 25% (244 plots) comprises
non-cultivated, urbanized or forested areas (MTES, 2012). The whole cultivated area is covered by
annual field crops, and the main crops are straw cereals (mostly wheat, barley, triticale and oats) and
sunflower (accounting for 41 % and 33 %, respectively, of the cultivated area in 2015). Maize,
soybeans, peas, chickpeas, lentils, flax, market gardening (largely garlic, strawberry, butternut and
onion), sorghum, rapeseed, and temporary and permanent grassland are also cultivated to a lesser

extent in this region where organic farming is increasingly applied.
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Most crops are rainfed (sunflower, permanent grassland and vineyard plots), some are systematically
irrigated (mostly maize and soybeans), and others are irrigated only when weather conditions are
particularly dry (straw cereals, temporary grassland, market gardening, rapeseed and orchards). Field
surveys indicate that farmers generally irrigate their fields with an amount of 30 mm, except for
rapeseed, which can be irrigated only once, at the sowing time, with half the amount (i.e., 15 mm).
Irrigation occurs during the cropping season, namely, temporary grasslands are irrigated from April to
mid-May, straw cereals from mid-May to mid-June, maize from mid-May to mid-September, market
gardening from mid-May to mid-October, soybeans and orchards from June to September, and

rapeseed in September.

The catchment contains 25 water reservoirs of varying capacities (100 to 30,000 m?), 13 of which are
used for irrigation, while the remaining 12 reservoirs, often smaller, have no current irrigation use
following the change to non-irrigated crops or following the purchase of the land by private
individuals who are not farmers. The 13 reservoirs are the only resource for irrigation water, i.e., in
this catchment, no water is withdrawn from the river. There are no channel networks: the water is
directly pumped from the reservoirs and distributed to the fields under pressure. Overall, 19 % of the
agricultural area is irrigated, mainly by aspersion using 25-m travelling guns. The limited availability
of irrigation equipment, the time required to install the equipment and the limited flow rate of the

equipment result in a delay between two irrigations of 6 or 7 days depending on the crop.

2.1.2 Weather, pedological, agricultural and hydrological data

The weather variables were retrieved from the SAFRAN database of MeteoFrance (Durand et al.,
1993), namely, the hourly rainfall and air temperature and daily ETO calculated according to Penman’s
formula, at an 8 km x 8 km resolution. The map of the agricultural plots includes the land use at the
field plot level and is available on a yearly basis from the French Land Parcel Identification System
(IGN, 2015). Crop vyield data are only available at the Gers department level (6,200 km?2) from data
collected from agricultural cooperatives by public authorities (DRAAF Occitanie, 2020). No database

provides information about the agricultural practices in the Gélon catchment, but specific surveys offer
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insights on the irrigation practices in the Gélon and Arrats catchments.  The soil data were provided

by the Référentiel Régional Pédologique, a French soil database (Party et al., 2016).

Stream discharge data at the Gélon outlet have only been available since 14/09/2018. We thus
estimated the 2014-2015 discharge from the daily specific stream runoff data recorded at the closest
station of the French station hydrometric network, assuming that both specific stream runoffs were
equal. This assumption was carefully verified over the period 14/09/2018 to 13/09/2019 at a daily time
step during which the discharge at both catchment outlets was monitored. The similarity was very high
for 47% of stream runoff (i.e., between 0.086 and 1.0 mm/d) encountered in the Gélon catchment, with
an r2 value of 0.68 considering linear regression, an NSEq value of 0.53 and an NSE value of 0.71
(Figure 4). The similarity was low for extreme stream runoff, lower than 0.086 mm/d (an r2 value of

0.02) or higher than 1.0 mm/d (an r2 value of 0.11).
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Figure 4: Flow duration curves for the Gélon and St Antoine stream runoff.
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2.2.1 Spatial segmentation

21

Several geographic data sources (Table 2) were adopted to determine and characterise the geometrical

properties of all spatial units of the Gélon catchment, resulting in 25 REs, 17 GUs, 365 RSs and 2402

SUs, 1666 of which are agricultural SUs.

Table 2: Sources of data considered for the segmentation of the Gélon catchment.

Data type Data source Spatial

resolution

Topography Digital elevation model (DEM) RGE ALTI 5m

5m (IGN, 2017)

Hydrographic network BD Carthage (Agence de I’Eau et al., 2014) 10m
Reservoir location and Aerial view analysis (IGN, 2016) and in situ reservoir
characteristics surveys resolution

Map of the agricultural plots Land Parcel Identification System (IGN, 2015) plot
resolution

Map of the non-agricultural plots Land use inventory (MTES, 2012) plot
resolution

2.2.2 Parametrisation

As far as possible, the parameters corresponding to the functional properties (Appendix C) were

determined from existing databases, measurements and in situ observations or retrieved from the

literature.

Values of crop growth parameters were fixed based on previous studies. Indeed, these parameters were

determined previously for several field crops in southwestern France and then validated for three

rainfed and irrigated spring crops (sunflower, maize, and sorghum) (Constantin et al., 2015), for wheat

21
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on 14 experimental sites in France and for rotations on two sites in southwestern France (Tribouillois
et al., 2018). We grouped crops into classes to limit the number of crop parameter sets, especially for
minority crops. For example, the soybean class includes soybeans as the main crop but also peas,
chickpeas, flax and lentils as minority crops. The soil texture and soil depth also used in the crop
growth model are parameters derived from the French soil database (Référentiel Régional
Pédologique, Party et al., 2016) by considering the dominant soil type in each SU. The soils of the
agricultural SU show low variability (all clay-loam soils) and all belong to a single soil class. In
addition, the three shape parameters of the SU infiltration capacity curve (Equation 1) not defined in
the AqYield database, namely, Iy Ks and O, were adjusted as detailed below. Two of the four
parameters of the GU storage-discharge function were defined based on an analysis of Gélon outflow
discharges during recession periods, while the other two, namely, parameters a and b of Equation 2,
were fitted. A simple calibration of the outflow at the outlet of the Gélon was performed by
considering 3 values for each of the 5 parameters to be fitted and by varying them one at a time. Thus,
only 243 sets of parameters were then tested. The three values were chosen to explore a realistic range
of variation by selecting the minimum and maximum values found in the literature and their arithmetic
mean. The extreme values for the parameters of the SU infiltration curve were defined according to
Mishra et al. (2003), Fernandez-Pato et al. (2016), Party et al. (2016) and those for the GU storage-

discharge function from Kirchner (2009).

2.2.3 Time step of the simulation

An hourly simulation time step was adopted for all the hydrological processes (blue boxes, Figure 2),
except for those processes for which the formalism required a daily time step, as indicated in Section
1, namely, the water balance of agricultural plots as well as crop growth processes, and crop and

agricultural water management operations (red and green boxes, Figure 2).

22



479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

23

2.2.4 Climate input variables and initial conditions

Climate input variables, namely, rainfall, ETO and air temperature were considered spatially uniform
in the application of the model to the Gélon catchment. Due to the lack of data, all the initial
conditions were set using a warm-up approach, consisting of a simulation over a period long enough to
reach equilibrium (Kollet and Maxwell, 2008). In this study, we adopted the recursive simulation
approach described by Ajami et al. (2014): the previous hydrological year from 2013-2014 was
repeated 25 times with constant crop rotations. We verified that the equilibrium state was reached after
these 25 year-long simulations by determining whether the annual simulated variations in water
storage at a one-year interval were lower than 1% in 95% of the units of each type. This warm-up
process was initiated considering a full saturation of the catchment, including a complete filling of the

reservoirs to limit the spin-up time (Rahman et al., 2016).

2.3 Model verification

To verify the model, we considered virtual and real catchments and monitored i) each simulator, ii) the
model determinism and iii) the conservation of water volumes. Furthermore, the computation time was

also analysed.

2.3.1 Simulator testing

For each simulator, the agreement between the computer code and conceptual model was verified
using simple test cases. The verifications were based on a comparison of the simulated and expected
values of the variables, with the latter obtained from either algebraic equations or reference
simulations. These tests also allowed us to evaluate the hydrological and agronomic links between all

the units.

As an example, the combined testing of the irrigation decision and application simulators (Appendix

Q) allowed us to simultaneously verify the following:

) the identification of all the RE or RS dedicated to irrigation and the links between that water

resource and the irrigable SUs,
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° the consistency between the available water volume, water withdrawal volume, irrigation
water demand and irrigation amount provided to crops, and

° the absence of withdrawal from a water resource not dedicated to irrigation.

2.3.2 Model determinism

Model determinism is guaranteed when identical simulations, repeated in the same computing
environment with unchanged parameterizations, initial conditions and boundary conditions, result in
exactly the same simulated values. A numerical test was performed on a sub-catchment of the Gélon
catchment, modelled with 341 SUs, 112 RSs, 69 GUs and 13 REs, with one of the latter being
dedicated to irrigation. The test was executed by repeating the same 5-year simulation 1,000 times,
and we assessed whether the water volumes in the GUs, REs, and SUs and water fluxes in the SUs and

RSs remained unchanged across the whole catchment.

2.3.3 Water volume conservation

Water volume conservation is an important criterion in hydrological model verification. We monitored
the water volume conservation in MHYDAS-Small-Reservoirs at the daily resolution considering the
whole catchment. In the case of perfect water volume conservation, the total volume of all simulated
outflows from the catchment equals the total volume corresponding to the variation in the simulated
water storage and all simulated inflows to the catchment. We monitored the water mass conservation
level in the same real catchment as was adopted for model determinism assessment (section 2.3.2,
Model determinism) at the daily time step, considering that the difference between the above two

volumes should remain below 0.001% of the total inflow volume.

2.4 Model evaluation

Model evaluation determines the ability to simulate hydrological and agricultural functioning in a real
case study. Basically, the evaluation relies on the comparison of simulated variables to available
observed, or reference, data. As the primary intention in using MHYDAS-Small-Reservoirs is to

guantify the cumulative effects of reservoirs on crop yields and on stream runoff at the catchment
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outlet, we chose these two variables to evaluate the model. The evaluation therefore followed two
steps. The first step involved the evaluation of the model in the simulation of global variables
corresponding to the annual fluxes across the entire catchment for which reference data were available
for the case study. In the second step, the model ability to finely simulate the daily stream runoff was

analysed using the Nash- Sutcliffe efficiency (1970) calculated as
follows: Z (Q‘?—Q‘?)z

NSE =1-——
—0)\2
a-q’)

n

=1

where NSE, is the Nash-Sutcliffe efficiency of the stream runoff, q°; is the reference stream runoff at
the i time index, q° is the mean reference stream runoff and ¢'; is the simulated stream runoff at the
i time index. The closer the value is to 1, the higher the quality of the stream runoff simulation is. The
efficiency considering the square root of the stream runoff, denoted as NSE, was also calculated
since it assigns a high weight to low values of the stream runoff when NSE; is highly sensitive to high

flows (Oudin et al., 2006; Pushpalatha et al., 2012).

When applying the model to the Gélon catchment, the efficiencies were calculated based on the daily
stream runoff over the full hydrologic year of 2014/2015 starting on 1 September. The daily simulated
stream runoff, g%, was calculated as the sum of hourly simulated stream runoff for the i" day. As we
determined that the stream runoff data used as reference data were less reliable between June and
October and for stream runoff below the threshold of 0.086 mm/d (cf section 2.1.2), we also calculated
the efficiencies by considering those days when the stream runoff exceeded the above threshold,

excluding the period from June to October.

2.5 Numerical explorations

The model was then applied to simulate, in the Gélon catchment, two situations that differed in terms
of crop allocation and reservoir water management (Table 3). The objective was to analyse the

capacity of the model to predict possible future conditions and assess the potential consequences of
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different policies in crop and agricultural water management strategies, as is commonly achieved in
scenario exercises using models in water resource management (Leenhardt et al., 2012). The
“Reference” situation represents the current state, as simulated for the 2014-15 hydrological year,
which is compared to the second situation, named “All-RE”. The All-RE situation was not designed to
be realistic but for its illustrative potential. In this situation, we therefore assumed that all reservoirs of
the catchment were used for irrigation purposes and that all agricultural SUs within a radius of 500 m
around every RE were irrigated and cropped with maize, the most irrigated crop in the region. The All-

RE situation thus differs from the Reference situation both in terms of number of reservoirs considered

for irrigation and in terms of crops and cropping area.

Table 3: Reservoir and crop and irrigated area characteristics of the “Reference” and “All-RE”

situations simulated with MHYDAS-Small-Reservoirs in the Gélon catchment

Situations Reference All-RE
25 reservoirs, 25 reservoirs (206,800 m°) for
Reservoirs including 13 used for irrigation irrigation purposes

(164,300 m®)

Crop distribution

straw cereals (617 ha)
sunflower (497 ha)
maize (25 ha)

soja (108 ha)

other crops (142 ha)

set aside (52 ha)

maize (1,067 ha)
other crops (405 ha)

set aside (21 ha)

Irrigated area

288 ha including:
° straw cereals (213 ha)

o soybeans (16 ha)

1,056 ha including:

° maize only
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° maize (14 ha)

° rapeseed (7 ha)

° sorghum (3 ha)

° other crops (35 ha)

3. Results

3.1 Model verification

3.1.1 Simulator testing, model determinism and water volume conservation

Testing of all the simulators was successful since the variables simulated with the model matched the
expected values. The results are not presented but are available upon request. The model determinism
was verified since the simulated variables in terms of the total water storage in the GUs, SUs and REs
and water fluxes (surface runoff in the SUs and stream runoff in the RSs) were strictly identical for all
1,000 simulations. Water volume conservation in the simulations was also verified: at the annual scale,

the error was lower than 0.0001 % of the inflow volume.

3.1.2 Computation time

The simulation was performed based on an Ubuntu Quad-Core microprocessor at 2.90 GHz, with
128 GB of RAM and a 32-bit CPU. The computation time reached 17 hours for a 26-year period in the
Gélon catchment, with a display of the daily global variables in the whole domain and an additional
display of all of the variables in each spatial unit (3 per RS and GU, 7 per RE and 30 per SU) for the

last simulated year, which represents 4.7 Go.

3.2 Model evaluation

At the catchment level, the simulated stream runoff over the hydrological year of 2014/2015 is 102.8
mm (Table 4), which is only 6.4% higher than the reference stream runoff (96.6 mm). The efficiencies

of NSE; and NSEq, of the simulated daily stream runoff are 0.32 and 0.26, respectively. In regard to
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the days when the stream runoff exceeds 0.086 mm/d between November and May, when the
reference stream data are considered reliable (please refer to section 2.4), the calculated NSE, and
NSEsqtq Values are both 0.47. These values approaching 0.5 indicate that the model yields nearly
satisfactory results not only for high flows, in terms of NSE, (Moriasi et al., 2015), but also for low
flows, in terms of NSEgq (Oudin et al., 2006). Over the period corresponding to these days, the
simulated daily stream runoff matches the reference stream runoff well (Figure 5). During this period,
the simulated cumulative stream runoff is 82.6 mm, which is 3.3% higher than the cumulative
reference stream runoff (80.0 mm). According to Moriasi et al. (2015), an error of less than 5% is
considered very good. On the basis of all the efficiencies and differences between the simulation and
reference data, the model applied to the Gélon catchment yields acceptable or even good simulations

of the hydrology.

Table 4: Catchment water balance terms simulated for the two situations of the Gélon catchment for
the hydrologic year 2014/2015. The simulated AET, stream runoff at the outlet, irrigation and storage
variation between the start and the end of the simulation period are expressed in mm. The rainfall and
ETO, as input variables, are also indicated and expressed in mm. For irrigation, the value in brackets

indicates the mean annual irrigation per irrigated plot area (mm).

Stream
Situations AET (ETO) Rainfall Storage variation = Irrigation
runoff
Reference 436.4 (960.7) 570.7 102.8 +31.5 4.2 (28.9)
All-RE 473.9 (960.7) 570.7 97.0 -0.1 7.1(13.3)
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605 Figure 5: Simulated (black line) and reference (red line) daily specific stream runoff (mm/d) at the Gélon catchment outlet for the hydrologic year of

606 2014/2015. The daily rainfall (in black), ETO (in green) and AET (in blue) are also represented (in mm/d) on the right inverted y-axis.
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Table 5 summarizes the simulated and regionally observed crop yields. Considering all the crops, the
area-weighted average of the relative root mean square errors across the Gélon catchment is 21.4%,
which is quasi-acceptable according to Cabelguenne et al. (1990) and Constantin et al. (2015), who
considered a difference of 20% between the observed and simulated yields acceptable. This
performance results from the good performance of the model in the simulation of the sunflower and
sorghum yields and the poor yield simulation performance for soybeans, rapeseed, maize and straw

cereals.

Table 5: Simulated and regionally observed crop yields in the Gélon catchment, accounting for 86.1%
of the crop area. The regionally observed crop yields correspond to data retrieved from the Gers
department in 2015 (DRAAF Occitanie, 2020), considering the maize yield in proportion to the
irrigated and non-irrigated maize areas in the Gélon catchment.
Regionally observed Simulated yield Cultivated area
Species Yield error (%)
yield (T.ha™) (T.ha) (%)
Soybeans 3.50 2.21 -37% 7.28%
Sunflower 1.70 1.45 -15% 33.28%
Rapeseed 2.5 3.30 +32% 0.45%
Sorghum 5.5 5.84 +6% 2.12%
Maize 8.4 5.43 +35% 1.65%
Straw cereals 5.4 6.70 +24% 41.30%

3.3 Numerical experiment results

3.3.1 Global variables

The annual catchment water balance terms in the two situations are reported in Table 4. The simulated
irrigation amounts rank as expected with the largest volume occurring in the All-RE situation, due to
both the large irrigated area and abundant available water resources. The simulated stream runoff in

the All-RE situation was 6% lower than in the Reference situation.
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The crop yield varies both between crops within a situation and between the two situations (Table 6).
In the All-RE situations, yields of non-irrigated crops (i.e., sunflower) are not very different from
those in the Reference situation (<2%) since a rainfed crop in the reference situation remains non-
irrigated in All-RE. Crops irrigated on only part of their area in the Reference situation are either
replaced by irrigated maize or maintained as non-irrigated in the All-RE situation. As a result, when
they do not disappear (as for rapeseed and sorghum), their yield decreases slightly if they were lightly
irrigated (e.g., straw cereals) or considerably if they were intensively irrigated (e.g., soybeans).
Regarding maize, the yield decrease observed in All-RE (-12% compared to the Reference) has
another explanation. In All-RE, the number of reservoirs for irrigation increased, and all irrigated
surfaces were converted into maize crop plots. The increase in the overall volume of water available
for irrigation purposes did not compensate for the increase in the total water demand resulting from the

increase in the area of irrigated maize, hence the decrease in yield.

Table 6: Variations in the crop yields in the Gélon catchment considering the two simulated

situations. The values are given in T/ha but also in T at the catchment scale. Variations are also given

in percent compared to the Reference situation.
Soybeans Sunflower Rapeseed Sorghum Maize Straw cereals
2.21T/ha 1.45T/ha 3.30T/ha 5.84T/ha 5.43 T/ha 6.70 T/ha
Reference
240T 720 T 22T 185T 134T 4,131 T
1.99 T/ha 1.47 T/ha 4,78 T/ha 6.70 T/ha
All-RE (-10.0%) (+1.4%) - - (-12.0%) (0.0%)
119T 213 T 5,100T 1,048 T

3.3.2 Spatially distributed variables
MHYDAS-Small-Reservoirs simulates a large number of spatially distributed variables related to the
hydrological and agricultural responses of a catchment. We illustrate three of them, namely, i) stream

runoff, ii) irrigation water demand and iii) reservoir filling rate evolution.
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The stream runoff is simulated along the whole hydrographic network at the RS resolution. This
allows us to assess and compare the inner-catchment variability, as shown in Figure 7, where the
difference in the monthly stream runoff along the hydrographic network between the Reference and
All-RE situations in December 2014 and July 2015 is plotted. These two months were chosen because
they corresponded to high flow and low flow periods, respectively. In that respect, several results can
be highlighted. The first result is that the relative variation in the monthly stream runoff between the
situations at the catchment outlet differs from one month to another and that the variation in the annual
stream runoff also differs. For example, although the simulated annual runoff in the All-RE situation
was lower by -6% compared to the Reference situation, the difference of monthly stream runoff
between both situations was -3% in July and -14% in December. The second notable result is that the
variation in the stream runoff at the outlet may mask the high variability in stream runoff along the
hydrographic network. The simulated stream runoff variation was negative in most of the stream
reaches (Figure 7), indicating a lower stream runoff in the AII-RE situation than in the Reference
situation over the two months analysed. This result was expected due to i) the higher crop water
requirement of maize compared to the straw cereals, which is the main irrigated crop in the Reference
situation, and ii) the larger water withdrawals in the reservoirs in order to irrigate maize. This leads to
emptier reservoirs at the beginning of the rainy period and thus to an increase of water interception of
runoff and stream runoff by the reservoirs and to a decrease of the stream runoff in the catchment.
However, in July, in the western branch of the hydrographic network, delimited by A and B in Figure
7, the stream runoff was higher (+9%) than that in the Reference situation. This counterintuitive result
is explained by an increase of the baseflow in the AllI-RE situation, which is 8% higher in July for
certain GUs in the southwest of the catchment. This increase in the baseflow is first related to the
irrigation. Indeed, the absence of irrigation under the Reference situation in the northwest of the
catchment (Figure 7) leads to a lower soil water content than that in the All-RE situation, where the
soils are cropped with highly irrigated maize. The rainfall in July and the subsequent infiltration
allows the soil water content to exceed the soil field capacity faster, thus triggering larger soil

percolation in the All-RE situation than in the Reference. However, this phenomenon is limited to a
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small part of the catchment. Indeed, in the rest of the catchment, the water amount available for
irrigation in the reservoirs is smaller than the demand, and the mean soil water content in the All-RE
situation remains lower than that in the Reference situation. Thus, at the catchment scale, the stream
runoff is slightly modified by these changes and driven more by the increasing AET due to the maize

crops.

The irrigation water demand also exhibits inner spatial and temporal variability, as shown in Figure 7,
where the irrigation water demand is plotted for the Reference and All-RE situations and two months
corresponding to the beginning (June) and the end (August) of the irrigation period. These two months
illustrate well how the water demand depends on crop requirements and water resource availability in
reservoirs, which usually decreases with time during the irrigation period . The water demand is quite
uniform in the catchment for the All-RE situation because all irrigated fields are cropped with the
same crop, maize. The difference in water demand between June and August relies mainly on this
situation in crop water requirements. In June, the maize was planted a few weeks earlier, and the crop
water requirement, and thus the water demand for irrigation, is low. In August, the crop requirement is
large due to the crop development and the high ETO (Figure 5). As the reservoirs are empty at this
time (Figure 8), the water demand remains high most of the time. In the reference situation, water
demand is slightly more variable than for the All-RE situation because there are different irrigated
crops, such as straw cereals, soybean and maize. The crop development in time and the irrigation
period are different from one crop to another one. As straw cereals are harvested in July, all fields with
this crop are simulated with a zero water demand in August for the reference situation (fields with
black dots in the left map of Figure 7). As in the AlI-RE situation, the temporal variation in water
demand for maize fields between June and August also results from the water availability in the
reservoirs. For instance, the simulated water demand for the field in maize indicated by a red circle in
Figure 7 varies from zero in June to more than 60 mm in August. The water volume in the reservoir
connected to this field (grey line in Figure 8) is not large enough in August to meet the crop

requirement, leading to a permanent high water demand.
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The reservoir filling rate, which is the ratio between the volume of water stored and the RE capacity,
also reveals a high spatial and temporal variability (Figure 8). This finding is explained by the spatial
distribution of the crops, the different water requirements and cycles of the different crops, and the
locations and properties of the reservoirs. Whether a reservoir is used for irrigation or not is the first
variation factor of the filling rate between reservoirs: either connected or non-connected, RES remain
almost full throughout the year as long as they are not applied for irrigation purposes (the blue and red
curves in Figure 8b). The type of irrigated crop is the second factor, namely, in the Reference
situation, where the various crops are irrigated, the reservoir levels decrease first in June to irrigate the
straw cereal, market gardening and soybean crops and again from July to September when the maize
and soybean crops are irrigated (the orange, green, grey and black lines in Figure 8b), while in the All-
RE situation with all irrigated plots cropped with maize, the decrease in June is not observed (all the
coloured lines in Figure 8c). The type of reservoir, connected or non-connected, is another factor
explaining the differences in filling rate. When the irrigation water demand is high, as that during
maize irrigation in the All-RE situation, the connected reservoirs (the red and orange lines in Figure 8b
and 8c) are more likely to become filled because they benefit from both surface and stream runoff
from the upstream reach, while the non-connected reservoirs, only receiving surface runoff, are less
likely to become filled (the blue and green lines in Figure 8b and 8c). The last factor is the location of
the reservoir, as illustrated by the difference between two non-connected reservoirs reserved for
irrigation (the black and grey lines, respectively, in Figure 8). In one case (the black line), the drained
area is not large enough to fill the reservoir during the surface runoff period, and the reservoir remains
almost empty throughout the year regardless of the situation. In the second case (the grey line), the
drained area is large enough to support a high filling rate, as indicated by the filling rate approaching

the reservoir capacity during the rainfall events in late June.

35



36

December July
w E
° °
Legend

SuU (-]
© RE used for irrigation
® RE not used for irrigation

]
Variation in stream runoff (%) ®o i) 2
= [70;>100] ° B o

140;70] Ba®
—120;40]

110;20] o ~ °

10;10]

1-10;0] ° ‘ o
—1-20;-10] A S A

1-40;-20] ° o i S
— 1-70;-40] o L5 ® o Yo *
= 1-100;-70] ° o o 2 o

L 0 500 1000 1500 m '
— —

719 Figure 6: Stream runoff differences simulated along the hydrographic network in two months
720 (December 2014 and July 2015) for the All-RE situation. The differences are calculated between the
721 mean monthly simulated stream runoffs in each of the situations and the Reference situation. The
722  depicted water reservoir units (REs) dedicated to irrigation or not are those in the Reference situation.

723  Black squares A and B delimit the western branch of the hydrographic network.
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Figure 8: Daily rainfall (a) and variations in water storage in the reservoirs relative to their volume
capacities in the Reference (b) and All-RE (c) situations. The coloured lines indicate the different RE
configurations and groupings defined in the Reference situation, which were maintained in the All-RE
situation. The mean reservoir filling rates are represented for the connected REs reserved for irrigation
(6 REs, orange line), the connected REs not dedicated to irrigation (4 REs, red line), the non-
connected REs dedicated to irrigation (7 REs, green line) and the non-connected REs not dedicated to
irrigation (8 REs, blue line). In addition, the specific reservoir filling rate for two non-connected REs

dedicated to irrigation (in black and grey, respectively) is also plotted.

4. Discussion

The first application of the MHYDAS-Small-Reservoirs model to the Gelon catchment gave
promising results (Figure 5; Tables 4 and 5). The main processes underlying the hydrological and
agricultural functioning of the catchment seem to be well modelled. However, considering the
application of the model to other catchments and other agropedoclimatic contexts requires questioning
(i) the availability of the data needed for its application to other real case studies and (ii) the
improvements to the model in terms of the processes represented. The two points are discussed

hereafter.

The first point of discussion concerns the data needed to use the MHYDAS-Small-Reservoirs model,
either to define forcing variables to obtain the spatial representation of the flow domain to
parameterise it on the study area or to evaluate it. Most of the necessary data (e.g., topography,
hydrographic network, soil characteristics, nature of crops, and meteorological variables) may be
extracted or derived from generic databases, often available throughout Europe. Moreover, as this
model is built on already proven models and on widely used equations, some parameters can be fixed
from the literature. For example, this is the case for the plant growing coefficients or for the k factor
for converting reference evapotranspiration to reservoir evaporation. This makes it easy to envision the

use of the model in catchment areas other than the one we studied.
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However, there is no generic database for all model inputs or for all variables used for its evaluation.
In such cases and when available, those data may be derived from local databases, specific surveys or
local expertise. This is particularly the case for data on reservoirs: there is currently no database at the
European or even the French level that allows a complete and high-quality description of small water
reservoirs. The availability and estimation of the small reservoirs properties and the water use from the
reservoirs have remained a real challenge regardless of the approaches used in catchment hydrological
modelling with reservoirs (Hughes and Mantel, 2010, Lowe et al. 2005). This has motivated the
development of remote sensing methods to estimate position and capacity of small reservoirs over
large areas (Ogilvie et al., 2016). In France, the collective water management structures recently set up
in deficit areas ("Organismes Unigues de Gestion Collective de I'Eau™) are beginning to create a type
of database gathering characteristics and water uses of small reservoirs. Databases describing
agricultural practices are also incomplete, either in terms of geographical location or in terms of
content, as explained in Leenhardt et al. (2010, 2020). Therefore, this requires the implementation of
specific acquisition methods, for example, as presented for cropping systems by Murgue et al. (2016)
and Rizzo et al. (2019). It is clear that the lack of generic databases for some of the necessary variables
to use or evaluate the model makes using the model more difficult. However, this constraint is not
specific to MHYDAS-Small-Reservoirs and has been encountered by other modelling approaches

dealing with the cumulative effect of small reservoirs.

The quality of the data used also guarantees the predictive quality of the model and the reliability of
the model assessment. The use of indirect acquisition methods necessarily introduces inaccuracies,
either because of the quality of the expertise (Rizzo et al., 2019) or because of the method itself. For
example, in our case study, we did not manage to meet all the owners of the reservoirs (absences or
refusals) so that the data for some reservoirs correspond to hypotheses based on our observations or on
the expertise of neighbours. However, the existence of generic databases does not exclude the need to
examine the quality of the data included in them. For example, in the present study, although we had

databases providing stream flow, meteorological data and crop yield values, we were only able to
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access stream flow data at a nearby station located within the same basin but outside the Gélon
catchment, while meteorological data and crop yield values, respectively, were at a resolution that was
too low to obtain internal spatial variability on an 8 km2 grid and averaged over the entire Gers
department,. These spatial discrepancies necessarily affect the quality of the data. More intensive field
work, for example, by monitoring flows at the Geélon outlet or by obtaining yield values from
agricultural cooperatives or traders who collect crops in this sector, would have enabled a better

evaluation of the model's performance.

The second point of discussion is about the way to improve the modelling of processes in MHYDAS-
Small-Reservoirs, in particular processes directly affecting the reservoir. Regarding this point, the
modular design of the MHYDAS-Small-Reservoirs model under the OpenFLUID platform easily
allows adding or improving simulators. In the current version of the model, some processes are
neglected. This is the case for infiltration of water from the reservoirs to the underlying groundwater
or conversely for the discharge of groundwater directly to the reservoirs. Neglecting these processes
appeared to be acceptable in the Gélon catchment given the characteristics of the reservoirs and their
connection to the groundwater. However, depending on the pedological and lithological contexts and
the properties of the reservoirs, in particular the hydrodynamic properties of the reservoir bed,
exchanges between the reservoir and the groundwater can be dominant processes in the hydrological
dynamics of the reservoir (Bouteffeha et al., 2015). Modelling the exchanges would therefore improve
the model in its ability to simulate a diversity of contexts. The modelling could be done simply by
considering the differences in water levels between the reservoir and groundwater. This type of
relationship is reported to well predict the dynamics of exchanges in various contexts (Sharda et al.,

2006).

Another improvement of the model is in the modelling of the water management rules of the
reservoirs. Indeed, the cumulative hydrological effect of reservoir networks cannot be explained solely
by the geometric characteristics of the network (density in terms of number of reservoirs, volume or

surface area). The management rules of the reservoirs, which sometimes differ from one reservoir to
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another, appear to be an important factor in this effect (Habets et al., 2018; Hughes and Mantel, 2010).
In the present case study, the sharing of available water in a reservoir is modelled by a fairly standard
approach by considering that the water withdrawn is distributed to the irrigated field proportionally to
the water demand, but other priority rules could be considered. Priority could be given, for example, to
crops providing high financial incomes. We could also consider defining rules based on short-term
weather predictions. For actual water management rules being modelled within a specific simulator,
the modular design of the MHYDAS-Small-Reservoirs model will be a clear asset to allow various

water management modalities.

5. Conclusions

The MHYDAS-Small-Reservoirs model has been developed to understand and predict the local and
cumulative hydrologic and agricultural effects of a reservoir network in an agricultural catchment.
Hydrological models are already available to assess the cumulative impact of reservoir networks.
Compared to these models, the originality of MHYDAS-Small-Reservoirs lies in two of its features.
The first is that it integrates processes related to the three major components of the catchment's agro-
hydrological functioning: hydrology, crop growth, and water management decisions. The second
feature is that it explicitly represents the main elements of the agricultural catchment - the plot, the
reach, the reservoir, and the water table - and the hydrological and agricultural relationships between
these elements. In addition, the model distinguishes between reservoirs according to their connection
to the hydrographic networks. In doing so, it allows the simulation of both local effects in the
immediate environment of each reservoir and cumulative effects on overall yields (Table 6) and flows

(Figure 6).

Numerical verification of the model was successful. The first application of the model to a 19-km?
catchment gave promising results in terms of stream runoff and crop yield simulations. However, the

evaluation and validation of the model are incomplete. The model could be improved in two
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directions. The first concerns its validation, with an analysis of the model performance to simulate the
variables for which it was intended, such as stream runoff, crop yields and water withdrawals and
availability in small reservoirs. Model validation could also gain from its application to catchments
where comprehensive, reliable and distributed data sets, such as water tables, stream runoff and crop
yield data, are available based on in situ measurements and observations. The second direction would
be to perform a sensitivity analysis. In particular, a sensitivity analysis of the reservoir characteristics
and of the parameters associated with water dynamics modelling in small reservoirs could be helpful
when parameterizing the model in future applications. Thus, the MHYDAS-Small-Reservoirs model
could potentially be adopted by land use planners and water managers to assist them in their decisions

regarding new small-reservoir projects in catchments or management of the water stored in reservoirs.
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Appendix A: Simulation rules used for farmer management decisions

The farmer management decisions considered in the model include tillage, sowing, harvest and
irrigation. The decision rules adopted to simulate these technical operations are described below. The

variables employed as indicators are mentioned between brackets.

° A tillage day occurs during the tillage period (temporal window) according to the soil type,
when the soil water content is favourable, i.e., this depends on the weather conditions (antecedent
cumulative rainfall) and soil conditions (soil water content);

° A sowing day may occur on the first day of the simulation or after the harvesting period,
which depends on the weather conditions (antecedent cumulative rainfall and minimal temperature),
possible sowing period (temporal window) according to the crop type and precocity class and soil
conditions (soil water content);

° A harvesting day is simulated either when the crop is mature (crop development stage) or
before poor soil and weather conditions occur (antecedent cumulative rainfall and soil water content),
which could result in soil damage;

° Depending on the development of the crop and the weather conditions (previous rainfall and
rainfall forecasts), the water demand for irrigation may be zero or have a non-zero fixed value. This
fixed value depends on the crop, the soil and the irrigation equipment. It is a model parameter (e.g., 30
mm for maize in the Gelon catchment application). The volume of water actually withdrawn and
delivered to the cultivated field is conditioned by the availability of the water resource (see section
1.4.2). The farmer's water demand is calculated at a time step depending on the farmer's equipment
constraints. The time step is a model parameter (e.g., 6 or 7 days in the Gelon catchment application

depending on the field).
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Appendix B: Description of the MHYDAS-Small-Reservoirs simulator
Number (Nb.), name, model component, spatial unit type and main simulated variables of every
simulator constituting MHYDAS-Small-Reservoirs. The model component refers to the integrated
model component, namely, hydrology (Hydrol.), crop growth (Crop) or crop and agricultural water
management (Water Manag.).
Model Unit
Nb. Name of the simulator Main simulated variables
component | type
water.atm-surf.evapotranspiration- Hydrol. and
1 SuU Reference evapotranspiration
su.files Crop
2 water.atm-surf.evaporation-re.files Hydrol. RE Reference evaporation
3 water.atm-surf.rain-su.files Hydrol. SU Rainfall
4 water.atm-surf.rain-re.files Hydrol. RE Rainfall
5 energy.atm-surf.T.temperature Crop SU Mean air temperature
6 energy.atm-surf.T.temperature-min Crop SU Minimum air temperature
water.surf.ecological-flow-rs-
7 Water Manag. | RE Ecological flow
re.mean-annual-discharge
Farmer management decisions (sowing
crop.surf.practices-su.decision- Crop and day, tillage day, harvesting day,
8 SuU
Murgue Water Manag. irrigation day, and irrigation water
demand)
Application of Farmer management
crop.surf.practices-su.application- Crop and decisions (sowing day, tillage day,
9 SuU
Murgue Water Manag. harvesting day, irrigation day, and
irrigation water demand)
water.surf-sz.abstraction-priority-
10 Water Manag. | WP" Priority order for irrigation
wp.decision-order
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Available water for irrigation

water.surf.withdrawal-irrigation- Crop and Total irrigation water demand
1 WP”
wp.prorata-water-demand Water Manag. Water withdrawal
Irrigation
Infiltration
Crop growth
Evapotranspiration
water-soil-crop.surf-uz.runoff- SuU Percolation
cropsoilwaterdynamics-transfer-su- Crop and Surface runoff
12
storage-non-connected-re.Horton- Hydrol. Soil water content
Hayami-AqYield-water-balance Crop water requirement
Overflow
RE Water storage
Evaporation
water-soil.surf-uz.percolation- Evapotranspiration
13 Hydrol. SU
evapotranspiration-su.soil-swat Percolation
water.surf-sz.storage-baseflow- Water storage
14 Hydrol. GU
gu.storage-discharge-function Discharge and baseflow
RS Stream runoff
water.surf.transfer-rs-storage- Overflow
15 Hydrol.
connected-re.hayami-water-balance RE Water storage
Evaporation
water.surf.variable-surface-
16 Hydrol. RE Water surface area

re.bathymetric-relation

* WP (withdrawal point) corresponds to a water resource (RS or RE) dedicated to irrigation
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Appendix C: Main parameters of the MHYDAS-Small-Reservoirs model

List of the main MHYDAS-Small-Reservoirs model parameters given by spatial unit type. For each
parameter, the spatial unit type, the model relying on it, a description of the parameter with values of

the non-distributed parameters and the origin database are listed. Bold and italicised numbers indicate

the number of the simulator, as referenced in Appendix B, that relies on that parameter.

Unit type

Model component

Parameters

Data sources used in the

Gélon application

SU (agricultural)

Crop

Crop type (8, 12)

Land Parcel
Identification System of

2015 (IGN, 2015)

Crop growth potential,
root growth coefficient,
evaporation coefficient
and sum of the growing
degree days at the
maturity and flowering
stages ( the complete list
of AqYield parameters
can be found on the
Maelia website

http://maelia-

platform.inra.fr/donnee

s/donnees-

agricolesl/liste-des-

cultures/) (12)

Table of crop cultivar
characteristics provided
by breeders and AqYield
calibration (Constantin et

al., 2015)

SU (non-agricultural)

Hydrol.

Type of land use (12, 13)

Land use inventory of

2012 (MTES, 2012)
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Grassland root depth:

0.80 m (13)

Moreno et al. (2005)

Forest root depth: the

maximum soil depth (13)

Lewis & Burgy (1964),

Algayer et al. (2020)

(Agricultural SUs)
Technical itinerary

according to the type of

Gaudou et al. (2016),

Murgue et al. (2014),
SuU Crop and Water Manag.
crop, soil and irrigation Therond and Villerd
equipment (8); (2020), field surveys
irrigation equipment (8)
Soil minimum
infiltration capacity
coefficient (12); Mishra et al. (2003),
Soil maximum Fernandez-Pato et al.
infiltration capacity (2016), sensitivity
coefficient (12); analysis
and shape coefficient
SuU Hydrol.
(12)
Soil maximum
infiltration capacity, bulk
Regional Pedological
density, clay rate,
Databank (Party et al.,
potential maximal
2016)
available water content,
and thickness (12, 13)
Manning (m.s™): 0.05
Chow (1959)
RS (SU); 0.10 (RS) (12, 15)
and Hydrol. Celerity (m*.s™): 0.045
suU

(SU); 0.49 (RS) (12, 15);

diffusivity (m.s™): 500

Moussa et al. (2002)
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(SU and RS) (12, 15);
iteration number in
Hayami kernel

calculations: 100 (12, 15)

BD CACG-OUGC-DDT,

(14);
exponential parameter

(5.66) (14)

RE Crop and Water Manag. Irrigated plots (10) completed by field
surveys
Evaporation coefficient
Neitsch et al. (2011)
(0.6) (2)
Dead volume of the
Hydrol. and Water Therond and Villerd
RE reservoir: 0.25 of the
Manag. (2020)
total capacity (11)
Minimum flow: 10% of
LEMA (2006)
the interannual flow (7)
Reference flow (m?.s™):
5.365*10°® (14);
divisor parameter (0.05) Flow recession curve
GU Hydrol.

analysis
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