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Abstract This study aims at defining the main stakes in the development of a generic, multidisciplinary 

approach to evaluate water supply capacity and its spatial and temporal variability over long time periods. A 

common modelling framework was applied over two Mediterranean basins with different physical and 

anthropogenic characteristics: the Ebro (85 000 km
2
, Spain) and the Hérault (2500 km

2
, France) catchments. 

Runoff and river flow regulations were simulated using conceptual hydrological models and reservoir 

management models, respectively. Water demand was estimated from population and unit water 

consumption data for the domestic sector, and from irrigated area, crop, soil and climatic data for the 

agricultural sector. A ratio comparing water resource availability to water demand was computed on each 

catchment. Working on two catchments with different geographical scales and water management issues 

underlines the challenges in the development of a reliable and generic water allocation assessment method. 

Key words integrated modelling; River Ebro; River Hérault; water supply; water demand; water demand satisfaction

INTRODUCTION 

In a context of climate change and socio-economic development, water demand has increased. Water 

supply capacity is essential in the Mediterranean region, which has been identified as one of the most 

vulnerable regions to water crisis (Alcamo et al., 2007). As a result of climate change, water 

resources could decrease by 30 to 50% by the 2050 horizon. Combined with increasing water 

demand, this could lead Mediterranean catchments of Spain and of the southern and eastern rims to 

face severe water stress (Milano et al., 2012; 2013a). These water supply stakes call for water 

sharing and efficient allocation between different users, while maintaining sufficient water flows for

aquatic and humid environments. Furthermore, projections of hydro-climatic changes encourage 

water planning with a medium-to-long-term perspective in order to anticipate possible water stress. 

 Multidisciplinary approaches that simulate water resource developments and demand growth 

under long-term socio-economic and climatic scenarios are essential to water planning and 

adaptation to climate change. These approaches can also support decision-making by providing 

indicators representing water demand satisfaction and its spatial and temporal variability. In order 

to build realistic scenarios and indicators in line with water policy concerns, it is necessary to link 

research work on these questions with local management agencies.  

 This paper investigates these issues by comparing two studies that attempted a representation 

of water demand satisfaction over long time periods on contrasting Mediterranean catchments: the 

Ebro (Spain) and the Hérault (France). The aim is to compare the methods and results on both 

catchments in order to draw prospects for the development of a generic method able to represent 

the spatial and temporal variability of water demand satisfaction, in areas with varied water 

management issues. 

STUDY AREAS  

The Ebro (85 000 km
2
, Spain) and the Hérault (2500 km

2
, France) catchments differ by their 

geographical and anthropogenic characteristics. Climatic conditions on the Ebro basin are complex 

due to the contrasting influences of the Atlantic Ocean and the Mediterranean Sea, and of the 

various mountain ranges, particularly the Pyrenees. Consequently, hydrological regimes vary from 

nival (snowmelt) to Mediterranean. The Hérault catchment is characterized by a Mediterranean 

climate influenced by the Cévennes Mountains. 
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 The Ebro is a large, complex and highly regulated hydro-system with a total of 234 dams, 

amounting to a storage capacity of 60% of total runoff, whereas five dams with a total storage 

capacity of 8% of total runoff can be accounted for in the Hérault basin. While water is mostly 

used for irrigation on the Ebro basin, water demand on the Hérault basin has evolved from mostly 

agricultural in the 1960s to mostly domestic since the 1990s. Finally, a decrease in runoff has been 

observed at the outlet of both basins: a statistical break was detected in 1979 on the Ebro (Milano 

et al., 2013b) and in 1980 on the Hérault (Collet et al., in press).

METHOD 

A common integrated modelling framework 

Both studies relied on information provided by local water management agencies: the

Confederación Hidrográfica del Ebro (CHE) and the Syndicat Mixte du Bassin du Fleuve Hérault 

(SMBVH). In order to correctly determine the vulnerability of each study area to water shortage, a 

representation of the spatial distribution of resource vs. demand was set up. Each basin was 

divided into portions defining water supply nodes, transporting water to one or more demand 

nodes. The Ebro and Hérault were divided into nine and six portions, respectively. The division 

took into account the main geographical and hydro-climatic heterogeneities with the constraint of 

data availability, while isolating the catchments which contribute most to runoff at the outlet. The 

main irrigated areas and water demand heterogeneities, as well as the main storage dams (three on 

the Ebro, one on the Hérault) were also considered (Collet et al., 2013; Milano et al., 2013b).

Fig. 1 The Ebro and the Hérault catchments: location of the main human pressures (urban and 
agricultural areas, main storage dams and water transfers) on water resources.

 A common modelling framework relying on the comparison of water resource availability to 

water demand was applied to both areas. Water resource availability was defined by river flows at 

the outlet of each studied area, taking into account regulations by storage dams. Water demand

was evaluated separately for the domestic and agricultural sectors. A water demand satisfaction 

rate (WDSR) based on a ratio of water availability to water demand was then computed as an 

indicator of the potential ability of each portion to satisfy the main water demands. Water supply 

priority was attributed to domestic demand over agricultural demand on both basins. In order to 

water supply capacity over the long term, the models were run over 20 years (1971 1990) on the 



Assessing the long-term evolution of water supply capacity 
 

Copyright  2014 IAHS Press 

205 

Ebro basin and 50 years (1961 2010) on the Hérault basin. On the Ebro catchment portions 

WDSR was calculated at a monthly time step and averaged over the 1971 1990 period. Seasonal 

values were then calculated and results were analysed over the summer. WDSR was calculated at a 

10-day time step from 1961 to 2010 on the Hérault catchment portions and analysed as a 

frequency of years presenting at least one unsatisfactory 10-day period. 

Runoff simulation 

Two conceptual hydrological models were used to simulate runoff. The GR2M model (Makhlouf & 

Michel, 1994), which runs at a monthly time step, was adapted to be applied on the Ebro basin 

(Milano et al., 2013b). On the Hérault basin, the GR4j model (Perrin et al., 2003) was run at a daily 

time step and calibrated over 10-day periods. Both models were calibrated using multi-objective 

functions aggregating different goodness-of-fit criteria, including the Nash-Sutcliffe efficiency index 

(NSE) and the cumulative volume error (VE). The hydrological models rely on precipitation (P) and 

potential evapotranspiration (PE) inputs. On the Ebro basin, daily temperature and precipitation 

measurements from 61 and 208 stations, respectively, were interpolated on a 10 10 km grid using 

the inverse distance weighted method. PE was then calculated for each grid cell using a simple 

formula based on mean temperature and extra-terrestrial radiation (Oudin et al., 2005). Over the 

Hérault, daily climate forcings were extracted from an 8  8 km grid from the Météo France 

meteorological analysis system, SAFRAN (Quintana Segui et al., 2008). PE was calculated based on 

the FAO Penman-Monteith formula (Allen et al., 1998). Calibration over the Ebro was based on 

estimated natural river flows provided by the CHE, whereas observed runoff was used to calibrate 

the model GR4J over the Hérault catchment.  

 River flow regulations on the Ebro basin were accounted for through a generic storage-dam 

management model applied to the three main dams. The model considered reservoir management 

to be demand-driven. It took into account incoming flows and downstream demands and evaluated 

outflows depending on the reservoir level and two empirical parameters based on observed 

management practices over the 1971 1990 period (Milano et al., 2013b). A specific dam 

management model driven by the reservoir level was set up for the Salagou dam in the Hérault 

basin (Collet et al., 2013). 

Evaluation of water demands 

Domestic water demand (DWD) was considered to depend on population, unit water demand 

(UWD) and the efficiency of distribution networks. On the Ebro basin it was evaluated at an annual 

time step for 2007 and distributed at a monthly time step using coefficients provided by the CHE 

(2011). Monthly DWD calculated for 2007 was applied to the years 1971 1990. On the Hérault, 

annual variations of population and UWD from 1961 to 2010 were taken into account. As the 

monthly distribution of DWD was only available for 2007, the same distribution was applied to 

every year of the period. The monthly DWD series were disaggregated evenly to a 10-day time step. 

 On both basins, agricultural water demand (AWD) was estimated through water balances

based on FAO recommendations (Allen et al., 1998). On the Ebro, an evaluation of crop water 

needs conducted by the CHE was used to determine unit water needs at each demand node and 

was multiplied by the irrigated area for 2007. Unit crop water needs were determined by the 

difference between efficient precipitation and maximum crop evapotranspiration. On the Hérault, 

an irrigation model based on P, PE, cropping patterns, and soil characteristics was run at a 10-day 

time step for each portion from 1961 to 2010 (Collet et al., 2013). On both basins the efficiency of 

irrigation systems was considered. 

RESULTS  

Freshwater availability 

The performances of both hydrological models are summarized in Table 1. In the Aragón y 

Bardenas and Ebro valley catchments, runoff dynamics (represented by NSE) and volumes 
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(represented by VE) are correctly reproduced. NSE and VE show acceptable values on the 

Pyrenean basins of Gallego, Cinca and Segre, and less satisfactory on the two smallest portions,

Reinosa and Noguera. In these areas, winter flows tend to be overestimated whereas spring flows 

are underestimated. On the Hérault, results are very satisfactory for calibration and validation 

periods, except on the Agde portion, where high flows and low flows are both underestimated. 

Table1 Hydrological model efficiency and mean annual discharge produced in each catchment portion. 

Ebro basin portions Calibration/Validation Hérault basin portions Calibration/Validation 

(discharge (m
3
/s), 1971 1990) NSE VE (%) (discharge (m

3
/s), 1990 2010) NSE VE (%) 

Reinosa (11.6) 0.37/0.48 17.2/13.1 Saint Laurent (9.9) 0.89/0.78 0.1/14.8 

Upper Ebro Valley (123.3) 0.92/0.92 0.85/ 5.0 Laroque (8.7) 0.81/0.71 0.1/ 17.2 

Aragón y Bardenas (134.3) 0.78/0.80 7.2/2.2 Gignac (7.6) 0.82/ 0.4/

Gallego (33) 0.71/0.74 1.4/3.3 Lodève (4.1) 0.84/0.89 0.0/3.3 

Middle Ebro valley (37.7) 0.88/0.77 0.16/ 1.8 Salagou (1.0) 0.94/ 0.2/

Noguera (19.2) 0.42/0.14 0.3/7.5 Agde (8.9) 0.37/ 11.3/

Cinca (77.2) 0.64/0.60 1.2/12.2 

Segre (92.6) 0.58/0.52 0.2/ 1.8 

Lower Ebro valley (7.1) 0.90/0.73 1.5/ 16.2 

Concerning the dam management models, dynamics and volumes of outflows from the 

Mequinenza dam on the Ebro and from the Salagou on the Hérault are well reproduced, with NSE 

and VE values of 0.89 (0.86) and 0.8% (3%) in Mequinenza (Salagou). The generic model 

produced less satisfactory results on the Ebro (NSE 0.49, VE 10.3%) and Santa Ana (NSE 0.35,

VE 1.2) dams. 

Water demand 

On the Ebro catchment total water demand amounted to 8857 hm
3
/year. DWD is concentrated 

mostly in the Ebro valley (cities of Saragossa and Tortosa, Fig. 1) and represents 4% of total water 

demand with a low seasonal variability. AWD amounts to 96% of total water demand and is highly 

seasonal, reaching a maximum in July. The highest AWDs are located in the Middle and Lower 

Ebro valley and in the Pyrenean basins of Aragón y Bardenas, Cinca and Segre (Fig. 1). 

 Total water demand on the Hérault catchment varied from an average of 60 hm
3
/year before 

1980 to 80 hm
3
/year after 1980. This increase is due to a high population growth coupled with a 

rise in unit demand from the 1990s to the mid-2000s, which led to an increase in DWD on the

portions of Saint-Laurent, Lodève and Agde. DWD on the Hérault presents more seasonal 

variations than on the Ebro, reaching a peak in summer, when the population can triple due to 

tourism. As for AWD, it has not varied in the Hérault basin (42 hm
3
/year before 1980, 40 hm

3
/year 

after 1980). However, it has decreased in the Saint-Laurent and Laroque portions as a consequence 

of farmland abandonment and in the Gignac portion due to the modernization of irrigated systems,

and increased in the Lodève, Salagou and Agde portions with the expansion of irrigated areas. 

AWD also peaks in the summer, with the highest values in July and no demand in winter.  

Water supply capacity 

Water demand satisfaction criteria are different in each local water agency; however, in order to 

compare results on both catchments, WDSR classes from the Hérault were applied on the Ebro.

Results are presented in Fig. 2. 

 On the Ebro basin, DWD is estimated as satisfied in all catchment portions. Moderate WDSR 

values are found for AWD in the irrigated areas of Aragón y Bardenas, the Middle Ebro valley, the 

Segre and areas of the Cinca irrigated by the Santa Ana dam, while AWD satisfaction is low on the 

Cinca portion (Fig. 2(a)). Figure 2b shows results for the Hérault catchment portions of Laroque, 

Gignac and Agde only, as no unsatisfactory year appeared on the other portions. Contrasting 

trends can be noted within the area: satisfaction of AWD improved in Laroque and Gignac as a 
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result of the decrease in AWD, while it started to deteriorate in the 2000s in Agde (very low 

WDSR in August, as shown by Fig. 2(c)) consequently to a decrease in water availability 

combined with a strong increase in water demand. Agde is also the only portion showing DWD 

satisfaction problems, with WDSRs reaching low to very low levels in the summer (Fig. 2(c)).

Fig. 2 Water demand satisfaction rates (WDSR) over the Ebro (a) and Hérault (b), (c) basins: (a) mean 
WDSR for summer months (July, August, September) for 1971 1990; (b) yearly occurrence of WDSR 
below very high  for DWD and AWD and frequency of occurrence out of five years, before and after 
1980; (c) 10-day WDSR variations, averaged on unsatisfactory years for 1961 1980 and 1981 2010. 

CONCLUSIONS AND PROSPECTS 

By applying an integrated modelling framework over two Mediterranean basins, their capacity to 

satisfy the main water demands was evaluated over long time periods. The areas most vulnerable 

to water stress were found. Schematic views of both basins were presented. Water resources were 

evaluated by simulating runoff and reservoir levels from climatic variability and dam management 

rules, and water demand was estimated based on population dynamics and unit consumption for 

the domestic sector, and on irrigated areas, crop types and climatic variability for agriculture. 

 Both approaches present limits and should be analysed in view of being sufficiently generic to 

be applied on various catchments. On the Ebro catchment, the hydrological mode

was moderately satisfactory in Pyrenean sub-catchments. This is most likely due to the influence 

of snowmelt on runoff, which could be taken into account by adding a snow reservoir to the 

hydrological model. Moreover, only the three main dams were considered, limiting the 

representation of river flow regulations. A division into more portions, taking into account 

additional dams and hydrological regimes, could come closer to representing the geography of 

water management on the Ebro basin. Furthermore, inter-annual water demand variations were not 
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evaluated on the Ebro catchment. Finally, a monthly time step does not seem sufficient to grasp 

resource and demand variability and their evolution under climate change scenarios. A 10-day

time step, as applied on the Hérault catchment, seems to be more adapted to highly variable 

Mediterranean conditions. On the Hérault catchment, the hydrological model performed poorly on 

the downstream portion of Agde. However, total discharge was correctly simulated, as runoff from 

upstream portions, contributing to 78% of total discharge, was well evaluated. Another limit in this

portion is the lack of evaluation of groundwater contribution to total resource, considering most of 

the domestic demand is supplied by groundwater.  

 In view of applying such integrated modelling approaches under climatic and anthropogenic 

change scenarios, it is essential to test their robustness in varying conditions. The comparison of 

studies carried out on the Ebro and the Hérault basins opens prospects on the development of a 

generic approach applicable to different basins. In addition to the limits underlined here above, 

questions on the method arise: which indicators better translate water supply capacity issues? What 

is their sensitivity to the different inputs? Can the same methods be applied to basins with different 

water management stakes and levels of complexity? These questions are the subject of on-going 

research. 
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Abstract This study aims at defining a method for selecting an optimal interpolated climatic dataset in the 
context of an integrated modelling of the Ebro (85 000 km

2
, Spain) hydro-system. Two different sets of 

temperature and precipitation were chosen according to data availability criteria, and each set was 
interpolated on an 8 ´ 8 km grid covering the basin, with and without a monthly or annual altitudinal 
gradient applied by geographical area (Pyrenees, Cantabrian and Iberian ranges) over 1000 m a.m.s.l. Seven 
basins (464 to 2975 km

2
) representing different flow regimes of the Ebro catchment were chosen to evaluate 

the performance of 24 different climatic datasets for modelling water resources. We used a conceptual model 
(GR4j) at a daily time step to test the sensitivity of hydrological modelling to the different sets of 
precipitation and temperature. A global score was attributed to each dataset according to the different 
hydrological modelling criteria in order to discriminate the best-performing dataset. 

Key words  climatic datasets; interpolation; rainfall–runoff modelling; Ebro basin; hydro-system modelling;  
selection method 

 

INTRODUCTION 

The Mediterranean basin is characterized by limited and unevenly distributed water resources. It 

was identified as one of the world’s most vulnerable regions to climatic and anthropogenic 

changes (Alcamo et al., 2007). According to Milano et al. (2012, 2013a), a 30–50% decline in 

freshwater resources is projected by the 2050 horizon over most of the Mediterranean basin, while 

anthropogenic pressures on water resources are expected to increase. 

 In this context the question of water resources’ capacity to meet demand is essential. The GICC-

REMedHE project (http://www.remedhe.org, Identification et impacts du changement climatique sur 

la gestion intégrée des Ressources en Eau en Méditerranée : évaluation comparative Hérault-Ebre), 

aims to develop a generic approach to represent and simulate Mediterranean hydro systems of 

different geographical scales and levels of complexity: the Hérault (2500 km
2
, France) and the Ebro 

(85 000 km
2
, Spain) catchments. In order to develop this approach’s ability to simulate hydro-system 

evolutions under complex climatic and anthropogenic long-term scenarios, it must be tested over 

long past time periods (30–50 years). As a result a precise representation of water resources and their 

availability are essential in this integrated modelling context. 

 In this paper, we focus on the Ebro catchment’s water resources. The Ebro is a highly 

regulated basin (over 200 dams) that hosts 60% of the Spain’s fruit production and 25% of its 

hydro-electric power production. The contrasting hydro-climatic conditions within the basin call 

for an accurate representation of climatic inputs in view of evaluating water resources through 

rainfall–runoff modelling. 

 This study aims at proposing a method to interpolate precipitation and temperature data on an 

8x8 km grid over the Ebro catchment, taking into account climatic heterogeneities through 

altitudinal gradients and considering the objective of water resources evaluation. This method 

should lead to reference data-grids for precipitation and temperature over a nearly 30-year period. 

 

STUDY AREA 

The Ebro catchment is the largest basin in Spain. It drains an area of about 85 000 km
2
 in the 

northeast of the country (Fig. 1). It is characterized by a Mediterranean valley, surrounded by 

mountains including the Pyrenees and Cantabrian range to the north, the Iberian massif to the 

south and the coastal Catalan chain to the east. Altitudes range from 4 to 3383 m a.m.s.l. according 

to the SRTM (http://srtm.csi.cgiar.org) digital elevation model (DEM). The main stream Ebro is a 

910 km long river flowing from the Cantabrian Mountains to the Mediterranean Sea. 
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Fig. 1 Location of the Ebro basin, location of altitudes above 1000 m a.m.s.l. and test watersheds:  
(a) set of precipitation gauges and (b) set of temperature stations. 

 

 

 The heterogeneous topography of the catchment as well as the climatic influence of both the 

Atlantic Ocean and the Mediterranean Sea lead to a complex spatial distribution of climate 

variables (Vicente-Serrano & López-Moreno, 2006; Milano et al., 2013b). Mean annual 

precipitation and temperatures vary with altitude, ranging from more than 1400 mm and 8°C in the 

Pyrenees to less than 400 mm and 18°C in the Ebro valley, averaged over the 1969–2002 period. 

These climatic differences are reflected in the hydrological regimes. According to López-Moreno 

et al. (2010), Pyrenean sub-catchments contribute most to outlet runoff. They produced, on 

average, 56% of the outlet’s river flows over the 1950–2005 period, although only covering 11% 

of the total area of the Ebro basin. 

 

DATA AND METHODS 

Data 

Daily precipitation (P) and temperature (T) data were provided by the Spanish meteorological 

agency (Agencia Estatal de Meteorología, AEMET). Data from over 1 000 measurement stations 

were available, however the period covered by each station and the rate of gaps in the series were 

very variable. Precipitation and temperature stations were selected in order to have homogeneous 

spatial distribution of as much data as possible for the 1969–2002 period, using data with a 

minimum of gaps in the daily series. Two selections were made in both precipitation and 

temperature stations: stations presenting fewer than 30% and 50% daily gaps per decade or on the 

whole period, for precipitation and temperature data respectively. These criteria enabled 225 or 

364 precipitation gauges (Fig. 1(a)) and 180 or 394 temperature stations (Fig. 1(b)) to be selected. 

 Altitudes were extracted from the DEM SRTM (V 4.1) and daily river flows were provided by 

the CEDEX (Centro de Estudios y Experimentación de Obras Publicas). Seven sub-catchments 

(representing 37% of Ebro’s mean annual discharge at the outlet) with little or no regulation by 

dams and good data availability were chosen (Fig. 1). These basins all include altitudes over 

1000 m a.m.s.l., which allowed the influence of altitudinal gradients to be tested in data 

interpolation. 
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METHODS 

The method consists of two steps: (a) determining the precipitation and temperature altitudinal 

gradients in order to interpolate the daily grids; and (b) testing the sensitivity of water resources 

modelling to climatic inputs and rating results. 
 

(a) determining the gradients and interpolating the daily grids Observed P and T gradients 

were calculated by geographical area (see Fig. 1(b)) at a monthly and annual time step using 

stations with altitudes over 1000 m a.m.s.l. Data were interpolated on an 8 ´ 8 km grid at a daily 

time step, using the inverse distance squared weighted method. The gradients were applied daily 

based on the altitude difference between the DEM resampled at an 8 km scale and the altitude 

interpolated from the stations presenting data. 
 

(b) water resource modelling and result scoring The GR4j model (Perrin et al., 2003) was 

calibrated over the seven selected catchments, with and without the snowmelt module developed 

by Ruelland et al. (2011). This daily conceptual model uses four parameters without the snowmelt 

module (this module relies on three additional parameters), as well as precipitation (P), 

evapotranspiration (PE) and temperature (T) input data. PE was calculated using a simple formula 

depending on mean T and extra-terrestrial radiation (Oudin et al., 2005). 
 

 An automatic calibration of the model was carried out on each basin and for each tested 

dataset, over the 1971–2002 period with a 2-year warm-up (1969–1970). The model was calibrated 

using a multi-objective function (Fagg) proposed by Ruelland et al. (2012) and aggregating a daily 

Nash-Sutcliffe efficiency (NSE) index, a cumulative volume error and a mean annual volume 

error. Automatic calibration followed three steps. (1) A random draw of 3000 parameter 

combinations in the model parameter space (four or seven parameters) made it possible to identify 

the best parameter set that was then used as the starting point of a nonlinear Rosenbrock (1960) 

optimization of the production function parameters, followed by a second Rosenbrock 

optimization of the transfer function parameters; (2) 100 repetitions of the first step allowed the 

best performing combination of parameters to be identified; and finally, (3) a local refining of the 

parameters around the optimum, using Nelder and Mead’s simplex method (1965) was used to 

optimize all the parameters based on the combination chosen at step (2). 

 Results were rated using a ranking of the datasets on each basin according to the Fagg  values, 

the lowest value being attributed the best score. A global score was attributed to each dataset by 

adding up scores from all basins. 

 A second score was used: where on each basin, each dataset was attributed a score calculated 

by averaging the difference in Fagg values between the given dataset and all other datasets. This 

mean value showed whether choosing one dataset over the others improved (negative value) or 

deteriorated (positive value) the water resources evaluation on each basin. Finally these values 

were averaged for each dataset over the seven basins. 

 

RESULTS 

Determining the gradients and interpolating the daily grids 

For precipitation stations, only an annual gradient (2.14 mm/1000 m) could be determined in the 

Pyrenees. It was applied for grid cells with altitudes above 1000 m a.m.s.l. No gradient was found 

in the Cantabrian and Iberian ranges. The selection of this gradient and two sets of precipitation 

gauges (225 and 364) results in four precipitation grids: where the two selections of gauges were 

interpolated with or without the annual gradient. 

 For temperature stations, the Pyrenean range annual gradient is close to the average lapse rate 

of 6.5°C/1000 m, while the Cantabrian range gradient is lower (Fig. 2). The Iberian annual 

gradient is almost insignificant as confirmed by the monthly variations shown in Fig. 2. The mean 

monthly gradient of the Pyrenean range is higher in summer, unlike the Cantabrian one. As a 

result, six different grids of temperatures that associate the two selections of temperature stations 

(180 or 394, Fig. 1) and the three interpolation modes (without gradient, with annual gradient, with 

monthly gradient) were used. 
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Fig. 2 Observed annual and monthly temperature gradients by geographical zone. 

 

 

 A total of 24 climatic datasets were then built by combining these four precipitation grids and 

six temperature grids. 

 

Water resources modelling and result scoring 

Calibration over the 1971–2002 period was thus carried out for the 24 datasets and for the seven 

selected basins with the GR4j model run with or without a snowmelt module. Results show that 

the snowmelt module is needed for all test basins, except for the Arga basin (Fig. 1) that has only 

8.8% of area above altitudes of 1000 m a.m.s.l. Modelling reproduces water resources accurately 

on all basins, with volume errors always approaching zero and NSE values around 0.75 for the 

best dataset. 

 

 

 

Fig. 3 Mean interannual 10-day values for the Esca basin over 1971–2002 with the best performing 

dataset (P364_wa_T394_wo) 

 

 

 Table 1 shows rankings for all basins considering the two ways of scoring. The table is sorted 

according to the second scoring method, the best performing dataset being in the first row (in 

bold). The last column indicates the dataset’s ranking with the first scoring method (FSM). The 

best performing dataset comes out first with both methods of scoring. Datasets using the maximum 

number of stations (i.e. including significant gap periods) are often top ranked in comparison with 

datasets with fewer stations. In the 12 first rows (datasets that do not worsen the modelling 

compared to all other datasets), precipitation datasets based on 364 stations occur seven times, as 
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well as temperature datasets based on 394 stations. Almost the same occurrence arises for datasets 

using altitudinal gradients (seven times over 12 with altitude for precipitation datasets and eight 

times over 12 for temperature datasets). The best performing dataset is the only one improving 

hydrological modelling for all basins. Considering all these criteria, two datasets can be considered 

as reference datasets for the Ebro basin: P364_wa_T394_wo and P364_wo_T394_wa_an (first and 

third row in Table 1). 

 Figure 3 gives an example of mean interannual 10-day values over the 1971–2002 period of 

the climate forcing and water resources modelling for the Esca basin with the best performing 

dataset, showing the good performance of the model. 

 
Table 1 Ranking of all datasets over the seven test basins – datasets are named following this rule 
Pxxx_wy_Tzzz_wy_t where Pxxx is the number of precipitation stations used for interpolation, wy where y 
can be a or o respectively for with altitude and without altitude, Tzzz is the number of temperature stations 
used for interpolation, t can be an or mo respectively for annual gradient or monthly gradient for temperature 
interpolation. Dataset in bold is the best performing dataset according to this ranking. Negative values 
(italic) show improvements in modelling compared to all other datasets. 

Dataset/Basin 1 2 3 4 5 6 7 Mean FSM 

P364_wa_T394_wo –11% –1% –7% –1% –3% –14% –14% –7% 1 

P225_wa_T394_wo 3% 1% 5% 0% –8% –20% –14% –5% 6 

P364_wo_T394_wa_an –13% –1% –7% 0% 2% 6% –20% –5% 2 

P225_wa_T394_wa_mo 10% 1% 7% 0% –7% –20% –14% –3% 12 

P364_wo_T180_wa_an –8% 0% –7% –1% 4% 9% –18% –3% 4 

P225_wa_T180_wo 10% 1% 5% –1% –6% –16% –14% –3% 8 

P364_wa_T394_wa_mo –4% –1% –5% –1% –3% –14% 10% –2% 3 

P364_wa_T180_wo –6% 0% –6% –1% –2% –8% 10% –2% 7 

P225_wo_T394_wa_an 2% 1% 6% 1% –1% –1% –18% –2% 14 

P225_wo_T180_wa_an 6% 1% 6% 0% 2% 1% –16% 0% 16 

P364_wo_T394_wo –11% –1% –8% 1% 8% 16% –5% 0% 10 

P364_wa_T180_wa_mo 4% 0% –4% –1% –1% –9% 12% 0% 11 

P364_wo_T394_wa_mo –4% –1% –5% 1% 8% 15% –5% 1% 15 

P225_wa_T180_wa_mo 16% 1% 8% –1% –5% –16% 11% 2% 20 

P225_wo_T394_wo 4% 1% 5% 2% 4% 6% –3% 2% 19 

P364_wo_T180_wo –6% 0% –7% 0% 10% 19% 3% 3% 17 

P225_wo_T394_wa_mo 10% 1% 7% 2% 5% 6% –4% 4% 22 

P364_wa_T394_wa_an –12% –1% –6% –1% –5% 12% 41% 4% 5 

P364_wo_T180_wa_mo 4% 0% –4% 0% 11% 19% 3% 5% 21 

P225_wo_T180_wo 7% 1% 7% 1% 7% 10% 3% 5% 24 

P364_wa_T180_wa_an –8% 0% –4% –2% –4% 13% 42% 5% 9 

P225_wo_T180_wa_mo 17% 1% 8% 1% 7% 10% 2% 7% 23 

P225_wa_T394_wa_an 2% 1% 6% 0% –9% 5% 44% 7% 13 

P225_wa_T180_wa_an 5% 1% 6% –1% –7% 7% 43% 8% 18 

 
 

DISCUSSION AND CONCLUSION 

Considering the context of integrated modelling of the Ebro hydro-system and the need to have a 

long-term representative climatic dataset of this large basin, a method has been proposed to 

determine which climatic dataset would be selected for the ongoing project. 

 Some limitations can be discussed. The first one concerns equifinality in model parameters, 

especially with the snowmelt module adding three parameters to the four existing parameters. This 

issue was addressed using a robust calibration method, however compensations may persist. The 

fact that an altitudinal gradient is needed either for interpolating precipitation, or for interpolating 

temperature (rows 1 and 3 of Table 1) is a demonstration of these compensations. The snowmelt 

module has a threshold temperature parameter controlling snow melt. When no gradient is used, 

this threshold is higher than when an altitudinal gradient is used but parameters are able to 

compensate this interpolation shortcoming. 
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 The second limitation concerns scoring methods that could be considered questionable or 

biased. In fact, considering the goal of the climatic grid obtained, this scoring method is well 

adapted. The interpolation method takes into account the best available information on stations and 

altitudes of the basin, and grids are tested on the more contributory basins. Gradients were applied 

on parts of the basin with altitudes over 1000 m a.m.s.l. and for other parts, no gradient was 

applied. Other uses of the grid in the integrated chain are not affected, especially in the central 

valley of Ebro where agricultural demands will be calculated with the chosen climatic dataset. In 

addition, the Noguera Pallasera and Segre basins (Fig. 1), where the density of precipitation and 

temperature stations is lower, have the highest improvement in water resources modelling when 

using gradients. Modelling of water resources in upper basins of the Ebro is satisfactory using the 

GR4j model with a snowmelt module. This snowmelt module is needed for these basins, except 

for the Ara basin which has only 8.8% of its area above 1000 m a.m.s.l. and does not receive much 

snow during winter. 

 Other investigations will be conducted in the project with the two datasets 

“P364_wa_T394_wo” and “P364_wo_T394_wa_an” to determine sensitivity of all components of 

the integrated modelling chain to the climatic interpolated grid. These two datasets have gradients 

either for precipitation or for temperature interpolations. Modelling of water resources has shown 

its ability to adapt its parameters to accurately simulate observed runoff. Other components, such 

as water demand estimation or the dam module, could be more sensitive to precipitation or 

temperature gradients. This would be another criterion to select the reference climatic dataset. 

 In conclusion, the method elaborated in this paper enabled the choice of two datasets for the 

1969–2002 period over the Ebro catchment for integrated modelling of this large and complex 

hydro-system. Modelling of water resources in upper basins needs to take into account snowmelt. 

Ongoing work will allow further discrimination of the datasets. 
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s u m m a r y

This paper presents an integrative conceptual framework developed to simulate the spatial and temporal

dynamics of water demand caused by human influences and climate change, at the river basin manage-

ment scale. The past dynamics of urban, agricultural, and industrial components of water demand were

simulated at a 10-day time step for the period between 1970 and 2009. The same model was used to fore-

cast water demand at the 2050 horizon under water use scenarios based on local projections, trends

observed in the past, and climate scenarios. Climate prediction uncertainties were taken into account

using a wide range of climate scenarios downscaled from 9 IPCC-AR5 GCMs under RCP8.5. To test how

widely and easily our approach can be applied, we tested it in two river basins facing different kinds

of human pressure and different water management issues: the Herault basin (2500 km2) in France

and the Ebro basin (85,000 km2) in Spain. Results showed that water demand has increased significantly

in the last 40 years in both the Herault basin (+29%) and the Ebro basin (+57%), and revealed spatially het-

erogeneous variations in water demand. Identifying the main drivers of water demand and their past

dynamics enabled us to build water use trend scenarios at the 2050 horizon. Simulations of water

demand under anthropogenic and climate trends in 2050 revealed a significant increase in total water

demand in both basins (Herault +38% to +50%, Ebro +35% to +58%). These projections show that changes

in the pressure of human activities will influence variations in water demand more than climate change.

The broader aim of this research is to assess the balance between water demand and supply through a

comprehensive modeling framework to evaluate the sustainability of water uses in a changing

environment.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

1.1. On the lack of knowledge regarding water demand in the

Mediterranean region

The Mediterranean basin is characterized by limited water

resources and increasing human activities, resulting from a 70%

increase in population since 1970 (United Nations, 2013). Further

substantial increases in both the population and seasonal tourism

are forecasted in many Mediterranean countries (Burak et al.,

2004; Gober, 2010), particularly in coastal regions. These changes

will most likely result in an increase in agricultural production to

meet the needs of the growing population, in turn leading to an

increase in water demand and to significant changes in water use

patterns. In regions where water stress is already high, the com-

bined impact of increasing needs and decreasing water availability

due to climate change could lead to severe water shortages and

major water use conflicts (Milano et al., 2013a). Although dedi-

cated studies on the southern rim (e.g. Hoekstra and Chapagain,

2007) underlined the very probable intensification of the water cri-

sis, the question still remains whether future water demand on the

northern rim can be satisfied even if population growth is lower.

In recent decades, national water management strategies in the

Mediterranean region that favor supply-side policies have mostly

led to overexploitation of groundwater and river systems, and to

environmental degradation due to the proliferation of dams and

canals. Recent studies (Collet et al., 2013; Milano et al., 2013b) con-

firmed that some basins on the northern rim of the Mediterranean

already faced water scarcity periods of varying intensity in the

recent past. This has led local policymakers, through the Mediter-
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ranean Strategy for Sustainable Development (Plan Bleu, 2005), to

suggest to ‘‘reorient water policies to integrate water demand

management in agriculture and other sectorial policies; and

encourage demand-side approaches’’.

At the basin scale, these new strategic guidelines have led pol-

icy-makers and local managers to consider implementing demand-

side approaches throughout their territory. However, knowledge of

water demand is limited, and its assessment can be complex.

Although local stakeholders on the northern rim of the Mediterra-

nean often have basic knowledge of current water withdrawals and

their distribution between different uses, there is a serious lack of

information on the dynamics of different water uses in space and

over time. To tackle these issues, the scientific community has

begun to incorporate water uses in water resources management

studies (e.g. Charlton and Arnell, 2011; Collet et al., 2013; Griffin

et al., 2013), combining physical and human features and causing

interdisciplinary problems.

As water management increasingly turns to demand-side

approaches, reliable methods of assessing water demand are indis-

pensable. Such methods should be able to assess the dynamics and

determine the main drivers of each type of water demand, and be

able to project future water uses. In parallel, global scale studies

have highlighted the potentially significant impact of climate

change on future water demand (Alcamo et al., 2003;

Vörösmarty, 2000) and raise the question of its effects at the local

scale or at the management unit scale. The forecasting dimension

of water demand assessments at a local scale is an integral part

of water management strategies to ensure the sustainability of

water supply (e.g. Reynard et al., 2014).

1.2. Scientific and technical challenges in the assessment of water

demand

A review of the literature revealed that water demand is most

often tackled in studies that compare water supply and demand

in terms of water stress and/or the vulnerability of territories to cli-

mate change (e.g. de Graaf et al., 2004; Beck and Bernauer, 2011;

Collet et al., 2014; Dawadi and Ahmad, 2013; Milano et al.,

2013b; Hejazi et al., 2014). Three main issues were identified in

these studies: (i) water demand is not always considered as a

whole i.e., not all its components (agricultural, urban, industrial,

energy) are accounted for; (ii) spatialization of data is not always

consistent with the goals of connection with water supply assess-

ment; and (iii) the reduced time depths and large time steps usu-

ally used, do not accurately account for the temporal variability of

the drivers of water demand.

Although the assessment of water demand requires interdisci-

plinary approaches, often only one of its components is analyzed.

For example, in Breyer et al. (2012), water use patterns only

focused on residential water requirements. In the same way,

Ruijs et al. (2008) only considered the effect of water pricing poli-

cies on urban water demand. Numerous studies focused on agricul-

tural water needs based on irrigation water (e.g. Rosenzweig et al.,

2004; Thomas, 2008; Schaldach et al., 2012; Mullen et al., 2009;

Minacapilli et al., 2008; Wu and Chen, 2013). This is probably

because in many regions irrigation is the main water use and the

development of irrigated areas is often considered as a strategic

way to maintain agricultural activity. However, prioritizing water

uses requires taking all water demands, even those that consume

the least water (including water for the habitats for fauna or imma-

terial uses such as the landscape use of waters), into account.

As underlined by Boithias et al. (2014), the assessment of water

demand needs to be spatially distributed, as the results can differ

depending on the spatial scale considered (Syrbe and Walz, 2012).

Hejazi et al. (2014) also point to the need to spatially downscale

water demand to be consistent with representations of water avail-

ability. To be compared with available water resources, water

demand needs to be represented on a relevant scale that is compat-

ible with the main hydrological features (storage dams, river catch-

ments). The spatial aggregation of water demand into demand

nodes also needs to account for heterogeneities in water uses

throughout the territory (water withdrawals and transfers, main

irrigation systems). In addition, the availability and the quality of

data strongly influence the definition of water demand nodes. Con-

sequently, defining demand nodes consistent with hydrological

constraints is becoming a key issue for water demand studies.

The choice of the time depth and time step influences the

results of water demand assessments. Multi-decadal time periods

should be used to characterize historical variations in water uses,

trends, and discontinuities in human activities. Highlighting and

understanding these dynamics along with breaks that occurred

in the past makes it possible to identify the main drivers of changes

in water demand and, consequently, enables the design of more

realistic future water use scenarios. Previous studies (Collet et al.,

2013; Milano et al., 2013b) identified trends and breaks in water

demand in recent decades in northern Mediterranean regions.

They showed that human-induced changes such as population

growth, expansion of irrigated areas or improvement of network

efficiency can have a significant impact on water demand, which

cannot be identified if the focus is limited to current water uses.

Time depth also makes it possible to capture the influence of cli-

matic variability on irrigation needs, for example. In addition,

water demand assessments can be strongly influenced by the time

step chosen for the analysis. The choice of a time step is generally

closely linked to the spatial scale and to the time depth of the

study: the larger the spatial scale and/or time depth, the larger

the time step. While global scale studies rely on yearly analysis

(e.g. Alcamo et al., 2003; Döll, 2002; Vörösmarty, 2000), a monthly

time step is generally used at the basin scale (e.g. Koch and Vögele,

2009; López-Moreno et al., 2011; Salvador et al., 2011). This finer

time step is appropriate when studying urban and agricultural

demands, which are seasonally driven by tourism and crop phenol-

ogy, respectively. Notably, irrigation water requirements generally

decrease with an increase in the time interval, as pointed out by

Green (2008). In addition, a narrow time step makes it possible

to take the water recharge of the soil buffer reservoir into account

more accurately in an irrigation water model. However, a monthly

time step does not account for infra-monthly rainfall variability

that can be very high in the Mediterranean region. In a theoretical

assessment model of irrigation water requirements, considering

the soil and its buffering effect, the infra-monthly distribution of

rainfall and, to a lesser extent, the temperature, can have a signif-

icant impact on water requirements.

1.3. An integrative approach to reach these goals

Water management stakes on the northern rim of the Mediter-

ranean and the shortcomings identified in the scientific literature

underline the need to quantify water demand by accounting for

human and climatic drivers at appropriate spatial and temporal

scales. The purpose of this paper is thus to present an integrative

conceptual framework to accurately simulate water demand under

anthropogenic and climate changes. First, we assess each compo-

nent of water demand and its spatial and temporal dynamics over

a long past time period. Second, we use the same framework to

forecast water demand at the 2050 horizon under water use sce-

narios based on local projections and following trends observed

in the past, and climate scenarios built according to recent runs

of IPCC climate models. To test howwidely and easily our approach

is applicable, we decided to tackle these issues by analyzing two

different territories facing strong but diverse anthropogenic pres-

sures and different water management issues.
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2. Study areas

Two contrasted catchments on the Northern Mediterranean rim

were chosen for the study: the Herault basin and the Ebro basin.

The Herault catchment (2500 km2) is located in the South of

France (Fig. 1a). The Herault River flows 150 km from the Cevennes

Mountains in the north to the Mediterranean Sea in the south. The

population of approximately 150,000 permanent residents can

double in the summer as a result of tourism. The population den-

sity is heterogeneous, reaching 200 inhab./km2 in the downstream

areas but only 25 inhab./km2 in the upstream ones. Currently,

urban water demand represents about half of the total water

demand including transfers outside the basin. The Florensac trans-

fer (Fig. 1a) supplies water to towns located outside the Herault

catchment, and accounts for 27% (22 hm3 in 2009) of water with-

drawals. Most irrigated areas are located downstream and have

been steadily growing in the south in contrast to the agricultural

decline underway since the 1970s in the north. Vineyards currently

account for 54% of the agricultural land, with a continually increas-

ing irrigation rate. To understand the spatial distribution of water

demand in the basin and to identify the spatial heterogeneity of

variations in water demand, the Herault basin was divided into

six sections corresponding to six demand nodes, as described by

Grouillet et al. (2014).

The Ebro catchment (85,000 km2) is boarded in the north by the

Pyrenean and Cantabrian mountain ranges, which contribute to

56% of basin runoff (López-Moreno et al., 2011; Milano et al.,

2013b) and the Iberian system in the south. This basin includes a

semi-arid plain where irrigated areas (Fig. 1b), covering

700,000 ha in 2009, are supplied by large networks of canals and

storage dams that provide water which mainly originates in the

Pyrenean range. The population of the basin is 3,100,000 inhabit-

ants, and, except in a few highly urbanized areas (e.g. Zaragoza, Lle-

ida, Vitoria-Gasteiz), the population density is usually <50 inhab./

km2. In 2009, agricultural water needs accounted for 87% of total

water needs at 6700 hm3. We divided the Ebro basin into 17 sec-

tions according to its hydrologic conditions, themain irrigation sys-

tems, and associated storage dams. Each section was attributed to a

demand node.

3. Method

3.1. An integrative modeling framework to assess water demand

An integrative conceptual framework based on physical and

socio-economic drivers (Fig. 2) was created to simulate the com-

bined effect of population growth, urban unit water consumption,

agricultural developments, industrial processes, and climate vari-

ability on water demand. Urban water demand (UWD) includes

water demand for domestic and commercial use and for the main-

tenance of parks and gardens. Agricultural water demand (AWD)

represents water required for irrigation. We assumed that water

withdrawals for livestock were negligible in comparison with

withdrawals for irrigation. A third type of water demand ‘‘other

water demands’’ (OWD) was used to account for the demand for

water for industrial processes and cooling systems of nuclear

power plants in the Ebro catchment. Water demand for hydro-

power was not included mainly because neither hydropower pro-

duction models (generally provided by hydropower operators) nor

data of the minimum flow needed to operate the turbines of the

hydroelectric plants were available for the study areas. Environ-

mental demand, generally defined as the minimum water flow

needed to ensure ecological sustainability, will be considered in

the next step of this study, which will assess the water allocation

capacity of each hydro-system.

Urban water demand was assessed by multiplying population

by unit water allocation. Population included water users supplied

by water withdrawn in the basin, i.e. the residential population and

the seasonal population, the latter being deduced from touristic

activity (see Section 3.2). Unit water allocation is the volume of

water allocated per capita for all urban needs. Allocations were cal-

culated by dividing withdrawals by population in municipalities

and years where these data were reliable and available. Allocations

were then averaged per basin. In this work, unit water allocations

thus included (i) mainly domestic water demand, which corre-

sponds to water used per capita; (ii) water demand for parks and

gardens; and (iii) commercial water demand converted per capita.

Unit water allocations also included the efficiency of water supply

networks.

Simulated agricultural water demand was based on total irriga-

tion requirements, as recommended by the FAO (Allen et al., 1998)

and presented in Fig. 2. Evapotranspiration under standard condi-

tions (ETC) refers to the amount of water consumed by evapotrans-

piration in optimal growth conditions, and was assessed for each

irrigated crop using the crop coefficient approach (Fig. 2). The crop

coefficient (KC) combines the characteristics that distinguish a spe-

cific crop from the reference crop and hence ETC from the reference

evapotranspiration ET0. The soil reservoir is primarily filled by

effective precipitation, and emptied by crops. Crop irrigation

requirements (CIR) are primarily satisfied by the soil water content

and, when the soil reservoir is depleted, by the supply of irrigation

water. Rice water needs were assessed according to a specific

model inspired by the FAO methodology (Allen et al., 1998) taking

into account RAW, a global value for soil saturation and an average

Fig. 1. Main anthropogenic pressures and water demands in the Herault and Ebro basins.
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value of percolation according to the main soil type in the rice crop

area.

Effective rainfall was computed at a 10-day time step according

to the USDA Natural Resources Conservation Service formula (Eq.

(1)) recommended by the FAO.

Peff ¼
P � ð125� 0:6� PÞ

125
if P �

250

3
mm ð1Þ

Peff ¼
125

3
þ 0:1� P if P >

250

3
mm

where Peff is the 10-day effective precipitation and P is the 10-day

precipitation.

The soil reservoir was considered as an average per basin sec-

tion according to the readily available water (RAW) data from

GIS maps of the European Soil Database (EC, 2004). Irrigation water

needs were calculated for each crop at the municipality scale. Con-

sidering irrigated areas, the theoretical need for irrigation (TIR –

Fig. 2) was also obtained at the municipality scale. Total irrigation

requirements (TIR) were then divided by the efficiency of irrigation

indicated by local managers (SMBFH, 2005; CHE, 2011), which

included the efficiency of the water supply networks (canals,

drains) and the efficiency of the irrigation system.

Industrial demand was not taken into consideration in the Her-

ault basin because there is little industrial activity and because the

majority of factories are connected to the urban water supply net-

work. In the Ebro basin, industrial demand was estimated at the

municipality scale (CHE, 2011) based on the sector of the industrial

activity concerned, and a water allocation was assigned per

employee and per added-value. This allocation was defined accord-

ing to the number of employees and the product added value at

constant production prices (Fig. 2). Energy demand was taken into

consideration only in the Ebro basin due to the presence of nuclear

power plants in the area (Fig. 1). We assumed that the energy

demand corresponds to the volume of water evaporated by the

open-air cooling system of the nuclear reactor.

3.2. Processing techniques applied on the raw socio-economic and

environmental data

A key step in simulating water demand based on the proposed

conceptual framework consisted in normalizing raw data to pro-

vide the water demand models with usable inputs distributed in

space and over time. This was done by computing climatic and

socio-economic inputs at a 10-day time step for the period

1971–2009 at the scale of water management units defined with

the local stakeholders according to the hydrologic context (water

system, gauges and storage dams) and data availability. The choice

of a 10-day time step was a compromise between the need to accu-

rately represent the seasonal dynamics of water demand (espe-

cially agricultural demand) and the inevitable limitations in

providing information at a finer time scale through the temporal

disaggregation of available data. Table 1 presents the key variables

and associated processing techniques used to compute the data

used as model inputs.

Urban water demand (UWD) was calculated based on popula-

tion and unit water allocations. Population data, available from

national census of the French (INSEE) and the Spanish (INE) Statis-

tics Institutes, provided residential population per municipality

(Table 1). In the Herault basin, a monthly ratio of additional tour-

ists was produced based on the monthly distribution of overnight

stays available for 2009. The residential and seasonal populations,

which were available for roughly one year per decade in the period

1970–2009, were then interpolated to reconstitute inter-annual

dynamics over 40 years at a 10-day time step. These data were

then aggregated spatially per management unit by attributing each

municipality to a demand node. After selecting usable withdrawal

data and defining the areas supplied by these withdrawals, unit

water allocations were calculated by dividing withdrawal volumes

by the population of the area being supplied. As a result, time ser-

ies were built to reproduce variations in unit water allocations over

the past 40 years.

Fig. 2. Integrative conceptual framework to assess urban, agricultural, and other water demands. P: precipitation, ET0: potential evapotranspiration, KC: crop coefficient,

RAW: readily available water, SAT: soil saturation, PERC: soil percolation rate, ETC: Crop evapotranspiration under standard conditions, Peff: effective rainfall, Crop IR: crop

irrigation requirements, Rice IR: rice irrigation requirements, TIR: total irrigation requirements, Sirr: irrigated areas.
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Agricultural water demand (AWD) was calculated based on irri-

gated areas, crop types, and soil types as well as evapotranspiration

and precipitation data. Irrigated crops and their corresponding

areas were available at the municipal scale from agricultural cen-

suses in 4 and 20 distinct years between 1970 and 2009 in the Her-

ault and the Ebro respectively (Table 1). Each municipality was

assigned to a demand node according to its links with the main

irrigation systems or spatially if not.

In the Herault basin, daily climatic data (precipitation, temper-

ature, wind, humidity, radiation) for the 1970–2009 period were

extracted from the 8 � 8 km meteorological analysis system

SAFRAN, provided by Meteo France and validated over France by

Quintana-Segui et al. (2008). Evapotranspiration ET0 was calcu-

lated using the FAO Penman–Montheith method (Allen et al.,

1998). In the Ebro basin, daily precipitation and temperature data

from AEMET weather stations were spatially interpolated on an

8 � 8 km grid using the inverse distance weighted method for

the period 1970–2009 and lapse rates computed from observations

(Dezetter et al., 2014). The lack of sufficient wind, humidity, and

solar radiation data on the Ebro basin prevented us from using

the FAO Penman–Monteith method for ET0 calculation, instead

we used the Hargreaves equation (Hargreaves and Samani, 1985),

using maximum and minimum temperature, extraterrestrial radi-

ation, and an empirical factor locally adjusted by Martı́nez-Cob

and Tejero-Juste (2004) for the effect of the wind in the Ebro basin.

In both areas, P and ET0 daily data were computed at a 10-day time

step cumulating daily values.

Climatic data were averaged for each demand node. GIS maps of

irrigated areas were used to locate irrigated areas and hence to

average climatic data only over the irrigated areas of each manage-

ment unit. Assessing the spatial dynamics of irrigated areas is a

challenge because GIS maps of irrigated areas are rarely available

at an annual scale. For the Herault basin, large sectors of irrigated

areas in 2005 were available (Fig. 1). For the Ebro basin, a GIS

map of irrigated areas in 2004 was used. For both basins, the spatial

distribution of irrigated areas was kept equal over time for the pur-

pose of averaging climatic data. The size of the irrigated areas varied

for the calculation of total irrigation requirements, according to

annual irrigated data per municipality provided by the annual agri-

cultural census linearly aggregated over the period 1970–2009. For

the Herault basin, irrigation network efficiency included the effi-

ciency of the water supply network (canals, drains) and the effi-

ciency of the irrigation system was provided by local managers

(SMBFH, 2005). Values between 60% and 80% depend on the rate

of pressurized irrigation system in the basin section, except in the

Gignac section where network efficiency was provided by the canal

Table 1

Key variables and associated processing techniques used to compute data. (⁄) R: Raw data, S: Spatial operations to compute data, T: Temporal operations to compute data.

Key variables (⁄) Herault Ebro

Raw data and processing techniques

Urban water demand

Population R Annual census data (municipality) Annual census data (municipality)

S Assigning municipality to demand nodes Assigning municipality to demand nodes

T Non-linear interpolation Non-linear interpolation

Unit water allocation R Annual withdrawals and population data Annual withdrawal and population data

S Assigning municipality to demand nodes Assigning municipality to demand nodes

T Extrapolation & non-linear interpolation Extrapolation & non-linear interpolation

Urban network efficiency R Annual withdrawal/consumption data Basin manager valuation: 80%

S Aggregated per section At the basin scale

T Extrapolation and non-linear interpolation Constant

Seasonal population R Local tourism data (overnight stays) Non applicable

S Based on hydrogeological context where the water is withdrawn

T Based on annual rate of holiday homes

Agricultural water demand

Climatic inputs (P, T�) R SAFRAN daily data AEMET daily data

S Interpolated on an 8 � 8 km grid Interpolated on an 8 � 8 km grid

T Daily data averaged at a 10-day time step Daily data averaged at a 10-day time step

PET R Penman–Monteith formula + T� Hargreaves formula + T�

S Interpolated on an 8 � 8 km grid Interpolated on an 8 � 8 km grid

T Daily data averaged (10-day time step) Daily data averaged (10-day time step)

Crop coefficients and calendars R FAO, Mediterranean climate FAO, recalculated locally by the CHE

S Allocated to the corresponding crop Allocated to the corresponding crop

T Constant Constant

Irrigated areas R Agricultural census data (municipality) Agricultural census data (municipality)

S GIS maps + allocation to node GIS maps + allocation to node

T Annual data computed (10-day time step) Annual data computed (10-day time step)

Agricultural network efficiency R Basin manager valuation Basin manager valuation: 60%

S At the section scale At the basin scale

T Extrapolation and non-linear interpolation Constant

Other demands

Industrial demand R Non applicable CHE industrial census (municipality)

S Assignment of municipality to node

T Based on evolution of industrial activities

Energy demand R Non applicable Evaporation data of 2 nuclear plants

S Assignment to a demand node

T Constant during operation period
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stakeholder. For all the sections of the Ebro basin, irrigation net-

work efficiencywas provided to 60% by local managers (CHE, 2011).

Except climatic inputs, the monthly distribution of the popula-

tion of tourists and the crop calendars, all the data used in this

study are at a time step of more than a year. Since this work aimed

to assess water demands at a 10-day time step, each variable had

to be downscaled from annual to 10-day data. The downscaling

method depended on the type of variable. For example, residential

population or irrigated areas keep the same value all year round. In

contrast, withdrawal volumes or water allocations have to be dis-

tributed at each time step.

3.3. Water use and climate scenarios at the 2050 horizon

To be able to project water demand in the two basins at the

2050 horizon, trend scenarios were built for each study area using

water use projections. The water use scenarios were coupled with

nine climate scenarios to account for the potential impact of cli-

mate on future agricultural water demand. The 2050 horizon

(2036–2065) was chosen based on the necessary compromise

between ability of local managers to project water uses (forecasts

generally do not exceed the 2030 horizon) and the availability of

reliable climate projections (a climate change signal is easier to

distinguish from climatic variability in the medium term than in

the short term). Water use scenarios at the 2050 horizon are based

on basin managers’ 2030 projections for the Herault basin (adapted

from SMBFH, 2005) and on 2027 projections for the Ebro basin

(CHE, 2011). Except for population, the data (irrigated areas, crop

types, network efficiency, unit water demand and tourism) that

came from these projections were spatially distributed and down-

scaled at the 10-day time step to fit with model requirements. In

addition, to build urban water uses scenarios, unit water allocation

was split according to the average distribution of the main compo-

nents of the urban demand (domestic, gardens and parks, commer-

cial and network efficiency) in the 2000s. Thus changes in these

components could be considered separately in future projections.

In the Herault basin, the water use scenario was based on the

trend scenario of INSEE (called ‘‘Scenario central’’) for population

growth. A 39% increase in the residential population is expected

between the 2000s and 2050. Water users supplied by the Floren-

sac transfer are expected to increase by 38% and the seasonal pop-

ulation by 74%. As suggested by Rinaudo (2011), a 12% decrease in

domestic unit consumption between the 2000s and 2050 was

applied linked with forecasted behavioral changes and improved

control of water consumption by household appliances. Based on

basin manager’s projections (SMBFH, 2005; CHE, 2011), urban net-

work efficiency should increase by 5% at the basin scale with het-

erogeneities within the basin. Irrigated areas should increase by

80%. According to the projections of irrigation system optimization

and network improvements, cumulated efficiency should reach

80% in 2050 vs. 57% in the 2000s.

In the Ebro basin, based on INE national population projections,

the residential population should increase by 26% between the

2000s and 2050 within the basin and in the areas supplied by

transfers from the basin. Unit water allocation should increase by

14% mainly due to a higher connection rate of green spaces and

stores to urban water networks. Based on CHE projections (CHE,

2011) for 2027, areas with irrigation rights should increase by

57% whereas effectively irrigated areas should increase by 46%.

Industrial water allocations should increase significantly (+95%).

Regarding climate scenarios, outputs from nine Global Climate

Models (CanESM2, CNRM, CSIRO, GFDL_ESM2G, HADGEM2_CC,

HADGEM2_ES, IPSL-MR, MIROC5, MPIM) were downloaded from

the IPCC’s Data Distribution Centre, which provided simulations

from its last report (IPCC, 2013). Using a set of GCMs is recom-

mended to cover a wide range of potential climatic projections

because the dispersion mainly originates in the climate models

(Arnell et al., 2004). All simulations of climate change were based

on the historical Representative Concentration Pathway (RCP) over

the reference period (1976–2005) and the RCP 8.5 at the 2050 hori-

zon (2036–2065). The RCP 8.5 was selected because it is character-

ized by increasing greenhouse gas emissions over time (Riahi et al.,

2007). High-resolution climate change data were obtained by a

basic downscaling technique known as the perturbation method,

which assumes that climate models reproduce the relative change

in climatic variables better than their absolute values. This method

consists in producing future climate scenarios by simply modifying

the observed climatic series so as to reproduce the mean monthly

variations obtained between the reference and future climatic sim-

ulations from GCMs. For more details on this method, see Ruelland

et al. (2012).

To distinguish the relative weight of anthropogenic and climate

changes, we simulated water demand projections through three

analyses: (i) projections of water demand under anthropogenic

change only, (ii) projections of water demand under climate

change only and (iii) projections of water demand under combined

anthropogenic and climate changes.

4. Results

4.1. Reconstruction of past water demand dynamics

To reflect the distribution of water demand in space and over

time, we present the spatial distribution of water demand in the

2000s (2000–2009) and past variations over a 40-year period

(1970–2009) in the Herault basin (Fig. 3) and the Ebro basin

(Fig. 4). Mean demand in the 2000s was used as a reference for

the recent period in order to represent the meaningful variability

of the impact of the climate on agricultural water demand.

4.1.1. Past variations in the Herault catchment

Fig. 3 shows variations in water demand over the last 40 years

in the Herault basin. Water demand is concentrated in the down-

stream sections of the basin (Fig. 3a). While demand reached

35.5 hm3/y on average in the 2000s in the Agde section, it did

not exceed 0.5 hm3/y in the St Laurent section. The Agde and

Gignac sections account for 87% of the water demand of the entire

basin (75.5 hm3/y). The Gignac canal (the main irrigation canal in

the basin) and the Florensac withdrawals represented respectively

40% and 26% of total water demand in the basin in the 2000s. The

ratio of water demands was nevertheless balanced with 47% for

agriculture, 22% for urban needs and 31% for outside transfers in

the late 2000s. At the basin scale, water demand increased signif-

icantly from 59 hm3/y in the 1970s to 76 hm3/y in the 2000s. Peak

demand (9.5 hm3 per 10-day period) was in July but extended from

June to September (Fig. 3c), in accordance with vineyard water

needs, dry climate conditions, and the influx of tourists.

Three sections, Agde, Gignac and Laroque, are representative in

terms of their contribution to total water demand in the basin and

in the past dynamics of anthropogenic changes. In these represen-

tative sections, the 2000s were characterized by an increase in

urban and agricultural demand linked with recent population

growth. In the rural upstream area of Laroque, agricultural water

demand decreased in the 1980s and the 1990s (Fig. 3b), which is

consistent with the decline in agriculture observed during this per-

iod. The Gignac section is mainly influenced by a large-scale irriga-

tion system supplied by the Gignac Canal. Agricultural water

demand reached 93% of the total water demand in this section in

the 2000s. Thanks to a combination of restoring the main canal

and converting secondary networks to pressurized systems, a

new policy to improve the efficiency of the out-of-date canal sig-

B. Grouillet et al. / Journal of Hydrology 522 (2015) 684–696 689



nificantly reduced water demand in this section: �40% between

2000 and 2009. The past variations in agricultural demand reveal

its sensitivity to climate conditions, as underlined by a relative

40% standard deviation of the annual agricultural water demand

in the Gignac section, for example. In the Agde section, water

demand grew steadily, mainly driven by outside water transfers,

which reached 57% of the total demand in the 2000s. A shift in

the increase in urban demand occurred in the 2000s, correspond-

ing to a decrease in household consumption during this period.

4.1.2. Past variations in the Ebro catchment

Agricultural water demand is predominant and heteroge-

neously distributed over the basin. Five sections of the central

plain, mainly distinguished by the presence of large-scale irrigation

systems, accounted for 86% of the water demand in the basin in the

2000s but only 51% of total surface area (Fig. 4a). Past variations in

water demand in the Ebro basin are presented for a selection of

sections that are representative of the basin’s main characteristics

and heterogeneities. Like in most other sections of the basin, the

main demand in the Bajo Cinca section is for irrigation, which

has been increasing steadily since the 1970s. The slight stabiliza-

tion of irrigated land in the 2000s led to a drop in agricultural

water demand (see Bajo Ebro, Bajo Cinca, Alto Ebro sections in

Fig. 4b). In Alto and Bajo Ebro, urban and other water demands,

through inside or outside needs, reached respectively 36% and

26% of the water demand in this section in the 2000s. The example

Fig. 3. (a) Spatial distribution of water demand in the 2000s and past reconstruction of 10-day water demand in the period 1970–2009 in (b) three areas representative of the

heterogeneities in the Herault basin and (c) in the Herault basin as a whole.
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of industrial demand in Bajo Ebro reveals the impact of a new

nuclear power plant on the total demand in the 1980s. The

decrease in the population in the mountainous upstream sections,

such as Esera, led to a decrease in water demand during the 1980s

and 1990s. The impact of the economic crisis in Spain at the end of

the 2000s is recognizable in the graphs reconstructing past water

demand in the Esera and Alto Ebro sections by the significant

decrease in other water demands (see Fig. 4b). At the basin scale,

water demand increased significantly from 4150 hm3/y in the

1970s to 6340 hm3/y in the 2000s. With a maximum of 500 hm3

per 10-day period in July, the seasonality of the water demand

(Fig. 4c) is quite extensive to meet water needs of a diversified

agricultural production.

4.2. Variations in water demand forecasted for 2050

4.2.1. Under anthropogenic changes only

At the scale of the Herault basin under socio-economic projec-

tions only, water demand could increase by 54% to reach 88 hm3/

y. The spatial distribution of variations in water demand from the

2000s to the 2050 horizon is also very heterogeneous (Fig. 5a).

Water demand is projected to decrease by 28% in the Gignac section

whereas it could increase by 96% in the Agde section. The forecasted

decrease in the Gignac and Salagou sections are mainly due to

improvement in network efficiency and to the priority given to

more efficient irrigation systems. The significant increase projected

in the Agde section can be explained by a 91% increase in irrigated

areas, a 26% increase in population, and a 20% increase in tourism,

hence a 6% improvement in the efficiency of the distribution net-

work will not compensate for the three drivers.

At the scale of the Ebro basin, water demand could increase by

37% to reach 7 805 hm3/y. The different sections considered are

also characterized by marked differences in the variations in water

demand (from +16% to +206%) according to the projected popula-

tion in 2050 (Fig. 6a). Despite significant increases in the upstream

sub-basins (up to +100%), the volumes withdrawn remain low

(under 70 hm3/y). In the sections with the highest water demand,

the increase could reach +16% to +63%, slightly higher in summer

(+32% to +63%) as the main irrigation needs are in summer. These

increases are mainly due to the policy of continuing expansion of

irrigated land forecasted for the 2050 horizon. In several sections,

including Alto Ebro, water demand could also increase significantly

(54%) in winter due to high urban and industrial water demand.

The monthly distribution of water demand shows that demand is

expected to increase throughout the year (+36% in summer).

4.2.2. Under climate changes only

The impact of future climate change on water demand was esti-

mated assuming the current anthropic context (2000s) under a

range of future climatic conditions (2050). The reference period

for climate (1976–2005) and the future period (2036–2065) were

chosen to compare mean climatic inputs over a long time period

(30 years). Climatic uncertainties were accounted for by the range

of the projections in nine climate scenarios. The boundaries of this

range (see Figs. 5 and 6) were represented by the minimum and

the maximum of the nine climate scenarios for each time step.

The 2050 temperature projections reveal a clear increasing trend

in the temperature signal in both basins (Table 2) all year round,

but particularly marked in summer (+1.4 �C to +4.2 �C in the Hera-

ult basin, +1.9 �C to +4.4 �C in the Ebro basin). As a result, evapo-

Fig. 4. (a) Spatial distribution of water demands in the 2000s and past reconstruction of 10-day water demands for the period 1970–2009 in (b) three areas representative of

the heterogeneities in the Ebro basin and (c) in the Ebro basin as a whole.
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transpiration could increase significantly, leading to a significant

increase in crop water needs. The precipitation trends are less clear

than the temperature trends. However, a decrease in spring and

summer precipitation could occur in the Herault basin (respec-

tively �25% to +2% and �47% to +7%) and in the Ebro basin (respec-

tively �31% to +4% and �35% to +4%).

Fig. 5. Variations in water demand from the 2000s to the 2050 horizon under anthropogenic and climatic changes in the Herault basin.
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In the Herault, basin under climate changes only, water demand

could increase by 11% to reach 64 hm3/y. These climate projections

based on anthropic conditions in the 2000s (Fig. 6a), could lead to a

spatially contrasted increase in water demand (from +5% to +26%).

The contrast results from the impact of climate projections on agri-

cultural demand and on the characteristics of the section (propor-

tion of agricultural demand, the geographic location of the section

andmain crop types). In the Agde section, total water demand could

Fig. 6. Variations in water demand from the 2000s to the 2050 horizon under anthropogenic and climatic changes in the Ebro basin.
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increase from +11% to 48% in summer as a result of variations in

agricultural demand. In the Ebro basin, water demand could

increase by 10%. Depending on the section concerned, the increase

could range from 0% to +32%. The spatial heterogeneity of variations

in water demand under each climate scenario depends on the spa-

tial distribution of the impacts of climate change and on the pre-

dominance of agricultural water needs in the area.

4.2.3. Under anthropogenic and climate changes

For a global overview, we then considered the combined impact

of anthropogenic and climate changes on variations in water

demand at the 2050 horizon. These variations could vary from

�16% to +105% over the Herault basin (Fig. 5c). In the Gignac sec-

tion for example, while the projections forecast a 25% increase in

water demand under climate changes only, combining anthropo-

genic and climate changes leads to a projected decrease of 16%.

In this case, the impact of improvements in efficiency could be off-

set by the impact of climate change. However, at the basin scale, an

increase in water demand between +31% and +50% is expected in

the Herault basin in 2050. Water demand is expected to increase

from +17% to +232% in all sections of the Ebro basin (Fig. 6c). Both

agricultural and non-agricultural areas could be impacted by a sig-

nificant increase in water demand. In the Bajo Ebro section, for

example, while projections forecast a 4% increase in water demand

under climate changes only, combining both changes involves a

projected 70% increase. These examples show that the effect of cli-

mate change is generally added to the impact of anthropogenic

changes on water demand.

In the whole Herault basin or in the Bajo Ebro section, a slight

shift in the peak of water demand in summer from July in the

2000s to August in 2050 is simulated (see Figs. 5 and 6). This shift

can be explained by a higher impact of tourism in August than in

July and by changes in climate conditions during the summer

months (Figs. 5b and 6b).

5. Discussion and conclusion

5.1. Outcome

This paper demonstrates the ability of an integrative approach

to provide an overview of the distribution of past and current

water demand in two Mediterranean catchments in space and over

time. Using approaches that tackle anthropic and climatic variabil-

ity separately, we were able to accurately evaluate the impact of

these changes on water demand over a multi-decadal past period.

On the whole, water demand has increased significantly in the last

40 years throughout the Herault and the Ebro basins, except where

evidence of adaptive behavior is already apparent or in areas

where human activities have significantly declined. The heteroge-

neity of changes in water demand in space was reproduced for

recent decades. Simulations of water demand under anthropogenic

and climatic trends at the 2050 horizon, point to a significant

increase in total water demand in both basins, while simulta-

neously revealing heterogeneous spatial distribution in the two

basins. In addition, this work points to the predominance of the

impact of anthropogenic changes over climate changes on water

demand at the 2050 horizon.

In contrast to studies focused on a single component of water

demand (e.g. Fischer et al., 2007; Mullen et al., 2009; Breyer

et al., 2012), a key contribution of the present study was separating

the assessment of the components of water demand and their main

drivers, and computing them in normalized time series (time step,

time depth). This study shows that distinguishing between the

components of water demand is absolutely necessary to under-

stand the drivers of changes in water demand and to identify sep-

arate trends. The dynamics of each water demand component and

their proportion can differ considerably depending on the section

concerned and also within one section depending on the period

considered, highlighting the main advantage of using integrative

approaches that consider each component of water demand sepa-

rately through a common pattern.

One of the major outcomes of this study is to have provided ser-

ies of water demand data at a spatial scale compatible with water

resources planning. In most studies that quantify water demand,

the choice of spatial sub-divisions is mainly determined by the

constraints of the hydrological model (e.g. Lévite et al., 2003;

Poussin et al., 2010), or by administrative limits (SMBFH, 2005;

CHE, 2011). In the present study, the water demand nodes were

defined in connection with hydrological sub-basins so as to fit

water resources assessment and anthropic features (storage dams,

canals, large irrigation systems). A preliminary geographical analy-

sis is needed to grasp complex supply systems that include canals,

dams and large irrigation systems. Areas affected by human activ-

ities like the Mediterranean region, often show variability of water

uses and volumes withdrawn. This study shows that past trends of

water demand differ significantly depending on the section consid-

ered. Although basin managers usually have a good overview of

current water needs across their territory, they also hugely require

better knowledge of the spatial and temporal dynamics of water

demand from the scientific community. Using knowledge of these

dynamics, basin managers will be able to design concrete measures

appropriate for the implementation of local water plans.

Another main contribution of this study was the reconstruction

of water demand over a 40-year period. This unconventional time

depth enabled us to reveal clear trends and discontinuities in the

spatial and temporal dynamics of water demand that is subject

to anthropogenic and climate variability. A multi-decadal analysis

is a key asset when considering the impact of climate variability on

agricultural water demand, and when aiming to capture the impact

of anthropogenic changes including changes in population, in agri-

cultural practices, the extent of irrigated land, and the develop-

ment of industrial and energy sectors. The study also accounts

for the dynamics resulting from adaptation measures (improved

efficiency, changes in irrigation systems, reduced domestic con-

Table 2

Forecasted variations in temperature and precipitation between 1976–2005 and 2036–2065 under nine climate scenarios in the Herault basin and the Ebro basin: minimum,

median and maximum variations in temperature and precipitation from the nine climate scenarios are shown for each season in both basins.

Temperature Precipitations

Winter JFM

(�C)

Spring AMJ

(�C)

Summer JAS

(�C)

Autumn OND

(�C)

Winter JFM

(%)

Spring AMJ

(%)

Summer JAS

(%)

Autumn OND

(%)

Min +0.7 +0.8 +1.4 +0.6 �11 �25 �47 �13

Herault Median +1.5 +1.9 +3.1 +1.9 +5 �12 �20 +5

Max +2.3 +2.5 +4.2 +2.8 +26 +2 +7 +25

Min +0.9 +1.4 +1.9 +1.0 �11 �31 �35 �17

Ebro Median +1.7 +2.3 +3.5 +2.1 0 �11 �18 0

Max +2.3 +2.8 +4.4 +3.1 +23 +4 +4 +21
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sumption, etc.). An accurate past reconstruction was shown to be

an essential first step in identifying the temporal dynamics and

spatial disparities before assessing possible future changes in

water demand under trend scenarios. This reconstruction made it

possible to identify the main drivers of local water demand and

their inter-annual variability. The spatially distributed knowledge

of dynamics of the main drivers (population, tourism, the extent

of irrigated land, and the impact of water management plans)

makes it possible to objectivize our projections. For example, the

identification of a reduction in water demand in the 2000s due

to an increase in the efficiency of the water supply in some areas

of the Herault basin enabled us to estimate the influence of the effi-

ciency driver on the assessment of water demand.

The study also made it possible to distinguish the impact of

future anthropogenic and climate changes by means of water use

and climate scenarios, whose impacts on water demand were

assessed separately. As a result, we were able to show that the

impact of anthropogenic changes is stronger than that of climate

changes on water demand projections at the 2050 horizon under

the conditions we tested. For instance, despite a substantial impact

of climate change on water demand and a significant increase in

irrigated area forecast in the Gignac section at the 2050 horizon,

total water demand could decrease significantly due to a planned

increase in efficiency. In the main irrigation systems in the Ebro

basin, the forecasted increase in irrigated areas could have two to

12 times more impact on water demand than the forecast climate

change. This highlights the advantage of integrating anthropic

and climatic drivers in simulations of water demand, to be able to

apply adaptation strategies that will be efficient in limiting water

demand in target areas, as a function of water availability.

5.2. Uncertainties and limitations

The evaluation of future water demand is limited by many

uncertainties in future projections, as underlined by Arnell

(1999). It is important to note that the assessment of current and

past water demand involves uncertainty at every step. For example,

the processing techniques (upscaling, downscaling, spatial interpo-

lation, and extrapolation) used to compute raw data, are inherently

uncertain. Moreover, despite the relative reliability of population

censuses, the uncertainty of withdrawal data used in water alloca-

tion assessments introduces further uncertainty in urban water

demand. Likewise, Döll (2002) states that theoretical irrigation

requirement models tend to somewhat overestimate actual water

use. Such overestimations are accentuated in the case of adaptive

behavior by irrigators involving less consumption of water. For

example, a misestimating of the historical practice of deficit irriga-

tion in the Herault vineyards tends to overestimate our simulations,

and this was confirmed by basin managers. In another connection,

additional work would make it possible to include the effects of

variations in atmospheric concentrations of carbon dioxide

([CO2]) on crop behavior (Taub, 2010). Reductions in leaf stomatal

conductance with increasing concentrations of atmospheric carbon

dioxide could reduce evapotranspiration by the vegetation (<10%)

and hence reduce crop water use (Bunce, 2004). This could moder-

ate the impacts of climate on agricultural demand.

Forecasts of climate change are obviously also very uncertain.

Uncertainty concerning future climate change derives from differ-

ent sources (forcing, model response, and internal variability) as

noted by Deser et al. (2012). In this study, the uncertainties con-

nected with projections were taken into consideration by using a

wide range of potential climatic projections. Considering that the

dispersion in the climate projections provided by the IPCC came

primarily from climate models based on greenhouse gas emission

scenarios (see e.g. Arnell, 2004), we preferred to use many recent

GCM simulations under one pessimistic representative concentra-

tion pathway to test the impacts of climate scenarios on water

demand. If we consider that climate projections at the 2050 hori-

zon are more uncertain on precipitation and more reliable on tem-

perature, in the end, uncertainties related to the impact of climate

projections on water demand are only moderate. This can be

explained by the importance of evapotranspiration (related to tem-

perature) in agricultural demand assessment and by the buffer role

of the soil water reservoir and of the calculation of effective precip-

itation in the impact of rainfall variability on agricultural water

demand at a 10-day time step.

Finally, accurate validation of the modeling approach was not

possible due to incomplete and/or unreliable withdrawal data for

the two basins. On the other hand, this lack of data is also precisely

what leads to the need to estimate long-term water demand. How-

ever, analysis of the results suggests that our simulations of water

demand are realistic. Indeed the orders of magnitude, seasonal dis-

tributions, and past variations are in agreement with the few with-

drawal data available and with local managers’ knowledge. Mean

annual water demand simulated in the 2000s in the Herault basin

(55 hm3/y) was close to local withdrawal data without transfers

(56 hm3/y in SMBFH, 2005). In the Ebro basin, simulations of total

water demand in the 2000s were 6340 hm3/y while CHE’s with-

drawal assessment was 7914 hm3/y in 2005 (CHE, 2011). This dif-

ference is mainly due to the fact that the CHE assessment method

was based on water rights for agricultural water demand, which

are not directly related to the theoretical needs of plants.

5.3. Prospects

Although anthropogenic changes should have a greater impact

on water demand than climatic changes, one must assume that

satisfying water demand will depend largely on the supply of

water, which, in turn, will be affected by climate change (Arnell,

2004; Collet et al., 2013; Milano et al., 2013b). Hence, the broader

aim of this research (currently conducted in the framework of the

GICC-REMedHE project) is assessing the balance between water

demand and supply through a more comprehensive modeling

framework, with the aim of evaluating the sustainability of current

water use (Fabre et al., 2014).

To prevent water shortages, adaptation strategies will be

needed to either increase the water supply capacity (new transfers,

storage dams, etc.) or to reduce water demand. This work improves

our understanding of the key drivers of water demand, as well as of

the complex interactions between each of them and their sensitiv-

ity to climate change. This knowledge will help the design of alter-

native water demand scenarios that aim to maintain the balance

between water demand and availability in the study areas pre-

sented here. In the future studies, measures such as restricting

the expansion of irrigated areas or implementing incentive-based

policies to reduce domestic consumption will be tested to explore

their effectiveness in achieving sustainable water management

under climate change.
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Abstract. This study assesses water stress by 2050 in river basins facing increasing human and climatic pres-

sures, by comparing the impacts of various combinations of possible future socio-economic and climate trends.

A modelling framework integrating human and hydro-climatic dynamics and accounting for interactions be-

tween resource and demand at a 10-day time step was developed and applied in two basins of different sizes and

with contrasted water uses: the Herault (2500 km2, France) and the Ebro (85 000 km2, Spain) basins. Natural

streamflow was evaluated using a conceptual hydrological model (GR4j). A demand-driven reservoir manage-

ment model was designed to account for streamflow regulations from the main dams. Urban water demand was

estimated from time series of population and monthly unit water consumption data. Agricultural water demand

was computed from time series of irrigated area, crop and soil data, and climate forcing. Indicators comparing

water supply to demand at strategic resource and demand nodes were computed. This framework was success-

fully calibrated and validated under non-stationary human and hydro-climatic conditions over the last 40 years

before being applied under four combinations of climatic and water use scenarios to differentiate the impacts

of climate- and human-induced changes on streamflow and water balance. Climate simulations from the CMIP5

exercise were used to generate 18 climate scenarios at the 2050 horizon. A baseline water use scenario for 2050

was designed based on demographic and local socio-economic trends. Results showed that projected water uses

are not sustainable under climate change scenarios.

1 Introduction

Streamflow variability in recent decades is a consequence of

both climatic and anthropogenic forcings (Fabre et al., 2015).

Moreover, due to climate and socio-economic changes, mid-

latitude areas could experience increased water stress along

the 21st century (Heinrichs et al., 2012). The question of the

balance between water demand and availability can be ad-

dressed by using models to help assess the sustainability of

different water use scenarios in a changing climate. These

models need to be able to simulate water resources and its

availability for human water uses, but also water demand and

its hydrological influence in river basins: streamflow regu-

lations, withdrawals, return flows, etc. Thus integrative ap-

proaches accounting for hydro-climatic and water use vari-

ability in space and in time are needed to assess water supply

capacity at the basin scale (Montanari et al., 2014). Before

they are used in prospective studies, these approaches need

to prove their ability to represent past variations in natural

and influenced streamflow.

This study assesses water balance at the 2050 horizon in

river basins facing increasing human and climatic pressures,

by comparing the impacts of various combinations of pos-

sible future socio-economic and climate trends. The mod-

elling framework was developed and applied in two basins

with contrasting hydro-climatic and water use characteris-

tics: the Herault (France, 2500 km2), and the Ebro (Spain,

85 000 km2) basins. The Herault is characterized by compet-

ing urban and agricultural water demands, both highly sea-

sonal with a summer peak in tourism and irrigation demands,
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Figure 1. Integrative modelling framework applied on the Herault and Ebro hydrosystems.

associated with a low storage capacity. In the Ebro basin wa-

ter demand is mostly agricultural, with extensive irrigation

systems supplied by a large network of storage dams and

canals.

2 Material and methods

2.1 Modelling the balance between water demand and

availability in managed hydrosystems

2.1.1 Comparing water demand and availability in an

integrative modelling framework

Each basin was divided into sub-basins accounting for the

water supply to one or more demand nodes. The Herault and

the Ebro basins were divided respectively into six and 20 sub-

basins (see maps in Fig. 3a). The conceptualization of both

hydrosystems accounted for climatic gradients and water use

contrasts (Collet et al., 2013; Fabre et al., 2015).

An integrative modelling framework (Fig. 1) was then ap-

plied in both basins. Anthropogenic water demands were

simulated and aggregated at each demand node (see Fabre

et al. (2015) for more details). Three types of demand were

simulated: urban water demand (UWD), agricultural water

demand (AWD) and other water demands (OWD). Other wa-

ter demands, comprising water demands for industries and

energy production, were considered negligible in the Her-

ault basin. Natural streamflow was simulated in each sub-

basin, and a minimum environmental flow was computed at

each water resource node. Streamflow regulations and stor-

age were accounted for with a reservoir management model.

Water demand and availability were compared at the main

water demand nodes. An order of priority was considered

for water uses (Fig. 1). In case of insufficient water avail-

ability, a deficit was computed, defined as the percentage of

water demand that could not be satisfied by available wa-

ter resources. The modelling chain enabled us to simulate:

(i) natural water resources and their availability considering

water management rules and infrastructures; (ii) the ability

to satisfy water demands throughout the basin; and (iii) the

influenced streamflow resulting from hydro-climatic condi-

tions and human influence (water withdrawals, return flows

and dam management).

2.1.2 Using indicators to characterize water demand

satisfaction

Three indicators were used to characterize the water supply

capacity for the main water demands, i.e. urban and agri-

cultural: (i) F: frequency of years with at least one signifi-

cant deficit (greater than 50% for AWD, greater than 5% for

UWD), (ii) Def10: average deficit at a 10-day time step and

(iii) DefAN: average annual deficit. For all three indicators

values ranged from 0 (no deficit) to 1 (maximum frequency

or intensity of deficit).

2.2 Calibrating and validating the modelling chain over a

multi-decadal past period

2.2.1 Reconstructing past changes in water demand

from 1971 to 2009

Details regarding the reconstruction of past water demand

between 1971 and 2009 at the sub-basin scale in the Her-

ault and the Ebro basins can be found in Grouillet et al.

(2015). UWD was estimated from time series of population

and monthly unit water consumption data. AWD was com-

puted from time series of irrigated area, irrigation efficiency,

crop and soil data, and climate forcings. OWD in the Ebro

basin was computed from industrial activity and allocations

per employee and per added-value, and fromwater consumed

by the open-air cooling systems of nuclear plants.
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Table 1. Trend water use scenarios at the 2050 horizon in the Her-

ault and the Ebro basins: variation of the main variables between

the 2000s and the 2050s. UWD: urban water demand, AWD: agri-

cultural water demand, OWD: other water demand.

Herault Ebro

UWD Permanent population +39% +18%

Touristic population +74% NA

Transfers +38% +27%

Unit allocation +21% +4%

Network efficiency +5% +0%

OWD Industrial activity NA +95%

AWD Irrigated areas +80% +46%

Network and irrigation efficiency +22% +9%

2.2.2 Simulating the variability of water availability in

highly influenced hydrosystems

Natural streamflow was assessed in the six sub-basins in the

Herault and the 20 sub-basins in the Ebro using GR4j (Perrin

et al., 2003), a conceptual hydrological model run at a daily

time step and calibrated/validated at a 10-day time step. To

assess natural runoff in each sub-basin, the model was cali-

brated only against runoff data that were considered natural,

i.e. not influenced by withdrawals or dam management. Due

to the lack of data, the influence of withdrawals on stream-

flow was considered to be negligible when simulated AWD

was negligible (Fabre et al., 2015).

River flow regulations were accounted for by developing a

demand-driven reservoir management model, which was ap-

plied to the largest dam in the Herault basin and to 11 major

dams in the Ebro basin. Inputs of the model are incoming

streamflow, evaporation, the initial reservoir level and wa-

ter demand at a 10-day time step. The model then calculates

the volume of water released into associated canals and the

river downstream from the dam during each time step, and

the reservoir level at the end of each time step (see Fabre

et al. (2015) for more details).

2.2.3 Calibrating and validating past simulations

The modelling chain was calibrated and validated over 1971–

2009. This nearly 40-year period includes a warmer and drier

period (1981–2009), used for calibration, and a colder and

wetter decade (1971–1980), used for validation. Automatic

calibration and validation of the hydrological model were

performed against natural streamflow data using a three-step

algorithm (Dezetter et al., 2014) that minimized a multi-

objective function aggregating three goodness-of-fit crite-

ria: the Nash-Sutcliffe efficiency index (NSE), the cumula-

tive volume error (VE) and the mean annual volume error

(VEM). The simulation of water demand could not be thor-

oughly validated for lack of data. The simulation of influ-

enced streamflow was validated against observed streamflow

data at each resource node (see Sect. 3.1) by calculating the

values of the NSE, VE and NSELF (NSE on low flows, i.e.

from June to August) criteria per decade over 1971–2009.

2.3 Projecting climate and water use impacts on water

demand satisfaction at the 2050 horizon

2.3.1 Combining water use and climate scenarios

The modelling chain was then applied under four combina-

tions of climate and water use scenarios to distinguish the

impacts of human- and climate-induced changes on water

supply capacity at the 2050 horizon. Two water use scenar-

ios were considered: water uses of the 2000s and a trend

water use scenario at the 2050 horizon. Regarding climate

scenarios, we considered a reference climate over 1976–

2005 and 18 climate change scenarios at the 2050 horizon.

Climate forcings over 1976–2005 were extracted from the

8× 8 km grids presented in Fabre et al. (2015). Climate sce-

narios at the 2050 horizon (2036–2065) were then built based

on climate change simulated by nine Global Climate Models

(GCMs) from the last IPCC report, with the Representative

Concentration Pathways (RCPs) 8.5 and 4.5. Using a change

factor method (Ruelland et al., 2012), the reference climatic

series were modified so as to reproduce the mean monthly

variations obtained between the reference and future climatic

simulations from GCMs.

2.3.2 Building water use scenarios

The water use scenarios at the 2050 horizon were built based

on projections from the local water management agencies

and continuation of recent trends (Grouillet et al., 2015). The

variations of the main variables between the 2000s and the

2050s are shown in Table 1.

Environmental water demand was also accounted for in the

prospective part of the study. Since minimum flows have not

yet been defined by local water agencies, they were consid-

ered as the value of natural streamflow exceeded 95% of the

time over the study period at the Herault sub-basin outlets,

and as 10% of the mean annual flow at the Ebro sub-basin

ones (or 5% of mean annual flow if it exceeded 80m3 s−1).

2.3.3 Accounting for variations in water availability

Natural streamflow at the 2050 horizon was assessed by us-

ing the climate variables from the 18 scenarios described in

Sect. 2.3.1 as inputs to the GR4j model while keeping the

parameters calibrated over the reference period. Inputs to the

dam management model varied depending on the climate

and water use scenarios. Entering streamflow and evapora-

tion were computed based on each climate scenario, while

the water demand associated to each dam was dependent on

the water use scenario. Future water use scenarios also in-

cluded infrastructure and management projects under way in

the Ebro, such as the doubling of the Yesa dam’s capacity.
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Figure 2. Average observed and simulated discharge per decade and values of Nash (NSE), Volume error (VE) and low flow Nash (NSELF)

criteria at the outlet of (a) the Herault and (b) the Ebro basins between 1971 and 2009.

In this case, the target reservoir levels were changed accord-

ingly in the future water use scenario.

3 Results

3.1 Validation of the modelling chain over 1971–2009

Simulated influenced streamflow were in good agreement

with observed discharge at the outlet of each studied basin

(cf. NSE and VE values shown in Fig. 2 for each decade).

Comparison of the influenced vs. natural streamflow (Fig. 2)

as simulated by the model allowed the level of anthropogenic

pressure on the water resources to be estimated in the Herault

and Ebro basins: anthropogenic consumptive use amounted

to 2% of the natural discharge on average over the period

2001–2009 in the Herault basin, while it amounted to 38%

over the same period in the Ebro basin.

3.2 Hydro-climatic and water demand changes at the

2050 horizon

Temperature projections showed a clear increasing trend,

particularly marked in the summer (Fig. 3a). Projections for

precipitation were more uncertain and differed among the

18 scenarios considered. However, a decrease in spring and

summer precipitation could occur in both basins. These cli-

matic trends could result in changes in natural streamflow:

while scenarios diverged in fall, winter and spring, all 18 sce-

narios resulted in a decrease in summer low flows.

Water demand variations are presented in Fig. 3b for two

illustrative demand nodes in each basin. Results showed that

climate change could have a clear impact on AWD in the

Gignac and Agde areas in the Herault basin. However in the

Gignac area a significant increase in efficiency in the trend

water use scenario (from 22% in the 2000s to 70% in the

2050s) could compensate the increase in demand caused by

warmer and drier conditions and a 65% increase in irrigated

areas. This differed from the Agde area where a 90% in-

crease in irrigated areas could lead to a high increase in

AWD. The water use trend scenario in the Ebro basin pro-

jected an irrigated area increase in all areas, particularly in

the Segre irrigation system. In this area the impact of the in-

crease in irrigated areas could be stronger than the impact of

climate change. On the contrary in the Bardenas area the im-

pact of climate change could be higher than the impact of the

water use scenario.

3.3 Water demand satisfaction under water use and

climate scenarios

3.3.1 Reference scenario: current water uses in a

reference climate

In the reference scenario, results showed that of the four ar-

eas presented here, only the Segre area in the Ebro basin

had balanced water demand and availability (Fig. 4). In the

Gignac and Agde areas in the Herault basin, restrictions on

urban and agricultural water withdrawals were simulated to

occur every two years, with an annual deficit of approxi-

mately 30% on AWD in both areas. In the Ebro basin, of

the large left bank systems only the Bardenas system had im-

balanced demand and availability. Note that although restric-

tions on withdrawals were more frequent in Bardenas than in

the Herault basin, average deficits at 10-day and annual time

steps were lower.
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Figure 3. Projected hydro-climatic and water demand changes at the 2050 horizon at the scale of the Herault and the Ebro catchments:

(a) range of 18 climatic scenarios and their potential impact on natural streamflow at the outlet and (b) variations in urban and agricultural

water demand in illustrative sub-basins under combined water use and climate scenarios.

Figure 4. Water demand satisfaction indicators for urban and agricultural water demands under four combinations of water use and climate

scenarios in two areas of (a) the Herault and (b) the Ebro basin. For all three indicators values range from 0 (no deficit) to 1 (maximum

frequency or intensity of deficit).
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3.3.2 Projections at the 2050 horizon: relative impacts

of climate and water use changes

Results showed that the relative impacts of climate and wa-

ter use changes on water demand satisfaction could vary de-

pending on the area (Fig. 4). For example in the Herault

basin, the water use scenario impacted water demand satis-

faction only in the Agde area. In the other areas, the climate

change scenarios had a dominant impact on water demand

satisfaction at the 2050 horizon. The results presented for the

Ebro basin showed that sensitivity to climate change could

vary according to the water use scenario taken into account:

in the Segre area, climate change impacts could be accept-

able without changes in water use, whereas with the trend

water use scenario climate change could lead to frequent re-

strictions on agricultural water withdrawals. In the Bardenas

area, the dam enlargement in the trend scenario could lead to

an improvement in water supply, but this adaptation strategy

may not be sufficient in scenarios of climate change.

4 Discussion and conclusion

This study explored the impacts of possible future socio-

economic and climate trends on water stress by 2050 in river

basins facing increasing human and climatic pressures. This

was achieved by developing a modelling chain integrating

human and hydro-climatic inputs and interactions between

water use and availability. This chain was calibrated and val-

idated over a past period including significant water use and

climate variability, and results showed its ability to represent

the dynamics of influenced streamflow. Scenarios of water

use and climate change at the 2050 horizon were then de-

signed and used as inputs to the integrative model. By using

four combinations of water use and climate change scenar-

ios, we were able to project water demand satisfaction and to

separate the potential impacts of anthropogenic and climatic

changes in both basins.

The variability of water demand simulated over the past

40 years and the high level of water use influence on stream-

flow showed that non-stationarity in anthropogenic forcings

is a key element to be considered in hydrological modelling.

Simulations were obviously not perfect due notably to the

non-exhaustive consideration of all storage-dams and to our

limited knowledge on water withdrawals, which led to an

impossible validation of water demand simulations and to

a debatable hypothesis concerning the modelling of natural

streamflow. Moreover while variability in anthropogenic and

climate forcings were accounted for over the 1971–2009 pe-

riod, climate projections at the 2050 horizon only accounted

for mean monthly changes, due to the downscaling method

used. Also, note that the water use scenarios were built with

constant anthropogenic drivers over 30 years. Consequently,

the prospective study was based on strong assumptions re-

garding the stationarity of hydrological processes and of wa-

ter management, which may be seen as unrealistic.

Despite these limitations applying this model in different

combinations of scenarios helped to answer the question of

the risk of water shortage, and to determine the causes of

this risk. Future research includes studying the sensitivity of

future changes in water demand satisfaction to variations in

the water use scenarios.
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