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Abstract This study aims to develop an integrated modelling approach to assess current and future trends in
water availability for agricultural purposes on the upper Elqui basin (Chile). A hydrological model including a
snow reservoir was combined with an agricultural water demand model to provide an index of the capacity to
meet water needs. Particular account has been taken of flow regulation via a storage-dam by modelling the
reservoir water balance and its operating rules, and by dividing the basin into two sub-basins located
respectively upstream and downstream of the dam. The modelling chain was applied and tested over a long
reference period (1979–2008) and then run over 2041–2060 under the constraint of four climate scenarios
statistically downscaled from various GCMs. Simulations of the basin outlet discharge show a fair degree of
realism over the reference period, despite a reproduction of peak flows which tends to deteriorate in validation.
Although the dam model and the agricultural water demand model could be improved in the future, they
already provide reliable simulations with regard to observed dam releases on the one hand, and to withdrawal
authorizations for irrigation on the other. In spite of significant discrepancies, the climate scenarios all lead to a
decrease in the capacity to meet water needs at the height of the irrigation period (from December to March).
This can be notably explained by less abundant precipitation (–22 to 48%) according to three of the four
climate scenarios and by earlier peak flows for two scenarios due to the impact of higher temperatures (+1.7 to
2.1°C) on the snowmelt regime. This study is a first step towards improving the efficiency of the different
models and assessing the propagation of uncertainties through the modelling chain.
Key words climate change impacts; hydrological modelling; snowmelt regime; agricultural water demand;
water reservoir modelling; Elqui River

INTRODUCTION
Regions with agriculture-based economies rely heavily on water resources to reach a competitive
level of production and achieve yield gains. Irrigated areas thus contribute to about 40% of the
world’s food production while accounting for only 20% of cropland areas. Climate change is
however expected to adversely affect the capacity of freshwater systems to meet these agricultural
water needs. By modifying the water cycle, global warming could indeed amplify precipitation
variability, thereby leading to heightened risks of drought in areas already subject to water shortages,
such as semi-arid regions. With temperature rising, substantial impacts are also expected in
mountainous regions. The partition of precipitation between snowfall and rainfall, for instance, could
differ significantly from that observed historically. Agricultural water needs should also be impacted,
as higher temperatures are likely to enhance evapotranspiration. However, the capacity of a given
freshwater system to provide water for agriculture is also dependent upon non-climatic drivers,
foremost among them being the management choices related to dam operations and agricultural
practices (crop types, irrigation techniques, etc.). Consequently, there is a growing need for a better
integration of non-climatic drivers in agro-hydrological modelling frameworks built to assess water
availability and supply reliability at the basin scale under various climate conditions.
As a semi-arid region and as part of the Andes mountain range, the Norte Chico of Chile
(26–33°S) is particularly exposed to the above-mentioned climate change impacts and waterrelated risks. Mean annual precipitation observed at La Serena has indeed decreased by a factor of
two over the 20th century (Squeo et al., 1999). Moreover, the climate of the region is controlled by
alternating ENSO (El Niño Southern Oscillation) and LNSO (La Niña Southern Oscillation) events
that induce significant interannual hydro-climatic variability. While the former generally lead to
extreme precipitation across regions on the South Pacific coast, the latter cause significant
precipitation deficits. Located in the heart of Norte Chico, the Elqui River catchment represents an
essential source of water in a region where agriculture, constantly expanding, holds a predominant
place. A few hydrological studies (Araya & Hunt, 2003; Trigos & Munizaga, 2006; Souvignet,
2007; Jourde et al., 2011; Ruelland et al., 2011) were performed in this catchment but none of
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them, to our knowledge, addresses the question of climate change impacts on the capacity to meet
agricultural water needs. For instance, although Ruelland et al. (2011) obtained realistic
simulations of discharge from the catchment over a long period of time (1979–2008) with the
HydroStrahler model, they did not consider flow perturbations by storage-dams and agricultural
withdrawals, which tends to limit the operationality of the model for prospective issues.
This study thus aims to develop an integrated modelling approach to assess current and future
trends in water availability for agricultural purposes. To that purpose, the HydroStrahler model
was combined with an agricultural water demand model to provide an index of the capacity to
meet water needs.
STUDY AREA
The Elqui basin is one of the main river systems of the Norte Chico region in Chile (Fig. 1). With
an area of 5660 km2 at the Algarrobal gauging station, the upper part of this catchment presents a
large altitudinal gradient with elevations ranging from 750 to 6200 m a.s.l. in the Andes
Cordillera. Annual precipitation varies from 80 mm in the littoral plain to 220 mm in the
Cordillera, resulting in a semi-arid climate (Kalthoff et al., 2002).
The main activity in the upper Elqui basin is production of grapes and other fruits. Cultivated
land, which has spread continuously in the catchment, is located mainly on alluvial terraces and
over closed hillsides. Agriculture accounts for more than 90% of the total water volume used in
the basin. Water supply is provided by one storage-dam (La Laguna), which is located in the
upstream part of the basin and has been in operation since 1937. This dam (capacity 40 × 106 m3)
drains an area of about 500 km2, which contributes to 23% on average of the basin outlet flow.
The hydrological functioning of the catchment is based on a snowmelt regime. Precipitation
occurs principally in winter and is mainly stored as snow in the high mountain areas. Snow
melting causes high flows and high water tables during summer, while alternating ENSO and
LNSO events result in extremely wet or dry years.

Fig. 1 The Elqui catchment at Algarrobal and mean climate forcings over the simulation period.

MATERIALS AND METHODS
Development of a basin-scale and integrated modelling method
An integrated modelling chain was developed to provide an index of the capacity to meet
agricultural water needs within the catchment. The modelling framework is composed of three
interconnected models: (i) a hydrological model, (ii) an agricultural water demand model, and
(iii) a dam model.
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For modelling purposes the basin was divided into two sub-catchments located upstream and
downstream of the storage-dam. Flow simulations were performed separately on each subcatchment using a conceptual model. The discharge simulated at the outlet of the upstream subcatchment was used as monthly input in a dam management model. Water releases from the dam
were simulated in connection with an agricultural water demand model, and finally added to flow
simulations performed on the downstream sub-catchment to generate the total discharge at the
basin outlet at a monthly time step. The index measuring the capacity of the Elqui water system to
satisfy agricultural water demand was called WAI (Water Availability Index). It is defined as the
ratio of simulated outlet flows over the existing water demand within the basin.
Hydro-climatic data
In order to account for the hydro-climatic variability over the catchment, a nearly 30-year period
(1977–2008) was chosen according to data availability. Precipitation and temperature data were
thus interpolated based on 15 and four stations, respectively, using the inverse distance weighted
method (Fig. 1). Since no measurements were available outside the river valleys, elevation effects
on temperature distribution were considered using a digital elevation model and a 0.65°C/100 m
based-gradient. As it was not possible to identify a clear relationship between precipitation and
elevation from observations, this effect was not taken into account. Since the only data available
for calculating evapotranspiration were temperature data, a formula relying on solar radiation and
mean temperature was selected (Oudin et al., 2005). Lastly, two gauging stations measuring the
discharge at the basin and dam outlets (Algarrobal and la Laguna, respectively) were selected.
Regarding climate scenarios by 2050, outputs from the GCMs HadCM3, CSMK3, ECHAM5
and CNCM3 were downloaded from the IPCC’s Data Distribution Centre. All simulations of
climate change were based on the Special Report on Emissions Scenario (SRES) 20C3M over the
reference period (1979–2008) and the SRES-A2 for the future period (2041–2060). Highresolution climate change data were based on a basic downscaling technique known as the
perturbation method, which assumes that climate models better reproduce the relative change in
climate variables rather than their absolute values. For more details on the method used, see
Ruelland et al. (2012).
Hydrological modelling adapted to a snowmelt regime
The HydroStrahler model (Ruelland et al., 2008, 2012) was chosen to represent the seasonal and
interannual variations in runoff and baseflow from the catchment. This daily conceptual model
consists of three reservoirs: (i) a snow reservoir, in which fluxes are controlled by temperature, (ii) a
shallow reservoir supplied by precipitation and feeding evapotranspiration, surface/sub-surface
runoff and infiltration, and (iii) a deep reservoir fed by infiltration and generating the baseflow. A
full description of the model, including a snow reservoir, can be found in Ruelland et al. (2011). We
emphasize here the importance of a temperature threshold, Tthr, among the eight parameters of the
model. Below this threshold, a fraction of precipitation is considered as snow. This fraction feeds the
snow reservoir that generates no flows as long as temperature stays below Tthr. When temperature
exceeds Tthr, a snowmelt runoff is produced by a fraction of the snow reservoir content, weighted by
the difference between the daily temperature and the temperature threshold.
Model calibration aimed at optimizing a multi-objective function Fagg that aggregates a variety
of goodness-of-fit indices (for more details on this function, see Ruelland et al., 2012): the NashSutcliffe efficiency (NSE) criterion, a cumulative volume error (VE), the annual average relative
volume error (VEavg) and the annual average peak error (PEavg). Calibration was performed in an
8-D parameter space by searching for the minimum value of Fagg at a monthly time step. The
simulation period was divided into two parts: calibration was performed over 1979–1990 and
validation over 1991–2008. These periods are distinguished by contrasted climatic behaviours, the
calibration period being rather wet and the validation one being rather dry, which allowed the model
to be tested for its suitability in differing climatic conditions. The 1977–1978 period was used as a
spin-up to limit the influence of initial conditions in the model reservoirs.
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Estimation of agricultural water demand
Monthly agricultural water demand (AWD) was defined as total irrigation water requirements
(IWR) in the basin divided by the efficiency of the irrigation scheme (Eff) (equation (1)).
Assessment of IWR for a given crop type i relied on a simple water balance approach following
recommendations by Allen et al. (1998). Computations keep track of the soil water deficit (SWD)
at a monthly time step m by accounting for all water additions and subtractions from the soil root
zone. Effective precipitation (Peff), calculated according to Smih (1992), makes up for this deficit,
while crop evapotranspiration (ETC) tends to increase it (equation (2)). Irrigation (Irr) is required
when the SWD reaches a maximum allowed depletion (MAD) of the available water capacity of the
soil (AWC). In most models using a water balance approach, the net irrigation requirement is
usually the amount of water required to bring SWD to zero, which means refilling the root zone
back up to field capacity (Andales et al., 2011). In this study, however, IWR were identified with
crop water needs and the SWD was maintained at its MAD level. This choice can be explained by a
lack of information regarding irrigation practices within the catchment.
Error! Bookmark not defined. AWDm = IWRm with IWRm = ∑ Irrmi × Area i
Eff
i

(1)

SWDm = SWDm −1 + ETCi , m − Peff , m − Irrmi

(2)

where

ETCi = K Ci × ET0

If

Irrmi = 0

then

SWDm −1 + ETCi , m − Peff , m < MADm × AWC

otherwise Irrmi = SWDm −1 + ETCi , m − Peff , m − MADm × AWC
Irrigation efficiency was estimated by multiplying a water transport efficiency of 0.6 by a
field application efficiency of 0.9, as is usually assumed by FAO for earth canals and drip
irrigation systems. Physical properties of soils in the agricultural valleys, monthly crop coefficients
KC and statistical information regarding planted areas were determined through conversations with
research staff at the Instituto de Investigaciones Agropecuarias (INIA) in La Serena.
Reconstruction of the Laguna Dam operating rules
Water releases from the Laguna Dam were simulated on a monthly basis by introducing basic
management objectives in the water budget equation of the reservoir. Given the lack of available
data, no account has been taken of precipitation on and evaporation from the reservoir surface, or
of seepage to groundwater or through the dam. The model computes water releases as a function of
AWD, reservoir storage volumes and current inflows from the upstream sub-catchment. For a
given month m, if the volume of water entering the reservoir exceeds AWD, then a fraction ΔStorage
of this entering volume is added to the reservoir to increase future water availability. Conversely,
if AWD exceeds the incoming volume, then a certain amount of water, determined through a
coefficient of exploitation ΔExploit, has to be taken out of the reservoir. ΔStorage and ΔExploit
coefficients were computed separately for dry and humid years given a Standardized Precipitation
Index and using historical observations from the 1979–2008 period.
RESULTS
Efficiency of the modelling chain
Analysis of the fit of the hydrological model (Fig. 2(a)) shows that discharge is simulated with a
fair degree of realism at the basin outlet during the whole reference period (1979–2008). In
calibration (1979–1990), the NSE coefficient reaches 0.93 and the other goodness-of-fit criteria
present low values. However, in validation (1991–2008), simulations tend to deteriorate with an
NSE value of 0.87. Some peak flows in the 2000s are notably not well simulated (PEavg = 31%).
Moreover, low flows between April and October are slightly underestimated. This results in a
general underestimation of total runoff volume at the end of the validation period (VE = 10%).
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Nevertheless, the snowmelt regime of the catchment, which is characterized by a nearly 4-month
delay between precipitation and discharge, is reproduced accurately. Underestimation of the
discharge at Algarrobal in validation is mainly explained by simulation errors in the downstream
sub-catchment since simulated water releases from the dam prove to be on the whole
overestimated during the AWD summer peak (Fig. 2(d)).
Comparison of mean estimated AWD with water withdrawal authorizations (WWA) provided
by the Junta de Vigilancia del Rio Elqui shows that the two series are of the same order of
magnitude from September to March (Fig. 2(e)). At the height of the irrigation season, mean
WWA are lower than AWD because of cuts in water deliveries during dry years. Moreover, this
comparison is not sufficient to validate the AWD model since WWA are based on historical water
rights and hence may not always fit the actual agricultural demand.

Fig. 2 Efficiency of the modelling chain over the reference period. Hydrological simulations at the
basin outlet: (a) interannual variations, (b) seasonal variations over the calibration, (c) validation
periods, (d) dam outflows and (e) estimated AWD.

Impacts of climate projections on hydrological responses and agricultural water demands
The climate projections display considerable variability in precipitation by the 2050 horizon
(Fig. 3(a)). Mean annual precipitation is expected to decrease by 22–48% according to three
GCMs. Only the CSMK3 scenario results in a 7% increase by 2050. This scenario is also
characterized by a 1-month delay in the precipitation peak with regards to the reference period.
The temperature projections are more consistent with a 1.7–2.1°C increase in mean annual values
depending on the scenarios (Fig. 3(b)).
The impact of these climate scenarios leads to significant discrepancies in terms of annual
flow volume and peak flow timing (Fig. 3(c)). Following the important variability in projected
precipitation patterns, the annual flow volume at the basin outlet decreases by 30–70% according
to three GCMs, while it slightly increases (by 3%) with CSMK3. Peak flows obtained under the
HadCM3 and CSMK3 scenarios occur in November, one month earlier than during the reference
period. This can be explained by the impact of higher temperatures on the snowmelt timing as the
temperature threshold Tthr that controls snowmelt runoff in the hydrological model is reached more
readily by 2050 than over the reference period. Under the ECHAM5 and CNCM3 scenarios, this
temperature-induced effect tends to be offset by the impact of water releases from the upstream
dam, which contributes to around 40% of the discharge at Algarrobal (20% during the reference
period or in the case of HadCM3 and CSMK3) and remain largely driven by agricultural water
demands. Peak flows thus occur in December (CNCM3) and January (ECHAM5), when water
demands reach their maximum level. Another factor contributing to the 1-month delay observed
under the ECHAM5 scenario may be the relatively moderate increase of temperature from
September to January compared to the other future climate scenarios. As a result, runoff from the
snow reservoir is released more gradually, which tends to stretch the rising limb of the annual
hydrograph over a longer period of time. Future agricultural water demand increases for all climate
scenarios by 3–5% (Fig. 3(d)).
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Future trends in the capacity to meet agricultural water demand
The combined impacts of climate projections on hydrological responses and agricultural water
demands lead to a significant decrease in the capacity to meet water needs at the height of the
irrigation period (from December to March) for all scenarios. This can be explained notably by
less abundant precipitation (–22 to 48%) according to three of the four climate scenarios and by
earlier peak flows for two scenarios due to the impact of higher temperatures (+1.7 to 2.1°C) on
the snowmelt regime. Figure 3(e) shows the evolution of the WAI index for the HadCM3 scenario
between the reference period and the 2041–2060 period. Satisfaction of the AWD ranges from very
low when WAI < 100% to very high when WAI > 400%.

Fig. 3 Climate scenarios by 2050 compared with (a) precipitation and (b) temperature observations over
the reference period (1979–2008). Impacts of climate scenarios by 2050 on (c) the discharge at the
basin outlet, and on (d) AWD. Evolution of the Water Availability Index by 2050 (e).

CONCLUSION
Flow simulations performed during the reference period (1979–2008) prove to be in good
agreement with the observed data. Not only do these results demonstrate the robustness of the
entire modelling chain for prospective studies under contrasting climatic conditions, they also
point out the importance of considering storage-dams and water-consuming activities when
dealing with water availability assessment. However, this consistency hides several limitations and
uncertainties all along the modelling chain.
A first source of uncertainty emerges from the climate information that drives the modelling
chain. In mountainous areas heavily affected by altitudinal gradients and topographic effects, the
uneven and relatively sparse distribution of weather stations often hampers spatial interpolation of
climatic data. Measurement of solid precipitation is, moreover, subject to substantial uncertainties,
considering for example the possible blockage of the gauge orifice by snow capping the gauge, or
the unknown effects of wind turbulence around gauges.
A second source of uncertainty arises from the representation of agro-hydrological processes.
For instance, water releases from the upstream dam, which provide, on average, 23% of the
discharge at the basin outlet, are difficult to reproduce accurately. The dam management model
may turn out to be too demand-driven and thus not fit completely with the supply-driven strategy
followed by the dam managers. Calculated crop water requirements play virtually no part in the
actual decision-making process, where water deliveries for each month of the year are scheduled in
September according to the estimated snow accumulation in the mountains and considering
historical water rights in the different sections of the basin.
Projections by 2050 vary considerably from one scenario to another. This great variability
underlines the necessity for a multi-scenario approach to capture the widest range of possible
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variations. The differences between the four hydrological scenarios can be explained by great
discrepancies between the various GCMs used and by their dependence upon the way in which
dam operations are carried out.
As far as the assessment of irrigation requirements is concerned, computation of IWR by 2050
relied on the assumption that monthly crop coefficients estimated under current climate conditions
would remain unchanged in the future. This explains why no shift is observed in the seasonal
variations of IWR by 2050. Warmer temperatures, however, are expected to shorten phenological
stages of fruit trees and grape vines, leading to earlier budburst and flowering. Going forward,
these modelling weaknesses could be addressed by introducing a link between variations in crop
coefficients and growing degree days or chilling hours. Although CO2 effects on crop water use
efficiency were not considered in this paper, several recent studies have shown that these effects
are still unclear for many plants (e.g. Tubiello & Ewert, 2002).
Finally, further work should include the study of adaptation strategies by 2050 through
modification of crop types, planted areas and operation rules of the dam.
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