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Abstract: Hydrological drought threatens Mediterranean water supply systems, due to climate conditions and high water 
demands. This paper analyses the risk of water shortage due to drought depending on a set of variables that can be 
subject to alterations in time: river flows, irrigation water demand, and drought mitigation measures performed by 
public administrations. Impacts of climate change on the water supply system are quantified through the analysis of 
plausible climate change scenarios. The effects of different drought mitigation measures implemented on the 
framework of Drought Management Plans are as well examined. The analysis is based on a Montecarlo simulation 
approach and through a probabilistic analysis of water supply system performance indices. The methodology is 
applied to an irrigation district on the Ebro River Basin in Spain “Riegos de Bardenas”. Results show that drought 
mitigation measures applied in this context don’t have a significant impact on the system performance, in terms of 
volume and time reliability and basic statistics of water allocations to agriculture. Considering three scenarios of 
climate change consisting of 10%, 20% and 30% reductions in inflows, deficits increase by 2%, 5% and 11% 
respectively. 
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1. INTRODUCTION 

Drought is one of the most important problems for Mediterranean agriculture. Drought events 
have affected Spanish agriculture during the last two decades. The phenomenon is prone to increase 
in the near future. When talking about drought, we can differentiate meteorological from 
hydrological droughts. Meteorological drought is exclusively referred to a significant reduction of 
precipitation. On the other hand, hydrological drought refers to deficiencies in surface water and 
groundwater supplies and it is determined from measurements of stream flows, lakes, reservoirs, 
and groundwater levels. Moreover, there is a time lag between the lack of precipitation and the 
decreasing in water levels in streams, rivers, lakes, and reservoirs (European Commission 2007). 
Finally, while meteorological drought affects rainfed agriculture; the risk for irrigated production 
systems is directly related to water scarcity and hydrological drought. 

To face water shortages in irrigated agriculture, Drought Management Plans (DMP) have been 
put into effect by River Basins (European Commission 2007). At farm level, some strategies that 
could be implemented are: better efficiency in agricultural use of water, adjustment of acreage 
decisions depending on the available water (García-Vila et al. 2008), application of deficit irrigation 
(Ruiz-Sanchez et al. 2010), and insurance protection against hydrological drought (Quiroga et al. 
2011). 

Drought Management Plans are generally based on hydrological indicators (taking into 
consideration streamflow data, reservoir volumes, aquifers, and even snow), in order to define the 
status of the water supply systems in respect to drought i.e. normal, pre-alert, alert and emergency 
drought status (Estrela and Vargas 2012). These status indicators are management decision tools. 
They are objective, principally influenced by meteorological events, and taken into account in water 
use plans and reservoir release decisions. 

This paper aims to analyse the effect of drought mitigation measures, climate change, and the 
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amount of irrigation water demanded, on the risk of irrigation water shortage due to hydrological 
drought. It will be applied to the Bardenas irrigation area in the north-east of Spain. In the following 
section, climate change scenarios foreseen for the study zone are reviewed. 

2. EXPECTED CLIMATE CHANGE SCENARIOS IN EBRO RIVER BASIN 

Nowadays, Climate Change (CC) is subject of concern. In Spain, it is taken into account in 
planning documents and project proposals, such as River Basin Plans (Confederación Hidrográfica 
del Ebro 2011) and Water White Book (Ministerio de Medio Ambiente 2000). 

The Intergovernmental Panel on Climate Change (IPCC) is the leading international body for the 
assessment of CC. The IPCC proposes possible future scenarios of CO2 emissions based on 
socioeconomic factors, land use, land cover, other environmental factors, and sea level. Each 
scenario is one alternative image of how the future can unfold (IPCC 2007). Future predictions 
indicate that CC may aggravate water scarcity in Spain, by increasing evapotranspiration, reducing 
precipitation and increasing the likelihood of extreme events. However these projections are still 
subject to considerable uncertainty (Garrido et al. 2012). This uncertainty is well represented by the 
variety of results found in the bibliography related to the Ebro River Basin during the periods: 
2010-2040, 2040-2070 and 2070- 2100; in particular we mention a set of studies from the Coruña 
University (García Vera 2005; Samper et al. 2007; Alvarez et al. 2009; Alvarez and Samper 2009), 
those from the Centro de Estudios y Experimentación de Obras Públicas (CEDEX) (Centro de 
Estudios y Experimentación de Obras Públicas 2011), the Water White Book (Ministerio de Medio 
Ambiente 2000) and Quiroga et al. (2011).  

Works from Coruña University are the more detailed for the Ebro River Basin (Confederación 
Hidrográfica del Ebro 2011). The CC analysis is based on GCM (GCM3) corresponding to IPCC 
scenarios A1B, A2, B1; and Commit scenario from Canadian Centre for Climate Modeling and 
Analysis (CCCma). Downscaling module used is GENBALAN. Runoff variations expected for the 
scenario A2 are 13%, 17% and 19% for the three mentioned periods respectively. CEDEX has 
performed also an impact evaluation of CC in Spain at 1 km2 resolution. CO2 emission scenarios A2 
and B2 are taken from the IPCC. Runoff variations expected for A2 scenario are 9%, 14% and 28% 
for the three periods respectively. In the Water White Book (Ministerio de Medio Ambiente 2000), 
analysis of CC is based on the hypothesis that in 2030, CO2 concentration will double. Under this 
hypothesis, two scenarios are considered: Scenario 1 consisting of 1ºC rise in annual average 
temperature, which would reduce runoffs by 3% in the year 2030; and Scenario 2, consisting of 5% 
diminution in annual average precipitation and 1ºC increase in annual average temperature, which 
would be translated in a 9% inflow reduction in the year 2030. Research from Quiroga et al. (2011), 
considers runoff variations due to CC from PRUDENCE project (http://prudence.dmi.dk/). The 
socio-economic Scenario used is A2 from IPCC and there are 11 CC scenarios constructed as a 
combination of Global Climate Model (HadCM3) downscaled for Europe with eleven Regional 
Climate models and downscaled for the Iberian Peninsula with one Regional Climate model and 
different methods of statistical downscaling. The average inflow reduction for the period 2070-2100 
is of 30.7%. 

3. METHODOLOGY 

3.1 Introduction 

Analysis of the risk of water shortage in the water supply system is made through a simulation 
approach, based on stochastically generated inflows. In this paper, the module SIMDRO 
(SIMulation of water supply systems under DROught conditions) is used for the simulations. 
Results from SIMDRO are analyzed with the module RISDEF. Both SIMDRO and RISDEF are 
modules from WSUDC (Water System management Under Drought Conditions) (Nicolosi et al. 
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2009). 

3.2 Stochastic generation of inflows 

Generation of synthetic inflow data has been performed by means of the software SAMS 
(Sveinsson et al. 2003). The software allows analyzing statistically the data, fitting a stochastic 
model and generating synthetic series. In order to carry out Montecarlo simulation, many 
stochastically generated series of inflows have to be obtained, preserving some of the properties of 
historical data. First of all, a preliminary analysis about series’ stationarity should be performed, 
using, for instance, REDIM software (Cancelliere et al. 2005). Then, basic statistics allow to 
determine whether it is necessary or not to transform the data, in order to reduce skewness (most 
models are developed in the normal domain). Then, analysis of annual and monthly autocorrelation 
can give an idea of which is the most suitable model (and which the order) to fit the observed 
inflow data. The models the most widely used in hydrological sciences are Auto Regressive Models 
AR(p) (being p the order of the model). Autoregressive Moving Average Models ARMA(p,q) are 
more versatile (q is the number of parameters of moving average). In order to reproduce 
seasonality, periodic models as PAR(p) and PARMA(p,q) can also be used (Bonaccorso et al. 
2007b). When fitting a model for seasonal data, there are two possible ways; either fit a model from 
the PARMA family, which are able to reproduce seasonality; either fit an ARMA model to annual 
data, and then use Lane’s model for disaggregation in time (Sveinsson et al. 2007). Advantages of 
fitting an ARMA model and then disaggregating by Lane is that it preserves both annual and 
seasonal properties, while PARMA models focus only on seasonal characteristics. Once the model 
is fitted, it is possible to generate a large amount of synthetic series, and thus, compare basic 
statistics from the historical data to those calculated for generated data, in order to determine 
whether the model is capable of reproducing the historical statistical properties. 

3.3 Simulation of the water supply system 

Modelling of the hydrological system has been carried out by means of the software SIMDRO. 
SIMDRO simulates the system through a node-link network in a monthly timescale. Sources and 
demands are represented by nodes and system connections by links. Demands have to be defined in 
terms of their yearly amount and monthly pattern. Priority of demands as well as other management 
decisions can be set by the user. SIMDRO allows to simulate the implementation of drought 
mitigation measures according to a specified plan. These measures are established according to 
hydrological conditions or drought status (normal, alert, emergency). Different climate scenarios 
have been considered, meaning reservoir inflow variations, as well as different irrigation demand 
levels. For detailed information about software functioning, readers may refer to Rossi et al. (2008) 
or Bonaccorso et al. (2007a). 

3.4 Performance indices and probability analysis 

Results of SIMDRO simulations have been analyzed by means of RISDEF (Rossi et al. 2008) 
through performance indices which quantify the system reliability, resilience and vulnerability 
(Hashimoto 1982). We will focus on the following performance indices: 

§ Volumetric reliability, consisting in the ratio between the volume released to meet the water 
demand and the actual water demand in a fixed period of time (month, year, etc.) 

§ Temporal reliability, being the probability that the system is in a satisfactory state, for a 
particular demand, in a fixed period of time (month, year, etc.) 

 
From SIMDRO results, an analysis of deficits is performed depending on irrigation demand level 
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and the different scenarios of CC. Probabilities of irrigation water allocation levels (per hectare and 
per year) are also calculated for a particular demand, as well as the monthly allotments actually 
given to agriculture.  

4. APPLICATION TO THE BARDENAS IRRIGATION DISTRICT 

4.1 General description of the system 

Methodology has been applied to the Bardenas General Irrigation District (BGID), which is 
located on the Ebro River Basin in Spain. The BGID is irrigated by the Bardenas Channel, which is 
supplied with water from the Aragón River, and regulated by the Yesa Reservoir. Nowadays there 
are 82,000 ha of irrigable land divided in 20 irrigation sub-districts. The BGID is irrigated mainly 
by surface irrigation (78%) and in a lesser extent by sprinkler irrigation (22%). Main irrigated crops 
are winter cereals (43%), maize (12%) and alfalfa (19%) (Bardenas General Irrigation District 
2012). Crop pattern is very different from the expected when irrigated area was planned. It was 
conceived mainly for cereals, which do not need a high amount of water. In consequence, nowadays 
there is a lack of channel capacity in those months. Water demand for irrigation is established in 
River Basin Plan as 7500 m3/ha/year (Confederación Hidrográfica del Ebro 2011). 

4.2 Inflow characteristics. Stochastic inflows series generation 

Data from the Anuario de Aforos (Ministerio de Agricultura Alimentación y Medio Ambiente 
2009) concerning inflows in Yesa reservoir cover from 1959 up to 2008. Inflows in this database 
are calculated as a balance, taking into account reserves and releases from reservoirs, thus making 
available inflows, evaporated volumes and spills.  

Valencia et al. (2012) detected a discontinuity in the mean rainfall in Ebro river basin in 1980. 
As precipitations and streamflows are naturally correlated, a change in the mean has been tested for 
inflows through REDIM software (Cancelliere et al. 2005). The null hypothesis that there is no 
change in the mean since the two series belongs to the same population has been rejected at a 
significance level of 0.05. 

Analysis of stationarity has been performed for the new series 1980-2008. Testing for 
stationarity in hydrological series has been carried out through REDIM (Cancelliere et al. 2005) by 
means of six different statistical tests namely: Student’s t-test for linear trend, Kendall’s τ or rank 
correlation test and turning point test, Mann-Withney rank-sum test for detecting the homogeneity 
of the series, F test for detecting change in variance, and t test for detecting change in mean. All 
tests point out at a 0.05 significance level that data series at this period is stationary. As a 
consequence, data from 1980 till 2008 has been considered for fitting the model. 

Taking into account for annual correlation within the selected period and monthly 
autocorrelation, an AR(1) model has been fitted followed by a disaggregation in time performed 
through Lane methodology. The model has been verified comparing the average values of the 
statistics computed on the series generated. It can be inferred that the model is able to preserve the 
main statistics of the observed series and therefore it is suitable for data generation. 

4.3 Supply system configuration 

The simulation scheme considered is composed by Yesa reservoir, supplying four water 
demands and environmental flow requirements (Figure 1). Irrigation is by far, the main demand 
(74% of the water uses). Urban, livestock and industrial demands represent altogether 1.2%, and 
environmental flow (8 m3/s), stands for 25% of the water in Yesa reservoir. Water is distributed by 
Bardenas channel, 111 km length with a maximum flow capacity of 52 m3/s at the source, which 
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corresponds to 135 hm3/month. 

 

 Figure 1. Supply system configuration 

The priority of consumptive demands is 1) Urban, 2) Livestock, 3) Irrigation and finally 4) 
Industrial supplies. In Bardenas Channel, hydroelectrical power (320 kW power installed) is 
generated using both water released for irrigation and for flood control purposes. As a consequence, 
it is not a consumptive demand, so it cannot be considered in the present study. 

Besides the main channel, there are secondary channels and lateral reservoirs. Lateral reservoirs 
are filled with surplus from Yesa reservoir. Water stored in those reservoirs is mainly used in peak 
months (July and August) when channels cannot meet the irrigation demand. There is also water 
coming from lateral river basins (Arba de Biel, Arba de Luesia, etc.). In 2004 crop season, water 
coming from these other sources has been estimated to be around 13% (Causapé 2004). Lateral 
reservoirs and lateral river basins are not physically considered in simulations. However they have 
been taken into account by adjusting the irrigation demand. Water stored in spring months 
(estimated as 20hm3 in March, 15hm3 in April, 15hm3 in May and 10hm3 in June), can be used in 
peak months (estimated as 25hm3 in July and 25hm3 in August) and in September (estimated as 
10hm3). Simulations have been performed for a wide range of irrigation demands, from 1 
m3/ha/year to 12,000 m3/ha/year, considering 82,000 ha of irrigated land and 12% spills in 
conductions. Although maximum capacity of Yesa reservoir is 447hm3, for the simulation it is 
considered 427hm3, as a measure of flood control. Urban, livestock and industrial demands are 
constant through the year and independent from drought status conditions and from the scenarios 
considered. Annual demands are: 6 hm3 for urban, 2.7 hm3 for industrial and 3.2 hm3 for livestock, 
making a total of 1 hm3/month (Confederación Hidrográfica del Ebro 2011). 

4.4 Drought Management Plan and climate change scenarios 

According to Drought Management Plans, in alert status, irrigation allotments can be reduced a 
maximum of 10% and 65 hm3 of Yesa reservoir should be saved for urban supply. Environmental 
flow requirements in Aragon river (8m3/s) can be met with releases from either Yesa or Itoiz 
reservoirs. In emergency status, irrigation allotments will be reduced, and ligneous crops will be 
prioritary over the other crops, in order to assure plantations survival (Confederación Hidrográfica 
del Ebro 2007).  

In the simulation, drought status is calculated from reserves in Yesa reservoir every month. 
Depending on drought status, some drought mitigation measures are foreseen: 10% reduction in 
alert and 30% reduction in emergency (maximum reduction registered according to Bardenas 
Irrigation District V (2011). 
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Regarding CC scenarios, we have assumed three scenarios based on the review done in section 2. 
Additionally, we have calculated the expected inflow reductions based on the historic trend. For the 
period 1970-2000, if prolonged up to 2100, inflow reductions are 25 % in 2010-40; 34% in 2040-70 
and 40% in 2070-2100. If on the contrary we consider 1980-2008 in order to fit the trend, 
reductions are of 28%, 32% and 34% for the mentioned three periods. The three scenarios of CC 
which have been chosen for the simulation, consist in a 10%, 20% and 30% reduction of the inflows 
which could correspond to the periods 2010-40, 2040-70, 2070-2100 respectively. Monthly 
variation has also been taken into account according to the findings of García Vera (2005) in the 
Ebro river basin.  

5. RESULTS 

5.1 Performance of the water supply system 

In order to have a global idea of the water supply system performance, volumetric and time 
reliability have been analyzed for both irrigation and urban demands. 

Volumetric reliability and time reliability are presented in Table 1, for current climate and the 
three scenarios of CC with and without the application of mitigation measures. Only results for two 
levels of irrigation demand are presented, which correspond to 5,000 m3/ha/year (most frequently 
allotment given to irrigation according to BGID (Bardenas General Irrigation district 2012)) and 
7,500 m3/ha/year (irrigation demand registered in the River Basin Plan (Confederación Hidrográfica 
del Ebro 2011). The comparisons between considered scenarios concerning the impact of mitigation 
measures show that their implementation leads to a small increase in time and volume reliabilities 
of urban demand. Values are higher than 90% in every considered scenario. Concerning irrigation 
demand, application of mitigation measures leads to a slight decrease in volume reliability and a 
sharp decrease in time reliability. The latter is explained by water restrictions put into place in 
advance to the depletion of the water in reservoirs, in consequence, the probability that the system is 
at a satisfactory state is smaller.  

Regarding CC scenarios, not a significant impact over urban demand is found, decreases in 
reliability indexes ranging from 2% to 6% in the interval of demands 5,000 – 7,500 m3/ha/year. 
Instead, CC impact on irrigation reliability indexes is higher. Irrigation volumetric reliability shows 
decreases of about 3% - 10%, and for irrigation time reliability, impacts of CC are higher over 
scenarios where mitigation measures are applied (up to 25% decrease).  

 
Table 1. Volumetric and time reliability for irrigation and urban demands considering two levels of irrigation demand. 
Scenarios of climate change are considered, as well as scenarios with or without the application of drought mitigation 

measures.  

 5,000 m3/ha/year 7,500 m3/ha/year 
 irrigation demand urban demand irrigation demand urban demand 
Mitigation measures (m.m): No m.m. m.m No m.m. m.m No m.m. m.m No m.m. m.m 

V
ol

um
et

ric
 

re
lia

bi
lit

y 
 

Current climate 99.8 99.69 99.91 99.94 83.76 83.16 98.44 98.55 
10% reduction 99.5 99.35 99.79 99.84 81.87 81.09 97.47 97.66 
20% reduction 98.7 98.5 99.31 99.43 78.45 77.33 95.89 96.19 
30% reduction 96.5 96.19 98.17 98.49 72.86 70.89 92.38 92.93 

Ti
m

e 
re

lia
bi

lit
y 

 

Current climate 99.67 92.29 99.9 99.94 78.69 58.48 98.43 98.55 
10% reduction 99.35 88.3 99.78 99.84 76.74 50.86 97.43 97.62 
20% reduction 98.37 80.85 99.3 99.42 74.17 42.28 95.86 96.15 
30% reduction 96.17 67.64 98.16 98.45 71.12 33.53 92.33 92.88 

 
Figure 2 shows time reliability evolution with the increase of irrigation demand. A discontinuity 

can be observed due to the maximum capacity of the channel. Beyond 5,790 m3/ha/year the channel 
is not capable to supply the water required in July and August.  
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Figure 2. Time reliability (% of months) for irrigation demand with or without mitigation measures, depending on 
irrigation demand level.  

5.2 Probability analysis 

Impacts of mitigation measures and climate change scenarios have been analyzed. Regarding the 
impacts of mitigation measures on annual irrigation water deficits, they result to be less than 1% for 
average and maximum deficit values (with respect to the total demand) and absent for minimum 
values of deficit. When analyzing frequencies of the annual allocation for agriculture, simulating a 
reference hypothetic demand of 12,000 m3/ha/year, neither remarkable impacts are detected. 
Regarding monthly allocations to agriculture, a reference irrigation demand level of 7,500 
m3/ha/year has been chosen. No impacts of mitigation measures are found on maximum monthly 
water allocation, yet slight impacts are found on average and minimum values. With mitigation 
measures, the average monthly allocation to agriculture is bigger on July and August and smaller in 
the other months and impacts are bigger when analyzing mitigation measures on the different 
climate change scenarios considered. However, these differences are quite small in relation with the 
actual monthly demand, ranging in average from 3% to 7%.  

 
Table 2. Annual irrigation deficits in current climate and increases in deficits due to climate change with respect to 

these current climate values, as a percentage of the total irrigation demand.  

   Irrigation water demand level [m3/ha/year] 
 Climate  4,500 5,000 5,500 5,750 6,000 6,500 7,000 7,500 8,000 10,000 12,000 

Actual 
Deficit Current climate  

min 0% 0% 0% 0% 2% 6% 10% 13% 16% 25% 33% 

average 0.1% 0.2% 0.6% 1% 3% 8% 12% 16% 20% 32% 41% 

max 46% 51% 56% 58% 60% 63% 65% 68% 70% 76% 81% 

In
cr

ea
se
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de
fic
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w
ith

 r
es

pe
ct
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rr

en
t c

lim
at

e 
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10% reduction 
average 0% 0% 1% 1% 1% 1% 2% 2% 2% 3% 3% 

max 10% 9% 8% 7% 7% 7% 7% 7% 6% 4% 3% 

20% reduction 
average 0% 1% 2% 3% 4% 4% 5% 5% 6% 7% 7% 

max 17% 15% 14% 13% 14% 15% 14% 13% 12% 9% 7% 

30% reduction 
average 1% 3% 6% 8% 9% 10% 10% 11% 11% 12% 11% 

max 24% 22% 20% 23% 23% 21% 20% 18% 17% 13% 10% 

 
The impacts of climate change scenarios have been studied, both on annual deficits and on 

frequencies of irrigation annual allocations. In the upper part of the Table 2, minimum, average and 
maximum annual irrigation deficits for current climate are summarized, depending on the level of 
irrigation water demanded. In the lower part of the Table 2, increases in average and maximum 
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deficits (no impacts were found regarding minimum values) for the three scenarios of CC 
considered are represented, in terms of percentage over the total irrigation demand. For a 7,500 
m3/ha/year demand, it is found that average deficits would increase 2%, 5% and 11% for a CC 
scenario of 10%, 20% and 30% reductions in inflows respectively.  

Regarding impacts of climate change on the frequencies of the annual allocation for agriculture, 
a shift of the distribution from right to left is detected (Figure 3). On current climate, the maximum 
of the distribution is on the irrigation allocation interval of 7,500 – 8,000 m3/ha/year. On the three 
scenarios of CC, the maximum is observed on the irrigation allocation interval 7,000 – 7,500 
m3/ha/year. When reductions in inflows get higher, an increase of the left tail is as well observed. 

 

Figure 3. Irrigation water allotment considering 12,000 m3/ha/year as the top irrigation water demand. 

6. CONCLUSION 

This paper aimed to analyse the effects drought mitigation measures, climate change and the 
level of irrigation demand on the risk of irrigation water shortage due to hydrological drought. The 
analysis is based on a simulation approach and through a probabilistic analysis of water supply 
system performance indices. The methodology is applied to an irrigation district on the Ebro River 
Basin in Spain “Riegos de Bardenas”. 

Irrigation time reliability index showed a discontinuity at an irrigation demand of 5,790 
m3/ha/year due to the limited capacity of the channel. Beyond 5,790 m3/ha/year the channel is not 
capable to supply the water required in July and August. Given that - according to Confederación 
Hidrográfica del Ebro - the reference demand for the irrigation district is 7,500 m3/ha/year, it can be 
inferred that the system suffers from water deficits for agriculture. Moreover, the volume reliability 
index for this water demand is 83.76%. This is confirmed by the fact that projects for increasing the 
capacity of Yesa reservoir and building adjacent lateral reservoirs are in progress. Another major 
finding is that climate change scenarios lead to an increase in water deficits for irrigation ranging 
from 2%, 5% and 11% corresponding to inflow reductions of 10%, 20% and 30%. 

Simulations results using generated streamflow series show that proposed mitigation measures 
don’t have a big impact on water allocations statistics. It might be due to the relatively small 
reservoir capacity, which makes time of permanence of water in reservoir of only 2-5 months. It 
would be interesting to assess impacts of the same mitigation measures on other supply systems 
with bigger reservoirs and more severe droughts. 
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