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Abstract: The dominant strategy to address water resources variability and uncertainty in water-scarce regions is the 
development of reservoir storage. This paper presents an analysis of the role of storage in water availability in 
Southern Europe as a strategy for climate change adaptation. Water availability is computed for 16 basins under 
current and future climate scenarios. Climate scenarios cover the full array of projections made under the SRES and 
RCP emission scenarios with a variety of regional climate and hydrologic models. Water availability is analysed as a 
function of emission scenario, changes in mean annual flow, changes in variability and reservoir storage. A total of 16 
model runs were computed for the reference scenarios and 35 model runs for the climate change scenarios. Results 
were analysed under the hypothesis of equiprobability of all scenarios, comparing the probability distribution of water 
availability under reference conditions to that under climate change. The results show significantly different 
behaviours in the group of basins analysed. For basins with large storage values the reductions of water availability 
were similar to the reductions of mean annual flow. For basins with less storage, the probability distributions of 
reductions tend to differ, with increased uncertainty for availability. The role of storage was further analysed through 
a sensitivity analysis performed obtaining water availability under current and future conditions with variable values 
of reservoir storage, ranging from 25% to 175% of current values. The results show that uncertainty under climate 
change is reduced for basins with large storage values. 
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1. INTRODUCTION  

Many studies have addressed the potential impact of climate change on hydrology and water 
resources and the corresponding adaptation measures (Arnell, 1999; Vörösmarty et al., 2010; 
Krysanova et al., 2010). Future scenarios for Southern Europe suggest a progressive decay of mean 
annual runoff and changes in seasonal and inter-annual variability which may threaten sustainability 
of current water uses. The development of reservoir storage has been the dominant technical 
strategy to fight hydrologic variability and uncertainty in this region. A significant investment in 
dam construction was made during the second part of the 20th century in Southern European 
countries. The current availability of reservoir storage enables advanced water management 
schemes and is perceived as a valuable asset to facilitate climate change adaptation. In this paper we 
present an analysis of the role of storage in water availability in Southern Europe as a possible 
strategy for climate change adaptation. We perform a comparative study of the impacts of climate 
change on water availability in 16 representative basins of Southern Europe. The study is focused 
on the analysis of three critical factors in regulated water resources systems: streamflow variability, 
storage capacity and water availability. 

2. DATA AND METHODS 

2.1 Area under analysis 

The area under analysis is composed of 16 major river basins in Southern Europe that are shown 
in Figure 1. The area is divided in a number of subbasins, following the “Hydro1k” data set (EROS, 
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2008). The original subbasins were processed to eliminate basins too small (less than 1000 km2), 
which were merged to neighbouring basins. The reservoir storage volume in every subbasin was 
obtained from the ICOLD World Register of Dams (ICOLD, 2003). We selected dams in the 
register with more than 5 hm3 of storage capacity, excluding dams managed only for hydropower. 
All dams located in a given subbasin were grouped in an equivalent reservoir adding the storage 
volume and flooded area. The main characteristics of the basins considered in this study are shown 
in Table 1. 

 

Figure 1. Southern European basins considered in this study. 

2.2 Current and future runoff scenarios 

The analysis performed in this work is based on three previous studies that include Southern 
European basins.  

The study by (Gonzalez-Zeas et al., 2014) used the output of regional climate models from the 
PRUDENCE project (Christensen et al., 2007) in emission scenarios A2 and B2. The study 
compared the projections made by eight RCMs nested in a single global model, referred to as 
HadAM3H, in current (1960-1990) and future (2070-2100) time slices. 

The study by (Garrote et al., 2015a) analysed the major Mediterranean river basins of Europe. 
Naturalized streamflow was obtained from the results of the regional climate models of the 
ENSEMBLES project (Hewitt and Griggs, 2004), using several transient model runs available for 
the time period from 1960 to 2100 produced by three RCMs under emission scenario A1B. Three 
time slices were considered: historical (1960-1990), short term (2020-2050) and long term (2070-
2100) 

The study by (Garrote et al., 2015b) analysed 1261 subbasins covering the entire territory of 
Western Europe. Naturalized streamflow was obtained from the results of the application of the 
PCRGLOBWB model (van Beek and Bierkens, 2009) to the Inter-Sectorial Impact Model 
Intercomparison Project (Warszawski et al., 2014). The PCRGLOBWB model was forced with five 
global climate models under historical conditions and climate change projections corresponding to 
four Representative Concentration Pathways scenarios: RCP2P6, RCP4P5, RCP6P0 and RCP8P5. 
Two time slices were considered in this analysis: historical (1960-1999) and long-term projection 
(2060-2099). 

A total of 16 model runs were available for the historical period (eight model runs from the 
PRUDENCE project, three model runs from the ENSEMBLES projects and five model runs from 
the PCRGLOBWB model. In order to assess the quality of the hydrological projections, time series 
obtained in the current scenario are compared to the best estimate available for runoff under current 
conditions. This study used the annual surface runoff layer of the UNH/GRDC dataset (Fekete et 
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al., 2004) as a reference to compare the results obtained at the working scale of each RCM. For the 
long-term projection a total of 35 model runs were available: eight runs corresponding to the A2 
scenario, four runs corresponding to the B2 scenario, three runs for the A1B scenario, five runs for 
RCP2P6 scenario, five runs for RCP4P5 scenario, five runs for RCP6P0 scenario and five runs for 
RCP8P5 scenario. 

Table 1. Basic characteristics of the basins analysed in this study 

Basin Basin Area (A) 
(103 km2) 

Mean Annual Flow (MAF) 
(km3/yr) 

Storage Volume (V) 
(km3) 

MAF/A V/MAF 

Arno 10.30 4.22 0.07 0.41 0.02 
Po 84.73 46.46 0.93 0.55 0.02 
Loire 115.91 30.43 0.73 0.26 0.02 
Tiber 17.31 8.58 0.36 0.50 0.04 
Garonne 79.67 26.30 1.81 0.33 0.07 
Rhone 88.43 42.71 3.72 0.48 0.09 
Struma 16.81 2.36 0.23 0.14 0.10 
Douro 96.24 18.39 3.48 0.19 0.19 
Vardar-Axios 22.73 5.19 1.17 0.23 0.23 
Ebro 84.90 14.16 4.63 0.17 0.33 
Guadalquivir 54.96 8.51 6.29 0.15 0.74 
Maritsa-Evros 52.60 3.97 3.57 0.08 0.90 
Tagus 69.73 9.66 8.88 0.14 0.92 
Jucar 21.83 1.02 2.58 0.05 2.53 
Guadiana 60.85 4.34 14.19 0.07 3.27 
Segura 17.55 0.14 1.14 0.01 8.36 

2.3 Water availability analysis 

Potential Water Availability (PWA) is estimated with WAAPA model (Garrote et al., 2011). 
This model simulates the operation of a water resources system with several reservoirs. WAAPA 
main components are inflows, reservoirs and demands, all linked to points in the river network. The 
model computes the amount of water supplied to demands from a system of reservoirs accounting 
for ecological flows and evaporation losses. Input data are monthly inflows in relevant points of the 
river network, monthly required environmental flow in every reservoir, monthly demand values 
sorted by priority with the corresponding return flow, monthly maximum and minimum capacity, 
storage-area relationship and monthly evaporation rates in every reservoir and reservoir initial 
storage. All reservoirs in the basin are coordinated to satisfy the set of demands, drawing water 
preferably from reservoirs located upstream. The results are the following set of time series: 
monthly volumes supplied to each demand, monthly storage values and monthly values of spills, 
environmental flows and evaporation losses in every reservoir. Demand reliability can be computed 
from this output applying any conventional procedure. 

WAAPA can obtain potential maximum water availability for a given reliability criterion 
through an iterative scheme that changes global demand values until the reliability criterion is met 
with a given precision. In this study, PWA is estimated by considering only one type demand 
present in the system, with constant monthly distribution. Ecological flows are specified as the 10% 
percentile of the monthly marginal distribution. System performance is evaluated as gross volume 
reliability. Water availability is obtained for 92% volume reliability. 

3. RESULTS AND DISCUSSION 

3.1 Climate projections 

Climate projections were taken from the runoff variable of RCM models in the PRUDENCE and 
ENSEMBLES projects and of the PCRGBLOBWB model. Mean and coefficient of variation of 
annual flows were computed for each basin during the historical period and during the long term 
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projection. Changes in the long term projection were estimated taking the control period as a 
reference, applying the following expressions: 

HIST

HISTPROJ

HIST

HISTPROJ

CV
CVCVCV

MAF
MAFMAFMAF −=Δ−=Δ ;  (1) 

where MAF is Mean annual flow, CV is coefficient of variation and the sub-indices HIST and 
PROJ refer to the historical period and to the long-term projection. 

 

Figure 2. Relative changes in Mean Annual Flow and Coefficient of Variation of Annual Flow for the 35 available 
projections in the 16 basins under study. 

Figure 2 compares the relative changes in MAF and CV for the 35 available projections in the 16 
basins under study. Figure 2 shows a general tendency of reduction of MAF and increase of CV in 
most basins with clear implications for water availability. This tendency is stronger for A2 and 
RCP8 emission scenarios and for basins with larger storage capacity that are already facing strong 
hydrologic irregularities. It can also be seen that expected changes in CV are much larger than 
changes in MAF, with many basins reaching extreme values close to 2. The basins showing more 
extreme projections are Maritsa-Evros, Guadiana and Segura. 

3.2 Water availability 

Potential Water Availability (PWA) was computed for the historical period and for the long-term 
projection in the 16 basins under analysis using the WAAPA model. The results are shown in 
Figure 3, which presents the estimated cumulative probability distribution function of PWA in the 
historical period and in the long-term projection based on the assumption that all model runs are 
equiprobable. The corresponding emission scenario is identified for each model run available in the 
long-term projection. The results show a large uncertainty in the estimation of PWA, both in the 
historical and in the projection periods. There is no apparent correlation between the emission 
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scenario and the projected PWA. Values corresponding to different emission scenarios are mixed 
and the most extreme scenarios (A2 and RCP8) do not always produce the minimum values for 
PWA. It should be noted that all model runs available in the historical period were corrected for 
bias with respect to the GRDC estimation of MAF and therefore the uncertainty in PWA is only due 
to the different seasonal and interannual variability produced by each model run, because all share 
the same MAF value. Unfortunately, the skill of the models to reproduce current hydrological 
conditions in the basins cannot be evaluated because there are no available global data sets on 
interannual streamflow variability. 

 

Figure 3. Estimated cumulative probability distribution function of potential water availability (km3/yr) in the historical 
period (CTL: 16 model runs) and in the long-term projection (35 model runs) in the 16 basins under study. 

According to model results water availability is expected to decrease significantly in all basins, 
although the uncertainties in PWA estimation are much larger than the expected average decrease 
due to large model uncertainty. The most significant reductions are projected for the basins of South 
Western Europe: Guadiana, Guadalquivir and Segura. 

The estimated changes in PWA are compared to estimated changes in MAF in Figure 4. In this 
figure the probability distributions of changes are estimated from the comparison of values obtained 
in the long-term projection and the control period for the same model, applying the following 
expressions: 

HIST

HISTPROJ

HIST

HISTPROJ

PWA
PWAPWAPWA

MAF
MAFMAFMAF −=Δ−=Δ ;  (2) 

where MAF is Mean Annual Flow, PWA is Potential Water Availability and the sub-indices HIST 
and PROJ refer to the historical period and to the long-term projection. 

The analysed basins show a wide range of behaviours. For some basins, like Ebro, the 
distributions of expected changes in MAF and PWA are very similar. For other basins, like Struma, 
Vardar-Axios or Guadalquivir the expected reductions in PWA are less than the expected 
reductions in MAF, suggesting that the availability of reservoir storage tends to dampen the effect 
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of climate change. In a third group of basins, the probability distributions of MAF and PWA cross 
each other, producing a larger variability in PWA than in MAF. This effect may be due to the 
changes in variability, which directly affect water availability. Finally, some basins like Duero-
Douro present larger expected reductions in PWA than in MAF. 

 

Figure 4. Estimated cumulative probability distribution function of changes in Mean Annual Flow and changes in 
Potential Water Availability for the 16 basins under analysis. 

3.3 The influence of storage 

In order to assess the influence of reservoir storage on changes of water availability we 
conducted the water availability analysis for different storage volumes. We asummed variable 
reservoir volumes of 25%, 50%, 75%, 100%, 125%, 150% and 175% of current storage and 
computed water availability in current and future scenarios in the 16 basins. The results obtained 
were fitted to normal probability distributions, assuming that all scenarios computed are equally 
likely. The results are shown in Figure 5 which presents the probability distribution of changes in 
MAF (blue line) and PWA for different storage values in coloured lines from brown (25% of 
current storage volume) to green (175% of current reservoir storage). The results show variable 
sensitivity to storage in the different basins analysed. Some basins, like Arno, or Maritsa-Evros, 
showed very little sensitivity while others, like Po, Tiber, Struma or Guadalquivir presented 
significant differences in behaviour depending on the storage volume assumed. 

A remarkable effect shown in Figure 5 is that the uncertainty on changes in MAF seems to grow 
as reservoir storage grows. Basins with largest reservoir storage, like Guadiana or Segura, show 
much larger uncertainty on changes in MAF than basins with relatively small storage capacity, like 
Arno, Po or Loire. This effect is likely due to the fact that reservoir storage has been developed in 
basins where hydrologic variability is larger. In fact, the difference in uncertainty between changes 
in MAF and changes in PWA, which is very high in basins with small storage, is progressively 
reduced as basin storage increases. 
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Figure 5. Probability distribution of changes of Mean Annual Flow and Water Availability for different storage values 
(from 25% to 175% of current storage volume) in the 16 studied basins. 

 

Figure 6. Probability distribution of changes of Mean Annual Flow and Water Availability for different specific storage 
(V/MAF) values in the studied basins. 

The influence of reservoir storage on the elasticity of water availability was analyzed by 
computing a sensitivity index, defined as the ratio between the change in PWA and the change in 
MAF. Figure 6 presents the value of this ratio as a function of reservoir storage in each basin for all 
available projections. The large variability obtained reflects the complex interplay between the 
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variables that determine water availability: hydrologic regime, storage volume, changes in MAF 
and changes in variability. Figure 6 shows that as reservoir storage grows across basin locations the 
variability of the sensitivity index is significantly reduced, which suggests that reservoir storage 
plays a critical role in attenuating the effects of climate change on water availability. 

4. CONCLUSIONS 

Projected changes in hydrologic regime and water availability were analysed in 16 basins in 
Southern Europe applying the WAAPA model to streamflow obtained from 35 climate projections 
under 7 emission scenarios. Climate projections suggest a significant reduction of mean annual flow 
and an even stronger increase in hydrologic variability in most basins. This implies a corresponding 
reduction in potential water availability, with variable results across basins depending on hydrologic 
regime and reservoir storage. Overall, a consistent picture emerges, although model uncertainty is 
larger than the expected reduction of water availability. The analysis of the influence of reservoir 
storage on the basin response to climate change showed the complex interplay between hydrologic 
regime, reservoir storage and water availability. Basins with large storage values showed reductions 
of water availability comparable to the reductions of mean annual flow. For basins with less 
storage, the probability distributions of reductions tend to differ, with increased uncertainty for 
availability. The role of storage was further analysed through a sensitivity analysis of water 
availability to reservoir storage, with values ranging from 25% to 175% of current storage values. 
The results showed that uncertainty under climate change is reduced for basins with large storage 
values. 
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