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ARTICLE INFO ABSTRACT
Keywords: Study region: This study is focused on 12 basins in mainland Spain where monthly series longer
Climate change impact on Spanish basins than 30 years of near-natural streamflow measurements are available. It covers areas with

Near-natural conditions
Hydrological balance models

different climate conditions.
Study focus: The potential impact of future climate change scenarios on water resources in the

Uncertainties . s . . IR . . .
Water resources Spanish basins is studied. It takes into account uncertainties in the estimation of local climate
Aridity conditions, and the propagation of the impact due to the structural uncertainties related with the

adopted conceptual-numerical approach. Local climate scenarios are derived from available
Regional Climate Model (RCM) simulations after statistical downscaling. The future scenarios
have been generated assuming two hypotheses of future warming for two basins in mainland
Spain: 1.5 °C and 3 °C. In each of these basins, the local climate scenarios have been propagated
by using 4 hydrological models, with sufficient capacity to reproduce the historical dynamic,
providing values of above 5 in a 0-9 range for the grading method used.

New hydrological insights: The results show a significant spatial heterogeneity of the impact of
climate change on the mean streamflow in Spanish basins. The highest reductions of flow appear
in the wetter northern basins. The seasonality of the impact is also significant, with the highest
reductions during autumn, and the smallest changes in the summer months. Finally, the highest
uncertainties in this climate change impact assessment are due to the RCM projections, with the
influence of the hydrological models being significantly smaller.

1. Introduction

The adaptation to climate change constitutes a major human challenge for the coming future that necessitates studies of the po-
tential future climate change impact on water resources systems to be carried out (Misra, 2014). Climate change produces a significant
impact on the availability and distribution of water resources in the world, which will be amplified in the future (Blenkinsop and
Fowler, 2007; Vorosmarty et al., 2000). One of the areas especially sensitive to these climate changes is the Mediterranean region
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(Cramer et al., 2018), where frequent and intensive droughts occur and which will be exacerbated in the future (Tramblay et al., 2020,
Hayes et al., 2011). In particular, in Spain, there are several research studies that have shown the significant potential impact of climate
change at different scales of water-resource systems: aquifer (Pulido-Velazquez et al., 2012; Tigabu et al., 2020; Rupérez-Moreno et al.,
2017; Pardo-Iglizquiza et al., 2019; Baena-Ruiz et al., 2020); basin (Pulido-Velazquez et al., 2011; Molina-Navarro et al., 2016;
Senent-Aparicio et al., 2017, 2019, 2018; Pérez-Sanchez et al., 2020). Those impact studies require the generation of potential local
climate change scenarios by using bias correction and downscaling techniques (Collados-Lara et al., 2018a, 2020a) and their prop-
agation using different hydrological (Llopis-Albert and Pulido-Velazquez, 2015; Pulido-Velazquez et al., 2007a, 2007b), agronomical
(Pulido-Velazquez et al., 2018a) and/or management models (Pulido-Velazquez et al., 2008, 2006).

Several climate models have been used to simulate the RCP (Representative Concentration Pathway) scenarios published by the
Intergovernmental Panel on Climate Change (IPCC) in the IPCC AR5 assessment report. Nevertheless, in order to make this information
useful to assess the impact of climate change on specific water resources systems, we need to correct/downscale it by using local
information. We have to perform statistical corrections of the climate model simulations to adapt their values in accordance with the
observed historical data available in the system (Pulido-Velazquez et al., 2015, 2011). In the literature we can find examples in which
these local scenarios are defined for specific future horizons: short term (coming decades; e.g. Collados-Lara et al., 2020a; mid-term e.
g. Escriba-Bou et al., 2012) and/or long term horizons (referring to the last decades of this century; Pulido-Velazquez et al., 2015).
Other recent research studies refer to a specific level of warming (Collados-Lara et al., 2020b), with the information coming from series
of the climate model simulations in which the horizon is identified by using a constraint where a certain warming threshold is reached
at a global scale or at a certain region area (eg. Mediterranean region; Tramblay et al., 2020). This “what if approach” is useful for
assessing the impact and design of adaptation strategies to climate change and compare them for different scenarios. Note that the
targets for climate change adaptation and mitigation have been set at levels of global mean temperature change relative to prein-
dustrial levels (Donnelly et al., 2017).

A rational assessment of adaptation strategies for a sustainable planning and management of water resource systems requires the
potential sources of uncertainties to be taken into account (Pulido-Velazquez et al., 2018b). In the literature we can find many
classification schemes of sources of uncertainty and quantitative methods and tools for their assessment in integrated models (Matott
et al., 2009). The focus of this paper is to visualize the uncertainties related to the statistical correction techniques applied to the
climate model simulations (Regional Climate Models [RCM] nested to General Circulation Models [GCM]), and hydrological model
structures. We have used three correction techniques under two different approaches (delta change and bias correction) to downscale
simulation from nine RCMs. Four lumped conceptual hydrological models have been considered to incorporate model structure un-
certainties in the novel methodology for visualizing monthly streamflow projections and uncertainty bounds.

Hydrological models based on model equations have been used to propagate climate scenarios to perform impact studies about the
availability of water resources in different systems. They reconstruct computational features of water movement in the hydrological
cycle (Abdollahi et al., 2018; Pedro-Monzonis et al., 2015) and predict future ones (Ivezic et al., 2017). These approaches are also
known as mass balance models, in which the total inflows in a watershed are equal to total outflows plus changes in storage systems (in
reservoirs and aquifers). Taking into account the spatial discretization of the watershed, the hydrological balance models can be
classified into distributed, pseudo-distributed and lumped. The parametrization of the former is carried out at the cell level, reaching
thus a higher level of detail of the watershed. Furthermore, the development of software tools has greatly increased, providing more
detailed distributed results (Senent-Aparicio et al., 2018a), taking into account the heterogeneities of the system. This claimed
advantage may become a significant inconvenience when the available information is scarce (Paudel et al., 2011), decreasing its
effectiveness (Viney et al., 2005) that lumped conceptual models may be able to overcome (Croke et al., 2004). They aggregate the
parameters that describe the hydrological system, namely, the physical processes of the watershed are assumed as homogenous.
Moreover, lumped conceptual models are less time consuming, they need less data and definition requirements are much lower,
frequently producing better performance compared to complex distributed ones (Vansteenkiste et al., 2014) as well as a higher ef-
ficiency in calibration processes (Bomann et al., 2009). Indeed, many studies have confirmed that lumped and distributed models
provide similar accuracy (Lobligeois et al., 2014; Smith et al., 2012; Agip et al., 2012; Breuer et al., 2009; Zhang et al., 2004; Koren
et al., 2004; Ajami et al., 2004; Reed et al., 2004; Boyle et al., 2001; Refsgaard, and Knudsen, 1996; Shah et al., 1996). Vansteenkiste
et al. (2014) and Smith et al. (2012) demonstrated that lumped conceptual models provided better performance than the distributed
ones in the assessment of flow at the catchment outlet in Belgium and the Oklahoma region, respectively. In Spain, Martinez-Santos
and Andreu (2010) evaluated lumped and distributed models in a semi-arid aquifer recharge obtaining better agreement with the
former ones. Likewise, Pérez-Sanchez et al. (2019) carried out a comparative study of six lumped conceptual models in several basins
with different climate conditions within Spain, with satisfactory results. Senent-Aparicio et al. (2018b) also used multiple monthly
water balance models to evaluate gridded precipitation products in Spain. Some of the latest research studies undertaken using lumped
conceptual models have assessed catchment discharge (Kumar et al., 2015; Van Esse et al. 2013; Velazquez et al. 2010), have analyzed
transferability within different climate conditions (Broderick et al., 2016; Bourgin et al., 2015) or have evaluated the impact of climate
change (Haque et al., 2015; Jiang et al., 2007).

In this study we propose a novel study of the potential impact of future climate change on water resources in Spanish basins where
near natural streamflow measurements are available. The main objective is to assess the impact of climate change on the water balance
of the selected basins. We also aim to quantify the uncertainty of this impact. We have considered different statistical correction
techniques of climate models with two approaches (delta change and bias correction), nine RCMs and four hydrological model
structures. It has allowed us to assess monthly streamflow projections and uncertainty bounds. The selected drainage basins are located
at the headwaters of the rivers analyzed. They are considered to be in a natural regime since upstream of the gauging stations there are
no significant anthropic alterations (dams, dykes, pumping, etc.) that could modify the natural flow regime of these rivers. The study
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covers different climate conditions, taking into account the uncertainties in the estimation related with the local climate conditions,
and the propagation of the impact due to the structural uncertainties related with the adopted conceptual-numerical approach. We
have used different hypotheses and statistical techniques to define multiple local future scenarios in each basin, where the impact is
propagated by using different hydrological models with the ability to reproduce the historical natural dynamic. We have also analyzed
the spatial heterogeneity of the impact of climate changes based on the hydrological results in different Spanish basins. The generated
series may also be useful in future studies to analyze the impact of climate change on drought (Collados-Lara et al., 2021a), which may
be very relevant for identifying and analyzing potential adaptation strategies to minimize future issues related with the supply of water
demands and/or environmental impact.

2. Materials: description of the study area and the available information

The natural flow regime may be modified through different pressures such as dams, the extraction of surface water, aquifer
overexploitation and land-cover and land-use (LCLU) changes where the impact may be exacerbated by the effects of climate change.
Streamflow data from gauging stations of unaltered basins provide relevant information about natural regime streamflow that, in
addition to watershed attributes, allow the modeling of the hydrologic cycle and its use to predict the influence of anthropogenic or
climate alterations. Thus, to ensure the validity of the results carried in this study, the 12 selected catchments (Fig. 1) are situated in
natural regimes.

2.1. Location, climate and geological context

Spain presents a wide variety of climates due to both geographic and atmospheric features. The Iberian Peninsula, with an average
altitude of 600 m above sea level (m.a.s.l.), has several mountainous terrains that are higher than 1000 m.a.s.l., which causes an
average vertical temperature gradient of 0.65 °C every 100 m, although in some higher alpine regions the theoretical climate gradient
may change locally in a significant way (Collados-Lara et al., 2021b, 2018b). Furthermore, the west-east mountain disposal encourages
the entry of the Atlantic air masses but blocks Meridian air masses (north-south). Moreover, the linear coasts, with few inbounds and
coasted parallel reliefs contribute to most peninsular areas being isolated from the sea. Thus, the inland regions show a marked
continental climate with high variations of temperature between the summer and the winter whilst the coastal areas have only slight
temperature variations. All of these features mean that the Iberian Peninsula has a large disparity of climates within the mild one. The
12 studied watersheds cover a major part of the Iberian Peninsula (Fig. 1), ranging from 29 to 837 km? of area and their altitudes vary

Aridity index (PNUMA)
B Humio
WET SUBHUMID
DRY SUBHUMID
g SEMIARID
e s [
TN [ sasins

Fig. 1. Location of the basins and the aridity index (climatic context).
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Fig. 2. Map of land use and drainage net (a), yearly mean precipitation (b), temperature (c) and streamflow (d) series for each basin (period 1980-2010).
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from 342 to 1550 m.a.s.l. They represent the most common climates in the peninsula according to Koppen’s classification (Koppen,
1884, 1918; Koppen and Geiger, 1936): Csb. (warm-summer Mediterranean), Csa. (hot-summer Mediterranean climate), Cfb.
(temperate oceanic), and UNEP aridity index (UNEP, 1997). According the UNEP aridity index (Aly), measured as the ratio between
the average annual precipitation (P) and the potential evapotranspiration (PET), all of the studied basins located in the north of Spain
(PUE, BEG, TRE, COT, LEM and AND) are classified as humid (Al > 1.00), as well as PRI, in the center of Spain. The GAR, SEG and
ZUM catchments are classified as humid sub-humid (1.00 < Aly < 0.65) due to their altitude above 700 m.a.s.l. and the remaining
two, BOL and JUB, may be considered as dry sub-humid (0.50 < Aly < 0.65). No arid basin was taken into account in this study due
to the unsatisfactory performance shown for the lumped conceptual models used (Pérez-Sanchez et al., 2019).

The 12 basins are located in the main lithology groups of the Iberian Peninsula: siliceous and calcareous. The BEG, PUE and TRE
basins in north-east and the GAR in the west belong to the former group where granite, gneiss, quartz, marble and slate are the main
materials. The BOL, JUB, SEG Y ZUM basins in the east and LEM, AND, PRI and COT in the north are predominantly calcareous with
limestone, casts and loam rocks. The snowmelt does not have a significant influence on the water resources in the selected basins. Eight
of the basins (PUE, BEG, TRE, COT, LEM, AND, GAR) have a mean elevation below 700 m a.s.l., and, therefore, snow rarely appears.
The SEG (1418 m a.s.l.) and ZUM (1543 m a.s.l.) are located in southern Spain, where the snow at these altitudes is not significant due
to the warm climate. Finally, JUB and PRI, located in central Spain, also have a moderate elevation (1150 and 1256 m.a.s.l.,
respectively) and the influence of snow melt is not significant.

2.2. Historical climate and hydrological data

Temperature and precipitation data series in the historical studied period 1980-2010 have been obtained from the CEDEX (Centre
of Studies and Experimentation of Civil Work) for the Spanish government (Alvarez et al., 2004) ata spatial resolution of 500 x 500 m
(Estrela and Quintas, 1996). The average temperatures range from 11 to 15 °C, with a positive gradient to the south (Fig. 2a). Pre-
cipitation disparities are much higher (Fig. 2b), varying between 1563 mm in the AND basin and 510 mm in the JUB basin, with a
marked rainfall gradient from the northwest to the southeast.

Potential evapotranspiration was calculated by using the Hargreaves method (Hargreaves and Samani, 1985). This simple
approach only requires minimum, maximum and mean temperature, and solar radiation. We have used the solution proposed by
Samani (2000), which uses tabulated values (depending on the latitude) to calculate the solar radiation.

Streamflow data come from the gauging stations of the official Spanish network. The average of completed data series in the period
1980-2010 for the studied basins is higher than 97%. The basins located in the north of Spain show the highest values, around
70 Mm®/year, whilst basins with the most severe climates such as BOL have a monthly average streamflow lower than 1 Mm?®/year
(Fig. 2d).

2.3. Climate model simulation data. Control and future scenarios

We have used results obtained from the simulation of nine climate models (see Table 1) under the Representative Concentration
Pathway (RCP) 8.5 emission scenario. It is the most pessimistic scenario included in the fifth assessment report (AR5) (IPCC, 2014) of
the Intergovernmental Panel on Climate Change (IPCC). The IPCC is the United Nations body for assessing the science related to
climate change. The climate model simulation data were taken from the website of the Coordinated Regional Climate Downscaling
Experiment for the European domain (EURO-CORDEX) project (2018). The RCM simulations, which include control (historical sim-
ulations) and future results up t02100, are nested to different GCM. These nine climate models were randomly selected assuming that
all the RCMs included the EURO-CORDEX project are good enough to generate potential future scenarios. We have also assumed that
the nine climate models are enough to assess the uncertainty related to the RCMs.

2.4. Calibrated hydrological balance models

An assessment of four hydrological balance models [ABCD, GR2M, Australian Water Balance Model (AWBM) and GUO-5p] in the
historical studied period (1980-2010) was carried out in the twelve basins, and six statistical indices (the Akaike information criterion
(AIC), the Bayesian information criterion (BIC), Nash-Sutcliffe model efficiency coefficient (NSE), coefficient of determination (Rz),
percent bias (PBIAS) and the relative error between the observed and simulated run-off volumes (REV)) were used to calibrate and
validate them and their use in the propagation of the climate scenarios. Pérez-Sanchez et al. (2019) demonstrated that, regardless of
the basin area, these lumped conceptual hydrological models performed well in humid and sub-humid watersheds according to Moriasi

Table 1
Climate models considered to generate the potential future local scenarios. The RCMs are nested to the GCMs indicated by the crosses.
GCM RCM CNRM-CM5 EC-EARTH MPI-ESM-LR IPSL-CM5A-MR
CCLM4-8-17 X X X
RCA4 X X X
HIRHAMS X
RACMO22E X

WRF331F X
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et al. (2007). The more humid the basin is the better the results that are obtained, which indicates the strong influence of climate
characteristics. GR2M proved to be the model with the best performance whenever Aly is higher than 1 with NSE values above 0.75 in a
95% confidence interval. On the contrary, the driest regions did not register satisfactory results but the estimation of total volumes
with GUO-5P showed differences below 12% or even lower in dry sub-humid regions. It was also evident that a set of goodness-of-fit
measures should be used in order to provide accuracy and robustness to the application of the hydrological model and the use of a
specific one largely depends on the aim of the research.

3. Method. Theory/calculation

The proposed methodology is summarized in Fig. 3. The first step of the methodology is the generation of local climate scenarios.
We considered two scenarios according to the two considered hypotheses of warming in Spain (1.5 and 3.0 °C). These constraints are
used to select the series of the RCM simulations. The outputs of these RCMs are corrected and adapted to the local conditions by using
three statistical techniques under two different approaches (delta change and bias correction). The local future meteorological sce-
narios are propagated with four hydrological balance models. Finally, the impact of climate change was assessed by comparing the
historical streamflow in the reference period with the future projections. The different combinations of RCMs, statistical techniques
and correction approaches, and hydrological models allow us to quantify the uncertainty of the climate change signal.

3.1. Generation of future local climate change scenarios

The future results have been selected from the RCM simulations under two different hypotheses of future levels of warming in

( GENERATION OF LOCAL CLIMATIC SCENARIOS )

HYPOTHESIS ASSUMED (WARMING IN SPAIN)
1.5°C (RCP 8.5) 3.0 °C (RCP 8.5)
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Fig. 3. Flowchart of the methodology.
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Spain, 1.5 °Cand 3 °C. Spain, due to its location and hydro-meteorological conditions, is one of the most vulnerable countries within
the EU. The study covers areas with different climate conditions within Spain. The assessment of the impact of climate change s and its
uncertainty under different scenarios (1.5 and 3.0 °C) is a key task to be undertaken before the study of adaptation and mitigation
strategies. For each RCM we selected series simulated for two future 30-year periods, which respectively fulfill the hypotheses of 1.5
and 3.0 °C of warming within Spain for the scenario RCP 8.5. Those increments in mean temperature were calculated with respect to
the control simulation series of the RCMs for the reference period (1976-2005). We obtained different 30 year future horizons for each
RCM but these periods represent the same hypothesis of warming (see Table 2). The historical and control simulation series from RCMs
in the reference period (1976-2005) and the future simulations of RCMs for the periods shown in Table 2 were used to generate the
potential future scenarios by applying the described statistical downscaling procedure. For the selected RCMs the mean temperature in
the reference period varies from 10.5 to 12.6 °C for Spain. The maximum differences between the future horizons for the 1.5 and
3.0 °C warming hypotheses in the different RCMs are for 6 years and 10 years respectively (see Table 2).

The GROUND tool (Collados-Lara et al., 2020b) is used to generate multiple future local climate change scenarios by applying
different statistical downscaling techniques: first moment correction, first and second moment correction, and regression. In the first
moment correction technique, the transformation function only tries to improve the approximation to the mean values (Pulido-Ve-
lazquez et al., 2015). The second moment correction technique also tries to provide a good approximation for the standard deviation
(Collados-Lara et al., 2018a). The regression technique defines the transformation function by adjusting a regression model (Chen
et al., 2014). These techniques are used under two different conceptual approaches (delta change and bias correction) (Raty et al.,
2014). In the delta change approach, the transformation function is obtained by using the future and control RCM simulations. It
assumes that the changes described by this transformation function can be directly applied to the historical series to obtain potential
future local series. The bias correction approach defines the transformation function from the historical series and control simulation
series. The objective is to obtain a corrected control simulation series where the statistics are similar to the historical ones in the
reference period. This function can also be applied to correct the future RCM simulations to obtain potential future local series.
Different correction techniques or statistical methods can be applied for each approach (delta change and bias correction) (Table 3).
The combination of approach and correction technique give rise to six potential scenarios for each available RCM simulation nested to
a GCM, which produce a total number of 54 potential future climate change scenarios for each combination of basin, which is the scale
used to generate the potential future scenarios, and warming scenarios.

In the case of the bias correction approach we also obtain corrected control simulation for the reference period. The mean annual
values of precipitation and temperature of the control simulations before and after correction, and historical series in the reference
period (1976-2005) are shown in Appendix G of the Supplementary Material.

3.2. Propagation of climate scenarios with the selected hydrological balance models

Four lumped conceptual hydrological models (ABCD, GR2M, AWBM and GUO-5p) defined by using different conceptual ap-
proaches (Fig. 4) have been explored. In each of the selected basins, we assessed the ability of these lumped conceptual hydrological
models to reproduce the historical dynamic of the resources. This was assessed in accordance with different statistical indices: AIC
(Akaike, 1973, 1974), BIC (Fabozzi et al., 2014), NSE (Nash and Sutcliffe, 1970), R? (Pearson, 1895), PBIAS (Gupta et al., 1999), and
REV (Karpouzos et al. 2011).

We agreed the selection of the four water balance models after a thorough literature review of the performance of these models in
different climate regions in Europe. In fact, Pellicer-Martinez and Martinez-Paz (2015) found that the ABCD model had the best
performance in southern Spain. Wriedtand and Bouraoiu (2009) used GR2M model and obtained high NSE in the northern half of the
Iberian Peninsula and in French and German basins. AWBM performed well in the French Alps reaching a NSE value of 0.79 (Yu and
Zhu, 2015). Guo-5p is particularly recommended in humid and semi-humid regions (Guo, 1995). The ABCD 4-parameter model
(Thomas Jr., 1981) is an example of simple hydrologic model for simulating streamflow. It consists of two zones: the non-saturated
zone (NSZ) and the saturated zone (SZ). Precipitation (P) is divided into evapotranspiration (ET) and drainage into aquifers or
rivers and the excess becomes surface run-off (Qs) or drainage run-off (Qg). The GR2M model (Makhlouf and Michel, 1994) was
developed by the CEMAGREF (Centre of Agricultural and Environmental Research of France). P is divided into run-off through two
equations (production and transfer functions) and is distributed between S and G. The latter is considered to have limited capacity. The
AWBM model (Boughton, 2009) has three surface storage tanks (S1, S2 and S3) and the water balance is assessed separately. Qs is

Table 2

30-year future horizons in which the climate model simulations fulfill the warming constraints (1.5 °C and 3 °C) in Spain.
RCM Nested to GCM Mean temperature 1976-2005 Future horizon for 1.5 °C warming Future horizon for 3.0 °C warming
CCLM4-8-17 CNRM-CM5 11.6 2030-2059 2060-2089
CCLM4-8-17 EC-EARTH 11.9 2028-2057 2056-2085
CCLM4-8-17 MPI-ESM-LR 12.6 2025-2054 2056-2085
HIRHAMS EC-EARTH 11.9 2034-2063 2064-2093
RACMO22E EC-EARTH 10.5 2027-2056 2058-2087
RCA4 CNRM-CM5 111 2031-2060 2062-2091
RCA4 EC-EARTH 11.0 2027-2056 2056-2085
RCA4 MPI-ESM-LR 12.2 2027-2056 2056-2085
WRF331F IPSL-CM5A-MR 11.7 2027-2056 2054-2083




D. Pulido-Velazquez et al. Journal of Hydrology: Regional Studies 38 (2021) 100937

Table 3
Approaches and statistical methods used to obtain the transformation function to generate local climate change scenarios.

Transformation function to correct RCMs

Information used/approach Statistical method/Correction techniques
Delta change Bias correction First moment First and second moment Regression
correction correction
Using control and future Using historical and control Correction of the Correction of the mean and Fit of a regression model
simulation series simulation series mean values standard deviation values (linear, quadratic)
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Fig. 4. Conceptual approach used by the different hydrological models.

obtained from one part of the surplus of the tanks, whilst the other part is drained to G, which is converted into Qg. GUO-5p (Xiong and
Guo, 1999) is particularly used in humid and sub-humid regions. Q is obtained adding Qs, Qg and the subsurface run-off (Qb). The 4
models considered are satisfactory (ABCD, GR2M, AWBM, GUO-5p) in all the basins, in accordance with the widely used criteria
proposed by Moriasi et al. (2007) (based on the NSE, R2, and PBIAS values), and we also carried out an uncertainty analysis of their



Change in mean monthly precipitation (%)

a) 22 -21-20-19-18-17 -16 -15 -14-13-12-11-10 -9 8 -7 -6 -5 -4 -3

Scenario
AT 1.5°C

BEG oo
-10. coT
;105 LEM A7NSD
a7 T

Scenario
AT 3.0 °C

(o]
)

[\ B (o))
() () (=) ()
L 1 1 1

)
(=)
1

Change in monthly precipitation (%)

=N
S

LR T R 5L 0]

Scenario AT 1.5 °C =Upper and lower extreme
Scenario AT 3.0 °C OMedian
X Mean
+ Outliers
+ +

Fig. 5. Average change (%) in monthly precipitation in each basin for the scenarios 1.5 and 3.0 °C global warming in Spain) (a); box whisker of the changes (%) in monthly precipitation for the

AND BEG BOL COT GAR JUB LEM PRI PUE SEG TRE ZUM

warming scenarios 1.5 °C (blue) and 3 °C (red) (b). The comparison is done with the historical field data for the reference period 1976-2005.

‘v 30 ZanbzvjIA-opyNd "d

£€600I (1Z0T) 8¢ sapms [puoiday :A30j04pAH fo pumor



D. Pulido-Velazquez et al. Journal of Hydrology: Regional Studies 38 (2021) 100937

a) 1.00 125 150 175 200 225 250 275 3.00 325 3.50

Change in mean monthly temperature (°C)

Scenario
AT 1.5°C

Scenario
AT 3.0 °C

65‘0 b) =Upper and lower extreme Scenario AT 1.5°C  Scenario AT 3.0 °C
%45 ] OMedian XMean + Outliers
§ 4.0 -

<

5 3.5

&

5 3.0 A

2.5 1

=

= 2.0

S)

€1.5 | é

.8

[ 10 7

a0

505 A

<

©0.0

AND BEG BOL COT GAR JUB LEM PRI PUE SEG TRE ZUM

Fig. 6. Changes in mean monthly temperatures in each basin for the scenarios 1.5 and 3.0 °C global warming in Spain (a); box whisker of the changes in

monthly mean temperature for the warming scenarios 1.5 °C (blue) and 3 °C (red) (b). The comparison is done with the historical field data for the
reference period 1976-2005.

results.

The hydrological balance models were used to simulate the generated future local climate scenarios. For each future projection, the
hydrological impact is assessed by comparing the output of the hydrological balance models obtained by simulating the observed
historical climate in the reference period with the output generated with the future climate series. It is the only way to perform these
analyses when the delta change approach is applied, because it does not generate corrected simulation series for the reference period.
For this reason, in order to make the impact assessment comparable in both approaches (delta change and bias correction), we have
also compared the future simulated flows with the historical simulated series. Nevertheless, the differences between observed climate
series and the corrected climate simulation for the reference period in the bias correction approaches are minimal (see Appendix G).
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3.3. Analyses of climate change impacts and its uncertainties

We used the propagation of the future potential local scenarios by using the hydrological models to analyze the hydrological impact
of climate change, taking into account the differences between the potential future hydrology and the historical ones. The uncertainty
of the impact of climate change was analyzed taking into account the component due to the considered potential local scenarios and
due to the applied hydrological models (structural uncertainty). It was studied taking into account the variability of climate change
impact results introduced by the scenarios and by their propagation. We have used box whisker plots to summarize the impacts and
their uncertainty. It shows the mean and median values, the upper and lower extremes, and outliers. The lower extremes are defined as
Q1-1.5ICR and the upper extreme as Q3 + 1.5ICR, where Q1 and Q3 are the first and third quartile and ICR is the interquartile range,
which is calculated as the difference between Q3 and Q1. The values below or above the extreme values are considered outliers.

4. Results and discussion
4.1. Local climate change scenarios

From the selected simulations (Tables 1 and 2), we obtained the average change in monthly precipitation (in %, see Fig. 5) and
temperature (in °C, see Fig. 6) within each basin. In general, the highest changes will appear in the southern basins. The reduction in
the precipitation moves from 3.2% (LEM basin) to a maximum around 21.5% (21.4% in SEG basin and 21.3% in ZUM) in the scenario
of 3.0 °C. In this 3 °C global warming scenario, the increase in temperature goes from 2.5 °C (BEG and TRE basins) to 3.5 °C (SEG and
ZUM basins). The box whiskers of the monthly changes in precipitation and temperature Fig. 7 show the highest interquartile dif-
ferences in the 3 °C warming scenario in both variables (temperature and precipitation) in all the basins. The highest interquartile
ranges in these 3 °C scenarios appear in the basins located in the humid western area (PUE, BEG, TRE and GAR).

We have also analyzed the global seasonality of the changes in precipitation and temperature that correspond to the selected RCM
simulations (Figs. 8 and 9). In the 3 °C warming scenario, all the months show a reduction of mean precipitation, with the exception of
February (see Fig. 8). The percentages of reduction increase during the summer months. This is consistent with previous studies, which
projected a future decrease in summer precipitation over southern Europe (Matte et al., 2019). The highest standard deviations of the
monthly changes are also expected during the summer months.

The monthly mean changes in temperature are also higher in the 3 °C warming scenario, with the maximum during the summer,
but also with significant increases in the autumn (see Fig. 8). The highest standard deviations of the monthly changes are also observed
during the summer and autumn.
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In this paper we have considered different sources of uncertainty in the generation of local climate change scenarios: climate model
simulations (including both different GCMs and RCMS nested to them), and downscaling techniques (including different statistical
correction methods [first moment, second moment, and regression] under the delta change and the bias correction assumption
(Section 4.3)). As an example, we show the multiple series generated in one of the basins (SEG) taking into account the cited sources of
uncertainties (Fig. 9). The uncertainty related to the precipitation in the potential scenarios is higher than the uncertainty related to
temperature.

We have also represented the ensemble series. In the literature we can find many examples in which the assessment of future impact
is limited to the propagation of some ensemble scenarios (Pulido-Velazquez et al., 2018a; Escriva-Bou et al., 2017). These ensemble
scenarios are more representative of the potentially expected future conditions than the individual ones (Pulido-Velazquez et al., 2015;
AEMeT, 2009). Nevertheless, their use rather than the use of the simulation of multiple individual scenarios will produce a loss of
information about the uncertainty of the impact of future climate conditions. In the SEG basin, for the warming scenarios 1.5 and
3.0 °C, the mean reduction of mean monthly precipitation are respectively 10.3 and 15.7 mm and the increment of temperature is1.8
and 3.5 °C respectively (see Fig. 9).

4.2. Propagation of climate scenarios with the selected hydrological balance models

The hydrological models ABCD, GR2M, AWBM and GUO-5p that are satisfactory (Table 4), will be employed to simulate the
generated future local climate scenarios in each basin. We assume that the parameters of the hydrological models, which are calibrated
and validated in the historical period to propagate the impact of climate change on hydrology, will stay invariant in the future.
Therefore, we do not consider a potential retroaction of LCLU due to climate change. Under this assumption those models with a good
performance in the historical period will be also be good for simulating the hydrological impact in future climate scenarios. According
to Moriasi et al., (2007) a model gives a very good performance if the classification sum value is above 7, good if it is between 5 and 7
and satisfactory when it is above 3. An unsatisfactory model does not reach 3 values. A detailed explanation of the goodness-of-fit tests
used is shown in the Supplementary Material. The best performances are reached in humid watersheds for all the models, though there
are marked changes between results in calibration can be observed (1980-1995) and validation (1995-2010) stages depending on the
hydrological model selected. Each basin has, at least one model with satisfactory results but the GAR, JUB and ZUM provide lowest
value in the ABCD or/and AWBM models. GR2M provides better results in nearly all the watersheds than previous models but GUO-5P
has greater stability, on average, with the highest grading (9.0) in several basins, both humid and semi-arid ones. Following the
recommendations of Arnold et al. (2012), the selected calibration period includes dry and wet periods to ensure that it reflects the
range of conditions under which the model is expected to operate.
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Table 4
Summary of performance of the selected water models according to Moriasi et al. (2007) in calibration (1980-1995) and validation (1995-2010)
periods.
Area (km?) Aly Geology ABCD AWBM GR2M GUO5P Average
Calib. Valid. Calib. Valid. Calib. Valid. Calib. Valid. Calib. Valid.
AND 778.49 2.15 Limestone 5.00 8.00 4.00 6.00 2.00 8.00 5.00 9.00 4.00 7.75
BEG 836.89 2.07 Siliceous 8.00 7.00 4.00 5.00 9.00 5.00 9.00 5.00 7.50 5.50
BOL 29.23 0.54 Limestone 2.00 4.00 6.00 7.00 4.00 2.00 7.00 7.00 4.75 5.00
CoT 488.22 1.65 Limestone 9.00 2.00 7.00 4.00 9.00 5.00 9.00 5.00 8.50 4.00
GAR 69.92 1.02 Limestone 7.00 5.00 0.00 3.00 7.00 2.00 1.00 4.00 3.75 3.50
JUB 207.66 0.65 Limestone 0.00 5.00 9.00 4.00 7.00 9.00 9.00 7.00 6.25 6.25
LEM 252.58 1.96 Limestone 8.00 7.00 7.00 9.00 6.00 7.00 6.00 9.00 6.75 8.00
PRI 328.16 1.19 Limestone 5.00 7.00 7.00 8.00 9.00 7.00 7.00 9.00 7.00 7.75
PUE 263.85 2.20 Siliceous 4.00 4.00 2.00 5.00 9.00 4.00 3.00 4.00 4.50 4.25
SEG 232.89 0.88 Limestone 3.00 5.00 5.00 2.00 9.00 6.00 9.00 9.00 6.50 5.50
TRE 413.54 1.84 Siliceous 2.00 8.00 5.00 2.00 9.00 2.00 9.00 8.00 6.25 5.00
ZUM 266.03 0.79 Limestone 3.00 0.00 5.00 0.00 7.00 4.00 9.00 6.00 6.00 2.50
Average 5.50 5.17 5.50 4.58 6.63 5.08 6.63 6.83 - -
(@) (b)
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I e —— - d . Calibration
GR2M-GR4 [D. —— GR2M-GR4 ﬁ D Validation
GUO-5P - Hﬂj e GUO-5P H
T T T T T T T T T T T T T T
-100 0 100 200 300 400 500 600 70 40 -20 O 20 40
Qobs - Qsim (mm) Error (%)
(c) NSE

1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

AND BEG BOL coTt

GAR

JUB

LEM

PRI

PUE

SEG

TRE

=@ -ABCD_CAL e==@==ABCD_VAL =& -AWBM_CAL ==@=—=AWBM_VAL

= ® <GR2M_CAL ==@=—=GR2M_VAL =@ «GUOS5P_CAL ==@== GUOS5P_VAL

ZUM

Fig. 10. Uncertainty analysis of the simulated values depending on the hydrological model (10a and 10b) and the studied basin (10c).
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Fig. 11. Average changes in monthly streamflow values (mm) for each basin for the 1.5 and 3.0 °C warming scenarios in Spain (a); box whisker of the monthly
changes in streamflow for the scenarios 1.5 °C (blue) and 3 °C (red) (b).

Furthermore, an uncertainty analysis has been carried out with the values obtained differentiating between models and basins
(Fig. 10). The box-whiskers in Fig. 10a assess the error in simulated streamflow concerning the hydrological model. The results
highlight the wide climatological variability in Spain. Although the median and length of boxes are pretty similar for all the models
except the GR2M, the numerous outliers have some sort of normality effect as their extension in graphics is even greater than 50% of
the sample. These outliers can be explained because the models do not adequately represent the peak flows, as can be seen in the
Supplementary Material, so the highest maximums of streamflow observed exceed simulated streamflow peaks. In spite of these
outliers, total error in predicting streamflow (Fig. 10b) in calibration and validation periods is below 20% in the four models and it is
usually negative (except fortheGUO5p model), indicating a general over prediction. Furthermore, the GR2M model shrinks its length
by nearly 50% compared to the others and it is the only one that appears to show some over prediction, though often much lower than
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the examples on the opposite side.

Fig. 10c represents the variation of NSE, both in calibration and validation, for all the studied basins. GAR and JUB show, in
general, the worst results due to their aridity, reaching values of below 0.15 with the ABCD and AWBM models. Only the GR2M
provides satisfactory results in both stages of all the basins, with NSE values over 0.55. GUO5P shows similar homogeneity with an
average NSE of 0.73, despite the 0.30 value in the GAR basin for calibration. No significant differences were found between the
calibration and validation periods.

The results of these simulations will be used to analyze the hydrological impact of climate change and its uncertainties, taking into
account the differences between the potential future hydrology and the historical ones.

4.3. Analyses of climate change impact and its uncertainties

The use of different hydrological models to propagate the scenarios will allow us to consider in climate change impact assessment,
the structural uncertainty coming from different conceptual hydrological models in addition to the uncertainty coming from the local
climate scenarios (Mattots et al., 2019).

In this section we have analyzed the changes of future potential streamflow in mm compared to the historical values. These mm
units have allowed us to compare values without the influence of the basin size. We have analyzed the variability by basin, months of
the year, RCMs, and hydrological model used. Note that the influence of the correction approach or the statistical technique applied to
RCM:s is low. For example, considering the AND basin, the hydrological model ABCD and the scenario 1.5 °C the variation coefficient
of the mean streamflow for each RCM with respect to the correction approach/technique applied varies from 0.6% to 1.9%. For the rest
of cases these values are similar.

Fig. 11 summarises the monthly impact on the different basins that show a significant spatial heterogeneity. As previous studies in
Spain have already indicated, the magnitude of this impact will depend on the level of warming and the geographical characteristics of
each basin (Rasilla et al., 2013). The mean monthly historical streamflow in the basin covers a wide range of values, between 2.6 mm
in the JUB basin and 140.7 mm in the PUE basin (Fig. 11b). The highest reductions in mm appear in the wetter basins located in
northern Spain (see Fig. 11b), with a maximum of 15.0 mm in the PUE basin for the 3.0 °C warming scenario, with the minimum
reduction being obtained in the southern basin (2.4 mm in ZUM). The variability of the potential changes (in mm) is also clearly higher
in the northern basins, especially for the 3.0 °C scenario. However, the southern basins show the higher relative changes (in %) as we
have also shown for precipitation and temperature.

Fig. 12 summarises the results within the 12 basins derived from all the projections (54 projections), and rainfall-recharge models
(4 propagations) in terms of monthly changes in a mean year. In general, the higher mean reductions and variability of the monthly
streamflow values are associated to the warming scenario of 3.0 °C (Fig. 12a). It gives us a global idea of the temporal distribution and/
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or seasonality of the impact of climate change. The maximum streamflow reductions appear in autumn. It contributes to a more
pronounced low water level period in the summer as indicated in previous studies in Spain (Rasilla et al., 2013; Moran-Tejeda et al.,
2014). Significant reductions are also observed during the spring, with the smallest changes occurring in the summer months. The
highest values of changes in standard deviation are also obtained during the autumn months and the smallest in the summer months
(Fig. 12b).

The estimated impact will depend on the combined influence of the different selected RCMs, the approach (delta change or bias
correction) and correction techniques applied to generate the local climate models and the hydrological models used to propagate the
impact to the streamflow. Previous studies have shown that the variability in the climate variable due to RCMs is higher than the
variability due to correction approaches (Collados-Lara et al., 2018a; Pardo-Igtizquiza et al., 2019). In this study we have also tried to
analyze the impact on the streamflow introduced by the selected RCMs (Fig. 13) and hydrological models (Fig. 14) for the two
considered warming scenarios (3 °Cand 1.5 °C). The discussion will be focused on the 3 °C scenarios, in which the highest impact will
be observed in all the cases.

Fig. 13 summarises the impact obtained for the 12 basins derived from all the correction techniques and rainfall-recharge models (4
propagations) when we fix a RCM model. The differences between the estimated mean impacts depending on the selected RCM are
significant, with values that move from — 4.4 mm (RCM5) to — 10.7 mm (RCM 4), in the most pessimistic scenario (the 3 °C warming
scenario). The interquartile range also shows significant differences, with the smallest range of 3.7 mm (RCM 5) and the greatest of a
maximum of 10.3 mm (RCM 1).

These differences on the estimated impact depending on the hydrological models are significantly smaller, they move from — 8.0 to
9.1 mm for the warming scenario of 3.0 °C (Fig. 14). The changes in the interquartile ranges are also significantly smaller, and move
from 6.5 mm in the smallest (GR2M-GR4) to 8.9 mm in the greatest (ABCD).

Similar methodologies and consistent results were obtained in the assessment of climate change impact on precipitation (Matte
etal., 2019) and streamflow (Rasilla et al., 2013; Moran-Tejeda et al., 2014) in previous studies in Spanish basins. The main novelty of
this paper is that we also assess the uncertainty of the potential impact coming from different sources. We have considered different
statistical correction techniques of climate model simulations with two approaches (delta change and bias correction), results from
nine RCM models and four hydrological model structures. It has allowed us to assess monthly streamflow changes and uncertainty
bounds for the two selected warming scenarios.

The uncertainty analysis showed that the highest variability and uncertainties related to climate change impact assessment on
streamflow are due to the RCM projections, with the influence of the employed downscaling techniques and hydrological models used
being significantly smaller.

5. Conclusions

In this study we have analyzed the impact of climate change on water resources in 12 Spanish basins, in which sufficiently long
monthly historical streamflow measurements (monthly series longer than 30 years) are available to calibrate rainfall-runoff models for
near-natural conditions. The 12 basins have been selected to cover different climate conditions identified in Spain with an aridity index
of above 0.5. Local climate scenarios have been generated in accordance with the available RCM simulations in agreement with the
fifth RCP scenarios defined by the IPCC. The future scenarios have been generated from the RCM simulations by assuming two hy-
potheses of future level of warming in Spain: 1.5 °C and 3 °C. In each of these basins, the local climate scenarios have been propagated
by using 4 hydrological models (ABCD, GR2M, AWBM and GUO-5p), with a sufficient ability to reproduce the historical dynamic in
accordance with different statistical indices (AIC, BIC, NSE, R2, PBIAS, and REV). The results have allowed us to assess the future
potential impact on water resources, taking into account different sources of uncertainties related with local scenarios and conceptual
hydrological models applied to propagate them (structural uncertainty). The impact of climate change on streamflow shows a sig-
nificant spatial heterogeneity, with the highest reduction (in mm) of flow in the wetter northern basins. The seasonality of the impact is
also significant, with the highest absolute reductions during autumn, and the smallest changes in absolute values in the summer
months. The results also show that the highest variability and uncertainties related to the impact of these climate change s assessments
are due to the RCM projections, with the influence of the downscaling techniques and hydrological models used being significantly
less.
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Hypotheses: 1.5 °C (blue) and 3 °C (red) of warming in Spain.

Mean change in streamflow (mm)
&

25

—_ —_ )
w (=} w [=]

St. dev. of change in streamflow (mm)
(=}

| a) =Upper and lower extreme Scenario AT 1.5 °C
OMedian XMean + Outliers T Scenario AT 3.0 °C
1 ¢] X KR
J + 1)
ABCD AWBM GR2M-GR4 GUOSP
b) =Upper and lower extreme Scenario AT 1.5 °C
= OMedian = Scenario AT 3.0 °C
1 X Mean T
+ Outliers T
] g
ABCD AWBM GR2M-GR4 GUOSP

Fig. 14. Box whiskers for each rainfall-recharge model representing the mean (a) and standard deviation (b) of the monthly change (absolute) in the
streamflow. Hypotheses: 1.5 °C (blue) and 3 °C (red) of global warming in Spain.

18



D. Pulido-Velazquez et al. Journal of Hydrology: Regional Studies 38 (2021) 100937

Acknowledgements

This research has been partially supported by the SIGLO-AN project (RTI2018-101397-BI00) from the Spanish Ministry of Science,
Innovation and Universities (Programa Estatal de [+-D+I orientada a los Retos de la Sociedad), the GeoE.171.008-TACTIC project from
GeoERA organization funded by European Union’s Horizon 2020 research and innovation programme.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the online version at doi:10.1016/j.ejrh.2021.100937.

References

Abdollahi, K., Bazargan, A., McKay, G., 2018. Water balance models in environmental modeling. In: Handbook of Environmental Materials Management. https://doi.
org/10.1007/978-3-319-58538-3_119-1.

AEMet, 2009. Generacion de escenarios regionalizados de cambio climdtico para Espana. Agencia Estatal de Meteorologia, Ministerio de Medio Ambiente y Medio
Rural y Marino y Medio Rural y Marino. www.aemet.es/documentos/es/elclima/cambio_climat/escenarios/Informe_Escenarios.pdf.

Ajami, N.K., Gupta, H., Wagener, T., Sorooshian, S., 2004. Calibration of a semi-distributed hydrologic model for streamflow estimation along a river system.

J. Hydrol. https://doi.org/10.1016/j.jhydrol.2004.03.033.

Akaike, H., 1973. Information theory and an extension of the maximum likelihood principle. In: Petrov, B.N., Csaki, F. (Eds.), Proceedings of the 2nd International
Symposium on Information Theory, USSR, Tsahkadsor, Armenia, 2-8 September 1971, Akadémiai Kiad6, Budapest, Hungary, pp. 267-281.

Akaike, H., 1974. A new look at the statistical model identification. IEEE Trans. Autom. Control 19, 716-723. https://doi.org/10.1109/TAC.1974.1100705.

Alvarez, J., Sanchez, A., Quintas, L., 2004. SIMPA, a GRASS based tool for hydrological studies. In: Proceedings of the FOSS/GRASS Users Conference.

Arnold, J.G., Moriasi, D.N., Gassman, P.W., Abbaspour, K.C., White, M.J., Srinivasan, R., Santhi, C., Harmel, R.D., van Griensven, A., Van Liew, M.W., Kannan, Jha, M.
K., 2012. SWAT: model use, calibration, and validation. Trans. ASABE 55, 1491-1508.

Baena-Ruiz, L., Pulido-Velazquez, D., Collados-Lara, A.J., Renau-Prunonosa, A., Morell, 1., Senent-Aparicio, J., Llopis-Albert, C., 2020. Summarizing the impacts of
future potential global change scenarios on seawater intrusion at the aquifer scale. Environ. Earth Sci. 79, 99. https://doi.org/10.1007/s12665-020-8847-2.

Blenkinsop, S., Fowler, H.J., 2007. Changes in European drought characteristics projected by the PRUDENCE regional climate models. Int. J. Climatol. 27, 1595-1610.
https://doi.org/10.1002/joc.1538.

Bourgin, F., Andréassian, V., Perrin, C., Oudin, L., 2015. Transferring global uncertainty estimates from gauged to ungauged catchments. Hydrol. Earth Syst. Sci. 19,
2535-2546. https://doi.org/10.5194/hess-19-2535-2015.

Boyle, D.P., Gupta, H.V., Sorooshian, S., Koren, V., Zhang, Z., Smith, M., 2001. Toward improved streamflow forecasts: value of semidistributed modeling. Water
Resour. Res. 37, 2749-2759. https://doi.org/10.1029/2000WR000207.

Breuer, L., Huisman, J.A., Willems, P., Bormann, H., Bronstert, A., Croke, B.F.W., Frede, H.G., Graff, T., Hubrechts, L., Jakeman, A.J., Kite, G., Lanini, J., Leavesley, G.,
Lettenmaier, D.P., Lindstrom, G., Seibert, J., Sivapalan, M., Viney, N.R., 2009. Assessing the impact of land use change on hydrology by ensemble modeling
(LUCHEM). I: model intercomparison with current land use. Adv. Water Resour. https://doi.org/10.1016/j.advwatres.2008.10.003.

Broderick, C., Matthews, T., Wilby, R.L., Bastola, S., Murphy, C., 2016. Transferability of hydrological models and ensemble averaging methods between contrasting
climatic periods. Water Resour. Res. 52, 8343-8373. https://doi.org/10.1002/2016WR018850.

Boughton, W., 2009. New approach tocalibration of the AWBM for use on ungauged catchments. J. Hydrol. Eng. 14, 562-568.

Chen, J., Brissette, F.P., Leconte, R., 2014. Assessing regression-based statistical approaches for downscaling precipitation over North America. Hydrol. Process. 28,
3482-3504. https://doi.org/10.1002/hyp.9889.

Collados-Lara, A.J., Fassnacht, S.R., Pulido-Velazquez, D., Pfohl, A.K.D., Moran-Tejeda, E., Venable, N.B.H., Pardo-Igiizquiza, E., Puntenney-Desmond, K., 2021a.
Intra-day variability of temperature and its near-surface gradient with elevation over mountainous terrain: comparing MODIS land surface temperature data with
coarse and fine scale near-surface measurements. Int. J. Climatol. 41 https://doi.org/10.1002/joc.6778.

Collados-Lara, A.-J., Pulido-Velazquez, D., Gomez-Gémez, J.-D., Pardo-Iglzquiza, E., 2021a. Are climate models that allow better approximations of local
meteorology better for the assessment of hydrological impacts? A statistical analysis of droughts. Nat. Hazards Earth Syst. Sci. Discuss. https://doi.org/10.5194/
nhess-2021-121.

Collados-Lara, A.J., Pulido-Velazquez, D., Mateos, R.M., Ezquerro, P., 2020a. Potential impacts of future climate change scenarios on ground subsidence. Water.
https://doi.org/10.3390/w12010219.

Collados-Lara, A.J., Pulido-Velazquez, D., Pardo-Igtizquiza, E., 2018a. An integrated statistical method to generate potential future climate scenarios to analyse
droughts. Water. https://doi.org/10.3390/w10091224.

Collados-Lara, A.J., Pulido-Velazquez, D., Pardo-Iguzquiza, E., 2020b. A statistical tool to generate potential future climate scenarios for hydrology applications. Sci.
Program. https://doi.org/10.1155/2020/8847571.

Collados-Lara, A.J., Pardo-Iglzquiza, E., Pulido-Velazquez, D., Jiménez-Sénchez, J., 2018b. Precipitation fields in an alpine Mediterranean catchment: inversion of
precipitation gradient with elevation or undercatch of snowfall? Int. J. Climatol. 38, 3565-3578. https://doi.org/10.1002/joc.5517.

Cramer, W., Guiot, J., Fader, M., Garrabou, J., Gattuso, J.P., Iglesias, A., Lange, M.A., Lionello, P., Llasat, M.C., Paz, S., Penuelas, J., Snoussi, M., Toreti, A.,
Tsimplis, M.N., Xoplaki, E., 2018. Climate change and interconnected risks to sustainable development in the Mediterranean. Nat. Clim. Chang. 8, 972-980.
https://doi.org/10.1038/541558-018-0299-2.

Croke, B.F.W., Merritt, W.S., Jakeman, A.J., 2004. A dynamic model for predicting hydrologic response to land cover changes in gauged and ungauged catchments.
J. Hydrol. 291, 115-131. https://doi.org/10.1016/j.jhydrol.2003.12.012.

Donnelly, C., Greuell, W., Andersson, J., Gerten, D., Pisacane, G., Roudier, P., Ludwig, F., 2017. Impacts of climate change on European hydrology at 1.5, 2 and 3
degrees mean global warming above preindustrial level. Clim. Chang. https://doi.org/10.1007/510584-017-1971-7.

Estrela, T., Quintas, L., 1996. A distributed hydrological model for water resources assessment in large basins. In: Rivertech *96 - 1st International Conference on New/
Emerging Concepts for Rivers, Proceedings, Vols 1 and 2: Celebrating the Twenty-Fifth Anniversary of Iwra.

Escriva-Bou, A., Pulido-Velazquez, M., Pulido-Velazquez, D., 2017. The Economic Value ofAdaptive Strategies to Global Change for Water Management in Spain’s
JucarBasin. J. Water Resour. Plan. Manag. 143 (5) https://doi.org/10.1061/(ASCE)WR.1943-5452.0000735.

Fabozzi, F.J., Focardi, S.M., Svetlozar, T., Bala, G., 2014. The Basics of Financial Econometrics: Tools, Concepts, and Asset Management Applications. John Wiley &
Sons, Inc, Hoboken, NJ, USA.

Guo, S., 1995. Impact of climate change on hydrological balance and water resource systems in the Dongjiang Basin, China. In: Modeling and Management of
Sustainable Basin-Scale Water Resource Systems (Proceedings of a Boulder Symposium), vol. 231, LAHS Publication, Los Alamos, NM, USA.

Gupta, H.V., Sorooshian, S., Yapo, P.O., 1999. Status of automatic calibration for hydrologic models: comparison with multilevel expert calibration. J. Hydrol. Eng. 4,
135-143 https://doi.org/10.1061/(asce)1084-0699(1999)4:2(135).

Hargreaves, G.H., Samani, Z.A., 1985. Reference crop evapotranspiration from temperature. Appl. Eng. Agric. https://doi.org/10.13031/2013.26773.

19


https://doi.org/10.1016/j.ejrh.2021.100937
https://doi.org/10.1007/978-3-319-58538-3_119-1
https://doi.org/10.1007/978-3-319-58538-3_119-1
http://www.aemet.es/documentos/es/elclima/cambio_climat/escenarios/Informe_Escenarios.pdf
https://doi.org/10.1016/j.jhydrol.2004.03.033
https://doi.org/10.1109/TAC.1974.1100705
http://refhub.elsevier.com/S2214-5818(21)00166-X/sbref5
http://refhub.elsevier.com/S2214-5818(21)00166-X/sbref5
https://doi.org/10.1007/s12665-020-8847-2
https://doi.org/10.1002/joc.1538
https://doi.org/10.5194/hess-19-2535-2015
https://doi.org/10.1029/2000WR000207
https://doi.org/10.1016/j.advwatres.2008.10.003
https://doi.org/10.1002/2016WR018850
http://refhub.elsevier.com/S2214-5818(21)00166-X/sbref12
https://doi.org/10.1002/hyp.9889
https://doi.org/10.1002/joc.6778
https://doi.org/10.5194/nhess-2021-121
https://doi.org/10.5194/nhess-2021-121
https://doi.org/10.3390/w12010219
https://doi.org/10.3390/w10091224
https://doi.org/10.1155/2020/8847571
https://doi.org/10.1002/joc.5517
https://doi.org/10.1038/s41558-018-0299-2
https://doi.org/10.1016/j.jhydrol.2003.12.012
https://doi.org/10.1007/s10584-017-1971-7
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000735
http://refhub.elsevier.com/S2214-5818(21)00166-X/sbref24
http://refhub.elsevier.com/S2214-5818(21)00166-X/sbref24
http://refhub.elsevier.com/S2214-5818(21)00166-X/sbref25
http://refhub.elsevier.com/S2214-5818(21)00166-X/sbref25
https://doi.org/10.13031/2013.26773

D. Pulido-Velazquez et al. Journal of Hydrology: Regional Studies 38 (2021) 100937

Haque, M.M., Rahman, A., Hagare, D., Kibria, G., Karim, F., 2015. Estimation of catchment yield and associated uncertainties due to climate change in a mountainous
catchment in Australia. Hydrol. Process. 29, 4339-4349. https://doi.org/10.1002/hyp.10492.

Hayes, M., Svoboda, M., Wall, N., Widhalm, M., 2011. The lincoln declaration on drought indices: universal meteorological drought index recommended. Bull. Am.
Meteorol. Soc. 92, 485-488. https://doi.org/10.1175/2010BAMS3103.1.

IPCC, 2014. Climate change 2014: synthesis report. In: Pachauri, R.K., Meyer, L.A. (Eds.), Contribution of Working Groups I, II and III to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change, IPCC, Geneva, Switzerland, 2014, p. 151.

Ivezic, V., Bekic, D., Zugaj, R., 2017. A review of procedures for water balance modelling. J. Environ. Hydrol. 25.

Jiang, T., Chen, Y.D., Xu, C., Yu, Chen, Xiaohong, Chen, Xi, Singh, V.P., 2007. Comparison of hydrological impacts of climate change simulated by six hydrological
models in the Dongjiang Basin, South China. J. Hydrol. 336, 316-333. https://doi.org/10.1016/j.jhydrol.2007.01.010.

Karpouzos, D.K., Baltas, E.A., Kavalieratou, S., Babajimopoulos, C., 2011. A hydrological investigation using a lumped water balance model: the Aison River Basin
case (Greece). Water Environ. J. 25, 297-307. https://doi.org/10.1111/j.1747-6593.2010.00222.x.

Koppen, Wladimir, Geiger, R., 1936. Handbuch der Klimatologie: Das geographische System der Klimate. Verlag von Gebriider Borntraeger, Berlin, Germany.

Koppen, W., 1918. Klassifikation der Klimate nach Temperatur, Niederschlag und Jahresablauf. Petermanns Geogr. Mitt. Gotha, Germany, 1918, pp. 193-203,
243-248.

Koppen, W., 1884. Die Warmezonen der Erde, nach der Dauer der heissen, gemassigten und kalten Zeit und nach der Wirkung der Warme auf die organische Welt
betrachtet. Meteorol. Zeitschrift.

Koren, V., Reed, S., Smith, M., Zhang, Z., Seo, D.J., 2004. Hydrology laboratory research modeling system (HL-RMS) of the US national weather service. J. Hydrol.
291, 297-318. https://doi.org/10.1016/j.jhydrol.2003.12.039.

Kumar, A., Singh, R., Jena, P.P., Chatterjee, C., Mishra, A., 2015. Identification of the best multi-model combination for simulating river discharge. J. Hydrol. 525,
313-325. https://doi.org/10.1016/j.jhydrol.2015.03.060.

Llopis-Albert, C., Pulido-Velazquez, D., 2015. Using MODFLOW code to approach transient hydraulic head with a sharp-interface solution. Hydrol. Process. 29 (8),
2052-2064. https://doi.org/10.1002/hyp.10354.

Lobligeois, F., Andréassian, V., Perrin, C., Tabary, P., Loumagne, C., 2014. When does higher spatial resolution rainfall information improve streamflow simulation?
An evaluation using 3620 flood events. Hydrol. Earth Syst. Sci. 18, 575-594. https://doi.org/10.5194/hess-18-575-2014.

Martinez-Santos, P., Andreu, J.M., 2010. Lumped and distributed approaches to model natural recharge in semiarid karst aquifers. J. Hydrol. 388, 389-398. https://
doi.org/10.1016/j.jhydrol.2010.05.018.

Matott, L.S., Babendreier, J.E., Purucker, S.T., 2009. Evaluating uncertainty in integrated environmental models: a review of concepts and tools. Water Resour. Res. 45
https://doi.org/10.1029/2008 WR007301.

Matte, D., Larsen, M.A.D., Christensen, O.B., Christensen, J.H., 2019. Robustness and scalability of regional climate projections over Europe. Front. Environ. Sci. 6
https://doi.org/10.3389/fenvs.2018.00163.

Makhlouf, Z., Michel, C., 1994. A two-parametermonthly water balance model for French watersheds. J. Hydrol. 162, 299-318.

Misra, A.K., 2014. Climate change and challenges of water and food security. Int. J. Sustain. Built Environ. 3, 153-165. https://doi.org/10.1016/j.ijsbe.2014.04.006.
Molina-Navarro, E., Hallack-Alegria, M., Martinez-Pérez, S., Ramirez-Hernandez, J., Mungaray-Moctezuma, A., Sastre-Merlin, A., 2016. Hydrological modeling and
climate change impacts in an agricultural semiarid region. Case study: Guadalupe River basin, Mexico. Agric. Water Manag. 175, 29-42. https://doi.org/

10.1016/j.agwat.2015.10.029.

Moran-Tejeda, E., Lorenzo-Lacruz, J., Lépez-Moreno, J.I., Rahman, K., Beniston, M., 2014. Streamflow timing of mountain rivers in Spain: recent changes and future
projections. J. Hydrol. 517, 1114-1127. https://doi.org/10.1016/j.jhydrol.2014.06.053.

Moriasi, D.N., Arnold, J.G., Van Liew, M.W., Bingner, R.L., Harmel, R.D., Veith, T.L., 2007. Model evaluation guidelines for systematic quantification of accuracy in
watershed simulations. Trans. ASABE. https://doi.org/10.13031/2013.23153.

Nash, J.E., Sutcliffe, V., 1970. River flow forecasting through conceptuial models, part 1 - a discussion of principles. J. Hydrol. 10, 282-290.

Pardo-Igtizquiza, E., Collados-Lara, A.J., Pulido-Velazquez, D., 2019. Potential future impact of climate change on recharge in the Sierra de las Nieves (southern
Spain) high-relief karst aquifer using regional climate models and statistical corrections. Environ. Earth Sci. 78, 598. https://doi.org/10.1007/s12665-019-8594-
4.

Pearson, K., 1895. Note on regression and inheritance in the case of two parents. Proc. R. Soc. Lond. https://doi.org/10.1098/rspl.1895.0041.

Paudel, M., Nelson, E.J., Downer, C.W., Hotchkiss, R., 2011. Comparing the capability of distributed and lumped hydrologic models for analyzing the effects of land
use change. J. Hydroinform. 13, 461-473. https://doi.org/10.2166/hydro.2010.100.

Pedro-Monzonis, M., Ferrer, J., Solera, A., Estrela, T., Paredes-Arquiola, J., 2015. Key issues for determining the exploitable water resources in a Mediterranean river
basin. Sci. Total Environ. 503-504, 319-328. https://doi.org/10.1016/j.scitotenv.2014.07.042.

Pellicer-Martinez, F., Martinez-Paz, J.M., 2015. Contrast and transferability of parameters of lumped water balance models in the Segura River Basin (Spain). Water
Environ. J. 29, 43-50. https://doi.org/10.1111/wej.12091.

Pérez-Sanchez, J., Senent-Aparicio, J., Santa-Maria, C.M., Lopez-Ballesteros, A., 2020. Assessment of ecological and hydro-geomorphological alterations under climate
change using SWAT and IAHRIS in the Eo River in Northern Spain. Water. https://doi.org/10.3390/W12061745.

Pérez-Sanchez, J., Senent-Aparicio, J., Segura-Méndez, F., Pulido-Velazquez, D., Srinivasan, R., 2019. Evaluating hydrological models for deriving water resources in
peninsular Spain. Sustainability 11, 2872. https://doi.org/10.3390/s5u11102872.

Pulido-Velazquez, D., Ahlfeld, D., Andreu, J., Sahuquillo, A., 2008. Reducing the computational cost of unconfined groundwater flow in conjunctive-use models at
basin scale assuming linear behaviour: the case of Adra-Campo de Dalias. J. Hydrol. 353, 159-174. https://doi.org/10.1016/j.jhydrol.2008.02.006.

Pulido-Velazquez, D., Collados-Lara, A.J., Alcala, F.J., 2018. Assessing impacts of future potential climate change scenarios on aquifer recharge in continental Spain.
J. Hydrol. 567, 803-819. https://doi.org/10.1016/].jhydrol.2017.10.077.

Pulido-Velazquez, D., Garcia-Ardstegui, J.L., Molina, J.L., Pulido-Velazquez, M., 2015. Assessment of future groundwater recharge in semi-arid regions under climate
change scenarios (Serral-Salinas aquifer, SE Spain). Could increased rainfall variability increase the recharge rate? Hydrol. Process. 29 (6), 828-844. https://doi.
0rg/10.1002/hyp.10191.

Pulido-Velazquez, D., Renau-Prunonosa, A., Llopis-Albert, C., Morell, I., Collados-Lara, A.J., Senent-Aparicio, J., Baena-Ruiz, L., 2018b. Integrated assessment of
future potential global change scenarios and their hydrological impacts in coastal aquifers - a new tool to analyse management alternatives in the Plana Oropesa-
Torreblanca aquifer. Hydrol. Earth Syst. Sci. 22, 3053-3074. https://doi.org/10.5194/hess-22-3053-2018.

Pulido-Velazquez, D., Sahuquillo, A., Andreu, J., 2006. A two-step explicit solution of the Boussinesq equation for efficient simulation of unconfined aquifers in
conjunctive-use models. Water Resour. Res. 42 https://doi.org/10.1029/2005WR004473.

Pulido-Velazquez, D., Sahuquillo, A., Andreu, J., Pulido-Velazquez, M., 2007a. A general methodology to simulate groundwater flow of unconfined aquifers with a
reduced computational cost. J. Hydrol. 338, 42-56. https://doi.org/10.1016/].jhydrol.2007.02.009.

Pulido-Velazquez, D., Sahuquillo, A., Andreu, J., Pulido-Velazquez, M., 2007b. An efficient conceptual model to simulate surface water body-aquifer interaction in
conjunctive use management models. Water Resour. Res. 43 https://doi.org/10.1029/2006WR005064.

Pulido-Velazquez, D., Sahuquillo, A., Andreu, J., 2012. A conceptual-numericalmodel to simulate hydraulic head in aquifers that are hydraulically connectedto
surface water bodies. Hydrological Processes 26 (10), 1435-1448. https://doi.org/10.1002/hyp.8214.

Pulido-Velazquez, D., Llopis-Albert, C., Pena-Haro, S., Pulido-Velazquez, M., 2011. Efficient conceptualmodel for simulating the effect of aquifer heterogeneity on
natural groundwaterdischarge to rivers. Advances in WaterResources 32, 1377-1389. https://doi.org/10.1016/j.advwatres.2011.07.010.

Rasilla, D.F., Garmendia, C., Garcia-Codron, J.C., 2013. Climate change projections of streamflow in the Iberian peninsula. Int. J. Water Resour. Dev. 29, 184-200.
https://doi.org/10.1080/07900627.2012.721716.

Raty, O., Raisanen, J., Ylhaisi, J.S., 2014. Evaluation of delta change and bias correction methods for future daily precipitation: intermodel cross-validation using
ENSEMBLES simulations. Clim. Dyn. 42, 2287-2303. https://doi.org/10.1007/s00382-014-2130-8.

20


https://doi.org/10.1002/hyp.10492
https://doi.org/10.1175/2010BAMS3103.1
http://refhub.elsevier.com/S2214-5818(21)00166-X/sbref29
https://doi.org/10.1016/j.jhydrol.2007.01.010
https://doi.org/10.1111/j.1747-6593.2010.00222.x
http://refhub.elsevier.com/S2214-5818(21)00166-X/sbref32
https://doi.org/10.1016/j.jhydrol.2003.12.039
https://doi.org/10.1016/j.jhydrol.2015.03.060
https://doi.org/10.1002/hyp.10354
https://doi.org/10.5194/hess-18-575-2014
https://doi.org/10.1016/j.jhydrol.2010.05.018
https://doi.org/10.1016/j.jhydrol.2010.05.018
https://doi.org/10.1029/2008WR007301
https://doi.org/10.3389/fenvs.2018.00163
http://refhub.elsevier.com/S2214-5818(21)00166-X/sbref40
https://doi.org/10.1016/j.ijsbe.2014.04.006
https://doi.org/10.1016/j.agwat.2015.10.029
https://doi.org/10.1016/j.agwat.2015.10.029
https://doi.org/10.1016/j.jhydrol.2014.06.053
https://doi.org/10.13031/2013.23153
http://refhub.elsevier.com/S2214-5818(21)00166-X/sbref45
https://doi.org/10.1007/s12665-019-8594-4
https://doi.org/10.1007/s12665-019-8594-4
https://doi.org/10.1098/rspl.1895.0041
https://doi.org/10.2166/hydro.2010.100
https://doi.org/10.1016/j.scitotenv.2014.07.042
https://doi.org/10.1111/wej.12091
https://doi.org/10.3390/W12061745
https://doi.org/10.3390/su11102872
https://doi.org/10.1016/j.jhydrol.2008.02.006
https://doi.org/10.1016/j.jhydrol.2017.10.077
https://doi.org/10.1002/hyp.10191
https://doi.org/10.1002/hyp.10191
https://doi.org/10.5194/hess-22-3053-2018
https://doi.org/10.1029/2005WR004473
https://doi.org/10.1016/j.jhydrol.2007.02.009
https://doi.org/10.1029/2006WR005064
https://doi.org/10.1002/hyp.8214
https://doi.org/10.1016/j.advwatres.2011.07.010
https://doi.org/10.1080/07900627.2012.721716
https://doi.org/10.1007/s00382-014-2130-8

D. Pulido-Velazquez et al. Journal of Hydrology: Regional Studies 38 (2021) 100937

Reed, S., Koren, V., Smith, M., Zhang, Z., Moreda, F., Seo, D.J., 2004. Overall distributed model intercomparison project results. J. Hydrol. 298, 27-60. https://doi.
0rg/10.1016/j.jhydrol.2004.03.031.

Refsgaard, J.C., Knudsen, J., 1996. Operational validation and intercomparison of different types of hydrological models. Water Resour. Res. 32, 2189-2202. https://
doi.org/10.1029/96WR00896.

Rupérez-Moreno, C., Pérez-Sanchez, J., Senent-Aparicio, J., Flores-Asenjo, P., Paz-Aparicio, C., 2017. Cost-benefit analysis of the managed aquifer recharge system for
irrigation under climate change conditions in Southern Spain. Water. https://doi.org/10.3390/w9050343.

Samani, Z., 2000. Estimating solar radiation and evapotranspiration using minimum climatological data. J. Irrig. Drain. Eng. 126, 265-267. https://doi.org/10.1061/
(asce)0733-9437(2000)126:4(265).

Senent-Aparicio, J., Jimeno-Séez, P., Bueno-Crespo, A., Pérez-Sanchez, J., Pulido-Velazquez, D., 2019. Coupling machine-learning techniques with SWAT model for
instantaneous peak flow prediction. Biosyst. Eng. 177, 67-77. https://doi.org/10.1016/j.biosystemseng.2018.04.02.2.

Senent-Aparicio, J., Liu, S., Pérez-Sanchez, J., Lopez-Ballesteros, A., Jimeno-Séez, P., 2018a. Assessing impacts of climate variability and reforestation activities on
water resources in the headwaters of the Segura River Basin (SE Spain). Sustainability 10, 3277. https://doi.org/10.3390/s5u10093277.

Senent-Aparicio, J., Lopez-Ballesteros, A., Pérez-Sanchez, J., Segura-Méndez, F.J., Pulido-Velazquez, D., 2018b. Using multiple monthly water balance models to
evaluate gridded precipitation products over Peninsular Spain. Remote Sens. 10, 922. https://doi.org/10.3390/1s10060922.

Senent-Aparicio, J., Pérez-Sanchez, J., Carrillo-Garcia, J., Soto, J., 2017. Using SWAT and fuzzy TOPSIS to assess the impact of climate change in the headwaters of the
Segura River Basin (SE Spain). Water. https://doi.org/10.3390/w9020149.

Senent-Aparicio, J., Jimeno-Séez, P., Bueno-Crespo, A., Pérez-Sanchez, J., Pulido-velazquez, D., 2018. Couplingmachine-learning techniques with SWAT model for
instantaneous peak flowprediction. Biosystems Engineering. https://doi.org/10.1016/j.biosystemseng.2018.04.022.

Shah, S.M.S., O’Connell, P.E., Hosking, J.R.M., 1996. Modelling the effects of spatial variability in rainfall on catchment response. 2. Experiments with distributed and
lumped models. J. Hydrol. https://doi.org/10.1016/50022-1694(96)80007-2.

Smith, M.B., Koren, V., Zhang, Z., Zhang, Y., Reed, S.M., Cui, Z., Moreda, F., Cosgrove, B.A., Mizukami, N., Anderson, E.A., 2012. Results of the DMIP 2 Oklahoma
experiments. J. Hydrol. 418-419, 17-48. https://doi.org/10.1016/j.jhydrol.2011.08.056.

Tigabu, T.B., Wagner, P.D., Hormann, G., Kiesel, J., Fohrer, N., 2020. Climate change impacts on the water and groundwater resources of the Lake Tana Basin,
Ethiopia. J. Water Clim. Chang. https://doi.org/10.2166/wcc.2020.126.

Tramblay, Y., Koutroulis, A., Samaniego, L., Vicente-Serrano, S.M., Volaire, F., Boone, A., Le Page, M., Llasat, M.C., Albergel, C., Burak, S., Cailleret, M., Kalin, K.C.,
Davi, H., Dupuy, J.L., Greve, P., Grillakis, M., Hanich, L., Jarlan, L., Martin-StPaul, N., Martinez-Vilalta, J., Mouillot, F., Pulido-Velazquez, D., Quintana-Segui, P.,
Renard, D., Turco, M., Tiirkes, M., Trigo, R., Vidal, J.P., Vilagrosa, A., Zribi, M., Polcher, J., 2020. Challenges for drought assessment in the Mediterranean region
under future climate scenarios. Earth Sci. Rev. 210, 103348 https://doi.org/10.1016/j.earscirev.2020.103348.

Thomas, H. Improved Methods for National WaterAssessment; Report WR15249270; USWater Resource Council: Washington, DC, USA,1981.

UNEP (United Nations Environment Programme), 1997. World Atlas of Desertification, second ed. UNEP, London, UK.

Van Esse, W.R., Perrin, C., Booij, M.J., Augustijn, D.C.M., Fenicia, F., Kavetski, D., Lobligeois, F., 2013. The influence of conceptual model structure on model
performance: a comparative study for 237 French catchments. Hydrol. Earth Syst. Sci. 17, 4227-4239. https://doi.org/10.5194/hess-17-4227-2013.

Vansteenkiste, T., Tavakoli, M., Ntegeka, V., De Smedt, F., Batelaan, O., Pereira, F., Willems, P., 2014. Intercomparison of hydrological model structures and
calibration approaches in climate scenario impact projections. J. Hydrol. 519, 743-755. https://doi.org/10.1016/j.jhydrol.2014.07.062.

Veldzquez, J.A., Anctil, F., Perrin, C., 2010. Performance and reliability of multimodel hydrological ensemble simulations based on seventeen lumped models and a
thousand catchments. Hydrol. Earth Syst. Sci. 14, 2303-2317. https://doi.org/10.5194/hess-14-2303-2010.

Viney, N.R., Croke, B.F.W., Breuer, L., Bormann, H., Bronstert, A., Frede, H., Graff, T., Hubrechts, L., Huisman, J.A., Jakeman, A.J., Kite, G.W., Lanini, J., Leavesley,
G., Lettenmaier, D.P., Lindstrom, G., Seibert, J., Sivapalan, M., Willems, P., 2005. Ensemble modelling of the hydrological impacts of land use change. In:
MODSIMO5 - International Congress on Modelling and Simulation: Advances and Applications for Management and Decision Making, Proceedings.

Vorosmarty, C.J., Green, P., Salisbury, J., Lammers, R.B., 2000. Global water resources: vulnerability from climate change and population growth. Science 289,
284-288. https://doi.org/10.1126/science.289.5477.284.

Wriedt, G., Bouraoui, F., 2009. Towards a General Water Balance Assessment of Europe. Joint Research Centre—Institute for Environment and Sustainability; Office
for Official Publications of the European Communities, Luxembourg.

Xiong, L., Guo, S., 1999. A two-parametermonthly water balance model and its application. J. Hydrol. 216, 111-123.

Yu, B., Zhu, Z., 2015. A comparative assessment of AWBM and SimHyd for forested watersheds. Hydrol. Sci. J. 60, 1200-1212. https://doi.org/10.1080/
02626667.2014.961924.

Zhang, Z., Koren, V., Smith, M., Reed, S., Wang, D., 2004. Use of next generation weather radar data and basin disaggregation to improve continuous hydrograph
simulations. J. Hydrol. Eng. 9, 103-115 https://doi.org/10.1061/(asce)1084-0699(2004)9:2(103).

21


https://doi.org/10.1016/j.jhydrol.2004.03.031
https://doi.org/10.1016/j.jhydrol.2004.03.031
https://doi.org/10.1029/96WR00896
https://doi.org/10.1029/96WR00896
https://doi.org/10.3390/w9050343
https://doi.org/10.1061/(asce)0733-9437(2000)126:4(265)
https://doi.org/10.1061/(asce)0733-9437(2000)126:4(265)
https://doi.org/10.1016/j.biosystemseng.2018.04.022
https://doi.org/10.3390/su10093277
https://doi.org/10.3390/rs10060922
https://doi.org/10.3390/w9020149
https://doi.org/10.1016/j.biosystemseng.2018.04.022
https://doi.org/10.1016/S0022-1694(96)80007-2
https://doi.org/10.1016/j.jhydrol.2011.08.056
https://doi.org/10.2166/wcc.2020.126
https://doi.org/10.1016/j.earscirev.2020.103348
http://refhub.elsevier.com/S2214-5818(21)00166-X/sbref77
https://doi.org/10.5194/hess-17-4227-2013
https://doi.org/10.1016/j.jhydrol.2014.07.062
https://doi.org/10.5194/hess-14-2303-2010
https://doi.org/10.1126/science.289.5477.284
http://refhub.elsevier.com/S2214-5818(21)00166-X/sbref82
http://refhub.elsevier.com/S2214-5818(21)00166-X/sbref82
http://refhub.elsevier.com/S2214-5818(21)00166-X/sbref83
https://doi.org/10.1080/02626667.2014.961924
https://doi.org/10.1080/02626667.2014.961924
http://refhub.elsevier.com/S2214-5818(21)00166-X/sbref85
http://refhub.elsevier.com/S2214-5818(21)00166-X/sbref85

	Climate change impacts on the streamflow in Spanish basins monitored under near-natural conditions
	1. ​Introduction
	2 Materials: description of the study area and the available information
	2.1 Location, climate and geological context
	2.2 Historical climate and hydrological data
	2.3 Climate model simulation data. Control and future scenarios
	2.4 Calibrated hydrological balance models

	3 Method. Theory/calculation
	3.1 Generation of future local climate change scenarios
	3.2 Propagation of climate scenarios with the selected hydrological balance models
	3.3 Analyses of climate change impacts and its uncertainties

	4 Results and discussion
	4.1 Local climate change scenarios
	4.2 Propagation of climate scenarios with the selected hydrological balance models
	4.3 Analyses of climate change impact and its uncertainties

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	References


