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Abstract: Climate change impact on water resources (streamflow and deep natural recharge)
based on the downscaled outputs from the ECHAM5 general circulation model (GCM) has been
investigated in the Mediterranean basin (Fluvià, Spain) for the A2, B1 greenhouse scenarios and
2000–2024/2025–2050 time slices. The HEC-HMS 3.4 rainfall-runoff numerical model was the basic
tool used to generate streamflow for the historical period, and deep natural recharge was calculated
from Visual-BALAN 2.0, a water-soil-plant distributed model. The hydrologic and recharge models
were employed to generate future climate change hydrographs and the deep recharge amount.
Furthermore, the selected future climate scenarios, subject to possible changes in the land use/land
cover forecast, were integrated into the models, and water resource impacts were assessed. The
multiple combinations of climate model, time slices, greenhouse scenarios, land use/land cover
scenarios and hydrological estimation methods resulted in six scenarios. The obtained results estimate
an increase in temperature (1.5 ˝C), a decline in precipitation (17%) and a maximum decrease of 49.5%
and 16.8% in runoff and groundwater recharge, respectively, for 2050 (A2) compared to the historical
values. Planned land cover scenarios, implying small changes of agricultural and forested land, show
no major contribution to future water resource changes. According to the results, the most sensitive
parameters conditioning future water resources are changes in temperature and precipitation.
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1. Introduction

Over the last decade, an extensive amount of research has been done on how climate change
might influence different aspects of the hydrological cycle (precipitation, runoff, evapotranspiration,
etc.) in many geographic areas [1–6]. The Mediterranean basin is a relatively closed subsystem of
the global hydrologic system, where a number of interdependent processes occur with respect to the
land-atmosphere interactions and their variability. According to the output of the current coupled
atmosphere-ocean general circulation models (GCMs) for the 2080–2100 time slice [7], an increase
in temperature between 1.5 ˝C and 3.6 ˝C and a decrease in precipitation between 10% and 20% are
forecasted in the western Mediterranean ([8], in accordance with the A1B storyline from ICCP, which
describes a balance across all energy sources in the greenhouse effect). The climate in the Mediterranean
presents a great sensitivity to global change. Climate change projections also indicate increased
probability of drought [9] and variability in extreme events. Changes in future climate will alter
regional hydrologic cycles and will subsequently have an impact on water resource availability [10].

Most climate studies have focused on the impacts on surface water resources. While climate
change affects surface water resources directly through changes in the major long-term climate
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variables, such as air temperature, precipitation and evapotranspiration, the relationship between
changing climate variables, groundwater and groundwater recharge is more complicated, less
understood and not sufficiently assessed as stated by a number of researchers [5,11–16]. Even less
studied is the impact of climate change on aquifer properties [17] or land use and land cover changes.
Groundwater resources are related to climate change through the direct interaction with surface water
resources, such as lakes, wetlands and rivers [1,2,18], and indirectly through the recharge process.
Therefore, quantifying the impact of climate change on water resources requires not only reliably
forecasting changes in major climatic variables, but also the accurate estimation of groundwater
recharge, streamflow assessment and natural recharge emanating from changes in land use and
vegetation cover in the present day and over time [3,6,19,20].

Reliable natural recharge estimation can be difficult. The natural recharge rate is limited by water
availability, which is temporally and spatially controlled by climatic factors, such as precipitation and
evapotranspiration, and is predominately concentrated during short periods of time [21]. In some
areas where irrigated agriculture prevails over forested land, recharge estimation is even more complex
due to crop irrigation, as stated by [22], which may simultaneously abstract water from the recharge
sources, while creating a new diffuse recharge [23]. One of the most critical elements for recharge
estimation is determining actual evapotranspiration rates, according to crop type, forest cover and
land distribution.

The results of global climate models, on relevant spatial and temporal scales, for hydrologic
impact assessment can be achieved through surface and groundwater numerical modelling coupled
with downscaled GCM output based on different methodologies [1,4–6]. Modelling water resources’
behavior (streamflow, groundwater and groundwater recharge) is not a new undertaking, and several
numerical codes are currently applied for process understanding and forecasting this behavior.

Linking groundwater-surface model results can be a more realistic scenario for problem solving
in modelling water budgets in a hydraulically-connected stream-aquifer system, even if the modelling
process is more complex and model calibration and validation is not always possible because data
are lacking. The assessment of recharge processes requires a site-specific approach to overcome such
limitations. Linking domain-specific models (surface-groundwater systems) is not an easy task and is
not always possible, as the approach involves assembling equations for both groundwater and surface
water at different time scales and the datasets required for the two regimes.

Climate change and other pressures impacting the environment and water resources in the
Mediterranean require management adaptation plans of affected river basins and their water resources
with respect to the changing future conditions. To address this challenge, the investigation of climate
change impacts and land use/land cover changes on diverse hydrological systems of the Mediterranean
basin characterized by different hydrologic behavior, land use and climatic conditions has taken place.
The main objective of this paper is to apply a linked methodological approach to investigate the
impacts of climate change on a highly forested Mediterranean hydrological system where a strong
surface water-groundwater interaction exists, by taking into account joint effects on flow regime,
groundwater recharge and socio-economic scenarios led by land use changes. Secondly this research
aims at assessing the impact on water resources from different climate scenarios and land use scenario
policies in force [24] for land management and environmental protection, given the impact of land use
changes in the hydrological system. To achieve this, the study required a downscaled GCM output of
the emission scenarios B1 (medium-low) and A2 (medium-high) for the 2025 and 2050 time slice [8].
Outputs were linked to the surface and groundwater recharge numerical modelling in a chained
procedure, which considers land use/land cover and forecasted changes. To address both aspects,
the methodology has been applied in the Fluvià basin (Spain), which constitutes a good example of a
forested basin with a complex coupled stream/aquifer hydrologic system where slight changes of land
cover use are forecasted following existing regulations. The river baseflow is provided by perennial
springs and seepage areas located close to the riverbed, which drain the aquifers. The river receives a
significant groundwater input, which is especially important during periods with no precipitation.
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2. Study Site

The Fluvià basin, located in NE Spain, covers more than 973 km2 of a mainly forested cover
(76% of the surface area) in the highest elevations and agricultural land (21%) in the mid- and lower
alluvial valley located in the Mediterranean Sea mouth (Figure 1).
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Figure 1. Layout of the Fluvià basin. Location of meteorological stations and streamflow gauges in the
study area are also shown.

The basin is characterized by a stepped topography in the western part, with elevations ranging
from 1606 m to sea level. The average slope is 2.4% [25,26]. Forest and agricultural lands are the
main land use in the area, with some urban areas (3%) located mainly along the coast. Catchment
selection was based on existing meteorological datasets, land use (forest cover of Olm oaks, beech,
pine trees and cork oaks in 76% of the total area), projected future land use changes, water demand
and surface-groundwater hydraulic conditions (losing/gaining stream).

Catchment geology is composed predominantly by sedimentary materials (sandstones,
conglomerates, limestones) and alluvial and coastal sediments, which constitute the main aquifer
formations, and by Quaternary volcanic rocks (basaltic lava flows and pyroclastic rocks). The La
Garrotxa volcanic natural park extends over 151 km2 in the upper Fluvià basin. The soils are generally
thin (a few cm), mostly in steep slopes and deep (up to a few m) in valleys, reflecting a broad range of
soil formation processes, land uses (irrigation/dryland) climatic and geologic conditions. Inceptisols
and Entisols are found.

The climate is typical Mediterranean with marked seasonality, dry summers and rainy springs
and autumns. For the historical period (1984–2008), the mean annual precipitation in the upper part
of the catchment accounted for 1052 mm, while it reached 630 mm in the coastal area. Precipitations
are strongly related to seasonal changes, with 80% occurring between October and April, with a
monthly maximum of 105 mm in autumn and a minimum value of 30 mm in summer. Rainfalls have
extreme variability; the precipitation can vary by large amounts, occurring mainly in autumn; indeed,
a maximum rainfall event of 234 mm during a 24-h period was recorded in November 1999. The mean
annual temperature is 14 ˝C, ranging between a maximum of 30 ˝C in summer and a minimum of
´10.5 ˝C in winter. The mean annual potential evapotranspiration is 820 mm, as estimated by the
Penman-Monteith method.
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The hydrographic network is composed of the Fluvià River and several tributaries that flow
into the Mediterranean Sea through the L’Empordà wetland after passing a 70-km length (Figure 1).
The hydrology of the river is characterized by low flows in winter, some small snow-induced peaks
in spring/early summer and smaller peaks in July and August due to the effect of rainfall events.
For the study period (1984–2008), the average streamflow volume (annual yield) was 158 hm3. The
catchment hydrological response is dominated by a long dry season and a short wet season, in which
even large inputs of rainfall may produce little or no response at the catchment outlet. Isolated events
taking place over several consecutive weeks produce only a small amount of runoff. Within 24 h of a
rainfall event, a direct runoff component at the basin outlet is produced. Due to the basin’s relatively
small dimensions, the concentration time is a few hours, and consequently, direct runoff is discharged
after a short period of time. Besides direct runoff, a secondary flow component of aquifer discharge
(baseflow) is also observed. After a rainfall period, a rapid increase in the very low initial baseflow is
produced followed by a long recession time period, even months, until attaining the initial baseflow.
The long recession time is clearly explained by the groundwater discharges from the hydraulically
connected aquifers.

From the hydrogeologic standpoint [27], confined and unconfined aquifer units composed of
aquifer materials of a detrital, alluvial, calcareous and volcanic origin constitute the main groundwater
resources [28]. Groundwater exploitation from wells is carried out mainly for the water supply of
60,000 inhabitants (2008 statistical data) and agricultural irrigation.

3. Methodology

3.1. General Approach

The basis of this work was the development of a methodological modelling-based framework
that incorporates a global climate model, as well as hydrologic processes. Numerical models were
applied to estimate streamflow and spatially-distributed groundwater recharge to simulate climate
change impacts on water resources (Figure 2).
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The first step was to assess flow regime (streamflow) and recharge through modelling for the
historical period (1984–2008). HEC-HMS 3.4 [29] and Visual-BALAN 2.0 [30] were the basic tools used
for the baseline (or reference historical period) and future time period, according to the selected climate
scenario, the change of crop type cultivation and land use/land cover. Secondly, streamflow and
recharge for the A2 (medium high) and B1 (medium low) climate scenarios and the 2025 (2000–2024)
and 2050 (2025–2050) time slices were simulated from downscaling the ECHAM5 (GCM) results (Max
Plank Institute für Metereologie). Furthermore, a sustainable scenario with a moderate increase in
vegetated land cover and a time-evolving scenario implying a major increase in urban areas were
defined. Finally, streamflow and recharge estimation for B1, A2, 2025 and 2050 for the sustainable and
time-evolving land use change scenarios were simulated. The new area distribution map includes land
use and land cover estimations.

The multiple combinations of climate model, time slices, greenhouse scenarios, socio-economic
scenarios and hydrological estimation methods resulted in six scenarios.

3.2. Datasets

Seven meteorological stations are located in the study area, three of them on the basin
coastal boundary, covering a 25-year record of daily historical weather data were analyzed for the
representative condition in the 1984–2008 reference historical period. All of the meteorological data
were provided by the Spanish National Meteorological Agency (AEMET). Daily rainfall (P), average
temperature (T), minimum and maximum temperature values were compiled. Missing value analyses
and homogeneity tests [31] were conducted for the available dataset (P and T). After extensively
analyzing the datasets, records from two meteorological stations had to be rejected, as they contained
large gaps and major errors; finally, five were selected, as shown in Figure 1. Only La Vall d’en Bas,
Castellfollit de la Roca and Roses database registered precipitation and temperature for the 25-year
record. Both the historical and future scenario spatial precipitation distribution over the study area
were obtained by interpolating precipitation data at existing meteorological stations using the Thiessen
polygons method.

Four flow-gauge stations (Figure 1) in the Fluvià basin were used for the runoff data assessment.
Available records extend for the whole study period (1984–2008) with some gaps due to technical
reasons. The streamflow data were obtained from the Catalan Water Agency (ACA).

The soil map, land use and land cover data for both the baseline and future scenarios were
provided by the IRTA agricultural research center (www.irta.cat/en-US/Pages/default.aspx) and the
European Topic Centre for Spatial Information and Analysis (ETC/LUSI, www.sia.eionet.europa.eu/
Consortium/UAB). Soil characteristic parameters (clay and silt content and hydrologic soil group)
were compiled from the soil base map. Regarding the future land use/land cover in the basin, the
forecast was based on the data provided by the Pla Territorial General de Catalunya [24], currently in
force in this Autonomous Community, which establishes regional planning projections until the year
2030. This horizon was selected after considering the difficulties for realistic long-term predictions.

The aquifer units outcropping in the area (six, total or partially outcropping) and hydrologic
properties were those defined by the [27] and were based on the hydrogeologic map (Mapa d’àrees
hidrogeòlogiques de Catalunya; 1:250,000).

All of the spatial data (input and output) on the catchment scale required for this research
were stored and managed in a GIS through base maps projected as layers in ArcGIS 9.2 (ESRI®).
The topographic surface was based on a 10 m ˆ 10 m digital elevation model (DEM) provided
by ETC/LUSI.

3.3. Rainfall-Runoff Processes and Modelling

The Fluvià basin flow regime analysis and modelling were performed in two steps. First,
a rainfall-runoff black box model based on the curve number method, which takes into account daily
flow at the basin outlet and precipitation, was specifically developed in a 132.4 km2 subcatchment
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located in the northern part of the basin (Vall d’en Bas, Olot, not shown here). In this catchment,
the availability and quality of the meteorological, land cover/land use and flow regime data allow
for accurate hydrograph derivation from a specific precipitation amount and, consequently, the
assessment of the proposed approach. In the second step, a streamflow numerical model for the
Fluvià basin was developed and implemented. For the flow regime analysis, the HEC-HMS 3.4 [29],
a spatially-distributed numerical code designed to simulate rainfall-runoff processes for short- and
long-term duration events, was applied. Code selection was based on its user-friendly structure
and its applicability to our proposed goals, and it has also been widely used in different watershed
systems ([32,33], among others).

Among other capabilities, HEC-HMS is capable of simulating event-based and continuous
modelling of variable hydrological processes. It offers the possibilities of evaluating three different
layers in the hydrological system: atmosphere, vegetation and surface soil. The model allows the
simulation of movement of water once it has entered the system as rainfall. Soil percolation is
understood herein as subsurface recharge.

Continuous soil moisture assessment was carried out by the soil moisture accounting (SMA)
sub-model, which simulates water movement (input-output) and storage through vegetation, soil
surface, soil profile and groundwater. Water storage was simulated for precipitation event intervals.
The ModClark rainfall-runoff transformation method applied is based on Clark’s unit hydrograph
method [34]. For baseflow simulation, the linear reservoir method based on mass conservation was
applied, as well as the kinematic wave method for the flood routing process. The model was run
on a daily basis (time step of 24 h). The calibration period was January 1987–November 1989, and
validation went from December 1985–June 1987; streamflow data series selection was based on their
accuracy (data from the Garrigàs flow-gauge station; Figure 3).
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Figure 3. Schematic view of the Fluvià basin and sub-basins’ discretization for rainfall-runoff modelling
with HEC-HMS 3.4 [29]. Streamflow data and the locations of the Garrigàs gauge station and the
Castellfollit meteorological station are also shown.

The catchment area was subdivided into eight sub-basins (Figure 3), characterized by a unique
combination of topography, land cover, land use and soil type, among other physiographic features,
which was assumed to be averaged along the sub-basin in relation to its hydrologic properties. All
of the requested information, raster maps of land use and land cover based on DEM were stored in
a 1000 m ˆ 1000 m grid. The information was built up in a GIS based on the HEC-GeoHMS tool.
The boundary condition (system input) was the precipitation observed in the five rain gauges, while
the initial condition to solve flow equations was the initial moisture state in the catchment. The
fitting simulating the observed data (streamflow) was guided by visual inspection and statistical
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measures [35]. The Nash–Sutcliffe model efficiency index (EF), used to assess the predictive power of
the hydrological models, and the coefficient of determination R2 were applied to assess the fit between
the observed and predicted data.

Future predictions were obtained by running the model with the GCM downscaled meteorological
data (input), while the model parameters remained unchanged. In calculation terms, the model initiates
simulation after considering the parameters that represent the initial state of the system, characterized
by four layers or levels for model parameterization.

3.4. Recharge Assessment and Modelling

The groundwater recharge from precipitation in the outcropping aquifers in the Fluvià River
catchment area was computed by Visual-BALAN 2.0 [30], a user-friendly modular design model based
on a physical water-soil balance that has been successfully applied in many areas [23,36].

The code comprises three sub-models that take into account processes in the upper part of the soil
(root zone), the unsaturated and saturated (aquifer) zones in a chained form. The potential recharge to
the aquifer is the water that reaches the bottom of the unsaturated zone (percolation). The code also
allows the calibration of the obtained recharge against groundwater level observations from the wells
in the study area. Soil water processes include infiltration, evaporation, plant uptake and percolation
to lower layers. Surface components are rainfall, irrigation, surface runoff, which derive from the curve
number method [37], and infiltration capacity, which is a function of the soil hydrologic properties. The
main input variables are meteorological (mean daily temperature, solar radiation, daily precipitation),
soil-aquifer parameters (soil depth, porosity, field capacity, wilting point, hydraulic conductivity,
specific yield and transmissivity), vegetation parameters (height and interception coefficient) and
irrigation. Detailed information on the model is presented in the Supplementary Materials.

For this study, 46 recharge zones (Figure 4) were assumed homogeneous compared to the soil
parameters, land use (forest, urban, irrigated and non-irrigated crop areas), slope, altitude and
meteorological data. The data of cultivated crops (pasture, barley, corn rye, alfalfa, apple trees,
sunflower) were provided by the Census of Agriculture (Spanish Ministry of Agriculture), and the
irrigation amounts applied by local farmers were obtained directly from field surveys.
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Daily potential evapotranspiration (PET) for existing vegetation (forest and bushes) and crops
was provided by the IRTA and CREAF (Centre de Recerca Ecològica i Aplicacions Forestals), and
actual evapotranspiration (ET0) was calculated by Blaney–Criddle, a commonly-accepted method
for Mediterranean areas [38]. Aquifer recharge, according to cultivation patterns (distribution and
type of crop, irrigation schedule and amount applied), was assessed by estimating the corresponding
plant-soil-water balance at the field scale in the catchment area. It is noteworthy that for the existing
aquifers in the study area, extension did not fully correspond to the surface catchment boundary
conditions to allow an accurate aquifer balance assessment; thus, we focused on natural recharge.

As Visual-BALAN soil-plant-water balance runs also provide a streamflow estimation with time,
the runoff values measured at the Garrigàs gauge station, located at the lower end of the Fluvià
catchment (Figure 1), were used to assess the amount of recharged water. The contrast process
also allowed the assessment of the preferential flow coefficient, evapotranspiration and recharge on
transit. This approach was considered the best option, as available piezometric observations were
lacking in many areas, and the datasets were of poor quality, when available, which impaired the
simulated-observed recharge calibration.

For future recharge scenarios, daily precipitation and temperature from the downscaled GCM
outputs and new land use scenarios (spatial distribution land cover and crop type according to the Land
Planning Act, [24]) were established; irrigation amount was assigned according to crop requirements.

3.5. Climate Change Scenarios

For the climate change impact assessment in the hydrological system, the ECHAM5 (www.mpimet.
mpg.de/wissenschaft/globale-klimamodellierung/echam/echam5/) coupled atmosphere-ocean
general circulation model (GCM) was applied for this work. ECHAM5 has been widely used in
climate change studies by the Fourth Intergovernmental Panel on Climate Change [39]. The spatial
resolution is equivalent to 50 km ˆ 50 km for the latitude of interest. The model was run for estimated
greenhouse gas scenarios (SRES) of medium-high (A2) and medium-low (B1) and the time slices or
periods of 2013–2037 (named 2025) and 2038–2062 (named 2050), as provided by the Max Planck center.
The ECHAM5 reference period run is the 1971–2000.

The future scenario results were downscaled to translate the outputs from the GCM model into
useful information on a regional scale [11,40]. Several techniques are available for generating high
resolution climate information and downscaling, but some tend to be complex and/or computationally
expensive, and it is not always straightforward which techniques should be adopted [41].

Precipitation is a random natural process and exhibits an effect influenced by previous events,
although subsequent events are not rigidly controlled and can be regarded as a Markov chain process
that can be downscaled by stochastic methods [42]. The rainfall generator was based on a first-order
non-stationary Markov chain-dependent process for modelling rainfall occurrence (based on the
assumption that the probability of a wet/dry day is fully defined if precipitation occurred, or not,
on the previous day) and a Weibull distribution for modelling the amount of rainfall [43]. The
amount of precipitation refers to a rainfall event of more than 0.1 mm/d. A classical first-order
autoregressive moving average model in both the autoregressive and moving average (ARMA (1,1))
for temperature was used [44]. The output obtained was daily temperature and precipitation. Future
spatial precipitation was obtained from the five stations’ downscaled data. For a more profound
explanation of the applied methodology, the reader is directed to information contained in [18] and
the Supplementary Materials.

3.6. Land Use/Land Cover Data and Projections

Land use and land cover projections (for sustainable or time-evolving land use/land cover change
scenarios) on the local scale were defined by taking into account not only the potential future evolution
in the basin following the socio-economic trends in the area, but also additional official information
on population projections, water management, land planning, irrigation demand projections and
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natural protected areas. The Land Planning Act currently in force forecasts only the land use/land
cover changes by the year 2030. Changes in land use/land cover maps were obtained for future
scenarios to be coupled to the hydrologic models for the streamflow and recharge estimations in the
two projected scenarios.

Modelling was achieved with the Land Change Modeler 2.0 code (LCM) based on the IDRISI
Taiga model (www.clarklabs.org) and was carried out by LUSI. Specifically, changes (or story lines) in
agriculture and irrigation, deforestation, reforestation and afforestation, but also from urbanization or
transportation, were considered for sustainable or time-evolving land use/land cover changes.

4. Results

4.1. Historical Period (1984–2008): Streamflow and Subsurface Recharge Results

In Figure 5, the comparison of simulated (HEC-HMS 3.4) and observed hydrographs for the
calibrated and validated periods, along with the goodness-of-fit statistics, are presented. Most peak
events are well simulated, and the baseflow comes close to the observations. An explanation of the
peak events not captured by the model might be related to the spatial distribution of the rainfall
events in the catchment (characteristic of the Mediterranean region) and the rainfall gauge spatial
density distribution. It should also be noted that the data compiled at the discharge gauge cannot
be considered representative of the total discharge on a given day; measured streamflow datasets
correspond to a given time (midday).
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Water 2016, 8, 228 10 of 16

Differences between the observed and simulated volume of discharge are around 1.5% and
2% for the simulated and calibrated periods, respectively, which fall within the range of acceptable
error [45]. The statistical evaluation reports good values for the calibration and validation periods;
the Nash–Sutcliffe efficiency indices range between 0.6 and 0.7, indicating that model predictions are
more accurate than the observed mean and that the determination coefficient (R2, where a value of one
presents a perfect fit between the observed and predicted values) is always higher than 0.7.

Figure 6 presents the net natural recharge results for the historical period and the outcropping
aquifer area in the Fluvià catchment obtained with Visual-BALAN. The average recharge for the
1984–2008 period accounts for 273 hm3¨ year´1, which represents 31% of the total precipitation for the
same period, a value that can be considered representative for this area. According to the obtained
results, the highest values of recharged volume are associated with forested land, which constitutes
76% of the basin headwater land cover. Although most values lie around the historical average, a slight
decreasing recharge trend has been observed since 2003, a fact that is also reflected in the observations
of the historical rainfall data series.
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The Visual-BALAN contrast analysis presented a difference in the results of 10%, which is an
acceptable error, and also shows the capability of the applied approach for the groundwater recharge
assessment. The fact of taking into account the aquifer extent within the surface basin boundaries does
not invalidate the obtained results, as the groundwater discharge to the stream channel is an estimate
of the streamflow during rainless periods.

4.2. Climate Change Forecast and Effects on the Hydrological System

The climate results for the historical, 2000–2024 and 2025–2050 periods and climate change
scenarios (B1, A2) according to the downscaled ECHAM5 outputs (temperature and precipitation) are
summarized in Table 1. Observations (1984–2008) and downscaled precipitation and temperature for
the reference period (ECHAM5, 1971–2000) have been also included as Supplementary Materials. The
results indicate a major increase in temperature and a drop in precipitation compared to the historical
data (especially for the A2 scenario and the 2025–2050 time slice). Other researchers have obtained
similar results in the studies they have done in the Mediterranean region [16,18,46]. A decreasing
rainfall trend is observed along time and scenarios, although a moderate increase in precipitation is
detected for the B1 greenhouse scenario at the end of the simulated 2025–2050 period (in comparison
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to the 2000–2024 time slice), which can be attributed to the associated uncertainties of the results.
Changes are not evenly distributed along time, as they are related directly to monthly precipitation.

Table 1. Historical and forecasted changes in precipitation and temperature after ECHAM5 downscaling
(annual average). Scenarios B1, A2 and time slices 2000–2024 and 2025–2050. P: precipitation;
T: temperature (three stations).

Parameter Historical B1 Scenario A2 Scenario

1984–2008 2000–2024 2025–2050 2000–2024 2025–2050

T (˝C) 14.1 14.7/(0.6) 15.2/(1.1) 14.7/(0.6) 15.6/(1.5)
P (mm) 870 788/(´9.4%) 801/(´7.9%) 761/(´12.5%) 722/(´17%)

It should be noted that the GCM direct output provides relative changes between two time slices
(and climate scenario), later downscaled at the regional scale. For the 1971–2000 period, the downscaled
ECHAM5 temperature value was 13.3 ˝C (mean annual); at the three meteorological stations, values
ranged between 12.9 ˝C and 15.1 ˝C for the 1984–2008 (historical). Regarding precipitation, the
estimated downscaled value (405 mm, ECHAM 5 reference period) underestimates the observations
(870 mm, average) recorded at the five meteorological stations (1984–2008). Consequently, the estimated
change in rainfall needs to consider the uncertainties arising from the GCM results [47], which may
even be greater than the predictions [40]. In the study area, uncertainties still remain on precipitation
changes, and predictions should be treated with caution; estimated values are generally lower than
observations and the extreme spring and autumn Mediterranean seasonal variability, when most of
the rainfall takes place, is not reflected in the simulated data. Therefore, the precipitation decrease
trend is only an indication of the system’s potential response.

Assuming that climate change alone drives changes in the hydrologic system, an overall decrease
in streamflow and natural recharge is forecasted in the study area for the future scenarios (Table 2).
As expected, the widest variability is observed for scenario A2 (medium-high greenhouse effects), with
a minimum recharge value of 216.7 hm3 and 74.2 hm3 of streamflow at the end of the period (2050).
By the end of 2050, natural water resources’ availability will have significantly decreased (Figure 7).

Table 2. Effects system of climate change on water resources at the basin level. The forecasted scenarios
are B1 and A2 (downscaled from ECHAM5); the sustainable scenario corresponds to a moderate
increase in vegetated land cover, while time-evolving changes imply a major increase in urban areas.
The considered time slices are 2000–2024 and 2025–2050. The difference and percentage of change are
indicated in brackets.

Scenario Precipitation (mm) Runoff (hm3/year) Recharge (hm3/year)

2000–2024 2025–2050 2000–2024 2025–2050 2000–2024 2025–2050

B1
788 801 92.4 93.8 248.2 248.1

(´41.8%) (´41.0%) (´9.1%) (´9.2%)

B1_sustainable
90.3 91.5 246.6 246.3

(´43.2%) (´42.4%) (´9.7%) (´9.8%)

B1_time-evolving change 90.3 91.5 246.6 246.3
(´43.2%) (´42.4%) (´9.7%) (´9.8%)

A2
761 722 84.1 76.2 235.9 218.6

(´47.0%) (´52.1%) (´13.7%) (´20.0%)

A2_sustainable
82 74.2 234.2 216.7

(´48.3%) (´53.3%) (´14.3%) (´20.7%)

A2_ time-evolving change 82 74.2 234.2 216.7
(´48.3%) (´53.3) (´14.3%) (´20.7%)

Historical (1984–2008) 870 870 159 159 273 273
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At the catchment level, a decrease in precipitation of 8.6% (B1, average) and 14.7% (A2, average)
originates the reduction in runoff of 41.4% (B1, average) and 49.5% (A2, average), respectively, for the
2000–2050 time slice. Similar results have been obtained by [48] based on SWAT.

For recharge, the response to the changes expected in the precipitation pattern led to decreases
of 9.1% (B1, average) and 16.8% (A2, average) and to reduced aquifer storage. It is important to note
that for B1 and for both time periods (2000–2024, 2025–2050), this decrease is estimated as 9% and
that these values fall within the possible estimation error, while the reduction by the end of A2 (2050)
still shows a greater decrease in recharge. The recharge processes from the precipitation taking place
in soil, and saturated and unsaturated zones are delayed when compared to the predicted decrease
in precipitation. This delay is the result of the non-linear behavior exhibited by the recharge process,
the distribution of the amount recharged throughout the year and is also dependent on the soil and
plant parameters. Compared to the runoff results, the amount of recharge reduction is always lower
and delayed in time, as expected.
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4.3. What-If Scenarios and Water Resources

The second water resource projected set, achieved by combining the IPCC scenarios of climate
change and land cover and land use projections (conservative and time-evolving changes that imply
land cover increase), is shown in Table 2; output takes the historical (2005) available land use and land
cover data records as a baseline reference. According to the LCM model, for the outputs at an explicit
allocation in the landscape, an increase in the areal extension in forest (6%) and urban areas (18%) is
forecasted, while a decrease in agriculture (12%), bushes (23%) and pasture (38%) is produced for the
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time-evolving scenario (increasing trend). For the sustainable scenario, forest, urban and pasture land
cover increases (4%, 4% and 8%, respectively), and bushes and agriculture areal extension diminishes
(23% and 11%, respectively). The most important difference between both scenarios refers to changes
in the urbanization of the catchment.

Water resource availability after coupling the B1, A2 and conservative/time-evolving scenarios
mentioned previously shows that forecasted/foreseen (according to regulations) land cover changes
(2030 projection) appear to be the least representative parameter that conditions hydrologic changes.
The comparison made of the projections obtained from the IPCC scenarios alone shows that the
meteorological parameters (P, T) are the most important drivers to condition future water resources.
The slight and realistic land use changes allowed in regulations currently in force at the basin level,
if compared to projected changes on temperature and precipitation uncertainties from climatic results,
may counterbalance the obtained results.

5. Summary and Conclusions

The work presented herein constitutes an attempt to develop an integrated approach of climate
change impact and water resources on a local scale by linking a general circulation model (GCM)
with streamflow and subsurface recharge numerical models. The results of a surface-recharge
modelling application in the Fluvià catchment (Girona, Spain) are presented. As the catchment
is a hydraulically-connected stream-groundwater system, modelling applies a distributed recharge
model (Visual-BALAN) and the HEC-HMS code for surface water streamflow simulation.

Since the approach involves assembling equations for both groundwater recharge and surface
water and considering the differences in hydrologic processes between the two regimes and datasets
required, modelling the two domains was carried out independently. No interface was built, and
modelling was done in a chained form. In the chained model, the recharge calibration/contrast was
obtained from the streamflow data. The obtained results lie within the range of possible error, which
proves the capability of the applied approach in hydrologic simulation.

At the Fluvià catchment level, the observed climate impact on water resources is mainly the
result of higher temperature (and higher evapotranspiration due to increased temperature) and less
rainfall. Nevertheless, it is important to note the associated uncertainties of the stochastic climate
simulation. Foreseen realistic land use land cover changes do not appear to be an important parameter
given the minor changes forecasted. However, unexpected events (i.e., fire impact on land cover)
may produce major changes to the hydrologic system, which should be taken into account in further
research. Regarding the diminished subsurface recharge process for future scenarios at the Fluvià basin
level, although decreases of 8.6% and 14.7% in annual precipitation are expected for the B1 and A2
scenarios, respectively, changes in intra-annual rainfall and temperature regimes will have significant
impacts. Recharge is highly sensitive to seasonal changes, and further detailed research is required.

The 2050 (A2) predictions show that climate change will affect all of the hydrological system
resources; i.e., surface-subsurface components, as well as inter-connected ecosystems, and increased
seasonal water demand by vegetation (including forested areas) or crops as a response to temperature
and evapotranspiration increase. For the irrigated area, where higher transpiration rates are expected,
fulfilment of plant requirements may imply a higher irrigation dose driven by declining rainfall,
a fact that needs to be assessed. Therefore, as changes in the available water resources are foreseen in
the future to cover this imbalance, water reduction demand represents the only option for planned
adaptive measures.

The conclusions are, to some extent, subject to uncertainties and error propagation; it is
important to notice that future states are much more uncertain and unpredictable in long time
horizons that are implied by standard approaches [49]. Existing limitations of modelling coupled
complex climate-hydrologic systems are clear in this study, and future work is planned to address
them. Deterministic estimates may be often wrong or misleading due to a lack of indication on the
magnitude of underlying uncertainties or they do not provide an indication of the key sources of
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uncertainty (model structure, model parameters, data) or the propagation of one part of the system
to the next. Quantifying and determining uncertainty and error propagation and how uncertainties
may condition final results is a key issue to evaluating in detail the impacts in water resources,
to support water managers to cope with changing water resources under future scenarios and to
evaluate adaptation measures. If the research purpose is to use results as a knowledge input to
decision-making, uncertainties are an important aspect to assess.

Despite the fact that accurate data are lacking over time and space at the catchment level and make
this exercise and its good performance difficult, the outputs and experience gained in this research
can contribute to prepare to cope with forecasted global change impacts on water resources in similar
catchments with sparse surface-subsurface datasets.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/8/6/228/s1, File S1:
Historical and downscaled data; File S2: downscaling; File S3: Visual-BALAN; File S4: Sub-basins characteristics.
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