-

View metadata, citation and similar papers at core.ac.uk brought to you byﬁ CORE

provided by Repositorio Institucional de la Universidad de Alicante

Accepted Manuscript

JOURNAL OF
“(DRCI LOGY

Assessment of climate change impacts on soil water balance and aquifer re-
charge in a semiarid region in south east Spain

I. Touhami, E. Chirino, J.M. Andreu, J.R. Sanchez, H. Moutahir, J. Bellot

PII: S0022-1694(15)00362-5

DOL: http://dx.doi.org/10.1016/j.jhydrol.2015.05.012
Reference: HYDROL 20447

To appear in: Journal of Hydrology

Received Date: 16 December 2014

Revised Date: 30 April 2015

Accepted Date: 8 May 2015

Please cite this article as: Touhami, I., Chirino, E., Andreu, J.M., Sanchez, J.R., Moutahir, H., Bellot, J., Assessment
of climate change impacts on soil water balance and aquifer recharge in a semiarid region in south east Spain,
Journal of Hydrology (2015), doi: http://dx.doi.org/10.1016/j.jhydrol.2015.05.012

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.


https://core.ac.uk/display/32323285?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1016/j.jhydrol.2015.05.012
http://dx.doi.org/http://dx.doi.org/10.1016/j.jhydrol.2015.05.012

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

29

Assessment of climate change impacts on soil water balance and aquifer

recharge in a semiarid region in south east Spain

I. Touhami® **, E. Chirino> %, J. M. Andreu’, J. R. Sanchez" ¢, H. Moutahir', and J.

Bellot"*

! Dept. of Ecology. University of Alicante. Apdo. 99. 03080-Alicante. Spain

2 Mediterranean Center for Environmental Studies (Foundation CEAM). CEAM-Dept. of
Ecology. University of Alicante. Apdo. 99. 03080-Alicante. Spain

’ Dept. of Earth Sciences and Environment. University of Alicante. Apdo. 99. 03080-
Alicante. Spain

* Joint Research Unit University of Alicante-Foundation CEAM. University of Alicante.
Apdo. 99. 03080-Alicante. Spain

> Laboratory of Management and Valorisation of Forest Resources. The National Research
Institute of Rural Engineering, Water and Forestry. INRGREF. BP 10 Ariana 2080.

University of Carthage. Tunisia

*Corresponding author:

Issam Touhami

Department of Ecology. University of Alicante.
Apdo. 99. 03080-Alicante. Spain

Tel. +34 965903555 and Fax: +34 965909832.
E-mail: issam_touhami@yahoo.fr

Abstract



30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51
52

53

54

55

Climate change forecasts in a semiarid region are of much interest to academics, managers
and governments. A significant decrease in annual precipitation and an increase in mean
annual air temperature are expected; consequently, changes in the soil water balance and
groundwater recharge to aquifers are expected as a response to climate change forecasts: In
this context, our study aimed to assess the impact of climate changes on the soil water balance
and natural groundwater recharge in a semiarid area (Ventds-Castellar aquifer, SE, Spain). To
this end, we selected Global Climate Model HadCM3 after comparing it with two other
models (ECHAM4 and CGCM?2). The HadCM3 model climate data (air temperature and
precipitation in two emission scenarios: A2-high and B2-low; 2011-2099) were coupled to a
HYDROBAL hydrological model to determine the soil water balance. The HYDROBAL
model results showed that climate change will have a significant impact on the soil water
balance in the study area, especially on groundwater recharge during the latter period. In both
the A2-high and B2-low scenarios, the selected years to run the HYDROBAL model showed
a decrease in water balance components (Precipitation, actual evapotranspiration, aquifer
recharge and runoff) in relation to the baseline period (1961-1990). Over the projected period
(2011-2099), we expect fewer rainfall events (>15 mm), which promote aquifer recharge,
longer dry summer seasons and, consequently, reduced average annual recharge that ranged
from 3-17%; 10-49 mm, if compared to the baseline period. The methodology developed in
the present study can be beneficial for assessing the impact of predicted climate change on
groundwater recharge, and can help managers and planners to devise strategies for the

efficient use and conservation of freshwater resources.

Keywords: Climate change, soil water balance, aquifer recharge, HYDROBAL model,

semiarid region
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1. Introduction

Global climate change will have a strong impact on the hydrological cycle and, therefore, on
water resources in many regions of the world, which is the general agreement reached by
academics and governments (Kundzewick, and Somlyédy, 1997; Allen and Ingram; 2002;
Huntington, 2006; Wilby et al., 2006; IPCC, 2007, 2013). Groundwater is-an essential
component of the hydrological cycle that could be seriously affected. Variability in annual
precipitation is expected to have direct consequences on groundwater resources (Green et al.,
2011; Jyrkama and Sykesa, 2007; Dragoni and Sukhija, 2008; Kundzewicz and D&ll, 2009).
However, it is hard to establish global potential effects because the relation between climate
compounds and groundwater is a rather complex one. For this reason, advancing further in
our understanding of the impact of climate change is necessary because, on a global scale, one
third of the world population depends on groundwater, especially in semiarid areas.
Therefore, groundwater resources may be relatively robust in response to changes in driving
climate variables under climate change if compared with surface water given the buffering
effect of groundwater storage. Hence the role of groundwater in water resources management
is particularly beneficial because it can be used to support public water supply projects and to
study ecosystem services during the drought periods expected in future climate change
scenarios. Groundwater resources will depend on changes in the volume and distribution

(spatial and temporal) of natural recharge.

The latest Assessment Reports of the Intergovernmental Panel on Climate Change (IPCC,
2007, 2013) state that the mean air temperature on the global surface has increased by
0.6+0.2°C since 1861, and predicts an increase of 2-4°C in the next 100 years. More frequent

intense and extreme weather events (including drought and flooding) are also expected. Based
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on the IPCC (2007, 2013) predictions, annual air temperatures will show a warming rate of
between 0.1 and 0.4°C per decade, but this impact could be particularly severe in south
European countries like Spain (Giorgi et al., 2004; Alcamo et al., 2007). The warming pattern
shows a strong south-to-north gradient, especially in summer, which indicates a warming rate
across southern regions of between 0.2 and 0.6°C per decade. For annual precipitation, trends
in Europe for the 1900-2000 period have shown a contrasting picture between northern
Europe (10-40% wetter) and southern Europe (up to 20% drier). In most European countries,
these changes are more marked in winter. Annual precipitation predictions in northern Europe
indicate an increase from 1-2% per decade, with a decrease of up to 1% per decade (and even
up to 5% in summer) in southern Europe. The frequency and duration of very wet periods
have significantly decreased in many regions in recent decades (Hiscock et al., 2012). These
general simulations have been specified for Spain, where an increase in the mean annual
temperature of 2.5°C and a decrease in annual rainfall ranging from 2% in northern basins to
17% in southern basins are expected. These predictions of climate change in south Europe,
particularly in SE Spain, will'have a considerable impact on agriculture and water resources,
especially on the natural groundwater recharge of aquifers (Ayala-Carcedo and Iglesias, 2000;

CEDEX, 2012).

Quantifying the impact of climate change on groundwater resources requires both reliable
climate change forecasting and accurate groundwater recharge estimations (Maxwell and
Kollet, 2008). Hydrological models can be combined with climate scenarios generated from
downscaling Global Climate Models (GCMs) to produce potential scenarios of climate
change effects on groundwater resources on the local scale. The IPCC gives a set of GCMs
(e.g., HadCM3 from the UK, ECHAM 4 from Germany, and CGCM2 from Canada) with a

well standardised group of scenarios (e.g., A1B, A2, B1, B2, etc.) for climate impact studies.
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In the last decade, a growing number of case studies has been generated in an attempt to
quantify the likely direct impacts on groundwater (Scanlon et al., 2006; Hendricks Franssen,
2009; Green et al., 2011; Herrera-Pantoja and Hiscock, 2008; Viviroli et al., 2011; Stoll et al.,
2011; Thampi and Raneesh, 2012; Ali et al., 2012). Thus many of these studies have
predicted decrease in recharge values over the 21st century. However, other studies predict an
increase in aquifer recharge under certain conditions and periods (Doll, 2009; Gurdak and
Roe 2010). Mediterranean region shows a high vulnerability to changes on meteorological
variables such as temperature or rainfall. Otherwise, projections indicate an increased
likelihood of droughts (Iglesias et al, 2007). Many climate change studies have consistently
predicted a reduction in groundwater recharge (Manzano et al., 1998; Younger et al., 2002;
Bates et al., 2008; Doll, 2009; Aguilera and Murillo, 2009; Guardiola-Albert and Jackson,
2011; Hiscock et al., 2012; Pulido-Velazquez et al., 2014). However, more studies about these
changes are needed, especially in arid and semiarid Mediterranean area, where water resource

availability is very reduced.

Therefore, we carried out this study to assess the impact of climate change on the soil water
balance and natural groundwater recharge in a small aquifer in a semiarid area (SE, Spain).
This well known karstic aquifer can be considered as well representative of the kind of
aquifers in this region. Temperature and precipitation data from a selected GCM, previously
downscaled by AEMet (2009), were coupled to the HYDROBAL hydrological model, which
has been previously tested in this semiarid area with good results (Bellot and Chirino, 2013;
Touhami et al., 2013, 2014). Impact on groundwater recharge was assessed for two emission
IPCC scenarios: A2-high and B2-low. This work attempts to make up for the lack of such

studies in semiarid ecosystems.
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2. Study area

The study area (Figure 1) is a small aquifer called Ventds-Castellar located in the
Municipality of Agost in the province of Alicante in SE Spain (38° 28’N, 0° 37°W). Altitude
ranges from 300 to 840 m a.s.l. Slopes vary between 25-30% and are mainly south-facing.
The Ventés-Castellar aquifer consists chiefly of 80-120-metre-thick fractured Cenomanian
limestones, bound at the base by Albiense marls, while there are Upper Cretaceous limestones
and marls at the top. The geological structure is characterised by‘a synclinal with its main axis
tilted to the southwest. On the southern and eastern aquifer borders, Albiense marls outcrop,
while faults come into contact with impermeable (Cretaceous and Tertiary) marls on its north
and western borders. The aquifer is completely isolated from other aquifer formations.
Aquifer recharge takes place through the direct infiltration of rainwater, while natural
discharges are produced mainly through the Agost spring located on the southern border of
the carbonate outcrops. Nowadays this spring is dry and is solely exploited for urban supply
to the town of Agost. Despite pumping not being excess (< 189.000 m’ yr'l), the hydrological
balance of the system has been severely altered; consequently, the water table has dropped
more than 70 m over the last three decades. Short-term changes in groundwater levels suggest
that aquifer teplenishment responds only to significant rainfall episodes. Thus, automated
piezometric records reveal that rises in the water table are observed for a few hours after each
storm (Andreu et al., 2010, 2011). The Ventés-Castellar aquifer is optimal for the purpose of
this paper for several reasons: it has been under direct observation for the last 30 years; it
presents an automatic weather station that takes continuous recordings, and nowadays, it is
equipped with two continuous-log piezometers. Hence, long-term climatic data records (daily

rainfall, air temperature, atmospheric pressure, wind speed and direction) and water table
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elevations are readily available. Its small size also allows better monitoring, and it shows a
quick response to rainfall events (>15 mm), which provides a better understanding of this

aquifer.

According to the Agost Meteorological Station database (1976-2010 period), this area has a
semiarid Mediterranean climate characterised by highly variable rainfall pulses. The mean
annual rainfall is 275 mm and the mean annual temperature is 18.5°C: The interannual
variability of precipitation is very high. However, the temporal distribution is the main abiotic
factor that affects the regeneration of the vegetation cover in the semiarid area. Vegetation
cover is sparse. Stipa tenacissima L. is the dominant species, followed by Globularia alypum
L., Brachypodium retusum (Pers.), and scattered patches of Quercus coccifera L., mixed with
reforested Aleppo pine (Pinus halepensis Miller). Soils are shallow, thinner than 15 cm on
average, which have developed over marl and calcareous bedrock, and are classified as Lithic
Leptosol (FAO-ISRIC-IUSS, 1998). It has a silt-loam texture (17.7% clay, 50.9% silt, 8.4%
fine sand and 23.0% coarse sand), an average bulk density of 1.3 g cm” and porosity of 58%

(Chirino, 2003).

3. Methodology

3.1. Climatic data source

The climatic data (from 1961 to 2099) were obtained by the Spanish National Meteorological

Agency (AEMET) from the meteorological stations closest to the study area. Two weather

stations were selected to model the climatic conditions at Ventds-Castellar aquifer, and they

hold the longest climate records available for this area. The daily precipitation data from 1961
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to 2099 were collected from the Agost-Escuela weather station (376 m a.s.l., 38° 26’N; 0°
38°W) which is about 1 km southwest of the aquifer. The maximum and minimum temperatures
data were obtained from the Novelda weather station (241 m a.s.l., 38° 23°N; 0° 46"W). This
weather station is located 15 km southwest of the aquifer. By considering the different
altitudes above sea level of the Novelda and the Agost-Escuela weather stations, -the
maximum and minimum temperatures values were corrected. The corrected factor was
0.50°C/100 m a.s.l. for the minimum temperature, and 0.75°C/100 m a.s.l. for the maximum
temperature. The temperature and precipitation data during the 1991-2010 period were not
considered in this study, because the climate database during this period is not available to the

HadCM3 model.

3.2. Analysis of climate change forecasts on temporal dynamic of precipitation and air

temperature toward the end of the 21st century

Firstly, in order to select the most representative Global Climate Model (GCM) of the
climatic conditions (historical and future data) at the study site, we selected the three most
widely used GCMs in the European region from the [PCC Data Distribution Centre: (1) The
CGCM2 model represents the second generation coupled Canadian global model (Flato et al.,
2000); (2) The HadCM3 model represents the third version of the coupled atmosphere-ocean
model presented by Gordon et al. (2000); (3) The ECHAM4 model is based on the prevision
model of the European Centre for Medium Range Weather Forecast (ECMWF; Roeckner et
al. 1996). For this purpose, we used the AEMet data downscaled within the PRUDENCE and

ENSEMBLES projects (AEMet, 2009).
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For the purpose of comparing the performance of the three GCMs (HadCM3, ECHAM4 and
CGCM?2), we attempted to answer two questions: (1) Are there differences between the data
observed at the study site and in databases of the three GCMs? For this purpose, we analysed
the database (precipitation, minimum and maximum air temperature) corresponding to the
periods 1976-1990 and 1980-1990 respectively. A statistical analysis was done using. the
multiple pair-wise comparisons of the Kruskal-Wallis non-parametric test (XLSTAT®, 2014).
(2) Do the forecasts of the three GCMs differ very much for the emission scenarios during the
future period? For this analysis, we compared the database (precipitation, minimum and
maximum air temperature) from the 2011-2099 period of the three GCMs for two emission
scenarios: Scenario A2-high projects, high population ‘growth and slow economic and
technological development; Scenario B2-low estimates, slower population growth, rapid
economic development and places more emphasis on environmental protection. Scenario B2-
low shows more concern for environmental and social sustainability if compared to Scenario
A2-high. These two selected scenarios cover a wide range of variation, which have been
considered sufficiently representative of the set of scenarios. The climate series data of
emission Scenarios A2-high and B2-low were analysed for three future time series (2011-
2040, 2041-2070 and 2071-2099), which are commonly used in scenario constructions (IPCC,

2007).

Secondly, in order to analyse the temporal variation of the climatic variables of this model
(precipitation, minimum and maximum air temperature) throughout the study period (from
1961-1990 and 2011-2099), a General Linear Model univariate analysis was performed. Data
were analysed by two-way ANOVA using two factors: (1) the period’s factor (1961-1990,
2011-2040, 2041-2070 and 2071-2099) and (2) the emission scenarios factor (A2-high and

B2-low). Annual precipitation (Figure 2) and mean annual air temperature (maximum and

10
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minimum; Figure 3) were used as the dependent variables. This statistical analysis was

performed using the SPSS v.18 package (SPSS Inc., Chicago, IL, USA).

3.3. HYDROBAL model description

Hydrological simulations were performed with the HYDROBAL model (Bellotet al., 1999,
2001; Bellot and Chirino, 2013). HYDROBAL is a model that integrates meteorological
conditions, vegetation characteristics and soil processes to simulate water balances in
ecosystems dominated by different vegetation types. The model estimates water flows across
vegetation canopy and soil water balance using a simple mass balance equation calculated by
a daily time step. This equation estimates the groundwater recharge (R) by considering
precipitation (P) to be input, less output by rainfall interception, actual evapotranspiration
(Et,), runoff (R.p) and change in soil water storage (#). A brief description of the model is
presented herein, but a more detailed description and discussion of it can be found in Bellot
and Chirino (2013) and in Touhami et al. (2013). The input data are: (1) soil data (depth of
soil, total porosity, field capacity, wilting point and initial soil moisture); (2) climate data
(rainfall, air temperature, relative humidity and global radiation); (3) vegetation data (plant
cover, vegetation structure and species composition). Reference evapotranspiration (£%,) was
computed from the climate variables by the Hargreaves-Samani method (Hargreaves and
Samani, 1982). Actual evapotranspiration (E?,) was estimated using a negative exponential
approach according to the k factor and Et,. The k factor is an empirical parameter that
integrates the structural and ecophysiological characteristics of vegetation cover types. The
model’s outputs variables (expressed in L m™ day’l) were: interception, net precipitation,
surface runoff, soil water reserves, actual evapotranspiration, direct percolation, infiltration

and potential recharge. A multivariate sensitivity analysis of the HYDROBAL model was

11
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performed. The model was calibrated during 1997/98 and 1998/99 on the basis of soil
moisture by the Time Domain Reflectometry System (Reflectometer Tektronic 1502C,
Metallic TDR cable Tester, Tektronix, Beaverton, OR, USA) from 0 to 30 cm (maximum soil
depth) by employing 12 probes installed in the experimental plots (Chirino, 2003; Bellot and
Chirino, 2013). The HYDROBAL model has been validated using water table records from
successfully applied under semiarid conditions to analyse the soil water balance on different
vegetation cover types and to assess its effects on runoff, evapotranspiration and soil moisture
(Bellot et al., 1999; Chirino, 2003). It has also been used to assess the effect of different land-
use scenarios on water resources and aquifer recharge (Bellot et al., 2001; Touhami et al.,

2013, 2014).

3.4. Soil water balance and aquifer recharge calculation

The daily data (precipitation-and air temperature) predicted with the HadCM3 model were
used in the HYDROBAL hydrological model to assess the impact of climate changes on the
soil water balance and natural groundwater recharge in the Ventds-Castellar aquifer. One
representative year per decade during the different analysed periods was selected; the baseline
and future periods (emission scenarios A2-high and B2-low). The selected year had to meet
two conditions: (1) the year whose annual precipitation came close to the mean precipitation
of the decade; (2) showing a similar distribution of monthly precipitation to the mean monthly
observed in the study area. According to the two conditions, the selected years per analysed
period were: during the baseline period (1961-1990), the years 1970, 1971, 1990; in the future
time series for scenarios A2-high; period (2011-2040), the years 2020, 2023, 2031; period

(2041-2070), the years 2047, 2058, 2066; and the period (2071-2099), the years 2078, 2084

12
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and 2096. For scenario B2-low; period (2011-2040), the years 2017, 2021, 2033; period

(2041-2070), the years 2050, 2060, 2068; period (2071-2099), the years 2077, 2087 and 2098.

The HYDROBAL model was used to estimate the soil water balance and aquifer recharge in
the main representative vegetation cover types of the study area. The considered vegetation
types were: (1) open Stipa tenacissima steppes with lesser dwarf shrubland cover (52% of the
total surface cover); (2) degraded open land or bare soil (0.5%); (3) afforested pine and dry
grassland (10%); (4) dry grassland (18%); (5) afforested pine and thorn shrubland (13.5%);
and (6) scattered thorn and sclerophyllous shrublands (6%). In order to determine the soil
water balance on the aquifer scale, the model’s variable output values were weighted
according to the percentage of vegetation cover types on the aquifer surface. A further

explanation is presented in Touhami et al. (2013, 2014).

Finally using the HYDROBAL model output variables (precipitation, actual
evapotranspiration, groundwater recharge, runoff, and soil moisture), a General Linear Model
univariate analysis was performed to analyse the water balance results. Data were analysed by
a two-way ANOVA using two factors: (1) period factor, by considering the average during
each period, and the mean of the three selected years per period (1961-1990, 2011-2040,
2041-2070 and 2071-2099); (2) the emission scenarios factor: A2-high and B2-low. Given
our aim to know the temporal evolution tendency towards the end of the 21st century, several
regression analyses were also performed. A polynomial equation (y =a+bx+cx’) showed the
best fit. This statistical analysis was performed using the SPSS v.18 package (SPSS Inc.,

Chicago, IL, USA).

4. Results
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4.1. Global Climate Models selection

The first analysis results indicated that during the baseline period, the HadCM3 model
presented the most similar database (precipitation and air temperature) to the data observed
(1976-1990) if compared with the three analysed GCMs (p < 0.001, Table 1). The ECHAM4
database showed slight differences, while the CGCM?2 database presented the largest
differences (p < 0.001, Table 1). In the second analysis, when we compared the forecast of the
three GCMs for emission scenarios A2-high and B2-low during the 2011-2099 period, we
observed that the databases of the HadCM3 model and ECHAM4 models presented similar
precipitation and minimum air temperature values (p < 0.001, Table 2) in both emission
scenarios (A2-high and B2-low). For maximum air temperature, we found significant
differences (p < 0.001, Table 2). In this case, the CGCM?2 database also showed the largest
differences (p < 0.001, Table 2) if compared to the other GCMs; therefore we considered not
using this CGM for the water 'balance study. In summary, the HadCM3 model database gave
the best fit according to the observed data (1976-1990) and showed similar climatic forecast
in emission scenarios A2-high and B2-low during the 2011-2099 period if compared to
ECHAM4 model. For this reason, we selected the HadCM3 database as it was the most
suitable model to assess the impact of climate change forecasts on the soil water balance and
natural’ groundwater recharge in our study area. This model is extensively described in
Gordon et al. (2000), Pope et al. (2000), and has been widely used in climate change studies

in Mediterranean region (Rodriguez et al., 2007; Candela et al., 2009).

4.2. Climate change impact on precipitation and air temperature

14
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The results indicate a significant decreasing of annual precipitation from the baseline period

(1961-1990) to the future period (2071-2099; Table 3). The modelling predictions suggest

that mean precipitation will decrease by 1% during (2011-2040); 6% during (2041-2070) and
12% during the latter period (2071-2099) if compared to the baseline period (1961-1990).
This will be the equivalent to a reduction in average annual precipitation of up to 1.1% per
decade. Neither differences between emission scenarios (A2-high and B2-low) nor
interactions between the assessed factors (p < 0.05, Table 3) were found. The report of the
Centre for Studies and Experimentation of Public Works, Spain (CEDEX, 2012), obtained a
similar results, which generally predicted that the mean precipitation in Spain will lower by
5% during the first period (2011-2040); 8% during the middle period (2041-2070) and 13%

during the last period (2071-2099).

As a result of climate change forecasts for the selected years (a representative distribution
years for the study condition), there will be more days without precipitation (P = 0 mm).
Although a mean of 325 days ylr'1 without rainfall was found during the baseline period
(1961-1990), this will increase to 344 days ylr'1 during the last period (2071-2099). Another
consequence of climate change is that the duration of dry summer periods will prolong. In the
summers during the baseline period, a mean of 117 consecutive days without significant
rainfall (< 5 mm) was observed. However by the end of the 21st century (2071-2099),
summer dry periods are expected to last 173 days (5.7 months) in the A2-high scenario and
148 days (4.9 months) in the B2-low scenario. Consequently, the duration of dry seasons will
increase from 26.5% to 47.8% depending on the scenario emissions. This increase in drought

events will become commoner in southern European regions (Hiscock et al. 2012).
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Previous hydrogeological studies carried out in the Ventds-Castellar aquifer have indicated
that rain events of < 15 mm are predominant (Chirino et al., 2006) and that these events
hardly ever increase the water table level (Andreu et al., 2002; Touhami et al., 2013). So their
contribution to aquifer recharge is considered negligible. We also considered the rainfall
events of >15 mm during the baseline period (120 events), and found a decrease of almost
19% and 27% at the end of this century (23-32 rain events) in the A-high scenario and the B2-

low scenario, respectively.

The maximum air temperature will increase by 1.4°C during 2011-2040, 2.7°C during 2041-
2070 and 4.4°C during 2071-2099 in comparison to the baseline period. The same pattern was
also observed for minimum temperature (an increase of 1.3°C during 2011-2040, 2.5°C during
2041-2070 and 4.0°C during 2071-2099). These will be the equivalent to an increase in the
maximum and minimum temperatures of up to 0.4°C per decade. A significant increase in air
temperature was also found towards the end of this century (p < 0.001, Table 3). The
scenarios factor affected air temperature. The A2-high scenario showed a higher air
temperature (maximum-and minimum) than B2-low (p < 0.01, Table 3), and some interactions

between both emission scenarios were also seen.

The frequency distribution of analysing the annual precipitation for the baseline and the future
periods provided some evidence for climate change. During the baseline period (1961-1990),
53% of the years showed annual precipitation to be 200-350 mm (Figure 4), classified as a
semiarid climate according to the climatic classification of Rivas-Martinez (1983). The
predominance of years with annual precipitation falling within the semiarid climate range
(200-350 mm) was maintained during periods 2011-2040 and 2041-2070. However at end of

the 21st century, the years with precipitation below 200 mm ylr'1 will predominate (>62% in
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both scenarios; Figure 4), which corresponds to an arid climate. These results, along with the
expected increase in air temperature, are indicators of climate aridification in the study area at

end of the 21st century, which is expected to affect the soil water balance.

4.3. Water balance results for climate change scenarios

Changes in meteorological variables alter the water balance and the partitioning of
precipitation between evapotranspiration, surface runoff, and groundwater recharge. In order
to establish the effect on water budget a soil water balance has been applied to the future
meteorological variables. After applying the HYDROBALmodel’s water balance (Table 4) to
the Ventds-Castellar aquifer, the results show a decreasing in the annual average of all the
output water balance variables at the different periods projected, especially with the A2-high
scenario. The average recharge during the last period, 2071-2099, will decrease by up 3%
during (2011-2040), 8% during (2041-2070) and 17% during the last period (2071-2099) if

compared to the baseline period (1961-1990).

It is predicted that the available water volume for groundwater recharge will decrease over the
entire 21st century. In the later years of this century, we will observe lower annual
precipitation if compared to the baseline period in both scenarios and, consequently,
groundwater recharge will diminish (Table 4). By averaging the three selected years per
period, the temporal variation analysis of the HY DROBAL model’s output variables indicated
a significant decrease in water balance components (recharge, actual evapotranspiration,
runoff and soil moisture; p < 0.01; Table 5) with different amplitudes. We did not find
significant differences between scenarios (p > 0.05; Table 5). In both scenarios (A2-high and

B2-low), a second-grade polynomial equation with a significant fit (p > 0.05) showed a
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temporal decrease in the HYDROBAL model’s output variables from the baseline period to

the end of this century (Figure 5).

Soil water content and annual rainfall distribution play a key role in the aquifer recharge
volume. In the A2 scenario, the year 2058, with less annual precipitation (220 mm), will
produce a higher aquifer recharge (47 mm) than the year 2066 (P = 249 mm; R = 36 mm;
Figure 6). This result is due to a higher rain event concentration in the spring of 2058 (Figure
6), which will bring about a sustained increase in soil water content-and, consequently, in
aquifer recharge. However, in 2066, we will observe more separate rain events. Although an
increase in soil water content will take place, the increase in aquifer recharge was not
observed (Figure 6). We observed a similar result in the B2-low scenario. The year 2098, with
23 mm less of annual precipitation, will produce 10 mm more of aquifer recharge than the

year 2033 (Figure 6). The explanation is the same as that indicated for the A2-high scenario.

5. Discussion

The results of the predicted scenarios for precipitation (a decrease in annual precipitation of
up to 1.1% per decade) and air temperature (an increase in the mean air temperature of up to
0.4°C per decade) agree with the Assessment Reports of the Intergovernmental Panel on
Climate Change in southern Europe (IPCC, 2007, 2013). Similar results have been confirmed
in the Alicante region, SE Spain, where Aguilera and Murillo (2009) estimated a decrease in
annual precipitation of up to 1% and an increase in the mean air temperature of up to 0.45°C
per decade for the future 100-year series when compared to the baseline period (1961-1990).
Christensen et al. (2007) compared the results of eight Regional Climate Models (RCMs) in

basins in south Spanish basins for the same climatic scenarios, A2-high and the B2-low, with
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the baseline period (1961-1990). In this previous work, the future climate simulated with the
HadCM3 model reported similar results, with increases of 0.5°C in air temperature and

slightly higher results for annual precipitation (2% per decade) during the 21st century.

As expected, the results predicted for semiarid regions, which is our case, will be slightly
higher than the results predicted for wetter regions. On the Island of Majorca, Candela et al.
(2009) used the same GCM, HadCM3, and estimated a less marked decrease in annual
precipitation of up to 0.1% per decade, and an increase in the mean air temperature of up to
0.2°C if compared to the control period 1970-2000. Larger differences were observed if
compared to studies done in northern Spain. The estimated data results from the work of
Raposo et al. (2013) on the Galicia Coast, NW Spain, used different RCMs to predict a
decrease in annual precipitation by up to 0.2% per decade, and an increase in the mean air
temperature of up to 0.1°C during the future 2071-2100 period if compared to the control
period of 1961-1990. The works of Candela et al. (2009) and Christensen et al. (2007) found
significant differences between scenarios A2-high and B2-low for variable precipitation, but

no significant differences in air temperature.

The study area has a high potential vulnerability to climate changes. The changes projected in
the precipitation and air temperature regime will significantly influence the average annual
recharge of the Ventds-Castellar aquifer. Despite uncertainties we will observe that the
change in the percentage of aquifer recharge vs. the baseline period (1961-1990) will
decrease by up 3% (10 mm) during the period 2011-2040; 8% (24 mm) during the period
2041-2070 and by up 17% (49 mm) during the last period (Table 5). Several previous studies
have reported results that came close to the values observed in our study. On the Island of

Majorca (Spain), Younger et al. (2002) also estimated the same decrease in mean aquifer
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recharge of up to 16% during the future 100-year series if compared to the pre-1995 values.
By using the HadCM3 projections between 2071-2099 vs. the 1961-1990 baseline period in
the Almonte-Marismas aquifer (Dofiana wetland, SW Spain), Guardiola-Albert and Jackson
(2011) indicated that the mean annual recharge rates will decrease by 14%. The same
reduction value for scenario A2-high (14%) has been reported by Pulido-Velazquez et al.
(2014) in the Serral-Salinas aquifer in Altiplano (Murcia, SE Spain) after applying different
RCMs. Other studies carried out in the Iberian Peninsula have shown lower recharge. Candela
et al. (2009) investigated the impacts of climate change on groundwater recharge in the Inca-
Sa Pobla coastal aquifer (Majorca Island, Spain) for the year 2025. They indicated a 12.5%
decrease in natural recharge if compared to 1980-2005, which could be due to differences in
the compared periods. On the Galicia Coast, N Spain, Raposo et al. (2013) estimated lower
decrease in recharge of up to 9% for the 2071-2100 period if compared to the 1961-1990 one,
which is in accordance with the wetter climatic conditions in north Spain. While studying the
effect of climate change on the natural groundwater recharge in other karstic aquifers similar
province of Alicante, SE Spain, Aguilera and Murillo (2009) applied the ERAS model and
observed that the mean annual groundwater recharge values for 1900-2000 decrease
significantly of up-to 50%. This major difference in the change in the recharge percentage
might be due to the fact that these authors adopted a different methodological approach and a

distinct baseline period to those used in our study.

These reductions in recharge could affect dependent groundwater supplies. In Alicante
province many small towns like Agost only use groundwater resources. Therefore the
forecasts of changes in vegetation cover (species distribution and composition), according to

Thuiller et al. (2005) and Bakkenes et al. (2006), will give rise to further changes in the soil
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water balance and aquifer recharge forecasts. It is necessary to devise specific water resources
management policies in accordance with future forecasts. Therefore, adaptation measures to
climate change in the water resources field for the Ventds-Castellar aquifer are necessary.
Planning water resources projects using the principles of precaution, organisation and

efficiency will prove most profitable in the future.

The results showed in this study have been obtained from climate data forecasts indicated by
the Global Climate Model HadCM3. Although the IPCC have used several methods and
models (simple models, multi-models) in order to get solid data on climate change forecasts,
still there are uncertainties, and the sources are diverse. At present, some methods are
explicitly responsible for major sources of uncertainty such as climate feedbacks, ocean heat
uptake, radiative forcing and the carbon cycle (IPCC, 2007). Using disturbances in the
atmosphere feedbacks, land carbon cycle, ocean physics and aerosol sulphur cycle processes,
Booth et al. (2012) show several studies about variations in the climate change forecasts due
to uncertainty in the global climate model HadCM3. The authors indicated that a small
minority of simulations resulting from combinations of strong atmospheric feedbacks and
carbon cycle responses show temperature increases in excess of 9 degrees. Davy and Esau
(2014) indicated the need for a better description of the stably-stratified atmospheric boundary
layer in global climate models in order to constrain the current uncertainty in climate
variability and projections of climate change in the surface layer. They show that the
uncertainties in the depth of the atmospheric boundary layer can explain up to 60% of the
difference between the simulated and observed surface air temperature trends and 50% of the
difference in temperature variability for the Climate Model Intercomparison Project Phase 5
(CMIPS5) ensemble mean. The aerosol indirect effects continue to be a major source of

uncertainty in modelling the climate of Earth. Ban-Weiss et al. (2014) indicated that the used
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sensitivity in some GCMs could be subject to misinterpretation due to the confounding
influence of meteorology on both aerosols and clouds. Other uncertainties can be due to
climate scenarios; for this, some works had been focused to get consistent climate scenarios,
enabling project teams, researchers and academics a best understanding of the climate change
forecast (Ricketts et al., 2013). On the other hand, we must also consider the own
uncertainties of the hydrological models (McMahon et al.,, 2015) from -database of

precipitation and temperature of the GCMs.

6. Conclusions

Process of forecasting climate change and groundwater recharge is highly complex, especially
in semiarid region where recharge is reduced and associated to few events per year. In order
to continue the advance in this research topic, this study presents a methodological approach
for assessing climate change impacts on soil water balance and aquifer recharge. Coupling
projected climates based on' circulation models and a HYDROBAL hydrologic model,
recharge has been estimated on a small karstic aquifer in southern Spain. Three global change
models were tested, but HadCM3 model was selected as the most suitable model to assess the
impact of climate forecast on the region on A2-high and B2-low scenarios. Mean annual
precipitation will decrease in annual precipitation of up to 1.1% per decade. Drought periods
will be more frequents along the time for both scenarios (A2-high and B2-low). The analysed
data suggest a transition from the semiarid condition during the baseline period (1961-1990;
53% of the years with annual precipitation between 200-350 m) to the arid condition at end of

the century (2071-2099; 62% of the years with annual precipitation <200 mm).
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Results reveal that during the different periods climate change will have variables impacts on
groundwater recharge. Despite uncertainties recharge will be affected (2011-2040 up to 3%
and 2041-2070 up to 8%). In the last period (2071-2099), climate change seems have a strong
impact and recharge could be seriously reduced if it is compared to the baseline period (1961-
1990). This may be attributed to the decrease in mean annual precipitation and the increase in
mean air temperature observed during the last period. The results obtained in this work are

subjected mainly to uncertainties and the level of confidence in the regional projections.

Acknowledgements

This research has been supported by the UNESCO (IGCP-513), the European Commission
(PRACTICE project), the Spanish Government through the Ministry of Economy and
Competitiveness (ECOBAL Project, CGL2011-30531-C03-01 and SURVIVE project, CGL
2011-30531-C02-02), the Consolider programme INGENIO 2010 (GRACCIE Project,
CSD2007-00067), and the ~ Generalitat Valenciana (FEEDBACKS-PROMETEO;

ACOMP/2010/272 and GV07/143).

References

Agencia Estatal de Meteorologia (AEMet). 2009. Generacion de escenarios regionalizados de
cambio climdtico para Espana (Generation of regionalized scenarios of climate change for
Spain). Ministerio de Medio Ambiente, Medio Rural y Marino, Madrid. Available online:

http://escenarios.inm.es. (last access: February 2012).
Aguilera, H., Murillo, J.M., 2009. The effect of possible climate change on natural

groundwater recharge based on a simple model: a study of four karstic aquifers in SE Spain,

Environ. Geol. 57, 963-974.

23



561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593

Alcamo, J., Moreno, J.M, Noviky, B., Bindi, M., Corobov, R., Devoy, R.J.N.,
Giannakopoulos, C., Martin, E., Olesen, J.E., Shvidenko, A., 2007. Europe. Climate Change
2007: Impacts, Adaptation and Vulnerability. Contribution of Working Group II to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change, M.L. Parry, O.F.
Canziani, J.P. Palutikof, P.J. van der Linden and C.E. Hanson, Eds., Cambridge University
Press, Cambridge, UK, 541-580.

Ali, R., McFarlane, D., Varma, S., Dawes, W., Emelyanova, 1., Hodgson, G., 2012. Potential
climate change impacts on the water balance of regional unconfined aquifer systems in South-
Western Australia, Hydrol. Earth Syst. Sci. Discuss. 9, 6367-6408, doi:10.5194/hessd-9-6367-
2012.

Allen, M.R., Ingram, W.J., 2002. Constraints on future changes in climate and the hydrologic
cycle. Nature, 419: 224-232.

Andreu, J.M., Delgado, J., Garcia-Sanchez, E., Pulido-Bosch, A. Bellot, J., Chirino, E., Ortiz
De Urbina, J.M., 2002. Influencia de los episodios lluviosos recientes en la recarga del

acuifero Ventds-Castellar (Alicante). Geogaceta 31: 55-58.

Andreu, J.M., Martinez-Santos, P., Pulido-Bosch, A., Garcia-Sanchez, E., 2010. Resources
assessment of a small karstic Mediterranean aquifer (South-Eastern, Spain), Edited by: B.

Andreo et al., Advances in Research in Karst Media. DOI: 10.1007/978-3-642-12486-0.

Andreu, J.M., Alcald, F.J., Vallejos, A., Pulido-Bosch, A., 2011. Recharge to mountainous
carbonated aquifers in SE Spain: Different approaches and new challenges, J. Arid Environ.,

75, 1262-1270.

Ayala-Carcedo, F.J, Iglesias, A., 2000. Impactos del posible Cambio Climatico sobre los
recursos hidricos, el disefio y la planificacidn hidrolégica en la Espaiia Peninsular, edited by:
Balair6én, L., El Cambio Climatico, Servicio de Estudios del BBVA, El Campo de las
Ciencias y las Artes, 137, 201-222.

24



594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625

Ban-Weiss, G.A., Jin, L., Bauer, S.E., Bennartz, R., Liu, X., Zhang, K., Ming, Y., Guo, H.,
Jiang, J.H., 2014. Evaluating clouds, aerosols, and their interactions in three global climate
models using satellite simulators and observations, J. Geophys. Res. Atmos., 119, 10, 876-

10,901, doi:10.1002/2014JD021722.

Bates, B. C., Kundzewicz, Z.W., Wu, S., Palutikof, J. P., (eds). 2008. Climate Change and
Water IPCC Secretariat (Technical Paper of the Intergovernmental Panel on Climate Change).

p 210.

Bakkenes, M., Eickhout, B., Alkemade, R., 2006. Impacts of different climate stabilisation

scenarios on plant species in Europe, Global Environ. Chang. 16(1)19-28.

Bellot, J., Sanchez, J.R., Chirino, E., Hernandez, N., Abdelli, F., Martinez, J.M., 1999. Effect
of different vegetation types on the soil water balance in semiarid areas of South Eastern

Spain, Phys. Chemi. Earth. 24, 353-357.

Bellot, J., Bonet, A., Sanchez, J.R., Chirino, E., 2001. Likely effects of land use changes on
the runoff and aquifer recharge in a semiarid landscape using a hydrological model.

Landscape Urban Plann. 55, 41-53.

Bellot, J., Chirino, E., 2013. Hydrobal: An eco-hydrological modelling approach for assessing

water balances in different vegetation types in semi-arid areas, Ecol. Model. 266, 30-41.

Booth, B., Bernie, D., McNeall, D., Hawkins, E.., Caesar, J.C., Boulton, C., Friedlingstein, P.,
Sexton; D., 2012. Scenario and modelling uncertainty in global mean temperature change
derived from emission driven Global Climate Models. Earth Syst. Dynam. Discuss. 3, 1055-
1084.

Candela, L., von Igel, W., Elorza, F.J., Aronica, G., 2009. Impact assessment of combined
climate and management scenarios on groundwater resources and associated wetland

(Majorca, Spain). J. Hydrol. 376, 510-527.

25



626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659

CEDEX-Centro de Estudios y Experimentaciéon de Obras Publicas. 2012. Estudio de los
impactos del cambio climético en los recursos hidricos y las masas de agua. Informe técnico

para el Ministerio de Medio Ambiente, y Medio Rural y Marino, 398 pp.

Chirino, E., 2003. Influencia de las precipitaciones y de la cubierta vegetal en el balance
hidrico superficial y en la recarga de acuiferos en clima semidrido. Ph.D. Thesis, University

of Alicante. Spain, 387 pp.

Chirino, E., Bonet, A., Bellot, J., Sanchez, J.R., 2006. Effects of 30-years-old Aleppo pine
plantations on runoff, soil erosion, and plant diversity in a semi-arid landscape in south-

eastern Spain. Catena 65, 19-29.

Christensen, J. H., Carter, T. R., Rummukainen, M., Amanatidis, G., 2007. Evaluating the
performance and utility of regional climate models: the PRUDENCE project, Clim. Chang.
81(Suppl. 1), 1-6.

Davy, R., Esau, 1., 2014. Planetary boundary layer depth in Global climate models induced
biases in surface climatology. Atmospheric and Oceanic Physics (physics.ao-ph). arXiv:1409-

8426.

Doll, P., 2009. Vulnerability to the impact of climate change on renewable groundwater

resources: A globalscale assessment. Environ. Res. Lett. 4, 035006.

Dragoni, W., Sukhija, B.S. (eds). 2008. Climate Change and Groundwater. Geological
Society, London, Special Publications, 288, 1-12.

FAO-ISRIC-ISSS. 1998. World Reference Base for Soil Resources. FAO, Roma.

Flato, G.M., Boer, G.J., Lee, W.G., McFarlane, N.A., Ramsden, D., Reader M.C., Weaver,
AJ., 2000. The Canadian Centre for Climate Modelling and Analysis global coupled model
and its climate. Clim. Dynam. 16, 451-467.

Giorgi, F., Bi, X., Pal, J., 2004: Mean interannual and trends in a regional climate change

experiment over Europe. II: Climate Change scenarios (2071-2100). Climate Dyn. 23, 839-

26



660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693

858.

Gordon, C., Cooper Senior, C., Banks, H.T., Gregory, J.M., Johns, T.C., Mitchell, J.F.B.,
Wood, R.A., 2000. The simulation of SST, sea ice extents and ocean heat transports in a
version of the Hadley Centre coupled model without flux adjustments, Clim. Dynam. 16, 147-

168.

Green, T.R., Taniguchi, M., Kooi, H., 2011. Beneath the surface of global change: impacts of
climate change on groundwater, J. Hydrol. 405, 532-560.

Guardiola-Albert, C., Jackson, C.R., 2011. Potential impacts of climate change on

groundwater supplies to the Dofana wetland, Spain. Wetlands, 31, 907-920.

Gurdak, J.J., Roe, C.D., 2010. Review: recharge rates and chemistry beneath playas of the
High Plains aquifer, USA. Hydrogeol. J. 18 (8), 1747-1772.

Hargreaves, G.H., Samani, Z.A. 1982. Estimating potential evapotranspiration. Tech. Note, J.
Irrig. Drain. Eng. ASCE, 108, 225-230:

Hendricks Franssen, H.J., 2009: Tmpact of climate change on groundwater resources: the need

for integrative approaches, Int. J. Clim. Chang. Strateg. Manag. 1, 241-254.

Herrera-Pantoja, M., Hiscock, K.M., 2008. The effects of climate change on potential

groundwater recharge in Great Britain, Hydrol. Process. 22, 73-86.

Hiscock, K., Sparkes, R., Hodgens, A., 2012. Evaluation of future climate change impacts on
European groundwater resources. In: Treidel, H., Martin-Bordes, J.J., Gurdak, J.J. (Eds.),
Climate change effects on groundwater resources: a global synthesis of findings and
recommendations. IAH International Contributions to Hydrogeology, Taylor and Francis,

London, 351-366 pp.

Huntington, T. G. 2006. Evidence for intensification of the global water cycle: review and

synthesis. J. hydrol. 319, 83-95.

27



694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727

Iglesias, A. Garrote L., Flores, F., Moneo, M. 2007. Challenges to Manage the Risk of Water
Scarcity and Climate Change in the Mediterranean. Water. Resour. Manage., 21:775-788.

IPCC, 2013. Summary for Policymakers. In: Climate Change 2013: The Physical Science
Basis. Contribution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M.
Tignor, S. K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (Eds.)].
Cambridge University Press, Cambridge, UK and NY.

IPCC, 2007. Climate Change 2007: The Physical Science Basis, in: Contribution of Working
Group 1 to the Forth Assessment Report of the Intergovernmental Panel on Climate Change,
edited by: Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K. B., Tignor,
M., and Miller, H. L., Cambridge Univ. Press, New York.

Jyrkama, M.I., Sykesa, J.F., 2007. The impact of climate change on spatially varying
groundwater recharge in the Grand River watershed (Ontario). J. Hydrol. 338,237-250.

Kundzewick, Z.W., Somlyédy, L., 1997. Climatic change impact on water resources in a

system perspective. Water Resour. Manage. 11, 407-435.

Kundzewicz, Z.W., Doll, P., 2009. Will groundwater ease freshwater stress under climate

change? Hydrol. Sci. J. 54 665-75.

McMabhon, T.A., Peel, M.C., Karoly, D.J., 2015. Assessment of precipitation and temperature
data from CMIP3 global climate models for hydrologic simulation. Hydrol. Earth Syst. Sci.,
19,361-377.

Manzano, M., Custodio, E., G. Cardoso da Silva, G., Lamban, J., 1998. Modelacion del
efecto del cambio climdtico sobre la recarga en dos acuiferos carbonatados del area
mediterranea. 4° Congreso Latinoamericano de Hidrologia Subterrdnea, Montevideo,

Uruguay. ALHSUD, 1: 322-333.

Maxwell, E.W., Kollet, S.J., 2008. Interdependence of groundwater dynamics and land-
energy feedbacks under climate change, Natural Geosci., 1, 665-669.

28



728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759

Pope, V.D., Gallani, M.L., Rowntree, P.R., Stratton, R.A., 2000. The impact of new physical
parameterizations in the Hadley Centre climate model-HadCM3, Clim. Dynam. 16, 123-146.

Pulido-Velazquez, D., Garcia-Aréstegui, J.L., Molina, J.L., Pulido-Velazquez, M., 2014.
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. DOI: 10.1002/hyp.10191.

Raposo, J.R., Dafonte, J., Molinero, J., 2013. Assessing the impact of future climate change

on groundwater recharge in Galicia-Costa, Spain. Hydrogeol. J. 21 (2); 459-479.

Ricketts, J.H., Kokic, P.N., Carter, J.O., 2013. Consistent Climate Scenarios: projecting
representative future daily climate from global climate. 20th International Congress on
Modelling and Simulation, Adelaide, Australia, 1-6 December 2013.

www.mssanz.org.au/modsim2013.

Rivas-Martinez, S. 1983. Pisos biocliméticos de Espafia. Lazaroa, 5: 33-43.

Roeckner, E., Arpe, K., Bengtsson; L., Christoph, M., Claussen, M., Diimenil, L., Esch, M.,
Giorgetta, M., Schlese, U., Schulzweida, U., 1996. The atmospheric general circulation model
ECHAM 4: model description and simulation of present-day climate. Max-Planck Institute for

Meteorology, Report No.218, Hamburg, Germany, 90 pp.

Rodriguez-Diaz, J.R., Weatherhead, E.K., Knox, J.W., Camacho, E., 2007. Climate change
impacts on irrigation water requirements in the Guadalquivir river basin in Spain. Reg.

Environ. Change, 7, 3, 149-159.
Scanlon, B.R., Keese, K.E., Flint, A.L., Flint, L.E., Gaye, C.B., Edmunds, M.W., Simmers, I.,

2006. Global synthesis of groundwater recharge in semiarid and arid regions, Hydrol. Process.

20, 3335-3370.

29



760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793

Stoll, S., Hendricks Franssen, H.J., Butts, M., Kinzelbach, W. 2011. Analysis of the impact of
climate change on groundwater related hydrological fluxes: a multi-model approach including

different downscaling methods, Hydrol. Earth Syst. Sci. 15, 21-38.

Thampi, S.G., Raneesh, K.Y., 2012. Impact of anticipated climate change on direct
groundwater recharge in a humid tropical basin based on a simple conceptual model, Hydrol.

Process. 26, 1655-1671.

Thuiller ,W., Lavorel, S., Araujo, M.P., Sykes, M.T., Prentice, I.C., 2005. Climate change
threats to plant diversity in Europe. Proceedings National Academy of Sciences USA

(PNAS), 102: 8245-8250.

Touhami, I., Andreu, J.M., Chirino, E., Sanchez, J.R.;, Moutahir, H., Pulido-Bosch, A.,
Martinez Santos, P., Bellot, J. 2013. Recharge estimation of a small karstic aquifer in a

semiarid Mediterranean region (southeastern Spain) using a hydrological model, Hydrol.

Process. 27, 165-174.

Touhami, I., Andreu, J.M., Chirino, E.; Sanchez, J.R., Pulido-Bosch, A., Martinez-Santos, P.,
Moutahir, H., Bellot, J. 2014. Comparative performance of soil water balance models in

computing semiarid aquifer recharge, Hydrolog. Sci. J. 59 (1):193-203.

Viviroli, D., Archer, D.R., Buytaert, W., Fowler, H.J., Greenwood, G.B., Hamlet, A.F.,
Huang, Y., Koboltschnig, G., Litaor, M.I., Lépez-Moreno, J.I., Lorentz, S., Schidler, B.,
Schwaiger, K.; Vuille, M., Woods, R. 2011. Climate change and mountain water resources:
overview and recommendations for research, management and politics, Hydrol. Earth Sys.

Sci. 15, 471-504.
Wilby, R.L., Whitehead, P.G., Wade, A.J., Butterfield, D., Davis, R.J., Watts, G., 2006.
Integrated modelling of climate change impacts on water resources and quality in a lowland

catchment: River Kennet, UK. J. Hydrol. 330, 204-220.

XLSTAT, 2014. Complete data analysis software system and statistics add-in for MS Excel,
Version 2014.2.

30



794  Younger, P.L., Teutsh, G., Custodio, E., Elliot, T., Manzano, M., Satuer, M., 2002.
795  Assessments of the sensitivity to climate change of flow and natural water quality in four
796  major carbonate aquifers of Europe. In: Hiscock KM, Rivett MO, Davison RM (Eds.)
797  Sustainable groundwater development. Special Publication 193, Geological Society, London,
798  303-323 pp.

799

31



800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828

829
830
831
832
833
834
835

FIGURE CAPTIONS

Figure 1. Geographical location and geological setting of the Ventds-Castellar aquifer.

Figure 2. Annual precipitation during the baseline period (1961-1990) and the future period
(2011-2099). The HadCM3 model output data for the A2-high (grey bar) and B2-low (black

bar) scenarios.

Figure 3. Mean annual (maximum and minimum) temperatures during the baseline period
(1961-1990) and the future period (2011-2099). The HadCM3 model output data for the A2-
high (grey line) and B2-low (black line) scenarios.

Figure 4. Frequency distribution of annual precipitation for both the baseline period (1961-
1990) and the future period (2011-2040, 2041-2070 and 2071-2099) if compared to the A2-
high and B2-low scenarios from the HadCM3 model. The climatic classification based on the
works of Rivas-Martinez (1983) determines' three bioclimatic belts for this region, which

range from dry (350-600mm), semiarid (200-350mm) to an arid climate (<200mm).

Figure 5. The temporal evolution tendency of the HYDROBAL model output variables for the
future period in both emission scenarios: A2-high (white circle and polynomial regression as
a dashed line); B2-low (black circle and polynomial regression as a solid line). The data of the
HYDROBAL model output variables in each selected year. Quadratic Polynomial Equation (y
=a+b*x+c*x”) -and determination coefficient (significant level* p<0.05; ** p<0.01; ***

p<0.001).

Figure 6. Temporal variation of daily precipitation, soil moisture and aquifer recharge using
the HYDROBAL model for the years analysed, 2047 and 2058 for A2-high and 2060 and
2098 for B2-low (P: precipitation, black bar, R: recharge, dash-dot line and 6: soil moisture,

grey solid line).

32



© 00 N o O PN

N RN NN NDN P B P R PR R R R
o o1 A WON P O O 0N OO O ODN O

N N
oo

WWWWWWWwWwwWwN
O~NOO U WNE OO

TABLE

Table 1. Comparison between the observed data from the Agost-Escuela and Novelda
meteorological station and the databases for the baseline period for the GCMs. Results of the
non-parametric test, multiple pair-wise comparisons of the Kruskal-Wallis test and the post
hoc Wilcoxon pairs comparison. Meanzstandard error. For each climatic variable, the values

followed by the same letter are not significantly different at p < 0.05.

Table 2. A comparison results of the GCMs for the study period (2011-2099; N=90).
Statistical analyses were performed using the Kruskal-Wallis test (XLSTAT®, 2014).
Meanzstandard error. For each climatic variable, the values followed by the same letter are

not significantly different at p < 0.05.

Table 3. Precipitation and air temperatures for the study period of the HadCM3 model.
General Linear Model univariate results using two factors: periods (1961-1990, 2011-2040,
2041-2070 and 2071-2099) and emission scenarios (A2-high and B2-low). Mean + standard
error; N period = 30, N scenario = 30; Tukey’s HSD post hoc test.

Table 4. The water balance results for climate change in the A2-high and B2-low scenarios

from HadCM3 between the baseline period and future years.

Table 5. The water balance results. General Linear Model univariate results using two factors:
(1) period: considering one average year per decade (3 years/period/scenario) during each
periods (1961-1990, 2011-2040, 2041-2070 and 2071-2099) and (2) scenarios (A2-high and
B2-low). Mean + standard error; N=3; Tukey’s HSD post hoc test.
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Table 1. Comparison between the observed data from the Agost-Escuela and Novelda
meteorological station and the databases for the baseline period for the GCMs. Results of the
non-parametric test, multiple pair-wise comparisons of the Kruskal-Wallis test and the post
hoc Wilcoxon pairs comparison. Meanzstandard error. For each climatic variable, the values

followed by the same letter are not significantly different at p < 0.05.

Global Climate Models (GCMs)

Variables Observed data HadCM3 ECHAMA CGCM2 p-values
P (mm) 302.6+32.3a 303.7+26.5a 236.7+20.3ab 1659+ 11.9b <0.001
max T2 (°C) 23.06+0.33a 23.45+0.17a 24.05%+0.14b  22.14+0.17c <0.001
min T2 (°C) 11.44+0.40a 11.73+0.18a 11.98+0.10a 10.54 £ 0.14b <0.001

" Precipitation between the years 1976-1990 (N=15).
mX T maximum temperature between 1980-1990 (N=11).
minimum temperature between 1980-1990 (N=11).

min T2



82 Table 2. A comparison results of the GCMs for the study period (2011-2099; N=90).
83  Statistical analyses were performed using the Kruskal-Wallis test (XLSTAT®, 2014).
84  Meanzstandard error. For each climatic variable, the values followed by the same letter are
85  not significantly different at p < 0.05.

86

87
Variables Global Climate Models (GCMs) valties

HadCM3 ECHAM4 CGCM2 P

A2-high scenario
P (mm) 246.40 + 9.17° 231.17+5.77% 180.55+3.88" <0.001
max T2 (°C) 25.35+0.18" 26.02+0.16° 24.11+0.15° <0.001
min T2 (°C) 13.53+0.18% 13.67+0.13% 12.17+0.12° <0.001
B2-low scenario
P (mm) 246.94 + 10.51° 227.08 + 6.39° 166.59+4.12° <0.001
max T (°C) 25.05 +0.13" 25.79+0.13% 23.73+0.11°¢ <0.001
min T2 (°C) 13.24 +0.13% 13.51+0.112 11.82+0.09" <0.001

88 " Precipitation.
89 ™ T maximum temperature.
90 ™™ minimum temperature.
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
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Table 3. Precipitation and air temperatures for the study period of the HadCM3 model. General Linear Model univariate results using two
factors: periods (1961-1990, 2011-2040, 2041-2070 and 2071-2099) and emission scenarios (A2-high and B2-low). Mean * standard error; N

period = 30, N scenario = 30; Tukey’s HSD post hoc test.

Period factor

Scenario factor

Main effects and interactions

1961-1990 2011-2040 2041-2070 2071-2099 A2-high B2-low Period Scenario Period x
scenario
P (mm) 273.58+5.82a 270.81+6.90a 258.10+6.64ab 240.26 + 7.54b 261.21 +4.67 260.51 +4.95 0.002** 0.912 ns 0.940 ns

max T2 (°C) 21.39+0.11d 22.74+0.11c 24.04 £ 0.11b 25.79+0.12a
minTé(°C) 10.25+0.12d  11.59+0.11c 12.71+0.12b 14.23 £ 0.13a

23.63+0.13 23.31+0.10
12.33 £0.12 12.03+0.10

<0.001***  0.002**  <0.001***
<0.001***  0.009**  <0.001***

¥ Precipitation.

maX T maximum temperature.

minimum temperature.

0 \/alues followed by the same letter are not significantly different at p < 0.05.
“p<0.001

“p<0.01

™ not significant.

min T2



122  Table 4. The water balance results for climate change in the A2-high and B2-low scenarios
123 from HadCM3 between the baseline period and future years.

124

Baseline period A2-high scenario

1970 1971 1990 2020 2023 2031 2047 2058 2066 2078 2084 2096
P (mm) 279 297 303 323 274 200 273 220 249 246 167 141
Et,(mm) 178 212 201 190 170 172 165 197 1757 1936 151 @ 127
R (mm) 73 72 76 97 73 41 78 47 36 37 22 11
Rofr (Mm) 40 52 50 53 46 38 37 46 40 40 33 22
0 (%) 13.8 145 136 14.2 14 139 133 142 135 135 13 124

Baseline period B2-low scenario

1970 1971 1990 2017 2021 2033 2050 2060 2068 2077 2087 2098
P (mm) 279 297 303 285 269 201 222 259 216 193 167 178
Et,(mm) 178 212 201 160 181 152 172 167 141 159 134 131
R (mm) 73 72 76 83 61 26 38 59 40 25 20 36
R (Mm) 4.0 5.2 5.0 4.2 41 3.2 3.6 4.1 2.8 3.2 25 2.9
0 (%) 13.8 145 136 138 141 134 136 136 126 133 129 128

125  F precipitation.

126 " runoff.

127 2 actual evapotranspiration.
128  Rgroundwater recharge.
129  ?Soil moisture.

130

131

132

133

134

135

136

137

138

139



Table 5. The water balance results. General Linear Model univariate results using two factors: (1) period: considering one average year per
decade (3 years/period/scenario) during each periods (1961-1990, 2011-2040, 2041-2070 and 2071-2099) and (2) scenarios (A2-high and B2-
low). Mean + standard error; N=3; Tukey’s HSD post hoc test.

Period factor

Scenario factor

Main effects and interactions

1961-1990 2011-2040 2041-2070 2071-2099 A2-high B2-low Period Scenario  Period x Scenario
P(mm)  293.00+456a 258.66+19.95a 239.83+9.7lab  182.00 + 14.56b 247.66 +16.15  239.08 +13.97 <0.001 0.571 0.981
Eta(Mm) 197.14+6.49a 170.72+5.49ab  169.73 +7.40ab  149.26 + 10.23b 177.68+6.79  165.75%7.25 <0.002 0.149 0.754
R(mm) 7342+083a  6376+10.90a  49.54+6.64ab  24.93+3.98h 55.11+765  50.71+6.48 <0.005 0.144 0.829
Roff(Mm)  4.75+0.24a 4.20+0.29a 3.80 + 0.25ab 3.01+0.26b 4.14£0.26 3.74£0.25 <0.001 0.550 0.826
0 (%) 13.94+0.17a  13.91+0.11a 1347 +0.21ab  12.98 +0.16b 13.66 +0.17 <~ 13.49+0.15 <0.005 0.366 0.789

P precipitation.
RO runoff.

E12 actual evapotranspiration.
R groundwater recharge.

? Soil moisture.

b the values followed by the same letters within rows do not differ significantly at p = 0.05.
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Fig. 1. Geographical location and geological setting of the VVentds-Castellar aquifer.
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Fig. 2. Annual precipitation during the baseline period (1961-1990) and the future period
(2011-2099). The HadCM3 model output data for the A2-high (grey bar) and B2-low (black

bar) scenarios.
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Fig. 3. Mean annual (maximum-and minimum) temperatures during the baseline period
(1961-1990) and the future period (2011-2099). The HadCM3 model output data for the A2-

high (grey line) and B2-low (black line) scenarios.
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Fig. 4. Frequency distribution of annual precipitation for both the baseline period (1961-1990)
and the future period (2011-2040, 2041-2070 and 2071-2099) if compared to the A2-high and
B2-low scenarios from the HadCM3 model. The climatic classification based on the works of
Rivas-Martinez (1983) determines three bioclimatic belts for this region, which range from
dry (350-600mm), semiarid (200-350mm) to an arid climate (<200mm).
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Fig. 5. The temporal evolution tendency of the HYDROBAL model output variables for the
future period in both emission scenarios: A2-high (white circle and polynomial regression as a
dashed line); B2-low (black circle and polynomial regression as a solid line). The data of the
HYDROBAL model output variables in each selected year. Quadratic Polynomial Equation (y
=a+b*x+c*x?) and determination coefficient (significant level* p<0.05; ** p<0.01; ***
p<0.001).
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Fig. 6. Temporal variation of daily precipitation, soil moisture and aquifer recharge using the
HYDROBAL model for the years analysed, 2047 and 2058 for A2-high and 2060 and 2098
for B2-low (P: precipitation, black bar, R: recharge, dash-dot line and 0: soil moisture, grey

solid line).
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Highlights

® Research analyses impact of climate change on the soil water balance and

recharge

e Three GCM’s were tested. HadCM3 model was selected as the ‘most suitable

model

e Change in precipitation and temperature will influence the average annual

recharge

e HYDROBAL model showed that climate change have a significant impact on

recharge
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