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Recent studies identified the Mediterranean as a region particularly vulnerable to climate change. Since a
large fraction of the region’s water originates from karst aquifers, information about their future water
availability is important for sustainable water management. This study presents an ensemble of 50 model
chains considering five different realisations of the A1B ECHAM5 and HadCM3 climate projections, two
different averaging methods to transfer the climate variables to the system scale and five different hydro-
logical models that represent reasonable conceptualizations of the karst system. The ensemble is applied
to Faria spring, a large Eastern Mediterranean karst spring in the West Bank. We show that for the near
future (2021–2051) variability resulting from the different climate change projections and five different
models is too large to draw conclusions on any significant change. In the remote future (2068–2098), var-
iability decreases and our simulations suggest a decrease of water availability of �15% to �30%. We also
assess the impact of recent pumping activities by running our hydrological models with recently mea-
sured data. There is a strong indication that the spring, which dried out in 2007, would have still yielded
significant amounts of water if groundwater extractions had been limited. This calls for a better manage-
ment of groundwater abstractions to meet future water needs in this drought-prone Mediterranean
region.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Climate projections indicate a significant rise of global temper-
atures together with decreasing precipitation in the Mediterranean
region (Giorgi and Lionello, 2008). Also recent studies identified
the Mediterranean area as a hot spot of aggravated droughts and
heat waves in the coming decades (Orlowsky and Seneviratne,
2012). Approximately 35% of Europe’s land surface are karst expo-
sures and some of its countries receive up to 50% of their drinking
water from karst systems (Andreo et al., 2006). Most karst expo-
sures are found in the Mediterranean region. For instance 25% of
Spain, 33% of France and Turkey, and more than 40% of Slovenia
and Croatia are covered by carbonate rocks (Lewin and Woodward,
2009). Therefore, a profound knowledge about global change im-
pacts on karst water resources is important for water resources
management at these regions, especially at the Eastern Mediterra-
nean, where trans-boundary water agreements are necessary to
share water resources among different countries (e.g. Brooks and
ll rights reserved.
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Trottier, 2010). However, the manner how changes will affect local
or regional water budgets is difficult to assess (Seiler and Gat,
2007). One possible way is to apply hydrological models, which
transform climatic into hydrological projections. For reliable simu-
lations, the used models require an adequate representation of
hydrological systems, which is particularly true in karst regions.

In general, two different types of process-based hydrological
models can be distinguished for karst systems: distributed and
lumped (Sauter et al., 2006). Distributed provide spatially distrib-
uted information about groundwater heads and flow, including
karst processes in different degrees of complexity (for an overview
see Goldscheider and Drew, 2007). Lumped models are based on a
set of mathematical equations that represent the transfer from in-
put. Karst processes can be included conceptually (e.g. Butscher
and Huggenberger, 2008; Fleury et al., 2007; Hartmann et al.,
2012; Rimmer and Salingar, 2006; Tritz et al., 2011). In most cases,
the complexity and heterogeneity of karst systems and the lack or
limitation of groundwater monitoring data prohibit the use of dis-
tributed models and lumped models are applied (Jukic and Denic-
Jukic, 2009).

There are many studies that coupled climate models with
hydrological models (Lenderink et al., 2007; Stoll et al., 2010),
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but only a few of them were performed in karst areas: using a dis-
tributed model, Loaiciga et al. (2000) investigated the impact of cli-
mate change on the Edwards Balcones Fault Zone karst aquifer
Texas, USA. They found a future threatening of water availability
if present pumping rates will not be adapted to future changes in
recharge conditions. Applying a conceptual approach to a large
karst spring in China, Hao et al. (2006) showed a decrease of spring
discharge, which could primarily be attributed to climate change.
Using a groundwater model (Brouyère et al., 2003) predicted a de-
crease of groundwater levels in relation to variations in climatic
conditions in a chalky aquifer in Belgium. In the Eastern Mediter-
ranean, Samuels et al. (2010) coupled a conceptual karst model
with a regional climate model. They found that the predicted de-
crease of precipitation in the middle of this century will result in
reduced stream flow, aggravated by increased evaporation. Similar
results for the same area were found by Smiatek et al. (2011).

This study addresses the impact of global climate change on
Faria Spring, a major Mediterranean karst spring, located 10 km
northeast of the city of Nablus, West Bank, Palestinian Authority.
In order to account for variability in climate change simulations,
in extracting and averaging their gridded information, and in the
choice of an adequate hydrological model, we built an ensemble
of 50 different data sets. Data from five dynamic downscaling
experiments with A1B scenario boundary forcings from the EC-
HAM5 and HadCM3 climate models were bias-corrected and re-
lated to the spring area in two different ways. Results were used
as input for five lumped process-based hydrological karst models
that were previously calibrated by historic discharge observations.
After plausibility checks during a control period (1971–2001), we
produced ensemble runs for two future periods (2021–2051 and
2068–2098). Finally, we compared impacts of climate change to re-
cent changes in spring discharge following increased groundwater
abstractions.
2. Study area

The Faria catchment, extending for about 30 km from west to
east, lies within the Eastern Mountain Aquifer Basin, which is
one of the three major groundwater aquifer basins forming the
West Bank groundwater resources (EXACT, 1998). The Faria spring
is located about 10 km northeast of the city of Nablus at an eleva-
tion of 160 m a.s.l. (Fig. 1). Until recently, it has been one of the
largest fresh water springs in the West Bank (PWA, 2000).

The West Bank has a semi-arid, Mediterranean climate. The
rainy season lasts from October to April with 90% of the rainfall
occurring in autumn and winter. Summer months are character-
ized by high potential evaporation and only occasional rain events
may occur. In the Faria catchment, mean annual precipitation
ranges from 640 mm in the headwaters down to 150 mm at the
outlet to the Jordan River. The mean annual temperature varies
from 18 �C in the western headwaters to 24 �C in the eastern lower
parts (Shadeed and Lange, 2010).

Faria spring discharges approximately 30 km2 of karstified Eo-
cene calcareous rock (Fig. 1c). From 1963 to 1999 the average an-
nual discharge was 5.3 � 106 m3. In 1978/1979, the driest year
during this period, the discharge dropped down to of 16 l s�1 in Au-
gust. Then water from spring was not sufficient to irrigate the
50 ha of agricultural land around the spring. But the spring never
dried out completely. Historically, the spring was an important
fresh water resource for both domestic and agricultural use in
the West Bank. Due to the availability of agricultural land in the
western surroundings of the spring, Jordanian authorities gave per-
mission to drill eight irrigation wells in the early 1960s. After 1967,
further drilling was restricted and the amount of pumping from the
aquifer continued to be nearly constant, ranging from 1.5 to
2.0 � 106 m3 per year (PWA, 2000). Pumping from existing wells
increased after 1995. In addition, uncontrolled and unorganized
drilling activities started. Until 2007 more than 30 wells had been
drilled in the area producing approximately 10 � 106 m3 of irriga-
tion water per year. At least one of these wells reached the base of
the Eocene aquifer. As a result, the spring started drying out and it
is presently completely dry (Fig. 2).

3. Materials and methods

3.1. Hydrological models

3.1.1. Model structures
We chose five different lumped models to account for uncer-

tainties in the choice of hydrological model structures (Fig. 3).
Uncertainty in model parameters may also limit the validity of
land-use or climate change predictions (Wagener et al., 2001).
Thus, we only used models with three to six parameters, which
is the maximum number that can be identified from a single time
series of discharge (Beven, 1989; Jakeman and Hornberger, 1993).

All models consider karst hydrological processes in different
ways and complexity. They consist of an overflow routine that con-
stitutes the soil/epikarst, and different combinations of linear res-
ervoirs that represent the vadose and the groundwater zones. The
overflow routine is characterized by a water volume VOS(t) that
varies according to precipitation input P(t), and according to actual
evapotranspiration Eact(t) and groundwater recharge R(t) as out-
puts. Similar to many other models (e.g. HBV, Bergström, 1995;
TOPMODEL, Beven and Kirby, 1979), Eact(t) is derived from:

EactðtÞ ¼ EpotðtÞ �
VOSðtÞ
VOS;max

ð1Þ

where Epot(t) is the potential evaporation derived by the Hargreaves
method (Hargreaves and Samani, 1985) and VOS,max a parameter
describing the maximum holding capacity of the soil and the epik-
arst. When VOS(t) exceeds VOS,max, the excess water recharges the
groundwater routine below:

RðtÞ ¼maxðVOSðtÞ � VOS;max;0Þ � A ð2Þ

where A is the recharge area to the spring. The applied groundwater
routines have already been used in different karst modeling studies.
The simple model (Fig. 3a) consists of a single linear reservoir as
originally been used by Maillet (1905). The serial model (Fig. 3b)
consists of two linear reservoirs in series, the upper one represent-
ing the vadose zone and the lower one representing the groundwa-
ter system (e.g. Rimmer and Salingar, 2006). The parallel model
(Fig. 3d) is made of two parallel linear reservoirs representing a con-
duit and a matrix groundwater system (e.g. Fleury et al., 2007). The
combined model (Fig. 3c) is similar to the parallel model, but water
from the matrix has to pass the conduit system before it reaches the
spring (e.g. in Geyer et al., 2007). The exchange model (Fig. 3e) is
again similar to the parallel model, but allows for water exchange
between matrix and conduits depending of the water levels and
porosities of the two groundwater systems (see Rimmer and
Hartmann (2012) for more details). A summary of all parameters
is given in Table 1.

3.1.2. Calibration and validation
Daily rainfall and temperature data, as well as monthly mea-

surements of spring discharge were available from 1975 to 1999.
Within this period, no significant disturbances of the hydrological
system by human impacts occurred. Using a daily time step, all
models were individually calibrated using the Shuffled Complex
Evolution algorithm (Duan et al., 1992) in a predefined, physically
plausible calibration range considering preceding studies (Fleury



Fig. 1. (a) Location, (b) detailed map of the study area and (c) schematic cross section indicated in (b).

Fig. 2. Pictures of the spring before (April 2000) and after (March 2011) the increased pumping started.
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et al., 2007; Hartmann et al., 2012; Rimmer and Salingar, 2006). To
check their predictive power, we performed a split-sample test
(Klemeš, 1986), i.e. we calibrated the models from 1980 to 1989
and validated their performance from 1989 to 1999. The years
from 1975 to 1979 were used as a warm up to account for uncer-
tainties in initial conditions. For calibration as well as for validation
the Nash Sutcliffe efficiency NSE (Nash and Sutcliffe, 1970) served
as objective function.

3.2. Regional climate change projections

Climate change data were derived from transient dynamical
downscaling experiments with Regional Climate Models (RCMs).
The employed RCMs were RegCM3 (Pal et al., 2000) and two ver-
sions of the NCAR/Penn State University MM5 model (Dudhia,
1993). The MM5 models mainly differ in the employed soil vegeta-
tion atmosphere transfer scheme (SVAT). The RCMs were driven
with boundary forcings from two versions of the ECHAM5 (realiza-
tions 1 and 3) and the HadCM3 general circulation models (GCMs)
using the A1B emission scenario. Table 2 shows a list of the applied
models, their main configurations and provides sources for further
information. Krichak et al. (2011), Smiatek et al. (2011) and
Samuels et al. (2011) evaluated the different RCMs in the Eastern
Mediterranean region. RCMs were able to reproduce observed
precipitation patterns, but had shortcomings in precipitation
seasonality. In contrast to observations, they showed a monthly
precipitation peak in December instead of January. Therefore, a
bias-correction was necessary.

Daily simulated precipitation data were corrected using the
quantile to quantile approach (Déqué et al., 2007). Two gridded
and one local data set were available to assess quantiles of the ob-
served precipitation: (1) regionalized, gridded, 1 � 1 km2 precipi-
tation data used in the Jordan River region (JR, Menzel et al.,
2009), (2) gridded European precipitation data at 0.25� resolution
(E-OBS, Version 5.0; Haylock et al., 2008; van den Besselaar et al.,
2011), and (3) a local time series of precipitation collected at Tall-
uza station (Fig. 1). Fig. 4a shows the mean monthly precipitation
for the three data sources in the area of Talluza. It can be seen, that



Fig. 3. The hydrological model ensemble: (a) simple model, (b) serial model, (c) combined model, (d) parallel model, and (e) exchange model.

Table 1
Model parameters, description, calibrated parameter values, NSEs during the calibration/validation periods and calibration ranges (empty fields indicate that this parameter is not
included in the model).

Parameter Description Unit Model Ranges

Simple Parallel Series Kombi Exchange Lower Upper

VOS,max Soil/Epikarst storage capacity mm 166 166 126 126 126 0 500
A Recharge area km2 33.3 33.3 27.2 27.1 27.1 20 50
K Groundwater storage constant d 665 505 0 1000
KVZ Vadose zone storage constant d 36 0 100
f Recharge separation factor – 7.70E�09 0.04 0.06 0 1
K1 Fast groundwater storage constant d 61 64 81 0 100
K2 Slow groundwater storage constant d 665 486 100 1000
KE Groundwater exchange constant d 370 100 1000
fP Porosity difference factor – 1 1 100
NScal Nash Sutcliffe efficiency calibration – 0.76 0.76 0.81 0.82 0.82 – –
NSval Nash Sutcliffe efficiency validation – 0.78 0.78 0.77 0.78 0.77 – –
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both JR and the E-OBS data, substantially underestimate rainfall
over the entire rainy season. Thus, Talluza station data was used
for the bias-correction.

The hydrological models additionally require temperature data
to calculate potential evapotranspiration. Most climate projections
tended to overestimate observed temperature at Nablus meteoro-
logical station (Fig. 1b) from summer to winter. In spring, the
opposite was observed. The projection mean, however, only
showed marginal deviation from observed data. Hence, we decided
to refrain from bias correction for temperature.
3.3. Coupling of climate models and hydrological models

The five realizations of the climate models provided gridded
time series of precipitation and temperature (Table 2). For transfer-
ring the gridded information to the karst system scale, we averaged
(1) the four grid points surrounding the estimated recharge area
and (2) the two grid points at the Eastern side of the estimated re-
charge area, that were expected to differ most from the four point
average because they receive less precipitation due to the regional
rainfall gradient (Fig. 1b). Overall, we coupled five realizations of



Table 2
Applied climate change simulation data (number in bracket refers to realization).

Acronym Driving GCM
(realization)

RCM SVAT Grid
size
(km)

Institution
reference

V35E ECHAM5(1) MM5
V3.5

OSU
LSM

18.6 KIT/IMK-IFU
(Smiatek et al.,
2011)V35H HadCM3(1) MM5

V3.5
OSU
LSM

18.6

V37E ECHAM5(1) MM5
V3.7

Noah
LSM

18.6

V37H HadCM3(1) MM5
V3.7

Noah
LSM

18.6

RCM3 ECHAM5(3) RegCM3 BATS 25 TAU (Krichak
et al., 2011)
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climates projections, two different ways of averaging their output
and five different hydrological models. During a control time peri-
od (1971–2001) we compared the mean discharge of our 50 mem-
ber ensemble with the simulations of the hydrological models that
used measured precipitation and temperature as input. For future
runs, we considered two 30-year time periods: (1) the near future
2021–2051 and (2) the remote future 2068–2098. Since the Reg-
CM3 climate projections (Table 2) ended in 2061, simulation runs
for the remote future period could only be performed with the
MM5 projections that ran until 2098.

3.4. Impact of pumping

Similar to the approach presented by Hao et al. (2009), we as-
sessed the effect of increased pumping activities by applying our
five hydrological models to recent data measured in a period after
model validation (1999–2010). Since the models were calibrated
under natural flow conditions, they show the natural hydrological
behavior of the spring. Plotting their simulations against the recent
observations, they highlighted the impact of pumping. To directly
compare the effects of climate change with those of pumping, we
applied a delta approach. We reduced the observed time series of
precipitation from 1999 to 2010 by the maximum 30-year-average
precipitation decrease found in the climate simulations and ran
our hydrological model ensemble again.
4. Results

4.1. Calibration and validation of the hydrological models

All models needed the entire warm-up period to approach the
measurements (Fig. 5). There was no model that performed signif-
icantly better or worse than the others, both during calibration and
validation (see also NSE values in Table 1). The serial model and the
parallel model showed similar parameter values (Table 1). Both
Fig. 4. Monthly mean observational references for (a)
had larger soil/epikarst storage capacities and larger contributing
areas than the other three models. In general, all models show fast
and slow groundwater storage constants at similar order of magni-
tudes. Fast groundwater storages received only minor fractions of
recharge.

4.2. Bias correction

The bias correction was able to properly adjust the mean
monthly precipitation during the control period (Fig. 6a). Although
the climate projection mean indicated no significant change of
mean monthly precipitation in the near future (Fig. 6b), the indi-
vidual realizations were highly variable: V35E and V37E showed
maxima in January, E35H and E37H indicated an extremely wet
February and RCM3 an extremely dry February. In the remote fu-
ture (Fig. 6c), variability was smaller and a general decrease of
mean monthly precipitation could be observed.

4.3. Coupling of climate models and hydrological models

During the control period, mean monthly discharges derived
from the ensemble runs spread around measured discharges with
high variability (Fig. 7a). Variability for actual evapotranspiration
was much smaller (Fig. 7d) and its monthly values derived by
the ensemble runs show only small deviations from the hydrolog-
ical models driven by the historic data. Also for the near future per-
iod, ensemble discharges showed a strong heterogeneity (Fig. 7b).
Three groups could be identified: (1) the HadCM3 driven E35H and
E37H revealed a general increase of water availability, (2) the E35E
and E37E, with boundary forcings from ECHAM5, indicated only
little change, and (3) the RCM3, with the third realization of the EC-
HAM5 forcings, showed a strong decrease of mean monthly dis-
charges. In the remote future period (Fig. 7c), all simulations
suggested a general decrease of water availability. No significant
changes occurred for actual evapotranspiration, neither in the near
nor in the remote future (Fig. 7e and f).

Fig. 8 shows the relative changes of the water balance compo-
nents from the control period to the two future periods. Absolute
values can be found in Table 3. For the near future period, a large
variability of all components, except for potential evapotranspira-
tion, could be observed. Including their error, simulated recharge
rates and discharge ranged from +40% to �45%. In the remote fu-
ture period, variability decreased significantly: all climate runs
indicated a decrease in available water from �15% to �30%. The
spread of Eact, R and Q significantly increased when the hydrologi-
cal models were applied.

4.4. Impact of pumping

From 2006 on, the impact of increased pumping from the aqui-
fer became evident, since observed discharges fell below model
precipitation and (b) temperature (1961–1990).



Fig. 5. Modeled and observed discharge during calibration and validation of the five hydrological models.

Fig. 6. Observed and climate projection mean monthly precipitation (bias corrected) for (a) the control period (1971–2001), (b) the near future period (2021–2051), and (c)
the remote future period (2068–2098); note that there are no RCM3 simulations at the second future period.

Fig. 7. Observed and climate projection mean monthly discharge and actual evapotranspiration for (a) and (d) the control period (1971–2001), (b) and (e) for the near future
period (2021–2051), and (c) and (f) for the remote future period (2068–2098); note that there were no RCM3 simulations available for the remote future period.
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simulations (Fig. 9). From October 2007 on the spring fell com-
pletely dry. Model simulations indicated that without pumping
spring discharge would have continued.
5. Discussion

5.1. Bias correction

As in preceding studies (Alpert et al., 2008; Déqué et al., 2007),
the quantile based bias correction proved reliable to account for
quantitative and temporal deviations of precipitation. In the near
future period, a large variability among the RCMs can be observed
which is even larger than in the remote period. This was already
found by Smiatek et al. (2011) and is mainly caused by single
wet years with high magnitude events in spring. In our data the
maximum annual rainfall amount in the near future was
1493 mm (E35H, year 2045), in the remote future period it only
reached 1160 mm (E35E, year 2077). Observed differences be-
tween the MM5 and RCM3 models may have been inherited from
the GCM. RCM3 employed the third; the MM5 models the first
realization of ECHAM5 data. For the winter period 2021–2051,
the first realization of ECHAM5 revealed a precipitation decrease
of 23%, while in the third realization the simulated precipitation



Fig. 8. Relative change in mean annual water balance components (P: precipitation,
Epot: potential evapotranspiration, Eact: actual evapotranspiration, R: recharge, Q:
spring discharge) between control (1971–2001), near (F1: 2021–2051) and remote
future period (F2: 2068–2098); error bars indicate maximum ranges due to
differences in downscaling approaches and hydrological modeling.
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decrease reached 29% in the Eastern Mediterranean. For the same
period the MM5 models simulated only small precipitation
changes (�1.2% to +1%) when driven with HadCM3 boundary data
and minor decreases in the order of �3% when ECHAM5 was used.
In RCM3, the simulated precipitation decrease was larger (�10%).
These differences disappeared for the remote future period, when
all RCM models simulated a precipitation decrease of up to �9%,
which was similar to the results of Chenoweth et al. (2011) who
found a decrease in available water resources of �10% for the
Eastern Mediterranean and the Middle East.

5.2. Calibration of hydrological models

The temporal resolution of the discharge observations was low
with approximately one measurement per month. Only the
seasonal flow regime, but no fast reactions from a karstic conduit
Table 3
Water balance control (C: 1971–2001), near future period (F1: 2021–2051) and remote fu

Time series P (mm/a) Epot (mm/a) Eact

C F1 F2 C F1 F2 C

Historic 679 – – 2275 – – 472
V35E 692 655 599 2345 2411 2542 488
V35H 708 729 645 2231 2317 2431 478
V37E 675 620 581 2372 2433 2555 494
V37H 701 711 659 2235 2322 2432 483
RCM3 684 593 – 2336 2401 – 490

Fig. 9. Simulations of the five hydrological models from 2000 to 2010
network could be characterized by this data. Hence, it was no
surprise that all models containing fast and slow groundwater
systems (i.e. the parallel, the combined and the exchange model)
directed most of their recharge to the slow system with a small
separation factor f. The storage constants for the slow systems
were very high compared to other studies (Fleury et al., 2009;
Geyer et al., 2008; Rimmer and Salingar, 2006) and indicated very
slow system dynamics and high storage volumes that were most
probably the reason why the spring never fell dry before 2000.
Interestingly, the recharge area A changed among the models:
the Simple and the parallel model were calibrated with larger
recharge areas and with larger soil/epikarst storage capacities
VOS,max. While the structures of the other models allowed for a de-
lay by a vadose zone (serial model) or by interaction of slow and
fast system (combined and exchange model), the Simple and the
parallel model produced an immediate reaction as soon as the
soil/epikarst storage capacity was exceeded. Hence the necessary
delay was produced by a larger VOS,max. A ‘‘right’’ model could not
be determined with the available data, all models had similar NSEs
both for calibration and validation. Hence, it was reasonable to
leave all of them in the model ensemble.

5.3. Coupling of climate models and hydrological models

The differences in the hydrological models and especially in the
bias-corrected precipitation time series had a strong impact on the
ensemble simulated discharges during the control period. In the
near future, a high variability remained. Only the RCM3 projections
predicted a significant decrease of discharge. For the second future
period, all ensemble members indicate a decrease in spring dis-
charge with much less variability. Such a decrease was also simu-
lated in other regions in the Middle East (Heckl, 2011; Samuels
et al., 2010). The water balance further showed that despite a tem-
perature rise (expressed by higher potential evapotranspiration),
the actual evapotranspiration remained almost unchanged in both
future periods. Hence, the decrease in available water was mainly
controlled by a decrease of precipitation. Small relative changes in
annual precipitation resulted in large changes of future spring
discharge.
ture period (F2: 2068–2098).

(mm/a) R (mm/a) Q (mm/a)

F1 F2 C F1 F2 C F1 F2

– – 207 – – 201 – –
458 444 203 196 155 191 189 157
482 478 230 246 167 213 250 163
455 440 181 164 141 171 160 141
487 484 218 224 175 202 229 167
464 – 195 128 – 192 131 –

versus the observed declining spring discharge (due to pumping).



A. Hartmann et al. / Journal of Hydrology 468–469 (2012) 130–138 137
The error for the input for each individual RCM was small (pre-
cipitation and potential evapotranspiration), indicating that the
averaging by four or two grid points was not a major source of er-
ror (Fig. 8). Hydrological models again increased variability,
depending on the considered time period. Differences among the
RCMs were a major source of error during all periods, whereas
we only found small contribution from the different ways of trans-
ferring their output to the system scale. These results partially
agreed with Crosbie et al. (2011), who regarded differences be-
tween RCMs as the major source of uncertainty when coupling cli-
mate and hydrological models. However, their second largest error
source was the downscaling method.
5.4. Impact of pumping

When we applied our models to more recently measured data,
we found that from 2006 on the observed discharge fell below our
simulations, which remained at a similar level (Fig. 9a). From Octo-
ber 2007 on the spring fell completely dry. Since the hydrological
models only considered the natural behavior of the springs, the de-
crease of discharge can solely be attributed to human impacts.
Thus we could show that the increased pumping activities that
started 1995 (PWA, 2000) reached an unsustainable level at around
2006. In contrast to Hao et al. (2009), the impact of human activi-
ties was responsible for a 100% decrease of spring discharge, long
before even one single RCM simulated a slight decrease of dis-
charge due to climate change. When we reduced the observed pre-
cipitation by the maximum decrease of precipitation in the remote
future period (V37E, decrease of precipitation of 14.4%) and ran the
hydrological models ensemble with the modified data, we found a
significant decrease of simulated discharges (35.3%, mean of all
hydrological models), but no drying out (Fig. 9b). Hence, our study
is another example of the poor groundwater management the
Mediterranean region is confronted with, like e.g. in Spain (Garrido
et al., 2006). Since negative effects are aggravated by climate
change, prompt action is required.
6. Conclusions

In this study we investigated the future water availability of a
large karst spring in a semi-arid, Eastern Mediterranean environ-
ment. The impact of climate change was determined by the cou-
pling of hydrological models with dynamically downscaled
climate change data, while the impact of increased pumping was
assessed by comparing model simulations with recent observa-
tions at the spring. To address variability in the climate change
simulations, we simultaneously considered five realizations of cli-
mate change simulations two different ways of transferring their
gridded output to the system scale and five different hydrological
models in a 50-member ensemble.

Already during a control period (1971–2001), we found large
variability in simulations of the seasonal discharge behavior. The
variability even increased for the near future (2021–2051), mostly
due to variability in the simulated rainfall of the different RCMs.
One ensemble member indicated a strong decline of discharge,
while two others simulated more available water. In the remote fu-
ture (2068–2098) our results were more congruent: all runs, even
under the consideration of all abovementioned error sources,
showed a decline in spring discharge of up to 30%. When we ap-
plied our hydrological models to recently measured data, we found
that, compared to climate change, the impact of pumping was sig-
nificantly stronger. Only 4 years after uncontrolled drilling activi-
ties had begun, the spring fell completely dry. Our models, which
ignored the abstraction of groundwater, clearly indicated that the
spring would have yielded considerable amounts of water until
today. This was a clear proof that the decline of spring discharge
cannot be the result of climate change.

Overall, we can conclude that a reduction of spring discharge
due to climate change is uncertain for the near future but will most
probably occur in the remote future. However, considering recent
data, it is quite obvious that human impact, i.e. increased pumping
from the aquifer, poses a much higher threat to spring water re-
sources in the region of Faria spring. This calls for a better manage-
ment of groundwater abstractions to meet future water needs
which is especially true for the drought-prone Mediterranean
region.
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