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The Keersop catchment (43 km2) in the south of The Netherlands has been contaminated by
the emissions of four zinc ore smelters. The objective of this study was to assess the effects of
future projected climate change on the hydrology and the leaching of heavy metals (i.e. Cd and
Zn) in the catchment. The numerical, quasi-2D, unsaturated zone Soil Water Atmosphere Plant
model was used with 100-year simulated daily time series of precipitation and potential
evapotranspiration. The time series are representative of stationary climates for the periods
1961–1990 (“baseline”) and 2071–2100 (“future”). The time series of future climate were
obtained by downscaling the results of eight regional climate model (RCM) experiments,
driven by the SRES A2 emissions scenario, using change factors for a series of climate statistics
and applying them to stochastic weather generator models. The time series are characterized
by increased precipitation in winter, less precipitation in summer, and higher air temperatures
(between 2 °C and 5 °C) throughout the year.
Future climate scenarios project higher evapotranspiration rates, more irrigation, less drainage,
lower discharge rates and lower groundwater levels, due to increased evapotranspiration and a
slowing down of the groundwater system. As a result, lower concentrations of Cd and Zn in
surface water are projected. The reduced leaching of heavy metals, due to drying of the
catchment, showed a positive impact on a limited aspect of surface water quality.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Climate change impacts on water resources are among the
most important problems facing hydrologists today as water
resourcemanagement systems have historically been designed
under the assumptionof climate stationarity (Milly et al., 2008).
Hydrological impacts are expected directly through changes in
ional Laboratory, 7000
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precipitation, and indirectly due to changes in potential
evaporation and transpiration due to atmospheric warming.
These impacts may be manifest through changes in runoff,
infiltration, stream flow, actual evapotranspiration, and
groundwater recharge, and depend on the local hydrological
system as well as the projected climate change. In addition to
the hydrological effects, these changes may have an effect on
water quality and ecology. Furthermore, human management
of the system such as groundwater extraction and agricultural
and irrigation practices further complicate the assessment of
climate change impacts on water resources (EU, 2009).
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Assessing the impact of climate change on water resources
is dependent on obtaining high resolution projections of
temperature and precipitation for the area of interest. General
circulationmodels (GCMs), used to simulate climate on a global
scale (typically at a horizontal resolution of between 250 and
600 km), are unable to resolve atmospheric processes suffi-
ciently to provide the robust simulations of climate necessary
for hydrological models, except for continental scale impact
studies (Arnell, 1999, 2004; Oki et al., 2003; Vörösmarty et al.,
2000). Dynamic downscaling of GCM results by means of
physically-based regional climate models (RCMs) provides
more reliable and regionally differentiated projections of
climate change (Fowler et al., 2007). However, while RCMs
offer an improved representation of atmospheric processes and
better represent surface topography due to their higher
resolution (25–50 km) they are still unable to resolve impor-
tant processes such as convection and cloud physics which
must therefore be parameterised. RCM simulations therefore
may still not provide output at the resolution necessary for
robust hydrological simulation. Furthermore, individual model
structures and parameterisationsmay lead to systematic errors
or bias from present day climate. Generally, an additional
downscaling and bias-correction procedure is therefore re-
quired for hydrological applications (Christensen et al., 2008).
This step, known as statistical downscaling, can be achieved by
a wide range of procedures which are summarized by Wilby
and Wigley (1997) and Fowler et al. (2007). These methods
include the use of stochastic rainfall simulators (Burton et al.,
2008) and weather generators (e.g. Kilsby et al., 2007) to
provide consistent temperature and precipitation time series.
The development of downscaled climate simulations using this
approach for the area examined here is described by Van Vliet
et al. (in press).

The uncertainties in climate change hydrological impact
studies derive from the emissions scenario, the climatemodel
structure and the downscaling techniques used for projecting
future climates, as well as the models used to simulate the
impact on hydrology or water quality (Kay and Davies, 2008;
Olesen et al., 2007). One way of addressing uncertainties in
future climate projections is through the use of multi-model
and multi-scenario ensembles to force the hydrological
model. This enables future impact assessments to incorporate
sources of uncertainty arising from climate model structure,
giving insight into the reliability and robustness of the
observed hydrological effects (Goderniaux et al., 2009;
Graham et al., 2007; Hagemann and Jacob, 2007; Kyselý and
Beranová, 2009; Van Roosmalen et al., 2010; Yu and Wang,
2009).

One such ensemble is provided by the EU FP5 project
PRUDENCE (Christensen et al., 2007), which has been used in
various hydrological studies (Blenkinsop and Fowler, 2007;
Goderniaux et al., 2009;Grahametal., 2007;Mavromatis, 2009;
Olesen et al., 2007; Van Roosmalen et al., 2010). These studies
are either limited to climate change impacts on surface water
systems (Fowler and Kilsby, 2007), specifically aimed at river
flooding (Dankers and Feyen, 2009), droughts (Blenkinsop and
Fowler, 2007;DeWit et al., 2007; FeyenandDankers, 2009;Van
Pelt et al., 2009) or suspended sediment transport (Thodsen
et al., 2008). Some studies cover climate change impact on all
aspects of the hydrological system including evapotranspira-
tion (Kay and Davies, 2008), groundwater levels and ground-
water recharge (Bormann, 2009; Brouyère et al., 2004;
Goderniaux et al., 2009; Scibek andAllen, 2006;VanRoosmalen
et al., 2007; Wegehenkel and Kersebaum, 2009), irrigation
(Ficklin et al., 2009, 2010), crop growth (Challinor et al., 2009;
Mínguez et al., 2007) and the vegetation response (Brolsma
et al., 2010; Wegehenkel, 2009).

While the potential impact of climate change on the
quantitative aspects of hydrology has been well investigated,
fewer studies have focussed on climate change impacts on
water quality. So far, neither PRUDENCE simulations nor any
other climate change scenario ensemble have been used to
assess the impact of climate change on aspects of water quality.
The existing water quality studies have followed various
approaches, for example, recent dry years indicated, by proxy,
a deterioration of several aspects of water quality of theMeuse
River (Van Vliet and Zwolsman, 2008). Various water quality
parameters have been studied for catchments across the UK by
means of an integrated catchment model (Whitehead et al.,
2009). Other studies have focused on specific aspects of water
quality, such as nutrients (Darracq et al., 2005; Destouni and
Darracq, 2009b; Park et al., 2010), nitrate (Futter et al., 2009;
Olesen et al., 2007; Sjøeng et al., 2009; Wilby et al., 2006),
phosphorous (Jennings et al., 2009), or pesticides (Bloomfield
et al., 2006).

The impacts of climate change on heavy metal contami-
nation have been discussed qualitatively for marine ecosys-
tems (Schiedek et al., 2007). The potential increased risk of
flooding due to climate change has implications for the
inundation of contaminated land causing an increased risk of
contaminants being remobilized in floodwater and of con-
taminated sediment and water reaching the freshwater and
marine environment. The temperature dependence of arsenic
release from flooded contaminated soils (Weber et al., 2010)
is one mechanism that may cause climate change to have an
impact on the release of heavy metal contamination. Further-
more, heavy metal contamination often accumulates in the
topsoil and the contaminant leaching is therefore controlled
by the location of the water table. This is especially the case in
lowland areas such as the Keersop catchment. As a result, high
concentrations of heavy metals in surface water are often
found during periods with high groundwater levels and high
discharge rates (Rozemeijer and Broers, 2007). In addition,
total concentrations of heavy metals with high adsorption
capacities to suspended solids also increase, due to increased
resuspension of contaminated suspended sediment under
high river discharge rates (DeWeert et al., 2010; Jacoby, 1990;
Mulholland et al., 1997).

The objective of this study is to assess the impact of
climate change on the leaching of the pre-existing spatially
extensive trace metal contamination and the concentrations
in the surface water system. The Kempen area, on the border
between The Netherlands and Belgium, is an example of a
large-scale diffuse contamination with heavy metals that
pose a threat to surface water quality. This heavy metal
contamination, with Cd and Zn for example, has accumulated
in the topsoil and leaches towards the surface water system
by different pathways, namely overland flow and subsurface
drainage, especially during periods with high groundwater
levels and high discharge rates (Rozemeijer and Broers,
2007). The contamination of surface water due to leaching of
contaminants already present and adsorbed to the soil on a
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large-scale is sensitive to changes in the location and
dynamics of the water table, drainage and stream discharge
fluxes (Bonten et al., in preparation).

We focus on the Keersop, a 43 km2 catchment located in the
center of the Kempen area (Section 2.1). Because the leaching of
heavy metals from soils to surface water is strongly related to
water tablefluctuations, studying the effect of climate changeon
water quality requires the modeling of hydrological processes
with very short time steps to accurately simulate water table
fluctuations.

Therefore,weused thenumerical quasi-2Dunsaturated zone
Soil–Water–Atmosphere–Plant (SWAP) model (Section 2.2)
whichwas constructed to assess the present day contamination
of the Keersop streamwith Cd and Zn. For this study, themodel
was driven by future climate scenarios and the results were
compared to baseline climatemodel simulations. Future climate
scenarios were derived by downscaling an ensemble of RCMs
from the PRUDENCE project (Section 2.3). To assess the possible
impact of climate change on Cd and Zn concentrations in surface
water, we analyzed the projected changes in the water balance,
groundwater levels and discharge rates of the Keersop catch-
ment and the annual mass balances and (dissolved) concentra-
tions of Cd and Zn in soil profiles and in the Keersop stream. The
effects on the hydrology (Section 3.1) and contaminant
transport (Section 3.2) are discussed and compared with recent
climate change impact studies (Section 4) followed by the
conclusions (Section 5).

2. Methods

2.1. Study area: hydrogeology, contamination history

The Keersop stream (51.3°N, 5.4°E) is a second-order
tributary of the river Meuse, draining an intensive agricultural
and heavily populated area (Pieterse et al., 2003). It is located in
the Kempen (Fig. 1), a flat lowland area with surface levels
increasing from about 20 m above sea level in the north to about
40 m above sea level in the south. Brook valleys are 10 m below
the surrounding area at most; the maximum slopes are
approximately 1%. The mean annual rainfall is 826 mm/yr and
the reference evapotranspiration for grassland is 590 mm/yr.
Thegeologyconsists of sandand loamysand layersof Pleistocene
Fig. 1. Location of the Kempen area in Europe (left) and the Keersop model area (sha
the Dutch-Belgian border (thick line), and the location of the four zinc ore smelter
age (Van der Grift and Griffioen, 2008). The area was originally
drained by a natural system of brooks and streams, but in the
19th century this natural system was extended with a fine
network of ditches to form an interconnected surface water
system and make agricultural land use possible. In the 20th
century, tile drainage was installed in large parts of the
agricultural land and now more than half of the study area is
used for agriculture, most of which is drained by ditches and/or
tile drainage (Van der Grift and Griffioen, 2008). Present day
groundwater levels range from about 0.25 to 4.0 m below the
soil surface. About 1/3 of the area has an average groundwater
level that is within 1 m below the soil surface as well as an
average highest groundwater level within 0.5 m below the soil
surface.

From 1880 to 1974 the chimneys of four zinc ore smelters,
using very polluting pyrometallurgic zinc refining procedures,
emitted oxides of heavy metals that reached the soils in the
Kempen area either by dry deposition or through rainfall.
Besides the atmospheric emissions, heavymetals contaminated
the area through zinc ash roads, severe groundwater pollution
at the smelter sites and direct drainage from the smelter sites to
surface water. While the zinc ash roads and the smelter sites
caused intense line andpoint source contamination, the historic
input of heavy metals on the soil through atmospheric
deposition has resulted in an excessive accumulation in the
topsoil in the Kempen region. The zinc ore smelters switched to
an electrolytic process in 1974, but despite the cessation of
direct emissions to the environment, soils and sediments still
contain highmetal concentrations and act as possible sources of
metal pollution for the aquatic environment. Cd and Zn
concentrations in the soil range from b0.2 mg/kg Cd and
b20 mg/kg Zn at locations over 30 km from the smelters to
5.3 mg/kg Cd and 733 mg/kg Zn at a location within two km
from the Budel smelter (Van der Grift and Griffioen, 2008).
Because the accumulation of Cd and Zn is so widespread,
leaching to the groundwater and surfacewater threatenswater
quality in theentireKempenarea.De Jonge et al. (2008) showed
that the zinc concentrations in the Dommel, a small lowland
river in this area, have impacted the macro-invertebrate
community composition and diatom community structure.

Concentrations of Cd and Znweremonitored in the Keersop
stream on amonthly basis from 1980 to 2000 and for Cd varied
ded) within the Kempen area with the surface water system (light blue lines),
s (right).
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between 0.12 and 2 μg/l, while Zn concentrations varied
between 10 and 440 μg/l. In comparison, the Dutch water
quality threshold value is 0.4 μg/l (dissolved) or 2 μg/l (total,
dissolved plus suspended) for Cd, and 9.4 μg/l (dissolved) or
40 μg/l (total) for Zn (http://www.rivm.nl/rvs/), which is
similar to the EU maximum allowable concentration of up to
1.5 μg/l Cd depending on water hardness classes (EU, 2008).
The dissolved concentrations of Cd and Zn in the Keersop are
related to groundwater levels and stream discharge rates
(Kroes et al., 2008a) becauseCdandZnhave accumulated in the
topsoil. Therefore, the impact of climate change on groundwa-
ter levels and discharge rates is expected to impact the
concentrations of Cd and Zn in the Keersop as well.

2.2. Hydrological and contaminant transport model

Climate change impacts on the hydrology and leaching of
heavy metal contamination of the Keersop were investigated
using the Soil–Water–Atmosphere–Plant model (SWAP v3.2,
Kroes et al., 2008b, Fig. 2). The SWAP model is capable of
simulating water, heat and solute fluxes in the soil, lateral
drainage, and plant growth and transpiration. Because most
transport in the root and vegetation zone occurs in the vertical,
the SWAP model is 1D in principle. A pseudo 2D approach is
implemented in SWAP to simulate the interaction between
groundwater and surface water using lateral water and solute
flow through the groundwater system (Groenendijk and Van
den Eertwegh, 2004). Using this approach the contaminant
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Fig. 2. Observed and simulated discharge at the outlet: daily time series (a) and
monthly totals (b).
load to surface water of a catchment size study area can be
simulated transiently with a single model with reasonable
simulation times (Kroes et al., 2008b).

A detailed description of the model is given by Bonten et al.
(in preparation). The following section is a brief description of
the key aspects of themodel. The study areawasmodeledusing
686 1D models, each of which represented a 250×250 m area
within the catchment (Kroes et al., 2009). The depths of the soil
profiles should be such that the streamlines between ground-
water and surface water are included in the schematization,
because they describe the interaction between groundwater and
surface water. In the Keersop catchment, groundwater flow
occurs in the Sterksel aquifer. The lower boundary of the model
was fixed at a depth of 13 m below the soil surface because the
knowledgeof the thicknessof this formationwasnot sufficient to
allow spatial variation (Bonten et al., in preparation; Kroes et al.,
2008a). Each model consisted of 40 layers, with thicknesses
ranging from 1 cm at the top, to 2 m at the bottom of themodel,
at 13 m below the surface.

Each 1Dmodel received a flux as lower boundary condition
that was derived from a regional 3D MODFLOW model (Kroes
et al., 2008a; Van der Grift and Griffioen, 2008). The bottom
boundary is fixed in time, but varies spatially. The upper
boundary received daily meteorological data from station
Eindhoven for a 30-year period 1971–2000 (Heijboer and
Nellestijn, 2002).

The model input was provided on a daily basis, but the
model internally chooses smaller time steps, between 0.2 and
10−7 day as necessary to ensure stable and accurate calcula-
tionswith awater balancedeviationof 0.001 cmor less per day.

The leaching of water and solutes from the soil profile was
modeled through five drainage levels. Each drainage level
corresponded to a different pathway through the unsaturated
and saturated zone. Drainage fluxes, implemented as lateral
sink/source terms, are distributed uniformly over depth result-
ing in a vertical flux thatwill decreasewith depth. This results in
a vertical travel time distribution in the profile that will increase
disproportionately with depth and a differentiation in travel
times between drainage water and vertical flow. For systems
with large horizontal flow components (large aquifers) this
approach is not favorable because it neglects the horizontal
concentration gradient. For small scale systems it has advan-
tages because distributedmodelling with different grid-proper-
ties facilitates upscaling to a regional scale.

The travel times in the saturated zonewere approximated by
amixing-cell approach, equivalent to the exponential model for
travel times in groundwater (Vogel, 1967). Themean travel time
of each mixing-cell model was derived from the volume of the
drained part of the aquifer, largely determined by the spacing of
the specific drainage type. Groundwater and dissolved heavy
metals that leached from the 1D model into the surface water
system immediately reached theoutflowpoint. Additionally, the
inlet of water from a canal at the upstream end of the Keersop
was simulated at a constant rate of 0.15 m3/s. The travel time in
the surface water system and processes in the stream and
streambedwere not incorporated in themodel.While increased
resuspension of contaminated sediment under high river
discharge rates is known to also increase total concentrations
of heavy metals with high adsorption capacities to suspended
solids (Jacoby, 1990; Mulholland et al., 1997), the effect of
resuspension was not incorporated in this study.

http://www.rivm.nl/rvs/
image of Fig.�2
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Themodel settingswerebasedon theDutchnational scheme
for parameterization of hydrological models (STONE, Van Bakel
et al., 2008). Hydraulic soil propertieswere derived from the soil
map of The Netherlands at the 1:50.0000 scale, converted to soil
hydraulic parameters according to the Dutch pedotransfer
system Staring series (Kroon et al., 2001; Wösten, 1994).
Chemical soil properties (clay and organic matter content, pH,
Fe and Al hydroxide content) were assigned following Kroon et
al. (2001). These parameters were necessary to simulate the
sorption of Cd and Zn to soil sediments using Freundlich-type
isotherms (Bonten and Groenenberg, 2008). Initial (pre-
contamination) concentrations of Cd and Zn in the soils were
derived from Bonten et al. (2008b)).

Land use was classified into five natural types (natural
grassland, heather, deciduous forest, pine forest, and Douglas
fir) and three cultivated types (cultivated grassland, maize
and arable land). Urban areas were classified as cultivated
grassland. The irrigation of 44% of the area of cultivated land
use types was simulated according to the STONE systematic
(Van Bakel et al., 2008) whereby cropped land is irrigated
when, at a depth of 20 cm below the soil surface, the pressure
head drops below values of −316, −500 or −200 cm for
cultivated grassland, maize or arable land respectively. When
the threshold value is exceeded, irrigation is applied which
brings the root zone back to field capacity. The source of the
water used for irrigation, either surface water or groundwa-
ter, is not explicitly considered in this study. For the analysis
of the results, the eight land use types are grouped into
natural land (37%), agricultural land (35%) and irrigated
agricultural land (28%). The same land use and irrigation
settings were used for the future climate simulations, thereby
neglecting possible socio-economic adaptations to future
climate. The results are therefore not predictions of future
conditions, but provide projections of change in hydrology
and contaminant transport solely due to projected climate
changes.

Thedepositionof CdandZnon the soil surfacewas calculated
using a regional mass balance approach (Van der Grift and
Griffioen, 2008; Visser et al., 2007), distinguishing between land
use types and proximity to the smelter. Three sources of Cd and
Zn to the soil surface were considered: atmospheric deposition,
manure and fertilizers, and leaching from zinc ash roads.
Atmospheric deposition rates were obtained from Rozemeijer
(2002) and Van der Grift and Griffioen (2008) and were related
to the Budel smelter production, decreasing with distance from
the smelters (Makaske et al., 1995). The contribution of manure
and fertilizer use to the load of Cd and Zn was based on annual
estimates of net heavy metal deposition from Statistics
Netherlands (CBS, 2008) for the period 1980–2000. Deposition
between 1950 and 1980 was based on (Van der Grift and
Griffioen, 2008). The load in the period between 1880 and 1950
was assumed to increase linearly from one half to one times the
load estimated for 1950. Zinc ash roads have been constructed
since1950and the total area of zinc ash roads covers0.55%of the
catchment. The concentrations underneath these zinc ash roads
were estimated to be 0.03 mg/l for Cd and 15 mg/l for Zn based
on the monitoring information available, and the load for each
specific 1D model was proportional to the area covered by zinc
ash roads within the model footprint.

The Cd and Zn contamination in the model was initialized
by running the model from 1880 to 2000 with historical
deposition. For this period the meteorological data observed
between 1971 and 2000 were used repeatedly as a driving
force. The purpose of this initial simulation was to produce
consistent groundwater levels and soil moisture profiles and
Cd and Zn concentration profiles in the soil, rather than test
the sensitivity of the transport model to past climate changes,
which was impossible because of the lack of reliable local
meteorological data andhistoricalmeasurements of Cd andZn
concentrations. As our results will show, climate change has
little impact on the position of the contamination in the soil
and using the 1971–2000 meteorological data is justified. For
model validation, classified values of simulated and observed
groundwater levelswere compared. Groundwater levelswere
classified by first averaging the three highest (HG3) and
lowest (LG3) bimonthly groundwater levels within a hydro-
logical year. Secondly, the long-termmeanhighwater (MHW)
and mean low water (MLW) values were calculated as
averages of at least eight annual HG3 and LG3 values. Long-
term average groundwater levels were available for the Dutch
part and for urban land (78% of the area). The comparison
between observed and simulated MHW values was satisfac-
tory with deviations of a few centimeters for shallow water
tables; deviations increased with depth to MLW values with a
maximum deviation of 45 cm below 1 m depth (Bonten et al.,
2008a, in preparation; Kroes et al., 2008a). Discharge rates and
Cd and Zn concentrations have been validated at the outflow
point by comparison of results from the initialization period
with a measured daily time series of discharge (Fig. 2a) and
monthly totals (Fig. 2b). The model efficiency for monthly
discharge predictions is 0.73 (Nash–Sutcliffe coefficient;
(Nash and Sutcliffe, 1970)) and 0.36 for daily discharge
predictions. Details of the validation procedures of the Cd and
Zn concentrations are provided in (Bonten et al., 2008a, in
preparation; Kroes et al., 2008a). The state of the Cd and Zn
contamination after the year 2000 was validated to profiles of
measured Cd and Zn concentrations in the study area, and
then served as the initial conditions for the baseline and future
climate scenarios.

2.3. Climate scenarios

The SWAP model was driven by 100-year long stochastic
simulations of daily precipitation, air temperature and potential
evapotranspiration, representative of a stationary climate for the
periods 1961–1990 (“baseline”) and 2071–2100 (“future”). The
time series were generated by the stochastic rainfall model
Rainsim V3 (Burton et al., 2008) and the Climatic Research Unit
(CRU)weather generator (Kilsby et al., 2007;Watts et al., 2004)
by applying change factors (CF) (Prudhomme et al., 2002)
derived from an ensemble of PRUDENCE RCM experiments. The
generation of these time series is described in detail in Van Vliet
et al. (in press).

2.3.1. Regional climate model (RCM) experiments
The PRUDENCE project (Christensen et al., 2007) provides

a series of high-resolution simulations of European climate,
primarily using the SRES A2 (medium-high) emissions
scenario (Nakicenovic et al., 2000). To incorporate climate
modeling uncertainty in future projections of change for the
Keersop, the output of eight different RCM experiments from
the PRUDENCE ensemble was used (Table 1). Details of the
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eight individual experiments using six RCMs (Arpège, RACMO,
RCAO, REMO, HadRM3P, and HIRHAM)may be found in Jacob
et al. (2007). Boundary conditions for this ensemble are
derived primarily from the HadAM3H GCM (Gordon et al.,
2000; Pope et al., 2000). The HadRM3P and Arpège RCM
simulations derive boundary conditions from HadAM3P and
HadCM3 respectively. Both HadAM3H and HadAM3P are
dynamically downscaled to an intermediate resolution from
HadCM3 and are thus closely related andmay be considered as
the same GCM. Two experiments also use boundary conditions
derived from the ECHAM4/OPYC coupled atmosphere–ocean
model (Roeckner et al., 1996). The alternative acronyms used
by the AquaTerra project (Gerzabek et al., 2007) are used
throughout this paper, the suffix of each denoting the driving
GCM.

It should be noted that this ensemble does not sample the
full range of potential model uncertainty andmodel structure is
sampled in neither a systematic nor randomway.Many climate
models possess similar or even identical parameterizations and
algorithms and thus such ensembles do not constitute totally
independent samples of the uncertainty space (Collins, 2007)
but represent an “ensemble of opportunity” (Tebaldi andKnutti,
2007). Nonetheless, this study represents a significant advance
in the study of the response of groundwater contamination and
the same framework can readily beapplied to a larger ensemble
and different emissions scenarios.

2.3.2. Downscaling methodology
For each of the eight selected RCM experiments, mean daily

air temperature and daily total precipitation for the baseline
and future time periods were extracted from the two grid cells
overlying the study area. These simulations were used to
calculate change factors (CFs) for the future period relative to
the baseline on amonthly basis for mean rainfall, proportion of
dry days, daily rainfall variance, daily rainfall skewness, 1-day
lag auto correlation, mean temperature and temperature
variance as described in Van Vliet et al. (in press). These
were, in turn, applied to the stochastic rainfall model and
weather generator to generate simulations ofweather variables
for the projected future climates. As both the rainfallmodel and
weather generator apply RCM-derived CFs to station scale data,
this approach provides downscaled climate projections at a
point scale through a two-stage process.

Firstly, the stochastic rainfallmodel RainSimV3 (Burton et al.,
2008) was used to generate 100-year temporally stationary
Table 1
The eight PRUDENCE project RCM experiments used in this study. The
alternative acronyms used by the AquaTerra project (Gerzabek et al., 2007)
are used throughout, the suffix of each denotes the driving GCM.

AQUATERRA
ACRONYM

RCM DRIVING GCM PRUDENCE EXPERIMENT
(baseline/future)

ARPEGE_H Arpège HadCM3 A2 DA9/DE6
RACMO_H RACMO HadAM3H A2 HC1/HA2
RCAO_E RCAO ECHAM4/OPYC A2 MPICTL/MPIA2
RCAO_H RCAO HadAM3H A2 HCCTL/HCA2
REMO_H REMO HadAM3H A2 3003/3006
HAD_P_H HadRM3P HadAM3P A2 adeha/adhfa
HIRHAM_E HIRHAM ECHAM4/OPYC A2 ecctrl/ecscA2
daily rainfall simulations for the baseline and each futureHIRHAM_H HIRHAM HadAM3H A2 HC1/HS1
climate as projected by application of the PRUDENCE ensemble
CFs. RainSim was calibrated to the monthly characteristics of
observed daily precipitation at the Lommel meteorological
station (KMI-RMI; 51.24°N, 5.36°E) in Belgium for the baseline
period. Average annual precipitation (1960–1989) at this
stationwas826 mm.Theprocess for generating the simulations
for the baseline and future climate time series is described in
detail formultisite simulations for theDommel catchment (Van
Vliet et al., in press).

For the second stage, the CRU daily weather generator
(hereafter abbreviated to CRU WG) was used to generate 100-
year daily time series of potential evapotranspiration. The CRU
WG uses regression relationships between precipitation and
secondary variables comprising mean temperature, tempera-
ture range, vapor pressure, wind speed, and sunshine hours
(Kilsby et al., 2007). Relative humidity and reference potential
evapotranspiration (PET) are subsequently calculated from
these; the latter using the Penman-Monteith method (FAO,
1986). The WG regression parameters were derived from daily
observations of precipitation, precipitation, air temperature
(minima and maxima), wind speed, vapor pressure and
sunshine hours observed between 1985 and 2006 at the
Eindhoven meteorological station (KNMI; 51.45°N, 5.41°E) in
The Netherlands, located 10 km north of the catchment. Mean
annual air temperature and calculated potential evapotranspi-
ration at this station (1985–2006) were 10.2 °C and 672 mm.
This station was selected because it offers a longer continuous
series of homogeneous climate data than is available elsewhere
near the study area and thus provides a statistically meaningful
representation of inter-variable relationships for the observed
climate. As theCRUWGis conditionedon the rainfall simulations
generated by RainSim, it generates temporally consistent time
series of weather variables to match the rainfall time series.
Further details of the implementation of the CRU WG and its
perturbation for future climates are presented in (Kilsby et al.,
2007) and the WG model validation and application for the
data applied here is provided by Van Vliet et al., (in press).

Before examining the hydrological impacts projected under
these scenarios for 2071–2100, a brief analysis of the projected
climatic changes was undertaken. The CFs for mean precipita-
tion andmean temperature, indicating future change projected
by the eight RCM experiments averaged over the two selected
grid cells, show a strong seasonal variation, with highest air
temperature increases during summer, a distinct increase in
winter precipitation and a pronounced decrease in summer
precipitation (Fig. 3). The downscaled precipitation scenarios
across theDommel catchmentproject an increase inmeandaily
precipitation of +9% (ARPEGE_H) to +40% (RCAO_E) and an
increase in the proportion of wet days (precipitationN1.0 mm)
during winter (Van Vliet et al., in press). During summer
however, a decrease in mean daily precipitation of −16%
(REMO_H) to −57% (RCAO_E) is projected accompanied by a
decrease in the proportion of wet days. Meanwet-day amount,
a simple measure of precipitation intensity, is also projected to
increase bymostmodels, by up to 23% inwinter (RCAO_E). The
models also generally project an increase in mean wet-day
amount in summer of up to 16% (RACMO_H) even though
mean precipitation is projected to decrease during this season.
Furthermore, the probability density functions of daily precip-
itation totals for the Lommel station (not shown) were
consistent with this, indicating a projected increase in the
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Fig. 3. Change factors of mean precipitation (a) and mean temperature
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stations in the Dommel catchment for the 8 selected RCM experiments.
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probability of high daily totals under the future scenario
relative to the baseline.

Projected mean winter temperatures for 2071–2100 range
from 7.7 °C to 9.1 °C, while for summer the range is 19.9 °C–
23.3 °C relative to mean winter and summer temperatures of
3.8 °C and 16.8 °C respectively for the baseline. Mean annual
potential evapotranspiration for the Eindhoven station is
projected to increase for all models, from 663 mm/yr to values
ranging from 777 mm/yr (+17% for ARPEGE_H) to 904 mm/yr
(+36% for RCAO_H), with the largest increases during the
summer months. As indicated, the RCM ensemble projections
shows consistency in the direction of seasonal changes but the
individual experiments diverge in terms of the magnitude of
projected climate changes. In a detailed consideration of
the projected climate changes for the Dommel catchment
from the PRUDENCE ensemble, Van Vliet et al. (in press)) note
that thedownscaledclimateprojectionsare strongly influenced
by the GCMused to provide boundary conditions for each RCM
experiment.
2.4. Analysis

To test the hypothesis that variations in contaminant
concentrations are related to groundwater level fluctuations,
we first studied the relationship between simulated groundwa-
ter levels, stream discharge and concentrations of Cd and Zn in
dischargedwater for each of the land use classes under baseline
climate. We specifically studied concentrations rather than
contaminant mass fluxes to separate the effect of fluctuating
discharge rates. Toanalyze the impactof landuse,weaggregated
the results for the entire catchment, as well as for the area of
natural land, agricultural land and irrigated agricultural land.
Secondly, to study climate change impacts on the hydrology we
investigated the annual water balance and fluxes within the
catchment, with emphasis on the potential and actual evapo-
ration and transpiration, changes in groundwater levels and
stream flow on a monthly basis. Thirdly, we investigated the
climate change impact on contaminant transport and leaching
by analyzing the average annual Cd and Zn mass balances and
redistribution of Cd and Zn in the catchment, profiles of the
concentrations of Cd and Zn in the soil before and after the
baseline and future climate simulation period, and the concen-
trations of Cd and Zn in the Keersop stream on a monthly basis.
We specifically analyze the concentrations of Cd and Zn, rather
than mass loads, to distinguish between the climate change
impacts on discharge rates and contaminant concentrations.

Thedifferencesbetween the results of thehydrologicalmodel
driven by the baseline and future climate scenarios were
interpreted as projections of changes in hydrology and contam-
inant concentrations under projected future climate, rather than
predictions of future conditions or concentrations. Predictions of
future conditions would require adjusting agricultural and
irrigation practices to future socio-economic demands, as well
as including climate feedbacks of such practices into the future
climate projections. Although the irrigation rules imply a
response to changing climate, this response is the same for
both baseline and future climate scenarios. Therefore, our results
merely present a direction of change and an estimated
uncertainty range as a result of projected climate changes alone.

3. Results

3.1. Groundwater levels and contaminant concentrations

We studied various approaches to aggregate the ground-
water levels that are simulated in each of 686models on a daily
basis, tomonthly statistics representing the entire catchment or
the different land use classes. We found that the best relation-
shipswith discharge rate and contaminant concentrationswere
obtained by first aggregating groundwater levels spatially and
then temporally. Specifically, we first calculated the median
groundwater level across the catchment (or land use class) on a
daily basis and second calculated the 95th percentile of median
groundwater levels within each month. This groundwater level
statistic represents the monthly high groundwater level
conditions for the catchment (of each of the land use classes)
and it shows the following relationswith discharge rates and Cd
and Zn concentrations (Fig. 4). Discharge rates from the
catchment increase if the groundwater level statistic increases
above 1 m below surface (Fig. 4a-d). Natural land produces
lower discharge rates, even at higher groundwater levels, while
highest discharge rates are simulated from irrigated agricultural
land. Concurrent with higher discharge rates, Cd and Zn
concentrations in surface water are also higher during higher
groundwater levels (Fig. 4e-l).

Although the relationships between discharge rate and
groundwater level statistic are different for each of the land use
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classes, they remain essentially the same throughout the
simulated period. In contrast, the relationships between
concentrations of Cd (Fig. 4e-h) and Zn (Fig. 4i-l) and the
groundwater level statistic changed over the course of the
simulated time period. Higher concentrations of Cd and Zn are
projected for the same groundwater level at the end of the
simulation period compared to the start of the period. This
effect is due to the downward transport of Cd and Zn during the
simulation period (see Section 3.2.3). This effect is particularly
strong for Cd because it is transported further downward than
Zn. It should be noted that although higher concentrations
occur at lower groundwater levels near the end of the
simulation period, discharge rates remain low at low ground-
water levels, resulting in a less pronounced effect in the
relationship between themass load and the groundwater level.
This effect shows that while the climate input is stationary and
no trendsmaybedeterminedwithin the100 year period for the
hydrological state of the system, the heavy metal contamina-
tion is not in a steady state and the response of the catchment to
groundwater level variations in terms of contaminant concen-
trations is transient over time. The heavy metal contamination
as it is present in the subsurface today will be transported by
soil water and groundwater flow, both under the baseline and
future climate projections.

3.2. Climate change impacts on hydrology

3.2.1. Climate change impacts on the annual water balance of
the catchment

Under the baseline climate (1961–1990), the projected
precipitation is 822 mmperyear onaverage,whichwas close to
the observed826 mm/yr. In addition, irrigationwas applied at a
rate of 3 mm per year averaged over the entire catchment.
Precipitation and irrigation, averaged over the entire catch-
ment, were distributed between interception evaporation
(83 mm), surface runoff (3 mm), soil evaporation (188 mm)
and plant transpiration (343 mm), leaving 212 mm for re-
charge of the local and regional groundwater system. Of the
212 mm/yr recharge, 42 mm/yr is removed through the lower
flux boundary to the regional groundwater system, leaving
169 mm/yr to be drained by the local groundwater system.

Future climate projections have several effects on the
annual water balance of the Keersop catchment (Table 2).
Mean annual precipitation in the form of rain decreases slightly
by 4% to 773 mm/yr, averaged over the eight future climate
projections. Individual projections of precipitation range
between 730 mm/yr (HAD_P_H) and 813 mm/yr (REMO_H).
Precipitation on frost days (maximum temperature below0 °C)
decreases on average by 83% to 3 mm/yr. In response to drier
and warmer summers, present day irrigation rules increase
artificial precipitation on average by 1088% to 36 mm/yr,
averaged over the entire catchment. The absolute decrease in
mean annual precipitation is almost compensated for in the
model by the increase in mean annual irrigation, thus the
resulting total annual precipitation only decreases by 2% from
825 mm/yr to 811 mm/yr.

Interception decreases by 15% to 70 mm/yr, while runoff
decreases to only 0.5 mm/yr. In contrast, transpiration and
evaporation increase by 19% and 8% respectively to 409 mm/yr
and 204 mm/yr. To compensate for the increased rates of
evapotranspiration, total groundwater recharge is projected to
decrease by 38% to 132 mm/yr. While the recharge towards the
regional groundwater system, the bottom flux in the model, is
kept at 40 mm/yr by the model setup, the drainage flux
decreases by 46% on average to 92 mm/yr. This adversely affects
the amount of discharge to the Keersop streamby local drainage
systems.

3.2.2. Evapotranspiration
Under the baseline, the actual evaporation (Eact) for the

entire catchment (Fig. 5a, large open circle) is 79% of the
potential evaporation (Epot). Due to higher air temperatures,
potential evaporation is expected to increase by 24%, but actual
evaporation is expected to increase by only 8%. Under future
climate scenarios, the actual evaporation is only 69% of
potential evaporation on average, but a large scatter between
the scenarios exists (63%–74%). Evaporation from natural land
(Fig. 5a, squares) is noticeably lower than fromagricultural land
and shows a negative trend with increasing potential evapo-
ration under future climate scenarios. Under the baseline, the
actual transpiration (Tact) for the entire catchment (Fig. 5b,
large open circle) is 97% of the potential transpiration (Tpot).
The difference between potential and actual transpiration is
smaller than for evaporation because capillary rise to the root
zone provides water for transpiration. While actual transpira-
tion under baseline climate scenarios was close to the potential
transpiration for all land types (Fig. 5a, large open symbols), the
actual transpiration under future climate scenarios is signifi-
cantly below potential transpiration. Actual transpiration from
the entire catchment (large solid circle) is 14% below potential
transpiration and as much as 23% lower for natural land
(solid upward triangle). This indicates that vegetation and crop
growth will become more water-limited than at present.
Irrigation maintained the transpiration flux from irrigated
agricultural land (downward triangles) at 99% of potential
under all future climate scenarios. Even though the Tact/Tpot
ratio decreased substantially, the absolute amount of transpi-
ration increased by 19% for the entire catchment and 35% for
irrigated agriculture because of higher potential transpiration.
The irrigation rules applied in themodel (VanBakel et al., 2008)
assume unlimited water availability for irrigation, which may
not be the case in reality. Consequently, the increase in actual
transpiration will be limited if water availability is not un-
limited. In summary, the total latent heat flux from the catch-
ment increases by 11%.

A comparison of the water balances of different land use
types under different climate scenarios (Fig. 6) reveals the
effect of irrigation on the climate change impacts as well as
the variation between the climate scenarios. The total input of
water for the entire catchment (Fig. 6a, top half) will either
increase or decrease depending on the climate scenario. While
the annual amount of precipitation on natural and agricultural
land (Fig. 6b and c) decreases under all scenarios (by 6% on
average), irrigation (Fig. 6, top dark gray bar) actually increases
the total water input by 8% (Fig. 6d). The anthropogenic-
influenced hydrological response of irrigated land is markedly
different from natural or agricultural land. The modeled
irrigation rules aim to meet the potential transpiration. While
the impact of climate changeon thewaterbalanceofnatural land
is driven by the change in natural precipitation, the hydrological
response to climate change on irrigated land is driven by the
increased potential of transpiration and thus by the projected



Table 2
Water balance fluxes (mm/yr) under baseline (1961–1990) and future (2071–2100) climate scenarios. “Future climate” column represents the average over al
eight future climate scenarios, “average change” represents change from baseline to average future climate results. Individual scenario results for comparison
Snow indicates precipitation on frost days. Epot and Eact stand for potential and actual evaporation, Tpot and Tact stand for potential and actual transpiration.

Baseline Future
climate

Average
change

ARPEGE RACMO_H RCAO_E RCAO_H REMO_H HAD_P_H HIRHAM_E HIRHAM_H

Rain 807 773 −34 (−4%) 812 802 764 771 813 730 757 736
Snow 15 3 −12 (−82%) 2 3 0 2 2 1 1 11
Irrigation 3 36 +33 (+1088%) 19 29 62 37 19 37 46 35
Natural precipitation 822 776 −46 (−6%) 814 805 764 772 815 731 759 746
Total precipitation 825 811 −14 (−2%) 832 834 826 809 834 768 805 781
Interception 83 70 −13 (−15%) 76 73 64 70 76 67 66 72
Runoff 3 1 −2 (−81%) 0 0 1 0 0 0 1 1
Tpot 354 477 +123 (+35%) 438 463 535 481 441 482 505 472
Tact 343 409 +66 (+19%) 401 409 421 412 403 405 417 401
Epot 237 295 +58 (+24%) 278 289 321 294 283 292 310 293
Eact 188 204 +16 (+8%) 206 203 202 201 208 201 203 205
Tact/Tpot 97% 86% 92% 88% 79% 86% 91% 84% 82% 85%
Eact/Epot 79% 69% 74% 70% 63% 68% 73% 69% 66% 70%
Total evaporative flux 613 683 +70 (+11%) 683 684 687 683 687 673 686 679
Drainage 169 92 −77 (−46%) 111 111 98 90 110 65 82 70
Bottom flux 42 40 −2 (−6%) 41 42 43 40 41 36 40 37
Total recharge 212 132 −80 (−38%) 152 153 140 131 151 101 123 107
Evaporation as fraction
of precipitation

74% 84% 82% 82% 83% 84% 82% 88% 85% 87%

Recharge as fraction
of precipitation

26% 16% 18% 18% 17% 16% 18% 13% 15% 14%
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increase in temperature. The variability of the hydrological
response between the different climate experiments is larger for
irrigated land, because the irrigation rules provide between 66
and 219 mm/yr artificial precipitation on irrigated land in
response to projected increased temperatures (if the irrigation
demand can be met) while the variation in projected natural
precipitation ranges between 730 and 813 mm/yr.

The drainage flux (Fig. 6, bottom half) decreases due to the
decreased precipitation rates and due to the increased evapo-
ration and transpiration. The decrease in drainage flux from
irrigated agricultural land (Fig. 6d) is, at −29%, much lower
than the decrease of drainage from agricultural land (−55%,
Fig. 6b) and natural land (−61%, Fig. 6c). However, if the
irrigationwater is drawn from the surfacewater system –most
irrigated agriculture is close to surfacewater – then subtracting
the irrigation flux from the drainage flux reveals that the net
contribution of irrigated agriculture to the surface water
decreases from 237 mm/yr under the baseline climate to
50 mm/yr under the future climate scenarios, a decrease of 69%.
3.2.3. Groundwater levels
Each of the 686 SWAP models calculates a groundwater

level on a daily basis. To derive monthly statistics from the
spatially distributed daily groundwater levels, first the daily
median groundwater level was calculated for the entire
catchment as well as for the three land use classes. Second,
the 5th, 50th (median) and 95th percentile of median daily
groundwater levels were calculated for each calendar month
for baseline climate. Groundwater levels show a seasonal
pattern under baseline conditions (Fig. 7a) with lower levels
and a smaller 5th–95th percentile range in summer, and higher
levels and a larger 5th–95th percentile range in winter.
Groundwater levels under natural land are generally lower
than catchment average and groundwater levels under
l
.

irrigated land are higher. Agricultural land closely follows the
catchment seasonal trends. The monthly 95th percentiles of
projected groundwater levels, to which discharge and contam-
inant concentrations show a strong relation, are lower for all
future climate scenarios (Fig. 7b). The largest difference in this
groundwater level statistic betweenbaseline and future climate
scenarios is projected for October andNovember. Groundwater
levels recover in December and January, thanks in part to a
projected increase of winter precipitation for some scenarios.
Based on the projected changes in groundwater levels under
future climate scenarios, the largest impacts in terms of
discharge and contaminant concentrations are expected for
October through December.
3.2.4. Discharge rates of the Keersop
Monthly mean discharge figures show typical seasonal

patternsunder thebaseline climate (Fig. 8),withhighdischarge
rates in the winter months (November–March) and low
discharge rates in the summer months (April–October). The
annual discharge of the Keersop stream decreases for all RCM
experiments, by 26% to 46% relative to the baseline (12×
106 m3/yr).While precipitation rates inwinter are projected to
increase (Fig. 3b), the decline in groundwater levels during
summer months causes lower discharge rates throughout the
fall and winter, by as much as 73% in December (HAD_P_H,
Fig. 8b). Natural discharge during summer months (June–
September) decreases to almost zero and stream discharge is
maintained by the water inlet from an upstream canal.
Comparingdischarge rates during summermonths to irrigation
demands, shows that natural discharge and present day water
inlet rates cannot meet irrigation demands under all future
climate scenarios. This demonstrates that present day irrigation
rules are most likely not sustainable under future climate
change.
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In summary, the projected impact of climate change on the
hydrology of the Keersop catchment involves a shift from
recharge and drainage towards more evaporation and transpi-
ration. As such, groundwaterflow in the catchment slows down.
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3.3. Climate change impacts on contaminant transport

To differentiate between climate change effects and auton-
omous transport over the simulated time period, we will next
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compare the mass balances and movement of the Cd and Zn
contamination under future climate scenarios with those under
the baseline climate.

3.3.1. Mass balance of contaminants
The initial stock of Cd and Zn averaged over the entire

catchment is 1700 and 234,000 mg/m2 respectively, while the
annual input of Cd and Zn fromatmospheric deposition,manure,
fertilizer and the leaching of ash roads delivers 0.57 and
218 mg/m2/yr (Fig. 9). Under the baseline climate scenario,
33% of the annual Cd input (Fig. 9a) and only 6% of the annual Zn
input (Fig. 9e) is removed by drainage, while themajority of the
input (66% and 94%) is sorbed and stored in the soil profile,
increasing the stock of Cd and Zn in the catchment by 2% and 9%
over the 100 year simulation period. Under baseline climate, the
catchment acts as a sink for Cd and Zn and the contamination is
contained in the top soil. Under future climate scenarios, the
drainage flux of Cd and Zn decreases to half of the baseline flux
and only 16% and 3% of the annual input is removed from the
catchment (Fig. 9a and e), respectively. The remainder accumu-
lates in the subsurface. Theeffect on the total stockof CdandZn is
negligible because it increases by 3% and9% respectively over the
100 year future climate simulation period, compared to 2% and
9% for the baseline. Under both baseline and future climate
scenarios, the contaminationof the catchment increases in terms
of the total amount of contaminant within the catchment. Fig. 9
also shows thatwhile differences between theRCMexperiments
for the A2 scenario exist, the differences between land use types
(Fig. 9b, c, and d; and f, g and h) are more significant.

3.3.2. Vertical profiles of average contaminant concentrations in
the soil

The limited impact of climate change on the transport of Cd
and Zn in the subsurface is illustrated by the average vertical
profiles of concentrations for different land use types (Fig. 10),
and a comparison between the start of the simulation period
and the progression under baseline climate and future climate
scenarios. The initial vertical Cd profile, averaged over allmodel
cells in the catchment, showed a peak of 20 μg/l at 45 cmbelow
the surface (Fig. 10a). The profile under natural land (Fig. 10b)
shows higher concentrations, up to 29 μg/l at 55 cm into the
soil, compared to the profile under agriculture (Fig. 10c) or
irrigated agriculture (Fig. 10d). For the 100 year simulation
period under baseline climate, the peak in the catchment
average profile decreases to 11 μg/l while progressing to 80 cm
below surface. A similar pattern is observed in the vertical Zn
profiles. The initial vertical Zn profile for the entire catchment
showed a peak of 1.7 mg/l at only 30 cm below the surface
(Fig. 10e). Like the Cd profile, the Zn profile under natural land
(Fig. 10f) shows higher concentrations, up to 2.3 mg/l at 35 cm
into the soil. Over the course of the baseline climate simulation,
the peak in the catchment average profile decreases to 1.3 mg/l
while progressing to 45 cm below surface. Under natural land,
the Zn peak concentration decreases by 40% to 1.5 mg/l, while
peak concentrations under agricultural land decrease negligibly.
This shows that while the historical contamination from the
smelters is reduced under natural land, the deposition of Zn on
agricultural land and the different sorption properties of
agricultural soils sustain the Zn contamination.

The average profiles of average concentrations under future
climate scenarios all show that the impact of climate change is
minimal. Although a slightly increased retardation of the
downward movement of Cd and Zn compared to baseline
results can be seen, this effect is negligible compared to the
differences between the initial andfinal profiles or the different
land use classes.

3.3.3. Contaminant concentrations in the Keersop stream
Because Cd and Zn have accumulated in the top soil (Kroes

et al., 2009), the concentrations in the Keersop stream under
present day climate react to groundwater level fluctuations and
show the same patterns asmonthly discharge (Rozemeijer and
Broers, 2007): high concentrations in December to May, and
lower concentrations in June to November. (Fig. 11)

The concentrations of Cd and Zn in surface water are
projected to decrease under the future climate scenarios. Small
changes from baseline concentrations and little variability
between scenarios are projected during summermonthswhen
Cd and Zn concentrations are low. The decrease in Cd and Zn
concentrations is strongest in autumn and early winter, when
groundwater levels are still low due to increased evapotrans-
piration during summer.Winter months, when concentrations
are typically highest, also exhibit large variation between
climate scenario results. Heavy precipitation events in March
projected by the RACMO_H, RCAO_H and REMO_H scenarios
can cause concentrations as high as baseline values for Cd and
even higher than baseline for Zn.
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Fig. 9. Mass balances of Cd and Zn for the entire catchment, natural land, rain-fed agricultural land and irrigated agricultural land, under baseline and future
climate scenarios. The black boxes indicate the mean of the eight future climate scenarios.
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4. Discussion

For the Keersop, the impacts of climate change on
hydrology are expected to manifest as increased irrigation
and evaporation and a slowing down of the groundwater flow
system. While annual mean precipitation decreases only
slightly, the increased transpiration by plants increases the
water flux from the soil to the atmosphere. This leads to a
smaller proportion of the precipitation being routed to the
groundwater system. The latter effect will increase the travel
times in the groundwater system and in general the transport
of contaminants in relation to the travel time (Van der Velde
et al., 2010; Visser et al., 2009).

Regional climate change impact studies in Denmark (e.g.
Onuşluel Gül and Rosbjerg, 2010; Van Roosmalen et al., 2007)
have also projected increases in evapotranspiration and
irrigation due to higher temperatures, but these have projected
only a small increase in discharge and higher groundwater
levels under increased annual precipitation. Contrary to the
projected impacts in the Keersop area, a decrease of actual
evapotranspiration is projected for Germany under climate
change (Bormann, 2009), by including the adaptation of
vegetation (Wegehenkel, 2009). However, the increase in
low-flowdays and decrease in groundwater rechargeprojected
under climate change in north-eastGermany (Wegehenkel and
Kersebaum, 2009) are similar to our results. This demonstrates
that the impacts of climate change on hydrology are likely to be
highly spatially variable and highlights the importance of high
resolution dynamical downscaling of GCMs to enable regional
climate change impacts to be assessed (Hagemann and Jacob,
2007). For local climate change impact assessments, an
additional statistical downscaling approach can be undertaken
(Fowler et al., 2007; Van Vliet et al., in press).

The fixed bottom flux in the 1D models implies that
regional groundwater hydrology is not affected by climate
change. This is one of the limitations of the 1D ensemble
model approach. Simulating the effect of climate change on
regional groundwater hydrology would require a coupled
model (e.g. Goderniaux et al., 2009) which was beyond the
scope of this study. The choice for this approach is justified
here because the SWAPmodel has the capability to accurately
simulate capillary rise by the unsaturated zone in dry periods.
This is essential because changes in evaporation and transpira-
tion are not only determined by the changing patterns of
precipitation and potential evapotranspiration, but also by the
availability of soil moisture in summer.

Climate change impacts on hydrology can induce shifts in
agricultural practices or production towards more warmth and
drought resistant crops (Jennings et al., 2009; Mínguez et al.,
2007) while elevated CO2 concentrations have an effect on the
actual transpiration of plants (Van Roosmalen et al., 2010).
Increased CO2 concentrations and changes in vegetation
patterns and ecosystem adaptation towards more drought
resistant plant communities were found to limit the increase
in transpiration in a theoretical vegetated hill slope under the
sameprecipitation scenarios as used in this study (Brolsmaet al.,
2010). This effect has, however, not been studied considering
the actual topography and vegetation of the catchment. In
general, vegetation response and elevated CO2 concentrations
appear to limit the increase in transpiration.
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It is acknowledged that changes in irrigation influence
land–atmosphere interaction through feedbacks between soil
moisture and land surface fluxes which in turn influence
boundary layer conditions and regional climate. Previous
studies have demonstrated that changes in irrigation (or land
use changes in general) may affect meteorological conditions,
particularly rainfall, cloudiness, humidity and air temperature
(e.g. Ek and Holtslag, 2004; Koster et al., 2004; Wang et al.,
2007) through changes in evapotranspiration and associated
latent heat flux (Asokan et al., 2010; Destouni et al., 2010;
Lobell et al., 2009; Shibuo et al., 2007). However, the climate
response is complex; Boucher et al. (2004) identified an
overall positive radiative forcing arising from increased water
vapor but a potential negative climate sensitivity arising from
evaporative cooling at the surface. Furthermore, vegetation
changes associated with increased irrigation are also likely to
further modify land–atmosphere interaction. The impacts of
such land–atmosphere feedbacks on evaporative demand and
precipitation are not accounted for in this study, as this would
require fully coupled land surface–atmosphere modeling,
which is outside the scope of this study. Before this can be
undertaken, more work is needed to quantify the scope and
magnitude of land–atmosphere feedbacks in specific regions
or catchments (Ferguson and Maxwell, 2011). Given these
limitations, this study shows a strong impact of irrigation on
the water balance of irrigated land under a moderate climate.
Ficklin et al. (2009, 2010) found groundwater recharge to be
very sensitive to climate change in an irrigated Mediterra-
nean setting. Whether water is available for irrigation from
surface water and whether present day irrigation is sustain-
able depends on whether the projected changes in the
occurrence of low flow conditions in the Meuse under future
climate (Van Pelt et al., 2009) are able to maintain the inlet of
water to the Keersop catchment. The question is whether the
Keersop canmeet ecological and societal needs for freshwater
(Baron et al., 2002) while agro-economical stakes will
compete with environmental flow requirements (Gül et al.,
2010). These questions relate to the socio-economic re-
sponses to climate change, which were beyond the scope of
our study. Testing this feedback would require a regional or
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continental scale coupled climate-hydrology-socio-economic
model.

Climate change impacts on annual Cd and Znmass balances
and the concentrations in the soil are limited. These results are
similar to the projected impacts of climate change on the
transport and leaching of nutrients in Sweden (Destouni and
Darracq, 2009a), although increased leaching of phosphorous
was found under future climate scenarios predicting higher
flow conditions (Jennings et al., 2009). In our study, climate
change has a strong effect on concentrations of Cd and Zn in
surface water, because the projected lower groundwater tables
keep the saturated zone below the upper contaminated soil
zone, limiting the transport of contaminants by short drainage
paths such as shallow tile drains. The direct effects of increased
temperature on sorption and desorption kinetics (Weber et al.,
2010) was not studied here, because these are not expected in
terrestrial soils. Increased resuspension of contaminated
suspended sediment under high river discharge rates (De
Weert et al., 2010; Jacoby, 1990;Mulholland et al., 1997) is also
known to increase total concentrations of heavy metals with
high adsorption capacities to suspended solids. While high
discharge events under future climate scenarios in March and
April are already expected to increase the dissolved concentra-
tions of Cd and Zn, the effect of resuspension was not
incorporated in this study. In general, comparisons of climate
change impacts on contaminant transport andwater quality are
complicated because of the regional differences in future climate
scenarios and the limited number of studies that have
specifically addressed the impacts of climate change on
contaminant transport and leaching of heavy metals. While
variationbetweenprojected effects fromdifferent future climate
scenarios further complicate these comparisons, they also
demonstrate the need for multi-model ensembles of climate
change projections for reliable advice to water management
(EU, 2009).

This study also showed that while the impact of climate
change on the Cd and Zn concentrations in surface water is
pronounced, the impact on the vertical profiles of Cd and Zn
concentrations in the soil is minor compared to the impact of
100 year downward transport under continuous source
inputs. This indicates the importance of accurately simulating
the impact of climate change on soil moisture and ground-
water levels, because these control shallow transport routes
in lowland catchments and thereby stream concentrations,
rather than changing sorption kinetics. The concentrations of
Cd and Zn in our study area also vary with changing monthly
discharge, in contrast to studies discussing chemostasis of
concentrations of waterborne contaminants (in essence
invariability of concentrations under variable flow conditions
(Basu et al., 2011)). The simulated variations of Cd and Zn
concentrations in response to groundwater level fluctuations
are in agreement with observations of Cd and Zn from tile
drains in a small lowland catchment in the east of The
Netherlands (Rozemeijer et al., 2010). Our study also projected
a different response for irrigated agriculture as opposed to
natural and non-irrigated agricultural land, emphasizing the
importance of using process-based models. Also, it is worth
noting that even if a stationary future climate is assumed,
transport processes aremost likely not in a steady state andwill
play out on longer time scales.

5. Conclusions

Future climate scenarios project lower precipitation rates
on amean annual basis, but increased rates for wintermonths
for the study area. On the other hand, both evaporation and
transpiration fluxes increase, due to rising air temperatures.
This increase is compensated for by a decrease in the drainage
flux and groundwater recharge. As a result, groundwater
levels decline and the annual discharge of the Keersop stream
decreases under all future climate scenarios, by 26% to 46%. In
conclusion, climate change leads to an intensification of irriga-
tion practices, lower groundwater levels due to increased
evapotranspiration and a slowing-down of the groundwater
system.

Climate change leads to lower Cd and Zn concentrations
for most of the year as a result of lower groundwater levels.
Combined with lower discharge rates, the decrease of Cd and
Zn mass loads through the surface water system is even more
pronounced. This is in accordance with the predicted and
observed response of solute transport to drier conditions
(Rozemeijer and Broers, 2007; Rozemeijer et al., 2010) and
the observed changes in total concentration of some heavy
metals (i.e. lead, chrome, mercury and cadmium) under low
flow conditions (Van Vliet and Zwolsman, 2008).

Thanks to the drier conditions projected for future climate
a positive impact of climate change is projected on a limited
aspect of surface water quality. The contamination of the
subsurface is sustained and Cd and Znwill further accumulate,
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but it will pose a smaller threat to surface water ecosystems
under future climate conditions. This study shows for the first
time the feasibility of transient simulation of contaminant
transport through the soil and groundwater system driven by
the PRUDENCE ensemble of future climate scenarios. Further,
to provide useful advice to water managers on the impact of
future climate on water quality, all aspects of water quality
should be considered.
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