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Abstract. The sensitivity of groundwater recharge to differ-
ent climate conditions was simulated using the approach of
climatic analogue stations, i.e. stations presently experienc-
ing climatic conditions corresponding to a possible future cli-
mate state. The study was conducted in the context of a safety
assessment of a future near-surface disposal facility for low
and intermediate level short-lived radioactive waste in Bel-
gium; this includes estimation of groundwater recharge for
the next millennia. Groundwater recharge was simulated us-
ing the Richards based soil water balance model HYDRUS-
1D and meteorological time series from analogue stations.
This study used four analogue stations for a warmer subtrop-
ical climate with changes of average annual precipitation and
potential evapotranspiration from−42 % to +5 % and from
+8 % to +82 %, respectively, compared to the present-day cli-
mate. Resulting water balance calculations yielded a change
in groundwater recharge ranging from a decrease of 72 % to
an increase of 3 % for the four different analogue stations.
The Gijon analogue station (Northern Spain), considered as
the most representative for the near future climate state in the
study area, shows an increase of 3 % of groundwater recharge
for a 5 % increase of annual precipitation. Calculations for
a colder (tundra) climate showed a change in groundwater
recharge ranging from a decrease of 97 % to an increase of
32 % for four different analogue stations, with an annual pre-
cipitation change from−69 % to −14 % compared to the
present-day climate.

1 Introduction

In the context of disposal of low and intermediate level short-
lived radioactive waste (LILW-SL), the Belgian Agency
for Radioactive Waste and Enriched Fissile Materials
(ONDRAF/NIRAS) aims at developing a disposal facility
in Dessel, northeast Belgium. Demonstrating safety of the
repository requires investigating the short and long-term im-
pact of the evolution of environmental conditions on the per-
formance of the facility. In this context, it is important to
characterise future groundwater recharge, because radionu-
clide dispersion and dilution would eventually depend on
groundwater flow conditions. The time scale of interest is
several millennia, considering the long half-life of some
radionuclides (i.e. several thousands to tens of thousands
of years) contained in LILW-SL and the anticipated life-
time (a few thousands of years) of the near-surface facility
(Van Geet et al., 2012).

Future groundwater recharge depends heavily on future
climate conditions. However, studies of the impact of cli-
mate change on groundwater recharge are usually restricted
to time scales of several decades to hundreds of years (e.g.
Goderniaux et al., 2009; van Roosmalen et al., 2009). This is
because climate scenarios of such studies are often based on
predictions of general climate models (GCMs) used in IPCC
assessment reports (the latest of which is IPCC,2007). These
predictions extend until 2100 AD or 2300 AD for some mod-
els (IPCC,2007). Other studies do not include a specific time
scale and focus more on a sensitivity analysis regarding the
response of the groundwater recharge to a given change in
climatic inputs (e.g.Wilkinson and Cooper, 1993).
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Different approaches have been developed to generate me-
teorological time series characterising different climate states
in terms of average annual temperatures and precipitation:

a. Use of GCM outputs, often after downscaling of the
results. Dynamical downscaling uses a regional cli-
mate model (RCM) to create higher resolution time se-
ries; while statistical downscaling includes methods of
varying complexity, from (delta) perturbation approach
to stochastic weather generators conditioned on site-
specific or hypothetical weather statistics (Fowler et al.,
2007; Holman et al., 2009).

b. Use of actual meteorological data from instrumental
analogue stations taking account of local conditions that
influence hydroclimatological conditions such as simi-
larities and differences in latitude/longitude effects on
insolation and oceanic/continental influences (Palutikof
and Goodess, 1991).

Using analogue stations represents a straightforward and
transparent way of deriving climate state bounds for the cli-
mate classes of interest. It also has some weaknesses: ana-
logues are restricted to sites with instrumental data; time se-
ries of 30 or 50 yr are assumed to be representative of the
long-term temporal variability of a given climate state; fi-
nally, the site conditions of analogue stations that impact
their climate will hardly ever be identical to those of the site
(here Dessel) they are an analogue for.

The approach based on GCMs can make use of more site-
specific information and probably provides a better parameri-
sation of temperature and precipitation in the near future.
However, on a longer time scale as in the present study, the
potential advantages of GCMs over an analogue approach are
fading due to the high uncertainty in emission scenarios and
GCM predictions.

The approach using analogue stations was chosen for
the present study in order to describe future climate states
at the Dessel site with current observations from appro-
priate climate zones. This approach was previously used
in several safety assessment studies (Palutikof and Good-
ess, 1991; Bechtel SAIC Company, 2004). More recently,
Stoll et al.(2011) studied groundwater recharge and quality
using past analogue time series.

The objective of the present study is to estimate future
groundwater recharge in the vicinity of the Dessel site on
a time scale of up to a few thousands years. An estimate
of current groundwater recharge is provided and the poten-
tial impact of a warmer climate is investigated using climatic
analogue stations. Because of the long time scales (Van Geet
et al., 2012), colder climates cannot be excluded and their
impact on recharge is equally assessed. Special attention is
paid to the influence of the lower boundary condition and
groundwater depth.

2 Material and methods

2.1 Present-day and future climate in Belgium

The present-day climate of Belgium is defined as a temper-
ate oceanic climate – “DO” following the classification of
Trewartha et al.(1968). Classification as DO climate type
requires 4 to 7 months above 10◦C and the coldest month
above 0◦C (there is no criterion about precipitation). Climate
data collected for the period 1985–2009 in the Dessel area
(Campine Region, north of Belgium) indicate a mean tem-
perature of 10.4◦C and mean precipitation of 899 mm yr−1.
The atmospheric circulation is dominated by western winds
which bring humidity from the Atlantic Ocean. Based on dif-
ferent scenarios of greenhouse gas emissions, IPCC mod-
els for the region of northern Europe predict a warming of
2.3 to 5.3◦C (median 3.2◦C) by 2100 AD. Annual precipi-
tation is very likely to increase in most of Northern Europe,
and extremes of daily precipitation are also likely to increase
(IPCC,2007).

On the longer term, important driving forces of climate
evolution include variations of insolation (astronomical and
solar forcings), and changes in greenhouse gas and aerosol
concentrations in the atmosphere (natural and anthropogenic
sources). These variations are forced by changes in the
Earth’s orbit and spin and by other forcing agents such as
volcanism, the evolution of life and the movement of tectonic
plates and ocean currents. TheBIOCLIM (2003) project stud-
ied possible future climate states for the long term account-
ing for atmospheric CO2, solar and astronomical forcings.
The reference sequence of climate states (B4) is subtrop-
ical Cs/Cr climate until 160 000 yr after present (AP), fol-
lowed by a temperate oceanic climate (DO from 160 000 to
170 000 yr AP), then a cold climate without permafrost (EO
from 170 000–180 000 yr AP) and finally again a temperate
climate (till 200 000 yr AP). Over the period of 10 000 yr AP
chosen for the present study,BIOCLIM results suggest that
northeastern Belgium will be characterised by a climate mod-
erately warmer than present, with a similar degree of wa-
ter availability through the year, but with drier summers and
wetter winters (“Cs” climate in Trewartha’s classification –
subtropical climate with winter rain). The subtropical cli-
mate class without rainfall seasonality is denoted as “Cr”.
No colder climate is foreseen in the next 10 000 yr AP on the
basis ofBIOCLIM (2003) scenarios. However for illustrative
purposes the present study also investigates the consequences
of a tundra climate (with permafrost) designated by “FT”
in Trewartha’s classification to have a more comprehensive
evaluation of the water balance sensitivity at the Dessel site.
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2.2 Climatic analogue stations

Climate analogue stations were selected based on the follow-
ing criteria: (i) fulfilling Trewartha’s classification criteria
based on temperature and precipitation, (ii) sufficiently long
time series (preferably> 20 yr) of key meteorological vari-
ables (temperature, precipitation, wind speed, relative hu-
midity) and (iii) similarity with respect to latitude/longitude
effects on insolation and oceanic/continental influences com-
pared to the Dessel site. Pertinent criteria for the latter were
defined as follows:

a. Elevation: the analogue stations must have an elevation
of less than 150 m a.s.l. This criterion is chosen to avoid
the inclusion of stations displaying too important oro-
graphic rainfall effects, as the Dessel site is at approxi-
mately 25 m a.s.l.

b. Maritime influence: the distance to the nearest source
of moisture (shoreline) has to be maximum 120 km tak-
ing dominant wind direction into account (Dessel site is
about 120 km from the coast).

c. Atmospheric circulation system: analogue stations lo-
cated in the Atlantic circulation system (Northern
Hemisphere) are preferred. Besides, analogue stations
should not be located on a small island (as inBurgess
et al., 2002).

Among the potential weather stations in a given climate
class (Cs/Cr, FT), the two stations displaying the smallest
rank deviation from the class annual average temperature and
precipitation were selected for model simulation. Besides
these two stations, the two stations with the highest and low-
est precipitation regimes were also selected to represent ex-
treme (bounding) cases. This allowed assessing the influence
of variability in precipitation, temperature and other climatic
parameters within a climate class on groundwater recharge.
Table1 lists the selected climatic analogue stations for sim-
ulating the warmer (Cs/Cr) and colder (FT) climate classes.
Table A1 (in AppendixA) presents average temperature and
precipitation for twelve analogue stations of the DO climate
class (with the same selection criteria as described above),
including Dessel. Dessel is found to have higher annual pre-
cipitation than the class average based on these twelve sta-
tions (851 mm yr−1), and temperature equal to the average
(10.3◦C).

2.3 Groundwater recharge modelling

Time series of meteorological observations were used to
derive daily potential evapotranspiration (ET) using the
Penman-Monteith approach (Allen et al., 1998). Site location
data (altitude and latitude) of Dessel were used for all ana-
logue stations. The altitude above sea level determines the lo-
cal average value of atmospheric pressure. The latter defines
the psychrometric constant which in turn is used to calculate

the actual vapour pressure. The latitude defines the extrater-
restrial radiation. In the adopted approach, solar radiation
for all analogue stations was approximated by Hargreaves’
radiation formula, using the difference between the maxi-
mum and minimum air temperatures of the analogue stations
(Allen et al., 1998). Then, interception, throughfall, evapo-
ration of intercepted water, potential evaporation and poten-
tial transpiration were calculated in a canopy water balance
model implemented in Excel (see AppendixB) and were
used later as input variables for HYDRUS-1D (Šimu̇nek
et al., 2005). The main outputs calculated with HYDRUS-
1D include daily values of the soil actual evaporation, actual
transpiration and groundwater recharge (discharge at the pro-
file bottom). From these daily values, annual values were cal-
culated. Simulated piezometric level is assumed to be at the
depth where the pressure head (h) is 0 cm. Whenh < 0 cm
at the bottom of the profile, the depth ofh = 0 cm is extrap-
olated assuming a unit gradient condition, i.e. 1: 1 gradient
betweenh andz (depth below ground in cm). The assump-
tion of a 1: 1 gradient betweenh andz has been verified to
be valid for our simulations.

Simulations were performed on sandy soils (podzols)
characteristic of the study area, with a uniform grass cover.
Three-meter deep soil profiles of Zcg (Belgian classification
for sand, moderately drained, B horizon with obvious accu-
mulation of organic matter and/or iron; FAO: Haplic Podzol,
USDA: Aquic Haplorthod) and Zeg (sand, poorly drained, B
horizon with obvious accumulation of organic matter and/or
iron; FAO: Gleyic Podzol, USDA: Typic Haplaquod) soil se-
ries were used (Seuntjens et al., 2001). The most typical hori-
zon sequence of these series and related texture and organic
matter content properties were extracted from the Aardew-
erk soil information system (Van Orshoven et al., 1988).
Grass rooting depth was arbitrarily set at 30 cm. Table2
gives the parameterisation of the two soil profiles for the van
Genuchten-Mualem model (van Genuchten, 1980). The pe-
dotransfer functions ofSchaap et al.(1999) were used to de-
rive soil hydraulic parameters for the Zcg and Zeg profiles
(respectively 6 and 5 horizons).

In the Dessel area, the actual groundwater table is around
1.5 m deep on average (Beerten et al., 2010). Using this av-
erage groundwater table depth as the bottom boundary con-
dition for the calculations is relevant for current climate con-
ditions (DO class) but would not necessarily match future
groundwater table conditions under other climates. For ex-
ample, simulations for some of the warmer Cs/Cr analogue
stations showed that a constant groundwater table at 1.5 m
led to a negative annual drainage (i.e. upward flow from
groundwater) under a precipitation deficit (i.e. difference
between precipitation and potential ET) because ground-
water then acted as a supplier for actual ET (results not
shown). A consequence of the high ET demand would be
a drop in groundwater level, which cannot happen with the
constant head boundary condition. As an alternative, the
“deep drainage” bottom boundary condition implemented in
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Table 1.Characteristics of selected analogue stations for different climate classes (DO = temperate oceanic, Cs/Cr = subtropical with/without
rainfall seasonality, FT = tundra (with permafrost)). The Dessel site is the reference station for current climate. Cádiz is the station with the
smallest rank deviation from Cs class average temperature (16.8◦C) and precipitation (607 mm yr−1). Ourense and Huelva were selected as
bounding cases for the precipitation. For the Cr class, sufficient input data were found only for Gijon. Sisimiut and Nuuk are the stations
with the smallest rank deviations from FT class average temperature (−2.0◦C) and precipitation (571 mm yr−1). Paamiut and Ilulissat were
selected as bounding cases for the precipitation.

Climate
Mean annual Mean annual

Altitude
Distance (km) from

class
Station Latitude and longitude temperature precipitation

(m a.s.l.)
humidity source

(◦C) (mm yr−1) (shoreline)

DO Dessel, Belgium 51◦13′ N, 05◦06′ E 10.3 899 20 120
Cs Ourense, Spain 42◦20′ N, 07◦52′ W 14.5 807 143 90
Cs Ćadiz, Spain 36◦45′ N, 06◦04′ W 17.7 536 27 0
Cs Huelva, Spain 37◦17′ N, 06◦55′ W 18.1 479 19 0
Cr Gijon, Spain 43◦32′ N, 05◦39′ W 13.8 947 3 0
FT Nuuk, Greenland 64◦10′ N, 51◦45′ W −1.4 740 54 / 80 0
FT Ilulissat, Greenland 69◦13′ N, 51◦03′ W −5.0 268 39 0
FT Sisimiut, Greenland 66◦55′ N, 53◦40′ W −3.9 319 12 0
FT Paamiut, Greenland 62◦00′ N, 49◦43′ W −0.8 794 15 0

HYDRUS-1D was used, for which the discharge rateq(n) at
the bottom of the soil profile at noden is defined as a func-
tion of the position of the groundwater table (Hopmans and
Stricker, 1989):

q(n) = q(h) = Aqh exp(Bqh × |h − GWL0L|) (1)

where q(h) [cm day−1] is the discharge rate,h [cm] is
the pressure head at the bottom of the soil profile,Aqh

[cm day−1] and Bqh [cm−1] are empirical parameters and
GWL0L [cm] is the reference groundwater depth. In this case
vertical drainage across the lower boundary of the soil pro-
file is approximated by a flux, which depends on the position
of the groundwater level (Hopmans and Stricker, 1989). Pa-
rameters for Eq. (1) were obtained from a series of measured
groundwater levels in the Dessel area (1990–2009) and corre-
sponding calculated fluxes (Leterme et al., 2012). An average
parameterBqh (= −0.0083 cm−1) was fitted for the 12 se-
lected piezometers (average annual minimum and maximum
water level of these piezometers are 1.2 and 2.1 m, respec-
tively). Aqh (=−0.667 cm day−1) was calculated following
Hopmans and Stricker(1989) and GWL0L was set to 300 cm
(= depth of the simulation domain). This variable drainage
flux–water table bottom boundary condition was used for all
climate states. The initial pressure head at the lower bound-
ary of the simulation domain was set toh = −150 cm. Any
impact of the initial pressure head distribution on simulation
results was avoided by using six warm-up years.

3 Results and discussion

3.1 Inter-annual variability

Table3 shows the long-term arithmetic average water bud-
get related to groundwater recharge for a grass cover using

analogue climatic data. In the current climate (Dessel, DO),
simulated groundwater recharge is 314 mm yr−1 on average
(35 % of total rainfall). Actual ET (ETa) is 96 % of poten-
tial ET (ET0) and 55 % of total rainfall. The simulated value
of groundwater recharge (314 mm yr−1) was previously com-
pared to other studies assessing groundwater recharge for ap-
proximately the same study area (see the review inHardy
et al., 2001). Values ranged from 237 to 486 mm yr−1 (28
to 60 % of total rainfall). However, in the studies reviewed
by Hardy et al.(2001), different techniques, different time
series and different numbers for runoff were used adding
to the variability. More recently,Batelaan and De Smedt
(2007) combined GIS data and hydrological modelling with
the WetSpass model. For the combination of meadows and
sand soil texture (as in the present study), their simulations
gave a groundwater recharge of about 325 mm yr−1, which
corresponds well with our simulation.

Simulations for the warmer climate class (Cs/Cr) show a
decrease of groundwater recharge compared to the present
climate station for all analogue stations except Gijon. For
Huelva and Ćadiz, there is a precipitation deficit (ET0 � P ),
which leaves little water available for groundwater recharge.
Results show an increase of groundwater recharge for Gijon
(+3 %) compared to the present climate station. The increase
in both precipitation (+5 %) and ET0 (+8 %) at Gijon com-
pared to Dessel resulted in a higher ETa (+7 %) and ground-
water recharge. Because of the small difference in ground-
water recharge, the simulated depth of the groundwater table
does not change with Gijon data (2.6 m) compared to current
Dessel data (2.6 m). As mentioned above, the actual ground-
water table in the Dessel area is approximately 1.5 m deep.
The difference between the simulations and field observa-
tions is partly due to the use of the “deep drainage” boundary
condition which would not be optimal for the present case,
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Table 2.Parameters of the van Genuchten-Mualem model for the Zcg and Zeg soil profiles (estimated with pedotransfer function derived by
Schaap et al., 1999). θr andθs are residual and saturated water content, respectively,Ks is saturated hydraulic conductivity, andα, n, andl

are curve shape parameters.

Soil
Horizon

Depth θr θs α n Ks l

profile (cm) (m3 m−3) (m3 m−3) (m−1) (–) (m s−1) (–)

Zcg A1 0–5 0.06 0.47 1.3 1.68 2.3× 10−5 0.5
A2 5–8 0.03 0.40 1.6 1.75 2.3× 10−5 0.5
Bh 8–10 0.05 0.45 1.4 1.62 4.5× 10−6 0.5
Bi 10–13 0.03 0.40 1.6 1.75 4.5× 10−6 0.5
BC 13–17 0.02 0.38 1.5 1.71 1.3× 10−4 0.5
C 17–300 0.02 0.38 1.6 1.75 1.3× 10−4 0.5

Zeg A1 0–9 0.06 0.46 1.3 1.63 4.7× 10−5 0.5
A2 9–15 0.02 0.38 1.7 1.86 4.7× 10−5 0.5
Bh 15–21 0.03 0.41 1.5 1.68 6.1× 10−6 0.5
Bi 21–43 0.03 0.40 1.6 1.73 6.1× 10−6 0.5
BC 43–300 0.02 0.39 1.5 1.71 1.6× 10−5 0.5

Table 3. Average annual precipitation (P ), potential evapotranspiration (ET0), actual evapotranspiration (ETa), evaporation of intercepted
water (Ei ), soil evaporation (Ea), transpiration (Ta) and groundwater recharge, in mm yr−1 for Dessel and the 8 analogue stations. In
parenthesis the percentage of precipitation is given for some variables.

Station P ET0 ETa Ei Ea Ta Recharge

Dessel (DO) 899 596 572 81 (9 %) 206 (23 %) 285 (32 %) 314 (35 %)
Huelva (Cs) 518 1088 430 29 (6 %) 113 (22 %) 288 (56 %) 89 (17 %)
Cádiz (Cs) 524 910 437 31 (6 %) 111 (21 %) 295 (56 %) 87 (17 %)
Ourense (Cs) 863 784 602 56 (6 %) 181 (21 %) 365 (42 %) 216 (25 %)
Gijon (Cr) 947 646 617 70 (7 %) 217 (23 %) 325 (34 %) 322 (34 %)
Ilulissat (FT) 282 417 264 46 (16 %) 88 (31 %) 130 (46 %) 9 (3 %)
Sisimiut (FT)∗ 306 375 272 42 (14 %) 89 (29 %) 140 (46 %) 47 (15 %)
Nuuk (FT) 747 407 405 69 (9 %) 149 (20 %) 187 (25 %) 328 (44 %)
Paamiut (FT) 774 376 370 58 (7 %) 133 (17 %) 179 (23 %) 415 (54 %)

∗ The sum of ETa and recharge is higher thanP . This is due to a strong decrease of soil water content (about−400 mm per
unit area in the 3-m soil profile) between the start (wetter) and end (drier) of the 24-yr simulation period, resulting in a
recharge increase.

but other factors affecting groundwater table depth were not
accounted for (e.g. rivers, topography). Further work will ad-
dress this issue, for example, by coupling the unsaturated
zone model with a local hydrogeological model.

In a study using GCM and RCM downscaling, Goderni-
aux et al. (2009) estimated the impact of climate change by
2100 on the regional water balance in a Belgian catchment
(the Geer basin∼ 70 km from Dessel, chalk aquifer). They
applied 6 scenarios derived from combinations of the A2
scenario run on 2 different GCMs with 4 different RCMs
for downscaling. Annual mean temperature increase ranges
from +3.5◦C to +5.6◦C, and annual precipitation decrease
from −1.9 % to−15.3 % (with increase in winter and de-
crease in summer). Groundwater recharge is not explicitly
given in the water balance, but their simulations (coupled
surface, subsurface and groundwater flow) gave the follow-
ing results for the period 2071–2100 compared to the con-
trol period 1961–1990: (i) slight increase of the ratio ETa/P

(+2–4 %), (ii) decrease of groundwater levels (i.e. decrease
of groundwater recharge) and (iii) decrease of surface flow
rates (−9 to−33 %).

It is important to note that groundwater table depth is in a
critical interval of values where ET can be considered to be
“groundwater controlled” (Maxwell and Kollet, 2008). This
means that the ETa (and groundwater recharge) response to
a given increase in temperature and/or precipitation strongly
depends on groundwater table depth. Shallow groundwater
tables (< 1 m) would ensure a constant ETa response for
any change in ET0 (i.e. surface fluxes are not water limited).
Deep groundwater tables would cause precipitation and land-
surface processes to be the drivers of groundwater recharge
(i.e. groundwater is disconnected from surface processes;
Fig. 2 in Maxwell and Kollet, 2008). The depth at which
groundwater becomes disconnected from surface processes
is suggested to be 7–8 m inMaxwell and Kollet(2008), but it
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Table 3. Average annual precipitation (P ), potential evapotranspiration (ET0), actual evapotranspiration (ETa), evaporation of intercepted
water (Ei), soil evaporation (Ea), transpiration (Ta) and groundwater recharge, in mm yr−1 for Dessel and the 8 analogue stations. In
parenthesis the percentage of precipitation is given for some variables.

Station P ET0 ETa Ei Ea Ta Recharge

Dessel (DO) 899 596 572 81 (9%) 206 (23%) 285 (32%) 314 (35%)
Huelva (Cs) 518 1088 430 29 (6%) 113 (22%) 288 (56%) 89 (17%)
Cádiz (Cs) 524 910 437 31 (6%) 111 (21%) 295 (56%) 87 (17%)
Ourense (Cs) 863 784 602 56 (6%) 181 (21%) 365 (42%) 216 (25%)
Gijon (Cr) 947 646 617 70 (7%) 217 (23%) 325 (34%) 322 (34%)
Ilulissat (FT) 282 417 264 46 (16%) 88 (31%) 130 (46%) 9 (3%)
Sisimiut (FT)1 306 375 272 42 (14%) 89 (29%) 140 (46%) 47 (15%)
Nuuk (FT) 747 407 405 69 (9%) 149 (20%) 187 (25%) 328 (44%)
Paamiut (FT) 774 376 370 58 (7%) 133 (17%) 179 (23%) 415 (54%)
1 The sum of ETa and recharge is higher than P . This is due to a strong decrease of soil water
content (about −400 mm per unit area in the 3-m soil profile) between the start (wetter) and end
(drier) of the 24-year simulation period, resulting in a recharge increase.

Fig. 1. Cumulative distribution functions of annual groundwater recharge simulated for (a) Cs and Cr and (b) FT analogue stations. The DO
reference simulation of the Dessel site is included for comparison.

of annual groundwater recharge simulated for the climatic
analogues of the FT class and comparison with the simu-
lation for Dessel. The contrast mentioned above between
Ilulissat and Sisimiut on the one hand, and Nuuk and Paamiut
on the other hand, is clearly visible. The former stations
have a very low annual precipitation and small groundwater
recharge, while the latter show higher groundwater recharge
than Dessel despite lower precipitation (Table 3). Note that
calculations did not account for snow evaporation; therefore
calculated recharge may be overestimated.

3.2 Representative analogue stations

Although simulating groundwater recharge with several ana-
logue stations gives a good representation of the variability
within a climate class, one may choose a representative ana-
logue among the different stations to try reducing the uncer-
tainty on possible future groundwater recharge. Ancillary
information on probable future climate conditions can help
to assess the representativeness of the climatic analogue sta-
tions.

In the case of Cs/Cr climate class, for example, Gijon is
considered as the best representative analogue given its re-

Fig. 1.Cumulative distribution functions of annual groundwater recharge simulated for(a) Cs and Cr and(b) FT analogue stations. The DO
reference simulation of the Dessel site is included for comparison.

could be less for example in case of coarse textured soil and
shallow rooted vegetation (e.g.Peck, 1978).

Analogue stations of the colder FT class show two con-
trasting types of water budget. Ilulissat and Sisimiut have a
very low annual precipitation and hence very small ground-
water recharge despite limited ET0 and ETa compared to
present-day climate class. Nuuk and Paamiut have an annual
precipitation similar to current Dessel climate, but ground-
water recharge increases due to low ET. The snow hydrol-
ogy module of HYDRUS-1D (snow fall and melting) was
tested for the FT and DO classes (results not shown) but did
not show any significant impact due to a low runoff poten-
tial (high infiltration capacity of Zcg and Zeg profiles) and to
the use of daily time steps. However, soil freezing and thaw-
ing were not simulated in the present study and these would
probably reduce groundwater recharge for analogue stations
of the FT class. The simulations represent an upper bound of
groundwater recharge (by neglecting runoff of snow melt),
and the lower bound could be approximated by the differ-
ence between this upper bound and the average snowpack
accumulation before spring melting (i.e. assuming all snow
becomes runoff or evaporates). This gives a lower bound
value of∼ 16 mm yr−1 groundwater recharge for Sisimiut,
compared to 96 mm yr−1 when all snow infiltrates. Getting
a more precise estimation between these two bounds would
require the effect of soil freezing and snow accumulation on
soil water flux to be modelled. For example, frozen soil de-
velopment was shown to be highly dependent on the tim-
ing of snowpack accumulation and induced ground isolation
(Iwata et al., 2008).

Figure 1a depicts the cumulative distribution functions
(CDFs) of annual groundwater recharge simulated for the
climatic analogues of the Cs/Cr class and comparison with

the simulation for Dessel. In the upper percentiles, Gijon
shows lower groundwater recharge than Dessel despite hav-
ing higher precipitation (i.e. supplementary available water
in wetter years is primarily used to satisfy high ET demand).
The CDFs of annual recharge (Fig.1a) show that climate
variability at Dessel is a more important factor than climate
change based on Gijon as representative analogue for warmer
climate (see Sect.3.2). For instance, the interquartile range
of Dessel CDF is 178 mm yr−1, while the difference between
the medians of Dessel and Gijon annual recharges is only
32 mm yr−1. Climate change based on Ourense analogue sta-
tion is similar to Dessel climate variability measured by the
interquartile range, while climate change based on Huelva
and Ćadiz analogue stations is more important than Dessel
climate variability.

Figure1b depicts the cumulative distribution functions of
annual groundwater recharge simulated for the climatic ana-
logues of the FT class and comparison with the simulation for
Dessel. The contrast mentioned above between Ilulissat and
Sisimiut on the one hand, and Nuuk and Paamiut on the other
hand, is clearly visible. The former stations have a very low
annual precipitation and small groundwater recharge, while
the latter show higher groundwater recharge than Dessel de-
spite lower precipitation (Table3). Note that calculations
did not account for snow evaporation; therefore, calculated
recharge may be overestimated.

3.2 Representative analogue stations

Although simulating groundwater recharge with several ana-
logue stations gives a good representation of the variabil-
ity within a climate class, one may choose a representative
analogue among the different stations to try reducing the un-
certainty on possible future groundwater recharge. Ancillary
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information on probable future climate conditions can help
to assess the representativeness of the climatic analogue sta-
tions.

In the case of Cs/Cr climate class, for example, Gijon is
considered as the best representative analogue given its re-
semblance in temperature and precipitation characteristics
with projected climate evolution in the near future at Dessel.
The seasonal distribution and magnitude of temperature and
precipitation increases for Gijon are consistent with GCM
scenarios of IPCC (2007). Indeed, the latter projects a me-
dian annual precipitation increase for Northern Europe of
9 % and a temperature increase of 3.2◦C. For Gijon, precip-
itation and temperature are, respectively, by 5 % and 3.4◦C
higher compared to Dessel. Although Gijon is classified as a
subtropical climate without rainfall seasonality, summers are
drier and winters are wetter than in Dessel (see Fig.2), which
is in accordance withBIOCLIM projections of future climate
for the next 10 000 yr (Sect.2.1).

Concerning the colder climate (FT class), Sisimiut is con-
sidered as the best representative analogue based on infer-
ence from geological records of the last glacial period indi-
cating that the coldest periods were very dry in the Dessel
area. This is supported in the region of the Belgian–Dutch
border by evidence such as deflation horizons indicating
strong wind erosion, abundant aeolian deposition, (near) ab-
sence of fluvial activity in the valleys (Vandenberghe, 1985,
1993). It is reasonable to assume that precipitation during
colder periods has been much lower than today. For in-
stance,Wemaere et al.(1999) examined future climate sce-
narios based on a definition of climate intervals characterised
by paleo-reconstruction starting from 126 000 yr BP. Boreal,
periglacial, and glacial climate states were found to display
very low infiltration rates (at least two orders of magnitude
lower compared to present-day values for moderate condi-
tions).

3.3 Intra-annual variability

For the baseline station (Dessel) and two representative ana-
logue stations (Gijon and Sisimiut), Fig.2 shows the intra-
annual variability of ETa and groundwater recharge. Even
though Gijon is classified as a subtropical station without
rainfall seasonality, summer is somewhat drier and this is re-
flected in a slight decrease of ETa in the summer months
compared to Dessel. Seasonality of groundwater recharge
is similar between Dessel and Gijon. The bottom boundary
condition (Eq.1) prevents a net upward flux at the bottom
of the profile (water supply from the aquifer), but allows
the groundwater table to fluctuate. For Dessel simulations,
groundwater table is 90 % of the time between 1.7 and 3.6 m
deep. For the Gijon simulations, the fluctuation interval is
slightly larger (1.6 and 3.7 m deep).

Sisimiut is characterised by low annual precipitation and
groundwater recharge shows almost no seasonality. Average
groundwater depth of the numerical simulations is 6.0 m.
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sel. The seasonal distribution and magnitude of tempera-
ture and precipitation increases for Gijon are consistent with
GCM scenarios of IPCC (2007). Indeed, the latter projects a
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though Gijon is classified as a subtropical station without
rainfall seasonality, summer is somewhat drier and this is re-
flected in a slight decrease of ETa in the summer months
compared to Dessel. Seasonality of groundwater recharge
is similar between Dessel and Gijon. The bottom bound-
ary condition (Eq. 1) prevents a net upward flux at the bot-
tom of the profile (water supply from the aquifer), but allows
the groundwater table to fluctuate. For Dessel simulations,
groundwater table is 90% of the time between 1.7 and 3.6 m
deep. For the Gijon simulations, the fluctuation interval is
slightly larger (1.6 and 3.7 m deep).

Sisimiut is characterised by low annual precipitation and
groundwater recharge shows almost no seasonality. Average
groundwater depth of the numerical simulations is 6.0 m.

Simulated flux q(n) (or groundwater recharge ; Eq. 1) at
the bottom of the soil profile varies between −0.1 and −2.9
mm day−1 (negative is downwards) for Dessel during the
whole time series. Figure 3 shows this flux over time for
a dry (P = 616 mm yr−1), an average (P = 927 mm yr−1)

Fig. 2. Monthly average precipitation (P ), actual evapotranspira-
tion (ETa) and groundwater recharge for the analogue stations of
Dessel (DO, top), Gijon (Cr, middle) and Sisimiut (FT, bottom).

Fig. 2.Monthly average precipitation (P ), actual evapotranspiration
(ETa) and groundwater recharge for the analogue stations of Dessel
(DO, top), Gijon (Cr, middle) and Sisimiut (FT, bottom).
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Fig. 3. Daily simulated flux (q(n) in mm day−1) at the bottom of
the 3 m Zcg soil profile for present-day Dessel climate. The flux
is shown for the driest (light grey line) and the wettest (black line)
years of the 1984-2005 series, as well as for a year close to the av-
erage annual precipitation (grey line). Negative q(n) is downwards
in the soil profile.

and a wet (P = 1088 mm yr−1) year. All three are charac-
terized by lower flux in the summer and higher flux in the
winter. It can also be seen that due to the formulation of the
bottom boundary condition (Eq. 1), q(n) is always negative
(i.e. downwards) at the bottom of the soil profile, even in dry
periods.

3.4 Sensitivity to the deep drainage bottom boundary
condition and to model structure

In the present case, shallow water table results in capillary
rise, meaning that more water is available for plant transpi-
ration and soil evaporation. For Dessel, simulations using a
free drainage bottom boundary condition (i.e. deep ground-
water and capillary rise effect excluded) resulted in an aver-
age Ea of 166 mm yr−1 and Ta of 232 mm yr−1 (compared
to 206 and 285 mm yr−1 respectively, in the case of a deep
drainage boundary condition ; Table 3). The presence of a
groundwater table at 2.6 m depth on average for Dessel in-
creases simulated ETa by 20% (491 compared to 398 mm
yr−1).

Figures 4 and 5 illustrate the impact of the boundary con-
dition on soil water content, i.e. deep drainage compared to
free drainage boundary condition. The water content pro-
file in Fig. 4 clearly illustrates the effect of capillarity near
the groundwater table with significantly higher water con-

Fig. 4. Effect of bottom boundary condition (free drainage vs. deep
drainage) on soil water content profile. Illustration at time t=2192
days of the simulation for the Zcg profile and DO Dessel climate
data. In the deep drainage simulation groundwater table is 290 cm
deep at t=2192 days.

tents. However, higher water contents are persistent in al-
most the complete profile (up to the root zone; Fig. 4) and
throughout the year (not shown). Figure 5 shows a one-year
time series of water flux at 30 cm and 200 cm depth. It can
be seen that between precipitation events, especially in the
summer, capillary rise and groundwater uptake are important
with a deep drainage boundary condition. At 30 cm depth,
water flux following high rainfall are similar for both types
of bottom boundary conditions. However, between high rain-
fall events one can clearly observe that simulated capillary
rise and hence groundwater uptake is much more important
in the case of a deep drainage boundary condition. At 200
cm depth, patterns are similar but less pronounced. For the
particular year depicted in Fig. 5, simulated groundwater
recharge was 179 and 284 mm yr−1 with a deep drainage
and a free drainage boundary condition, respectively.

Due to this higher water storage in the vadose zone by ef-
fects of capillary rise and groundwater uptake, ETa is higher
in case of a relatively high groundwater table.

In the present study, the type of bottom boundary condition
was identified as the most important source of variation in the
simulation results, mainly due to the presence of a shallow
groundwater table under current climate conditions. Differ-
ent time discretization of input precipitation were also tested
but had no significant influence on average annual groundwa-
ter recharge in the present study (results not shown), because
of the highly permeable soil type (i.e. no runoff except in a

Fig. 3. Daily simulated flux (q(n) in mm day−1) at the bottom of
the 3 m Zcg soil profile for present-day Dessel climate. The flux is
shown for the driest (light grey line) and the wettest (black line)
years of the 1984–2005 series, as well as for a year close to the av-
erage annual precipitation (grey line). Negativeq(n) is downwards
in the soil profile.

Simulated fluxq(n) (or groundwater recharge; Eq.1)
at the bottom of the soil profile varies between−0.1 and
−2.9 mm day−1 (negative is downwards) for Dessel during
the whole time series. Figure3 shows this flux over time for a
dry (P = 616 mm yr−1), an average (P = 927 mm yr−1) and
a wet (P = 1088 mm yr−1) year. All three are characterized
by lower flux in the summer and higher flux in the winter.
It can also be seen that due to the formulation of the bot-
tom boundary condition (Eq.1), q(n) is always negative (i.e.
downwards) at the bottom of the soil profile, even in dry pe-
riods.

3.4 Sensitivity to the deep drainage bottom boundary
condition and to model structure

In the present case, shallow water table results in capillary
rise, meaning that more water is available for plant transpira-
tion and soil evaporation. For Dessel, simulations using a free
drainage bottom boundary condition (i.e. deep groundwater
and capillary rise effect excluded) resulted in an averageEa
of 166 mm yr−1 and Ta of 232 mm yr−1 (compared to 206
and 285 mm yr−1 respectively, in the case of a deep drainage
boundary condition; Table3). The presence of a groundwa-
ter table at 2.6 m depth on average for Dessel increases sim-
ulated ETa by 20 % (491 compared to 398 mm yr−1).

Figures4 and5 illustrate the impact of the boundary con-
dition on soil water content, i.e. deep drainage compared to
free drainage boundary condition. The water content profile
in Fig. 4 clearly illustrates the effect of capillarity near the
groundwater table with significantly higher water contents.
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tents. However, higher water contents are persistent in al-
most the complete profile (up to the root zone; Fig. 4) and
throughout the year (not shown). Figure 5 shows a one-year
time series of water flux at 30 cm and 200 cm depth. It can
be seen that between precipitation events, especially in the
summer, capillary rise and groundwater uptake are important
with a deep drainage boundary condition. At 30 cm depth,
water flux following high rainfall are similar for both types
of bottom boundary conditions. However, between high rain-
fall events one can clearly observe that simulated capillary
rise and hence groundwater uptake is much more important
in the case of a deep drainage boundary condition. At 200
cm depth, patterns are similar but less pronounced. For the
particular year depicted in Fig. 5, simulated groundwater
recharge was 179 and 284 mm yr−1 with a deep drainage
and a free drainage boundary condition, respectively.

Due to this higher water storage in the vadose zone by ef-
fects of capillary rise and groundwater uptake, ETa is higher
in case of a relatively high groundwater table.

In the present study, the type of bottom boundary condition
was identified as the most important source of variation in the
simulation results, mainly due to the presence of a shallow
groundwater table under current climate conditions. Differ-
ent time discretization of input precipitation were also tested
but had no significant influence on average annual groundwa-
ter recharge in the present study (results not shown), because
of the highly permeable soil type (i.e. no runoff except in a

Fig. 4. Effect of bottom boundary condition (free drainage vs.
deep drainage) on soil water content profile. Illustration at time
t = 2192 days of the simulation for the Zcg profile and DO Des-
sel climate data. In the deep drainage simulation groundwater table
is 290 cm deep att = 2192 days.

However, higher water contents are persistent in almost the
complete profile (up to the root zone; Fig.4) and through-
out the year (not shown). Figure5 shows a one-year time
series of water flux at 30 cm and 200 cm depth. It can be seen
that between precipitation events, especially in the summer,
capillary rise and groundwater uptake are important with a
deep drainage boundary condition. At 30 cm depth, water
fluxes following high rainfall are similar for both types of
bottom boundary conditions. However, between high rain-
fall events one can clearly observe that simulated capillary
rise and hence groundwater uptake is much more impor-
tant in the case of a deep drainage boundary condition. At
200 cm depth, patterns are similar but less pronounced. For
the particular year depicted in Fig.5, simulated groundwater
recharge was 179 and 284 mm yr−1 with a deep drainage and
a free drainage boundary condition, respectively.

Due to this higher water storage in the vadose zone by ef-
fects of capillary rise and groundwater uptake, ETa is higher
in case of a relatively high groundwater table.

In the present study, the type of bottom boundary condition
was identified as the most important source of variation in the
simulation results, mainly due to the presence of a shallow
groundwater table under current climate conditions. Differ-
ent time discretization of input precipitation were also tested
but had no significant influence on average annual groundwa-
ter recharge in the present study (results not shown), because
of the highly permeable soil type (i.e. no runoff except in a
few very extreme precipitation events). The effect of other
model asumptions was beyond the scope of this study, but
can be anticipated based on the literature.
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Fig. 5. One-year time series of precipitation and simulated water flux at 30 cm (maximum rooting depth) and 200 cm depth in the Zcg soil
profile for the DO climate class (Dessel), showing the influence of the bottom boundary condition (solid lines: free drainage ; dashed lines:
deep drainage). Negative flux is downwards and positive is upwards in the soil profile.

few very extreme precipitation events). The effect of other
model asumptions was beyond the scope of this study, but
can be anticipated based on the literature.

The HYDRUS-1D model structure was previously com-
pared to six other models by Scanlon et al. (2002). Drainage
measured in a lysimeter experiment could be estimated
within ±64% by most codes. Scanlon et al. (2002) showed
that divergences in simulation outputs could be attributed
to (i) modelling concept (Richards’ equation vs. capacity
model), (ii) upper boundary condition (ET0 during precipi-
tation set to zero vs. substracted from P) and time discretiza-
tion of precipitation (cf. also Mertens et al., 2002), (iii) func-
tional form of water retention functions (Brooks and Corey
vs. van Genuchten) and (iv) type of lower boundary condi-
tion (seepage face vs. unit gradient for the lysimeter study).

Scanlon et al. (2002) suggested that models solving
Richards’ equation (as HYDRUS-1D) were probably per-
forming better under warm conditions under which also
matric potential, beside gravity, gradients determine water
fluxes. In the present study, with analogue stations from a
subtropical climate class, a not too coarse soil texture and the
presence of groundwater at relatively shallow depth caused
matric potential driven flow to be an important factor for the
water balance. Using a capacity-type model would proba-
bly overestimate drainage and groundwater recharge (Scan-
lon et al., 2002). Under a forest cover, van der Salm et al.
(2004) similarly noted that a Darcy based model gave more
accurate drainage fluxes than a capacity model, in particular
under limited water availability.

For a silt loam profile, Scanlon et al. (2002) noted that us-
ing Brooks and Corey functions resulted in overestimation of

evaporation and underestimation of drainage in comparison
to the van Genuchten functions.

3.5 Other factors affecting future groundwater
recharge

On the time scale considered, other factors than climate
change may have an important influence on groundwater
recharge. Land use change and the dependency between cli-
mate and land use are being investigated.

Climate change is likely to induce a vegetation response,
which in turn could affect the water balance. Atmospheric
CO2 enrichment may dampen or amplify ecosystem re-
sponse. For a given species, negative feedbacks (i.e. mech-
anisms counteracting possible water loss increase due to
higher CO2 concentrations and ET0) are more likely in order
to promote ecosystem stability or homeostasis in ecosystem
processes (Polley et al., 2011). A classic example is water
savings (anti-transpiration) by plants from partial stomatal
closure induced by higher CO2 concentrations, which may
offset any enhancement in evaporation brought about by co-
incident warming (Morgan et al., 2011, having results for a
semi-arid grassland). Positive feedbacks on CO2 responses
are less frequent but occur most frequently through changes
in plant species and functional group composition (Polley
et al., 2011).

For grassland most of the time biomass response to CO2

enrichment experiments is due to water saving effects driven
by stomatal closure as a response to higher CO2 (Körner,
2006). Consequently, such soil/atmospheric and vegetation
responses and feedback mechanisms may also influence the
net outcome in water savings, for example increases in the

Fig. 5. One-year time series of precipitation and simulated water flux at 30 cm (maximum rooting depth) and 200 cm depth in the Zcg soil
profile for the DO climate class (Dessel), showing the influence of the bottom boundary condition (solid lines: free drainage; dashed lines:
deep drainage). Negative flux is downwards and positive is upwards in the soil profile.

The HYDRUS-1D model structure was previously com-
pared to six other models byScanlon et al.(2002). Drainage
measured in a lysimeter experiment could be estimated
within ±64 % by most codes.Scanlon et al.(2002) showed
that divergences in simulation outputs could be attributed
to (i) modelling concept (Richards equation vs. capacity
model); (ii) upper boundary condition (ET0 during precipi-
tation set to zero vs. substracted fromP ) and time discretiza-
tion of precipitation (cf. alsoMertens et al., 2002); (iii) func-
tional form of water retention functions (Brooks and Corey
vs. van Genuchten); and (iv) type of lower boundary condi-
tion (seepage face vs. unit gradient for the lysimeter study).

Scanlon et al.(2002) suggested that models solving
Richards equation (as HYDRUS-1D) were probably per-
forming better under warm and dry climate during which ma-
tric potential gradients, besides gravity-flow, may contribute
significantly to upward water fluxes. In the present study,
with analogue stations from a subtropical climate class, a
not too coarse soil texture and the presence of groundwa-
ter at relatively shallow depth caused matric potential driven
flow to be an important factor for the water balance. Using a
capacity-type model would probably overestimate drainage
and groundwater recharge (Scanlon et al., 2002). Under a
forest cover,van der Salm et al.(2004) similarly noted that a
Darcy based model gave more accurate drainage fluxes than a
capacity model, in particular under limited water availability.

For a silt loam profile,Scanlon et al.(2002) noted that us-
ing Brooks and Corey functions resulted in overestimation of
evaporation and underestimation of drainage in comparison
to the van Genuchten functions.

3.5 Other factors affecting future groundwater
recharge

On the time scale considered, other factors than climate
change may have an important influence on groundwater
recharge. Land use change and the dependency between cli-
mate and land use are being investigated.

Climate change is likely to induce a vegetation response,
which in turn could affect the water balance. Atmospheric
CO2 enrichment may dampen or amplify ecosystem re-
sponse. For a given species, negative feedbacks (i.e. mech-
anisms counteracting possible water loss increase due to
higher CO2 concentrations and ET0) are more likely in order
to promote ecosystem stability or homeostasis in ecosystem
processes (Polley et al., 2011). A classic example is water
savings (anti-transpiration) by plants from partial stomatal
closure induced by higher CO2 concentrations, which may
offset any enhancement in evaporation brought about by co-
incident warming (Morgan et al., 2011, having results for a
semi-arid grassland). Positive feedbacks on CO2 responses
are less frequent but occur most frequently through changes
in plant species and functional group composition (Polley
et al., 2011).

For grassland most of the time biomass response to CO2
enrichment experiments is due to water saving effects driven
by stomatal closure as a response to higher CO2 (Körner,
2006). Consequently, such soil/atmospheric and vegetation
responses and feedback mechanisms may also influence the
net outcome in water savings, for example increases in
the leaf area index may counteract potential soil-moisture
savings (Morgan et al., 2011). Although a process-based
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Fig. 6. Change (%) in ETref calculated with the ASCE form equa-
tion for potential ET, as function of temperature increase and in-
crease in the bulk stomatal resistance (rl) as a consequence of
higher CO2-induced stomatal closure. Calculations used climate
data for Dessel from 1984 to 2005.

leaf area index may counteract potential soil-moisture sav-
ings (Morgan et al., 2011). Although a process-based sim-
ulation of vegetation response and feedback mechanisms is
beyond the scope of this paper, a sensitivity analysis of the
calculated ET0 allows assessing what would be the net result
between water saving effects due to higher CO2 and con-
current climate change following a similar approach as de-
scribed in Morgan et al. (2011).

Climate data from 1984 to 2005 representative of Dessel
was used to calculate potential ET either as function of veg-
etation response (stomatal closure – bulk stomatal resistance
in the American Society of Civil Engineers (ASCE) form of
potential ET equation ; Allen et al., 2005) or as function
of a hypothetical temperature increase applied uniformly to
all temperature data (radiation, humidity and wind data are
kept constant). Gijon subtropical climate is on average 3.5◦C
warmer than Dessel, hence ET was calculated by consider-
ing a temperature increase from 0 up to 3.5◦C. According to
Fig. 6 (modified after Morgan et al., 2011, for Dessel con-
ditions), this results in an increase in ETref (potential ET in
ASCE form) of +4% per degree increase in temperature, or
a total increase of 17% for a 3.5◦C temperature increase. A
non-linear effect of increased stomatal resistance on ETref

is observed, e.g. +15% resistance decreases ETref by 5%
while +30% reduces ETref by approximately 8%. The lat-
ter calculations assume no change in the canopy resistance
to water vapour that would result from enhanced CO2 avail-
ability. For comparison, with changing climatic variables (at-
mospheric pressure, radiation balance, cloud covering, tem-
perature, humidity and wind) without vegetation response,
Baguis et al. (2009) calculated an average increase of poten-
tial ET of about +17% to +24% for the period 2071-2100
compared to present-day values in Belgium.

In conclusion, for grassland as the reference vegetation the
response would likely be a decrease of potential ET due to
higher CO2 (plant response), but higher temperatures (cli-

mate response) could cancel this effect out, or even result in
an increase of ETa. In our example (Fig. 6), a combined
3.5◦C temperature increase and a 45% increase in stomatal
resistance yields an increase in ETref of a few percent. Fur-
thermore, the net response will also depend on annual rain-
fall patterns and on whether or not climatic extremes in the
moisture and thermal environments occur and physiological
thresholds are crossed contributing to non-linear responses
(Körner, 2006; Morgan et al., 2011).

Soil development may also have an impact, because soil
evolution studies in the vicinity of the Dessel site have shown
that cemented podzols may develop in several thousands of
years (Beerten et al., 2012). Simulations indicate (results not
shown) that the average groundwater recharge is consider-
ably affected (−25%) if the saturated hydraulic conductiv-
ity (Ks) of the Bh horizon is decreased by three orders of
magnitude (4.5 and 6.1×10−9 m s−1 for Zcg and Zeg soil
profiles, respectively), an outcome that can be related to the
average precipitation of the Dessel site, about 900 mm/y or∼
3×10−8 m s−1. This suggests that podzolisation may need
to be considered together with other long-term changes (cli-
mate, land cover, vegetation). Recent landscape and soil evo-
lution studies in the vicinity of the site have shown that ce-
mented podzols may develop in several thousands of years
with Ks values as low as ∼ 10−7 m s−1 (Beerten et al.,
2012), which is almost three orders of magnitudes lower than
the parent material. A Ks of ∼ 10−9 m s−1 is about two
orders of magnitude lower that the absolute value presently
observed in podzol soils in north-western Europe. However,
these soils are mostly buried or truncated soils (i.e. soil de-
velopment could not continue) while unburied podzols could
further develop in the next few thousands of years.

4 Conclusions

Groundwater recharge response to transition to a warmer,
subtropical climate was studied using HYDRUS-1D and the
approach of climatic analogue stations. Although no opti-
mal choice of analogue stations may exist due to different
weather circulation systems, this approach allows includ-
ing observed variations of all meteorological parameters in
a transparent and straightforward way.

The results showed a decrease of groundwater recharge in
the vicinity of the Dessel disposal site (typical podzol with
a grass cover) for all analogue stations except Gijon. Based
on projected temperature and precipitation increases the Gi-
jon station is considered a good representative analogue for
Dessel for the next 10 000 yr. For that station, groundwa-
ter recharge increases slightly with +3%. Other analogue
stations are considered as bounding cases accounting for un-
certainty about climate time evolution.

Although no colder climate is foreseen in the next 10 000
yr, the approach was also tested with analogue stations for a

Fig. 6. Change (%) in ETref calculated with the ASCE form equa-
tion for potential ET, as a function of temperature increase and in-
crease in the bulk stomatal resistance (rl) as a consequence of higher
CO2-induced stomatal closure. Calculations used climate data for
Dessel from 1984 to 2005.

simulation of vegetation response and feedback mechanisms
is beyond the scope of this paper, a sensitivity analysis of
the calculated ET0 allows assessing what would be the net
result between water saving effects due to higher CO2 and
concurrent climate change following a similar approach as
described inMorgan et al.(2011).

Climate data from 1984 to 2005 representative of Des-
sel was used to calculate potential ET either as a function
of vegetation response (stomatal closure – bulk stomatal re-
sistance in the American Society of Civil Engineers (ASCE)
form of potential ET equation;Allen et al., 2005) or as func-
tion of a hypothetical temperature increase applied uniformly
to all temperature data (radiation, humidity and wind data are
kept constant). Gijon subtropical climate is on average 3.5◦C
warmer than Dessel, hence ET was calculated by consider-
ing a temperature increase from 0 up to 3.5◦C. According to
Fig. 6 (modified afterMorgan et al., 2011, for Dessel con-
ditions), this results in an increase in ETref (potential ET in
ASCE form) of +4 % per degree increase in temperature, or
a total increase of 17 % for a 3.5◦C temperature increase. A
non-linear effect of increased stomatal resistance on ETref
is observed, e.g. +15 % resistance decreases ETref by 5 %
while +30 % reduces ETref by approximately 8 %. The lat-
ter calculations assume no change in the canopy resistance
to water vapour that would result from enhanced CO2 avail-
ability. For comparison, with changing climatic variables (at-
mospheric pressure, radiation balance, cloud covering, tem-
perature, humidity and wind) without vegetation response,
Baguis et al.(2009) calculated an average increase of poten-
tial ET of about +17 % to +24 % for the period 2071–2100
compared to present-day values in Belgium.

In conclusion, for grassland as the reference vegetation,
the response would likely be a decrease of potential ET due
to higher CO2 (plant response), but higher temperatures (cli-
mate response) could cancel this effect out, or even result
in an increase of ETa. In our example (Fig.6), a combined
3.5◦C temperature increase and 45 % increase in stomatal

resistance yields an increase in ETref of a few percent. Fur-
thermore, the net response will also depend on annual rain-
fall patterns and on whether or not climatic extremes in the
moisture and thermal environments occur and physiological
thresholds are crossed contributing to non-linear responses
(Körner, 2006; Morgan et al., 2011).

Soil development may also have an impact, because soil
evolution studies in the vicinity of the Dessel site have shown
that cemented podzols may develop in several thousands of
years (Beerten et al., 2012). Simulations indicate (results not
shown) that the average groundwater recharge is consider-
ably affected (−25 %) if the saturated hydraulic conductiv-
ity (Ks) of the Bh horizon is decreased by three orders of
magnitude (4.5 and 6.1× 10−9 m s−1 for Zcg and Zeg soil
profiles, respectively), an outcome that can be related to the
average precipitation of the Dessel site, about 900 mm yr−1

or ∼ 3× 10−8 m s−1. This suggests that podzolisation may
need to be considered together with other long-term changes
(climate, land cover, vegetation). Recent landscape and soil
evolution studies in the vicinity of the site have shown that
cemented podzols may develop in several thousands of years
with Ks values as low as∼ 10−7 m s−1 (Beerten et al., 2012),
which is almost three orders of magnitudes lower than the
parent material. AKs of ∼ 10−9 m s−1 is about two orders of
magnitude lower that the absolute value presently observed
in podzol soils in northwestern Europe. However, these soils
are mostly buried or truncated soils (i.e. soil development
could not continue) while unburied podzols could further de-
velop in the next few thousands of years.

4 Conclusions

Groundwater recharge response to transition to a warmer,
subtropical climate was studied using HYDRUS-1D and the
approach of climatic analogue stations. Although no opti-
mal choice of analogue stations may exist due to different
weather circulation systems, this approach allows includ-
ing observed variations of all meteorological parameters in
a transparent and straightforward way.

The results showed a decrease of groundwater recharge in
the vicinity of the Dessel disposal site (typical podzol with
a grass cover) for all analogue stations except Gijon. Based
on projected temperature and precipitation increases the Gi-
jon station is considered a good representative analogue for
Dessel for the next 10 000 yr. For that station, groundwater
recharge increases slightly with +3 %. Other analogue sta-
tions are considered as bounding cases accounting for uncer-
tainty about climate time evolution.

Although no colder climate is foreseen in the next
10 000 yr, the approach was also tested with analogue sta-
tions for a colder climate state. Groundwater recharge simu-
lated for the representative analogue Sisimiut showed a de-
crease by 85 %.
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Table A1. Annual temperature and precipitation of a sample of European stations representative of climate variability within the DO class,
with the same selection criteria as presented in Sect.2.2(sources: IRM-KMI,www.meteo.be; KNMI, www.knmi.nl; Meteofrance,
http://climat.meteofrance.com; Met Office,www.metoffice.gov.uk; Met Éireann,www.met.ie).

Station Country
Altitude Latitude

Years
Annual mean Number of

P (mm yr−1)
(m a.s.l.) (◦ N) T (◦C) months> 10◦C

Dessel Belgium 20 51.2 1984–2009 10.3 6 899
Bordeaux France 47 44.8 1971–2000 13.3 7 984
Rennes France 36 48.1 1971–2000 11.8 6 677
Lille-Lesquin France 47 50.6 1971–2000 10.4 6 723
Bude United Kingdom 15 50.8 1971–2000 10.7 6 923
Coxyde Belgium 2 51.1 1961–1990 9.4 6 687
Rotterdam The Netherlands −5 51.9 1971–2000 10.0 6 816
De Bilt The Netherlands 2 52.1 1971–2000 9.8 6 793
Shannon Ireland 20 52.7 1961–1990 10.1 6 927
Leeuwarden The Netherlands 0 53.2 1971–2000 9.2 6 767
Manchester United Kingdom 69 53.5 1971–2000 9.8 6 807
Paisley United Kingdom 32 55.8 1971–2000 9.3 5 1205

Given the limitations of the approach – including lim-
itations inherent to the use of climate analogues, the soil
water balance model being uncoupled from a groundwater
flow model, etc. – and being a purely modelling study with-
out validation data, the results regarding future groundwater
recharge and depth need to be interpreted as relative rather
than absolute outcomes.

A deep drainage bottom boundary condition was used but
may not be optimal for the problem examined. Further devel-
opments will focus on coupling the unsaturated zone model
with a local hydrogeological model (Seo et al., 2007; Gedeon
and Mallants, 2010). For colder climate states, it is also nec-
essary to investigate the effect of freeze-thaw cycles and
snow evaporation on groundwater recharge.

Appendix A

Climate variability in DO class

See Table A1.

Appendix B

Canopy water balance model

In this model described byJacques et al.(2011), the canopy
water balance per unit area, for day “d”, is written as

1S = Pd − (Ei,d + Trd) (B1)

where 1S [mm day−1] is the variation of canopy storage
over one day,P [mm day−1] is precipitation,Ei [mm day−1]
is evaporation of intercepted water and Trd [mm day−1]
is throughfall. The maximum amount of water left on the

canopy at start of the day is defined by the interception capac-
ity, wc [mm]. On a daily basis (start of the day), the through-
fall is calculated as

Trd =

{
Sd−1 + Pd − wc ifSd−1 + Pd > wc
0 if Sd−1 + Pd ≤ wc

(B2)

and an intermediate value of canopy storage,Sd,i [mm] is
calculated as

Sd,i =

{
wc if Sd−1 + Pd > wc
Sd−1 + Pd if Sd−1 + Pd ≤ wc.

(B3)

Then, the storage is corrected for evaporation of water
from the leaf surface. The latter is obtained by splitting
the daily potential crop evapotranspiration ETc,d [mm day−1

]

(calculated using Penman-Monteith equation) into daily po-
tential soil evaporationEp,d [mm day−1], daily potential tran-
spirationTp,d [mm day−1] andEi,d:

Ei,d + Tp,d = ETc,d− Ep,d. (B4)

Assuming that the net radiation inside the canopy de-
creases according to an exponential function and that soil
heat flux can be neglected,Ep,d is calculated as (Goudriaan,
1977; Belmans et al., 1983; Kroes et al., 2008)

Ep,d = ETc,dexp(−kLAI d) (B5)

wherek [–] is the light extinction coefficient and LAI [–] is
the leaf area index.Ei,d depends on the canopy storage. If
Sd,i > ETc,d− Ep,d, the following applies:

Tp,d = 0
Sd = Sd,i − (ETc,d+ Ep,d).

(B6)

In caseSd,i ≤ ETc,d− Ep,d, the following applies:

Tp,d = (ETc,d+ Ep,d) − Sd,i
Sd = 0.

(B7)
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Sd is then used as a starting value for storage to calculate the
boundary water balance terms for the next day.

Concerning vegetation parameters, the interception capac-
ity for grass was fixed at 0.55 mm (giving on average 15 % of
precipitation intercepted), a constant LAI of 2 was used and
the light extinction coefficient was 0.5 (Jacques et al., 2011).

Acknowledgements.This work has been performed as part of the
project on disposal of category A waste – short-lived low and in-
termediate level waste (LILW-SL) – that is carried out by ON-
DRAF/NIRAS, the Belgian Agency for Radioactive Waste and en-
riched Fissile Materials.

The authors wish also to acknowledge the Royal Meteorological
Institute (Belgium), the Spanish Meteorology Agency (Agencia
Estatal de Meteorologia, Ministerio de Medio Ambiente y Medio
Rural y Marino) and the Danish Meteorological Institute (Dan-
marks Meteorologiske Institut) for providing meteorological data.

Edited by: R. P. Bartholomeus

References

Allen, R. G., Pereira, L. S., Raes, D., and Smith, M.: Crop evapo-
transpiration: Guidelines for computing crop water requirements,
Irrigation and Drainage Paper, No. 56, Tech. rep., 1998.

Allen, R. G., Walter, I., Elliott, R., Howell, T., Itenfisu, D., Jensen,
M., and Snyder, R.: The ASCE standardized reference evapotran-
spiration equation, Am. Soc. Civil Eng., Reston, VA, 2005.

Baguis, P., Ntegeka, V., Willems, P., and Roulin, E.: Extension of
CCI-HYDR climate change scenarios for INBO, Instituut voor
Natuur- en Bosonderzoek (INBO) & Belgian Science Policy –
SSD Research Programme, K.U.Leuven – Hydraulics Section &
Royal Meteorological Institute of Belgium, 31 pp., Tech. rep.,
2009.

Batelaan, O. and De Smedt, F.: GIS-based recharge estimation
by coupling surface-subsurface water balances, J. Hydrol., 337,
337–355,doi:10.1016/j.jhydrol.2007.02.001, 2007.

Bechtel SAIC Company, L.: Future Climate Analysis, Tech. rep.,
Bechtel SAIC Company, LLC, 2004.

Beerten, K., Wemaere, I., Gedeon, M., Labat, S., Rogiers, B., Mal-
lants, D., and Salah, S.: Geological, hydrogeological and hydro-
logical data for the Dessel disposal site. Report NIROND-TR
2009-05E, SCK-CEN, Mol, Belgium, Tech. rep., 2010.

Beerten, K., Deforce, K., and Mallants, D.: Landscape evolution
and soil hydrological changes at the decadal, centennial and mil-
lennial scale: a case study from the Campine area, northern Bel-
gium, Catena, 95, 73–84, 2012.

Belmans, C., Wesseling, J. G., and Feddes, R. A.: Simulation of the
water balance of a cropped soil: SWATRE, J. Hydrol., 63, 271–
286, 1983.

BIOCLIM: Modelling Sequential Biosphere Systems under Cli-
mate change for Radioactive Waste Disposal, Final Report EC-
contract FIKW-CT-2000-00024, Tech. rep., ANDRA, 2003.

Burgess, P. E., Palutikof, J. P., and Goodess, C. M.: Estimating Past
and Future Climate and Sea Level: Climate Research in Sup-
port of the Next Drigg Safety Case: Phase I and Phase II, Tech.
rep., RP/0103169/R & T/00129, 20 December 2002, Level III

report DTP/129 quoted in the Drigg Post-Closure Safety Case:
Overview Report, BNFL, 2002.

Fowler, H. J., Blenkinsop, S., and Tebaldi, C.: Linking climate
change modelling to impacts studies: recent advances in down-
scaling techniques for hydrological modelling, Int. J. Climatol.,
27, 1547–1578, 2007.

Gedeon, M. and Mallants, D.: Hydrogeological model of the Dessel
site, Report NIROND-TR 2008-15E V2, SCK-CEN, Mol, Bel-
gium, Tech. rep., 2010.
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