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Abstract. The impact of climate change on groundwater
recharge@shnulated using climatic analogue stations, i.e.
stations presently under climatic conditions corresponding to
a given climate state. The study was conducted in the Ton-
text of a safety assessment of a future near-surface disposal
facility for low and intermediate level short-lived radioac-
tive waste in Belgium; this includes estimating groundwater
recharge for the next millennia. Groundwater recharge was
simuiated using the Richard’s based soil water balance model
Hydrus-1D and mefeorological time serics from analogue
stations. Water balance calculations showed that transition
from a temperate ofeanic to a warmer snbfropical climate
without rainfall seagonality is expected to yield a decrease
in groundwater recHarge (—12% for the chosen representa-
tive analogue station of Gijon, northern Spain). Based on a
time series of 24 s of daily climate data, the long-term
average annual recharge decreased from 314 to 276 mm, al-
though total rainfall was higher (947 mm) in the warmer cli-
mate compared to the current temperate climate (899 mm).
This is due to a higher soil evaporation (233 mm versus 206
mim) and higher plant transpiration (350 versus 285 mm) un-
der the warmer 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, north-cast Belgium. Demonstrating safety of the
repository requires investigating the short and long-term im-
pact of the evolution of environmental conditions on the pet-
formance of the facility. In this context, it is important to
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characterise futnre groundwater recharge, because radionu-
clide dispersion and dilution would eventunally depend on
groundwater flow conditions. The time scale of interest is
several millennia (Van Geet et al., 2012).

Future groundwater recharge depen eavily on future
climate conditions. However, studiesof the impact of climate
change on groundwater recharfie are usually restricted to
time scales of several teng™to hundreds of years (e.g. Goder-
niaux et al., 2009; van Roosmalen et al., 2009), This is be-
cause climate scenarios of such studies are offen based on
predictions of }general climate models (GCMs) fised in IPCC

assessment reports (the latest of whichi1s IPCC, 2007}, These > .

predictions extend until AD 2100 or AD 2300 for some mod-
els (IPCC, 2007). Other studies do not include a specific time
scale and focus more on a sensitivity anatysis regarding the
response of the groundwater recharge to a given change in
climatic inputs (e.g. Wilkinson and Cooper, 1993).
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 afier downscaling of the
resnlts. 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 ana-
logue stations taking account of local conditions that in
fluence hydroclimatological conditions such as similari-
ties and differences in latitude/longitude effects on inso-
lation and oceanic/continental influences.

Using analogue stations represents an easy and iransparent
way of deriving climate state bounds for the climate classes
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of interest. It also has some weaknesses: analogues are re- BIOCLIM results suggest that north-castern Belginm will be
stricted to sites with instrumental data; time series of 30 or characterised by a climate moderately warmer than present, -
50 years are assumed to be representative of an entire climate with a similar degree of water availability throngh the year,
@’ & | state; and analogue stations may not be optimal in terms of  but with drier summers and wetter winters (*Cs’ climate in
environmental conditions of the site. Trewartha’s classification — subtropical climate with winter
The approach based on GCMs can make use of more site- rain). The subtropical climate class with no rainfall season- ”
specific information and probably provides a better parameri- ality is denoted as ‘Cr’. No colder climate is foreseen in the 1
sation of temperature and precipitation in the near future. next 10 000 years AP on the basis of B1ocLIM (2003) scenar- &‘&p f
@ & \However, on a longer time scale as in the present study, val- ios. However for illustrative purposes the present study also UW
\_ idation and robustness of this approach remains very uncer- investigates the consequences of a tundra climaie (with per- 85
tain. mafrost) designated by ‘FT” in Trewartha’s classification to
Therefore, the approach using analogue stations was cho- have a more comprehensive evaluation of the water balance

sen for the present study in order to describe future climate ~ sensitivity at the Dessel site.

states at the Dessel site with current observations from ap-

propriate climate zones., This approach was previonsly used 2.2 Climatic analogue stations

in several safety assessment studies (Palutikof and Goodess,

1991; Bechtel SAIC Company, 2004). Climate analogue stations were selected based on following

The objective of the present study is to estimate future  criteria;: (i) fulfilling Trewartha’s classification criteria based

groundwater recharge in the vicinity of the Dessel site on on temperature and precipitation, (i} sufficiently long time

a time scale of up to a few thousand years. An esiimate series (>>20 years) of key meteorological variables (temper-

of current groundwater recharge is provided and the poten- ature, precipitation, wind speed, relative humidity, solar ra-

tiaf impact of a warmer climate is investigated using climatic  diation) and (iii) similarity with respect to latitude/longitude

analogue stations. Becanse of the long time scales (Van Geet effects on insolation and oceanic/continental influences com-
“ et al,, 2012), colder climates cannot be excluded and theit  pared to the Dessel site. Pertinent criteria for the latter were

impact on recharge is assessed. defined as follows:

. Hexe ax of 2 % (a) elevation: the analogue stations must have an elevation
2 Material and methods - coorren " m Ygshrene v OFess than 150 m above sea level. This criterion is cho-
/7 . . . e sen to avoid the inclusion of stations displaying too im-
21 (Eresent-daj)and future climate in Belgium portant orographic rainfall effects, as the Dessel site is at
The present-day climate of Belgium is defined as a temperate approximately 25 m ams|.
oceanic climate — *DO’ following the classification of Tre- L .
wartha et al. (1968). Climate data collected for the period (b) Marm}ne mﬂuence-: the distance to fhe nearest source
1985-2009 in the Dessel area (Campine Region, northern of f’f moisture (sh(?r elm_e) ha!s to be maximum 120 km' tal.(—
@ o || Belgium) indicate a mean temperature of 10.4°C and mean ing dominant wind direction into account (Dessel site is
precipitation of 899 mm year—!. The atmospheric circulation about 120 km from the coast).
is dominated by western winds which bring humidity from

the Atlantic Ocean. Based on different scenarios of green- (¢) Atmospheric circulation system: analogue stations lo-
house gas emissions, [PCC models for the region of northern cated in the Atlantic circulation system (Northern hemi-
Europe predict a warming of 2.3 to 5.3°C (median 3.2°C) by sphere) are preferred. Besides, analogue stations should
D9 ¢100. Annual precipitation is very likely to increase in not be located on a small island (as in Burgess et al,,
iy “ H most of northeen Hurope, and extremes of daily precipitation 2002).
are also likely to increase (IPCC, 2007),
On the longer term, important driving forces of climate Among the potential weather stations in a given climate

evolution includ¢ of'variations of insolation (astronomical class (Cs/Cr, FT), the two displaying the smallest rank devi-
?O 0 m‘gs), and in greenhounse gas and aerosol con- ation from the class annual average temperature and precipi

" " centrations in the atmosphere (natural and anthropogenic tation were arbitrarily selected for model] simulation. Besides
sources). These variations are forced by changes in the the latter two stations, the stations with the highest and lowest
Earth’s orbit and spin and by other forcing agents such as precipitatfon regimes were also selected to represent bound-
volcanism, the evolution of life and the movement of tectonic iE&E__aS_Qﬁ. his allowed assessing the influence of variabﬂ-ﬁ_ 7 Z 7
plates and ocean currents. The BIOCLIM (2003) project stud- ity in pregipitation, temperature and other climatic parame- o, /"$_g
ied possible future climate states for the long term accounting ters within a climate class on groundwater recharge. Table (?
for atmospheric CO,, solar and astronomical forcings. Gver 1 lists phe selected climatic analogue stations for simulating
the period of 10 000 years @chosen for the present study, the warmer (Cs/Cr) and colder (FT) climate classes,
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B. Leterme et al.: Groundwater recharge using climatic analogues 3

Table 1. Characteristics of selected analogue stations for different climate classes {DO = iemperate oceanic, Cs/Cr = subtropical with/without

rainfall seasonality,

FT = tundra (with permafrost)). The Dessel site is the reference station for current climate. Cédiz is the station with

the smallest rank deviation from Cs class average temperature (16.8°C) and precipitation (607 mm). Ourense and Huelva were selected as § s g
boumding cases for the precipitation. For the Cr class, sufficient input data were found only for Gijon. Sisimiut and Nuuk are the stations with o
the smallest rank deviations from FT class average temperature {—2.0°C) and precipitation (571 mm). Paamiut and Iulissat were selected ) ‘3
as bounding cases for the precipitation. N §
R
Climate class  Station Latitude and longitude  Mean annual ~ Mean annual Altitude [m} Distance [km] 7
temperature precipitation from humidity ‘ﬁ N &
[°C]  Framyear™%] SOUICE. ) v § .
(shoreline) ~ ) g
DO Dessel, Belgium 51°13’ N, 05°06’ B 103 899 20 120 L 3
Cs Ourense, Spain 42°20" N, 07°52' W 4.5 807 143 90 %
Cs Cadiz, 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 W 0
Cr Gijon, Spain 43°32’ N, 05°39" W 13.8 947 3 W Pty 0
ET Nuuk, Greenland 64°10° N, 51°45* W —14 740 541 80 W 0
FT Tulissat, Greenland 69°13° N, 51°03' W =50 268 39 *PM’\ 0
BT Sisimiut, Greenland 66°55" N, 53°40' W -39 319 12 OW/ SR
FT Paamiut, Greenland 62°00° N, 49°43" W —0.8 794 15 0

2.3 Groundwater recharge modelling

Time series of meteorological observations were used to de-
rive daily potential evapotranspiration (ET) using Penman-
Monteith approach (Allen et al., 1998). Then, the intercep-
tion, throughtall, evaporation of intercepted water, potential
evaporation and potential transpiration were calculated in a
canopy water balance model implemented in Excel (see Ap-
pendix A) and were used later as input variables for Hydrms-
1D (Siméinek et al., 2005). The main outputs calculated
with Hydrus-1D include daily values of the soil actnal evap-
cration, actual transpiration and groundwater recharge (dis-
charge at the profile bottom). From these daily values, annnal
values were calculated.

Simulations were performed on sandy soils (podzol) char-

Fty Maﬂf@ acteristic of the study area, with a uniform grass cover.

@

ol

Three-meter deep soil profiles of Zcg (Belgian classification
for sand, moderately drained, B horizon with obvions accu-
mulation of organic matter andfor iron; FAQ:; Haplic Podzol,
USDA: Aquic Haplorthod) and Zeg (sand, poorly drained, B
horizon with obvious accumulation of organic matter and/or
iron; FAQ: 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 textare and organic
mattes content propertles were looked vp in the Aardewerk
soil information system T’VaTUr_sﬁ'(ﬁTén et al., 1988). Grass
rooting depth was set at 30 cm. Table 2 gives the parameteri-
sation of the two soil profiles for the Mualem-van Genuchien
model (van Genuchten, 1980). The pedotransfer functions of
Schaap et al, (1999) were used to derive soil hydradlic pa-
rameters for the Zeg and Zeg profiles (respectively 6 and 5
horizons). ket 7«4 FHep

In the Dessel area, the actual groundwater table is around

wthat &R 6 5 e laves

oo

1.5 m deep on average (Beerten et al., 2010). Using this aver-
age groundwater table depth as the bottom boundary condi-
tion for the calculations make sense for current climate con-
ditions (DO class) but Wotld not necessarily match Tuture
groundwater table conditions under other climates. For ex-
ample, simulations for the warmer Cs/Cr climate showed that
a constant groundwater table at 1.5 m led to a negative annual
drainage (i.e. upward flow from groundwater) under a pre-
cipitation deficit (i.e. difference between precipitation and
potential ET) because groundwater then acted as a supplier
for actwal 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 con-
dition implemented in Hydrus-1D was used, for which the
discharge rate g(n) at the bottom of the soil profile at node
n is defined as function of the position of the groundwater
table (Hopmans and Stricker, 1989):

g(n}=q(h)=Agn exp(Bqn, x |h—GWLOL])

M

where g{h) [cm day—1] is the discharge rate, h [cm] is
the pressure head at the bottom of the soil profile, Agp
[cm day~] and By, [cm~!] are empirical parameters and
GWLOL [cm] is the reference (initial) groundwater depth.
In this case vertical drainage across the lower boundary of
the soil profile is approximaled by a flux which depends on
the position of the groundwater level (Hopmans and Stricker,
1989). Parameters for Eq. 1 were obtained from a series of
measured groundwater levels in the Dessel area (1990-2009)
and corresponding calculated fluxes (Leterme et al., 2012).
An average parameter By, (= —0.0083 em™1) was fitted
for the 12 selected piczometers. Ag, (= —0.667 cm day 1)
was calculated following Hopmans and Stricker (1989) and
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GWLOL was set to 300 cm (= depth of the simulation do-
main). This bottom boundary condition was used for all cli-
mate states,

3 Resulis and discussion

3.1 Inter-annual variability

Table 3 shows the detailed long-term arithmetic average wa-

ter budget, of the climatic analogue stations for a grass cover,

In the current climate (Dessel, DO), simulated groundwater
recharge is 314 mm year~! on average. Actval ET (ET,) is
96% of potential ET (ETy) and 55% of total rainfall.

Simulations for the warmer climate class (Cs/Cr) show a
decrease of groundwater recharge for all analogue stations.
For Huelva and Cadiz, the main reason is a precipitation
deficit (E'T; >> P), which leaves little water available for
gronndwater recharge. Results show a decrease of ground-
water recharge for Gijon, despite more precipitation com-
pared to Dessel and precipitation surplus on an annual ba-
sis (P > ETp). As a consequence of decreasing recharge,
groundwater table is deeper on average in Gijon (2.8 m) than
in Dessel (2.6 m) simulations.

It is important to note that groundwater table depth is in a
critical interval of values where ET can be considered to be
“sroundwater controlled” (Maxwell and Kollet, 2008). This
means that the E'T;, (and groundwater recharge) response to
a given increase in temperature and/or precipitation strongly
depends on groundwater table depth. Shallow groundwater
tables (< lm) would ensure a constant &7, response for any
change in ETp (i.e. surface fluxes are not water limifed),
Deep groundwater tables (>7—8m) would cause precipitation
and land-surface processes to be the drivers of groundwater
recharge (i.e. groundwater is disconnected from surface pro-
cesses; Fig. 2 in Maxwell and Kollet, 2008). Therefore, a
decper groundwater table under warmer Gijon climate means
that the influence of precipitation and land-surface processes
on BT increases.

As mentioned above, the actual groundwater table in the
Dessel area is approximately 1.5 m deep. The difference
between the simulations and field observations is partly due
to the use of the ‘deep drainage’ boundary condition which
would not be optimal for the present case, but other fac-
tors affecting proundwater table depth were not accounted
for (e.g. rivers, topography). Further work will address this
issue, for example by coupling the unsaturated zone model
with a local hydrogeological model.

Analogue stations of the colder IFT' class show two con-
trasting types of water budget. Tlulissat and Sisimiut have a
very low precipitation record and hence very small ground-
water recharge despué‘l"_h ted BTy and ET, compared to
present-day climate class. Nuuk and Paamiut have a pre-
cipitation record similar to present-day Dessel climate, but
groundwate‘T’rgEharge increases due to low ET. The snow hy-

drology module of Hydrus-1ID (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 runcff poten-
tial (high infiltration capacity of Zeg and Zeg profiles) and to
the use of daily tirne 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,

Fignre 1 (a) depicts the cumulative distribution functions
of annual groundwater recharge simulated for the climatic
analogues of the Cs/Cr class and comparison with the simu-
lation for Dessel. In the upper percentiles, Gijon shows lower
groundwater recharge than Dessel despite having higher pre-
cipitation (i.e. supplementary available water in wetter years
is primarily used to satisfy high ET demand).

Figure 1 (b) depicts the cumulative distribution functions
of annual groundwater recharge simulated for the climatic
analogues of the FT' clags and comparison with the simu-
lation for Dessel. The contrast mentioned above between
Hulissat and Sisimiut on the one hand, and Nunk and Paamiut
on the other hand, is clearly visible. The former stations
have a very low precipitation record and small groundwater
recharge, while the latter show‘ﬁi"gher groundwater recharge
than Dessel despite lower precipitation records (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 need to choose a represen-
tative analogue among the different stations for management
applications or to try reducing the uncertainty on possibie
future groundwater recharge. Ancillary information on prob-
able future climate conditions can help to assess the repre-
sentativeness of the climatic analogue stations,

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 median
armual precipitation increase for northern Europe of 9% and
a temperature increase of 3.2°C. For Gijon, precipitation and
temperature are, respectively, by 3% and 3.4°C higher com-
pared to Dessel. Although Gijon is classified as a subtropical
climate with no rainfall seasonality, summers are drier and
winters are wetter than in Dessel (see Fig. 2), which is in
accordance with BIOCLIM projections of futare climate for
the next 10 000 years (section 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-
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Table 2, Parameters of the Mualem-van Genuchten model for the Zeg and Zeg soil profiles.

Soil Horizon Depth o, &5 a n K, l
profile [em] [M¥m™® W'm™¥ [m™Y] [] ms™ [
Zeg Al 0-5 0.06 0.47 13 168 23x107% 05
A2 5-8 0.03 0.40 1.6 175 23x107° 05
Bh §-10 0.03 0.45 14 162 45x107% 05
Bi 10-13 0.03 0.40 1.6 175 45x107% 05
BC 13-17 0.02 0.38 15 L71 13x107* 05
c 17-100/300 0.02 0.38 1.6 175 13x107* 05
Zeg Al 09 0.06 0.46 13 163 47x107® 05
A2 9-15 0.02 0.38 L7 186 47x107° 05
Bh 15-21 0.03 041 1.5 168 61x10°° 05
Bi 21-43 0.03 0.40 1.6 173 61x107° 05
BC 43-100/300 0.02 039 L5 171 16x107% 05
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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.

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 hotizons indicating
strong wind erosion, abundant aeolian deposition, (near) ab-
sence of fluvial activily in the valleys (Vandenberghe, 1985,
1993). It is reasonable to assume that precipitation during
colder periods has been much lower than today. For instance,
Wemaere et al, (1999) examined future climate scenarios
based on a definition of climate intervals characterised by
paleo-reconstruction starting from 126 (000 years 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).

33 Intra-annual variability

For the three representative analogue stations (Dessel, Gijon
and Sisimiut), Figure 2 shows the intra-annual variability of
ET, and groundwater recharge. Even though Gijon is classi-
fied as a subtropical station with no rainfall seasonality, sum-
trier is sommewhat drier and this is reflected in a slight decrease
of ET, in the summer months compared to Dessel. Season-
ality of groundwater recharge is similar between Dessel and
Gijon. The bottom boundary condition (Eq. 1) prevents a net
negative bottom flux (water supply from the aquifer), but al-
lows groundwater table to fluctuate and hence to be shallow
enough for use by the vegetation,

Sisimiut is characterised by low annual precipitation and



6 B. Leterme et al.: Groundwater recharge using climatic analogues

Table 3. Average annual precipitation (P), potential evapotranspiration (#7T5), actual evapotranspiration (5£7%), evaporation of intercepted
water (F;), soil evaporation (), transpiration (T},) and grounclwater recharge, in mm year™! for Dessel and the & analogue stations. In

parenthesis the percentage of precipitation is given for some variables.

Station P ET, ET,

E; Ly T Recharge

Dessel (DO) 899 596 572 81(9%) 206 (23%) 285(32%) 314 (35%)
Huelva(Cs) 518 1265 458  33(6%) 132(25%) 293 (57%) 61 (12%)
Cédiz (Cs) 524 1140 467  33(6%) 128(25%) 306 (58%) 60 (12%)
Qurense (Cs) 863 874 644 63 (7%) 195(23%) 386(45%) 175 (20%)
Gijon (Cr) 947 704 658  T5(8%) 233 (25%) 350(37%) 276 (29%)
Iulissat (FT) 282 313 234 34(12%) 76(271%) 124 (44%) 30 (14%)
Sistmiut (FTY* 306 284 225 30(10%) 77 (25%) 118 (30%) 96 (32%)
Nuuk (FT) TAT 329 329 5T(8%) 121 (16%) 151(20%) 403 (54%)
Paamiut (FT) 774 298 298  47(6%) 110(14%) 141(18%) 481 (62%)

" The sum of ET, 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) batween the start (wetter) and end
(drier) of the 24-year simulation period, resulting in a recharge increase.

groundwater recharge shows almost no seasonality. Average
groundwater depth of the numerical simulations is 4.5 m.

4 Conclusions

Climatic analogue stations were used to assess average
groundwater recharge under different climate states. Al-
though no optimal choice of analogue stations may exist due
to different weather circulation systems, this approach allows
Mﬁu!' including cbserved variations of all meteorological parame-

ters in a transparent and straightforward way.
er ooty P stralghtforward way

This study demonstrated That fransition to a warmet, sub-

M/M tropical climate is expected to yield a decrease in groundwa-
W;} ter recharge in the vicinity of the Dessel disposal site (typ-
ical podzol with a grass cover). Using Gijon as representa-

W tive analogue station for the next 10 000 years, a decrease of
" L long-term average groundwater recharge by 12% was simu-
! lated compared to present-day climate conditions. Although
ﬁ) no colder climate is foreseen in the next 10 000 years, the
M P.v[r approach was also tested with analogue stations for a colder
tOh climate state. Groundwater recharge simulated for the repre-
sentative analogne Sisimiut showed a decrease by 69%.

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
necessary to investigate the effect of freeze-thaw cycles and
snow evaporation on groundwater recharge.

On the time scale considered, other factors than climate
change may have an important influcnce on groundwater
recharge. Land use change and the dependency between cli-
mate and land use are being investigated. Some vegetation
parameters of a given land yse may depend on climate vari-
ables, such as stomatal behdviour under increased COs con-

centration. Furthermore, 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., submitfed).

Appendix A
Canopy water balance model

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

ASEP(,:—(E,;,(; —I—Trd) (Al)

where AS[mm day ] is the variation of canopy storage
over one day, Pjmm day™'] is precipitation, F;lmm day™]
is evaporation of intercepted water and Trg[mm day ] is
throughfall. The maximum amount of water left on the
canopy at start of the day is defined by the interception capac-
ity, w.[mm|. On a daily basis {start of the day), the through-
fall is calculated as:

S+ Py—w, £S5 1+ P> w,
Tra= { 0 if Sy 1+ Py Sw, (42)

and an intermediate value of canopy storage, Sy ;[mm), is
calcunlated as:

{wc if Sq_1 + Ly >,
Say=

Sy1+Py i Sqy+Pa<w, (A3)

‘Then, the storage is corrected for evaporation of water
from the leaf surface. The latter is obtained by splitting
the daily potential crop evapotranspiration BT, 4[mm day_11
(calculated using Penman-Monteith equation) into daily po-
tential soil evaporation Ey, o[mm day "], daily potential tran-
spiration 7, a{mm day '} and F; 4:

EiatTpa=ETca—Epa (A4)
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Fig, 2. Monthly average precipitation (), actual evapotranspira-
tion (BT} and groundwater recharge for the analogue stations of
Dessel (DO, top), Gijon {Cr, middle} and Sisimiut (FT, bottom).

Assuming that the net radiation inside the canopy de-
creases according to an exponential function and that soil
heat flux can be neglected, #, 4 is calculated as (Goudriaan,
1977: Belmans et al., 1983; Kroes et al., 2008):

Ep,d = ETc,d GXp(*kLAId) (A5)

where k[—] is the light extinction coefficient and LAI [—]
is the leaf area index. E; 4 depends on the canopy storage. If
Sa,: > BT, g— Fy, 4, the following applies:

Tpa=0

Sq= Sd,z' — (ETc,d + B ,d) ' (A6)
In case Sq; < ET. g — Fy g4, the following applies:

Tpsd = (ETc}d +Ep’d) - Sd'ai i (A7)

Sq=0

S 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 55 mm (giving on average 15% of
precipitation intercepted), a constant LAT of 2 was vsed and
the light extinction coefficient was 0.5 (JTacques et al., 2011).
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