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Regional climate change scenarios were studied with the water balance model
GROWA (Kunkel and Wendland, 2002) to predict the temporal development of mean
long — term total runoff, direct runoff and groundwater runoff, including regionally dif-
ferentiated analyses for river basins, regions and administrative units. Special em-
phasizes was given to the regionally differentiated prediction of the mean long-term
impacts on groundwater recharge, which determines both, the river discharge and
ecological status of rivers during dry periods, as well as the upper limit for the sus-
tainable abstraction of groundwater (e.g. prognosis of groundwater hydrograph
trends in regions, where water supply is fed from groundwater). As a reference, the
GROWA model was calibrated and validated for the hydrological period 1971 — 2000
in an area of ca. 90.000 kmz2 in the North — Western part of Germany, i.e. for the en-
tire Federal States of North Rhine - Westphalia, Lower Saxony, Hamburg and Bre-
men.

1. Introduction

Groundwater plays an important role for the drinking water supply in Germany. Ac-
cording to Genesis — online (2005), in 2001 ca. 85% of the drinking water demand in
the Federal States of North — Rhine Westphalia and Lower Saxony were fed from
groundwater resources (including sources and bank filtrate). For this reason, the re-
gional groundwater availability belongs to the key issues of the federal water re-
sources management policy. Groundwater availability depends decisively on percola-
tion water infiltrating the aquifer (groundwater recharge).

The regional groundwater recharge rate represents the framework for granting
concessions of groundwater withdrawal rights to public water suppliers and for the
required status reviews of the groundwater bodies according to the EU Water
Framework Directive (EU, 2000). It is also essential for the discharge of rivers and
the maintenance of wetlands at low flow conditions in dry periods.

Groundwater recharge can be determined by a number of methods. Their type and
applicability depend on the availability of model input data, the purpose of the inves-
tigation and the catchment size. Locally groundwater recharge rates can be meas-




ured by means of lysimeters (e.g. Schroder, 1983). Especially for detailed runoff
analyses in individual small catchment areas precipitation — runoff models like NA-
SIM (Mittlelstadt, 2005), WASIM — ETH (Schulla & Jasper, 1999), ArcEGMO (Becker
et al, 2002), WASMOD (Reiche, 1994) have been developed. As integrative values
for sub-basins groundwater recharge can be determined by evaluating runoff records
observed at gauging stations, e.g. according to the methodologies of Wundt (1958)
and Kille (1970).

For assessing long-term groundwater recharge rates in large catchment areas or re-
gions empirical models turned out to be sufficient (e.g. Dorhofer & Josopait, 1981;
Renger & Wessolek, 1996; Meinardi, 1994; Kunkel & Wendland, 1998; DeWit et al.,
1999). These models allow a determination of the long-term water balance as a func-
tion of the interaction between the actual land cover and climatically, pedagogical,
topographical and hydro geological conditions with reasonable accurancy. The
GROWA model (Kunkel & Wendland, 2002) belongs to this type of models. In the
last years GROWA has been applied for area-covering calculations of natural long-
term groundwater availability in the Federal States of Bremen, Hamburg, North-
Rhine-Westphalia and Lower-Saxony (Kunkel et al., 2006; Bogena et al., 2003;
Tetzlaff et al., 2004; Wendland et al., 2003). In the Environmental Agencies and Geo-
logical Surveys of these Federal States, GROWA model results were used for practi-
cal water resources management related issues, e.g. the grants of water withdrawal
rights to public water suppliers and for the required status reviews of the groundwater
bodies according to the EU Water Framework Directive.

In this contribution the impacts of regional climate change (derived by dynamical
downscaling of the global climate scenario B2 of ECHAM4 with MM5) on the regional
water balance in the Federal States of North Rhine — Westphalia, Lower Saxony,
Hamburg and Bremen will be analysed. Special emphasizes will be given to the pre-
diction of the mean long-term impacts on groundwater recharge, which determines
both the river discharge and ecological status of rivers during dry periods and the
upper limit for the sustainable abstraction of groundwater (e.g. prognosis of ground-
water hydrograph trends in regions, where water supply is fed from groundwater).

The calibrated and validated model results for the hydrological period 1961 — 1989
will be the reference for the assessment of the impacts of climate change. Results of
the MM5 regional climate model (e.g. Grell et al., 1994) for the time period 2071 —
2099 will be used in the GROWA model in order to predict the long-term trend of
groundwater recharge in the four Federal States, including regionally differentiated
analyses for river basins, regions and administrative units.

2. Climate model

For receiving regional information out of Global Climate Models (GCMs), it is neces-
sary to improve the spatial resolution. Therefore, the meteorological mesoscale
Model MM5 is nested in the GCM ECHAM4 (Roeckner et al., 1996). MM5 is a lim-
ited-area, nonhydrostatic, terrain-following sigma-coordinate model designed to simu-
late or predict mesoscale atmospheric circulation (e.g. Grell et al.,1994). The devel-
opment of MM5 started in the 1960’s at Penn State University (USA) and has been
improved by the National Center for Atmospheric Research (NCAR). In this applica-
tion, MM5 is applied in a horizontal resolution of 19.2 km. The vertical dimension is
divided in 27 layers. The time step is ~70 seconds (Keuler et al., DEKLIM, 2006).



The scenario used in this study follows the SRES emission-scenario of the B2-family.
The B2 scenarios are characterized by continuously increasing population, but at a
slower rate than in A2, emphasis on local rather than global solutions to economic,
social and environmental stability, intermediate levels of economic development, less
rapid and more fragmented technological change than in B1 and Al. (SRES,2007)

3. Water balance model GROWA

The GROWA model represents an empirical procedure with a minimal temporal reso-
lution of one year. In a first step mean long — term evapotranspiration rates are de-
termined according to Renger & Wessolek (1996), who used extensive lysimeter data
to derive linear relationships between evapotranspiration rates and different land use
types and climatic as well as soil physical site conditions for plain, rural areas at
some distance from the groundwater table. For a general, i.e. area-wide, application
several extensions were developed and implemented to calculate the real evapotran-
spiration in hilly (Golf, 1981) or urban areas (Wessolek & Facklam, 1997) as well as
for regions close to the groundwater table (ATV, 2004). In a second step total runoff
levels are calculated as the difference between precipitation and real evapotranspira-
tion:
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mit:  Qges(/)  mean annual total runoff for soil covet type ¢ (mm/a)

Nrelief correction factor for consideration of relief areas

Pso precipitation level in hydrologic summer period (mm/a)

Pwi precipitation level in hydrologic winter period (mm/a)

Wi plant available soil water (mm)

ETpot mean annual potential evapotranspiration (mm/a)

Dy degree of sealing

a,..., f, coefficients depending on soil cover

In a subsequent step total runoff is separated into the runoff components “direct run-
off” and “base flow”. Whereas direct runoff designates the sum of the fast runoff
components surface runoff, interflow and drainage runoff, base flow is equal to the
runoff components, which reach the surface waters via groundwater runoff. In case
longer time periods are considered groundwater runoff can be regarded as more or
less constant, so that there is a balance between the water percolating into the aqui-
fer from the soils (groundwater recharge) and the groundwater discharging into the
receiving waters. Thus, mean long — term groundwater discharge into rivers corre-
sponds to the observable low flow in rivers (MNQ) and hence the mean long — term
groundwater recharge.

A mean base runoff fraction rp per Was calculated for a total of 205 gauged subcatch-
ment areas located in the Federal States of Lower Saxony and North Rhine — West-
phalia. Following Wundt (1958) it was assumed that the base flow conditions and
hence the groundwater recharge is represented best by the monthly low water runoff
flow (MoLWR) for unconsolidated rock areas. For consolidated rock areas rich in pre-
cipitation it was observed by Kille (1970) already that the monthly low flow runoff
may contain direct runoff fractions, especially during the winter season, so that



groundwater recharge is over-estimated. Therefore an approach is used, which al-
lows the separation of the direct runoff fractions in the monthly low flow runoff
(Bogena et al., 2005).

In this approach the groundwater recharge accounts for the average monthly low flow
runoff beneath the linear zone of the distribution curve of all monthly low water runoff
values observed. Within a subcatchment, mean long — term groundwater recharge
can be expressed site specific (area — differentiated) by a fixed runoff ratio (ground-
water runoff / total runoff) and depends on the interplay of groundwater runoff rele-
vant site conditions in the catchment. Therefore characteristic runoff ratios are allo-
cated to geofactors (degree of sealing, artificial drainage, hydraulic conductivity of
solid rocks, depth of groundwater, perching water and slope). By summation from the
product of the relative area ratio a; of a certain area property and the respective base
runoff fraction ry; the site specific groundwater recharge can be determined:
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The sum covered all 19 different site features, e.g. in the unconsolidated rock areas
the categories of groundwater and perching water as well as the hill slope. In the next
step, the base runoff fractions were varied so that the sum of the quadratic deviations
between the calculated and the base runoff fractions measured in the individual
subregions for all 205 subcatchtment areas considered took on the smallest value
(min):
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In this way a set of fixed r, — values has been derived. It can be assumed that these
values reflect the observed low flow situation in the subcatchments most suitable
(see Kunkel & Wendland, 2002).

4. Data base

Digital data bases for GROWA modelling were provided by the Geological Surveys of
Lower Saxony and Northrhine-Westfalia and the Environmental Agency of Hamburg.
As all these data bases (see table xx) were available area — covering for the Federal
States with a similar spatial resolution and with similar information contents, a consis-
tent calculation of the water balance was possible.

The input data were in parts available in vector format, in parts as grids with varying
grid sizes. Previous to the modelling data were transformed to grids of 50m x 50m.
The processing and representation of data was carried out by means of the GIS Ar-
Gis Desktop.



Tab. 1: input data for water balance model GROWA.

Themengebiet | Datengrundlage Datentyp Quelle

ATKIS-DLM 25 (LGN)
DLM 1000 (BKG)

Verwaltungsgrenzen

Grunddaten FlieRgewasser, Seen Vektor Hydrographische Karte (NLO)
Stadtkarte HH
Sommerniederschlag
Kii Winterniederschlag Rast Deutscher Wetterdienst
Ima Potenzielle Verdunstung aster eutscner Wetterdiens
nach Wendling
effektive Durchwurzelungs-
tiefe BK50 (GD NRW)
Boden nutzbare Feldkapazitéat Vektor BUK 50 (NLfB)

kapillare Aufstiegshéhe
Flurabstand
Staunéssegrad

Bodendkologische Konzeptkarte (HH)

CORINE Land Cover (Stat. Bunde samt)
Biotopkartierung (BUG HH)
HK100 (GD NRW)
Hydrogeologie |Durchléssigkeitsklassen Vektor HK 200 (NLfB)
GKHamburg (GLAHH)
DGM25 (Landesvermessungsamt
Hangneigung NRW)
Topografie - Raster ATKIS DGM 50 (LGN)
Hangexposition Hohenlinienkarte 1:20.000 (Baubehor-
de HH)
Landesumweltamt NRW
Einzugsgebietsgrenzen Vektor Hydrographische Karte 1:50.000
(NLO)
Landesamter, Wasserverbéande
Tagesmittel der Abfllisse Punkt Abflussdaten des NLO, B
DGJ 1990 Weser- u. Emsgebiet (NLO)

Landnutzung Bodenbedeckungskategorien | Vektor

Validierung

5. Processing and comparing of precipitation data

Climate data (precipitation values, potential evapotranspiration values) was available
from different sources. For the time period 1961 — 1990 climate data was available
for the monitoring stations of the German Meteorological Survey (DWD) as daily val-
ues for the individual monitoring stations. These values were already used by Kunkel
et al. (2006) to calibrate the GROWA model and to calculate the actual mean long —
term groundwater recharge level (1961 — 1990). In addition, MM5 regional climate
modelling results from dynamically downscaled ERA15 global reanalysis fields were
available in daily time steps for the period 1980 — 1993 in a spatial resolution of 19,2
km x 19,2 km.

In order to check the differences between the DWD data set and the MM5 data set, a
comparison of precipitation data for the period 1980 — 1993 was carried out, i.e. for a
period, for which data from both data sources was available. With the example of the
mean precipitation values 1980 — 1993, figure 1 shows considerable differences
amongst the two data sets.



Fig. 1: Comparison of the mean precipitation values 1980 — 1993 for the DWD data set and
the MM 5 data set
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Especially in the high altitude areas of the low mountain ranges in the southern part
of the study area, the mean precipitation values 1980 — 1993 measured by the DWD
data set are up to more than 150 mm/a higher than the values given by MM5 for the
same period. In the lee of the low mountain ranges and the regions near the coast-
line however the difference is the other way round: the precipitation values of the
DWD data set are up to more than 150 mm/a below the values given by the MM5
derived data set.

The different spatial resolutions between the DWD - data set (250 ms) and the MM5
data set (19,2 km) and along with these the different representations of topographic
effects have been identified as the main reasons for these systematic differences.

It can be expected that the conclusions with regard to the long-term development of
groundwater recharge rates from 1961 — 1989 to 2071 — 2099 will differ significantly.
In case of the MM5 climate data, 2071 - 2099 is compared to the groundwater re-
charge rate modelled based on the DWD data set and the MM5 data set (control run)
as a reference.

The following example illustrates this problem. In the DWD data set the precipitation
level in the Harz mountains is on average about 1000 mm/a for the period 1980 -
1993. In the MM5 data set the precipitation level for the time period 1980 — 1993
amounts to ca. 800 mm/a only.

o First case: groundwater recharge rates modelled based on the MM 5 precipita-
tion values 1980 — 1993 (ca. 800 mm/a) in the Harz mountains are used as a
reference data set. Its comparison to the groundwater recharge rates modelled
with the MM5 precipitation values 2071 — 2099 (ca. 850 mm/a) would suggest
a slight increase of groundwater recharge in the Harz mountains.

o Second case: groundwater recharge rates modelled based on the DWD pre-
cipitation values 1980 — 1993 (ca. 1000 mm/a) in the Harz mountains are used
as a reference data set. Its comparison to the groundwater recharge rates



modelled based on the MM5 precipitation values 2071 — 2099 (ca. 850 mm/a)
would suggest a decline of groundwater recharge in the Harz mountains.

Consequently, the systematic differences in regional precipitation patterns will influ-
ence the modelled groundwater recharge rates presented in section xx and hence
the conclusions with regard to the probable consequences for a sustainable ground-
water resources management.

Thus, in order to predict the influence of climate change on groundwater recharge,
the systematic differences between the DWD data set and the MM5 data set have to
be balanced. The disaggregation of the MM5 data to the 250 m grids by means of a
statistical downscaling (e.g. Burger & Chen, 2005; Matulla et al., 2002) is the most
recommended way to do this. However, due to the complexity of this task and the
limited time frame of this study this has not been carried out here.

Instead, the systematic difference between the DWD and MM5 data sets have been
overcome is has been done in two pragmatic steps. In a first step the differences be-
tween the MM5 periods 1961 — 1989 and 2071 — 2099 have been determined, as-
suming that these differences reflect the climate change. In a second step, the net
difference between the MM5 data sets has been added up to the values given by the
DWD data set 1961 — 1989. In this way the probable impact of climate change -
expressed by the difference in the precipitation values of the MM5 periods- on
groundwater recharge is related to groundwater recharge levels, which have been
assed using observed precipitation values given by the DWD data set as input:

Pcc = PDWDigg; - 1080 + (PMM52071_2099 - PMMS,661 -1989)

Leaving all other model input parameters (table 1) unchanged, the net difference
within the data sets from the MM5 is used to predict the impacts of climate change
scenarios on groundwater resources in North-western Germany.

6. Results
6.1 Groundwater recharge rates for the hydrologic reference period 1961 — 1990

Figure xx shows the mean long-term groundwater recharge rates modelled for the
hydrologic reference period 1961 -1990 following Kunkel et al. (2006).

As can be seen the calculated groundwater recharge rates range in both cases from
less than 25 mm/a to more than 300 mm/a. This reflects the diversity of climatic, pe-
dological and geological conditions. In plain unconsolidated rock areas of at some
distance from the water table in the North German Plain and the Lower Rhine Em-
bayment , the groundwater recharge generally amounts to more than 150 mm/a.

In unconsolidated rock areas influenced by the groundwater and water logging (e.g.
in flood lands) the groundwater recharge is less than 50 mm/a. The major runoff frac-
tion (more than 80 %) is discharged in the form of direct runoff and reaches the re-
ceiving waters via the soil surface or as drainage runoff. The same is true of areas on
Palaeozoic and crystalline rocks where, although the base flow can amount to 150
mm/a and more, the groundwater recharge contributes less than 30 % to the total
runoff.
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Figure 2: Groundwater recharge rates calculated for the time period 1961 — 1989.

The reliability and representativeness of the calculated area-differentiated groundwa-
ter recharge values were verified on the basis of long-term monthly runoff data from
representative gauging stations. In selecting the gauging stations, attention was pri-
marily paid to achieving the greatest possible variability with respect to catchment
area size as well as land use and climate. For reasons of continuity, only those gaug-
ing stations were selected for which long-term time series were available from the
period between 1961 and 1990. The calculated groundwater recharge values were
integrated for each gauge-related catchment area and compared with the measured
MoMNQ - values. MOMNQ - values from xx subbasins were available (see figure 3,
left part). Figure 3 (right part) shows a comparison of the calculated groundwater re-
charge rates to the measured groundwater runoff rates.

As can be seen from Figure 3, the deviation of the calculated groundwater recharge
levels differ from the measured values for most gauging stations between 0 and = 15
%. Errors in this order of magnitude lie within the usual variation range of an empiri-
cal model. Furthermore, small but unavoidable measuring and interpolation errors
are also undoubtedly involved. It also has to be taken into account that the deviations
can be explained by the fact that in separating the groundwater recharge levels de-
viations from two submodels are superimposed (total runoff modelling, separation of
runoff components).
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Figure 3: Gauging stations and related subbasins used for validation of the calculated
runoff (left part); result of validity check for 307 sub-catchment areas in Lower
Saxony and North — Rhine Westphalia.

6.2 Predicted groundwater recharge rates for the period 2071 — 2099

Figure 4 shows the predicted groundwater recharge rates calculated for the time pe-
riod 2071 — 2099 using the MM5 data set as input.

Compared to the mean long-term groundwater recharge levels calculated for the pe-
riod 1961 — 1989 (see figure 2) it becomes obvious that the general spatial distribu-
tion patterns of groundwater recharge rates remain unchanged. In this way the plain
unconsolidated rock areas in the North German Plain and the Lower Rhine Embay-
ment at some distance from the water table displays the highest groundwater re-
charge rates, whereas in consolidated rock areas groundwater recharge is consid-
erably higher. However, there seems to be the general tendency that groundwater
recharge rates will get higher in all unconsolidated rock areas and decline in the con-
solidated rock areas.

Figure 5 shows the probable regional changes in the groundwater recharge rates in
case the actual groundwater recharge rate 1961 — 1989 is compared to predicted
groundwater recharge rates for the time period 2071 — 2099 using the MM5 data set
as input.

According to figure 5 for large parts of the unconsolidated rock areas occurring in
Lower Saxony and North — Rhine Westphalia an increase of the groundwater re-
charge rate by 15 mm/a to ca. 35 mm/a to 2100 is predicted. There the groundwater
table might rise in the coming years. For large parts of the consolidated rock areas,
a decline of up to ca. 15% was calculated. Referring these values to the mean long —
term change in the two Federal States this corresponds to an increase of groundwa-
ter recharge in Lower Saxony by 17% and by less than 5% in North Rhine — West-
phalia. It has to be taken into account that these values are strongly influenced by the
compensation of areas indicating a net increase with areas indicating a net decline.
The fact that in North — Rhine Westphalia the portion of areas indicating a decline or
an increase of groundwater recharge values are almost equal shared indicates a
relative low change “on average”.
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Figure 4. Groundwater recharge rates calculated for the time period 2071 - 2099
based on the MM5 data set as input
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Figure 5: Predicted changes in groundwater recharge in case the actual groundwater
recharge rate 1961 — 1990 is compared to groundwater recharge rates for the time
period 2071 — 2099 based on the MM5 data set as input. The left part shows the ab-
solute changes, the right part the relative changes.

The relative change (see figure 5, right part) conveys an additional effect. Especially
along the coast line of the North see, the increase of groundwater recharge corre-
sponds to more than 25% of the groundwater recharge rate calculated for the period



1960 — 1989. This might have some impacts on the regional groundwater manage-
ment, e.g. the drainage discharge and ecological status of the related wetlands. In
case the decrease by 25% calculated for the South — Western part of North Rhine —
Westphalia would come true, an impact on the drinking water dams of the Eifel re-
gion would be the consequence.

6.3 Predicted groundwater recharge rates for the period 2071 — 2099 in groundwater
resources management related reference areas

According to annex V of EU WFD the ,good quantitative status” of groundwater is
achieved in case the mean long-term groundwater extraction doesn't exceed the
mean long-term groundwater recharge (sustainable use of groundwater). Whereas
river basin districts provide the basis for the overall regional water resources man-
agement, groundwater bodies are the geographic units for regional groundwater re-
sources management within the river basin districts according to EU WFD article 4,
paragraph 1 b i and ii. For the Federal States of North Rhine — Westphalia and Lower
Saxony 268 respectively 129 groundwater bodies have been delineated in the frame-
work of the of river basin characterisation (2005) according to the groundwater flow
conditions. As the EU WFD requires an integrated consideration of surface waters
and surface near groundwater occurrences this delineation took the hydrological wa-
ter sheds into account too.

Figure 6 (left part) shows the expected change in the mean long-term groundwater
recharge for the period 1961 — 1990 compared to the groundwater recharge for the
period 2071 — 2100 related to the 397 groundwater bodies delineated for the two
Federal States. In figure 6 (right part) the expected change in the mean long-term
groundwater recharge for the period 1961 — 1990 to the period 2071 — 2099 is shown
related to the river basin districts.
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As can be seen from figure 6, the conclusions about the expected changes in the
mean long-term groundwater recharge for the period 1961 — 1989 compared to the
groundwater recharge for the period 2071 — 2099 differ significantly in case ground-
water bodies or river basin districts are used as the underlying geographical refer-
ence. The groundwater recharge rates in the groundwater bodies of the South -
western part of North Rhine — Westphalia for example are predicted to decline by >
15 mm/a. However, in case the expected changes are forecasted on the scale of the
river basin district Rur, to which these groundwater bodies belong to, the expected
changes for the whole Rur catchment are smoothened to values < 5 mm/a. In the
North - Western part, groundwater recharge rates are predicted to increase by > 45



mm/a for individual groundwater bodies. In case these values are generalized on the
level of river basin districts, this increase is flattened to ca. 25 mm/a.

7. Summary and conclusion

An area differentiated modelling of mean long — term groundwater recharge rates for
the hydrological period 1961-1989 was carried out based on the GROWA model for
the Federal States of North Rhine - Westphalia, Lower Saxony, Hamburg and Bre-
men. The GROWA model conceptually combines distributed meteorological data
(winter and summer precipitation and potential evapotranspiration) with distributed
site parameters (land use, soil properties, slope gradient, slope exposure, mean
depth to groundwater) to facilitate the calculation of long-term annual averages of
total runoff. In the GROWA model groundwater recharge is expressed as a constant
proportion (baseflow indices) of the total runoff. This portion depends on certain
characteristics of the investigated area, e.g. the slope gradient, soil and hydro-
geological properties as well as the degree of surface sealing. The accuracy of the
calculated groundwater recharge values for the period 1961-1989 was verified on
the basis of measured MoMNQ - values from more than 300 gauged sub-basins. In
general, the differences between modelled and measured runoff values were less
than 15 %, indicating the reliability of the chosen procedure. For this reason the
GROWA model is suitable for practical groundwater resources management issues
like the prediction of the long term changes of groundwater recharge due to climate
change. For this purpose the GROWA model was run with the output of the MM5 re-
gional climate model (precipitation levels, potential evapotranspiration levels) for the
time slices 1961-89 and 2070 - 2099.

Due to different spatial resolution between the climate data sets -250 m grids for the
actual DWD - data set and 19.2 km grids for the MM5 climate scenario data sets-
systematic differences in consequence of different representations of topographic
effects occur. Hence, the identified differences might not have their origin in the cli-
mate change, so that the increase in precipitation rates from 1961 — 1989 to 2071 —
2099 by > 25% in the coastal region has to be handled with care, just like the pre-
dicted decrease by > 25% for the South - Western region. Consequently, these re-
gionally differences in the input data sets are reflected in the modelled groundwater
recharge rates, so that the “hot spot” regions of an expected increase and an ex-
pected decrease of groundwater recharge are identical.

The over- and underestimation of values from the climate scenario imposes consid-
erable restrictions on the informative value of the determined changes in groundwa-
ter recharge rates until 2100. Hence, their use for the derivation of possible adaption
strategies for the regional groundwater resources management can not be recom-
mended yet.

For this purpose we would suggest a statistical downscaling of climate data from 19.2
km grids down to 250 m grids. Additionally the temporal resolution of the GROWA
should be increased from an annual to a monthly or even daily representation of
groundwater recharge. In this way the seasonal influence of a changing climate on
groundwater recharge can be considered. In this framework the implementation of an
irrigation module into the GROWA model is recommended, as the portion of irrigated
agricultural areas may rise.



Referring the grid-wise modelled groundwater recharge rates to groundwater bodies
and river basin districts has proofed the significance of choosing an adequate man-
agement unit. In general the modelled changes in groundwater recharge rates are
less significant on the level of river basin districts compared to the changes for indi-
vidual groundwater bodies. In order to predict the impacts of climate change to guar-
antee a long — term sustainable use of groundwater resources, e.g. for irrigation or
drinking water supply, the groundwater recharge rates should be compared to the
groundwater withdrawals already realized today. For “hot spot areas”, in which the
long — term groundwater availability is endangered, this allows for the development of
well directed groundwater resources management strategies adapted to the climate
change.

All these points will contribute to the development of a coupled meteorological - hy-
drologic model system, which enables a scientifically based prognosis of the future’s
groundwater availability under climate change conditions. This innovative tool for the
quantitative water resources management may help to implement the EU WFD, e.g.
for the establishment of programs of measures under consideration of climate
change effects.
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