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Abstract
Aim of our study is to quantify the impacts of climate change on hydrology in the large river basins in
Germany (Rhine, Elbe, Danube, Weser and Ems) and thereby giving the range of impact uncertainty created
by the most recent regional climate projections. The study shows mainly results for the A1B SRES (Special
Report on Emission Scenario) scenario by comparing the reference period 1981-2010 and the scenario
periods 2031-2060 and 2061-2090 and using climate projections of a combination of 4 Global Climate
Models (GCMs) and 12 Regional Climate Models (RCMs) as climate driver. The outcome is compared
against impacts driven by a more recent RCP (Representative Emission Pathways) scenario by using data
of a statistical RCM. The results indicate that more robust conclusions can be drawn for some river basins,
especially the Rhine and Danube basins, while diversity of results leads to higher uncertainty in the other river
basins. The results also show that hydrology is very sensitive to changes in climate and effects of a general
increase in precipitation can even be over-compensated by an increase in evapotranspiration. The decrease of
runoff in late summer shown in most results can be an indicator for more pronounced droughts under scenario
conditions.
Keywords: Climate change impacts, climate uncertainty, hydrology, water resources, water related sectors

1 Introduction
Over the past century global climate change has been
observed which has had an impact on regional water resources through changes in precipitation, temperature
and energy balance (IPCC, 2007a,b, 2013). Possible
warming in central Europe has, according to the fourth
assessment report of the International Panel on Climate
Change (IPCC), a bandwidth of approximately 1.5 to
6.0 degree celcius by 2100. In different regions of Europe these trends may vary considerably on account of
changes in large-scale atmospheric circulation or local
orographic conditions (E ISENREICH, 2005; H ATTER MANN et al., 2007, 2008). The regional impact of climate change leads to the necessity of orienting adaptation measures to local climatic, geographic, economic
and social conditions (K ABAT et al., 2003; K RYSANOVA
et al., 2008; VARIS et al., 2004; H ATTERMANN and
K UNDZEWICZ , 2010).
In order to study regional climate change impacts, it
is mandatory to regionalize global climate scenario data
simulated by GCMs (global circulation models, (IPCC,
2000; W ILBY et al., 1999). The regional climate models (RCMs) which are applied for this purpose can be
broadly divided into two types: physical-deterministic
and statistical RCMs (VARIS et al., 2004). In reality,
however, the results of physical-deterministic RCMs are
also determined by factors such as the parameterization
of the model and the numerical implementation. In the
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case of statistical RCMs the results are determined by
the choice and number of large-scale boundary conditions, the availability and length of observed data, as
well as the overall procedure. This means that, for the
same global climate scenario, different regional manifestations of climate emerge when different RCMs are
used (W OOD et al., 2004). However, the sensitivity of
the water balance to relatively small changes in the climate is substantial (G ÄDEKE et al., 2014; H UANG et al.,
2010; H ATTERMANN et al., 2008; L EHNER et al., 2006).
Frequently, in the modeling of the effects of climate
change on water budgets, only one regional climate
model is employed, and the uncertainty arising from
RCM uncertainty is ignored (M ENZEL and B ÜRGER,
2002; E CKHARDT and U LBRICH , 2003; F EYEN and
DANKERS , 2009).
State-of-the-art is nowadays to apply ensembles of
regional climate models (RCMs) driven by different
global climate models (GCMs) and to feed their results into hydrological models in order to analyse the
uncertainty propagation. So far this is done in Germany mostly for selected river basins or federal states
and mostly only considering a subset of regional climate models. K LING et al. (2012), for example, use 21
regional climate projections of the ENSEMBE project
and scenario A1B to quantify climate change impact
uncertainty in the Danube basin. An impact assessment for the Rhine, Elbe and Danube basins has been
done in the German project KLIWAS, applying ensembles of regional climate models for the A1B scenario
citep/nilson2011, klein2011einfluss. A general result of
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these studies is that water availability in Germany decreases in summer and increases in winter, whereby uncertainty is yet high. This agrees with results presented
at the European scale, for example by DANKERS and
F EYEN (2009) and L EHNER et al. (2006), and also with
trends in water availability already observed for the German river basins e.g. by B ORMANN (2010).
The novelty of this study is Aim of this study is to
provide a comprehensive overview about possible climate change impacts in Germany using the available
climate projections and to discuss the sources of inherent uncertainties, using the same hydrological model
and the same climate drivers for all river basins. In order to make as consistent and transparent the comparison as possible, only relative changes in hydrology are
considered and no bias correction was carried out to
the climate data (H ATTERMANN et al., 2011). H UANG
et al. (2014), for example, used bias corrected and uncorrected climate scenarios to drive a hydrological model
for the largest German river basins and came to the result that the performance of bias correction depends on
the method selected, length of calibration period and the
used RCMs. In addition, bias correction can even lead to
a change in trends especially for extremes. B OSSHARD
et al. (2013) show that choosing different methods for
bias correction can increase the uncertainty of modelled
river runoff substantially. Following this discussion it
can be concluded that in a study focussing on relative
changes and not absolute values (of hydrological quantities), bias correction of climate input can increase the inherent uncertainty of the results while not adding much
additional information. Whenever absolute values are
the topic of the study (for example when the results are
used in subsequent water management projections), bias
correction of climate input becomes crucial.

2 Data and Methods
2.1 The regional climate models
The scenario data used in this study were simulated by
two types of RCMs. In physical-deterministic RCMs the
basic physical equations for the movement and transport
of the atmosphere, with the land surface as one boundary condition, are resolved numerically (M C G REGOR ,
1997). For this purpose the area covered by the model
must be divided into grid cells. The fluxes and magnitudes of the climate variables at the model’s edges
must be known for each time step of the simulation.
For the past this information may be derived from observations. For climate change scenario runs the boundary conditions are normally taken from Global Circulation Model (GCM) runs (VARIS et al., 2004). In principle, physical-deterministic climate models ought to be
able to reproduce regional climate better than statistical climate models, especially under conditions of climate change. However, the physics of the atmosphere
(e.g. clouds, precipitation) and its feedback effects, for
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example on surface processes, are highly complex, and
physical-deterministic RCMs still lack the full inclusion
of some of these processes. Furthermore, for reasons
of stability, the solution of the basic physical equations
must take place in very short time steps, with the result that the numerical simulation of regional climate
is extremely time-consuming (VAN DER L INDEN and
M ITCHELL, 2009).
This class of models includes the German RCMs
REMO (T OMASSINI and JACOB , 2009) and CCLM
(B ÖHM et al., 2006) and also the set of RCMs of the ENSEMBLES project (VAN DER L INDEN and M ITCHELL ,
2009) which are considered in this study.
Statistical RCMs basically assume that certain relationships or correlations between observed climate variables and local weather do not undergo any considerable
transformation, even under climate change conditions,
but possibly occur with a different frequency or intensity (G ERSTENGARBE et al., 2014). The idea is thus to
use these relationships in order to be able to produce
regional climate scenarios under conditions of climate
change. Chosen as independent or driving climate variables are those which can be reproduced with relative
high accuracy by GCMs (e.g. temperature, circulation
patterns). The variables which are reproduced with relative high inaccuracy by GCMs (e.g. radiation and especially precipitation) are then simulated using the observed correlations to the driving GCM variables. Since
observation data are normally available in daily resolution, this is usually also the time resolution of the scenario simulation generated by statistical RCMs. In contrast to physical-deterministic RCMs, statistical RCMs
are distinctly easier to use and also require much less
computing. This means that a relatively large number
of climate realizations can be generated using statistical
RCMs, thus making it possible to quantify model scenario uncertainties.
This class of models include the German RCMs WettReg (E NKE et al., 2005a,b) and STARS (G ERSTEN GARBE and W ERNER , 2005; O RLOWSKY et al., 2008)
used in this study. Whereas WettReg mainly uses pressure (circulation pattern) and temperature as driving climate variables, STARS only uses temperature as driver.
The REMO and WettReg data comply with the "official" scenarios for Germany commissioned by the Federal Environment Agency. The CCLM data are the socalled "consortium runs" (H OLLWEG et al., 2008) for
Europe, and the STARS scenarios were generated at the
Potsdam Institute for Climate Impact Research as part
of a study on Germany (G ERSTENGARBE et al., 2014).
In addition to the results of the before mentioned
four German RCMs we also made use of results of a
set of high-resolution climate model simulations performed by several state-of-the-art RCMs (driven by different GCMs) within the framework of the EU-FP6 ENSEMBLES project (VAN DER L INDEN and M ITCHELL ,
2009) and considered 14 GCM/RCM combinations all
for the SRES A1B emission scenario. The spatial resolution of the RCM data was approximately 25km. These
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rape, etc.) as well as natural vegetation types (forest,
grassland) can be modeled dynamically on a daily basis.
A detailed description of the processes reproduced by
SWIM can be found in K RYSANOVA et al. (1998).
subsectionThe data used All spatial data for the study
(information on land use and soils, borders of subcatchment areas and the digital elevation model) was
transferred to a uniform grid with a cell size of 250 m.
The soil parameters are based on the German Soil Survey Map (BÜK 1000), and the land-use data is based
on the CORINE 2000 (B OSSARD et al., 2000) classification. Altogether 109 different main soil types and 15
land-use types were differentiated. The borders of subcatchment areas in Germany were taken from data of
the Federal Environment Agency in Berlin and for areas outside Germany they were calculated from elevation models. In total, the model set-up consists of 5,473
subbasins and 124,671 hydrotopes (thereof 3,766 subbasins and 63,926 hydrotopes in Germany). Meteorolog2.2 The eco-hydrological model SWIM
ical data from 270 meteorological and 2,072 precipitaTo study the effects of climate change on water re- tion stations of the German Weather Service was made
sources in Germany use was made of the eco-hydrological available for the modeling and reprocessed at PIK. In
model SWIM (Soil and Water Integrated Model, K RYSANOVA
addition, for the sub-catchment areas of the Rhine, Elbe
et al. (1998); H ATTERMANN et al. (2005)). Integrated and Danube which lie outside Germany the data of furinto this model are modules for computing the hydrol- ther weather stations and re-analysis data was processed
ogy, plant growth (e.g. agriculture and forestry), nutri- (Figure 1). Four different procedures for interpolating
tion cycle (nitrogen and phosphorus) and erosion.
the climate data were compared (Thiessen polygons, inThe SWIM model system is a catchment model for verse distance, ordinary kriging and external drift krigthe regional scale which operates continuously in time ing). By means of cross validation the most suitable proand is spatially structured. The disaggregation of the cedure was determined for each of the climate variables.
area under study occurs at three levels: i) the hydro- It turned out that, in view of the density of the available
tope level, which is homogeneous in its geographical data, the inverse distance procedure displayed a quality
characteristics; ii) the sub-catchment level consisting of that was comparable with geostatic procedures but rehydrotopes; and iii) the all-integrating catchment areas. quired much less computation and hence was "faster",
The lowest level, the hydrotope level, is created from a which is important for stochastic applications (multiple
combination of different spatial information: digital el- realizations per climate scenario).
evation model, sub-catchment area, soil maps, land use,
The regional scenarios of the German RCMs REMO,
depth to groundwater, etc. It reflects exactly the hetero- CCLM, STARS and WettReg, all driven by the A1B scegeneity of the actual area of the landscape (or the data). nario of the German GCM ECHAM5 (RÖCKNER et al.,
The computed vertical and lateral water flows and mat- 1999, 2003), as well as 14 additional scenarios realter fluxes at the hydrotope level are aggregated at the izations delivered by the ENSEMBLES project, served
sub-catchment level and routed through the flow sys- as climate boundary condition for projections up to the
tem to the catchment outlet. The hydrological module year 2090. The first set of climate scenarios - IS92 in SWIM comprises four sub-systems: the soil surface, were published in 1992, the second - SRES - in the year
the root zone (where depending on the soil information 2000. These results were additionally compared against
up to 12 soil layers can be differentiated), the upper and a RCP8.5 regional scenario of the RCM STARS (G ER lower aquifers, and the water transported in the rivers.
STENGARBE et al. (2014), this issue). The "RepresentaAn important factor in the modeling of the hydrolog- tive Concentration Pathways"’ (RCP) are the third and
ical conditions under climate change is a dynamic rep- newest generation of IPCC climate scenarios.
resentation of vegetation development since, exposed to
Four RCPs exist: RCP8.5, RCP6, RCP4.5, and
higher temperatures, plant phenology undergoes change RCP2.6. The numbers refer to radiative forcings (global
and plants begin to grow earlier in the year and lose their energy imbalances), measured in watts per square metre,
leaves later in the year. By way of plant transpiration this by the year 2100. In this study we applied the high end
has great feedback effects on the regional water balance scenario RCP8.5. JACOB et al. (2014) compared region(H ATTERMANN et al., 2008).
alized RCP scenarios for Europe with the ENSEMBLES
Plant growth is calculated on the basis of a simplified results and concluded that, with some regional differEPIC approach (W ILLIAMS et al., 1983). Here, a dataset ences, the general climate trends are confirmed.
specially parameterized for the region is used, by means
Figure 2 illustrates the range of monthly changes in
of which various crops (wheat, barley, maize, potatoes, precipitation given by the ENSEMBLES output under

data sets were selected out of the ENSEMBLES matrix, under the criteria that they come with all required
parameters for further hydrological analysis and were
available from 1951 until 2100 (except BCM/RCA3
which was available for 1961-2100). For the HadCM3
GCM as well as the HadRM3 RCM, three realizations
were included for "normal" climate sensitivity (Q0),
"low" climate sensitivity (Q3) and "high" climate sensitivity (Q16) to the external forcing (e.g. greenhouse gas
concentrations, by perturbing HadRM3 internal parameters, see C OLLINS et al. (2006)).
The chosen matrix (see Table 1) consists of four
GCMs (HadCM3, ECHAM5, Arpege and BCM), including three different realizations of HadCM3 and
eight different regional models (RCA3 (C4I), HIRHAM5,
CLM3.21, HadRM3 (three realizations: Q0, Q3, Q16),
REGCM3, RACHMO2, M-REMO and RCA3 (SMHI)).
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Table 1: Fourteen selected GCM/RCM simulations (SRES A1B) from the ENSEMBLES project (VAN
2009).

GCM
HC HadCM3 Q0
HC HadCM3 Q3
HC HadCM3 Q16
MPI-MET ECHAM5 r3
CNRM Arpege
UIB BCM

Institute

C4l

DMI

ETHZ

HC

RCM
Resolution

RCA3
25 km

HIRHAM5
25 km

CLM3.21
25 km
1951-2100

HadRM3 Q0
25km
1951-2100

HadRM3 Q3
25km

HadRM3 Q16
25km

DER

L INDEN and M ITCHELL ,

ICTP

KNMI

MPI

SMHI

REGCM3
25 km

RACMO2
25 km

M-REMO
25km
1951-2100

RCA3
25km

1951-2100

1950-2100

1951-2100
1951-2100

1951-2100
1951-2100

1951-2100
1951-2100
1961-2099

1950-2100
1961-2100

Figure 1: Catchments of the main German rivers and location of the runoff gauge stations for the validation (left) and location of the climate
and precipitation stations (right). In light grey locations where climate re-analysis data where used.

SRES A1B scenario forcing (left) and the range simulated by STARS with RCP8.5 scenario forcing (right,
100 realizations) for two periods (1981-2010 to 20312060 and to 2061-2090). Both scenarios give mostly an
increase in winter and a decrease in summer precipitation, whereby the trend is more pronounced in the second scenario period. The change is more uncertain when
looking at the ENSEMBLES A1B results with possibly
decreases in winter and increases in summer precipitation, while the range of change is narrower when looking
at the STARS RCP8.5 results. The larger uncertainty in
precipitation change given by the SRES A1B scenario
reflects the fact that a combination of different driving
GCMs and RCMs were taken into account (thus showing the specific climate model uncertainty), while the
range in the RCP8.5 scenario reflects only the internal
uncertainty of one RCM (STARS).

3 Results
3.1 Validation of the simulated river runoffs
The simulated runoff of the SWIM model was compared
with observed runoff at altogether 29 water gauge sta-

tions in Germany by (H UANG et al., 2010) to investigate
the general ability of the model to reproduce the hydrological dynamics. Climate input are the daily observations of the 270 meteorological and 2,072 precipitation
stations of the German Weather Service corrected by
measurement errors after Richter (1995). The results relating to the large German rivers are presented in Figure
3 and Table 2 (see H ATTERMANN et al. (2011), H UANG
et al. (2010, 2014)). As can be seen, the SWIM model is
able to reproduce well the observed daily runoff in the
different river catchments. However, significant problems occur in places where - on account of either human
intervention, for example through extensive mining activities (in the case of the Havel river), or poor data, such
as in the French sub-catchment area of the Rhine (in the
case of the Moselle basin at gauge Trier and the Elbe
basin at gauge Schöna) - there is uncertainty concerning
the boundary conditions.
In order to be able to compare location-related results
of the SWIM model set-up, for example local runoff
formation, the results for the reference period were also
1 Gauges

not calibrated
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Table 2: Results for daily river runoff (calibration only for runoff of five main gauges 1981-90, additional validation for 24 more gauges
and the period 1961-80) (from H UANG et al. (2014), changed).
River basin

Rivers

Gauges

Area (km2)

Calibration period 1981 - 1990

Validation period 1961 - 1980

0%
5%
4%
6%

NSE
0.86
0.81
0.76
0.83

Ems
Ems
Ems
Ems

Versen
Dalum1
Rheine1
Greven1

8,369
4,981
3,740
2,842

NSE
0.88
0.86
0.81
0.88

Weser
Weser
Aller
Leine
Fulda
Werra

Intschede
Vlotho1
Marklendorf
Schwarmstedt
Guntershausen
Letzter Heller

37,720
17,618
7,209
6,443
6,366
5,487

0.90
0.87
0.82
0.82
0.52
0.85

1%
0%
-1%
-1%
6%
1%

0.89
0.84
0.75
0.86
0.57
0.83

-5%
-2%
-15%
-7%
1%
-4%

Danube
Danube
Danube
Danube
Inn
Salzach, Inn

Achleiten1
Hofkirchen
Pfelling 1
Donauwoerth
Passau Ingling
Burghausen1

76,653
47,496
37,687
15,037
26,084
6,649

0.87
0.87
0.84
0.82
0.83
0.72

-1%
0%
-1%
-1%
-2%
-10%

0.86
0.82
0.79
0.79
0.84
0.72

-4%
-5%
-6%
-2%
-1%
-9%

Rhine

Rhine
Rhine
Rhine
Rhine
Main
Moselle
Neckar
Lippe

Rees
Andernach1
Maxau1
Rheinfelden
Frankfurt-Osthafen
Trier UP
Rockenau SKA
Schermbeck1

159,300
139,549
50,196
34,550
24,764
23,857
12,710
4,783

0.89
0.88
0.76
0.83
0.83
0.83
0.80
0.77

3%
0%
1%
0%
-1%
1%
-1%
16%

0.89
0.87
0.80
0.81
0.77
0.83
0.75
0.78

-1%
1%
-1%
1%
3%
3%
4%
2%

Elbe

Elbe
Elbe
Havel
Saale
Mulde
Unstrut

Neu-Darchau
Schoena
Havelberg
Calbe-Grizehne
Bad Dueben
Laucha1

131,950
51,391
24,037
23,719
6,171
6,218

0.83
0.77
0.62
0.80
0.80
0.59

0%
5%
-7%
1%
-1%
0%

0.85
0.79
0.81
0.79
0.67

-1%
6%
-2%
1%
-5%

River Ems, gauge Versen

3

4

5

6

7

8

9

10

11

m³/s

12
m³/s

Average month

Germany trend in STAR RCP 8.5 precipitation

190

250

310

0

40 80

130

190

250

310

Average day

Average day

River Rhine, gauge Rees

River Danube, gauge Achleiten

40 80

130

190

250

310

0

40 80

Average day

STAR RCP8.5 2nd period

130

190

250

310

Average day

0

1

2

3

4

5

6

7

8

9

10

11

12

Average month

Figure 2: Changes in precipitation 1981-2010 (reference) to 20312060 (1st scenario period) and 2061-2090 (2nd scenario period).
Top: SRES scenario A1B (results of 14 different RCMs), Bottom:
RCP8.5 (one RCM with 100 realizations).

compared by H UANG et al. (2010) with the values given
in the German Hydrological Atlas (HAD). The result is
that with regard to long-term mean runoff per unit area
the values agree in their spatial distribution.

1800

Obs
Sim

800

m³/s

River Elbe, gauge Neu Darchau

0

[%]

−100 −10 60 130

0
STAR RCP8.5 1st period

130

m³/s

2

40 80

3800

1

300 650
0

A1B 2nd period

0

0

River Weser, gauge Intschede

240
m³/s

A1B 1st period

0 1600

[%]

−100 −10 60 130

Germany trend in A1B predipitation

3000

Danube

-7%
-4%
-1%
0%

0 1200

Weser

DB

0 60 140

Ems

DB

0

40 80

130

190

250

310

Average day

Figure 3: Simulated and observed long-term daily average of river
runoff for the period 1981-90 at the gauges Versen (Ems), Intschede
(Weser), Rees (Rhine), Neu Darchau (Elbe) and Hofkirchen
(Donau).

and discussed, exemplified by the runoff for large river
catchments. Figure 4 shows the change in mean simulated scenario runoffs for the period 2031-60 as a relative difference compared with the mean simulated scenario runoffs for the period 1981-2010 (see Equation
3.2 Scenario results
3.1). In order to make as consistent and transparent the
In this section the impacts of the climate model pro- comparison as possible, only relative changes in longjections on the water balance in Germany are presented term mean daily runoff Q¯d (%) are considered and no
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bias correction was carried out in the climate data (see certainty than the results for the rivers Ems, Weser and
also Elbe. The trend in summer to less water availability
also H ATTERMANN et al. (2011)):
until 2060 is more pronounced under STARS RCP8.5
scenario conditions. Obviously, possible increases in
2010
∑2060
n=2031 Qd (i, j) ∑n=1981 Qd (i, j)
winter term precipitation and subsequent runoff gener¯
/
• 100
Qd =
(3.1) ation cannot counterbalance the decrease in summer.
2060 − 2030
2010 − 1980
j = (1.Jan, 2.Jan, ..., 31.Dec)
Elbe The results for the Elbe show in total the highest
uncertainty especially in summer (+80 % to -80 % for
with Qd denoting the daily runoff in m3 s−1 , i is the A1B scenario results), while no specific trend in
the year in the reference and scenario period and j the runoff is visible until 2060. The A1B results give also
simulation day.
no clear seasonal trend, in contrast to the RCP8.5 results,
Thus, positive deviations mean that, overall, the where almost all realizations have less runoff than in the
runoff - and hence also water availability - increases un- reference period and increases in runoff are only visible
der the specific scenario conditions; by contrast, nega- in mid-winter.
tive deviations are a sign of decreased water availabilDanube The A1B results for the Danube show, after
ity and large deviations and indication for possibly long the Rhine, the second lowest range of uncertainty with
periods of drought, especially in the summer months. mostly a decrease in runoff up to ~-40 % in summer
This comparison is possible because the climate sce- and possible increases only in winter. The results of
narios start already in the reference period (year 1960), the RCP8.5 scenario are at the lower range of the A1B
making a consistent comparison of scenario and refer- impact corridor.
ence periods possible with the same climate model input
Summarizing the results for the first scenario period,
as driver. Because of the fact that there are 20 WettReg some robust patterns are visible for the rivers Rhine and
climate realizations per scenario and 100 STARS real- Danube with mostly decreases in runoff, especially in
izations per scenario, leading to problems of representa- summer. Here, the decreases in summer cannot fully be
tiveness, a limited selection of 5 WettReg and STARS re- compensated by increases in winter induced for examsults (mirroring the respective distribution) was applied ple by the winter increase in precipitation and earlier
for further computation covering the range of simulation snow melt. This is important, because the Rhine is one
results.
of the most important waterways for river navigation and
The first scenario period 2031-60 has been chosen transport in Europe, and the Danube is the second most
for the comparison because it is a time horizon relevant important one for navigation in Germany. This decrease
for water management, for example for planning of new in summer runoff can serve as an indicator for the water
reservoirs. The second scenario period gives the long- availability in the entire basin, and under such conditions
term projections, but in this case only for the A1B sce- also impacts on water related sectors are likely, e.g. on
nario and for the climate projections of the dynamical electricity generation (KOCH et al. (2014), this issue).
RCMs and the statistical RCM WettReg, as the statisti- The A1B results are more uncertain for the rivers Ems,
cal RCM STARS relies on the assumption that observed Weser and Elbe, with no clear trend in total or seasonal
climate pattern in a region is a function of temperature runoff. The range of uncertainty is lower when looking
only and it therefore may leave the corridor of its appli- at the RCP8.5 scenario with climate data simulated by
cability if climate boundary conditions change too much STARS as input, and will certainly increase when also
(Gerstengarbe et al. 2014).
output of other RCMs will be available for the hydroA number of patterns and trends are observable in the logical modelling. For all rivers, most realizations give a
results.
decrease in runoff in summer, with the weakest trend in
Ems For the river Ems, the range of uncertainty in the Ems and Elbe basins.
the ensemble results driven by scenario A1B is relatively
Figure 5 illustrates the impacts for the second scehigh (mostly between +50 % and -40 %) without show- nario period (2061-2090) under A1B climate. The outing a clear trend to more or less water availability and come for the rivers Rhine and Danube is that the trends
higher range of uncertainty in the summer months. The in runoff manifest in both cases with even stronger deresults driven by scenario RCP8.5, with STARS climate creases in summer runoff than for the first scenario peas input, show in contrast a clear decrease in summer riod, while the results remain highly uncertain for the
runoff until 2060.
other basins. As a result the certainty for a decrease in
Weser The results under A1B climate also give a summer runoff and increase in winter runoff rises in tolarge range of uncertainty, but in total have a stronger tal, especially for the summer runoff in the Rhine basin.
bias to negative changes, especially in the summer
The question remains whether the seasonal changes
months. The STARS RCP8.5 scenario leads to even less in precipitation shown in Figure 2 are the only driver
water availability until 2060 with possible increases only for the changes in runoff and how far also changes in
in the winter months December to February.
evapotranspiration or soil and groundwater storage play
Rhine The majority of results for the river Rhine a role. Figures 6 and 7 give the changes in precipitadriven by A1B projections have a decrease in runoff, es- tion and potential and actual evapotranspiration for the
pecially in summer, and are in total attached by less un- annual and monthly sums, respectively, for the German
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Figure 4: Relative changes in daily runoff comparing the long-term daily mean 1981-2010 and 2031-60 for the rivers Ems, Weser, Rhine,
Danube and Elbe. Left - results for the ensemble of A1B realizations, right - results for the STARS RCP8.5 scenario.

parts of the Rhine basin as a result of the REMO A1B
scenario. When looking at the annual sums one can see
that precipitation increases in the first and decreases in
the second scenario period, while potential evapotran-

spiration increases slightly in the first and more pronounced in the second scenario period. As a result, the
increase in precipitation in the first scenario period is
mostly compensated by an increase in actual evapotran-
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Figure 5: Relative changes in daily runoff comparing the long-term daily mean 1981-2010 and 2061-90 for the rivers Ems, Weser, Rhine,
Elbe and Danube (scenario A1B only).

spiration, while the decrease in precipitation in the sec- compensate the decrease in direct flow components,
ond scenario period leads subsequently to a decrease in while both, direct and groundwater runoff decrease in
actual evapotranspiration despite the steep increase in the end of the summer and early autumn.
potential evapotranspiration, simply because the additional evapotranspiration demand cannot be satisfied by
4 Summary and conclusions
the available water in the second scenario period.
The monthly changes in Figure 7 illustrate that the
already observed trend to lower precipitation in summer and higher precipitation in winter continues in the
REMO A1B climate scenario and leads to a decrease
in actual evapotranspiration in summer indicating that
plants cannot satisfy their additional transpiration demand (stimulated by the increase in potential evapotranspiration) during the main vegetation period.
Figure 7 gives also the changes in monthly flow components until end of the century. The simulations show
that the increase in winter precipitation leads to an increase in both flow components during winter (direct
runoff as the sum of surface runoff and interflow and
groundwater runoff being the slow runoff component).
Important for summer runoff is the increase in groundwater recharge and storage during the winter term. The
water is released with some delay and this additional
groundwater runoff in spring and summer can partly

The results presented show that in regional hydrological
research there is relatively large uncertainty with regard
to midterm regional climate change impacts on river
runoff and water availability. The relatively small difference in climate input (change in precipitation under
scenario conditions) leads to relatively high differences
in river runoff when comparing the A1B and RCP8.5
scenarios.
However, some robust trends can be detected: a) a
decrease of runoff in summer in the Rhine and Danube,
more pronounced by end of this century, and b) earlier
snow melt in spring and often increased runoff in winter in almost all river basins. This is in line with the
observed trends in runoff and in water availability discussed by B ORMANN (2010), and also with the scenario
trends in runoff described in K LING et al. (2012) and
K LEIN et al. (2012) for the Danube basin and by N IL SON et al. (2011) for the Rhine.
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Figure 6: Change in precipitation (Prec), potential evapotranspiration (Pet) and actual evapotranspiration (Aet) in the German part of
the Rhine basin (with REMO scenario A1B as climate driver). Top:
annual sums, bottom: boxplots of annual sums for the periods 19812010 (p1), 2031-2060 (p2) and 2061-2090 (p3).

The decrease of runoff in late summer in large parts
of Germany is additionally an indication for more pronounced droughts under scenario conditions. This decrease can be partly compensated by more runoff in winter when considering water storage in soils, groundwater and reservoirs. Impacts on water-related sectors, finally, are dependent on the specific type of water use
in terms of total annual demand (with the possibility of
water storage) and seasonal or daily demand (without
the buffering capacity of water storage).
The results shown in this study using the same hydrological model and the same climate drivers for the five
largest river basins in Germany agree generally with the
outcome of other studies for particular river basins.
There is a great need for further research. Uncertainty
in climate change projections is still high and it is questionable to which extend further development of RCMs
will help reducing uncertainty. K RAHE et al. (2009), for
example, applied the ENSEMBLES A1B climate scenario realizations to run a hydrological model of the
Rhine and came to the conclusion that the uncertainty
induced by the different GCMs is larger than the one in-

Figure 7: Top: Change in monthly precipitation (Prec), potential
evapotranspiration (Pet) and actual evapotranspiration (Aet). Bottom: Change in monthly flow components (Qdir: direct runoff,
Qgwr: groundwater runoff)

duced by the subsequent downscaling using RCMs. Another topic on the research agenda is the uncertainty in
impacts on hydrology induced by the hydrological models, and different studies indicate that this can be notably
(OTT et al. (2013), H ATTERMANN et al. (2013), V ETTER et al. (2014), B OSSHARD et al. (2013), G ÄDEKE
et al. (2014)).
Finally one has to mention that our scenario analysis focuses solely on changes in climate, while changes
in land use and land cover are not considered. As mentioned before, plant composition and vegetation cover
have a strong impact on evapotranspiration, and changes
in land management (e.g. crop rotations) which are discussed as possible adaptation measures will certainly
have an impact on the scenario results.

Acknowledgments
The work on this study was supported by the GLOWAElbe project (funded by the Federal Ministry of Education and Research, FK: 01LW0312) and by PIK’s own
study of Germany. Climate data were provided by the
German Weather Service (DWD) and runoff data by the
Global Runoff Data Centre (GRDC).

10

F.F. Hattermann, S. Huang & H. Koch: Climate Change Impacts on Hydrology in Germany

References
B ÖHM , U., M. K ÜCKEN, W. A HRENS, A. B LOCK, D. H AUFFE,
K. K EULER, B. ROCKEL, A. W ILL, 2006: Clm-the climate
version of lm: Brief description and long-term applications. –
COSMO Newsletter 6, 225–235.
B ORMANN , H., 2010: Runoff regime changes in german rivers
due to climate change. – Erdkunde 257–279.
B OSSARD , M., J. F ERANEC, J. OTAHEL, 2000: Corine land
cover technical guide: Addendum 2000.
B OSSHARD , T., M. C ARAMBIA, K. G OERGEN, S. KOTLARSKI,
P. K RAHE, M. Z APPA, C. S CHÄR, 2013: Quantifying uncertainty sources in an ensemble of hydrological climate-impact
projections. – Water Resources Research 49(3), 1523–1536.
C OLLINS , M., B. B. B OOTH, G. R. H ARRIS, J. M. M URPHY,
D. M. S EXTON, M. J. W EBB, 2006: Towards quantifying
uncertainty in transient climate change. – Climate Dynamics
27(2-3), 127–147.
DANKERS , R., L. F EYEN, 2009: Flood hazard in europe in
an ensemble of regional climate scenarios. – Journal of
Geophysical Research-Atmospheres 114, 1–16.
E CKHARDT, K., U. U LBRICH, 2003: Potential impacts of
climate change on groundwater recharge and streamflow in a
central european low mountain range. – Journal of Hydrology
284(1), 244–252.
E ISENREICH , S., 2005: Climate change and the european water
dimension. Technical report, European Commission - Joint
Research Centre, Ispra, Italy.
E NKE , W., F. S CHNEIDER, T. D EUTSCHLÄNDER, 2005a: A
novel scheme to derive optimized circulation pattern classifications for downscaling and forecast purposes. – Theoretical
and Applied Climatology 82(1-2), 51–63.
E NKE , W., T. D EUTSCHLANDER, F. S CHNEIDER, W. K UCH LER , 2005b: Results of five regional climate studies applying
a weather pattern based downscaling method to echam4 climate simulations. – METEOROLOGISCHE ZEITSCHRIFT
14(2), 247–257.
F EYEN , L., R. DANKERS, 2009: Impact of global warming
on streamflow drought in europe. – Journal of Geophysical
Research: Atmospheres (1984–2012) 114(D17).
G ÄDEKE , A., H. H ÖLZEL, H. KOCH, I. P OHLE,
U. G RÜNEWALD, 2014:
Analysis of uncertainties in
the hydrological response of a model-based climate change
impact assessment in a subcatchment of the spree river,
germany. – Hydrological Processes 28(12), 3978–3998.
G ERSTENGARBE , F.-W., P. W ERNER, 2005: Simulationsergebnisse des regionalen klimamodells star. – Auswirkungen des
globalen Wandels auf Wasser, Umwelt und Gesellschaft im
Elbegebiet, Weißenseeverlag, Berlin, Germany
G ERSTENGARBE , F.-W., P. H OFFMANN, H. Ö STERLE,
P. W ERNER, 2014: Ensemble simulations for the rcp8.5scenario for germany. – Meteorol. Z.
H ATTERMANN , F., M. WATTENBACH, V. K RYSANOVA,
F. W ECHSUNG, 2005: Runoff simulations on the macroscale
with the ecohydrological model swim in the elbe catchmentvalidation and uncertainty analysis. – Hydrological Processes
19(3, Sp. Iss. SI), 693–714.
G ÖMANN, T.
C ONRADT,
H ATTERMANN , F., H.
M. K ALTOFEN, P. K REINS, F. W ECHSUNG, 2007: Impacts of global change on water-related sectors and society
in a trans-boundary central european river basin? part 1:
project framework and impacts on agriculture. – Advances in
Geosciences 11, 85–92.
H ATTERMANN , F., C. M ÜLLER, V. K RYSANOVA, J. H EINKE,
M. F LÖRKE, V. E ISNER S, A ICH, S. H UANG, V. V ETTER,
J. T ECKLENBURG, D. F OURNET, S. L IERSCH, H. KOCH,
S. S CHAPHOFF, 2013: Bridging the global and regional scales

Meteorol. Z., PrePub Article, 2014

in climate impact assessment: an example for selected river
basins. – Impacts World 2013, Proceedings of the International Conference on Climate Change Effects
H ATTERMANN , F. F., Z. K UNDZEWICZ, 2010: Water Framework Directive: Model Supported Implementation: a Water
Manager’s Guide – Iwa Publishing.
H ATTERMANN , F. F., J. P OST, V. K RYSANOVA, T. C ONRADT,
F. W ECHSUNG, 2008: Assessment of water availability in a
central-european river basin (elbe) under climate change. –
Advances in Climate Change Research 4, 42–50.
H ATTERMANN , F. F., M. W EILAND, S. H UANG,
ModelV. K RYSANOVA, Z. W. K UNDZEWICZ, 2011:
supported impact assessment for the water sector in central
germany under climate change – a case study. – Water
Resources Management 25(13), 3113–3134.
H OLLWEG , H., U. B ÖHM, I. FAST, B. H ENNEMUTH,
K. K EULER, E. K EUP -T HIEL, M. L AUTENSCHLAGER,
S. L EGUTKE, K. R ADTKE, B. ROCKEL, OTHERS, 2008: Ensemble simulations over europe with the regional climate
model clm forced with ipcc ar4 global scenarios. Technical
report, Deutsches Klimarechenzentrum.
H UANG , S., V. K RYSANOVA, H. Ö STERLE, F. F. H ATTER MANN , 2010: Simulation of spatiotemporal dynamics of water
fluxes in germany under climate change. – Hydrological Processes 24(23), 3289–3306.
H UANG , S., V. K RYSANOVA, F. F. H ATTERMANN, 2014: Does
bias correction increase reliability of flood projections under
climate change? a case study of large rivers in germany. –
International Journal of Climatology
IPCC, 2000: IPCC Special Report Emission Scenarios - Summary for Policymakers,A Special Report of IPCC Working
Group III. Intergovernmental Panel on Climate Change.
IPCC, 2007a: Climate change 2007: Impacts, Adaptation and
Vulnerability, summary for policy makers,Working Group II
Contribution to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change.
IPCC, 2007b: Climate change 2007: the physical science basis,
summary for policy makers,Contribution of Working Group
I to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change.
IPCC, 2013: Climate Change 2013: The Physical Science Basis Summary for Policymakers. Contribution of Working Group I
to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change. – Intergovernmental Panel on Climate
Change. IPCC Secretariat.
JACOB , D., J. P ETERSEN, B. E GGERT, A. A LIAS, O. B.
C HRISTENSEN, L. M. B OUWER, A. B RAUN, A. C OLETTE,
M. D ÉQUÉ, G. G EORGIEVSKI, OTHERS, 2014: Euro-cordex:
new high-resolution climate change projections for european
impact research. – Regional Environmental Change 14(2),
563–578.
K ABAT, P., R. S CHULZE, M. E. H ELLMUTH, J. A. V ERAART,
2003: Coping with impacts of climate variability and climate
change in water management: a scoping paper – International
Secretariat of the Dialogue on Water and Climate Wageningen.
K LEIN , B., I. L INGEMANN, P. K RAHE, E. N ILSON, 2012:
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