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Abstract Under a warming climate, changes in hydro-
logical extremes may be more significant than changes in
hydrological mean conditions. Due to the high risk of
damage and the increasing trends of floods and droughts in
Germany, the potential changes in hydrological extreme
events are of high importance. However, projections of
extreme events particularly for floods are associated with
large uncertainties and depend on climate scenarios. If only
a few scenarios are applied, there is a danger that the
impact assessment is biased. This study aims to evaluate
the performance of a set of climate scenarios from the
ENSEMBLES project for flood and drought projections
and to detect the robust changes using the eco-hydrological
model SWIM in five large river basins covering 90 % of
the German territory. The study shows that there is a
moderate certainty that most German rivers will experience
more extreme 50-year floods and more frequent occur-
rences of 50-year droughts. Projected changes with a high
certainty include an increasing trend of floods in the Elbe
basin and more frequent extreme droughts in the Rhine
basin in 2061-2100. Wetter conditions, i.e., more extreme
floods and less frequent droughts, are projected for the
alpine rivers in 2021-2060. Using only those RCMs for
impact assessments that perform best in the reference
period does not guarantee more consistent and certain
future projections. Hence, the use of the whole ensemble of
available scenarios is necessary to quantify the “full”
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range of uncertainties corresponding to the current state of
knowledge and assuring the robustness of projected change
patterns.
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Introduction

A changing climate intimately links to changes in the
hydrological cycle, and changes in hydrological extremes
may be more significant than changes in mean conditions
(Katz and Brown 1992; IPCC 1996). Summer precipitation
is expected to decrease, and the 99-percentile precipitation
is likely to increase over a substantial part of Europe in
2071-2100 compared to that in 1961-1990 (Christensen
and Christensen 2004). This implies that more intensive
rainfalls, which can lead to extreme floods, may occur in
the areas suffering long dry spells. In short, both extreme
flood and drought events may occur more frequently in
Europe in the future.

Compared with changes in mean conditions, the extreme
events pose a greater risk to the human society. Thus,
growing attention is directed to understanding changes in
the frequency and magnitude of extreme events and their
resultant risks with regard to global change. One important
example is the special report related to extreme events by
the intergovernmental panel on climate change (IPCC
2012). This recent report highlights the significance of
impact studies related to extreme events for developing
suitable adaptation strategies under a warming climate.

Located in central Europe, Germany is experiencing
increasing trends in flood and drought conditions (Petrow
and Merz 2009; Stahl et al. 2010). Some of the recent
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destructive events caused substantial financial losses. For
example, more than 11.6 billion Euro losses were caused
by the Elbe and Danube floods in 2002 (Thieken et al.
2005), and around 1.3 billion Euro losses were reported for
the agricultural sector only due to the 2003 drought
(Munich Re 2009). In order to plan adaptation strategies for
future hydrological extreme events, more information on
the potential changes in floods and droughts is necessary.

However, extreme event projections particularly for
floods are associated with large uncertainties (Kay et al.
2009, Huang et al. 2012a). Huang et al. (2012a) investi-
gated the changes in 50-year floods for the five large river
basins in Germany under ten scenario conditions generated
by three regional climate models (RCMs) under three
emission scenarios, whereas the boundary conditions
originated from one general circulation model (GCM).
That study has shown that contradictory change directions
are projected under different driving climate scenarios. As
a result, the uncertainty of projections was high, and no
robust change pattern could be detected for most of the
regions. The reason is partly due to differences in RCM
structures, emission scenarios and GCM realizations, and
partly due to the natural variability of rare events. That
study, however, did not account for the differences in GCM
structures, which were found to induce the largest uncer-
tainty for flood projections (Kay et al. 2009).

In order to better account for the uncertainty in the
extreme event projections, the use of ensembles of climate
scenarios was suggested (Cameron 2006; Graham et al.
2007; Faramarzi et al. 2013). Due to the high computa-
tional demand of the physically based dynamical models,
such an ensemble-based assessment in climate impact
studies is still not common (Teutschbein and Seibert 2010).
Fortunately, as a benefit from the European ENSEMBLES
project (2009), a large number of RCM simulations driven
by different GCM outputs are now available for Europe.
These multiple scenarios make it possible to re-investigate
the potential changes in flood and drought events in Ger-
many under climate change based on our previous studies
(Huang et al. 2012a, b). In addition, such a study can
include the uncertainties from different GCM structures.

However, it is still questionable whether all the RCM
simulations should bear equal weight in the impact studies.
A common assumption is that those RCMs that perform
well in reproducing past climates are also more likely to
yield robuster results for future. This assumption serves as
a basis of many studies, which weighted the results from
different climate models based on selected performance
metrics in the past (e.g., Tebaldi and Knutti 2007; Raisanen
et al. 2010). Some flood impact studies only selected the
climate models, which perform well for the past to drive
the hydrological models based on this assumption (e.g.,
Rojas et al. 2011). In contrast, Giorgi and Coppola (2010)
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found that the regional bias does not appear to be a dom-
inant factor in determining the simulated regional climate
change in the majority of cases. Hence, it would also be
interesting to know whether the hydrological projections in
the future driven by the best performing RCMs in the past
are more robust (i.e., provide notably lower uncertainty
ranges) than the ones driven by the whole ensemble of
RCMs.

The objectives of this paper are (a) to evaluate the
performance of the ensemble climate scenarios for flood
and drought impact assessment in Germany, (b) to analyze
the uncertainty of the future projections using a few best
performing in the reference period RCM outputs and the
whole RCM ensemble, and (c) to project the changes in
flood and drought conditions in the five large river basins in
Germany under climate change including estimation of
uncertainties. Here, floods and droughts are strictly defined
in terms of river discharge. Daily river discharge was
simulated by the eco-hydrological model SWIM (soil and
water integrated model, Krysanova et al. 1998). The
50-year floods and droughts were estimated by fitting the
peak discharges above threshold and the deficit volume.

Study area

The study area includes five large river basins in Germany:
the upper Danube, Elbe, Ems, Rhine and Weser (Fig. 1),
covering about 90 % of the territory of Germany and parts
of the neighboring countries. Figure 1 also shows the
location of 30 selected gauge stations that were used for
assessing the flood and drought conditions at the main
rivers and their large tributaries.

These five river basins have significant differences in
climatic and hydrological regimes. From the northwest
(Ems basin) to the east and southeast (Elbe and Danube
basins), the maritime climate gradually changes into a
more continental climate. It is warmer in the northwestern
basins Ems and Weser (annual mean temperature ca. 9.3
and 8.6 °C, respectively), while the upper Danube and
Upper Rhine basins are the two coldest regions (annual
mean temperature ca. 6.6 and 7.2 °C, respectively). These
two colder basins have the highest precipitation, particu-
larly in the south alpine regions (more than 2,000 mm a~ "),
and the northern three basins receive less precipitation
ranging from 700 to 840 mm a~'. Most German rivers
correspond to the pluvial type (with local nival influences)
(HAD 2000), i.e., they experience high water levels in
winter and low flows in summer. The tributary Inn to the
Danube and the upper Rhine show a nival runoff regime,
i.e., they have the main flood season in late spring or early
summer due to a large amount of melt water from snow and
glaciers. In the German part of the Danube and the Upper/
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Fig. 1 Five large river basins of
this study and the location of 30
selected discharge gauges

oy
-
ETM,
S

>
Belgium ¢

S Legend

O Gauges

Rivers
[-___:‘! Country
Altitude
ma.s.l
.-
P o-30
[ 30-100
[ ] 100-200
[ ]200-300
[ ] 300-500
[ 500 - 1,000
I 1 .000- 1,500
B > 1500

N

——————— 7
= 4 A 0 50100  200km
C 1

Middle Rhine, there are also combinations of nival and
pluvial regimes characterized by two flood seasons in
winter and summer.

Data

There are four spatial maps required to setup the SWIM
model: a digital elevation model (DEM), a soil map, a land
use map and a sub-basin map. All these maps are stored in
a grid format with a 250 m resolution.

The DEM map was re-sampled from the data provided
by the NASA Shuttle Radar Topographic Mission.

The soil map was merged from the general German soil
map “BUK 1000” [Federal Institute for Geosciences and
Natural Resources (BGR)], the soil map of the Czech
Republic (Koskova et al. 2007) and the soil map from the
European soil database (Joint Research Centre, Ispra).

The standard sub-basin maps from the Federal Envi-
ronment Agency (Umweltbundesamt, Germany) and the
T.G.M. Water Research Institute (the Czech Republic)
were used. The sub-basins in the Danube and Rhine basins
outside of Germany were discretized on the basis of the
DEM and stream network. There are 5,473 sub-basins in
total for the SWIM application in this study.

The land use map was obtained from the CORINE 2000
land cover dataset of the European Environment Agency

and the Swiss land cover data 1992 from the Swiss Federal
Statistical Office GEOSTAT database. Land use patterns
were assumed to be static in the reference and scenario
periods, and water management was not included so that
only the “pure” climate change impacts were analyzed in
the study.

Observed climate data (daily temperature, precipitation,
global radiation and relative humidity) were used to cali-
brate and validate the SWIM model for streamflow and
extremes in the historical period 1961-2000. The observed
climate data were obtained by interpolating data of 2,546
climate and precipitation stations located in Germany, the
Czech Republic, Austria and Switzerland to the 5,473 sub-
basins. The daily temperature and precipitation data in
France were interpolated from the “Daily high-resolution
gridded climate data set for Europe” (www.ensembles-eu.
org).

A long-term observed discharge data are also needed for
model calibration and validation. The observed discharge
data at the 30 selected gauges (Fig. 1) were obtained from
the Global Runoff Data Centre, Koblenz, Germany and
from the database of the Potsdam Institute for Climate
Impact Research.

There are in total 16 RCM climate simulations used in
this study, including 13 ones from the ENSEMBLES pro-
ject (ENSEMBLES 2009) and three ones from the CCLM
(Rockel et al. 2008) and REMO (Jacob 2001) models
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Table 1 Regional climate model data used in this study

Acronym Institute GCM RCM Data period Emission Nr. of realization Resolution
scenarios (km)
C4IRCA3 C4l HadCM3Q16 RCA3 1951-2099 AlB 1 25
DMI-Arpege DMI Arpege HIRHAM 1951-2099 AlB 1 25
DMI-ECHAMS DMI ECHAMS5-13 HIRHAM 1951-2099 AlB 1 25
ETHZ ETHZ HadCM3Q0 CLM 1951-2099 AlB 1 25
ICTP ICTP ECHAMS5-13 RegCM 1951-2100 AlB 1 25
KNMI KNMI ECHAMS5-13 RACMO 1951-2100 AlB 1 25
METO HC HadCM3Q0 HadRM3QO0 1951-2099 AlB 1 25
METO-Q3 HC HadCM3Q3 HadRM3Q3 1951-2100 AlB 1 25
METO-Q16 HC HadCM3Q16 HadCM3Q16 1951-2099 AlB 1 25
MPI MPI ECHAMS5-13 REMO 1951-2100 AlB 1 25
SMHIRCA-BCM SMHI BCM RCA3 1961-2099 AlB 1 25
SMHIRCA-ECH SMHI ECHAMS-13 RCA3 1951-2100 AlB 1 25
SMHIRCA-HAD SMHI HadCM3Q3 RCA3 1951-2099 AlB 1 25
REMO MPI ECHAMS-12 REMO 1951-2100 AlB 1 10
CCLM CLM-community ECHAMS-12 CCLM 1960-2100 AlB 2 22

developed in Germany (Table 1). The ensemble simula-
tions are generated by eight different RCMs using seven
GCMs as driving forces. The 13 simulations were selected
out of a set of 23 simulations available, as they provide all
climate parameters required by SWIM and long-term sce-
nario runs until the end of this century. All 13 simulations
have spatial resolution of 25 km and represent the A1B
emission scenario only. Three simulations from the CCLM
and REMO models, which were used in our previous
studies (Huang et al. 2012a, b), were also included in this
study because they also represent the A1B emission sce-
nario, but in a finer spatial resolution. The two CCLM
simulations were generated based on two realizations of the
control experiment from ECHAMS. All the climate outputs
before and after 2000 are considered as references and
scenarios, assuming 1961-2000 as the reference and
2021-2060, 2061-2100 as two scenario periods.

Methods

SWIM (soil and water integrated model) is a process-
based, semi-distributed eco-hydrological model based on
two previously developed models: SWAT (soil and water
assessment tool: Arnold et al. 1998) and MATSALU
(Krysanova et al. 1989). It is model of intermediate com-
plexity developed specifically to investigate climate and
land use change impacts at the regional scale. SWIM
simulates all processes (see short description in Appendix
1 of ESM) at a daily time step by disaggregating a basin to
sub-basins and hydrotopes, whereas the hydrotopes are
defined as sets of elementary units in a sub-basin with
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homogeneous soil and land use types. A full description of
the basic version of SWIM can be found in Krysanova et al.
(1998, 2000).

In this study, SWIM simulated daily discharges at 30
selected gauges using observed climate data and 16 RCM
outputs. The climate data (both the observed point data and
the RCM gridded data) were interpolated to the centroids
of the sub-basins using the inverse-distance method with
terrain-correction. The uncertainty introduced by this
interpolation procedure is minor.

No bias correction was applied to the interpolated
RCMs outputs because there are still large doubts about
the bias correction procedures. Ehret et al. (2012)
recently argued that the correction of GCM/RCM model
outputs for climate change impact studies is not a valid
procedure. Kay et al. (2006) and Lenderink et al. (2007)
also claimed that the direct use of the RCM data might
be preferred for impact studies on hydrological extremes.
Moreover, Giori and Coppola (2010) found that the
precipitation biases are not the dominant factor in
determining the simulated regional change in most of
their study areas worldwide. In this study, since we only
focused on the extreme events, we decided to compare
the results driven by the interpolated RCM outputs
directly for both reference and scenario periods assuming
that the RCM biases in the future are approximately the
same as the ones in the reference period.

The 50-year floods and droughts were estimated by fit-
ting the peak discharges above threshold and the deficit
volume using the Generalized Pareto Distribution (GPD)
(Coles 2001). A more detailed description of the used
statistical methods follows in Appendix 2 (ESM).



Projections of climate change impacts on floods and droughts

Results
Calibration and validation of the hydrological model

SWIM was intensively calibrated and validated in terms of
river discharge and water balance components (Huang
et al. 2010) for our five case study rivers in Germany.
Table A3 in Appendix 3 (ESM) shows the performance of
SWIM in simulating river discharge driven by climate
observations using usual criteria of fit: the Nash and
Sutcliffe efficiency (NSE) (Nash and Sutcliffe 1970) and
the relative deviation in water balance (DB) describing the
long-term difference of the observed values against the
simulated ones in percent. In both the calibration
(1981-1990) and validation (1961-1980) periods, more
than 90 % of the gauges show a NSE above 0.7 and
deviations within +5 %, although about one-third of gau-
ges were not calibrated. These results show that SWIM can
reproduce daily discharges well using observed climate
data for most rivers across Germany with different runoff
regimes.

The modeling performance of SWIM for floods and low
flows using observed climate data has been intensively
tested for the same rivers considering 95 and 99 percentiles
of discharge, 10- and 50-year flood discharge, flood fre-
quency curves and low flow frequency curves, and the
validation results are presented in Huang et al. 2012a, b and
in Figure A3 in Appendix 3 (ESM). The deviations of the
observed and simulated 10- and 50-year floods are within
410 % for more than 80 % of studied gauges (see Table 5
and Figure 4 in Huang et al. 2012a). The performance of
SWIM for low flow was validated by the indicator AM7
(annual minimum 7-day mean flow, unit: m3/s). The trends
of the simulated AM7 were well comparable with the
observed ones during the period 1952-2003, especially in
southern Germany, where the trend toward less severe low
flows was observed (see Figures 4 and 5 in Huang et al.
2012b). It was shown that SWIM can also reproduce the
low flow frequency curves reasonably well for large river
basins in Germany (Figure 6 in Huang et al. 2012b).

Evaluation of RCM data

The annual and summer (May—October) mean temperature
and precipitation for the entire study area simulated by 16
RCMs were calculated for three time slices: the reference
period and two scenario periods. Summer period was
considered in addition to annual scale because summer
conditions are most important for droughts. The differences
between the RCM outputs and the observed climate
parameters in 1961-2000 are plotted in Fig. 2 to illustrate
biases between RCM data and observations for the

reference period, as well as changes in three time periods
by comparing the box plots.

In the reference period, the annual and summer mean
temperatures are slightly overestimated (<1 °C) by the
median output of the RCM ensemble. About 75 and 50 %
of the RCMs show biases <1 °C for the annual and sum-
mer temperatures, respectively. However, some of the
RCMs show considerable biases, so that the ranges of the
differences are from —1.5 to 2.4 °C and from —1.5 to
3.2 °C. Compared to temperature, the overestimation of
precipitation is more notable. The annual and summer
mean precipitation is overestimated by 87 and 62 % of the
RCMs. The median bias is about 9 and 11 % with a total
range of (—10, +34 %) and (—33, +25 %) for the annual
and summer precipitation, respectively. In general, the
RCMs have a slightly better agreement for the annual mean
precipitation than for the summer one.

Despite the different performance of the RCMs in the
reference period, all the RCMs project a steady increase in
both annual and summer temperatures. Comparing the box
plots in Fig. 2, the increases in both annual and summer
temperatures are ranging from 0.5 to 2.4 °C with a median
increase of 1.3 °C in the near future (2021-2060). In the
second scenario period (2061-2100), the increases in both
temperatures are more significant, with a median increase
of 2.8 °C and the range of 1.4-5.3 °C. The median annual
and summer precipitation shows a slight increase of 4 %
and practically no change (+0.4 %) in the first scenario
period, and practically no change (+0.3 %) and a decrease
of 11 % in the second period, respectively. The total range
of the changes in precipitation is getting wider over the
scenario time.

RCM forced hydrological simulation for the reference
period

Due to the considerable bias usually existing in the RCM
outputs, the simulated annual mean discharges, 50-year
deficit volumes and floods driven by RCM simulations in
1961-2000 at the downstream gauges of the five river
basins were compared with observations for the same
period (Fig. 3). This served for evaluating the influence of
the RCM biases and finding the “best” five models with
the smallest biases for the flood and drought simulations.
Driven by the RCM data for the reference period, the
simulated annual mean discharge is higher than the
observed one in 62-81 % of the simulations for all rivers,
mainly due to the precipitation bias. The overestimation of
the mean discharge is in some cases even as high as 100 %
of the observed discharge in three of five basins. The whole
range of the differences between the simulated and
observed mean discharges is ranging from —30 to +120 %,

@ Springer



S. Huang et al.

Fig. 2 Differences between
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indicating a substantial discrepancy among the ensemble of
climate data for the reference period.

Figure 3b shows a significant deviation of simulated
50-year deficit volumes (droughts indicator) driven by
RCM simulations for the reference period compared to
observations. The median deviation is ranging from —22 to
73 % for the five gauges, whereas the gauge Intschede
(Weser) has the lowest deviation of —14 %. The deviation
of 50-year drought has much larger spread than that for the
mean discharge, ranging from —62 to 4340 %. It indicates
a larger uncertainty using RCMs to project extreme
drought events compared to seasonal average conditions.

Compared to the extreme drought events, the simulated
50-year floods show a better agreement with the observa-
tions (Fig. 3c), especially for the rivers Rhine and Elbe.
The median deviation is from —22 to 1 %, and the total
range of deviations is within £40 % for all the rivers.

Based on outputs presented in Fig. 3, the best five RCM
simulations for the past, under which the smallest devia-
tions in 50-year droughts and floods were generated, are
listed in Table 2. It is evident that the best RCM simula-
tions for the past vary for different rivers and extreme
events. All the RCM outputs can be considered as the best
RCMs for simulating the flood or drought events in certain
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rivers. But there is not a single RCM output providing the
best results for all the rivers or for a certain extreme event.
This result highlights the importance of using an ensemble
of RCM data because a single RCM output is insufficient to
provide a reliable climate data for such a large study area
and for both hydrological extremes.

Projections in the scenario period

The changes in the 50-year flood discharge and deficit
volume under all RCM scenarios are summarized in Fig. 4
for the five main gauges. In addition, the changes using the
“best” five models, which are shown in Table 2, are
compared with the changes simulated using all RCM data.

According to the median simulated results, the drought
events are likely to become more severe in the Rhine,
Danube and the Elbe in 2021-2060, with increasing
severity for the Rhine in the second scenario period
2061-2100. Looking at the median floods of all simula-
tions, it is apparent that all the rivers tend to have more
extreme floods in both periods.

However, the full projected range of the changes is
considerably larger for droughts (from —100 to 800 %)
than for floods (from —20 to 90 %). High agreement (more
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than 75 % of the ensemble-driven results showing the same
change direction) can only be found for the 50-year
drought in the Rhine and the 50-year flood for the Elbe in

(a) Annual mean discharge

8 T T !
2" - : : -
E 1 1 1
c o : H :
2 w7
© -
2 T
Q
[S IR Q Q B !
] ] T :
T T T T T
Rees Intschede Versen Neu Darchau Achleiten
(b) 50.year deficit volume (drought)
2 | T
@ 1
= i
£ 84 i .
= 1 .
g T -
& 34 T i !
a - 1 - 1
° H
(=T 1 T
£ — _L
T T T T T
Rees Intschede Versen Neu Darchau Achleiten
(C) 50-year flood
o
-t
T
1 .
PR T T l
= | . 1
S o T '
& 1
= ] 1
534 L H B i
-+ ol 1
o a4 -+
.ql‘ B T T T T T
Rees Intschede Versen Neu Darchau Achleiten
(Rhine) (Wesen (Ems) (Elbe) {Danube)

Fig. 3 Differences between the observed and simulated annual mean
discharge, 50-year drought and flood driven by RCM data for the

reference period

Table 2 The five best fitting

the second scenario period. Hence, we can conclude that
the uncertainty of the extreme event projections using the
ensemble of RCMs is too large to identify the robust
change signals for most German rivers.

The “best” five scenarios, which are assumed to gen-
erate more reliable projections due to their better perfor-
mance in the reference period, cannot effectively help
reducing the large uncertainty from the ensemble-driven
results. In about half of the cases, the changes under the
five “best” scenarios still cover more than 75 % of the total
range of changes using all ensemble data.

Finally, the changes in the 50-year flood discharge and
the return period of the current 50-year droughts in the
future were calculated for each RCM scenario at 30
selected gauges. Due to the large uncertainty from different
RCM outputs used to drive SWIM, we present the final
results in Figs. 5 and 6 in terms of the median result of all
simulations and emphasize the gauges at which more than
or equal to 80 and 60 % of all results agree in change
direction. All results for 30 gauges indicating the uncer-
tainty bounds can be found in Figure A4 in Appendix 4
(ESM).

Figure 5 shows the median of changes in 50-year floods
with moderate certainty (agreed by >60 % projections) and
high certainty (agreed by >80 % projections) for two
scenario periods. With 60 % certainty, about two-thirds of
the selected gauges in all the five basins show an increase
in 50-year flood discharge for both scenario periods. A
decreasing trend is found in the upper Weser basin and in
the Moselle and Neckar tributaries of the Rhine. If only the
results with the high certainty are considered, then, in
accordance with the modeling results, only the Elbe and the
Inn River (flowing from the southern alpine region) will
have increasing trends of extreme flood discharge in
2061-2100.
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(a) 50-year deficit volume (2021-2060)
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Fig. 4 The changes in the 50-year deficit volumes and floods at the five gauges of each basin under the ensemble RCM and the best five
scenarios, respectively (percent change from the reference scenario), over the two scenario periods

To better reveal the changed patterns of increasing
floods in the Elbe basin, we additionally analyzed the
seasonal characteristics of floods at the gauge Neu Darchau
(Elbe) in the reference period and the second scenario
period. In general, there is no substantial change in the
monthly flood distribution. The most distinct change is a
shift to earlier floods: More floods tend to occur in January
instead of April in the future. This is mainly due to the
higher temperature in winter, causing less precipitation to
be stored as snow in December—January. The monthly
mean discharges in the scenario period are generally higher
in almost all months. This can be attributed to an increase
in extreme precipitation in the basin.

Similar to Fig. 5 for floods, Fig. 6 shows the median
return period for current 50-year droughts in the future
accounting for moderate (60 %) and high (80 %) certain-
ties. With a moderate certainty, the today’s 50-year
droughts may occur more frequently in the Rhine and some
sub-regions in other basins, with increasing severity by the
end of this century. A trend to less frequent droughts was
found for the Inn river and some northern regions in Ger-
many in both periods.
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The projections with a high certainty are as follows: The
current 50-year droughts may occur (a) more often with a
frequency of <25 years along the Rhine River and its
tributary Moselle over the last 40 years of this century and
(b) less frequently in the Inn River flowing from the
Austrian alpine region in the period 2021-2060.

An additional analysis was done for these robust pro-
jections at two gauges: Rees in the Rhine basin and
Burghausen in the Inn, Danube (Fig. 7). The drought
events simulated for the Rees were further analyzed in
terms of the drought duration and intensity. The median
drought duration is about 36 and 54 days in the reference
and the second scenario periods, respectively. Corre-
spondingly, the median deficit volume in 2061-2100 is 1.8
times larger than that in the reference time. In short, both
the drought duration and intensity are likely to increase at
the end of twenty-first century. From July to November,
more than 75 % of the ensemble-driven outputs suggest a
decrease in low flow for the gauge Rees. The median low
flow for this dry period in 2061-2100 is about 75 % of
discharge in the reference period. In addition, all the sce-
nario results show much drier periods in August and
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Fig. 5 Changes in 50-year
floods (median values under all
scenarios, unit: %) with the
change directions agreed by
>60 % projections (a, b), and
>80 % projections (c, d) for
two scenario periods

Agreed by >= 60% projections
(a) 2021-2060

(b) 2061 - 2100

Agreed by >= 80% projections

(c) 2021-2060

September under a warmer climate. The major trigger of
the significantly drier conditions in the Rhine is the sig-
nificant decrease in summer precipitation (about 13 % for
the Rhine compared to <8 % for the other basins).

The same as Rhine, the Inn River flowing from the Alps
is likely to face lower discharges in the summer period.
Nevertheless, less frequent drought events are projected for
the Inn, particularly in the near future. This is due to the
difference in the runoff regimes of these two rivers. Getting
substantial water supply from snow and glacier melt in
summer time, the Inn River usually has high flows in
summer and low flows in winter. A warmer climate results
in more rainfall instead of snow in winter, more snow and
glacier melt and higher evapotranspiration over the year.
Meanwhile, a strong decrease in summer precipitation is
expected in this region. Consequently, the difference in
river discharge between summer and winter is not as dis-
tinct as it is now. As a result of all factors, less frequent

(d) 2061 - 2100
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drought events are projected for the Inn, particularly for the
first scenario period.

Discussion
Climate model performance for the past and future

As shown above (Fig. 3), a bias exists in all hydrological
modeling results driven by the RCM simulations for the
past compared to the observations. No one single RCM
can provide climate outputs for the reference period with
an acceptable bias (e.g., <10 % for floods and <40 %
for droughts) for all river basins studied. We also
showed that even when applying the best performing
RCM outputs, which are assumed to provide more robust
results for the future, the differences in the extreme
event projections are substantial in many cases (Fig. 4).
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Fig. 6 Return period for
today’s 50-year droughts
(median values under all
scenarios, unit: year) with the
change directions agreed by
>60 % projections (a, b), and
>80 % projections (c, d) for
two scenario periods

Agreed by >= 60% projections
(a) 2021-2060

(b) 2061 - 2100

Agreed by >= 80% projections
(d) 2061 -2100

(c) 2021-2060
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This shows that there is no direct link between the
model performance in the past and the robustness of
trends in the future. It further indicates that the large
uncertainty in the projection of extreme events is
attributable not only to the bias of the RCM outputs, but
also to the RCM concepts and their parameterizations, as
well as GCM boundary conditions driving RCMs. It
emphasizes again the necessity of using the ensemble of
RCMs in impact studies, rather than a small number of
scenarios even if they better represent climate conditions
in the past.

This is in line with the findings by Kling et al. (2012),
who compared the projections of mean runoff conditions
driven by the ensemble of RCM outputs after bias cor-
rection, and could not find a systematic relationship
between historical performance and projected future
changes. As a result, they also suggest using ensemble of
scenarios rather than the selected “best” ones.
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Comparison of robust projections with other studies

Figures 5 and 6 show that most changing signals have only
a moderate certainty due to the large differences in pro-
jections driven by the ensemble scenarios. However, some
robust changes can still be identified by >80 % of the
projections. They include an increasing trend of floods in
the Elbe basin, more frequent droughts in the Rhine basin
in the period 2061-2100, and more extreme floods and less
frequent drought events in the Inn basin.

In our previous studies (Huang et al. 2012a, b), only the
outputs from two dynamical RCMs, CCLM and REMO,
and one statistical model Wettreg were applied to drive
SWIM for the flood and drought analysis. For floods, due to
the large uncertainty originating from the model structures
(caused especially by differences between physical and
statistical models), no robust changes in 50-year floods
could be found for rivers in Germany. If only the scenarios



Projections of climate change impacts on floods and droughts

(@) Rees (Rhine) 2061-2100

(b) Burghausen (Danube) 2021-2060

— edian
@D 50% results included
@D 100% results included

400 300 — —
S & 250 —
< 300 - -
& © 200 —
S S Ly
& 200 3 150 —
3 8 400
g 100 g
a &g S0 7

0 0

Reference
— — — Scenario

Fig. 7 Changes in the average Q90 between the scenario and reference periods for the gauges Rees, Rhine (a) and Burghausen, Inn (b) and their
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from CCLM and REMO were considered, an increase in
flood discharge for the rivers Weser, Elbe and Rhine, and a
decrease for the Neckar were suggested by more than 75 %
of the results. In our current study, all the ensemble sce-
narios were generated by the dynamical RCMs. The pro-
jected changes in floods comply with the previous results
only partly, with larger uncertainty for the Weser and the
Rhine basins.

There are also several other studies which investigated
potential impacts of climate change on floods for some river
basins in Germany but driven by a limited number of sce-
narios. So, more extreme floods were projected for the Rhine
with higher 100-year flood levels or more frequent occur-
rence of 100-year floods (Lenderink et al. 2007; Hurkmans
et al. 2010). An increase in flood hazard was also suggested
in large parts of the Upper Danube basin at the end of twenty-
first century (Dankers et al. 2007). These results comply with
our results agreed with 60-70 % of the whole ensemble
simulations. It is still difficult to determine whether these
previous studies showed robust changes as they only used a
single or a limited number of climate scenarios.

On the European scale, Dankers and Feyen (2009)
simulated flood hazards driven by an ensemble of two
RCMs, two GCMs and two emission scenarios. According
to their results, robust trends (agreed by >6 out of 8 sim-
ulations) could only be found for northern Europe with a
decreasing trend while some large rivers in France, the Po
and the Danube showed a tendency toward a higher flood
risk. They also found that using a different combination of

climate models or a different emissions scenario sometimes
results in a very different or even opposite climate change
signal and trend in flood hazards. A similar outcome could
be found in our study, where the robust changes with high
certainty are not prevailing.

Regarding droughts, our previous results with three
driving climate models indicated drier condition in south-
ern, western and central Germany at the end of twenty-first
century agreed by more than 80 % of model outputs (Hu-
ang et al. 2012b). In general, there are no contradictions
compared to the current ensemble scenarios driven results,
but the more severe drought conditions in the Danube and
upper Weser can only be confirmed by 60-70 % of all
ensemble-driven results, meaning less robust outcomes in
these areas than before.

A strong signal of more severe low flow conditions in the
future was found in other studies for Germany applying a
limited number of scenarios. For example, Hennegriff et al.
(2008) found that the monthly average low flow from July to
September may decrease by 10-20 % in the Neckar and
Danube in the period 2021-2050 compared to 1971-2000.
The projections for the Danube basin (Mauser et al. 2008)
showed that the AM7 could be reduced to half of the reference
value by 2030s and to one-third by 2060s. According to the
results by Lehner et al. (2006) for Europe driven by two
GCMs, the current 100-year droughts may occur more fre-
quently at the end of this century in parts of the Rhine, Danube
and Elbe basins. Hence, we can only conclude that the pre-
vious results comply with our current results to some extent.
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The discussion above shows that using an ensemble of
climate scenarios for impact study certainly leads to an
increase in the overall uncertainty of results compared to
studies driven by one or two RCMs. However, the robust
signals agreed by the majority of the ensemble-driven
simulations may be better corresponding to the current
level of knowledge and more reliable for detecting the
hotspots under a changing climate.

Besides, it is worth mentioning that for some regions
facing strong natural variability, it is articulated (Hawkins
and Sutton 2012) that a climate change signal would not
emerge until the end of the twenty-first century. The question
on how much natural climate variability may obscure
anthropogenic climate change on timescales of a few dec-
ades is still open and should be investigated in the future.

Finally, it should be noted that in this study, all the RCM
outputs represent the A1B emission scenario only. A more
comprehensive uncertainty assessment could be performed
including more emission scenarios and involving different
hydrological impact models. In this study, we could only
project the climate impacts on extremes in Germany using
the best available source of climate scenarios. The real “full”
uncertainty of the projected climate impacts still remains
unknown, and hopefully, the improvement in resolution and
parameterization of climate and impact models could also
reduce the uncertainty bounds in the future.

Conclusions

This study projected the flood and drought conditions in the
five large river basins in Germany using an ensemble of 16
RCM scenarios. The results show that many German rivers
may experience higher 50-year floods and more frequent
occurrences of current 50-year droughts with a moderate
agreement by 60-70 % of projections. Robust changing
signals agreed by >80 % of projections include an
increasing trend of floods in the Elbe basin and more fre-
quent extreme droughts in the Rhine basin in 2061-2100.
Besides, wetter conditions with higher risk of floods and
less frequent droughts are projected for the rivers flowing
from the Alps (particularly the Inn River) in the near future.

The use of the best performing RCM outputs for the
reference period does not guarantee a reduced uncertainty
of the future projections. The use of all ensemble scenarios
is necessary to provide the associated uncertainty of the
climate input data corresponding to present knowledge.
The uncertainty sources in this study include the differ-
ences between GCMs, RCMs and between the realizations
generated from one GCM. More uncertainty sources could
be included in the following studies, such as emission
scenarios and different hydrological impact models. The
inter-comparison across the projections using various
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GCMs, RCMs, emission scenarios and hydrological mod-
els can help detecting the robust signals of change and
investigating the contribution of various uncertainty sour-
ces in the overall uncertainty of climate impacts.

References

Arnold JG, Williams JR, Nicks AD, Sammons NB (1990) SWRRB: a
basin scale simulation model for soil and water resources
management. Texas A & M University Press, College Station

Arnold JG, Srinivasan R, Muttiah RS, Williams JR (1998) Large area
hydrologic modeling and assessment, part I: model development.
J Am Water Resour Assoc 34(1):73-89

Bronstert A, Engel H (2011) Verdnderungen der Abfliisse. In: Lozan
JL, GraBl H, Hupfer P, Krabe L, Schonwiese CD (eds)
Warnsignal Klima. Genug Wasser fiir alle? Wissenschaftliche
Auswertungen, 3. Hamburg, Auflage pp 291-301

Cameron D (2006) An application of the UKCIP02 climate change
scenarios to flood estimation by continuous simulation for a
gauged catchment in the northeast of Scotland, UK (with
uncertainty). J Hydrol 328(1):212-226

Christensen OB, Christensen JH (2004) Intensification of extreme
European summer precipitation in a warmer climate. Glob Planet
Change 44:107-117. doi:10.1016/j.gloplacha.2004.06.013

Coles S (2001) An introduction to statistical modeling of extreme
values. Springer, London

Dankers R, Feyen L (2009) Flood hazard in Europe in an ensemble of
regional climate scenarios. J Geophys Res 114:D16108. doi:10.
1029/2008JD011523

Dankers R, Christensen OB, Feyen L, Kalas M, de Roo A (2007)
Evaluation of very high-resolution climate model data for
simulating flood hazards in the upper Danube basin. J Hydrol
347:319-331

Dynesius M, Nilsson C (1994) Fragmentation and flow regulation of
river systems in the northern third of the world. Science
266:753-762

Ehret U, Zehe E, Wulfmeyer V, Warrach-Sagi K, Liebert J (2012)
HESS opinions “should we apply bias correction to global and
regional climate model data?”. Hydrol Earth Syst Sci Discuss
9:5355-5387

ENSEMBLES (2009) Climate change and its impacts at seasonal,
decadal and centennial timescales. Final report, p 164 http://
www.ensembles-eu.org

Faramarzi M, Abbaspour KC, Vaghefi SA, Farzaneh M, Zehnder
AJB, Srinivasan R, Yang H (2013) Modeling impacts of climate
change on freshwater availability in Africa. J Hydrol 480:85-101

Feyen L, Dankers R (2009) Impact of global warming on streamflow
drought in Europe. J Geophys Res 114:D17116. doi:10.1029/
2008JD011438

Fleig AK, Tallaksen LM, Hisdal H, Demuth S (2006) A global
evaluation of streamflow drought characteristics. Hydrol Earth
Syst Sci 10:535-552

Gelfan A, Pomeroy J, Kuchment L (2004) Modelling forest cover
influences on snow accumulation, sublimation, and melt. J Hy-
drometeorol 5(5):785-803

Giorgi F, Coppola E (2010) Does the model regional bias affect the
projected regional climate change? An analysis of global model
projections. Clim Change 100:787-795

Graham LP, Andréasson J, Carlsson B (2007) Assessing climate
change impacts on hydrology from an ensemble of regional
climate models, model scales and linking methods—a case study
on the Lule river basin. Clim Change 81(Suppl. 1):293-307.
doi:10.1007/s10584-006-9215-2


http://dx.doi.org/10.1016/j.gloplacha.2004.06.013
http://dx.doi.org/10.1029/2008JD011523
http://dx.doi.org/10.1029/2008JD011523
http://www.ensembles-eu.org
http://www.ensembles-eu.org
http://dx.doi.org/10.1029/2008JD011438
http://dx.doi.org/10.1029/2008JD011438
http://dx.doi.org/10.1007/s10584-006-9215-2

Projections of climate change impacts on floods and droughts

HAD (Hydrologischer Atlas von Deutschland) (2000) Bundesminis-
terium fiir Umwelt, Naturschutz und Reaktorsicherheit, ISBN:3-
00-005624-6

Hawkins E, Sutton R. (2012) Time of emergence of climate signals.
Geophys Res Lett 39:1.01702. doi:10.1029/2011GL050087

Hennegriff W, Ihringer J, Kolokotronis V (2008) Prognose von
Auswirkungen des Klimawandels auf die Niedrigwasser-ver-
hiltnisse in Baden-Wiirttemberg. Korresp Wasserwirtsch
6(1):309-314. doi:10.3243/kwe2008.06.003 (in German)

Hooghoudt SB (1940) Bijdrage tot de kennis van enige natuurkundige
grootheden van de grond. Versl Landbouwkd Onderz
46(14):515-707

Huang S, Krysanova V, Osterle H, Hattermann FF (2010) Simulation
of spatiotemporal dynamics of water fluxes in Germany under
climate change. Hydrol Process 24(23):3289-3306

Huang S, Hattermann FF, Krysanova V, Bronstert A (2012a)
Projections of impact of climate change on river flood conditions
in Germany by combining three different RCMs with a regional
hydrological model. Clim Change. doi:10.1007/s10584-012-
0586-2

Huang S, Krysanova V, Hatterman FF (2012b) Projection of low flow
conditions in Germany under climate change by combining three
RCMs and a regional hydrological mode. Acta Geophys. doi:10.
2478/s11600-012-0065-1

Hurkmans R, Terink W, Uijlenhoet R, Torfs PJJF, Jacob D, Troch PA
(2010) Changes in streamflow dynamics in the Rhine basin under
three high-resolution climate scenarios. J Clim 23(3):679-699.
doi:10.1175/2009JCLI3066.1

IPCC (1996) Climate change 1995: the science of climate change. In:
Houghton JT, Meira Filho LG, Callander BA, Harris N,
Kattenberg A, Maskell K (eds) Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA, p 572

IPCC (2012) Managing the risks of extreme events and disasters to
advance climate change adaptation. In: Field CB, Barros V,
Stocker TF, Qin D, Dokken DJ, Ebi KL, Mastrandrea MD, Mach
KJ, Plattner GK, Allen SK, Tignor M, Midgley PM (eds) A
special report of working groups I and II of the intergovern-
mental panel on climate change. Cambridge University Press,
Cambridge, UK, and New York, NY, USA, p 582

Jacob D (2001) A note on the simulation of the annual and inter-
annual variability of the water budget over the Baltic Sea
drainage basin. Meteorol Atmos Phys 77:61-73

Katz RW, Brown BG (1992) Extreme events in a changing climate:
variability is more important than averages. Clim Change
21:289-302

Kay A, Jones R, Reynard N (2006) RCM rainfall for UK flood
frequency estimation. II. Climate change results. J Hydrol
318(1):163-172

Kay A, Davies H, Bell V, Jones R (2009) Comparison of uncertainty
sources for climate change impacts: flood frequency in England.
Clim Change 92(1):41-63

Kling H, Fuchs M, Paulin M (2012) Runoff conditions in the upper
Danube basin under an ensemble of climate change scenarios.
J Hydrol 424-425:264-277

Koskova R, Nemeckova S, Hesse C, Jakubikova A, Broza V, Szolgay
J (2007) Using of the soil parameterisation based on soil samples
databases in rainfall-runoff modelling. In: Jakubikova A, Broza
V, Szolgay J (eds) Proceedings of the Adolf Patera workshop
“Extreme hydrological events in catchments”, Bratislava, 2007

Krysanova V, Meiner A, Roosaare J, Vasilyev A (1989) Simulation
modelling of the coastal waters pollution from agricultural
watersheds. Ecol Model 49:7-29

Krysanova V, Moller-Wohlfeil D, Becker A (1998) Development and
test of a spatially distributed hydrological/water quality model
for mesoscale watersheds. Ecol Model 106:261-289

Krysanova V, Wechsung F, Arnold J, Srinivasan R, Williams J (2000)
PIK Report Nr. 69 “SWIM (soil and water integrated model),
User Manual”, p 239

Lehner B, Doll P, Alcamo J, Henrichs T, Kaspar F (2006) Estimating
the impact of global change on flood and drought risks in Europe:
a continental, integrated analysis. Clim Change 75(3):273-299

Lenderink G, Buishand A, van Deursen W (2007) Estimates of future
discharges of the river Rhine using two scenario methodologies:
direct versus delta approach. Hydrol Earth Syst Sci 11(3):1145-1159

Mauser W, Marke T, Stoeber S (2008) Climate change and water
resources: scenarios of low-flow conditions in the upper Danube
river basin. IOP Conf Ser Earth Environ Sci 4(1):012027. doi:10.
1088/1755-1307/4/1/012027

Munich Re (2009) SystemAgro: sustainable crop insurance in
response to climate change. http://www.munichre.com/app_
pages/www/@res/pdf/reinsurance/business/non-life/systemagro/
sustainable_crop_insurance_en.pdf

Nash JE, Sutcliffe JV (1970) River flow forecasting through
conceptual models. Part I: a discussion of principles. J Hydrol
10(3):282-290

Petrow T, Merz B (2009) Trends in flood magnitude, frequency and
seasonality in Germany in the period 1951-2002. J Hydrol
371:129-141

Priestley CHB, Taylor RJ (1972) On the assessment of surface heat
flux and evaporation using large scale parameters. Mon Weather
Rev 100:81-92

Raisanen J, Ruolokainen L, Ylhaisi J (2010) Weighting model results
for improving best estimates of climate change. Clim Dyn.
doi:10.1007/s00382-009-0659-8

Rockel B, Will A, Hense A (2008) The regional climate model
COSMO-CLM (CCLM). Meteorol Z 17(4):347-348

Rojas R, Feyen L, Dosio A, Bavera D (2011) Improving pan-
European hydrological simulation of extreme events through
statistical bias correction of RCM-driven climate simulations.
Hydrol Earth Syst Sci 15:2599-2620

Sangrey DA, Harrop-Williams KO, Kaliber JA (1984) Predicting
ground-water response to precipitation. ASCE J Geotech Eng
110(7):957-975

Smedema LK, Rycroft DW (1983) Land drainage: planning and
design of agricultural drainage systems. Cornell University
Press, Ithaca p 376

Stahl K, Hisdal H, Hannaford J, Tallaksen LM, van Lanen HAJ,
Sauquet E, Demuth S, Fendekova M, Jodar J (2010) Streamflow
trends in Europe: evidence from a dataset of near-natural
catchments. Hydrol Earth Syst Sci 14:2367-2382

Svensson C, Kundzewicz WZ, Maurer T (2005) Trend detection in
river flow series: 2. Flood and low-flow index series. Hydrol Sci
J 50(5):824-881

Tebaldi C, Knutti R (2007) The use of the multi-model ensemble in
probabilistic climate projections. Philos Trans R Soc Lond A
365:2053-2075

Teutschbein C, Seibert J (2010) Regional climate models for
hydrological impact studies at the catchment scale: a review of
recent modeling strategies. Geogr Compass 4(7):834-860

Thieken AH, Miiller M, Kreibich H, Merz B (2005) Flood damage
and influencing factors: new insights from the August 2002 flood
in Germany. Water Resour Res 41:W12430. doi:10.1029/
2005WR004177

Williams J, Renard K, Dyke P (1984) EPIC: a new model for
assessing erosion’s effect on soil productivity. J Soil Water
Conserv 38(5):381-383

Zelenhasic E, Salvai A (1987) A method of streamflow drought
analysis. Water Resour Res 23(1):156-168

@ Springer


http://dx.doi.org/10.1029/2011GL050087
http://dx.doi.org/10.3243/kwe2008.06.003
http://dx.doi.org/10.1007/s10584-012-0586-2
http://dx.doi.org/10.1007/s10584-012-0586-2
http://dx.doi.org/10.2478/s11600-012-0065-1
http://dx.doi.org/10.2478/s11600-012-0065-1
http://dx.doi.org/10.1175/2009JCLI3066.1
http://dx.doi.org/10.1088/1755-1307/4/1/012027
http://dx.doi.org/10.1088/1755-1307/4/1/012027
http://www.munichre.com/app_pages/www/@res/pdf/reinsurance/business/non-life/systemagro/sustainable_crop_insurance_en.pdf
http://www.munichre.com/app_pages/www/@res/pdf/reinsurance/business/non-life/systemagro/sustainable_crop_insurance_en.pdf
http://www.munichre.com/app_pages/www/@res/pdf/reinsurance/business/non-life/systemagro/sustainable_crop_insurance_en.pdf
http://dx.doi.org/10.1007/s00382-009-0659-8
http://dx.doi.org/10.1029/2005WR004177
http://dx.doi.org/10.1029/2005WR004177

	Projections of climate change impacts on floods and droughts in Germany using an ensemble of climate change scenarios
	Abstract
	Introduction
	Study area
	Data
	Methods
	Results
	Calibration and validation of the hydrological model
	Evaluation of RCM data
	RCM forced hydrological simulation for the reference period
	Projections in the scenario period

	Discussion
	Climate model performance for the past and future
	Comparison of robust projections with other studies

	Conclusions
	References


