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Abstract

Many flood risk assessments account for uncertainties in future anthropogenic

emissions by considering multiple representative concentration pathways

(RCPs). The imperfect knowledge and representation of the climate system is

considered with multiple global climate models (GCMs). Yet, uncertainty

introduced by incomplete representation of natural variability is also relevant

but not always accounted for. A set of realizations provides improved insights

in natural variability presented by the GCM. This study explores the potential

of using a set of realizations from a single GCM-RCP combination instead of

single realizations. We use (subsets of) 16 realizations from EC-Earth for

RCP8.5 and focus on three locations along the Rhine. We use a single GCM-

RCP combination to avoid the interference of additional sources of uncer-

tainty. We find that projected changes in future river flows highly depend on

the realization chosen. Individual ensemble members provide different

changes for annual mean flow, extreme flows, and regime shift. By increasing

the number of realizations and combining their annual maxima in extreme

value analysis, future projections of flow extremes converge. We conclude that

a single ensemble realization gives overconfident and possibly erroneous pro-

jections. In climate science, this is well studied; however, in flood risk assess-

ments, it is still often neglected.
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1 | INTRODUCTION

Climate change will affect the frequency and intensity of
river floods worldwide (Alfieri et al., 2018; Forzieri
et al., 2016; IPCC, 2014; van der Wiel et al., 2019;
Whitfield, 2012). The assessment of climate change on
future flood risk typically involves the following steps:

(a) use global climate model or regional climate model
(GCM or RCM) projections to simulate river flow
changes, (b) extreme value analysis for the derivation of
flood extremes for two or more future time-slices of at
least 30 years, and (c) flood inundation modeling to
assess impacts (Felder et al., 2018; Kay et al., 2020; Ward
et al., 2012).
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Projections of future changes in flood risk are one of
the most challenging areas of climate change sciences
and the spread of possible outcomes is large
(DEFRA, 2012). Uncertainties arise from (at least) three
sources: (1) imperfect knowledge of the system, (2) natu-
ral variability, and (3) anthropogenic emissions
(Hallegate et al., 2012; Hawkins & Sutton, 2009). Multiple
climate models are used to address the effects of simplifi-
cations in the climate system (Alfieri et al., 2018;
McSweeney et al., 2012; Wilcke & Bärring, 2016) and
multiple representative concentration pathways (RCPs)
can cover the uncertainty regarding the extent of anthro-
pogenic emissions (Van Vuuren et al., 2011).

Natural variability within the climate is an often-
neglected source of uncertainty when analyzing flow
extremes (Van der Wiel et al., 2019; Ward et al., 2010).
Especially in international flood risk assessments, for
example conducted in the framework of consultancy pro-
jects or other applied assessments, the derivation of
future hazards is often based on a single or limited num-
ber of realizations from a number of GCMs. The use of
single realizations does not reflect the full natural vari-
ability and may even project changes that are inconsis-
tent with the climate change scenarios and may over or
underestimate flood extremes. This can lead to erroneous
definitions of adaptation pathways possibly demanding
unnecessary expensive reinforcement programs
(Haasnoot et al., 2013). Moreover, in general, the control
climate (a historical period of 30 years) is too short to
provide a realistic representation of extreme flood events.

There are two main causes of insufficient representa-
tion of natural variability and trends in the climate
change impact assessment. First, the atmosphere is a very
nonlinear system and the numerical solutions of climate
models are highly sensitive to small perturbations under
initial conditions (Aalbers et al., 2018; Deser et al., 2020;
Zhu et al., 2019). According to Giorgi and Bi (2000), ini-
tial conditions influence the day-to-day occurrence as
well as the frequency of occurrence of heavy precipitation
events. Due to the chaotic nature of the climate models,
each realization can lead to a different future, possibly
even with opposite directions of change (Kew et al., 2011;
Lutz et al., 2016). Second, the GCM simulation lengths
for the control climate are too short to provide realistic
estimates of extreme flood events such as the one in
100 years flood that is frequently used in flood risk vul-
nerability assessment and adaptation studies. By using
multiple realizations from a single climate model, the
data available for the extreme value analysis increase
with the increasing number of realizations considered
(Sterl et al., 2009; Van den Hurk et al., 2015).

Several studies exist where the use of perturbed
ensembles of multiple-realizations has successfully been

applied to overcome these shortcomings. For example, a
perturbed ensemble approach was followed in the UK for
the definition of the national climate scenarios consider-
ing multiple realizations of multiple climate models
(Evans et al., 2004; Kay et al., 2020; Sayers et al., 2020;
Warren et al., 2016). Probabilistic projections of changes
in future river flows, means, and extremes were derived
from a large set of perturbed parameter ensemble simula-
tions for a set of RCPs (Murphy et al., 2020). This repre-
sents a best-practice that is not yet common in flood risk
assessments worldwide.

This study does not aim to derive the best possible cli-
mate projections, it rather evaluates whether indeed
more robust climate responses are obtained when multi
realizations of a GCM-RCP combination are used.
Hereto, we use 16 realizations from a single GCM (EC-
EARTH; Hazeleger & Bintanja, 2012) for RCP8.5 to
derive changes in future river flow. By using a single
GCM-RCP combination, the ensemble uncertainty is iso-
lated from other uncertainties. This enables the investiga-
tion of the variance among ensemble members and
provides improved insights in (change in) natural vari-
ability presented by the GCM. For illustrative purposes,
we estimate future changes in flow extremes for three
locations along the river Rhine. The Rhine was chosen as
an exemplary basin, as quite advanced climate impact
assessments have been conducted for the Rhine basin
(Görgen et al., 2010; Sperna Weiland et al., 2015; Te
Linde et al., 2011). The basin can therefore be considered
as a field laboratory with a large amount of data avail-
able, which allows for evaluation of the outcomes of the
analysis.

2 | DATA AND METHODS

2.1 | River Rhine

The Rhine is one of the largest river basins in Western
Europe and is intensively used for agriculture, industry,
and navigation (Kwadijk & Rotmans, 1995; Van
Alphen, 2016). The basin area is 185,000 km2 with 58 mil-
lion inhabitants of which more than 10 million live in
flood-prone areas (ICPR, 2001; Khanal et al., 2019). The
river originates in the Swiss Alps and flows along the
Southern boundary between France and Germany and
continues through Germany before it enters the
Netherlands at Lobith (Te Linde et al., 2011; van
Osnabrugge et al., 2017; Figure 1). On its course down-
stream, its regime changes from snowmelt to a combined
rain-snowmelt-driven regime. At Lobith the average dis-
charge is �2200 m3 s�1. The maximum measured dis-
charge of 12,600 m3 s�1 was observed in 1926 (Pinter
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et al., 2006). The major dikes along the Dutch part of the
Rhine have been designed with safety levels varying
between 1/1250 and 1/10,000 years (Kind, 2014).

2.2 | Historical datasets

2.2.1 | Discharge data

The analysis focuses on the simulated discharge extremes
at three locations in the Rhine basin: Lobith, Basel, and
Cochem (Table 1). The estimated extreme discharges at
the station Lobith are used for the Dutch flood risk
assessments and definition of the flood risk management

plans. Basel and Cochem are included to analyze changes
both in a snow-dominated and a rain-dominated sub-
basin. The historical reference data were obtained from
the Dutch National Water Authority (Rijkswaterstaat).

FIGURE 1 Overview of the

Rhine basin with the digital

elevation model as background.

The thick black lines delineate the

eight major subcatchments with

names in italic blue. The red dots

show the locations of the three

streamflow measurement stations

used in the analysis. Source: van

Osnabrugge et al. (2017)

TABLE 1 Stations considered in analysis (see locations in

Figure 1)

Station Country Present day regime type

Basel Zwitserland Snow-dominated

Cochem Germany Rain-dominated

Lobith the Netherlands Mixed

SPERNA WEILAND ET AL. 3 of 16
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2.2.2 | Meteorological data

For hydrological model development and evaluation, the
historical river discharges at these stations have also been
simulated with the hydrological model used for the cli-
mate simulations. Hereto historical gridded time-series of
precipitation from the station-based genRE dataset were
used (Van Osnabrugge et al., 2017) together with station-
based temperature and evaporation grids, the latter were
calculated using the Makkink equation (Van Osnabrugge
et al., 2018). The dataset has a spatial resolution of
1.2 � 1.2 km, an hourly time-step and covers the period
1998 to 2015.

2.3 | EC-Earth

EC-Earth is a GCM that uses the weather forecast
model of the European Centre of Medium Range
Weather Forecast (ECMWF) in its seasonal prediction
configuration as a base (Hazeleger & Bintanja, 2012).
The EC-Earth system model describes the global cli-
mate system and its evolution in time by a combination
of coupled physical and biogeochemical processes. The
integrated forecast system of the ECMWF forms the
atmospheric component. The ocean component is
based on the Nucleus for European Modelling of the
Ocean. This analysis is based on data from EC-Earth
version 2.3, that is the model version applied for the
fifth phase of the Coupled Model Intercomparison Pro-
ject (CMIP5).

A 16-member ensemble of GCM realizations from
the EC-Earth climate model has been used. Each reali-
zation started-off with slightly different initial condi-
tions that were obtained by small statistical
perturbations of the model variables. Due to those
small differences in each realization, the individual
model realizations evolve differently. However, all
realizations represent the same climatological condi-
tions, so each realization represents a possibility how
the climate could develop. This ensemble is used to
assess the full range of natural climate variability and
to obtain good statistics for extreme cases (Sterl
et al., 2009). To ensure the change signal is as pro-
nounced as possible, this analysis uses data for the
most extreme pathway, RCP8.5.

We chose not to apply a bias-correction, downscaling,
or a delta change approach to the EC-Earth data as these
techniques can disturb the change signal (Cloke
et al., 2013; Hagemann et al., 2011; Themeßl et al., 2012).
Consequently, the presented absolute discharge values
and the distributions derived from the raw simulated dis-
charge values may be biased.

2.4 | Hydrological modeling

The hydrological model employed in this study is the
wflow_sbm model (Imhoff et al., 2020; Schellekens
et al., 2021). This is a distributed hydrological model with
a regular grid of 1.2 � 1.2 km which runs on a daily
time-step. The model structure consists of three main
routines: (i) rainfall interception (after Gash, 1979),
(ii) soil processes, and (iii) river drainage and overland
flow. Precipitation entering each model cell is partly
stored in the canopy as interception storage and
depending on the temperature as snow. The remaining
liquid water infiltrates into the soil. Water is taken from
the soil and canopy through evapotranspiration. The
water exchange in the soil is schematized with two verti-
cal soil layers, the unsaturated zone and the saturated
zone. Total runoff is the sum of the direct runoff, and the
melt water that does not infiltrate into the soil and the
baseflow (lateral subsurface flow from the saturated
zone). This total runoff is routed along the river network
as discharge with kinematic wave routing. Instead of
model calibration we here use the model parameteriza-
tion method of Imhoff et al. (2020)) specifically tested for
the Rhine Basin. The method is based on vegetation and
soil properties and is thus relatively independent of the
model forcing data used and therefore most suitable for
simulations with multiple climate models (Sperna
Weiland et al., 2012). Continuous hydrological simula-
tions were conducted with the gridded precipitation, tem-
perature and Hargreaves potential evaporation daily data
from the EC-Earth model for the period 1951 to 2100 as
input.

2.5 | Statistical analysis for future flood
risk assessment

For the statistical analysis the data was divided in four
time-slices of 30 years, as shown in Table 2. A length of
30 years as control climate is recommended by the
WMO; it is long enough to filter out any interannual vari-
ation or anomalies, yet short enough to not be influenced
by a strong trend (WMO, 2017). For extreme value analy-
sis, it is a very limited period often including only a small

TABLE 2 Historical and future time horizons considered

Time horizon Years Representative for the year

Far past 1951–1980 1965

Recent past 1981–2010 1995

Near future 2036–2065 2050

Far future 2071–2100 2085

4 of 16 SPERNA WEILAND ET AL.
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number of (random) extremes. This makes the extreme
value distribution highly uncertain and therefore this
study does not go beyond return periods of 100 years. In
the results section we will discuss that the use of the
ensemble datasets will provide additional extremes that
can be included in the statistical analysis following the
approach of Van den Hurk et al. (2015) and Sterl
et al. (2009).

The analysis of projected future changes focuses on
two discharge statistics:

1. 30-year mean annual average discharge; and
2. extreme discharge for an occurrence frequency of

once every 100 years.

The latter corresponds to a discharge or flood
event that could potentially occur once every hundred
years.

The extreme discharges are derived using the Gumbel
distribution applied on annual maxima. A Gumbel distri-
bution was chosen because the shape parameter is for all
three locations close to zero.

3 | RESULTS

3.1 | Variation in projected changes
from the set of initial conditions

To assess the influence of the selection of a single GCM-
RCP realization, the projected changes have been
assessed for each realization individually. Figure 2 pre-
sents the 30-year mean annual average discharge for all
ensemble members for all time horizons of interest. The
projected direction of change varies between the ensem-
ble members. For example, for the flow Lobith, ensemble
members 4 and 5 (light gray line) show an increase for
2050, and a decrease for 2100, that is, a hilly plot rep-
resenting behavior that was not expected. Member
9 shows a continuous increase. For Cochem and Basel,
we find similar variations between ensemble members.
Selecting only one ensemble member results in very dif-
ferent projected discharge changes with respect to the
historical periods. The projected increases could indicate
a need for dike reinforcements, while the decreases indi-
cate that the current protection levels are already

FIGURE 2 Annual average discharge (m3 s�1) plotted for the individual EC-Earth ensemble members for the historical periods and

the near and far future. Each color represents the results of one of the ensemble members, color coding for the individual members is

similar for all periods. Graphs provide (from left to right) results for Lobith, Cochem, and Basel, thus from downstream to upstream the river

Rhine
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sufficient. Using only one of the realizations could thus
possibly result in investments for adaptation measures
that may not be needed.

Our results suggest that in light of the large variation
between the ensemble members, the full set, or at least a
set of ensemble members needs to be used for a reliable
assessment of directions of change in average and
extreme discharges (Figure 2). Therefore, we have com-
bined the information from 16 ensemble members for
each time horizon of 30 years (see Figure 3). The boxplots
in Figure 3 present the distribution of the annual aver-
ages for the ensemble for all four time horizons.

For Lobith, the median discharge increases with time,
leading to the highest median discharge by the end of the
century. Annual mean discharge derived from the 30-year
time-slice of the far past compared to the recent past is also
lower. If we consider the ensemble uncertainty and focus
on the boxes which represent the middle 50% of the ensem-
ble projections, we see that in 2050, the uncertainty will
likely be larger and the annual mean discharge can be
higher than that in 2100. This hillyplot is similar to the
behavior found for projections from single ensemble mem-
bers; however, with the results grouped in single boxplots
per time horizon, the overall variation decreases.

The results for Cochem are similar to Lobith although
the variation in discharges projected by 2050 is smaller.
The uncertainty in projected annual mean discharges at
Lobith is a combination of the uncertainties in discharge
projected for the upstream gages at Basel and Cochem.
The intra-ensemble variation at Basel is much larger for
2050 than that for 2100, a similar result was found by
Gobiet et al. (2013). The Alpine region is located in a
transition zone, which is characterized by large uncer-
tainties of the projected precipitation changes and thus
Alpine river discharges (Heinrich et al., 2013). In general,
the Europe climate change projections show a north–
south pattern with reduced precipitation in Southern
Europe in summer and increased precipitation in North-
ern Europe in winter. The transition zone is shifting
northwards in summer and southwards in winter, the
European Climate change oscillation (ECO; Giorgi &
Coppola, 2007), and this is realized differently by the
individual ensemble members.

For discharges with a return period of 100 years
(RP100; Figure 4), the changes are more pronounced
than the changes in annual mean discharge presented in
Figure 3. For Lobith, more than 50% of the estimated dis-
charge extremes for the near and far future are outside of

FIGURE 3 Boxplots with the 30-year mean annual average discharge (m3 s�1) derived from the full set of ensemble members for from

left to right Lobith, Cochem, and Basel. The boxes represent the middle 50% range of annual averages, the whiskers represent the 95% range,

and the outliers are presented by dots. The boxes contain the mean (black dot) and median (horizontal line)
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FIGURE 4 Boxplots with the 30-year discharge extremes (m3 s�1) estimated for a return period of 100 years (RP100) derived from the

full set of ensemble members for from left to right Lobith, Cochem, and Basel. Layout similar to Figure 3

FIGURE 5 Discharges (m3 s�1) estimated for a return period of 100 years for the individual EC-Earth ensemble members for the

historical periods and the near and far future. Each color and number represents the results of one of the ensemble members, color coding

for the individual members is similar for all periods. Graphs provide (from left to right) results for Lobith, Cochem, and Basel

SPERNA WEILAND ET AL. 7 of 16
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the range covered by the boxes for the recent and far past,
representing the historical climate variability. This indi-
cates that it is very likely that in the future discharges
with a return period of 100 years will increase. By 2100,
the RP100 discharge is projected to be higher than that in

2050. For Cochem, a similar change pattern can be found
although less pronounced by 2050. For Basel, a likely
decrease in extreme flood events that is outside the range
of the current climate variability, is projected.

FIGURE 6 Decrease in

uncertainty bands of the

estimated discharges (m3 s�1)

for Lobith for different time

frames using the set of annual

maxima for the 30-year time-

slices of for (from top to

bottom) 5, 10, and 16 ensemble

members
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To evaluate the variation in projected discharge
change of extremes by individual ensemble members,
Figure 5 has been included. Here, the discharge extremes
refer to discharges occurring with a return period of
100 years. The change in RP100 is more pronounced;
however, there is still a large overall bandwidth when the
individual members are compared. The absolute values
of discharge projected for 2100 show large variation for
all three gage locations, for Lobith ranging from 12,000 to
17,000. And, although the projected discharge may be
more alike after bias-correction, this confirms our
hypothesis that a single realization cannot project
whether protection against flood protection should be
enhanced.

3.2 | The added value of using
multirealizations

The additional benefit of using an ensemble set of pro-
jections is the increase of the number of available
annual maxima that can be used to derive the extreme
value distributions (Sterl et al., 2009; van den Hurk
et al., 2015). This is achieved by pooling the annual
maxima from the single time-series from the set of real-
izations all together in the statistical analysis. To assess
the influence of the number of ensembles considered
and thus the number of annual maxima available for
the extreme value analysis, Gumbel distributions have
been plotted based on ensembles of 5 realizations
(150 annual maxima), 10 realizations (300 annual max-
ima), and 16 realizations (480 annual maxima). In
Figure 6, the number of ensembles considered increases
from top to bottom. The width of the uncertainty bands
clearly decreases with the number of realizations con-
sidered, that is the uncertainty resulting from an
incomplete representation of the natural climate vari-
ability decreases when a larger set is used. This is con-
firmed by the example in Figure 7 that presents the
projected discharges for RP100 (with corresponding
uncertainty bands) for the period 2071–2100 obtained
from an increasing number of realizations (x-axis).
Expanding the number of ensemble member first stabi-
lizes the mean return period (blue/black lines,
Figure 7), with even more members also the bandwidth
of the natural variability does not change any more
(black/blue lines, Figure 7). This provides insight in the
actual natural variability. In the example of this study,
stabilization of the bandwidth of the natural variability
seems to occur around 14 members. However, since
there are only 16 members available it is unsure
whether adding more ensemble members would further
increase the robustness of the analysis.

3.3 | Comparison with existing extreme
value distributions for the Rhine

One of the most thorough and official Dutch assessment
of climate change impacts on discharge extremes for the
Rhine at Lobith is conducted for the KNMI'14 scenarios
(KNMI, 2014; Sperna Weiland et al., 2015). The KNMI'14
scenarios are based on a large set of CMIP5 climate
models with for some of them multiple realizations. The
four KNMI'14 scenarios were constructed such that they
represent changes according to RCP4.5, RCP6.0 and
RCP8.5 obtained from this set of CMIP5 models.

Figure 8 presents the discharge extremes projected for
Lobith for return periods of 100 and 10 years obtained in
the KNMI’14 study and the current study. From the set
of four KNMI'14 scenarios, the most extreme scenario
was taken as it corresponds most with RCP8.5. This sce-
nario exhibits the largest change in air circulations and
the largest temperature increase. For RP100, the
KNMI'14 scenarios are captured by the here projected
discharge range. For RP10, the KNMI'14 scenarios projec-
ted higher discharge extremes over time than the EC-
Earth projections. It is known that the KNMI'14 projected
discharges for 2050 are relatively high (Sperna Weiland
et al., 2014), taken this into account, it can be concluded
that the resemblance between this study and the
KNMI’14 scenarios is reasonable.

3.4 | Extreme discharge projections for
Cochem and Basel

As discussed in the previous section, we used all mem-
bers of the ensemble to perform the extreme value ana-
lyses to include the most robust information on natural

FIGURE 7 Decreasing uncertainty ranges (bands displayed

with dashed black) and converging RP100 values (blue) with

increasing ensemble members derived with the Gumbel

distribution
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variability. Therefore, we have included Figure 9 for
Cochem and Figure 10 for Basel with the Gumbel Distri-
butions derived from the total of 480 annual maxima for
all four time horizons. In this way, all available informa-
tion has been incorporated in the final extreme value dis-
tributions. In line with the results presented in Figure 4
the Gumbel distributions indicate an increase in RP100
discharge for Lobith and Cochem but a decrease for
Basel.

High flows at Cochem and Lobith occur mostly in
winter or spring as a result of continuous precipitation
over large parts of the upstream basin, sometimes
(in combination with) snowmelt in Germany (see the
regime plots in Figure 11). Yet, high flows at Basel occur
often in summer time (Görgen et al., 2010; Figure 11)
and are a result of the combination of snowmelt and
heavy precipitation in the Alps. In the far future, due to
temperature increases in the Alpine part of the basin, the
regime at Basel will become a mixed snow and rainfall
regime and snowmelt will contribute less to discharge
peaks in early summer (Rottler et al., 2021). There will be

less seasonal variation in flow and winter flow will
reduce (see Figure 11). Another consequence of the
Alpine regime shift is that the discharge peaks down-
stream at Lobith will likely occur earlier in the year. In
the Moselle, with future increasing temperatures, snow
accumulation will decrease and more rainfall will directly
runoff in winter. This may lead to slight increases in win-
ter flows at Cochem.

Next to these physical system changes, Figure 11 also
provides information on the value of the set of realizations.
For the historical period at Lobith and Basel, the consis-
tency between the realizations is high. The signal is
influenced by snowmelt caused by temperature rise during
spring and summer. In the future, when the influence of
snow becomes less important, the variability between the
realizations for the timing of the highest flow month
increases, especially for Lobith. This is caused by the uncer-
tainty in precipitation projections, the large natural variabil-
ity in precipitation, and the faster discharge response of
rain water compared to melt water. This variation can only
be captured by using the ensemble of realizations.

FIGURE 8 Discharge extremes for RP100 (left) and RP10 (right) projected for the KNMI'14 scenarios (black) and the EC-Earth

ensemble set (red, with light blue uncertainty bands)

FIGURE 9 Estimated discharges

(m3 s�1) for Cochem for different time

frames using the set of annual maxima

for the 30-year time-slices of

16 ensemble members
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3.5 | Implications of the climate change
projections along the Rhine

For both Lobith and Cochem, the 50% uncertainty band
(between the 25 and 75 percentile values) obtained from
the full ensemble projects a gradual increase in annual
discharge for RCP8.5. For Basel, the range of projected

changes is much wider by 2050 with overall higher
annual average discharges than observed in the past.
After 2050, for Basel, a small decrease in the median is
projected. The increase projected for the first half and the
decrease for the second half of the century can be a result
of the glaciers that are melting and currently contribute
to the discharges but may for a large share be gone by

FIGURE 10 Estimated discharges

for Basel for different time frames using

the set of annual maxima for the 30-year

time-slices of 16 ensemble members

FIGURE 11 Discharge regime plots for—from top to bottom—Lobith, Basel, and Cochem for—from left to right—the historical period

(1981–2010), the near future (2036–2065) and the far future (2071–2100). Each colored line represents the regime calculated from the 30-year

time-series of one realization
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2085 (Junghans et al., 2011), yet an exact quantification
of this contribution would require an advanced glacier
model (Stahl et al., 2017). Furthermore, projected temper-
ature increases lead to less snow accumulation and ear-
lier snowmelt reducing the snowmelt-driven peak
discharge at Basel. Snowmelt-driven Alpine discharge
peaks will likely occur earlier in the year as has already
been observed (Görgen et al., 2010; Zampieri et al., 2015).
Earlier Alpine flood peaks may coincide with the dis-
charge peaks from the rainfed sub-basins downstream,
like the Moselle, where the RP100 discharge is projected
to increase. The difference between 2050 (RP100
increase) and 2100 (RP100 decrease) for Basel may as
well be a result of the ECO (Giorgi & Coppola, 2007), the
transition zone that moves over the Alps and will
increase the uncertainty particularly for the near future.

For Lobith, the majority of the projected future
annual average discharges (i.e., the 50% range) is already
covered by the historical climate variability (the 95%
range for the period 1951 to 1980). There will be little
effect of the changes in annual average discharge on the
Rhine. Yet, the results presented in Figure 4 indicate that
increases of future discharges with a return period of
100 years are very likely for Cochem and Lobith. This
confirms the need for an increase of the safety levels for
the dikes along the Rhine (Sperna Weiland et al., 2015).
In addition, discharges that currently correspond to a
return period of 100 years will occur more frequent. As a
consequence, the Rhine will be at higher water levels
more often. This increases the duration and severity of
the load on dikes and could lead to piping or even dike
instability (Vorogushyn et al., 2009).

The here projected changes are in line with earlier
studies investigating the impacts of climate change on
the river Rhine (Görgen et al., 2010; Sperna Weiland
et al., 2015; Te Linde et al., 2011; Zampieri et al., 2015).

4 | DISCUSSION

Projected changes in river flow extremes are shown to be
highly dependent on the GCM realization selected for the
assessment. This is consistent with earlier conclusions on
the large internal variability in GCMs and RCMs repre-
sented by perturbed model ensembles (Aalbers
et al., 2018; Kew et al., 2011; Rinke et al., 2004; van der
Wiel et al., 2019; Zhu et al., 2019). Here, we demon-
strated the large variation in projected river flow
extremes, mean flow, and timing of the flow regime that
exists between single realizations. As projected, increases
in flow extremes will increase flood risk and require large
investments in adaptation, and the reliability of the pro-
jected discharge extremes is extremely important.

Advanced climate impact assessments that consider
an ensemble of perturbed realizations, multiple climate
models and RCPs exist (Evans et al., 2004; Kay
et al., 2020; Murphy et al., 2020; Sayers et al., 2020). Yet,
these often involve important contributions from climate
scientists and it is not common practice in flood risk
assessment. Here, we contribute to existing scientific lit-
erature by showing the added value of using multiple
realizations for flood risk assessment and by illustrating
how individual realizations can have different outcomes
on river flow projections.

The aim of the current study was to explore the
potential consequences of limited GCM realizations on
flood risk assessments, rather than providing an optimal
set of projections. Extended assessments of future dis-
charge changes in the Rhine exist (Görgen et al., 2010).
For example, adaptation planning in the Netherlands
relies on the discharge extremes projected for the Dutch
KNMI'14 scenarios (Sperna Weiland et al., 2014) that
involved evaluation of a large set of CMIP5 GCMs, a care-
fully constructed set of four representative RCM-based
climate change scenarios and a weather generator for the
derivation of synthetic rainfall time-series that were used
in the flood modeling chain. The here projected RP100
discharges and their uncertainty ranges cover the RP100
discharges projected for the KNMI'14 scenarios well. This
is less the case for the RP10 values. Still, the approach of
combining annual maxima from multiple realizations in
extreme values can also be promising for data-sparse
basins.

The size of the ensemble was limited by the number
of readily available EC-Earth simulations. Increasing the
number of realizations from 5 to 16 reduced the uncer-
tainty bands and both the projected absolute values and
uncertainty bands seemed to converge. With an increased
number of ensemble members, the uncertainty in projec-
tions could possibly further be reduced as the variation
may not fully be captured by the 16 members yet. There
will always remain a tradeoff between the need for the
reduction of uncertainties and the required computa-
tional costs.

The climate model temperature and precipitation
time-series have not been bias-corrected. This was elabo-
rately done to avoid any disturbance of the climate
change signals. According to Willkofer et al. (2018), who
evaluated the influence of bias-correction methods on
streamflow projections for Bavarian catchments in
Germany, changes in high flows were poorly represented
by any bias corrected model results. The approaches
assessed failed to properly capture extreme value statis-
tics. Other studies found similar results even with
advanced bias-correction techniques (Cloke et al., 2013;
Hagemann et al., 2011; Themeßl et al., 2012). To allow
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for a transparent evaluation of the variation within the
ensemble, we decided to avoid any disturbing influence
and therefor did not apply a bias-correction. Further-
more, for the main message of the current paper bias-
correction is not essential, without bias-correction we can
more clearly demonstrate the variation. Still, the fact that
no bias-correction was applied in this study implies that
the absolute discharge values can be biased. In addition,
the use of lower resolution GCM data and not RCM data
will have resulted likely in even larger biases and the pos-
sible underestimation of precipitation extremes cannot be
overcome with the set of realizations used here as they
are all based on the same model structure.

The analysis is based on a single GCM to isolate the
uncertainties introduced by perturbed ensemble mem-
bers from the other sources of uncertainy (i.e., RCPs and
GCMs). The assumption is made that this variation is in
general present in any GCM. The ensemble members
here follow a different realization of the climate under
the same climatological forcing. However, since the same
GCM is applied in all realizations, the model uncertainty
is not addressed in this type of analysis (Hawkins &
Sutton, 2009). The ensemble members used here cannot
be considered to be fully independent (see also Ward
et al., 2012), and it is yet to be confirmed by extending
the analysis to other GCMs. In an ideal flood risk assess-
ment multiple GCMs, RCMs, and ensemble members are
considered.

This study addresses changes in the flow regime of
the river Rhine as well. These changes are influenced by
snow as well as glacier melt (Stahl et al., 2017). Within
the wflow_sbm model version glaciers and snow are
treated as a single compartment. We performed continu-
ous model simulations from 1951 to 2100 and over time
the volume of the snow pack decreases due to rising tem-
peratures. This is only a simplified representation of the
actual glacier retreat. In future work, the contribution of
glacier melt to streamflow can better be represented
using a separate glacier module where melt is treated dif-
ferently from snow.

While this study follows a top-down analysis, starting
from climate projections toward the estimate of extreme
discharges in the future, the uncertainty of future
changes is very high. An alternative approach is a
bottom-up analysis (Shortridge & Zaitchik, 2018) which
allows for a switch from a discussion on the probability
of such changes to the effect on societal functioning. This
consists, for example, of using existing measured data
and gradually perturb it with different degrees of change
while evaluating the system performance at all times.
This allows for a good understanding of the degrees of
change the system is able to cope with, see also the

Decision Tree Framework (DTF) approach (Ray &
Brown, 2015).

5 | CONCLUSIONS

Nowadays, future flood risk assessments often account
for uncertainties in future anthropogenic emissions by
considering multiple RCPs (Hempel et al., 2013; Sperna
Weiland et al., 2015; Winsemius et al., 2013). The imper-
fect knowledge about, and representation of, the system
is considered by using projections from multiple GCMs.
Yet, uncertainty introduced by the incomplete represen-
tation of natural variability can be as important, espe-
cially when focusing on flood extremes. Still this is not
always accounted for.

In the study, we explored the impact of the incom-
plete representation of natural variability in a flood
risk assessment. To this end we forced wflow_sbm with
16 EC-Earth members and explored the differences
between individual realizations and change in river
flow under different return periods for a varying num-
ber of ensemble members. We conclude that for the
Rhine, the assessment of future flow extremes highly
depends on the selected GCM realization. Conse-
quently, the selection of one realization can highly
influence the outcome of a flood risk assessment and
thus the resulting adaptation strategy and related
investments. By increasing the number of realizations
considered in the extreme value analysis, the future
projections tend to converge, thus increasing the confi-
dence in projected changes.

The differences between the historical and future flow
regimes for Lobith and Basel demonstrated that when
the cause of the changes is complex and originates from
changes in uncertain snow and rainfall patterns, the
ensemble information can also be very valuable.

The results of this study imply that flood risk assess-
ments based on single GCM realizations should be
treated with care and the use of multiple realizations
should be adopted worldwide.
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