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Ensemble projections of future changes in discharge over Europe show large variation.
Several methods for performance-based weighting exist that have the potential to
increase the robustness of the change signal. Here we use future projections of an
ensemble of three hydrological models forced with climate datasets from the Coordinated
Downscaling Experiment - European Domain (EURO-CORDEX). The experiment is
set-up for nine river basins spread over Europe that hold different climate and catchment
characteristics. We evaluate the ensemble consistency and apply two weighting
approaches; the Climate model Weighting by Independence and Performance (ClimWIP)
that focuses on meteorological variables and the Reliability Ensemble Averaging (REA)
in our study applied to discharge statistics per basin. For basins with a strong climate
signal, in Southern and Northern Europe, the consistency in the set of projections is large.
For rivers in Central Europe the differences between models become more pronounced.
Both weighting approaches assign high weights to single General Circulation Models
(GCMs). The ClimWIP method results in ensemble mean weighted changes that differ
only slightly from the non-weighted mean. The REA method influences the weighted
mean more, but the weights highly vary from basin to basin. We see that high weights
obtained through past good performance can provide deviating projections for the future.
It is not apparent that the GCM signal dominates the overall change signal, i.e., there is
no strong intra GCM consistency. However, both weighting methods favored projections
from the same GCM.

Keywords: ensemble projections, performance-based weighting, EURO-CORDEX, climate change, hydrological
impact, Europe

INTRODUCTION

Throughout Europe the hydrological cycle is changing as a result of anthropogenic induced global
warming (Kreibich et al., 2014; Alfieri et al., 2015; Gudmundsson et al., 2017). Changes in extreme
weather are expected to significantly influence flood risk and water availability (Kundzewicz
et al., 2017). Numerous impact assessments have been conducted at European and river basin
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FIGURE 3 | Historical discharge regimes (m3 s-1) calculated over the period 1981-2010 from the CORDEX simulations (colored lines), the ensemble mean (blue
dotted line) with from left to right (wflow_sbm, CWatM and LISFLOOD), observed discharge (black) and reference wflow_sbm run based on EOBS (dashed black). To
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there is no clear difference in projected changes except for the
Moselle and Severn where the climate change signal is not very
pronounced caused by the large uncertainty and variation in
precipitation patterns.

This result indicates that the signal from the climate
models is stronger than the possible influence of corrections.
The changes projected for mean discharge are still relatively
consistent between the models, yet smaller than the changes

projected for low flows. For the Angermanilven, Glomma
and Oder average flow is projected to increase. For the
Ebro and Tanaro decreases in mean discharge are most
likely. For the other rivers the change signal is small and
less consistent. Some indications of increased flow variability
can be found with decrease in low flows and increases in
high flows, as for example for the Sava and Suir according
to LISFLOOD.
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FIGURE 4 | Boxplots representing the projected changes in 7-day low flow for from left to right, the 3 hydrologic models (green), the 7 GCMs (red), the 6 RCMs (blue)
and the full set (cyaan). The spread of the boxplots is influenced by the number of available simulations and this number has therefore been added between brackets
to the labels of the x-axis.

TABLE 8 | Weights determined by the method of Brunner et al. (2019).

GCM Weights
CNRM-CERFACS-CNRM-CM5 0.05
ICHEC-EC-EARTH 0.46
IPSL-IPSL-CM5A-MR 0.06
MOHC-HadGEM2-ES 0.14
MPI-M-MPI-ESM-LR 0.11
NCC-NorESM1-M 0.17

For long-term average maximum flow the change signal
is very inconsistent both between the CORDEX simulations
and between the hydrological models. Pronounced change
signals can be found for an increase in maximum flow
for the Angermanélven with wflow_sbm and a decrease in
maximum flow projected by CWatM for the Oder. Within a
30-year period there are often only a few extremes that are
dampened by the natural climate variability. The period is
too short to make a reliable estimate of in- or decreases of
flood extremes.

Projected Changes - Diversity

Kiesel et al. (2020) propose several methods for model weighting
and selection among which the “diversity of GCMs,” “diversity
of RCMs,” and “diversity of hydrological models.” For example,
for “diversity of GCMs,” this implies that from each GCM
group the RCM model that best represents historic climate
variability is selected. The idea of sub-selecting by choosing
only one type of model (GCMs, RCMs or hydrological models)
suggests that there would be largest consistency in projections
for a single model from a given model type. Either the GCM,
RCM or hydrological model would dominate the change signal.
To verify this, the full set of changes projected per model
are presented in the boxplots in Figure4 for a selection of

rivers (see the Supplementary Material for the remainder of
rivers). Each boxplot represents all projections available for
the specific hydrological model, RCM or GCM mentioned
on the x-axis. Unfortunately, this number is not the same
for all RCMs, GCMs and hydrological models and this also
influences the width of the boxplots which thus only allow
for a qualitative comparison. We selected the Ebro with a
pronounced projected decrease of flow, the Angermanilven
with a pronounced increase in flow and the Moselle with a
mixed change signal. Plots for the other rivers are given in
the Supplementary Material. Focus is on the projected change
in 7-day low flow because of the relative high consistency for
this statistic.

For all three rivers the boxplots represent large variation in
the projections of a single model, independent of the model
type (thus GCM, RCM or hydrological model). Related to the
idea that the GCM signal dominates the change projection, we
would have expected the red boxplots to be narrow compared
to the other boxplots, but this is not the case. The spread of
the MPI-MPI-ESM-LR set is relatively small for all three rivers,
indicating that this GCM has a larger influence on the change
signal than the RCM and hydrological model. The width of the
boxplots for the LISFLOOD simulations is less than for the other
hydrological models for many of the rivers. The main difference
between the hydrological modeling chains is the application of
bias-correction by the European Joint Research Center (JRC).
This is a possible indication that the bias-correction does
influence the change signal slightly. The inter-quantile ranges
for CNRM-ALADIN63 and CLMcom-ETH-COSMO-crCLIM-
v1-1 are small, yet only two simulations are available for these
RCMs. Overall it can be concluded that the variation for a single
model, either hydrological, RCM or GCM, is in a range similar
to that of a random selection of realizations. Therefore, for this
set of CORDEX simulations, we decided that the “diversity”
based selection is not the preferred approach, information may
be lost. In addition, all hydrological simulations were already
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FIGURE 5 | Weights calculated for the individual hydrological model-GCM-RCM combinations for the nine river basins (see legend). The numbers on the x-axis
correspond to the GCM-RCM CORDEX datasets listed in Table 2. First all combinations for Wflow are given, second all combiations for CWatM. The sum off all
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FIGURE 6 | Projected future changes in annual mean discharge based on the full set of realizations - Unweighted ALL (blue), the Reliability Ensemble Averaging
method — REA (orange), the realizations available for CWatM and LISFLOOD — Unweighted CWAtM, wflow_sbm (green) and ClimWIP (red) for the nine selected river
basins. Together with the 5 and 95% uncertainty bounds of the full ensemble (blue dash).

available so there was no need to reduce the computation time
by clustering.

Projected Changes - Performance Based
Weighted Projected Changes

Two methods were applied to assess the influence of
performance-based weighting and to derive more robust
change signals. The first method, ClimWIP, is based on large
scale performance for a set of GCM meteorological variables.
This resulted in the weights listed in Table 8 for the driving
GCMs. These weights were applied to all hydrological model
realizations originating from the given GCM, normalized

by dividing through the number of realizations for this
GCM. This method includes changes assessed by all three
hydrological models.

The second method, REA, was applied to all realizations
available for CWatM and wflow_sbm. As mentioned before,
LISFLOOD simulations were excluded from this weighting
method as the GCM/RCM bias could not be assessed after
the bias-correction applied to precipitation and temperature.
Figure 5 displays the weights assigned to the different CORDEX-
hydrological model combinations for the individual river basins.
The sum of all weights for a single river basin equals 1. Both
simulations with CWatM and wflow_sbm are assigned high
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weights, indicating that depending on the river either one model
outperforms the other. Worth noticing are the relatively high
weights assigned to the CORDEX combinations forced with
the GCM ICHEC-EC-EARTH (nr 4 and 5), the GCM that
was also assigned a high weight by the ClimWIP method.
The REA method also assigns high weights to the CNRM-
CERFACS-CNRM-CM5_SMHI-RCA4 CWatM simulation for
several basins. Besides this there is a large variation in
weights assigned for the different river basins. Often most
model combinations receive a weight below 0.1, indicating
that the REA weighted change signal is dominated by a few
model combinations.

Figure 6 presents the resulting weighted changes in 7-day
minimum, mean and annual maximum discharge together with
the overall ensemble mean changes and the ensemble mean
change from all wflow_sbm and CWatM realizations. The latter
was added as a reference for the REA method. For most rivers
the changes projected by (1) the full non-weighted ensemble, (2)
the ClimWIP weighted ensemble and (3) the reduced ensemble
existing of the CWatM and wflow_sbm realizations alone, are
of the same order of magnitude. Mean projected changes are of
the same order of magnitude and for some rivers the markers
representing this change even overlap. The unweighted changes
projected by the full ensemble are often slightly higher. For
those rivers LISFLOOD provides higher increases. The REA
method results in deviating changes. The main cause for this
is the large bias for the historical period. All realizations are
biased, highest weights are assigned to the least biased historical
realizations and by iterating over the ensemble weighted changes
the influence of the reliability factor for bias has a stronger
influence on the outcome than the reliability factor for distance
in future projected change. This is an indication that when
these large biases and large variation therein exist, the biases
dominate the REA method and the resulting weighted changes
are less reliable. For some basins the influence is small, but for
the Angermanilven, Glomma, Sava and Oder the REA weighted
change gets close to the uncertainty bands. The change signal
for all discharge statistics in these basins obtained with the REA
method deviate from the non-weighted ensemble projections and
follow the change projected by the favored GCM(s). To reduce
the influence of these single GCMs it was decided to iterate only
once to assess the weighted change.

The results of the ClimWIP method are more promising.
The difference between the unweighted ensemble change and
the change projected with the ClimWIP weighting method do
not differ that much. While with the ClimWIP method 2 out
of 6 models are assigned only a weight of ~5% and one model
clearly dominates the rest ICHEC-ECEARTH). This is the same
GCM that received high weights from the REA method for
several basins. This indicates that this model, that performs best
compared to the other 5 GCMs when evaluated on large scale
climate variables, also provides basin scale discharge projections
that are in line with the projections obtained when the full
ensemble is considered. This increases the confidence in both
sets of projections. Slightly larger differences between the non-
weighted change and ClimWIP method are found for the Oder
and Ebro.

DISCUSSION

In general, the projected discharge changes in this study are in
line with previous studies (Dankers and Feyen, 2008; Bloschl
et al, 2019). They indicate increases in flow for rivers in
Scandinavia related to precipitation increases. Decreases of (low)
flows are likely in Southern Europe and this urges the need for
further adaptation to anticipate future severe droughts. For rivers
in Central Europe the discharge change signal is more diverse,
which is caused by the large natural variability and the absence of
a strong climate change signal.

This study is based on a large set of existing hydrological
model simulations. Consequently, there is a clear inconsistency
in modeling chains; calibrated vs. uncalibrated, bias-correction
vs. no bias-correction and the number of CORDEX simulations
available differs per hydrological model. The results of this study
should therefore be interpreted as indicative and some analyses
are only based on part of the realizations. At the same time, these
differences provided additional insights.

The hydrological simulations are based on the same
CORDEX-RCM forcing, but all originate from different
modeling efforts and therefore experimental differences exist.
Wilow_sbm has only been calibrated for one parameter. CWatM
has been parameterized based on a European wide optimization.
For LISFLOOD dedicated basin scale calibration was applied.
In addition, for the LISFLOOD runs the CORDEX temperature
and precipitation have been bias-corrected. There are pros and
cons in applying bias-correction. One of the disadvantages being
its influence on the change signal (Themef3l et al., 2012; Cloke
et al., 2013). Ideally, the experiment would be repeated using
bias-corrected datasets for all the models to evaluate whether (1)
this would result in similar projections and (2) to be able to make
fully grounded statements on the relevance of the calibration
and bias-correction for the climate projections for the different
basins. Unfortunately, this is computationally too expensive and
thus behind the scope of the current study. Nonetheless, even in
the face of these inconsistencies, robust climate change signals
emerge in Northern and Southern Europe, pointing toward high
confidence in climate change impacts on average and extreme
river flows in these regions.

Especially for the rivers with a pronounced change signal, the
agreement in changes projected with the different hydrological
models is large. Thus, the choice of the hydrological model
used is not dominant. In addition, the fact that the LISFLOOD
projections are in line with the other projections indicates that
the influence of a bias-correction method on the projected change
signal is not that strong. Although, overall changes obtained with
LISFLOOD tend to be slightly higher. The differences between
the models (parameterization, process description, calibration,
bias-correction) become more pronounced in areas without
a strong climate signal and larger natural climate variability.
In future research this study could be extended. The set of
hydrological simulations and models to be included should be set
up-front. This will allow for fully transparent comparisons and
evaluation of techniques.

For the current study the assumption is made that the
hydrological model calibrations hold under changing future
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climate conditions. For wflow_sbm calibration is limited,
however the parameters are based on catchment and soil
properties that may also change in the future. It is behind the
scope of the current study, but in further research it could be
worth investigating for all three hydrological models whether
the parameter values result in equal performance for relatively
dry and relatively wet years from the historic record that may
also occur under future climate conditions and the number
of gauges used per catchment could be extended. Previous
research has shown that an enhanced calibration approach that
considers intermediate basin gauges, different climate conditions
and where relevant glacier mass hold the potential to reduce
uncertainties in the future hydrological projections (Huang et al.,
2020; Ismail et al., 2020).

Analysis of the historical simulations clearly showed that the
bias in simulated discharge was pre-dominantly a result of the
bias in precipitation in the CORDEX simulations. Hydrological
model simulations with observed meteorological data resulted
in discharge regimes that highly resembled the observed
discharge regime for most rivers and clearly outperformed the
CORDEX driven hydrological simulations. This confirms that,
when interested in absolute discharge values, bias-correction is
recommended, or otherwise estimated relative changes should be
applied to historical discharge observations.

One of the goals of this study was to reduce the uncertainty in
the projections of future discharge changes. Kiesel et al. (2020)
proposed two main ways to achieve this, either weighting or
clustering. Within this study we were in the favorable position
to have this large set of CORDEX based hydrological simulations
at hand and there was no computational need for model sub-
selection. In addition, the diversity analysis showed that the
spread of realizations for any single GCM, RCM or hydrological
model was comparable. The results did not confirm that within
such a sub-set of our ensemble there would be more consistency
than within the whole ensemble of realizations. Therefore, it was
decided not to apply a clustering method, but instead focus on
two weighting methods: ClimWIP and REA. ClimWIP highly
favored one of the GCMs giving it almost half of the total weight.
This is a much higher weight than the 1/6 of the weight it would
have received in the equally weighted case. Still, the resulting
weighted average ensemble mean change does not differ much
from the non-weighted ensemble change for most rivers. This
indicates that the ClimWIP model favors a GCM that performs
well for large scale climate variable and that also provides basin
scale discharge projections that are in line with the projections
obtained when the full ensemble is considered. On the other
hand, we have also seen from the high diversity between models
shown in the boxplots per model that the GCM signal is not
dominating the overall change projection and weighting on
GCMs alone may not be sufficient. Finally, there are a few RCMs
that are outside the inter-quantile-range of all models. Another
method for optimizing or sub-selecting the ensemble could have
been the exclusion of those.

Next to the ClimWIP method we applied the REA method
to river discharges. The method focuses on historical bias and
difference in projected changes for river discharge. Both having
an equal importance. Unfortunately, in our case the bias in

simulated historical discharge is large and diverse. For some
rivers the final REA change can be highly dominated by a
single GCM-hydrological model combination that has a relatively
small bias. The three models have all been schematized based
on best available (global) datasets, advanced hydrological model
calibration could be a first step to reduce the influence of this
bias. Another way of reducing the bias would be the correction
of the climate data, however several past studies have indicated
the influence of the bias-correction on the change signal in the
climate data (Themefl et al., 2012; Cloke et al., 2013).

In this study, for many rivers a single model was also assigned
a weight of more than half the total weight. For the Ebro
the result—nearly zero change in future annual average river
discharge—was not in line with our expectations. This result
comes from the fact that there was one model that clearly
outperformed the other models for the historical periods and
got a weight of more than 0.6. As discussed by Knutti et al.
(2017) and Kiesel et al. (2020) the historically best performing
model may not be the best in reproducing the climate change
signal. To reduce this model’s influence the number of iterations
for the ensemble weighted change was already reduced to two.
In addition, in future work, when one has significantly long
observed time-series at hand for all basins, the REA method
could be extended with a weight for the reproduction of observed
historical trend (Sperna Weiland et al., 2012). This may be more
relevant than the historical bias as it provides information on
the reproduction of the change signal. Another possibility to
improve the method would be adjusting the m and n factors of
the two reliability criteria hereby decreasing the influence of the
bias on the overall weight. Yet, the values to be used for m an
n remain subjective. From the comparison between weighting
methods it can be concluded that weighting climate models based
on large scale climate patterns is more reliable than weighting
on basin specific discharges. However, both methods favored
similar GCMs.

This study is based on RCP8p5 which is a high-end scenario.
It was selected because of its pronounced change signal. The
projections are likely more severe than they would have been with
scenarios usually selected for policy making purposes. Although
there is large variation in the derived changes, overall the results
do show some consistency. For most rivers there is a clear
direction of change. In many cases, climate change exaggerates
a problem that already exists like re-occurring severe droughts
in Mediterranean countries. Here adaptation is needed and
ongoing. In other cases, like the Moselle, the numbers indicate a
need for further localized research to see for example whether we
can expect further decreases in 7-day low flow that can hamper
navigation in the future (Christodoulou et al., 2020).

CONCLUSION

Within this study we assessed the impact of climate change on
river flow for nine basins spread over Europe with varying climate
conditions and catchment characteristics using an ensemble
EURO-CORDEX climate models and three hydrological models.
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For two hydrological models we qualitatively evaluated the
simulated historic flows. The LISFLOOD model forced with
the with EOBS precipitation and temperature bias-corrected
CORDEX data and the wflow_sbm model forced with EOBS
data resemble observed flows reasonably well. Clear exceptions
are the Scandinavian rivers Glomma and Angermanilven, where
performance is influenced by representation of reservoirs in the
models and the low density of meteorological observations in
the EOBS dataset. Both the wflow_sbm model and CWatM were
run with the raw CORDEX data and for many rivers the thus
simulated flows are comparable.

In line with existing work, the future projections indicate
likely discharge decreases for the rivers in Southern Europe
whereas increases are more likely for basins in Northern Europe.
The large set of hydrological CORDEX based simulations we had
available for three different hydrological models allowed to draw
additional conclusions. The influence of the hydrological model,
it’s calibration and the application of bias-correction on projected
discharge changes showed to be limited in basins with a strong
climate change signal. Here, the climate signal dominates the
projected direction of change. Yet, in central Europe where the
changes are more variable the different model chains result in
variable projections.

The consistency in the projected 7-day minimum flow statistic
is highest, especially for Southern basins where evaporation
will increase, summer precipitation may decrease and thus low
flows will decrease. Projected changes in maximum flow are
highly variable. There is clearly an uncertainty in projected
maximum flow, caused by the large uncertainties in climate
model precipitation. In addition, the 30-year time periods are too
short to provide a representative set of annual maxima. Finally,
estimates of peak flows are model dependent and rather sensitive
to different routing and model parameterizations.

An analysis of the diversity in the projections showed that the
variation for a single model, either GCM, RCM or hydrological
model, is in a range similar to that of a random selection of
realizations. Within the ensemble used here the GCM signal does
not dominate the projection. Therefore, ensemble sub-selecting
was not applied.

From the comparison between weighting methods it can be
concluded that weighting climate models based on large scale
climate patterns is more reliable than weighting on basin specific
discharges. The REA method resulted in this study in very mixed
and sometimes deviating change projections. However, both the
REA and ClimWIP method favored simulations with ICHEC-
EC-EARTH for at least part of the basins. The change in future
projections, introduced by the weighting methods has a limited
influence on the projected direction of change. However, the
fact that a consistent change signal is obtained when either
the full non-weighted ensemble or a weighted change where a
single model dominates the change signal is used, increases the
confidence in the projections.

Finally, some uncertainties and biases in the change signal
cannot be resolved by applying bias correction or post-processing
weighting techniques. There remains a need for both improved
forcing data and model parameterization.
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