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Abstract
High-resolution river discharge provides relevant information for evaluating regional climate
models and assessing the hydrological impact of climate change. In this study, we generate high-
resolution European river discharges by forcing the hydrological discharge (HD) model with
runoff fields from the Icosahedral non-hydrostatic climate limited-area mode (ICON-CLM)
regional climate model. We then evaluate the quality of the simulated discharge obtained from a
reanalysis-driven hindcast by comparing it with observations. Moreover, we assess how well the
historical discharge trends are represented across six simulations in which ICON-CLM was driven
by different global climate models (GCMs). A comparison of the results with observed river dis-
charge across Europe shows that ICON-CLM-based simulations exhibit widespread dry biases,
which are partly attributable to underestimation of precipitation in these regions, and partly to a
too weak surface runoff component in the land-surface scheme of ICON-CLM. Using the HydroPy
hydrology model as an alternative representation of land-surface hydrology improves the simu-
lated discharge in many regions. However, biases remain in areas with regulated rivers, as the HD
model does not take regulations into account. Analysis of discharge trends from 1960–2014 reveals
robust, large-scale patterns in the reference hindcasts, such as an increase in mean and low-flow
discharge in Northern Europe and a decrease in Southern Europe. While some historical simu-
lations reproduce these patterns, others show opposing or inconsistent signals, highlighting the
strong influence of the driving GCMs. Our results underscore the suitability of ICON-CLM atmo-
spheric forcing for hydrological impact studies and suggest the need for improved model tuning
with regard to precipitation, including undercatch corrections in reference observations. They also
emphasize the importance of multi-model ensembles to reliably capture climate-induced hydro-
logical changes.

© 2026 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/2752-5295/aea9bc
https://crossmark.crossref.org/dialog/?doi=10.1088/2752-5295/aea9bc&domain=pdf&date_stamp=2026-10-12
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-5444-2945
https://orcid.org/0000-0001-8017-3136
https://orcid.org/0009-0006-8880-9390
https://orcid.org/0000-0003-4527-2125
https://orcid.org/0000-0003-0886-8245
https://orcid.org/0000-0002-6666-9028
https://orcid.org/0000-0002-4064-7357
https://orcid.org/0000-0002-9376-432X
https://orcid.org/0000-0003-0752-1952
https://orcid.org/0000-0002-1255-302X
mailto:stefan.hagemann@hereon.de
https://doi.org/10.1088/2752-5295/aea9bc


Environ. Res.: Climate 5 (2026) 045011 S Hagemann et al

1. Introduction

Currently, there is a joint effort between the climate limited-area modelling (CLM) Community
(www.clm-community.eu) and the German Federal Ministry of Research, Technology and Space
(BMFTR) project ‘Updating the data basis for adaptation to climate change in Germany’(UDAG; Früh
2023, Singh et al 2026). The aim is to downscale an ensemble of selected climate change simulations
from the coupled model intercomparison project Phase 6 (CMIP6; Eyring et al 2016). This effort will
update the data basis for climate change impact studies and the planning of adaptation measures
to climate change in Germany (Kahlenborn et al 2021). Thus, its contribution will form part of the
basis for implementing the German adaptation strategy (Deutsche Anpassungsstrategie: DAS). This
regional climate model (RCM) ensemble is conducted with the same model version and setup of the
Icosahedral Non-hydrostatic (ICON) model used in CLM (ICON-CLM; Pham et al 2021, Geyer et al
2026). Although results from other RCMs will also be included in the DAS, this new ensemble will form
a core part of the DAS. Therefore, our study focuses on this ensemble based only on one RCM. This
differs from previous studies in which an ensemble of different RCMs was considered (e.g. Sieck et al
2026).

ICON-CLM belongs to the common class of regional climate models that represent atmosphere
and land processes without considering lateral water flows at the land surface, i.e. usually designated as
river runoff or discharge. However, discharge is an important component of global and regional water
cycles. Changes in discharge can have a significant impact on the water resources of the respective catch-
ment area (Haddeland et al 2013, Hagemann et al 2013). Increased discharge extremes can lead to floods
and droughts, which pose serious threats to human life and welfare (Kundzewicz and Matczak 2015).
Such an increased risk necessitates enhanced adaptation measures. As discharge closes the water cycle
between land and ocean, changes in the associated freshwater inflow may affect the thermohaline circu-
lation (Marzeion et al 2007, Hordoir et al 2008), ocean salinity (Väli et al 2013), stratification (Hordoir
and Meier 2010), and the functioning of marine ecosystems (e.g. Daewel and Schrum 2017). Therefore,
quantifying discharge and its future changes is crucial for climate change impact assessments in coastal
regions and sea basins.

In order to fill the gap that discharge is not provided by ICON-CLM, we used a state-of-the-art river
runoff model, the hydrological discharge (HD) model (Hagemann et al 2020), to generate discharges
that are consistent with the ICON-CLM output. It utilizes the 6 h input fields of surface and subsur-
face runoff that were generated by TERRA (Schrodin and Heise 2001, Schulz et al 2016), the land sur-
face scheme of ICON-CLM. This method produces simulated discharges that align with ICON-CLM
simulations. Therefore, the discharge can be used as an additional measure for evaluating the model
with respect to the terrestrial water cycle at the land surface. Note that this method is different to the
approach commonly used in hydrology where full hydrology models are forced by atmospheric climate
model fields (see, e.g. Hagemann et al 2020). Here, the hydrological model calculates its own land sur-
face water balance and hydrological processes may potentially be better represented than in the climate
model. However, in this approach, hydrological feedback to the atmosphere is not considered and the
respective land surface water fluxes may be inconsistent with the results yielded by the respective climate
model.

The main aim of the present study is to assess the suitability of the ICON-CLM output for its use
in climate change impact studies on river runoff. We acknowledge that climate change impact stud-
ies typically focus on future projections, where the associated signals are more pronounced than those
observed during the historical period. However, we wanted to investigate how the new ensemble behaves
in the latter case. Therefore, two objectives were set for this study. First, we want to evaluate the sim-
ulated river runoff that is based on the ICON-CLM ensemble. This evaluation will use various metrics
in relation to observed discharges. Second, we want to investigate how the impact of the recent climate
change on river runoff is represented by analysing consistent trend patterns in several discharge statistics.
Please note that it is difficult to quantify climate change-related trends from observed river discharges on
a large scale, since most large rivers—especially those with a long-term streamflow record—have been
impacted by human influences, such as dam construction or land use (Hartmann et al 2013). Therefore,
rather than comparing the simulated trends with observations, we compare them with simulated dis-
charges that were generated analogously to Hagemann and Stacke (2023). They applied the HD model to
derive consistent, high-resolution discharges from two commonly used, observation-based datasets over
Europe.

The manuscript is structured as follows: section 2 provides an overview of the models, data, exper-
imental setup and metrics employed. Section 3 presents an evaluation of the simulated discharges,
accompanied by a more detailed consideration of hydrological variables for selected rivers. Section 4
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Table 1. ICON-CLM experiments forced by 6 h GCM data (3 h for ERA5).

Experiment ICON CLM forcing Period Forcing reference

ICON-CLM EVAL ERA5 1950–2024 Hersbach et al (2020)

ICON-CLM ECE EC-Earth3-Veg 1950–2014 Döscher et al (2022)

ICON-CLM CNRM CNRM-ESM2-1 1950–2014 Séférian et al (2019)

ICON-CLMMPI MPI-ESM-1-2-HR 1950–2014 Mauritsen et al (2019)

ICON-CLMMIROC MIROC6 1950–2014 Tatebe et al (2019)

ICON-CLM CMCC CMCC-CM2-SR5 1950–2014 Cherchi et al (2019)

ICON-CLM NOR NorESM2-MM 1950–2014 Seland et al (2020)

provides an analysis of trends and a discussion of the results. Section 5 ends with a summary and
conclusions.

2. Data andmethods

First, we describe the experimental setup used. Then, we provide information on the evaluation metrics
and trend measures that are analysed.

2.1. ICON-CLM simulations
ICON is a flexible and scalable high-performance modelling framework for weather, climate and envi-
ronmental predictions and projections (Zängl et al 2015, Müller et al 2025). In the present study, ICON
was used in CLM (ICON-CLM; Pham et al 2021) to conduct regional climate simulations over the
European domain of the coordinated regional downscaling experiment (EURO-CORDEX; Jacob et al
2013) of the World Climate Research Programme. The selected EURO-CORDEX domain has a spa-
tial resolution of 0.11◦ in rotated coordinates (approx. 12 km) and covers Europe and its surrounding
regions including the North Atlantic and the Mediterranean Basin as well as parts of North Africa and
western Asia. The ICON-CLM model setup was first based on the ICON setup used for operational
numerical weather prediction at the Deutscher Wetterdienst, and then determined from optimization
exercises through model extensions and a novel parameter tuning strategy (Geyer et al 2026). On the one
hand, ICON-CLM was used to downscale reanalysis data (see section 2.3) to evaluate the model perfor-
mance. On the other hand, it was used to downscale various global simulations of the CMIP Phase 6
(CMIP6; Eyring et al 2016). Table 1 provides the experiment names as well as information on the reanal-
ysis and the respective CMIP6 models used for downscaling. Please note that the first 10 years of these
simulations are considered as a spin-up period and are not taken into account thereafter.

2.2. The HDmodel
The HD model (Hagemann et al 2020) is a river-routing model that is well-established and implemented
in a range of global and regional model systems. The HD model is forced by daily or sub-daily time
series of surface and subsurface runoff that are provided by the driving climate or hydrology model.
It calculates discharge for every land grid box of the considered domain and at the final inflow points
into the ocean. In the present study, we applied the HD model v5.2.4 (Hagemann et al 2025) over its
European domain (land areas between 11◦ W to 69◦ E and 27◦ N to 72◦ N) at 1/12◦ spatial resolution.
Figure 1 shows the domain along with a few rivers particularly considered in this study. We note that
conservative remapping was used to interpolate data onto the HD model domain for either model forc-
ing or evaluation purposes.

2.3. Observational data
For the evaluation of simulated discharge, we used data on daily discharges from downstream gauges on
many European rivers with catchment areas of around 1000 km2 or more. We retrieved the respective
station data from the Global Runoff Data Centre and various agencies and institutions. The latter are
listed in table 2 of Hagemann and Stacke (2023) and additionally French discharge data were obtained
from the EU Copernicus Marine Service (https://marine.copernicus.eu/).

In order to conduct two additional hydrological hindcast simulations with a hydrology model (see
section 2.4), we assessed two independent datasets. On the one hand, we obtained atmospheric forcing
data from the ERA5 reanalysis (Hersbach et al 2020), which is the fifth generation of atmospheric reanal-
ysis produced by the European Centre for Medium-Range Weather Forecasts (ECMWF). It has a spatial
resolution of about 0.28◦ and is available for 1940–2024. We also used ERA5 evapotranspiration (ET)
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Figure 1. European HD model domain and catchment areas for 7 selected rivers.

Table 2. HDmodel experiments forced by 6 h data of ICON-CLM.

Experiment Type HD forcing Period

HD5-EVAL Hindcast ICON-CLM EVAL 1950–2024

HD5-ECE Historical ICON-CLM ECE 1950–2014

HD5-CNRM Historical ICON-CLM CNRM 1950–2014

HD5-MPI Historical ICON-CLMMPI 1950–2014

HD5-MIROC Historical ICON-CLMMIROC 1950–2014

HD5-CMCC Historical ICON-CLM CMCC 1950–2014

HD5-NOR Historical ICON-CLM NOR 1950–2014

and vertically integrated water vapour data to evaluate the results for specific rivers. On the other hand,
we utilized a recent version of the E-OBS dataset (Cornes et al 2018), which comprises several daily grid-
ded surface variables at 0.1◦ resolution over Europe covering the area 25N–71.5N, 25W–45E. These grid-
ded data were derived from station data using an ensemble simulation procedure that is described in
detail by Cornes et al (2018). In the present study, we used the mean of the ensemble members for pre-
cipitation and 2 m temperature of v. 31 (EOBS31), which covers the period 1950–2024. We note that the
quality of the EOBS data is poor for the last five years. However, in the present study we only considered
data until 2018.

For the evaluation of ICON-CLM precipitation, we used EOBS31 and the WFDE5 (Cucchi et al
2020) dataset that includes bias corrected time series of surface meteorological variables from ERA5.
Cucchi et al (2020) generated these time series by applying the WATCH Forcing Data methodology
(Weedon et al 2011) to the respective ERA5 data. The spatial resolution of WFDE5 is 0.5◦ and it covers
the period 1979–2019.

In addition, we considered the simulated monthly climatology of ET in selected river catchments
based on ERA5 and the Global Land Evaporation Amsterdam Model V. 4.2a (GLEAM; Miralles et al
2011, 2025) because Cai et al (2024) identified considerable uncertainties in the ET estimates of reanal-
ysis products. GLEAM provides evaporative flux estimates based on satellite observations and reanalysis
data with a spatial resolution of 0.1◦ for the period 1980–2024.

2.4. Experimental setup and additional hydrological simulations
The HD model was applied to simulate discharge from the ICON-CLM hindcast (HD5-EVAL) and the
six historical simulations. In each of the seven experiments, 6 h time series of surface and subsurface
runoff were used to force the HD model. Table 2 provides the respective experiment acronyms and sum-
marizes their characteristics.
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Table 3. HDmodel experiments forced by daily data of hydropy.

Experiment

Atmospheric

forcing HydroPy input HydroPy resolution Period

HD5-ERA5 ERA5 Precipitation, 2 m temperature, downwelling shortwave

and longwave radiation, 2 m specific humidity, surface

pressure, 10 m wind.

∼0.28◦ 1940–2024

HD5-EOBS31 EOBS31 Precipitation, 2 m temperature 0.1◦ 1950–2024

HD5-Hpy-EVAL ICON-CLM

EVAL

Precipitation, 2 m temperature, downwelling shortwave

and longwave radiation, 2 m specific humidity, surface

pressure, 10 m wind.

∼0.08◦ (1/12◦) 1950–2024

In addition, we conducted three hydrological hindcast simulations that are summarized in table 3.
Here, we used the hydrological model HydroPy (Stacke and Hagemann 2021), which is a state-of-the-
art global hydrology model and the successor of the Max-Planck Institute for Meteorology’s Hydrology
Model (MPI-HM; Stacke and Hagemann 2012). For the three hindcast simulations, HydroPy was forced
by daily atmospheric forcing data (including, e.g. precipitation and 2 m temperature), and then daily
time series of surface and sub-surface runoff from HydroPy were used to simulate daily discharges with
the HD model. In HD5-HPy-EVAL, daily atmospheric data of the ICON-CLM hindcast were interpo-
lated to the HD European domain (figure 1) and then used to force HydroPy. Here, a restart state of
1950 was taken from a century-long simulation (Hagemann et al 2024) and used at the start of the sim-
ulation in 1950.

To support the evaluation of results, two hindcast simulations were set up analogously to those anal-
ysed by Hagemann and Stacke (2023). First, we forced HydroPy globally with daily atmospheric data of
ERA5 at the ERA5 resolution. For Europe and the period 1979–2018, the resulting discharge simulation
should match the simulation considered by Hagemann and Stacke (2023). In this period, smaller differ-
ences between the two simulations may occur in catchments that cross the boundary of the European
HD model domain. In addition, differences may occur due to the different water storage contents in
HydroPy in the beginning of 1979. While Hagemann and Stacke (2023) conducted a 50 years spin-up
simulation by repeatedly using forcing of the year 1979, a transient simulation starting in 1940 was con-
ducted in the present study. The latter was preceded by a 52 years spin-up simulation that consecu-
tively repeated the year 1940. By comparing these two hindcasts, we noticed only minor improvements
for Eastern European rivers in HD5-ERA5 (supplementary figure S1). Therefore, the evaluation of the
respective simulation conducted in Hagemann and Stacke (2023) is also representative for HD5-ERA5.

Second, we forced HydroPy with daily precipitation and temperature data of EOBS31 over the EOBS
0.1◦ domain. Here, we conducted a 50 years spin-up simulation by repeatedly using forcing of the year
1950 before the actual simulation was started. Noticeable differences to the EOBS22-based simulation
considered by Hagemann and Stacke (2023) occur over Spain and Turkey. Over Turkey, this can be
considered as an improvement as the data gaps of EOBS v. 22 over Turkey, which were identified by
Hagemann and Stacke (2023), are not present in EOBS31. In Spain, new gauge data were added, par-
ticularly from regions that were previously under-represented (van den Besselaar 2025). This changed the
interpolation and therefore the gridded precipitation fields. As Spain is known to have strong spatial pre-
cipitation gradients, adding or removing stations often causes significant differences in the spatial distri-
bution of precipitation between versions (Vicente-Serrano et al 2025). We note that, for the majority of
Europe, the evaluation of EOBS22-based discharge in Hagemann and Stacke (2023) should also be rep-
resentative of HD5-EOBS31. However, to demonstrate the aforementioned differences, we have included
the supplementary figure S1 that can be directly compared with the figures 6 and 7 in Hagemann and
Stacke (2023).

2.5. Evaluationmetrics
The discharge evaluation of the HD5 simulations was conducted for those grid boxes that correspond
to the station locations within the river network of the respective discharge observations. All evaluation
metrics were calculated using simulated and observed time series of daily discharge for the respective
periods (1979–2018 or 1960–2014), thereby covering only those days where observed data are available.
We used the mean bias, the Pearson correlation coefficient, the Kling–Gupta-efficiency (KGE; Gupta et al
2009, Kling et al 2012) and the variability ratio defined by the ratio of the simulated and observed coef-
ficients of variation. The KGE is a quality metric that combines bias, correlation, and coefficient of vari-
ation. A KGE > −0.41 means that a simulated discharge time series better represents the observations
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Table 4. Discharge related trend statistics.

Variable Description

Annual maximum, Qmax Annual maximum of daily discharge [%/decade]

Annual mean, Qmean Annual mean of daily discharge [%/decade]

Annual minimum, Qmin Annual minimum of daily discharge [%/decade]

No. of low flow days Annual number of days with flows below the environmental water requirement [d/decade]

than the observed long-term mean discharge (Knoben et al 2019). These metrics are described, e.g. in
Hagemann et al (2020).

In addition, we calculated the monthly mean climatology from the monthly mean time series of sev-
eral variables in the ICON-CLM simulations and the respective reference data. For all the rivers consid-
ered, we averaged these variables spatially over the upstream catchment area of the discharge measure-
ment gauge before calculating the climatology. For precipitation, biases were calculated from the aggre-
gated catchment means.

2.6. Trend statistics
For each river, various trend statistics (see table 4) were calculated for the period 1960–2014 at the
respective most downstream station with available observations. As in Hagemann and Stacke (2023), the
number of low-flow days is the amount of days each year where the flow is below the environmental
water requirement. The latter is defined as 30% of the long-term annual mean discharge (Hagemann
et al 2013) of the respective catchment. This definition is based on results of Smakhtin et al (2004). In
addition, we calculated annual and seasonal mean trends for several variables of the ICON-CLM sim-
ulations. Using monthly mean time series of these variables, we calculated trends for each ICON-CLM
simulation and the respective reference data. For all the rivers considered, we averaged these variables
spatially over the upstream catchment of the respective discharge measurement gauge. For the calculation
of trends, a linear regression formulation was used. Note that even if the true trend is non-linear, such
as for temperature, the linear regression slope provides a best-fit estimate of the average rate of change
over the entire period (Shea 2014). For the CMIP6 downscaling, we considered trends for the specific
ensemble member simulations as well as ensemble mean trends. The latter were calculated by averaging
over the trend distributions of the different ensemble members.

In our analysis of trends, we follow the approach of Hagemann and Stacke (2023) by considering
and comparing robust spatial trend patterns, i.e. spatial clusters of rivers with trends in the same direc-
tion, instead of calculating the significance of trends per river. The large interannual or decadal variabil-
ity in discharge among the various ensemble members leads to high noise levels, making it difficult to
separate weaker signals (i.e. trends) from the noise when considering only time series for specific rivers.
In such cases, a significance test may incorrectly classify some of these trends as insignificant, even if
they form part of a large-scale change pattern. Therefore, examining robust spatial patterns is analogous
to reducing the noise level obtained from discharge time series at specific rivers.

3. Evaluation of discharge quality metrics

In the following, various metrics (see section 2.5) were calculated at discharge measurement station loca-
tions or from spatial averages integrated over their respective upstream catchments. However, for the
graphical representation, these measures were allocated to the respective total catchment areas. White
areas on the 2D maps indicate ocean areas and catchments for which either:

(1) insufficient river gauge data was available to the authors

(2) they were classified as too small (with an area of less than about 1500 km2)

(3) they are not fully covered by the respective atmospheric forcing data (i.e. ICON-CLM or EOBS31).

Please note that, when evaluating the hindcast simulations (see section 3.2), we considered the period
from 1979 to 2018. This is because WDFE5 precipitation data are only available from 1979 onwards.
However, for the evaluation of historical discharges (section 3.3), we used the period 1960–2014 to be
consistent with the period used to evaluate trends in section 4. For the detailed analysis of the results for
the selected rivers in section 3.3, we considered the overlapping part of these periods (i.e. 1979–2014).
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3.1. Evaluation of the hindcast
To evaluate the hindcast simulation HD5-EVAL against observations we considered several met-
rics shown in figure 2. HD5-EVAL shows a general dry bias that is present for most of the catch-
ments and particularly pronounced over Western Europe and Turkey. Correlations are mostly in a
mediocre range between 0.4 and 0.7, and the variability ratio is largely underestimated in Western
Europe but tends to be overestimated in Northern Europe. The latter is likely related to the fact that
many northern European rivers are regulated which is usually reducing the variability of discharge
(e.g. Hagemann et al 2024). Consequently, higher KGE values (>0.4, bluish colours) are mainly obtained
for catchments in Northeast and Central Europe. We also note positive discharge biases for the Don
and Dnepr rivers, which are accompanied with low metric values. This is due to the fact that both
rivers are heavily regulated and affected by human water withdrawals, a factor not considered by the
HD model. Withdrawals from the Don may range from around 20% (Dzhamalov et al 2013) to 50%
or more (Khublaryan 2009), whereas withdrawals from the Dnepr comprise around 20% (Vasylenko and
Koshkina 2020).

In order to find out how much the land surface scheme of ICON-CLM, TERRA, is responsible for
this behaviour of the simulated discharge, we compared the simulated discharge of HD5-EVAL to the
discharge obtained by using the HydroPy model (figure 2, right column). In HD5-Hpy-EVAL, the bias
is reduced over Central Europe and France, but comparable to HD5-EVAL over most other regions,
with a somewhat increased dry bias over Northern Europe and a strongly increased dry bias over the
Iberian Peninsula (figure 2(a)). However, the correlation improves for the majority of catchments, point-
ing towards a better timing of surface runoff and a better separation of the total runoff into its slow
(subsurface runoff) and fast flow (surface runoff) components (figure 2(b)). The latter is supported
by a considerably improved variability ratio over Western Europe (figure 2(c)). The improved variabil-
ity ratio, in turn, is caused by the generation of substantially more surface runoff and less subsurface
runoff in HydroPy than in TERRA, especially over Western, Central and Southern Europe (figure 3).
Consequently, the KGE also gets generally improved with HD5-HPy-EVAL compared to HD5-EVAL,
especially in Western, Central and Eastern Europe (figure 2(d)). Over Northern Europe, KGE gets
worse for some rivers, which is likely related to the fact that the reduced surface runoff and variability
in TERRA are similar to the impact of human regulation on the discharge in these catchments. Here,
human regulation often eliminates peak discharges and keeps discharges above certain levels during low-
flow periods, thereby reducing discharge variability (Hagemann et al 2024). The relatively high KGE
values of HD5-HPy-EVAL suggest that the respective atmospheric forcing variables (see table 3) of the
ICON-CLM simulation are rather well suited to force hydrological impact simulations.

Also, when using HydroPy to represent the land surface hydrology, we still yield the pattern of dry
biases over Northern Europe, British Isles, Iberian Peninsula and Turkey. Hence, we compare the under-
lying ICON-CLM precipitation with EOBS31 and WFDE5 data in figure 4. Compared to EOBS31, EVAL
shows rather low precipitation biases for most of the catchments and tends to have larger precipitation
than EOBS31 over Northern and Central Europe. However, EOBS31 is based on station observations that
are not corrected for gauge undercatch of the measurement devices (Cornes et al 2018). The precipita-
tion measurements may have an error of up to 10%–50%, which depends on wind speed, air tempera-
ture and state of aggregation (see, e.g. Rudolf and Rubel 2005). The undercatch can be especially large
in mountainous areas and areas with snow fall. In WFDE5, such an undercatch correction (Weedon et al
2011) was (Becker et al 2013)incorporated, which leads to an increase of precipitation. Consequently, the
comparison of EVAL precipitation with WFDE5 indicates a dry bias over most catchments in Europe
except for the most northern rivers. This dry bias in precipitation contributes to the widespread dry bias
in HD5-EVAL and HD5-HPy-EVAL discharge, which is strongest over the Iberian Peninsula, western
UK and Turkey. Here, it can be noted that the parameter optimization of ICON-CLM was using EOBS
data as a reference precipitation dataset (Petrov et al 2025, Geyer et al 2026). Based on our results, we
recommend that precipitation products corrected for undercatch are also taken into account in future
parameter optimization exercises.

3.2. Evaluation of historical simulations
Figure 5 shows the discharge biases for the historical simulations for the period 1960–2014. The biases
for HD5-ECE are very similar to those for HD5-EVAL. This similarity appears to be due to the fact that
the lateral boundary conditions for the respective ICON-CLM simulations exhibit comparable physical
and dynamic behaviour. This is because the atmospheric component of the ECMWF-IFS system utilized
to produce the ERA5 data (Hersbach et al 2020) is similar to that of EC-Earth3-Veg (Döscher et al 2022).
This assumption is supported by the similarity of the precipitation biases, and therefore their distribu-
tions, in both simulations (supplementary figure S2).
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Figure 2. Evaluation of discharge against observations from HD5-EVAL (left) and HD5-HPy-EVAL (right) for 1979–2018: (a)
Bias [%], (b) Pearson correlation, (c) Variability ratio, and (d) KGE.

The other five simulations possess only a few bias features that are common among all historical
simulations. These comprise dry biases over the British Isles except for southeast England, and south-
ern Scandinavia as well as the wet bias for the rivers Dnepr and Don (see section 3.1). HD5-EVAL and
HD5-ECE, HD5-CMCC and HD5-NOR also feature a dry bias over the Iberian Peninsula and south-
ern France, while the other three simulations share an opposing wet bias over the Iberian Peninsula. The
dry bias over Turkey is present in HD5-MPI, HD5-CMCC and HD5-NOR but replaced by a prominent
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Figure 3. Surface runoff ratio [%; surface runoff divided by the total runoff] of HD5-EVAL (left) and HD5-HPy-EVAL (right) for
1979–2018.

Figure 4. Evaluation of ICON-CLM precipitation in the hindcast used to force HD5-EVAL for 1979–2018: Precipitation biases
[%] with respect to EOBS31 (left) and with respect to WFDE5 (right). The bias is calculated for the upstream catchment of each
available discharge station, and its value is projected onto the whole catchment for visualization.

wet bias in HD5-CNRM and HD5-MIROC. The latter two also share smaller wet biases over France and
Central Europe, while MPI-ESM shows larger wet biases extending from France to Germany and the
Southern Baltic Sea catchments.

All historical simulations show variability ratio pattern that are generally similar to the one of
HD5-EVAL for the same period (not shown), whereas the latter matches well with the period 1979–
2018 shown in figure 2(c). Here, only HD5-CNRM sticks out with having much lower variability in
Eastern Europe and Turkey than the observations.

The different behaviour of the historical simulations can be attributed to the characteristics of the
global climate model (GCM) forcing used by ICON-CLM. A major driver of the discharge bias pat-
tern is the associated ICON-CLM precipitation. Considering the deviations of the simulated precipita-
tion from the WFDE5 data for the period 1979–2014 (figure S2) shows that the distribution of positive
and negative biases resembles the discharge bias pattern over southern and northern Europe. However,
noticeable differences occur over Central Europe and the British Isles.

3.3. Analysis of results for selected rivers
In order to take a closer look at some of the biases that strongly deviate from HD5-EVAL, we selected
several rivers to be representative for the respective issues (see table 5 and figure 1). To investigate the
large discrepancies over southern Europe with hot spots over the Iberian Peninsula and Turkey, the
rivers Guadalquivir and Maritsa, respectively, are considered in more detail. Although both catchments
are characterized by a pronounced dry season in the summer and a rainy season peaking in the end of
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Figure 5.Mean discharge bias [%] during 1960–2014 for (a) HD5-EVAL, (b) HD5-ECE, (c) HD5-CNRM, (d) HD5-MPI, (e)
HD5-MIROC, (f) HD5-CMCC, and (g) HD5-NOR.

the year, the intra-annual variability is much larger for the Guadalquivir with precipitation in the driest
month amounting to less than 10% of the precipitation in the wettest month (figures 6(a) and 7(a)).

The mean monthly discharge climatology of the Guadalquivir River (figure 6(e)) clearly shows
the large wet biases for HD5-CNRM, HD5-MPI and HD5-MIROC that are representative of their
widespread wet biases over the Iberian Peninsula. These wet biases are directly related to an overesti-
mation of precipitation (figure 6(a)) that is largest for HD5-CNRM all year long. For HD5-MPI and
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Table 5. Catchment characteristics for selected rivers considered in sections 3.3 and 4.2.

River

Catchment

area [km2] Discharge station

Obs. upstream

area [km2]

HD upstream

area [km2]

Glomma 41 918 Langnes 40 540 40 182

Guadalquivir 56 978 Alcala del Rio 46 134 46 460

Maritsa 53 000 Ferre Kupuru 50 140 51 055

Rhine 165 300 Lobith 160 800 158 980

Wye 4136 Redbrook 4010 4112

Figure 6.Monthly climatologies for the Guadalquivir catchment upstream of Alcala del Rio, Spain, during 1979–2014: (a) pre-
cipitation, (b) 2m temperature, (c) vertical integrated water vapor, (d) evapotranspiration, (e) discharge. Black lines refer to the
reference datasets WFDE5, EOBS31, ERA5, GLEAM, and river gauge observations as specified in the given legends.

HD5-MIROC, this overestimation is mainly confined to winter and spring so that the resulting posi-
tive discharge biases are lower than for HD5-CNRM. It can be noted that all simulations except for the
very wet HD5-CNRM simulate less ET than ERA5 (figure 6(d)). This might partially contribute to the
positive discharge bias. However, although HD5-ECE has relatively small biases in discharge and pre-
cipitation, it yields substantially less ET than ERA5 ET. This suggests deficits in the ERA5 ET, which
depends more on its land surface model than on data assimilation. It should be noted that the ET of
HD5-ECE simulated by ICON-CLM is relatively close to the GLEAM data, indicating that both datasets
provide adequate ET estimates. In contrast to the other historical simulations, HD5-NOR and especially
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Figure 7.Monthly climatologies for the maritsa catchment upstream of ferre kupuru, Turkey, during 1979–2014: (a) precipita-
tion, (b) evapotranspiration, (c) discharge.

HD5-CMCC underestimate the Guadalquivir discharge during the winter and early spring that is indica-
tive for their widespread dry biases over the Iberian Peninsula. This is directly related to the underes-
timated ICON-CLM precipitation from late autumn, winter (only HD5-CMCC) and early spring. Due
to this dry bias, also ET is much lower in these two simulations than for the other ensemble members.
We also note that the discharge curve of HD5-HPY-EVAL is lower than for HD5-EVAL but with a sim-
ilar shape (figure 6(e)). The observed February peak is almost not present for both simulations. This is
likely caused by the negative precipitation bias (compared to WFDE5) of ICON-CLM EVAL during late
autumn and winter, which leads to too dry land surface conditions so that sufficient surface runoff can-
not be generated to yield the respective discharge peak.

For the Maritsa, HD5-CNRM and HD5-MIROC yield a similar large positive discharge bias
(figure 7(c)) as for the Guadalquivir, which is also caused by a general overestimation of precipitation
(figure 7(a)). For both catchments, the overestimation of precipitation is accompanied by an overesti-
mation of atmospheric water vapour content (IWV) in summer compared to ERA5 (figure 6(c), sup-
plementary figure S3). The large positive biases in precipitation and IWV of ICON-CLM CNRM are
accompanied by a negative 2m temperature bias (figure 6(b), supplementary figure S3), indicating a
negative short wave radiation bias at the surface caused by overestimated cloud cover (not shown).
Interestingly, the even larger summer IWV in ICON-CLM MIROC is associated with a smaller negative
short wave radiation bias than for ICON-CLM CNRM compared to WFDE5 data (not shown), and it is
not accompanied by a temperature bias. This is likely a compensating effect induced by the positive SST
bias over the Mediterranean Sea in the MIROC6 forcing data (Tatebe et al 2019).

With the exception of the overly wet HD5-CNRM and HD5-MIROC simulations, all others consis-
tently underestimate the discharge while following the seasonal curve of the observations (figure 7(c)).
For HD5-MPI, this is in contrast to its performance in the Guadalquivir catchment. Additionally,
these simulations consistently show lower ET than ERA5 and GLEAM during summer and autumn
(figure 7(b)). The too wet HD5-CNRM and HD5-MIROC simulations, however, show larger ET than
GLEAM but similar ET curves as ERA5, again indicating deficits in the ERA5 ET. We note that HD5-
HPy-EVAL improves especially the discharge peak at the beginning of the year compared to HD5-EVAL.
Its ET is relatively close to the ET of ICON-EVAL except during the last three months of the year. This
is likely related to land surface being too dry during summer and early autumn when the dry bias in
precipitation of HD5-EVAL is most pronounced.

As mentioned in section 3.2, all simulations show substantial negative discharge biases for numerous
rivers in the British Isles, although precipitation biases are relatively weak (except for ICON-CLM EVAL,
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Figure 8.Monthly climatologies for the Wye catchment upstream of Redbrook (left column), UK, and the Rhine catchment
upstream of Lobith (right column), Netherlands, during 1979–2014: (a) precipitation, (b) evapotranspiration, (c) discharge.

ECE and MIROC, which exhibit larger dry biases, particularly along the western coastlines). We selected
the Wye River as a representative river from this area. Here, all ICON-CLM simulations tend to under-
estimate precipitation compared to both the EOBS31 and WFDE5 datasets, particularly in the second
half of the year (figure 8(a)). This leads to a general underestimation of discharge (figure 8(c)). The sim-
ulated flow of HD5-EVAL and the historical simulations also lag behind the observed discharge curve,
due to the erroneous separation of total runoff into surface and subsurface runoff. HD5-HPy-EVAL does
not exhibit this lag, suggesting a more accurate separation in the HydroPy model (see also section 3.1).
Considering the simulated ET (figure 8(b)), we can see that HydroPy ET agrees well with GLEAM ET,
but is much lower than ERA5 ET in summer. This is a reaction to the overly dry conditions caused by
the underestimation of precipitation in the ICON-CLM hindcast simulation. However, the ICON-CLM
ET does not seem to be affected by dryness due to the underestimated precipitation as only slight devia-
tions from ERA5 are present during the summer; ICON_CLM CNRM and MIROC show even larger ET
than ERA5.
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As a central European river, we selected the river Rhine. Here, HD5-MPI and HD5-NOR largely
overestimate the discharge for most parts of the year (figure 8(c)), which is related to an overestimation
of precipitation between late autumn and early spring that is most prominent in winter and long last-
ing snow melt in the beginning of the year from the alpine part of the catchment (figure 8(a)). The dis-
charge from the other simulations is much closer to the observed climatology, thereby adequately repre-
senting its monthly variations. Most simulations exhibit negative precipitation biases during the summer,
especially if compared to WFDE5 data, which are less pronounced for ICON-CLM MPI, MIROC, and
CNRM. ICON-CLM EVAL yields precipitation that is generally close to EOBS31 data, but lower than
WFDE5 all year round except during spring. This actual dry bias in precipitation causes the discharge
being underestimated during spring and summer. Similar but less intense as for the Wye River, we note
that the ICON-CLM based discharge lags behind the observations by about one month, which is cor-
rected in HD5-HPy-EVAL. Moreover, all simulations yield similar summer ET values that are larger than
ERA5 data (figure 8(b)), even those with a large negative precipitation bias during the summer (ICON-
CLM ECE, CMCC and NOR). As for the Wye river, the ICON-CLM ET does not show any noticeable
sensitivity to biases in precipitation. In the contrary, HydroPy reacts sensitive to the drier conditions
imposed by the ICON-CLM EVAL precipitation and yields less ET than ERA5 during the summer. While
the HydroPy ET is generally close to the GLEAM data, it shows some underestimation in the second
half of the year compared to the GLEAM data. This is probably due to the negative precipitation bias in
ICON-CLM EVAL, which has led to drier soil conditions.

The results found in section 3.1, which are analysed in more detail for the Wye and Rhine rivers,
clearly indicate that ICON-CLM tends to generate too little surface runoff. If the precipitation has no
substantial dry bias, this usually means that too much water is infiltrating into the soil, thereby making
the soil wetter than the actual runoff-generating event would do. This results in more subsurface runoff,
but this process is much slower than surface runoff generation, meaning this wetter soil state persists for
much longer than in reality. Consequently, the wetter soil can sustain ET in phases of drying, making
ET rather insensitive to fluctuations in precipitation. Therefore, ICON-CLM ET does not appear to be
sensitive to precipitation biases in central European catchments or the British Isles.

4. Evaluation of historical trends

Understanding long-term trends in simulated river discharge is essential for evaluating the ability of
regional climate models to capture climate-driven hydrological changes. In this section, we analyse trends
for various discharge statistics (see section 2.6) for the period 1960–2014 based on the ICON-CLM
ensemble and compare them with two hydrological reference hindcasts. First, we evaluate how well the
historical simulations reproduce robust, large-scale patterns found in the reference datasets (section 4.1).
This evaluation provides insight into the influence of the driving GCMs on the simulated hydrological
response, highlighting where the model behaviour consistently reflects or deviates from the climate-
related signals in the reference hindcasts. Section 4.2 then investigates noticeable deviations from robust
trend patterns in more detail.

4.1. Trends in simulated discharge
Figures 9(a)–(d) illustrate the annual mean discharge trends for the three hindcasts and the ensem-
ble mean of the six historical simulations. HD5-EVAL captures the general trend patterns indicated by
both HD5-ERA5 and HD5-EOBS31. This comprises wetting in Northern Europe and the British Isles,
and drying in Southern Europe, particularly over the Iberian Peninsula, Italy and Turkey. However, it
is surprising that there are large differences between HD5-EVAL and HD5-ERA5, despite both orig-
inating from the same ERA5 data. These differences are particularly evident over Central and North
Eastern Europe. In these areas, the patterns of HD5-EVAL patterns align much better with those of
HD5-EOBS31. The ensemble mean trend exhibits a pattern similar to that of HD5-ERA5, but with much
weaker trend values. However, the strong drying over the Iberian Peninsula evident in the three hind-
casts is only hinted at along the eastern coast. Conversely, some wetting is observed for several rivers
flowing into the Atlantic on the west coast.

The ensemble mean trends are generally lower because the six historical simulations do not
exhibit robust trends; instead, they yield conflicting signals inherited from the various GCM forcings
(figures 9(e)–(j)). HD5-ECE and HD5-CNRM capture the wetting pattern of the hindcast, but HD5-MPI
and HD5-MIROC show opposite trends, with widespread drying over the respective areas (Scandinavia
and British Isles). HD5-NOR only captures the wetting pattern over northern Europe but shows the
opposite trend over the British Isles and southern Scandinavia, while the behaviour of HD5-CMCC
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Figure 9. Trends in annual mean discharge [%/decade] for (a) HD5-ERA5, (b) HD5-EOBS31, (c) HD5-EVAL, (d) histori-
cal ensemble mean (HIST mean), (e) HD5-ECE, (f) HD5-CNRM, (g) HD5-MPI, (h) HD5-MIROC, (i) HD5-CMCC, and
(j) HD5-NOR for 1960–2014.

is vice versa, showing weak increases over the UK and southwest Scandinavia, but drying over most
other parts of Northern Europe. The drying over the Iberian Peninsula is evident in HD5-NOR, HD5-
CMCC and HD5-MIROC, albeit with lower values for the latter two. HD5-ECE and HD5-CNRM only
show drying in eastern Spain, whereas HD5-MPI shows wetting across the entire peninsula. This wetting
extends to Italy and western Turkey—the opposite of the signal from the hindcasts. The other historical
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simulations, except for HD5-NOR, show the drying in Italy. Meanwhile, the drying in Turkey is present
in HD5-ECE, HD5-CMCC and HD5-NOR. HD5-CNRM and HD5-MIROC show an opposing signal
there, while HD5-MPI indicates drying only in eastern Turkey.

For the annual maximum discharge (Qmax), the two reference hindcasts (HD5-ERA5 and HD5-
EOBS31) exhibit similar trends to those found in annual mean discharge (Qmean), except for the
tendency of Qmax to decrease in southern Scandinavia, in contrast to the increase of Qmean (figures 10(a)
and (b)). However, HD5-EVAL and several of the historical simulations show a different behaviour
(figure 10). For HD5-EVAL (figure 10(c)), Qmax trends are similar to Qmean trends only in southern
Europe, but widespread opposing negative Qmax trends occur in northern and central Europe, and the
British Isles. This different behaviour is surprising given that the lateral boundary and SST forcing for
ICON-CLM in HD5-EVAL has the same origin as the atmospheric forcing of HD5-ERA5. The ensem-
ble mean trends (figure 10(d)) are similar to those in HD5-EVAL. However, positive trends seen in some
northern and mid-European rivers in the three hindcasts are almost completely absent in the ensemble
mean. It can be noted that except for the western part of Central Europe and the British Isles, the gen-
eral pattern of decreasing Qmax in HD5-EVAL and the historical simulations is relatively consistent with
the trend pattern shown in HD5-ERA5.

For the historical simulations (figures 10(e)–(j)), HD5-CMCC, HD5-MIROC, HD5-MPI and HD5-
NOR show similar trends in Qmax and Qmean, although the latter two exhibit some exceptions. HD5-MPI
shows decreasing Qmax trends in the northernmost Scandinavian rivers and the southern UK, whereas
HD5-NOR exhibits a mixed pattern with a tendency for negative Qmax trends in place of the widespread
positive Qmean trends seen in the reference hindcasts over Northern Europe. HD5-ECE and HD5-CNRM
contrast more sharply with the reference hindcasts than HD5-EVAL, exhibiting lower or decreasing Qmax

trends in many catchments, contrary to the increasing or neutral Qmean trends. Similar trend patterns
only occur in southern Europe (for both simulations) and north-eastern Europe (for HD5-ECE). The
general pattern of decreasing Qmax shown in the ensemble mean (see above) is present in each historical
simulation, albeit with varying regional details.

The three hindcasts largely concur on the general trend pattern for the annual minimum discharge
(Qmin), showing a decrease in southern Europe and an increase elsewhere (figures 11(a)–(c)). An excep-
tion is seen for HD5-ERA5, which indicates negative Qmin trends for several rivers in eastern Central
Europe. The ensemble mean trends (figure 11(d)) also capture the general trend pattern shown in HD5-
EVAL, but have generally lower trend magnitudes. In line with the three hindcasts, both HD5-ECE and
HD5-CNRM (figures 11(e) and (f)) show large-scale increases in Qmin, though only a limited number of
southern European rivers experience decreases. HD5-CMCC and HD5-NOR (figures 11(i) and (j)) indi-
cate decreases in southern Europe, but only partially capture the respective increases. HD5-CMCC shows
opposite decreasing trends over eastern Scandinavia, while HD5-NOR shows them over the British Isles
and some southern Baltic rivers. The widespread negative Qmean trends in Central Europe and the pos-
itive trends in southern Europe are also visible in the Qmin trend pattern for HD5-MPI (figure 11(g)),
whereby the latter oppose the Qmean and Qmin trends indicated by the three hindcasts. HD5-MIROC
(figure 11(h)) shows a Qmin trend pattern that only partly follows its Qmean trends. It captures the neg-
ative trends in southwestern Europe and the positive trends in southern Scandinavia and northern
Germany indicated by the three hindcasts. However, it exhibits negative trends in the Eastern Baltic Sea
catchment and positive trends in Turkey that oppose these trends. These latter trends are evident, at least
in part, in all historical simulations except those for HD5-CMCC and HD5-NOR.

With the exception of Central Europe, trends in the annual number of low flow days are mostly
opposite to the Qmean trend pattern (figure 12). Wetter Qmean are usually associated with a reduc-
tion in the number of low flow days, and vice versa. The dominant pattern in the three hindcasts
(figures 12(a)–(c)) is a trend towards fewer low flow days in northern Europe and more in south-
ern Europe. The ensemble mean trend pattern (figure 12(d)) broadly matches that from HD5-EVAL
(figure 12(c)), albeit with lower magnitudes. The different historical ensemble members mainly yield
similar patterns with some exceptions (figures 12(e)–(j)). HD5-MPI does not fully capture the decreas-
ing low flow days in northern Europe (there are no decreases in the southern Baltic Sea catchments and
even increases for some eastern Baltic rivers), nor do HD5-MIROC (there are increases over Northern
Scandinavia and eastern Baltic rivers) or HD5-CMCC (there are mixed trends, mostly weak, in both
directions). In southern Europe, HD5-CNRM does not exhibit a discernable trend pattern whereas HD5-
MPI shows decreasing trends. HD5-ECE and HD5-MIROC also show decreasing trends in Turkey but
only partially capture the increases over the Iberian Peninsula HD5-ECE, for example, does not capture
these increases in the south-west).

16



Environ. Res.: Climate 5 (2026) 045011 S Hagemann et al

Figure 10. Trends in annual maximum discharge [%/decade] for (a) HD-ERA5, (b) HD-EOBS31, (c) HD-EVAL, (d) historical
ensemble mean (HIST mean), (e) HD5-ECE, (f) HD5-CNRM, (g) HD5-MPI, (h) HD5-MIROC, (i) HD5-CMCC, and (j) HD5-
NOR for 1960–2014.

4.2. Inconsistent discharge trends in ERA5 driven simulations
In section 4.1, significant discrepancies in the discharge trends of HD5-EVAL and HD5-ERA5 were
found, particularly over Central and North Eastern Europe. This occurred despite both simulations being
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Figure 11. Trends in annual minimum discharge [%/decade] for (a) HD-ERA5, (b) HD-EOBS31, (c) HD-EVAL, (d) historical
ensemble mean (HIST mean), (e) HD5-ECE, (f) HD5-CNRM, (g) HD5-MPI, (h) HD5-MIROC, (i) HD5-CMCC, and (j) HD5-
NOR for 1960–2014.

forced by data from the same ERA5 dataset. These differences are mainly due to the contrasting precip-
itation trends in these areas, which also differ between ICON-CLM EVAL and ERA5 (figure 13). While
ICON-CLM indicates consistent increasing trends, ERA5 shows mostly negligible or even decreasing
trends. This deficient behaviour of ERA5 is likely related to the fact that ERA5 precipitation is affected
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Figure 12. Trends in annual number of low flow days [day/decade] for (a) HD-ERA5, (b) HD-EOBS31, (c) HD-EVAL, (d) his-
torical ensemble mean (HIST mean), (e) HD5-ECE, (f) HD5-CNRM, (g) HD5-MPI, (h) HD5-MIROC, (i) HD5-CMCC, and (j)
HD5-NOR for 1960–2014.

by the amount and type of data available for data assimilation during different time periods. Such an
impact of the observing system on integrated water vapour and precipitation was also found in the
ERA40 reanalysis (Uppala et al 2006), a predecessor of ERA5 (Bengtsson et al 2004, Hagemann et al
2005).
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Figure 13. Trends in annual mean precipitation [%/decade] for (a) ERA5, and (b) HD5-EVAL for 1960–2014.

4.3. On the robustness of hindcast trends in the historical simulations
We found that some of the historical simulations do not capture several robust trend patterns of the
hindcasts. On the one hand, the increases in Qmean and Qmin in Northern Europe are only partially
present in HD5-MPI, HD5-MIROC and HD5-CMCC. These increases are directly related to warming
in the recent decades, which is associated with increased winter precipitation, lower snowfall ratios, and
earlier and lower snowmelt-related discharge peaks (Hagemann and Stacke 2023). Therefore, one would
expect these signals to be present in historical simulations. Consequently, we analysed in more detail why
these simulations do not fully capture this signal. We calculated annual and seasonal mean trends for
each ICON-CLM simulation and the respective reference data using monthly mean time series of several
variables (see section 2.6).

Both HD5-MIROC and HD5-CMCC show a largely confined pattern of increased winter precipi-
tation (figure S4), which is mostly limited to western Scandinavia and a few southern Baltic rivers in
the case of HD5-MIROC, or localized to central and southern Baltic rivers in the case of HD5-CMCC.
Unlike EOBS31 and the hindcast HD5-EVAL, they do not show increases in precipitation in the east-
ern Baltic (figure 14). As temperature rises in this region (figure 15) are accompanied by the expected
increase in ET (not shown), runoff decreases, leading to the deviating trends in the annual mean dis-
charge (figure 9).

For HD5-MPI, the mean warming trend in the 2 m temperature is lower than that observed and
simulated in the other simulations. In particular, observed winter warming is almost absent or much
lower than in the other simulations (figure S5). Annual mean precipitation (figure 14), and winter pre-
cipitation (figure S4) in particular show an opposite pattern in south-western Europe and the Baltic Sea
catchment. Additionally, winter ET decreases over western Scandinavia and the southern Baltic, contrary
to the expected effects of warming (figure S6).

The reason for the atypical behaviour of the HD5-MPI trend lies in the selection of the corre-
sponding GCM simulation used for the downscaling. This was taken from a 10-member initial con-
dition ensemble conducted with MPI-ESM-1-2-HR (see, e.g. Tebaldi et al 2021). Regarding the global
mean 2 m temperature, the selected member was one of the warmest during the 1960s and 1970s.
After this, it entered a cold phase at the end of the 1990s and the beginning of 21st century (figure S6).
Consequently, the warming gradient from 1960 to 2014 is lower than the ensemble mean. Therefore, the
unusual temporal evolution of HD5-MPI is not erroneous, but merely an expression of the natural vari-
ability represented by MPI-ESM-1-2-HR.

A peculiar characteristic of HD5-MPI during the winter is that it shows an increase in shortwave
downward radiation in the southern Baltic whereas the other experiments indicate a general decrease in
northern Europe. This increase coincides with reductions in precipitation and integrated water vapour.
These changes seem contradictory to the decrease in ET, which is energy-limited in this region (Teuling
et al 2009). However, these changes suggest a reduction in cloud cover, which leads to lower values of
longwave downward radiation. Since incoming shortwave radiation is low in winter, the reduction in
longwave downward radiation exceeds the increase in incoming shortwave radiation, resulting in less
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Figure 14. Trends in annual mean precipitation [%/decade] for (a) EOBS31, (b) HD5-EVAL, (c) HD5-ECE, (d) HD5-CNRM, (e)
HD5-MPI, (f) HD5-MIROC, (g) HD5-CMCC, and (h) HD5-NOR for 1960–2014.

energy being available to warm the surface and drive ET. Table 6 provides corresponding values for the
Glomma catchment to illustrate these effects.

On the other hand, the general drying in the mean, maximum and minimum discharges in Southern
Europe is either absent or only partially present in some historical simulations. HD5-MPI stands out
again here, as it shows widespread wetting in most of the respective catchments. The same is true for
HD5-MIROC in Turkey. This is directly related to increasing precipitation trends in these areas, which
are opposite to the trends shown in the EOBS31 data (figure 14). Note that the negative precipitation
trends over Turkey in HD5-EVAL are less pronounced than in the EOBS31 data, resulting in lower mag-
nitude negative discharge trends than in the two reference hindcasts (figure 9).
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Figure 15. Trends in annual mean 2m temperature [K/decade] for (a) EOBS31, (b) HD5-EVAL, (c) HD5-ECE, (d) HD5-CNRM,
(e) HD5-MPI, (f) HD5-MIROC, (g) HD5-CMCC, and (h) HD5-NOR for 1960–2014.

5. Summary and conclusions

This study examines the suitability of the ICON-CLM regional climate model for hydrological impact
studies by generating high-resolution river discharge data for Europe using the HD model. Because
ICON-CLM does not simulate lateral water flow, the HD model is used to route its surface and sub-
surface runoff fields and obtain consistent river discharge estimates. These estimates are based on a
hindcast simulation driven by ERA5 and six historical simulations driven by different CMIP6 global
models. Additional hydrological hindcasts based on ERA5 and E-OBS data serve as quasi-observational
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Table 6. Trends and mean values for the period 1960–2014 in the glomma catchment upstream of langnes, Norway. SW
and LW down refer to shortwave and longwave downward radiation. The rightmost column shows the absolute trend of
the sum of shortwave and longwave downward radiation.

ET SW down LW down LW+ SW

Trend Trend Mean Trend Mean abs. Trend

Data [%/dec] [%/dec] [W m−2] [%/dec] [W m−2] [W m−2/dec]

ERA5 5.2 −0.6 19.6 1.0 235.4 2.24

ICON-CLM EVAL 13.8 −1.0 19.0 0.9 231.7 1.90

ICON-CLMMPI −7.4 0.9 18.6 −0.1 229.6 −0.06

references. The study evaluates discharge biases, hydrological behaviour, and trend patterns for the
period 1960–2014 using observed data from European river gauges.

Across Europe, the ICON-CLM-based simulations show widespread dry discharge biases, primarily
caused by underestimated precipitation and an inadequately low surface runoff fraction simulated by
the TERRA land surface scheme. These biases are particularly pronounced in western Europe, on the
Iberian Peninsula, and in Turkey, while some eastern European rivers exhibit wet biases due to missing
human water withdrawals in the HD model. Using HydroPy instead of TERRA improves the partition-
ing between surface and subsurface runoff, increases correlations and KGE scores, and reduces biases in
many central and western European catchments. However, the performance worsens where strong river
regulation reduces natural variability, as in the case for many Scandinavian rivers, since regulation is not
taken into account by the HD model. Case studies for the Guadalquivir, Maritsa, Wye, and Rhine catch-
ments confirm that precipitation errors dominate discharge biases, and that ICON-CLM ET shows lim-
ited sensitivity to deficits in precipitation due to overly wet soil states.

Trend analyses of the hindcasts reveal robust climate change signals, such as an increase in mean and
minimum discharge in northern Europe and a decrease in discharge, particularly in terms of low flows,
in southern Europe. However, the historical simulations show inconsistent and often contradictory trend
patterns that are strongly influenced by their driving GCMs. While some models reproduce the reference
pattern (e.g. ICON-CLM ECE and CNRM), others (e.g. ICON-CLM MPI, and MIROC) show opposite
signals. This highlights the substantial spread caused by natural variability and GCM uncertainty in his-
torical simulations. The global MPI-ESM simulation reflects the uncertainty introduced by natural vari-
ability well, as its behaviour deviates substantially from that of the other members of the MPI-ESM ini-
tial condition ensemble. However, a more typical member of this MPI-ESM ensemble would have been
more appropriate for impact assessment studies. This would make it easier to communicate the results to
stakeholders and the general public. Using the selected ensemble member will make it more difficult to
assess the climate change signal in the continued scenario simulations. Furthermore, this will affect users
who use the corresponding ICON-CLM data or derived discharges as a driving force for their impact
model, for example for freshwater input in coupled simulations.

For the trend analysis, it is assumed that model biases remained stationary between 1960–2014.
However, this assumption may not be entirely accurate because climatic changes during this period
may have altered the characteristics of large-scale circulation and land-atmosphere interactions. As these
processes are often non-linear, associated model biases may also evolve over time (see, for example,
Seneviratne et al 2010, Shepherd 2014, Maraun 2016), which could affect the magnitude of simulated
trends. However, a detailed analysis of such behaviour is beyond the scope of this study.

In principle, to comprehensively address model uncertainty, an ensemble comprising only one RCM
using the forcing of different GCMs is insufficient. Ideally, different RCMs should also be used to per-
form historical and future scenario simulations. However, Déqué et al (2007) stated that the uncertainty
arising from the use of different GCMs is generally greater than uncertainty arising from different RCMs.
Christensen and Kjellström (2020) also documented that the selection of GCMs generally exerts a more
substantial influence on the climate change signal than the selection of RCM. Nevertheless, Evin et al
(2021) reported that, by the end of the 21st century, the uncertainty arising from RCMs could be com-
parable to that arising from GCMs for changes in total precipitation and mean temperature in winter
and summer. They found that both sources of uncertainty are mainly dominated by a small number of
individual models. It should be noted in this respect that the predecessor version of ICON-CLM used
in the German NUKLEUS project (Sieck et al 2026) did not exhibit any apparent outlier behaviour
(Cusinato et al 2026). To assess the uncertainty stemming from natural variability represented by the
GCM, it is desirable to downscale multiple realizations of the same GCM, as Paquin et al (2025) did for
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North America. This would also help to avoid confusion when communicating results relating to the
selection of an unusual ensemble member, as seen with HD5-MPI.

One might assume that the historical simulation with the smallest biases is the most reliable for
future projections. However, as Hagemann and Jacob (2007) have shown, this is not necessarily the case.
They considered an ensemble of ten RCMs driven by one GCM and found that the hydrological values
(precipitation, ET and runoff) were close to the corresponding observations for the RCM HadRM3P.
However, it showed outlier behaviour in its predicted changes, which deviated significantly from the
RCM multi-model ensemble mean. Therefore, in addition to having low biases when simulating today’s
climate, it is necessary for interactions and feedback to be accurately represented in a specific GCM-
downscaling chain simulation. For instance, limited sensitivity to precipitation deficits (see section 3.3)
could impact the adequate representation of land-atmosphere feedback for regions experiencing future
spatial shifts in transitional soil moisture regimes. This issue should be addressed in future studies on
scenario simulations conducted with the ICON-CLM ensemble that will be released in 2026.

Overall, we conclude that ICON-CLM provides suitable atmospheric forcing for hydrological impact
studies. This indicates a satisfactory simulation of precipitation patterns and their temporal development.
However, improvements are needed in terms of model tuning with regard to precipitation. In particular,
undercatch correction in the observational reference data must be taken into account. Furthermore, the
land surface scheme requires further development, particularly with respect to surface runoff generation.
To conduct robust climate change assessments, we recommend combining the results of multiple GCMs
and RCMs rather than relying on a single model’s downscaling chain. Additionally, downscaling multiple
realizations of the same GCM would help assess the uncertainty introduced by natural variability. For
Europe, such assessments could be coordinated within the Euro-CORDEX framework.
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copernicus.eu; last access: 7 November 2024). Monthly ET data from GLEAM v4.2a were obtained from
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Europe framework, the UDAG project and contributing members from the CLM community made the
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DKRZ is planned. HD model discharge data and related HydroPy data are accessible via the World Data
Centre for Climate at DKRZ. These data comprise:

• HD5-EVAL and HD5-Hpy-EVAL discharges, monthly ET and daily surface runoff and subsurface
runoff data from HydroPy (Hagemann and Geyer 2026).

• HD model discharges for the six historical simulations (Hagemann 2026b).

• HD5-ERA5 discharge and related HydroPy runoffs (Hagemann 2025).
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• HD5-EOBS31 discharge and related HydroPy runoffs (Hagemann 2026a).
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