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Abstract. A warmer climate affects the hydrological regimes of rivers. It is essential to quantify these changes in order to
evaluate vulnerabilities, future risks, and to develop effective adaptation strategies. To gain insights into the regional impacts
of the latest generation of the Coupled Model Intercomparison Project Phase 6 (CMIP6), the NUKLEUS CMIP6 ensemble
(five members, three GCMs coupled to two convection-permitting RCMs) was used for first hydrological simulations for
53 German subcatchments of the Rhine, Elbe, Danube, Weser and Ems rivers with a water balance model (LARSIM-ME).
Within this preliminary ensemble, results for a 2 °C and 3 °C global warming level (GWL) show generally decreasing mean
(MQ) and high flows (MHQ) in western Germany (Rhine, Weser, Ems), while in the eastern catchments (Elbe, upper Danube)
high flows are projected to increase, compared to the reference period 1961-1990. Further, decreases generally display for low
flow indicators (MNQ) — especially for GWL 3 °C — except for heavily snow-affected catchments.

Although the results resemble features of previously observed hydrological change in those catchments (no major flood events
in the Rhine River for 30 years with a MHQ decrease compared to the previous 30-years-period, very dry conditions in the
last decade on a national level, significant regime changes in the Alpine region), they should be treated with caution. The east-
west gradient, which manifests in the MQ and MHQ response to 2°C or 3°C warming, has not been present in discharge
projections of the prior CMIP5 generation. In addition, the ensemble used is comparatively small and includes two RCMs
(CCLM and ICON) that are quite similar with regard to the parameterization of the precipitation processes. Nevertheless, a
strong influence of the different GCMs was evident and the new phenomena of decreasing mean and high flows in western
Germany could be a new climate change signal originating from the GCMs. In future analysis, change signals should be

reassessed with a wider ensemble.
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1 Introduction

Future climate projections provide an important fundament for research on climate change, its related impacts, and strategies
for adaptation. The IPCC Assessment Reports rely on the Coupled Model Intercomparison Projects (CMIPSs), a collaborative
framework for climate modeling. CMIPs deliver current and future climate projections. These are derived from a diverse array
of Global Climate Models (GCMs) developed by leading climate research institutions worldwide (Carvalho et al., 2022).
Downstream activities and services at a continental and national level build upon these simulations. They thus allow for
regional adaptation strategies, impact assessments and adaptation planning.

CMIP6 introduces a new generation of climate projection data that enhances our capacity to evaluate future climate scenarios.
Improvements with regards to earlier generations, featuring improved resolution (Haarsma et al., 2016), a broader array of
models, and more sophisticated simulations of climate processes (Carbon Brief, 2020; Try et al., 2022). Building on the basis
laid by previous phases, particularly CMIP5, CMIP6 integrates advancements in climate science, computational power, and
observational data (Chen et al., 2020; Eyring et al., 2016; “The CMIP6 landscape,” 2019). Each scenario of human emission
in CMIP6 is constructed by combining a Representative Concentration Pathway (RCP) with a Shared Socioeconomic Pathway
(SSP), as detailed in Meinshausen et al. (2020). Scenarios are named based on the SSP value followed by the RCP value. The
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four chosen standard scenarios are titled as: SSP126—sustainability: taking the green road; SSP245—middle of the road,;
SSP370—regional rivalry: a rocky road; and SSP5.8.5—fossil-fuelled development: taking the highway (Grose et al., 2020).
Regional climate models (RCMs) are used to refine the data from coarse-resolution GCMs into finer resolutions that better
align with the scales used in regional impact assessments. NUKLEUS (German acronym for Useable Local Climate
Information for Germany) provided an ensemble of regionally downscaled projections based on three representative GCMs,
sourced from the CMIP6 generation (Laux et al., 2025). The ensemble is of temporally and spatially high-resolution and
convection-permitting climate projections that provide information on climate developments at the regional and local scale
(Cusinato et al., 2025). The simulations cover time slices of 30 years, including a historical period from 1961 to 1990, as well
as two scenario periods representing Global Warming Levels (GWL) of +2 °C and +3 °C relative to pre-industrial conditions.
These data are the first dynamically downscaled model results that have become available. A larger ensemble covering more
GCMs and RCMs (EURO-CORDEX) is expected in spring 2026.

Several CMIP6 models show an Equilibrium Climate Sensitivity of 4.7 °C or more, which is significantly higher than the
maximum value of the CMIP5 range of 2.1-4.7 °C (Carbon Brief, 2020). For Europe the CMIP6 ensemble on the IPCC WGI
Interactive Atlas (Gutiérrez et al., 2021, available at: https://interactive-atlas.ipcc.ch/regional-information) shows increasing
temperatures of approx. +3 °C for the mid-century and approx. +6 °C for the end of this century. Kreienkamp et al. (2020)
analyzed statistical-empirical downscaled CMIP6 GCMs for Germany and compared the results to the CMIP5 generation. For
SSP5-8.5, some GCMs showed temperature differences of up to +3 °C at the end-century relative to the CMIP5 scenario
RCP8.5. Changes in precipitation were less distinct.

Up to now, there are only a few studies on hydrological impacts using CMIP6 projections, e.g. for Europe (Deman and Boé,
2025) and on a global scale (Wang et al., 2022; Wu et al., 2024). These studies used the GCM output without coupling to
RCMs. Deman and Boé (2025) analyzed a large ensemble of CMIP6 GCMs to characterize changes in runoff for western and
central Europe under SSP5-8.5 and found generally decreasing annual discharges. The same result was obtained by Wu et al.
(2024) and Wang et al. (2022) for this region.

A study by Beier et al. (under review) investigating temperature and precipitation changes within the NUKLEUS CMIP6

ensemble is currently under review.

In this context, our study presents a hydrological impact modeling framework for the river catchments in Germany (Rhine,
Elbe, Danube, Weser, Ems), utilizing the CMIP6 regionalization data from the NUKLEUS project. The aim is to get a more
nuanced understanding of hydrological responses to climate change projections with convection-permitting models at a
regional scale. By leveraging the enhanced capabilities of CMIP6, we aim to provide critical insights into the potential impacts
of climate variability and change on Germany's water resources.
This leads us to the following research questions:

= |sthere a significant difference in projected changes of mean flow, low flows and high flows between the two global

warming levels 2 °C, 3 °C and the reference period?



75

80

85

90

95

100

https://doi.org/10.5194/egusphere-2026-1630
Preprint. Discussion started: 2 April 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

= What are the differences in projected changes of mean flows between the different model combinations of the
NUKLEUS CMIP6 projections?

2 Data and Methods
2.1 Climate projection data

NUKLEUS uses three GCMs and three RCMs (nine GCM-RCM combinations). However, only the combinations listed in
Fig. 1 were used for this study, as only for these five model combinations the variables precipitation, air temperature, global
radiation and relative humidity were available in daily resolution at the time of download. In the NUKLEUS project the data
were downscaled first to the EURO-CORDEX domain with a resolution of 12.5 km, and subsequently to an approx. 3 km
resolution over Germany (and surroundings) in a convection-permitting mode (Sieck et al., 2021). The first GCM realization
(rlilplfl) was applied for all experiments. The simulations with a resolution of 3 km and 1 hour (aggregated to daily values)
cover time slices of 30 years, including a historical period from 1961 to 1990, as well as two scenario periods representing
Global Warming Levels (GWL) of +2 °C and +3 °C relative to pre-industrial conditions. Since the period from 1961 to 1990
is used as a reference instead of a preindustrial time slice, it is important to note that this historical reference period corresponds
to a GWL of +0.42 °C when compared to preindustrial times.

The GWL approach minimizes the spread of model outputs by shifting parts of the uncertainty resulting from different
SSP/RCP-scenarios and climate model sensitivities while neglecting the timing of when the corresponding GWL is achieved.
This approach is more compatible with current policy goals, which are also defined in terms of GWL (e.g. +1.5 °C, +2 °C).
The GWL +2 °C and +3 °C (determined according to Teichmann et al. (2018)) are considered reasonable as they correspond
to the critical temperature thresholds established by the Paris Agreement and current climate projections. They were also used
by Rottler et al. (2021) in the Rhine catchment for analyses of flood projections. GWL +2 °C suggests a moderate level of
warming suitable for near-term adaptation, whereas GWL +3 °C represents a more significant warming with long-term impacts
(Laux et al., 2025). For reference, the most extreme scenario RCP8.5 in CMIP5 projected temperature increases of between 3
and 6 °C for the end of this century (Carbon Brief, 2020).

Five NUKLEUS GCM-RCM model combinations (see Fig.1) are used, based on two RCMs: ICON-CLM 2.6 (Van Pham et
al., 2021; zangl et al., 2015) and CCLM (COSMO-CLM 6.0, Sgrland et al. (2021)). The coupling to the third RCM REMO
was not used because the simulations were still ongoing and, therefore, data were not available at the time of download. The

resulting ensemble encompasses runs with different SSP scenarios as shown in Figure 1.
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Figure 1: The applied NUKLEUS CMIP6 ensemble. The period to achieve Global Warming Levels (GWL) of +2 .C and +3 °C
respectively, is shown for each applied GCM-RCM and Shared Socioeconomic Pathway (SSP) scenario. GWL 2°C and 3°C partially
overlap.

The two additional variables wind speed and air pressure, required for simulations with the water balance model LARSIM-
ME, were used as a climatology (multiannual daily mean 1995-2015) of data from the high-resolution reanalysis
system COSMO-REAGB, since there are no suitable observation data in the reference period 1961-1990 (required for bias
correction) for these variables and they are relatively insensitive for water balance modelling.

Using the Climate Data Operators (Schulzweida, 2023), the downloaded NUKLEUS climate projections were remapped on

the 5 x 5 km HYRAS grid in Lambert-Conformial Conic projection via bilinear interpolation.

2.2 Bias correction

Due to climate model limitations, the dynamical downscaling approach does not produce an accurate representation of
atmospheric variables. For hydrological impact modeling studies, a bias-correction step is advised to correct the projection
data for spatio-temporal biases in the outputs of climate models before their application in hydrological modeling (Kunstmann
et al., 2023). Since the bias correction done within the NUKLEUS project was not yet completed, we applied the following
bias correction methods:

Climate projection data from the historical reference period (1961-1990) were compared to observed data (HYRAS_v5 or
HYRAS_v3 for global radiation) for the corresponding period, and a correction method was estimated. With the R-package
hydspatint (Klein, 2025) the Linear scaling method (additive bias correction) was applied for the air temperature (Raneesh and
Thampi, 2013), and the Quantile-quantile mapping method, defined in the R-package gmap (Gudmundsson, 2016), was used
for the parameters precipitation, global radiation and relative humidity (Boé et al., 2007; Nilson et al., 2010). In the Quantile-
quantile mapping approach, values of the empirical cumulative distribution function of observed and modelled time series are
derived for regularly spaced quantiles (here: 10). The bias correction parameters were estimated for each location and month

of the year separately. They were then used to correct the projection data for the future periods.
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The differences between corrected and uncorrected mean precipitation for the reference period show that, on average, the
precipitation tends to be corrected downwards, especially in the Alps. However, a west-east gradient is also evident, which is
particularly apparent in the model combinations coupled with the ICON model. Precipitation is revised upwards in the western
part and downwards in the eastern part (Appendix Al). The mean temperature bias (Appendix A2) shows that air temperature
is being corrected downwards, especially in the Alps for all model combination. There is hardly any difference between the
coupled RCMs.

2.3 Hydrological modelling
2.3.1 About LARSIM-ME 2019

The Large area runoff simulation model (LARSIM, Bremicker (2000), LARSIM-Entwicklergemeinschaft (2024)) enables
process- and area-detailed simulation and prediction of the land-based water balance. It was set up in a special configuration
and parameterization for the large river basins of Central Europe relevant for Germany (model instance LARSIM-ME
encompasses catchments of the rivers Rhine, Elbe, Weser, Ems and upper Danube) and further developed for climate impact
analyses (Nilson et al., 2020). Hydrological processes are calculated on the basis of observed or projected future meteorological
variables (precipitation, air temperature, global radiation, relative humidity, wind speed and air pressure, in daily time steps)
using conceptual, physically based approximations. Water balance variables (runoff, evapotranspiration, interception, snow,
groundwater recharge, etc.) are simulated on a daily time step and on a regular grid of 5 km x 5 km. Some calculation steps
are carried out subscale, based on so-called land-use soil compartments or for different elevation zones within a grid cell. The
interconnection of the sub-catchments, i.e., the flow direction within the model, was derived from the digital terrain model of
the HydroSheds dataset v1 (Lehner et al., 2008).

2.3.2 Calibration and validation of LARSIM-ME 2019

The catchments of the stations implemented in the model determine the spatial validity range of the calibration parameters.
The model was developed across all six river basins with uniform, regionalized parameter values. These regionalized
parameters were calibrated in station control areas with the least possible anthropogenic influence and transferred to station
control areas with similar hydrogeological properties (clusters). Selected model parameters of these regionalized model
variants were subsequently fine-tuned. However, care was taken to ensure that the calibration parameters were not distorted
by anthropogenic modifications to the discharge (such as dams or open-pit mines) (Wolf-Schumann et al., 2013). The
calibrated catchments can be seen in Fig. 2. Calibration was performed using observation data for the period 1979-2005. The
validation was carried out for the period 1951-2023 (KGE in Fig. 2) and for the same period to assess the accuracy of annual
MQ, HQ and NQ (in Fig. 3).

On long stretches of the Rhine and upper Danube, good model quality measured by the Kling-Gupta efficiency (Gupta et al.,
2009) is achieved (see Figure 2). At the stations of the Rhine, Elbe, Weser, Ems and upper Danube it can be described as very
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good (frequently above 0.9, not less than 0.8). In some catchments, particularly in the areas severely impacted by anthropogenic
activities in the northeastern Elbe catchment, the model accuracy falls below 0.6. This can also be observed in a few catchments
of the upper Danube and the Rhine, which are strongly influenced by anthropogenic activities or have a relevant glacier share
(Nilson et al., 2020).

Figure 3 provides an overview of the sensitivity of LARSIM-ME in the individual drainage areas, using the gauging station
Kaub/Rhine as an example. Figures for four further indicator stations can be viewed in Appendix B. This shows that the model
produces good agreement with the observed discharges in the mean range, while there is a slight positive bias in the high flow

range.
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Figure 2: Model performance of LARSIM-ME 2019 model calculated using the Kling-Gupta efficiency (KGE) for the period 1951—
2023 (provided observed discharge data is available) and location of 53 stations (yellow points). Grey: no observed discharge data
available.
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Figure 3: Simulated discharge (Q, sim) versus observed discharge (Q, obs) for the station Kaub/Rhine in the period 1951-2023 (a),
HQ (b), MQ (c) and NQ (d).

2.3.3 Model configuration

The hydrological impact modelling was carried out with LARSIM-ME 2019 for the five river basins Rhine, upper Danube,
Elbe, Weser and Ems. Detailed information on model configuration can be found in Wolf-Schumann et al. (2013) and Nilson
et al. (2020).

Since CMIP6 data were only available in three 30-year-periods, each period was simulated separately. The storage capacity
of a given year was used as the initial state. In order to allow the model to “warm up” and to eliminate possible artifacts of an

inappropriate initial state, the first year of the simulations was not used for the following calculations of flow indicators.

2.4 Calculations of flow indicators

The flow indicators MQ, MHQ and MNQ (defined in more detail in Table 1) were calculated for each 29-year-period

(hydrological years) or 28-year-period (water balance years) as the first year of each 30-year time period had to be discarded.

Table 1: Flow indicators calculated for all model combinations, scenarios and GWL.

Indicator Meaning Type of year

MQ Mean discharge Hydrological year
MHQ Mean flood discharge (multiannual mean of the highest annual discharge) Hydrological year
MNQ Mean low-flow discharge (multiannual mean of the lowest annual discharge) ~ Water balance year
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185 The reduced period length of only 28 years simulation periods has no major effect on the MNQ result, even for the
comparatively low MNQ values of station Dalum/Ems (approx. 0.9 % deviation, see Table C1 in Appendix C).

2.6 Study areas

To illustrate the hydrological impacts of the CMIP6 data used in this study, changes were calculated for individual catchments.
The analyses were conducted for 53 gauging stations spread across Germany, five of which serve as "indicator stations"

190 (Kaub/Rhine, Intschede/Weser, Dalum/Ems, Barby/Elbe and Hofkirchen/Danube) for each river basin (see Figure 4 and D1
in Appendix D).

A @ 5 Indicator Stations
® 53 Stations

—— Major rivers
— Rivers
[ Catchments
River basin districts (German part)
[ Upper Danube

Ems

Elbe

Rhine

100 200 km

Figure 4: Evaluated catchment areas of 53 station (red) and five indicator stations (orange) in the five German river basin districts
of Upper Danube, Rhine, Ems, Weser and Elbe.
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195 3 Results
3.1 Validation of reference periods

In terms of validation of the CMIP6 reference periods the mean annual cycles of the observed discharge (Q obs) and the
simulated discharge for the reference periods (1962-1990) of the bias-corrected CMIP6 NUKLEUS ensemble are shown in
Figure 5 for the five indicator stations.

Intschede/Weser = Barby/Elbe
&
& =
3 4
— B —_ O
2 2 8-
E 8- E ~
g *° o g
£ 84 z 8
5 ¥ 5
E o E S
§ 87 §
@ S o
= §_ = 8
T T T T T T T T T T T T T T T T T T T T T T T T
Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct
Dalum/Ems
o
o~
o
w 2
T == Qobs.
o 8- = = Ref. MIROC-CCLM
£ = = Ref. MIROC-ICON
é 8 = = Ref EC-EARTH-CCLM
£ 5 = = Ref. EC-EARTH-ICON
2 = Ref. MPI-ICON
o |
o~
T T T T T T T T T T T T
Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct
Kaub/Rhine Hofkirchen/Danube
o
o
o o
— o S W
3 w 3
s = 4
E E
o g o 84
£ R £
c c A
g g o
o -
§ S g @
o - o
- = .
1= o
o | -
1:—, T T T T T T T T T T T T 9’ T T T T T T T T T T T T
200 Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct

Figure 5: Mean annual cycles of observed discharge (Q obs) and reference periods (Ref., 1962-1990) of the five CMIP6 NUKLEUS
models for the five indicator stations.

It can be stated that the simulated discharge of the reference periods closely reflect the long-term monthly average of the
observed discharge at these stations. The ensemble is approximately in line with observed discharges for most months; only
205 in winter months it is underestimated at the stations Dalum/Ems, Barby/Elbe and Hofkirchen/Danube. For February, there is

an overestimation for Intschede/Weser.

10
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3.2 Change signal of GWL 2 °C and 3°C for MQ, MHQ and MNQ

To investigate the development from a global warming of +2 °C to a warming of +3 °C Figure 6 shows the MQ, MHQ and
MNQ changes for the NUKLEUS CMIP6 ensemble median compared to the reference period for 53 stations in Germany.
The NUKLEUS CMIP6 ensemble medians of MQ (top) for GWL 2 °C and GWL 3 °C show relatively similar changes: MQ
decreases in the Rhine catchment (approx. -5 %, more decrease with more pluvial influences) and stronger decreases in the
Weser and Ems catchments (approx. -10 %). In the eastern river basins of Elbe and upper Danube the changes are more
heterogenous: no change or a slight increase for GWL 2 °C in both river basins, while for GWL 3 °C there is a slight decrease
in the Danube catchment. The change of MQS and MQW (MQ in hydrological summer and winter half-year) can be seen in
Fig. E1 in Appendix E. This shows that the decreases in MQ are particularly drastic in summer (up to -20% in the western part
of Germany).

For the high flow indicator MHQ the changes are very uniform for western river basins and eastern river basins: Slight
decreases of the high flows in the Rhine catchment (again more pronounced with more pluvial regimes of the tributaries,
approx. -10 %) for the 2 °C and less prominent decreases in GWL 3 °C (approx. -5 %), and similar results for the Weser and
Ems catchments. The river basins of Danube and Elbe, on the other hand, show rather slight increases of MHQ for both GWL
(Danube: approx. +5 to +15 %, Elbe: approx. 0 to +8 %)).

The low flow changes, expressed by the indicator MNQ, predominantly show decreases in the NUKLEUS CMIP6 ensemble:
in GWL 3°C for all catchments (approx. -6 to -30 %) except for those strongly influenced by snow at the Inn (+ 13 to +20 %)
and Alpine Rhine. The decrease is stronger in the western catchments. For GWL 2 °C the decrease is not visible for all
catchments, especially the changes in the Elbe and Danube catchments are more heterogenous with no changes or slight

increases.

11
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Figure 6: Flow indicators MQ (top), MHQ (center) and MNQ (bottom) for 53 catchments in the river basins of Rhine, Elbe, Danube,
230 Weser and Ems for GWL 2 °C and 3 °C. The colors represent the changes compared to the reference period for the NUKLEUS
CMIP6 ensemble median.
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3.3 Comparison of different NUKLEUS model combinations

Figure 7 shows the MQ values for the five simulated CMIP6 model combinations MIROC-CCLM, MIROC-ICON, MPI-
ICON, EC-EARTH-CCLM, EC-EARTH-ICON for five indicator stations in Germany (one in each river basin).

The colored symbols on the left represent the results of the individual model combinations and the lines on the right illustrate
the entire range of all model combinations for GWL 2 °C and 3 °C, respectively.

Firstly, it is noticeable that the gauging stations in the western river basins Rhine, Ems and Weser show mostly decreasing
MQ change signals (median of the ensemble), while the eastern stations in the Elbe and Danube basins do not show a clear
direction of change. These differences between the eastern and western catchments were already noted in Sect. 3.2.
Nevertheless, the MQ values of the three western stations are very similar to each other, which also applies to the two eastern
stations. The projected changes of MQ values of the western stations range from approximately -15 to 0 % (Intschede/Weser
and Dalum/Ems) and from -10 to +5 % (Kaub/Rhine), with very little difference between GWL 2 °C and 3 °C. For the eastern
stations, the projected change of MQ values spread from -10 to +15 % change, i.e. in a larger range. The sequence of projected
MQ changes from GWL 2 °C to 3 °C of each model combination is similar for all stations and highly dependent on the driving
GCM: projections driven by the MIROC model show higher MQ change for GWL 3 °C than for GWL 2 °C, whereas in the
EC-EARTH driven projections the MQ change of GWL 2 °C tends to be higher. The MPI model shows no significant
difference between GWL 2°C and 3°C and generally has the strongest MQ decreases.

MQS and MQW (MQ for hydrological summer and winter half-year) show similar change signals between the different
ensemble members and stations (Fig. F1 and F2 in Appendix F). However, for all five stations, the projected change in MQS
is slightly more negative than that for MQW on average. MHQ changes and MNQ changes for the individual model

combinations can be found in Fig. F3 and F4 in Appendix F. Here, too, differences between the three GCMs become apparent.

13
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Figure 7: Multi-annual change signals for MQ values for five model combinations and GWL 2 °C and 3 °C of the NUKLEUS CMIP6
ensemble for five indicator stations in German river basin districts relative to 1961-1990.

4 Discussion

Hydrological impact modeling with the new CMIP6 generation resulted in generally decreasing mean and high flows in
western Germany (Rhine, Weser Ems), while in the east part (Elbe, upper Danube) high flows are predicted to increase. Further
decreases were predicted for the low flow indicators.

The changes in the present CMIP6 discharge projections agree relatively well with some changes observed in recent decades:
Floods in the Rhine catchment have been more moderate in the last 30 years, with a MHQ decrease compared to the previous
30-years period. For the nival discharge regimes of some stations in the Rhine (Basel Rheinhalle) and Danube basins (stations
on the Inn), significantly different change signals (increases of MNQ, MQ and MHQ) are evident than for the more pluvial
characterized catchments. In recent decades, we have seen significantly less frequent and shorter low flow events in these
catchments (CIPR, 2019).
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Regarding the west-east gradient in the rather decreasing (mean) discharges in western Germany and rather constant or
increasing (mean) discharges in the east, a corresponding gradient in precipitation (or opposing gradient in evapotranspiration
rates) can also be assumed. So far, there are few publications that focus solely on the analysis of the climate variables in the
NUKLEUS CMIP6 ensemble, as the ensemble was only recently completed. But Beier et al. (under review) investigated air
temperature and precipitation changes for GWL 2 °C and GWL 3 °C with respect to 1961-1990. They showed that the ensemble
median for mean summer (JJA) precipitation decreases in western Germany and increases in eastern Germany for GWL 2 °C.
For GWL 3 °C it generally decreases but more significantly in the west. The mean winter (DJF) precipitation shows little
change (GWL 2 °C) or slight increases, especially in the south and east of Germany (GWL 3°C). For precipitation intensity,
the ensemble median increases for Germany by 7 % (GWL 2 °C) and 10 %. (GWL 3 °C), with less increases in the western
part and more in the eastern part. Four model combinations from the NUKLEUS CMIP6 ensemble (EC-EARTH-CCLM, EC-
EARTH-ICON, MIROC-CCLM und MPI-ICON, all with SSP3-7.0) that are also included in our analysis were used and
analyzed in the study of Laux et al. (2025). In terms of change in the occurrence of precipitation events, they found a west-
east gradient towards more events in the eastern part of Germany and fewer events in the western part. The precipitation in the
NUKLEUS CMIP6 ensemble therefore also contains a certain west-east gradient that corresponds to the resulting discharges.
In contrast, the temperature increases display no gradients, but are responsible for an increase of the evapotranspiration rates
which result in greater decreases of the discharges.

These findings of a gradient contradict the slightly increasing average annual precipitation of 8 % across Germany in the past
(from 1881 to 2020 with respect to the average of the period 1961-1990). Although there were decreases in summer (4 %),
there were increases of approx. 27% in winter, more in the western part of Germany than in the eastern part (Kaspar and
Méachel, 2023). However, precipitation trends for Germany are generally relatively uncertain in climate projections, as
Germany is in a transition zone between increasing and decreasing precipitation trends in Central Europe, at least for
projections of the summer (Anders et al., 2014). The extent to which the novel coupling of GCM to convection-permitting
RCM could be responsible for the emergence of a west-east gradient should be further investigated. In principle, precipitation
and rainstorm events can be adequately reproduced in the convection-permitting RCMs (Hundhausen et al., 2025).
Especially in the model combinations coupled with ICON, there appears to be a west-east gradient in precipitation, since the
bias correction in these model combinations tended to correct the western part upwards and the eastern part downwards. The
bias correction method used for precipitation (Quantile-quantile Mapping), as a relative complex procedure (with estimation
of 10 quantiles), is well suited for correcting precipitation, as both mean values and extremes are taken into account. However,
bias correction assumes a stationarity of bias that can be hardly justified. Furthermore, Padulano et al. (2025) demonstrated
that a bias at different moments in the distribution influences the preservation of the climate signal. Additionally, this
preservation is affected by the signal's magnitude and the alignment between the bias direction and the signal (under- or

overestimation, increase or decrease)
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In contrast to the change-gradient in mean discharges in our study, the prior CMIP generation (CMIP5) projected hardly any
changes in mean annual discharges. Increases in high flows were generally expected for all of Germany. However, the changes
were calculated compared to other reference periods. For example, the ICPR report (2024) anticipated increases in the MHQ
for the Rhine below Maxau (reference period: 1981-2010). Based on CMIP5 simulations, the BMVI network of experts (2020)
also project more intense high and low flow situations for the end of the century in Germany (reference period 1971-2000).
A substantial difference between CMIP6 and CMIP5 is, that in many cases (Kreienkamp et al., 2020; Palmer et al., 2021)
central Europe is found to show a significant increase in temperature projections for CMIP6. Lower discharges could therefore
be explained by increased evapotranspiration rates. Comparisons of the CMIP6 evaluations in the present study regarding
CMIP5-based hydrological changes can only be made very roughly, since different time periods, reference periods and GWLs
are compared using the specified GWLs in the CMIP6 projections.

A potential explanation for the stronger changes in discharge patterns as part of the present analysis, may be the relatively
small model ensemble used within the present study (three GCM combined with two RCM) and the use of the two RCMs
ICON and CCLM which are quite similar with regard to the parameterizations of the precipitation processes. Due to the limited
bandwidth of the ensemble, the uncertainty can only be estimated with insufficient accuracy. Further uncertainties arising from
the choice of the hydrological model cannot be determined, as simulations were performed using only one hydrological model
(LARSIM-ME). An important difference to the CMIP5-based studies lies in the use of convection-permitting RCMs, whereas
the RCMs in the CMIP5 ensemble were not yet convection-permitting.

The analysis of Deman and Boé (2025) about the hydrological behavior of a CMIP6 GCM ensemble (36 models, SSP5-8.5)
over western and central Europe showed a general decrease in annual discharges for half of the model clusters. The other half
exhibited no significant change or a slight increase in annual discharges. They also found that the changes in precipitation and
evapotranspiration that influence these factors can differ significantly, even in terms of sign. However, the three GCMs used
in the present study belong to three clusters of the study (Deman and Boé, 2025) that generally predict decreasing annual
discharges with different signs of precipitation (MIROC: no change, MPI: decrease, EC-EARTH: increase) and
evapotranspiration (MIROC: increase, MPI: no change, EC-EARTH: increase). Wu et al. (2024) also calculated mean annual
discharge decreases for Europe in the long term (2080-2099) using a CMIP6 ensemble with SSP5-8.5. Resulting
evapotranspiration sums rather increase in the annual mean (because of large increases during winter). Changes in precipitation
are uncertain on an annual average and differ between northeast (rather increasing) and southwest (rather decreasing) of
Europe.

A clear influence of the GCM is evident, as bigger differences are found between the MQ, MHQ and MNQ changes of the
three GCMs than between the two RCMs used. The fact that the choice of the driving GCM influences the simulations more
than that of the RCM is a relatively well-known effect (Dobler et al., 2023) and was also found in the NUKLEUS data itself
(Beier et al., under review). This fact would suggest that the resulting changes in decreasing discharges in western Germany

could be a new climate signal originating from the CMIP6 GCMs. However, these results come from a relatively small
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ensemble and are therefore subject to high uncertainties. Further investigations with the larger CMIP6-EURO-CORDEX

ensemble are essential.

5 Conclusions

Hydrological impact modeling with the new CMIP generation (CMIP6) using regional downscaled and convection-permitting
projection data from the NUKLEUS CMIP6 ensemble showed interesting developments in projected change signals of mean
and high flows for a 2 °C and 3 °C warming in Germany.

New developments compared to the CMIP5 generation are primarily characterized by generally decreasing mean and high
flows in western Germany, while in the eastern part high flows are still predicted to increase (as with CMIP5). Further
decreases were predicted for the low flow indicators — especially for GWL 3 °C — except in the Inn catchment, which is heavily
affected by snow.

The ensemble used, consisting of 3 GCMs and 2 RCMs, is comparatively small and includes two RCMs (CCLM and ICON)
that are quite similar with regard to the parameterization of the precipitation processes. These early results from regional
CMIP6 simulations in Germany should therefore be treated with caution. More insight into the uncertainties of these results
will only be possible through simulations with a wide range of different models.

However, a strong influence of the different GCMs was evident: Their change signals were only slightly modulated by the two
different RCMs. Therefore, the question remains whether the new phenomena of decreasing mean and high flows in western
Germany could also be a new climate change signal originating from the GCMs. Further simulations with the CMIP6 EURO-
CORDEX ensemble, expected in spring 2026, will clarify this.
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Figure Al: Mean bias of annual precipitation sums in the reference period (1961-1990) for the 5 model combinations.
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Figure B1: Simulated discharge (Q, sim) versus observed discharge (Q, obs) for station Hofkirchen/Danube in the period 1951-2023
(a). HQ (b), MQ (c) and NQ (d).
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Figure B2: Simulated discharge (Q, sim) versus observed discharge (Q, obs) for station Barby/Elbe in the period 1951-2023 (a). HQ
(b), MQ (c) and NQ (d).
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Figure B3: Simulated discharge (Q, sim) versus observed discharge (Q, obs) for station Intschede/Weser in the period 1951-2023
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Figure B4: Simulated discharge (Q, sim) versus observed discharge (Q, obs) for station Dalum/Ems in the period 1965-2023 (a). HQ

(b), MQ (c) and NQ (d).
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Table C1: Indicator MNQ of observed discharges for different period lengths at the stations Kaub/Rhine and Dalum/Ems.

Station Kaub/Rhine

Station Dalum/Ems

MNQ 30 years period 1961 — 1990
MNQ 29 years period 1962 — 1990
MNQ 28 years period 1962 — 1989

797.8 m3/s
796.8 m3/s (0.1 % deviation)
797.3 m3/s (0.06 % deviation)

9.3 md/s
9.3 m3/s (0 % deviation)
9.4 m3/s (0.9 % deviation)

Appendix D

Table D1: Evaluated stations and associated catchment areas.

River Basin Catchm. Area

Station River  o.cirict [km?]

Achleiten Danube Danube 76653
Dillingen Danube Danube 11379
Donauwdérth Danube Danube 15131
Hofkirchen Danube Danube 47518
Ingolstadt Danube Danube 20252
Kelheim Danube Danube 23031
Kelheimwinzer Danube Danube 26361
Oberndorf Danube Danube 26521
Pfelling Danube Danube 37775
Schwabelweis Danube Danube 35476
Passau Ingling Inn Danube 26040
;%ngfgf;muag' Inn Danube 10154
Wasserburg Inn Danube 11960
Barby Elbe Elbe 94060
Dresden Elbe Elbe 53096
Magdeburg Elbe Elbe 94942
Neu Darchau Elbe Elbe 131950
Tangerminde Elbe Elbe 97780
Torgau Briicke Elbe Elbe 55211
Usti Elbe Elbe 48561
Wittenberg Elbe Elbe 61879
Wittenberge Elbe Elbe 123532
Calbe Grizehne Saale Elbe 23719
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in the river basins of Rhine, Elbe, Danube, Weser and Ems. The colors represent the changes compared to the reference period for
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Figure F1: Change signal of MQS values (MQ for hydrological summer) for five model combinations in GWL 2 °C and 3 °C of the
NUKLEUS CMIP6 ensemble for five indicator stations in German river basin districts.
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Figure F3: Multi-annual change signals for MHQ values of five model combinations and GWL 2 °C and 3 °C of the NUKLEUS

CMIP6 ensemble for five indicator stations in German river basin districts relative to 1961-1990.
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