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Abstract. This study presents the evaluation of NUKLEUS, the first kilometre-scale, multi-model convection-permitting re-
gional climate ensemble (CPM) for Germany. Three state-of-the-art regional climate models (ICON-CLM, COSMO-CLM,
and REMO) were run at ~3 km horizontal resolution using a two-step downscaling chain driven by ERAS reanalysis. The en-
semble provides high-resolution climate information for Central Europe. In particular, we evaluate the CPM simulation results
for Germany with a focus on six representative pilot regions selected within the German RegIKlim programme. Temperature,
precipitation, global radiation, and near-surface wind, including their spatial patterns, annual and diurnal cycles, distributional
characteristics, are compared to observational datasets. Moreover, selected climate indices relevant for heat and precipitation
extremes are analysed. Overall, the ensemble demonstrates substantial added value compared to coarser-scale regional climate
modelling, particularly in capturing regional climatic features and fine-scale variability. Temperature is reproduced with small
biases (mostly within & 0.5 K), with ICON-CLM performing best, while COSMO-CLM shows a weak cold bias and REMO a
warm bias in parts of southern Germany. The CPM models realistically capture daily temperature distributions, though REMO
underestimates minimum-temperature extremes. The annual cycle of precipitation is generally well represented, but all CPM
models tend to overestimate totals in several regions, e.g., REMO exhibits a distinct spatial bias pattern with stronger deviations
along topographic gradients. Extreme precipitation frequencies are generally overestimated, while regional contrasts such as
stronger extremes in mountainous regions are preserved. Diurnal cycles show deficiencies specific to the models, including
timing errors of afternoon precipitation peaks and misrepresentation of nocturnal precipitation revivals. For global radiation,
ICON-CLM achieves the smallest biases, benefiting from its modern radiation scheme (ecRad), whereas COSMO-CLM and
REMO show region specific over- and underestimations linked to cloud representation. 10 m wind speed diurnal cycles are
best simulated by ICON-CLM, which captures the nocturnal wind minimum, while COSMO-CLM and REMO generally
overestimate nighttime wind. Climate indices reveal underestimation of heat-related metrics (summer days and hot days) and

systematic overestimation of heavy precipitation indices, although spatial patterns and regional differences are reproduced.
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In summary, we conclude that NUKLEUS provides valuable climate information for Germany, supporting climate-impact

assessments and adaptation planning at municipal to regional scales.

1 Introduction

The latest IPCC Assessment Report has provided further evidence that human-induced climate change is already in full swing,
affecting precipitation, hot and cold extremes on most continents (Eyring et al., 2021). In addition to mitigating further warm-
ing, adapting to the ongoing changes will be one of the major challenges of the coming decades (Measham et al., 2011;
Fiinfgeld et al., 2023). In Germany, events such as the extreme drought of 2018 (Rousi et al., 2023) and the catastrophic Ahr
Valley flood (Ludwig et al., 2023; Mohr et al., 2023) have intensified the urgency for action, particularly in the context of urban
planning (Fiinfgeld et al., 2026). Consequently, it is no longer sufficient to merely describe climate change and its impacts in a
scientifically sound manner; the development and implementation of effective adaptation solutions have become essential. At
the EU level, this is taken into account by the newly created EU Mission: Adaptation to Climate Change (Commission et al.,
2021). In addition to research on climate risks, this mission aims to develop solutions for cities and municipalities in order to
adapt to climate change.

As adaptation is mostly happening at regional to local scales, the demand for very high resolution climate information
in order to support decision making is growing. To date, the data provided by global climate model (GCM) simulations is
insufficiently resolved to satisfy this demand. However, recent advances in computer power and model development made re-
gional kilometre-scale climate simulations feasible (Kendon et al., 2021; Lucas-Picher et al., 2021). Besides the pure technical
feasibility of these simulations, they come with several advantages compared to coarser climate simulations in terms of the
representation of physical processes (e.g., Prein et al., 2015; Coppola et al., 2018; Soares et al., 2024). One of the processes
that has important societal impacts and can be better represented in detail is convective precipitation. In kilometre-scale climate
simulations, convection is explicitly resolved in most models, which often leads to a much better representation of small-scale
high-intensity precipitation events compared to models with coarser resolution. Recently, many studies have shown the often
called “added value” of convection-permitting climate simulations compared to coarser resolved models. Large benefits are
expected for the intensity distribution and diurnal cycle of precipitation (Lucas-Picher et al., 2021; Fowler et al., 2021; Hund-
hausen et al., 2024) due to the explicit treatment of convection. An added value has also been demonstrated for temperature
(Soares et al., 2024; Hundhausen et al., 2023), near-surface wind speed (Molina et al., 2024), and for user-relevant climate
indices (Pinto et al., 2026).

One of the challenges of convection-permitting climate simulations are the computational costs, especially when it comes to
large ensembles that are needed to conduct proper uncertainty analysis. Currently, many activities with convection-permitting
models are only carried out over time slices of 10 to 30 years and small domains by means of dynamical downscaling with
regional climate models in the range of 1200 km x 1200 km. Only a few modelling groups are able to afford larger domains

(e.g., Berthou et al., 2020) or small ensembles (Kendon et al., 2021; Hundhausen et al., 2023). Pioneering work is being done
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in global convection-permitting simulations (e.g., Stevens et al., 2019). However, these models can only simulate a couple of
months to a few years. Therefore, results from such models are currently not suitable for supporting climate change adaptation.

Another way to reduce computational costs is statistical downscaling or purely statistical methods, which under current
climate conditions can often provide similar or better results than dynamical downscaling (e.g., Maraun et al., 2015; Gutiérrez
et al., 2019). Two major challenges for statistical downscaling methods are the representation of future climate conditions
due to the lack of training data, and the breakdown of the physical consistency between different variables, e.g., temperature
and precipitation. Thus, statistical downscaling methods may have considerable shortcomings compared to other methods,
particularly under strong climate change conditions, despite the benefit of lower computational costs (Lanzante et al., 2018).
Hybrid statistical-dynamical downscaling methods aim to combine the advantages of statistical and dynamical methods. Such
approaches may, however, be limited to specific variables (Reyers et al., 2015). A recently developed method is creating so-
called “RCM emulators” (Doury et al., 2023). Despite promising results, this method is still under development and is not yet
suitable for operational use.

Pioneering work in convection-permitting climate modelling was conducted in the framework of the World Climate Research
Programme’s Coordinated Regional Downscaling Experiments Flagship Pilot Study (WCRP CORDEX FPS; Giorgi et al.,
2009; Gutowski Jr. et al., 2016) on convective phenomena at high resolution over Europe and the Mediterranean (Coppola
et al., 2018) with the first decade long multi-model ensemble at convection-permitting scales for the Greater Alpine region. A
major contribution to this FPS comes from the European Union funded European Climate Prediction system (EUCP; Hewitt
and Lowe, 2018), which offers mini-ensembles with convection-permitting regional climate models for several other domains
in Europe (EUCP Project Team, 2021).

In this study, we present the first multi-model convection-permitting regional climate model simulations for the entirety of
Germany. Here, we will focus on the performance of the novel climate simulations for Germany at convection-permitting scales
driven by ERAS reanalysis data (Hersbach et al., 2020). The focus lies on the evaluation of basic meteorological variables
in convection-permitting multi-model (CPM) simulations against observational datasets, namely temperature, precipitation,
radiation, and wind speed. Additionally, selected climate indices are evaluated to cover the user perspective (Buontempo et al.,
2018; Pinto et al., 2026).

The paper is structured as follows: Sect. 2 describes the modelling and evaluation strategy, introduces the CPM ensemble
setup, and outlines the reference datasets and statistical methods used. Sect. 3 presents the evaluation results for temperature,
precipitation, global radiation, wind speed, and selected climate indices across six pilot regions with special focus on two
regions called ‘East Frisia’ and ‘Thuringia, Saxony, and Saxony-Anhalt’. Results for the other pilot regions are given in the
Supplementary Material. The discussion of model performance, regional differences, and implications for high-resolution

climate information is provided in Sect. 4.
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2 Method and Data

The CPM simulations were conducted within the NUKLEUS (Actionable local climate information for Germany) project,
which is part of the funding measure RegIKlim (Regional climate information for climate action) of the German Federal Min-
istry of Research, Technology and Space. The RegIKlim program aims to create actionable knowledge for climate adaptation in
Germany. Specifically, the basic concept focuses on six exemplary pilot regions, where partners from research, private compa-
nies, and administration at the municipality level create knowledge on how to handle challenges that arise from ongoing climate
change. The six pilot regions were selected to ensure that the various landscape types representative of Germany were con-
sidered. These landscape types represent different local climates and face different challenges in adapting to climate change.
Figure 1 shows the model domain indicating the six pilot regions: East Frisia (EF) representing a coastal area, Elbe-Elster
(EE) characterizing a landscape water regime, a typical German low mountain region (Thuringia, Saxony, and Saxony-Anhalt;
TSA), a Pre-Alpine region (PAR), and two pilot regions describing different types of urbanized areas with the city of Duisburg
(DUI) and the area in and around the city of Stuttgart (STU). To streamline the needed climate information and create synergies
between pilot regions, two cross-cutting projects were created. One of them is responsible for the overall coordination of the
funding measure (WIRKSAM), while the other (NUKLEUS) is responsible for providing suitable climate information to the
pilot regions and facilitating their effective use.

To meet of the user’s demands in terms of climate information, several workshops with representatives of the pilot regions
were conducted to create a simulation protocol for NUKLEUS. One important outcome was the need for climate information
at the kilometre-scale in order to provide proper high resolution information at municipality level. Therefore, NUKLEUS
ran climate simulations at convection-permitting scales (CPM simulations) with horizontal resolutions of about 3 km over
a common Central European domain named CEU-3. Due to limited computational resources, the CPM simulations could
only be done in time slices of 30 years. Given the available resources global warming levels following Vautard et al. (2014)
were chosen instead of classical fixed time periods as representatives for mid- and end-of-century climate to maximize the
user’s benefit. As reference period 1961-1990 was chosen following the definition of the climate reference period by the
World Meteorological Organization and Germany’s National Meteorological Service (Deutscher Wetterdienst; DWD) (Kaspar
et al., 2021). In addition to the reference and climate change simulations to be described in separate publications, evaluation
simulations were performed, which downscale the ERAS reanalysis data (Hersbach et al., 2020) over Europe for the period
2005-2014. Their quantitative analysis, presented by this publication, is intended to strengthen users’ confidence in the chosen

climate models and the quality of the provided climate data.
2.1 Model Description and Setup

The ERAS5-driven CPM evaluation simulations were performed with the three different regional climate models (RCM) ICON-
CLM, COSMO-CLM, and REMO, which have been widely used in the recent past with a particular focus on Central Europe.
Two dynamical downscaling steps were used for each RCM. First, RCM simulations driven by three-hourly ERAS reanalysis

data were performed at a horizontal resolution at about 12 km on the so-called EURO-CORDEX domain (EUR-11, Fig. S1).
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Figure 1. Central European domain (CEU-3) with selected pilot regions used for the statistical analysis of simulation results: coastal areas
of East Frisia (EF), extended city areas of Duisburg (DUI) and Stuttgart (STU), Pre-Alpine region in South Bavaria (PAR), a county area
in the border triangle of the federal states of Thuringia, Saxony and Saxony-Anhalt (TSA) and of the county Elbe-Elster (EE) in Southeast

Germany.

The ERAS product was provided by the European Centre for Medium-Range Weather Forecasts (ECMWF) and represents a
detailed and realistic record of the global atmosphere and the land and ocean surface based on the Integrated Forecasting System
(IFS Cy41r2; Hersbach et al., 2020). Second, these RCM simulations were used as initial and lateral boundary conditions to
conduct CPM simulations at a horizontal grid resolution of about 3 km (CEU-3). This procedure aligns with the commonly
used strategy for the Coordinated Regional Downscaling Experiments (CORDEX; Giorgi et al., 2009) for European climate
simulations. While model domain, resolution, and simulation strategy were as similar as possible, each model used its own
configuration for realizing the runs as described in the following subsections. In addition to different parametrizations of
physical processes and numerical solution methods, this also concerned the specification of topography and other external
fields, which primarily define soil and surface properties. Apart from the same horizontal resolution, the chosen RCMs use
(slightly) different structured grids (see below). Hence, the results of the CEU-3 CPM simulations are prepared for a common
grid in regular rotated coordinates with a grid spacing of 0.0275 °, which is identical to the COSMO-CLM and REMO grid

and shown in Figure 1.
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2.1.1 ICON-CLM

The modelling framework ICON (Ziéngl et al., 2015) was originally developed for a wide range of spatial and temporal scales
and is used for global climate simulations (Giorgetta et al., 2018), numerical weather prediction (NWP), and large-eddy simu-
lations (LES; Heinze et al., 2017). NWP and LES applications include a limited area version (ICON-LAM) of the global ICON
code. Based on ICON-LAM with the NWP physic package, Van Pham et al. (2021) have developed a regional climate version
(ICON-CLM) suitable for transient long-term regional simulations with time dependent lateral boundary conditions and reso-
lutions between 50 km and 1 km. The transformation of the NWP version towards a regional climate version required several
modifications and extensions of the original code, like a flexible temporal update of sea surface temperature, sea-ice cover,
and greenhouse gas concentrations in preselected intervals from external data files, a variable configuration of the number and
individual depths of soil layers, controllable output intervals for accumulated quantities including a reset option, adjustment
of the lateral boundary treatment if cloud liquid water content and cloud ice content are missing in the driving GCM data, and
calculations of additional diagnostic output fields.

ICON simulations are executed on unstructured triangular grids that originate from a spherical icosahedron with 20 equal-
sized triangles, which can be stepwise refined by halving the size of the nested triangles (Prill et al., 2023). The temporal
integration of the non-hydrostatic set of model equations is done by using an explicit two-time-level predictor-corrector scheme
and a time splitting with additional sub-steps per dynamic time step for terms describing the propagation of sound-waves, which
is implicitly solved (Zingl et al., 2015). The transport of tracers like the various water substances is based on a finite volume
discretization, uses a directional splitting between vertical and horizontal components, and is solved by a cell-integrated semi-
Lagrangian scheme (Prill et al., 2023), which uses a precalculation of the tracer’s trajectory and conserves the mass flow
between neighbouring grid cells. Further details of the model dynamics can be found in Zingl et al. (2015)

The parameterization of physical processes in ICON-CLM is close to the NWP configuration used at the DWD for oper-
ational weather forecasts. Radiation transfer is solved by the ecRad scheme (Hogan and Bozzo, 2018), which was originally
developed by ECMWEF for its Integrated Forecasting System (IFS) and uses aerosol optical properties and greenhouse gas con-
centration from external files. Cloud microphysics are calculated with the single-moment scheme of Seifert (2008) as described
in Doms et al. (2021), using a three-category ice scheme with cloud ice, snow, and graupel. Deep, mid-level, and shallow con-
vection on the sub-grid scale are parametrized by the Tiedtke/Bechtold scheme (Tiedtke, 1989; Bechtold et al., 2008), whose
underlying parametrization according to Tiedtke (1989) is the same as in COSMO-CLM. The extension by Bechtold et al.
(2008) offers a substantial improvement, which is particularly reflected in a better representation of the diurnal cycle of con-
vective precipitation. In the CPM simulations at 3 km resolution, deep and mid-level convection are switched off, so that only
the shallow convection part remains. The parameterization of vertical turbulent transfer according to Raschendorfer (2008) is
based on a prognostic TKE equation and is the same as used in the COSMO-CLM simulations. Land surface and soil processes
are treated in an own sub-module TERRA-ML (Schrodin and Heise, 2001; Schulz et al., 2016) in combination with the lake
model Flake of Mironov (2008) and a sea-ice parameterization scheme developed by Mironov et al. (2012). The TERRA-ML
version used by ICON is similar to that of COSMO-CLM with one substantial difference. ICON-CLM includes a tile approach,
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which enables the consideration of various surface types within one grid-cell. Soil and surface parameterizations are calculated
separately for each tile before the final surface fluxes are weighted averaged over the different tiles. The ICON-CLM simula-
tions run with three tiles representing the three largest land use fractions by area per grid cell. Furthermore, parameterizations
for non-orographic gravity wave drag, sub-grid scale orographic drag, and cloud cover are included (for more details see Prill
et al., 2023).

The ICON-CLM simulations for this study are based on ICON version 2.6.5. They are executed on the icosahedral grid
R3B7 (Zingl et al., 2015) with 162,452 grid cells for the Central European domain. The effective mesh size of the triangular
grid is about 3 km and therefore comparable with that of the other two regional models operating on a regular rotated latitude-
longitude grid. For a more practical handling, an easier comparison with COSMO-CLM and REMO results, and the common
publication in the Earth System Grid Federation (ESGF) data archive, the ICON output is interpolated (by means of nearest
neighbour) to the same regular target grid CEU-3 in rotated coordinates as used by the other two models and indicated in
Fig. 1. The entire model domain covers more than 15 additional grid rows on each side of the target grid. This outer grid zone
contains a 14 cell rows wide boundary and nudging zone (see chapter 6.2 in Prill et al., 2023) where the forcing data of the
driving models are interpolated and relaxed to the regional ICON grid.

The basic time steps used for tracer transport and the fast-physics parameterizations is 25 s. The dynamical core solving the
wave propagation uses a five times smaller time step. The time steps for slow physics are individually increased by a factor of
3 for convection and cloud cover calculations, a factor of 6 for sub-grid scale orographic drag and non-orographic gravity wave
drag effects, and by a factor of 9 for radiation. Furthermore, the radiative transfer is calculated on a reduced “parent grid” with
half the resolution of the model grid itself.

Soil processes are resolved by eight non-equidistant layers with tripling layer thickness from 0.01 m at the top to 14.58 m
in the lowest layer, which leads to an overall soil depth of 21.87 m. However, hydrological processes are dynamically solved
only in the upper six layers. The ERAS driven evaluation runs did not use any spin-up procedure for the soil, in contrast to
the COSMO-CLM and REMO simulations, as the critical soil moisture index, required for the soil initialization, is directly
provided by the reanalysis data. The initial state of the soil in the CPM runs is directly interpolated from the coarser grid of the
transient RCM simulation, as both resolutions use the same vertical soil structure and soil moisture index can be adequately

transferred to the individual soil conditions of each finer grid cell.
2.1.2 COSMO-CLM

COSMO-CLM (CCLM; Rockel et al., 2008) is the climate version of the COSMO model (Baldauf et al., 2011), a limited-area
and non-hydrostatic numerical weather prediction model developed by the DWD. It is maintained by the CLM-Community
COSMO-CLM and the model version used in this study is COSMO6.0_clm1 published in 2021. For temporal integration a
two-time-level, third-order Runge—Kutta scheme is used. The horizontal advection of wind components is performed with a
fifth-order upwind scheme, and the vertical advection is performed by a third-order implicit advection. Scalars are transported
using a second-order Bott advection scheme with deformational correction. Fast processes were treated by the newest version
of the fast waves solver by Baldauf (2013) and Doms et al. (2021). More details about the COSMO model configuration of



200

205

210

215

220

225

230

https://doi.org/10.5194/egusphere-2026-1024
Preprint. Discussion started: 10 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

dynamics can be found in Baldauf et al. (2011). Regarding the parameterization of physical processes, model configuration is
close to the NWP configuration (Baldauf et al., 2011), but adapted to follow the recommendations of the CLM-Community.
For example, the albedo is chosen to be dependent also on the soil moisture, in order to capture appropriately the feedback
between soil and near-surface temperatures (large albedo values for dry soil and reduced albedo for wet soil). The type of
root distribution is not uniform but follows an exponential decay. The calculation of heat conductivity considers not only soil
moisture but also soil ice. The parameterization of bare soil evaporation follows a resistance approach aiming at an improved
representation of evaporation fluxes under dry and wet conditions compared to the older parameterizations (Schulz and Vogel,
2020).

The model domain used for COSMO-CLM consist of 385 by 425 grid cells which exceeds the common CEU-3 grid by
20 pixel at each side including a lateral sponge zone of 10 grid lines. In vertical direction, COSMO-CLM utilizes 55 terrain-
following levels with geometric height coordinate.

The CPM simulations were performed using ten non-equidistant soil layers with a thickness ranging from 10 cm near the
surface to about 7.6 m in the deeper soil. Regarding the initialization of the soil properties, a preprocessor was used to transfer
the values from the EUR-12 grid to the CEU-3 grid. The procedure for the soil moisture follows the concept of the soil moisture
index as used also for ICON-CLM. The soil temperature is treated by linear interpolation. Finally, the spin-up time for the soil

on the CPM grid was specified to be 3 months.
2.1.3 REMO

The original regional climate model REMO (Jacob and Podzun, 1997) is a hydrostatic limited-area model of the atmosphere
that has been developed for many years. In recent years, an extension with a non-hydrostatic option (REMO-NH) originally de-
veloped by Gottel (2009) following Janjic et al. (2001) has been re-implemented to allow for climate simulations at convection-
permitting scales. The current version REMO2020 has a unified dynamical core that allows running REMO and REMO-NH
from the same code base. It is described by Pietikiinen et al. (2025) in detail. We will only briefly summarize the configuration
of the 3 km climate simulations used here.

For the 3 km NUKLEUS ensemble, REMO-NH was used with a leap-frog time integration and Robert—Asselin—Williams
filtering (Williams, 2009). The relaxation scheme of Davies (1976) for the boundary conditions is employed for the prognostic
variables surface air pressure, horizontal wind components, air temperature, specific humidity, cloud liquid water, and cloud ice.
For the additional prognostic variables, such as vertical non-hydrostatic pressure, vertical velocity, rain and snow hydrostatic
conditions respectively, zero flux is prescribed at the boundaries. In the vertical, 49 hybrid sigma pressure levels were used for
integration with a model top at 20 hPa. Only shallow convection is parametrized. For the surface processes, the REM02020
standard setup with a tile approach surface scheme distinguishing between land, water, and ice fractions was used. For inland
water bodies, FLake (Mironov, 2008), and for ocean prescribed sea surface temperatures from the forcing model were used.

The Initial conditions for the soil variables are taken from an earlier simulation conducted within the EUCP project (Hewitt
and Lowe, 2018) using ERA-Interim (Dee et al., 2011) as boundary conditions. We do not expect large differences in the

deep soil state using different reanalysis products as boundary conditions. In addition, the implementation of the soil and its
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properties are identical between the model version used here and the earlier EUCP simulations. Nevertheless, we performed a

one year spin-up to get as close as possible to an equilibrium state at initialization.
2.2 Reference data

The evaluation of the CEU-3 simulations requires reference data of adequate quality and sufficiently high horizontal resolu-
tion. Therefore, we chose the HYRAS data set v5.0 of DWD (Rauthe et al., 2013; Razafimaharo et al., 2020) as the main
reference. This data set provides daily values of mean, maximum, and minimum temperature, near-surface relative humidity,
and surface downwelling solar radiation on a regular 5 km grid with a Lambert conformal conic projection. In addition, daily
precipitation values are available with a horizontal resolution of 1km. As the HYRAS data set does not provide sub-daily
temporal resolution, the RADKLIM data set provided by DWD (Winterrath et al., 2018) was additionally used to analyse the
diurnal cycle of precipitation. It is a radar-based precipitation climatology for Germany at high resolution in space (1 km) and
with a frequency of one hour. RADKLIM was dedicated for qualitative analysis of short-duration precipitation events, but it
is inherently biased with respect to precipitation amounts: Hinsler and Weiler (2022) showed underestimation of convective
precipitation, and Hammoudeh et al. (2025) found biases of up to -25 % for the seasonal and annual sums (see Figure 3 in their
publication). Similarly, Hundhausen et al. (2025) found an underestimation of hourly to sub-hourly precipitation extremes in
RADKLIM data compared to station observations. Therefore, RADKLIM was only used for qualitative analysis of the daily
cycle, while for all other precipitation analyses HYRAS is used.

For the validation of wind speed and temperature, we use the hourly data from the Test Reference Years (TRY) data set by
Krihenmann et al. (2016). It is a high-resolution gridded data set (1 x 1 km?) of hourly meteorological variables for Germany,
which are available for 1995-2012. The gridded data were derived from synoptic station data provided by DWD, supplemented
by satellite observations (CM-SAF) and model data regarding wind speed (COSMO-CLM).

To analyse global radiation, we use the SARAH-3 data set (Pfeifroth et al., 2023). It is a climate data record of surface
solar radiation parameters based on data from the MVIRI and SEVIRI sensors onboard the METEOSAT satellite series. The
high-resolution data with 0.05 ° and 30 minutes were interpolated to the model resolution in time and space. We also use station
data from DWD (Kaspar et al., 2013) for comparison. The number of available stations in the six pilot regions is as follows:
EF (4), DUI (5), STU (18), PAR (9), TSA (18), EE (7).

2.3 Statistical analysis

A basic overview of the quality of the CPM simulations is given by two-dimensional bias plots. Furthermore, mean annual
cycles are presented as spatial averages over the selected pilot regions (see Fig. 1). The distances between the simulated annual
cycles and the reference data are quantified by the mean bias (MB) and the mean absolute difference (MAD). For both metrics,
the ten-year monthly means of a simulation and the reference data are first calculated at grid-point level and then spatially
averaged over all grid cells of a pilot region. Subsequently, the monthly values of MB and MAD are arithmetically averaged.

Thus, the MB also reflects the bias of the climatological annual mean values of a pilot region.
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As further statistical measure, frequency distributions are presented as approximated curves of the empirical probability
density function (PDF curves) for all pilot regions. The overlap between the two PDF curves of the simulated and the reference
data is quantified by the Perkins skill score (PSS; Perkins et al., 2007)). Additionally, the mean absolute quantile difference
(MAQD) is calculated. This metric measures the absolute deviation between the cumulative probability density functions of
the simulated and the reference data based on quantiles for the p-values 0.001, 0.005, 0.01, 0.05, 0.1, ..., 0.9, 0.95, 0.99, 0.995,
0.999.

Additionally, we present diurnal cycles as absolute values and their biases to observations for the summer months June and
July for 2m temperature, radiation, 10 m wind speed, and precipitation with the time given in UTC. For quantification, we
calculate the mean absolute hourly difference (MAHD) for radiation, the ratio in the diurnal temperature range (RDTR) for the
2 m temperature with values near 1, where values greater 1 indicate an overestimation of the diurnal temperature range, and
the rank correlation coefficient of mean hourly values for precipitation and 10 m wind speed.

To avoid an influence of different grid resolutions between CPM simulations and reference data in the spatial bias plots,
HYRAS data were regridded for precipitation from the HYRAS 1km grid to the CEU-3 grid using a conservative method
of the Climate Data Operator routines (Schulzweida, 2022). All other variables are regridded from the HYRAS 5 km grid to
the CEU-3 grid with nearest neighbour remapping (Schulzweida, 2022) and, in the case of temperature, a height correction
of 0.0065 K m~! was applied. The frequency distributions and mean annual or diurnal cycles are, however, calculated on the

original grids in order to avoid a flattening of extreme grid values by any remapping procedure.
2.4 Climate Indices

We analyse descriptive indices of extremes based on the core set of 27 indices of extremes defined by the Joint CCI/CLIVAR/
JCOMM Expert Team on Climate Change Detection and Indices (ETCCDI, 2014) and Alexander and Herold (2016). In this
study, we focus on a subset of five indices to assess heat stress, cold stress, and extreme precipitation (Table 1). For temperature,
we consider threshold-based indices of the annual number of summer days (SU), the number of hot days (HD) and the number
of frost days (FD). To assess precipitation extremes, we use the contribution of very wet days to annual wet-day precipitation
(R95ptot), as well as the annual number of very heavy rain days (R20mm). The definitions are provided in Table 1. Such
indices have been utilised in several studies focussing on climate change adaptation for Europe (Buontempo et al., 2018; Pinto
et al., 2026)

Please note that the formulation used here with strict inequalities (“larger (smaller) than”) is slightly from the formulations
used by the German Weather Service, which are formulated as inclusive inequalities (“larger (smaller) or equal than”; cf. Pinto
et al. (2026)). All climate indices are calculated from the simulations on the common CEU-3 grid and remapped HYRAS
data on the CEU-3 gird as described above, using the Freva plugin ClimDexCalc2 (Kadow et al., 2021) based on the package
ClimPACT (Alexander and Herold, 2016).
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Table 1. Overview of selected climate indices. TXj;: daily maximum temperature, TNj;: daily minimum temperature of day i in year j. TX;,90
and TN;,90: 90th percentile. RRy;: daily precipitation amount of wet days w (> 1mm) in year j, W: number of wet days in j, RR;;: daily
precipitation amount on day i in year j, RRw,95: 95th percentile on wet days. The definition of the indices is based on ETCCDI (2014) and
Alexander and Herold (2016)

Climate indices Abbreviation  Unit Calculation
Summer days SuU days TX,;; >+25°C
Hot days HD days TX;; >+30°C
Frost days FD days TN;; <0°C
Contribution from very wet days R95ptot % %
where R.Rl;j > RRwn95
Very heavy rain days R20mm days RR;; > 20mm

3 Evaluation results of CPM simulations

The following subsections presents the basic evaluation results for 2 m temperature, precipitation, global radiation, and 10 m
wind speed, as well as selected climate indices. The latter are: number of summer days (SU), number of hot days (HD), number
of frost days (FD), precipitation from very wet days (R95ptot), number of days with very heavy rain (R20mm), as described
in the previous section. All figures and metrics are prepared as “climatological” quantities for the ten-year simulation period
2005-2014 of the CPM evaluation runs on CEU-3. An exception is the evaluation of the diurnal cycles of temperature and
wind. Only 8-year averages are considered here, as hourly TRY data are only available until 2012. The main part of the paper
presents figures only for two of the six pilot regions, namely EF and TSA, but discusses results from other regions, too, if worth

mentioning. The corresponding figures are shifted to the supplemental material for the sake of succinctness.
3.1 Temperature

Figure 2 shows the bias of the ten-year annual mean of the 2 m daily mean temperature for the three CPM simulations with
respect to the HYRAS reference data. In most regions, the deviations are within the range of £ 0.5 K. ICON-CLM shows
the smallest deviations overall in annual mean. CCLM tends to slightly colder temperatures, particularly in northern Germany,
while REMO generally generates up to 1 K higher temperatures in southern Germany than the reference. Despite the differences
in the absolute values, the bias shows a similar spatial structure in all three simulations with smaller or negative deviations in
the north and larger or positive deviations in the south.

The annual cycles of the simulated ten-year monthly mean temperatures, shown in Fig. 3 for the EF and TSA regions, are

within the range of the observation stations of the respective region. The spread of observations is larger in TSA than in EF
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Figure 2. Bias of the annual mean 2 m temperature in Kelvin on CEU-3 for the period 2005-2014 and the three CPM simulations with
ICON-CLM, CCLM and REMO with respect to HYRAS reference data.

because of the greater variation in orography (and the larger number of reference stations) in the TSA region than in the much
flatter EF region.

ICON-CLM and CCLM have a negative bias of up to -0.8 K in both regions and almost all months, which is lower in summer
than in winter and tends to be a few tenths of a degree weaker in [CON-CLM than in CCLM. The REMO simulation also shows
generally higher temperatures here, leading to weakly negative to slightly positive deviations in EF and to a generally positive
bias of up to 1.5 K in TSA. Overall, the variation of the monthly bias over the year appears to be stronger in REMO than in the
other two simulations. The monthly bias has a substantially different shape in the PAR region (see Fig. S2 in the Supplementary
Material), which also has the strongest spread in the observation data. Here, the winter months have a generally positive bias
of up to 1.5 K, while the summer months show much weaker positive to slightly negative deviations.

The temperature deviations between the simulations and the reference data are objectively quantified by the MB and MAD
presented in Fig. 4. Identical absolute values of the two metrics mean that all 12 monthly deviations have the same sign. This
is the case, for example, with 0.37 K and 0.41 K in the EF pilot region in the ICON-CLM and CCLM simulations. The REMO
simulation shows alternating signs for the monthly bias in all pilot regions. An MB close to zero (region STU in ICON-CLM
and CCLM, EF in REMO) indicates that the individual monthly deviations almost compensate each other over the year to a
nearly perfect annual mean. In general, the monthly deviations are very moderate and well below 1 K in the annual average for
all pilot regions. The largest absolute deviations occur in the simulations with ICON-CLM (0.41 K) and CCLM (0.72 K) for
the DUI region and in the REMO simulation (0.65 K) for the STU region. Even the topographically complex PAR region only
shows absolute deviations between 0.28 K (ICON-CLM) and 0.55 K (CCLM).
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Figure 3. Annual cycle of monthly mean temperature (curves, left axis) and temperature bias (shaded bars, right axis) for the period 2005—
2014 and the three CPM simulations on CEU-3 with ICON-CLM (dark blue), CCLM (blue) and REMO (light blue) against HYRAS reference
data (dark yellow curve) averaged over the pilot regions EF (upper panel) and TSA (lower panel). The ochre-coloured range represents the

span of corresponding values from station observations located within the respective pilot region.

The frequency distributions of the simulated daily maximum temperatures (Tmax), presented as the probability density
function (PDF) in Fig. 5, generally agree quite well with those of the reference data and observation stations. REMO tends to
underestimate the mean temperature range but captures the higher temperature values better than CCLM and ICON-CLM.

As shown by the PSS in Fig. 6, the overlap of the PDFs is mostly above 0.94 with a minimum of 0.9 in the CCLM simulation
for the EE region. While the PSS primarily captures deviations in the middle range of the PDF, the MAQD reacts more sensitive
to deviations in the extreme percentiles for high and low p-values. The lower MAQD values in the REMO simulation reflect
the better detection of high percentiles in all six pilot regions. The largest deviations of 1.35 K occur in the PAR region of the
CCLM simulation (see also Fig. S9 in the Supplementary Material).

The overlap of the PDFs for the daily minimum temperature (Tmin) in Fig. 7 is comparable to or slightly better than the
overlap of Tmax frequencies for ICON-CLM and CCLM. For REMO it is slightly worse as a comparison of PSS in Fig. 8

(with values down to 0.86) with that in Figure 6 indicates. Reasons are a substantial accumulation of values around freezing
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Figure 4. Mean bias and mean absolute difference of monthly mean temperatures in Kelvin with respect to HYRAS for all pilot regions and
simulations. For a first qualitative assessment, the range of values spanned by the models is divided into three categories (terciles): green

highlighted cells represent the best tercile, red the worst, grey cells lie in between.

point and a shift to higher temperatures, in general, resulting in an underestimation of values in a wide range below zero and
an overestimation of high minimum temperatures compared to the simulations with ICON-CLM and CCLM. The somewhat
poorer reproduction of extreme minimum temperatures in the REMO simulation is also reflected in the higher MAQDs in
Fig. 8 with values up to 2.26 K for the PAR pilot region.

The diurnal cycle for temperature is best depicted by the ICON-CLM (see Fig. 9). In contrast, COSMO-CLM and, to some
extent, REMO suffer from a decay too early in the afternoon, which is pronounced for the TSA region and leads to a BIAS
of -1 K in the late afternoon (see Fig. 9). The REMO simulation offers an overestimation of night temperatures and warming
during the morning and even a shift of the diurnal cycle with respect to the TSA region (see the contrary bias in the morning and
afternoon). The daily amplitude, the difference between the maximum and minimum temperatures, is adequately represented
in almost all simulations and regions, as the RDTR values for the months June/July in Fig. 10 demonstrate. The exception here
is the EE region, with a daily cycle that is up to 20 percentage points too flat, whereas in the DUI region the daily amplitude
is overestimated by up to 16 percentage points. In nearly all other cases, the positive and negative deviations of the daily

temperature range are less than 10 percentage points.
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Figure 5. Frequency distribution of daily maximum temperature for the period 2005-2014 of the three CPM simulations on CEU-3 with
ICON-CLM, CCLM, and REMO and the HYRAS reference data calculated over pilot regions EF (upper panel), and TSA (lower panel).
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Figure 6. Perkins skill score (unit one) and mean absolute quantile difference (unit Kelvin) for daily maximum temperature with respect to

HYRAS in all pilot regions and simulations. Meaning of coloured cells as in Fig. 4.
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Figure 7. As Fig. 5 but for the daily minimum temperature.
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Figure 9. Diurnal cycle of 2 m temperature for the months June and July (curves, left axis) and temperature bias (shaded bars, right axis)
for the period 2005-2014 and the three CPM simulations on CEU-3 with ICON-CLM (dark blue), CCLM (blue), and REMO (light blue)

against TRY reference data (dark yellow curve) averaged over the pilot regions EF (upper panel) and TSA (lower panel).
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Figure 10. Ratio of the diurnal temperature range in 2 m height (unit one) for June and July of the period 2005-2014 with respect to TRY.

The values are divided into three categories (terciles). Meaning of coloured cells as in Fig. 4.
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3.2 Precipitation

The ICON-CLM simulation captures the mean annual precipitation very well. The relative deviations from the reference data
in Fig. 11 are in the range of & 10 % for large parts of Germany and nearly everywhere between + 20 % with a tendency toward

a higher relative bias in southern and eastern Germany.

CCLM-HYRAS| L

------

-50 -40 -30 -20 -10 10 20 30 40 50%

Figure 11. Relative mean annual precipitation bias for the period 2005-2014 on CEU-3 for the three CPM simulations with ICON-CLM,
CCLM, and REMO from HYRAS reference data.

The CCLM simulation generally generates slightly more annual precipitation. However, the relative bias shows a spatial
structure similar to that of the ICON-CLM simulation. The REMO simulation, on the other hand, shows a completely different
structure of the annual precipitation bias. The relative deviations from the HYRAS data tend to be higher in northern Germany
than in southern Germany and show singular hotspots along orographic structures with values greater than 50 %. This could be
related to the different treatment of orography in REMO, which has not been smoothed with a spatial filter.

The simulated mean annual cycles of all models follow the temporal variation of the reference data in all pilot regions (Fig. 12
and Fig. S3) quite well. The monthly averages remain largely within the partly wide range of the station data. Compared to
HYRAS, the simulations overestimate the annual amount of precipitation in all pilot regions, as the MB in Fig. 13 shows. The
exception is the ICON-CLM simulation, which shows a slightly negative mean bias of 4 mm to 5 mm per month in the EE
and DUI regions. The largest absolute deviations with values between 20 and 31 mm per month occur in all simulations in the
PAR region. Here, almost all months show a pronounced positive bias, although in relative terms this is lowest in the summer
months with a minimum in August (see Fig. S3 in the Supplementary Material) at absolutely higher monthly values. In all
other regions and simulations, except CCLM and REMO in EF, the sign of the monthly deviations varies, with positive values

dominating during the winter half-year.
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Figure 12. Annual cycle of mean monthly precipitation (curves, left axis) and precipitation bias (shaded bars, right axis) for the period
2005-2014 and the three CPM-simulations on CEU-3 with ICON-CLM (green), CCLM (blue) and REMO (red) against HYRAS reference
data (dark yellow curve) averaged over the pilot regions EF (upper panel) and TSA (lower panel). The ochre-coloured range represent the

span of corresponding values from observation stations located within the respective pilot region.

The general frequency distribution of precipitation amounts in Fig. 14 is well captured by all simulations and in all regions
(see Fig. S11 in the Supplementary Material). This is documented by an excellent PSS in Fig. 15 of 0.96 or better for [CON-
CLM and 0.94 or better for CCLM. The performance of the REMO simulation over the entire spectrum is poorer in all regions,
especially in the pilot regions EF, DUI, TSA, and EE with PSS values not better than 0.85. At the high end of the distribution,
extreme or very extreme precipitation with intensities of more than 20 mm or 40 mm per day generally occurs more frequently
in the simulations than in the HYRAS data. The station data are usually closer to the HYRAS data than to the simulation data,
with the exception of the EF region, but tend to have slightly higher probabilities than the HYRAS data for the extreme events.

The better performance of the MAQD in the REMO simulation for the pilot regions STU, TSA, and EE results from lower
frequencies of extreme precipitation events than in the ICON-CLM and the CCLM simulation and is therefore closer to the

frequencies of the HYRAS data.
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Figure 13. Mean bias and mean absolute difference of monthly precipitation in millimetres per month with respect to HYRAS for all pilot

regions and simulations. Meaning of coloured cells as in Fig. 4.

Compared to other regions, for the coastal region EF the reference data exhibits a significantly dampened daily precipitation
cycle (Fig. 16) due to less pronounced thermally-induced convection and the interaction with stably-stratified air over the
North Sea. However, the models ICON-CLM and REMO show a more pronounced maximum in precipitation in the afternoon,
whereas COSMO-CLM simulates a nocturnal peak.

The low mountain range region TSA has a different characteristic than EF, as it features a maximum in the late afternoon and
another around midnight. The revival of precipitation at night could be due to convection triggered by the residual boundary
layer and the air remaining warm in the evening (also characteristic for the region STU). While all models simulate an afternoon
maximum in precipitation, the intensity and the timing varies a lot among the models. The second maximum at night does not
appear in the simulations (except for ICON-CLM). In general, the models capture the daily cycle for TSA better than for EF
as confirmed by the rank correlation coefficients (RCC) shown in Fig. 17. The RCC indicates poor performance particularly in
regions that do not show a clear daily variation, as is also the case in the EE region (Fig. S6).

In regions with a clearly pronounced daily cycle, such as PAR (Fig. S6), the models do resolve an afternoon peak in precip-
itation, but amplitude and timing are not in line with the observations, leading to a slightly reduced RCC. Moreover, it can be

observed that the morning convection minimum, seen in the observational data, is often captured.
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Figure 14. Frequency distribution of daily precipitation amounts for the period 2005-2014 of the three CPM simulations on CEU-3 with
ICON-CLM, CCLM, and REMO, the HYRAS reference data, and mean station-based observations calculated over the pilot regions EF
(upper panel) and TSA (lower panel).

It should be noted that REMO tends to overestimate the afternoon precipitation in many regions, even though this overes-
timation is less severe than shown in the graphs, because the precipitation amounts from the radar product used here tend to
underestimate actual values (Kreklow et al., 2020). Since the deep convection parameterization is not active, deficiencies in

400 cloud microphysics could be a plausible explanation.
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Figure 15. Perkins skill score (unit one) and mean absolute quantile difference (unit millimetre per day) for daily precipitation with respect

to HYRAS. Meaning of coloured cells as in Fig. 4.
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Figure 16. Diurnal cycle of precipitation for the months June and July (curves, left axis) and precipitation bias (shaded bars, right axis) for
the period 2005-2014 and the three CP-simulations on CEU-3 with ICON-CLM (dark blue), CCLM (blue) and REMO (light blue) against
RADKLIM v172 reference data (dark yellow curve) averaged over the pilot regions EF (upper panel) and TSA (lower panel).
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Figure 17. Rank Correlation Coefficient (unit 1) for the diurnal cycle of the precipitation with respect to RADKLIM averaged over the

months June and July. Meaning of coloured cells as in Fig. 4.
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3.3 Global Radiation

In general, the simulated diurnal cycle of global radiation is reasonable in all simulations (Fig. 18). Regarding the TSA region
(and also the PAR region in S7), a small temporal shift and an overestimation of the peak radiation at noon (nearly 50 W m~2)
are noticeable for the REMO model. Moreover, the radiation in the COSMO model is slightly underestimated during some
morning hours (30 W m~2-40 W m~2). Regarding the EF region, the REMO simulation suffers from an underestimation of
radiation in the afternoon, whereas the COSMO simulation suffers from an underestimation in the morning.

However, a comparison of hourly radiation has to be interpreted with care. The time of satellite retrieval and model output
times are not the same because a shift of about 8 to 10 minutes is present for the SARAH product in the domain of Central
Europe. Thus, a bias of less than 10 W m~2 can be the result of a sampling problem and not a model deficit. Moreover, different
parameterizations of radiation were used in all three CPM simulations, which modify the cloudy-sky and clear-sky radiation. In
addition, the representation of cloud cover is a key point for the simulation of radiation fluxes. In particular, the TSA region is
affected by low mountain ranges with complex dynamics and cloud formation, which impedes its representation in atmospheric
models.

The performance of the models for the diurnal cycle of radiation is quantified by the MAHD in Fig. 19 for all pilot regions.
The relatively low values for ICON-CLM in all regions illustrate that the phase angle and amplitude of global radiation are best
reproduced by this model. This is very likely due to the combination of using the sophisticated modern radiation scheme ecRad
(Hogan and Bozzo, 2018) and an aerosol climatology, which best reflects the conditions of the simulated period. Compared
to ICON-CLM, the COSMO-CLM offers slightly larger values for MAHD of about 3W m~2 to 7W m~2 larger. However,
the REMO model reveals weak performance for the mountainous regions at STU, TSA and PAR. A possible reason might be
too strong cloud developments because the daily cycle is overestimated a lot (see Fig. S6 in the Supplementary Material for

precipitation cycles at PAR region).
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Figure 18. Diurnal cycle of solar downward radiation for the months June and July (curves, left axis) and radiation bias (shaded bars, right

axis) for the period 2005-2014 and the three CPM simulations on CEU-3 with ICON-CLM (dark blue), CCLM (blue), and REMO (light

blue) against MSG-SARAH3 reference data (dark yellow curve) averaged over the pilot regions EF (upper panel) and TSA (lower panel).
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Figure 19. Mean absolute hourly differences (unit Watts per square meter) for global radiation with respect to MSG-SARAH3 averaged over

the months June and July. Meaning of coloured cells as in Fig. 4.
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Figure 20. Diurnal cycle of 10 m wind speed for the months June and July (curves, left axis) and wind speed bias (shaded bars, right axis)
for the period 2005-2014 and the three CPM simulations on CEU-3 with ICON-CLM (dark blue), CCLM (blue), and REMO (light blue)

against TRY reference data (dark yellow curve) averaged over the pilot regions EF (upper panel) and TSA (lower panel).

Considering the evaluation of the mean diurnal cycle of the 10 m wind speed (Fig. 20), only ICON-CLM adequately repre-
sents the subsidence of wind at night during the summer season. REMO and COSMO-CLM overestimate the nighttime wind
conditions by 0.5ms™!. During the day, the incoming radiation triggers the development of a well-mixed planetary boundary
layer with an increase in near-surface wind. This is well represented by all three models. However, the maximum peak in the
afternoon and the amplitude of the daily cycle are underestimated in the EF region by all models. The REMO model underes-
timates the amplitude by about 0.8 ms~!. Moreover, the daily maximum value in COSMO-CLM and REMO suffers from a
temporal shift of one hour. Remarkable is the connection between the model error and the transition from a nocturnal residual
boundary layer to a well-mixed boundary layer during the day.

The greatest difficulties to reproduce the diurnal cycle of the 10 m wind speed during the summer months June and July

occur in the pre Alpine region PAR resulting in a mean absolute hourly difference between 0.5m/s and 0.9 m/s (Fig. 21).
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All simulations underestimate here the wind speed substantially (Fig. S8) and show a stronger diurnal cycle than the observa-
tion based data set. One might get the impression that the circulation in mountainous regions as well as the land-sea breeze
circulation, relevant for the EF region, is still challenging to be realistically simulated by the models. Despite the sometimes
considerable deviations in intensity, the temporal progression of wind speed is reproduced very well by all models in all regions
(with the exception of the PAR region). The quality is confirmed by small mean absolute hourly deviations from the reference

data, mostly below 0.3 m in Fig. 21.

ICON-cLM- 0.22 0.12 0.27 0.90 0.10 0.16
ccum- 0.23  0.25 0.20 0.51 0.44 0.29

REMO- 0.34 0.18 0.14 0.78 0.47 0.59
"oé 0\3‘\ 6’(\5 QP?L ,@PL (,S';

Figure 21. Mean absolute hourly difference for the diurnal cycle of the 10 m wind speed in metres per second with respect to TRY averaged

over the months June and July. Meaning of coloured cells as in Fig. 4.

3.5 Climate Indices

Following the evaluation of the basic variables, we now evaluate the ensemble’s ability to reproduce a selection of five climate
indices: SU, HD, FD, R95ptot, and R20mm (Figure 22).
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Figure 22. Distribution of the annual (a) Number of summer days (SU), (b) Number of hot days (HD), (c) Number of frost days (FD), (d)
Contribution from very wet days (R95ptot), (e) Number of very heavy rain days (R20mm). The indices are averaged over the grid points in

the respective pilot region.
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The number of SU and HD is considerably larger in TSA compared to EF, a pattern reproduced by all ensemble members
(Fig. 22 a and b). The underestimation of both climate indices by the models compared to HYRAS is consistent with a cold
bias, especially for CCLM. This is consistent across all pilot regions (Fig. S4). The number of SU is also systematically
underestimated in ICON-CLM, while REMO mostly covers the range of the observed number of summer days. However,
it overestimates the inter-annual variability of SU, which is reflected in a wider spread of the distribution of SU in REMO.
ICON-CLM and REMO also show the best representation of HD, particularly for the former. On the other hand, CCLM shows
both low average values and low inter-annual variability. The maximum observed number of HD averaged over the region EF
(DUI, STU) is exceeded in the ensemble. For the regions TSA (EE, PAR) the ensemble shows maximum values below the
observation.

The number of FD are more frequent in the TSA region compared to the coastal region EF. The ensemble reproduces the
number of FD within an absolute deviation of the median (maximum deviation of the single ensemble member’s median from
HYRAS) of 10days in TSA, and 11 days in TSA. The ensemble covers the range of the observed number of FD for all assessed
regions except the mountainous region PAR (Fig. S4). PAR has the highest number of FD and the ensemble shows a consistent
underestimation. The result indicates a good agreement for regions with moderate temperatures, but a bias in cold regions.
Within the ensemble, CCLM has the highest number of median FD for all regions. REMO tends to show the lowest median
number of FD for EF, TSA, EE, STU, and PAR.

For the precipitation indices R95ptot and R20mm, HYRAS values for R95ptot are lower in EF than in TSA. This indicates
that the proportion of precipitation from extreme events is greater in TSA than in the coastal region of EF. The same pattern is
observed for the frequency of extreme precipitation (R20mm), which shows larger values for TSA. In both cases, the ensemble
reproduces this regional pattern, albeit to a lesser extent for R20mm. For both EF and TSA, the ensemble shows a systematic
overestimation of R95ptot. The smallest bias is found for the regions DUI and PAR (see Fig. S4). Also for the entire Germany
domain the bias is small, indicating that the average behaviour is better represented in the ensemble due to a larger sample
size or averaging of regional differences. The simulated spread compared to the observed spread, which is the inter-annual
variability, is inconclusive. However, the analysis over the whole domain shows the lowest spread in the simulations. This may
indicate that the ensemble does not represent the full range of inter-annual variability. R20mm is systematically overestimated
in the simulations for most of the pilot regions (Fig. S4). The absolute bias is larger for regions with a high occurrence of
R20mm events, and regional patterns seem to be preserved in the ensemble.

Overall, the evaluation of the climate indices indicates a systematic underestimation of heat stress and an apparent overes-
timation of frost days within the ensemble. The results for precipitation show on average a good representation of R95ptot
and an overestimation of R20mm. The ensemble captures the maxima of the number of occurrences for the indices frost days,
R20mm, R95ptot in single years. The observed years with maximum heat stress are not necessarily reproduced by the ensem-
ble. We conclude that regional patterns in the different regions assessed are generally reproduced, but also document the need

for bias correction as post-processing (Pinto et al., 2026).
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4 Summary and Discussion

This study presents the evaluation of the first kilometre-scale, multi-model convection-permitting climate ensemble for Ger-
many. Three regional climate models, ICON-CLM, COSMO-CLM, and REMO, were evaluated for the period 2005-2014
using a consistent modelling chain and a comprehensive set of reference datasets. The evaluation focused on fundamental me-
teorological variables (temperature, precipitation, radiation, wind), their diurnal and annual characteristics, and selected climate
indices covering heat and precipitation extremes. Across variables and regions, the simulations demonstrate that convection-
permitting modelling provides a substantial added value, capturing fine-scale structures and regional climatic features with
good fidelity. However, each regional climate model exhibits characteristic strengths and weaknesses, and results document the
need for bias correction where observational dates are available for calibration.

For temperature, all models reproduce the spatial temperature patterns and seasonal cycles well. ICON-CLM consistently
shows the smallest biases, typically within 0.5 K. COSMO-CLM exhibits a slight cold bias, while REMO tends toward
warmer temperatures, particularly in southern Germany and the pre-alpine region. Compared to the CORDEX 12 km ensemble
(Kotlarski et al., 2014), the NUKLEUS CPM ensemble exhibits lower biases and more realistic fine-scale structures, which
confirms findings by Soares et al. (2024) or Hundhausen et al. (2023). Daily temperature distributions are well reproduced
overall, although REMO shows broader distributions and less accurate minimum temperature extremes. Diurnal cycles are
most realistically represented by ICON-CLM, while COSMO-CLM and REMO exhibit deviations in timing and amplitude.

Mean annual and monthly precipitation patterns are reasonably captured, but with model-specific deviations. ICON-CLM
performs best overall, with moderate relative biases and a realistic annual cycle. COSMO-CLM exhibits a general overesti-
mation, while REMO shows a distinctly different spatial bias structure, including local overestimation in northern Germany
and along topographic structures. But in general the CPM simulations and specifically ICON-CLM improve the results com-
pared to the old CORDEX ensemble (Kotlarski et al., 2014). Extreme precipitation frequencies are generally overestimated by
all models, although REMO shows lower high-percentile occurrence than the other two RCMs with a good representation in
the southeast of Germany. The overestimation of daily extremes is also confirmed in other studies on CPM simulations, (e.g.,
Lucas-Picher et al., 2021; Fowler et al., 2021; Hundhausen et al., 2024). Diurnal cycles reveal notable model deficiencies: after-
noon peaks in the regions EF, TSA, and PAR are simulated too early or too intense, particularly with ICON-CLM and REMO.
Ban et al. (2021) found similar results for a CPM ensemble over the Alps, however, compared to the convection parametrized
coarser simulations they still found an improvement with respect to the representation of daily cycles.

All models reproduce the general shape of the diurnal radiation cycle, though with model- and region-specific amplitude
biases. ICON-CLM performs best due to its modern radiation scheme. COSMO-CLM shows morning underestimation, while
REMO shows over- or underestimation depending on region and cloud development. We are not aware of a comparable
evaluation in the literature.

For wind, ICON-CLM is the only model able to realistically simulate the nocturnal wind minimum. COSMO-CLM and

REMO tend to overestimate nighttime wind and show timing errors related to boundary-layer transitions. Up to now there are
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few studies evaluating the wind speed in high resolution climate simulations. Molina et al. (2024) found some added value in
CPM simulations compared to convection parametrized ensembles.

With climate indices, it was proven that the ensemble reproduces spatial patterns of heat and cold stress and precipitation
extremes, though biases remain. Heat-related indices (Number of summer days and hot days) tend to be underestimated,
especially for COSMO-CLM, reflecting its cold bias. Frost days are captured reasonably well, though are underestimated
in colder high-elevation regions. Precipitation-based indices (precipitation on very wet days and number of very heavy rain
days) are systematically overestimated, but regional contrasts as, e.g., higher extremes in mountainous regions are preserved.
These results are promising regarding the use of climate model driven simulations to quantify the impact of climate change for
different stakeholders and sectors (Buontempo et al., 2018; Pinto et al., 2026), which will the focus of two separate manuscripts.

The NUKLEUS CPM ensemble provides a substantial advancement in high-resolution climate information for Germany,
offering improved representation of convective processes, regional climate features, and local extremes compared to coarser
regional or global models. Despite this progress, the evaluation highlights model-specific systematic biases, especially re-
garding extreme precipitation, diurnal cycle behaviour, and temperature extremes in complex terrain. These findings underpin
the importance of multi-model ensembles for robust regional climate assessment and highlight areas for further development,
including improved cloud microphysics, boundary-layer representation, and radiation schemes. Overall, the ensemble demon-
strates strong potential as a foundation for actionable climate information, especially in the context of regional climate adap-
tation efforts within the RegIKlim program. To address this main aim of the RegIKlim program, the used RCMs, their setups,
and the domains described in this study are applied to create the final NUKLEUS ensemble of CPM climate simulations for the
historical reference period and two future periods representing two different states of global warming. These simulations will
be introduced and evaluated in two follow-up studies (Braun et al., 2026; Beier et al., 2026). Furthermore, a study focusing on
the added-value of the 3 km CEU-3 simulations compared to the 12 km EUR-11 simulations of the final NUKLEUS ensemble

is in preparation (Baumann and Paeth, 2026).

Code and data availability. The ICON release icon-2.6.6 was used for the for the ICON simulations. Only more recent versions are published
under open access (e.g., https://doi.org/10.35089/WDCC/IconRelease2024.07, ICON 2024). Results can be reproduced with the later model
version within the range of model intrinsic variability. The used model version can made available on demand. The execution of the job
workflow for ICON was managed using SPICE - Starter Package for ICON-CLM Experiments, specifically the version 2.1 released in
January 2022 (https://zenodo.org/records/6838984, Rockel and Geyer, 2022b), which is publicly available on Zenodo. The final release
of COSMO (cosmo6.0) was applied. The documentation of the COSMO model is developed by the COSMO Consortium and consists of
user guide and scientific documentation. It is permanently available at: https://www.dwd.de/EN/ourservices/cosmo_documentation/cosmo_
documentation.html (last access: 12 January 2026). The COSMO-CLM model is free of charge for all research applications; however, access
is license-restricted: https://www.cosmo-model.org/content/consortium/licencing.htm (last access: 12 January 2026). To download, the user
needs to become a member of the CLM-Community or the respective institute needs to hold an institutional license. The execution of the
job workflow for COSMO was managed using the Starter Package for COSMO-CLM Experiments, specifically the version 5.0 released in
February 2022 (https://doi.org/10.5281/zenodo.7290478, Rockel and Geyer, 2022a), which is publicly available on Zenodo. The sources for
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the REMO model are available on request from the Climate Service Center Germany (contact@remo-rcm.de). Open access is not possible
due to licensing limitations coming from the legacy code within REMO. The version used in this work is saved and archived on Zenodo
(https://doi.org/10.5281/zenodo.15679389). NUKLEUS data available at the German Climate Computing Centre (DKRZ); requires login:
https://www-regiklim.dkrz.de/. Further information on the available data can be found at: https://ch1187.gitlab-pages.dkrz.de/Information/
Data.html. An openly available access is planned for September 2026 in a data portal at DKRZ that is part of the funding of the NUKLEUS

project and currently under development.
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