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Abstract. This study presents the evaluation of the historical reference simulations (1961-1990) of the NUKLEUS ensemble,
the first kilometer-scale convection-permitting multi-model climate ensemble for Germany. The main goal is to examine to
what extent these high-resolution simulations can provide high-quality and actionable information for climate adaptation mea-
sures in Germany. The NUKLEUS ensemble comprises nine members, generated by dynamically downscaling three global
climate models from the Coupled Model Intercomparison Project phase 6 (CMIP6) with three regional climate models to a
3km grid over a Central European domain. The evaluation focuses on the spatio-temporal and statistical representation of
basic meteorological variables (temperature, wind speed, and precipitation) and derived application-relevant climate indices
compared to reanalyses and observation-based data sets. The analyses are performed for Germany and six pilot regions repre-
senting diverse climatic and physiographic settings. The results reveal that the ensemble overall exhibits moderate biases with
temperature and precipitation generally showing high distributional skill. Only few simulations exhibit strong warm biases, par-
ticularly during summer, while all simulations exhibit a wet bias throughout the year, except local dry biases during summer in
individual members. Wind biases are more heterogeneous, particularly due to reference data constraints over complex terrain.
Percentile-based climate indices are well reproduced, while fixed-threshold indices show systematic deviations. A comparison
with previous regional climate model ensembles highlights the added value of the here-chosen multi-model approach. With
regard to downstream applications, a quantile (delta) mapping bias correction is applied to daily precipitation totals and daily
mean, minimum, and maximum temperature, which removes climatological biases and markedly improves threshold-based
indices. The paper also demonstrates important limitations of this bias correction approach for event-based applications, show-

ing that it may disrupt spatial coherence and introduce spurious spatial gradients in precipitation fields, which can affect the
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characterization of extreme precipitation events. Overall, the presented analyses support the use of the NUKLEUS ensemble
as a high-resolution basis for regional climate and impact studies, while underlining that application-oriented post-processing

and validation should be tailored to the target variable and use case.

1 Introduction

Current international modeling initiatives, such as the coupled model intercomparison project phase 6 (CMIP6) and the Eu-
ropean branch of the world climate research program’s (WCRP) coordinated regional downscaling experiments (EURO-
CORDEX), have substantially advanced our understanding of global and regional climate dynamics. It provided ensembles
of global climate model (GCM) simulations (Eyring et al., 2016) and dynamically downscaled regional climate model (RCM)
products (Jacob et al., 2014). One insight is that ongoing climate change is already altering the frequency and intensity of ex-
treme weather events, with the largest impacts at regional to local scales (Masson-Delmotte et al., 2021). Hence, an immediate
and effective adaptation to changing climatic conditions is crucial (Measham et al., 2011; Portner et al., 2023; Fiinfgeld et al.,
2023).

In recent years, Germany experienced multiple extreme events, such as the extreme drought of 2018 (Rousi et al., 2023)
and the catastrophic Ahr Valley flood in 2021 (Ludwig et al., 2023; Mohr et al., 2023), demonstrating the urgency of climate
adaptation measures. Most of these adaptation measures happen on the regional to local scale. Consequently, effective climate
adaptation requires high-resolution and region-specific climate information capable of capturing fine-scale processes, such as
deep convection triggering extreme precipitation (Masson-Delmotte et al., 2021; Portner et al., 2022). However, the spatial
resolution of data available to date from GCMs or RCMs is still insufficient to resolve key local-scale processes, including
deep convection, and therefore too coarse to fulfill the demand for adequate climate data to inform the development of local
adaptation measures (Measham et al., 2011; Fiinfgeld et al., 2023, 2026). Hence, additional downscaling to the convection-
permitting scale is required (Schiér et al., 2020).

Convection-permitting climate modeling refers to regional or global climate simulations conducted at kilometer-scale hor-
izontal resolutions (typically 1-—4 km), where deep convection is explicitly resolved rather than parameterized. This ap-
proach has been shown to substantially improve the representation of short-duration extreme precipitation, organized con-
vective systems, and associated hydrological risks compared to coarser-resolution models (Prein et al., 2015; Kendon et al.,
2020; Ban et al., 2021). In Europe, convection-permitting modeling has advanced through coordinated initiatives such as
EURO-CORDEX and its Flagship Pilot Studies dedicated to very high resolution climate simulations (Giorgi and Gutowski,
2015; Coppola et al., 2020). Early breakthroughs in convection-permitting climate modeling (CPM) emerged from the WCRP
CORDEX Flagship Pilot Study (FPS; Giorgi et al., 2009; Gutowski Jr. et al., 2016), which targeted high-resolution convec-
tive processes over Europe and the Mediterranean (Coppola et al., 2020), culminating in the first decade-long, multi-model
convection-permitting ensemble for the Greater Alpine region (FPS-ALPS; Pichelli et al., 2021). Other recently produced
convection-permitting climate ensembles are the UKCP Local ensemble (Kendon et al., 2020) covering the British Isles, or

the KIT-KLIWA ensemble (Hundhausen et al., 2023, 2024) covering central and southern Germany including the Alps. Ex-
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pected benefits of such CPM simulations are a better representation of the intensity distribution and diurnal cycle of precip-
itation (Fowler et al., 2021; Lucas-Picher et al., 2021; Hundhausen et al., 2024) due to the explicit treatment of convection,
but also for 2 m temperature (Soares et al., 2024; Hundhausen et al., 2023), 10 m wind speed (Molina et al., 2024), and for
application-relevant climate indices (Pinto et al., 2026). Nevertheless, the availability of such high-resolution kilometer-scale
CPM simulations remains limited (Prein et al., 2015; Coppola et al., 2020; Ban et al., 2021; Lucas-Picher et al., 2021; Kendon
et al., 2023).

One reason for the sparse availability of CPM simulations are the high computational costs, especially for large ensembles,
even though the technical resources have significantly increased in recent years. Hence, most activities on the CPM scale only
cover short time slices of 10 to 30 years or small domains of about 1000 km x 1000 km (Pichelli et al., 2021; Caldas-Alvarez
et al., 2023). Pioneering work in global convection-permitting simulations is done, for example, by Stevens et al. (2019, 2020),
but such global simulations are typically limited to a couple of months to a few years due to the prohibitive computational
costs, and therefore, not suitable to derive statistics required for supporting climate change adaptation.

To overcome the high computational costs, one possibility is the application of statistical downscaling approaches. Under
current climate conditions, such statistical models showed similar or even better results than dynamical downscaling models
(e.g., Maraun et al., 2015; Gutiérrez et al., 2019). However, these models struggle to represent the unknown future climate
conditions due to missing training data. Furthermore, the physical consistency between different variables (e.g., temperature
and precipitation) is not ensured anymore, especially under strong climate change signals (Lanzante et al., 2018). Hybrid
statistical-dynamical models aim to combine the benefits of both approaches, but are often limited to specific variables (Reyers
et al., 2015). Other recently developed methods, such as so-called “RCM emulators” (Doury et al., 2023), are not yet suitable
for operational use.

To address the lack of high-resolution climate data, the NUKLEUS (“Actionable local climate information for Germany™)
initiative (Sieck et al., 2026), as part of the funding program RegIKlim of the German Federal Ministry of Research, Tech-
nology, and Space (BMFTR), will deliver the first kilometer-scale convection-permitting multi-model climate ensemble for
Germany. This ensemble will provide unprecedented spatial detail to evaluate past and future climate conditions and to support
regional climate impact research as well as the creation of actionable knowledge for local climate adaptation initiatives in
Germany. This study presents the characteristics of the simulations of the historical reference period (1961-1990) from the
NUKLEUS ensemble and assesses their performance relative to reanalyses, and observation-based data sets. The evaluation is
done for the basic meteorological variables (2 m temperature, precipitation, 10 m wind speed), and selected application-relevant
climate indices.

A further requirement for the practical usability of climate data is its alignment with observations. For downstream applica-
tions in hydrology, agriculture, infrastructure planning, energy, and climate-risk assessments high-quality data sets that closely
match observations are essential (Maraun and Widmann, 2018), which is usually achieved by performing a bias correction to
the simulation output. In this context, bias correction denotes a statistical post-processing step that adjusts climate model output
to reduce systematic deviations from observed climatology and distributional properties (e.g., mean, variability, and quantiles),

thereby improving consistency with observational reference data for impact modeling. Here, we explore the benefits and lim-
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itations of a standard and straightforward bias correction approach based on quantile delta mapping and analyze the resulting
data sets in the context of downstream applicability.

This study is structured as follows: Sect. 2 describes the NUKLEUS climate ensemble, the used reference data sets, and the
methods used for the evaluation and also the bias correction. In Sect. 3, the results of the evaluation of the basic meteorological
variables (temperature, precipitation, and wind speed) are presented, and in Sect. 4, the performance regarding climate indices
is evaluated. Section 5 compares the NUKLEUS ensemble to two existing regional climate model ensembles available for
Central Europe. The effect of the bias correction on basic variables, climate indices, and possible consequences for downstream

applications is given in Sect. 6. Finally, Sect. 7 discusses the results and lists the conclusions.

2 Data and methods
2.1 The NUKLEUS ensemble

NUKLEUS is a novel ensemble of high-resolution, convection-permitting climate simulations (CPM) for Germany at 3 km
horizontal grid spacing (Sieck et al., 2026). Three CMIP6 global climate models (GCMs; see Sect. 2.1.1) were selected and
each of them was dynamically downscaled by three regional climate models (RCMs, see Sect. 2.1.2). Hence, the NUKLEUS
ensemble consists of 9 members. In a first step, each GCM was downscaled to an intermediate resolution of 0.11° (approxi-
mately 12 km) with each RCM covering the EURO-CORDEX domain (EUR-12, formerly named EUR-11) for the transient
period 1950-2100. Second, the same RCMs were then used to further downscale the EUR-12 simulations to the high-resolution
CPM simulations on the final resolution of 0.0275° (approximately 3 km) for a central European domain covering Germany
and surrounding areas (CEU-3; cf. Fig. 1 in Sieck et al., 2026). Due to the higher computational costs, the CEU-3 simulations
are only performed in time-slices of 30 years for the historical reference period 1961-1990 (Sect. 2.3) and the two global
warming levels of +2 K and 43 K compared to preindustrial conditions (1881-1910, cf. Beier et al., 2026) using the ssp3-7.0
scenario (O’Neill et al., 2016).

In this study, we focus on the 3 km simulations of historical reference period 1961-1990, which is recommended by the
World Meteorological Organization (WMO) and applied as the standard reference period for long-term climate change as-
sessments by the DWD for Germany (World Meteorological Organization, 2017; Kaspar et al., 2021). For the 3 km future
projections and climate change signals, we refer to Beier et al. (2026). The 12 km intermediate EUR-12 simulations of NUK-
LEUS have already been evaluated by Cusinato et al. (2026) with respect to the hydrological cycle, or Beier et al. (2026)
in terms of the climate change signal of application-relevant climate indices, where the added value of the 3 km simulations

compared to the 12 km simulations is also addressed.
2.1.1 GCM selection

The decision process of the GCM selection includes multiple aspects, closely following the CORDEX CMIP6 protocol
(Gutowski Jr. et al., 2016; Katragkou et al., 2024). A basic requirement is the availability of the 3-dimensional forcing data for
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the dynamical downscaling with a sufficient temporal resolution (minimum 6-hourly). A second criterion is a higher spatial
resolution compared to CMIPS, which is supposed to improve the GCM results (Fernandez-Granja et al., 2021). In addition,
the GCM simulations are desired to be as independent as possible from each other (Brunner et al., 2020), and should cover a
plausible range of the equilibrium climate sensitivity (ECS) at double CO» (Nijsse et al., 2020). In a related effort, Sobolowski
et al. (2023) compiled an extensive evaluation of the suitability of CMIP6 GCMs for a downscaling over Europe, selecting six
GCMs in the so-called “EURO-CORDEX Balanced Ensemble Matrix” (BEM). Since the primary purpose of NUKLEUS is to
provide reliable climate information for Germany, the representation of weather patterns in Central Europe is given the highest
priority. To this end, the statistics of circulation weather types (CWTs; Jones et al., 1993) and the blocking index (Masato et al.,
2013) are analyzed using preinstalled plugins on the Freva platform (Kadow et al., 2021) at the German Climate Computing
Center (DKRZ), namely the CWT plugin (Schartner, 2016) and the 2D-blocking plugin (Richling, 2020). The CWTs are an-
alyzed at a reference point in Central Europe at 50° N and 10° E. The blocking index calculation considers an area over the
North Atlantic-European region between 75° W to 75°E and 30° N to 90° N, with enabled option of spatial filtering following
Barriopedro et al. (2010).

The GCM performance for the above-mentioned aspects is evaluated using the ERAS reanalysis (Hersbach et al., 2020;
Bell et al., 2021) as benchmark. ERAS is the latest generation of global reanalysis data provided by the European Center
of Medium-range Weather Forecasts (ECMWF). It represents a detailed and realistic record of the global atmosphere, land
and ocean surface at a horizontal resolution of 0.25° and a temporal resolution of 1h for atmospheric variables, including 37
vertical pressure levels between 1000 hPa and 1 hPa. It covers the time period from 1940 up to present day.

Figure 1 shows the mean squared error (MSE) of the annual (seasonal) frequency of the CWTs and the blocking index for
the six GCMs of the BEM against the ERAS reanalysis based on daily values during the period 1980 to 2010. GCMs with
smaller errors in all seasons (indicated by light colors) reproduce the typical distribution of weather patterns more accurately.
The different period for the GCM selection is chosen, as ERAS is expected to have a higher quality due to the assimilation of
observations, including radiosoundings and satellite data (Bell et al., 2021).

Based on these criteria, the following three CMIP6 GCMs are selected for the NUKLEUS ensemble: EC-Earth3-Veg (here-
after ECE; EC-Earth Consortium (EC-Earth), 2019) with high (ECS > 4), MPI-ESM1-2-HR (hereafter MPI; Jungclaus et al.,
2019; Schupfner et al., 2019) with medium, and MIROC6 (hereafter MIR; Tatebe and Watanabe, 2018; Shiogama et al., 2019)
with low (ECS < 3) sensitivity. Consequently, the 12 km NUKLEUS simulations on the EUR-12 domain consist of a subset of
the EURO-CORDEX CMIP6 ensemble for Europe, particularly for the BEM initiative (Sobolowski et al., 2023).

2.1.2 Regional climate models

For the downscaling, three regional climate models (RCMs) were chosen: ICON-CLM (hereafter ICON; Zaengl et al., 2015;
Pham et al., 2021), COSMO-CLM (hereafter CCLM; Rockel et al., 2008; Baldauf et al., 2011), and REMO (Jacob and Podzun,
1997; Pietikdinen et al., 2025). While CCLM and REMO are well established (e.g., Sgrland et al., 2021; Steger and Bucchig-
nani, 2020; Pietikdinen et al., 2025), particularly for simulating the European climate, the climate version of ICON is new

and applied and evaluated for the first time using other GCMs than global ICON simulations as forcing. However, the mod-
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Figure 1. Representation of (a) circulation weather type (CWT) frequency over Central Europe, and (b) blocking index frequency over the
North Atlantic-European region in CMIP6 simulations over Europe for each season and the whole year, depicted as mean squared error
(MSE) against ERAS5 reanalysis data during the period 1980 to 2010. The numbers in brackets behind the GCM name give the ECS in °C
according to Smith et al. (2021), Table 7.SM.5, as part of Masson-Delmotte et al. (2021). The GCMs are sorted in ascending order by ECS

from top to bottom, and the horizontal lines between the GCM names separate the three groups of low, medium, and high ECS.

eling groups contributing to the NUKLEUS ensemble were involved in the development and tuning of all three RCMs. We
here provide only brief descriptions of each RCM, since comprehensive model descriptions and the corresponding specific
configurations for the NUKLEUS ensemble are provided in detail by Sieck et al. (2026).

CCLM (version: CCLM-V6.0) is a non-hydrostatic model using a horizontal grid on curvilinear rotated geographical coor-
dinates. In the vertical, it uses a terrain-following coordinate with 55 height levels up to a top height of 30 km above sea level
(Sgrland et al., 2021). For land surface processes, the multilayer soil model TERRA-ML is used (Grasselt et al., 2008). At the
resolution of 3 km, deep convection is explicitly resolved, and only shallow convection is parameterized (Tiedtke, 1989).

ICON (version: ICON-CLM V2.6.5) is a non-hydrostatic model using an icosahedral grid with triangular shaped grid cells in
the horizontal (Prill et al., 2023). The 3 km simulations use the R13B07 structure. During post-processing, the triangular grid is
interpolated to the regular latitude-longitude grid CEU-3 which is also used for the other models. The vertical grid consists of
65 non-equidistant levels. ICON also uses TERRA-ML for land surface processes. The parameterization of shallow convection
is basically the same as in CCLM but with the modifications implemented by Bechtold et al. (2008). Deep convection, again,
is resolved explicitly.

REMO (version: REM02020) is a hydrostatic model using a rotated latitude-longitude horizontal grid and 49 hybrid-sigma
pressure levels in the vertical (Pietikdinen et al., 2025), with a non-hydrostatic extension called REMO-NH based on Goéttel

(2009) and Janjic et al. (2001). In the non-hydrostatic mode, which is used within NUKLEUS, only shallow convection is
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parameterized. For surface processes, REMO uses a tile approach scheme depending on the fraction of land, water, or ice. The
sea surface temperature (SST) is prescribed from the driving model, while for inland water bodies the module FLake (Mironov,

2008) is applied. All soil variables are initialized using ERAS boundary conditions.
2.2 Reference data

The main observational data reference for this study is HYRAS-DE (version v5.0, hereafter referred to as HYRAS; Rauthe
et al., 2013; Razafimaharo et al., 2020), which is used both for the general validation of the NUKLEUS simulations and for bias
correction (see Sect. 2.4). This data set is provided by Germany’s National Meteorological Service (Deutscher Wetterdienst;
DWD). HYRAS contains gridded daily precipitation totals at a resolution of 1 km x 1km, and also daily mean, maximum, and
minimum temperatures at a 5 km x 5 km resolution covering Germany. It is based on several thousand station measurements
interpolated to a regular grid considering local characteristics such as elevation, exposition, and local climatology (Rauthe
et al., 2013). HYRAS is available since 1951 and continuously updated up to present. It already served as reference in multiple
previous studies on model evaluation and extreme event analysis (e.g., Ehmele et al., 2020; Ludwig et al., 2023).

As a complementary reference data set, the ERAS-Land reanalysis (Mufioz-Sabater et al., 2021) is used. The ERA5-Land
reanalysis is driven by the coarser ERAS (Hersbach et al., 2020; Bell et al., 2021) and provides hourly data of surface and
soil variables for the land areas around the globe at a spatial resolution of 0.1° covering the period from 1950 to present.
For the atmospheric part, it includes near-surface variables such as 2 m temperature, precipitation, and 10 m wind speed,
where precipitation and wind are obtained from coarser ERAS by simple linear interpolation between the two grids, while
temperature estimates include a height correction (Mufioz Sabater et al., 2021). Expectedly, this locally leads to substantial
differences between the NUKLEUS simulation output and ERAS5-Land (see Sects. 3.3, 3.4, and 3.5). Therefore, a short quality
assessment and classification of ERA5-Land using the same time period and observation-based reference data as Sieck et al.
(2026) can be found in the supplemental material. Nevertheless, this study employs ERAS5-Land as a reference data set for
two primary purposes. First, it is used to evaluate the diurnal cycle of the NUKLEUS ensemble, as no other suitable hourly
data with sufficient spatial representativeness is available for the 1961—1990 period. Second, it serves as the reference for
evaluating the simulated wind data, since no other observation-based gridded wind data set is available for the entire period,

even on a daily basis.
2.3 Basic analysis framework and statistical methods

To assess the performance of the NUKLEUS ensemble, we analyze the 2 m temperature, 10 m wind speed, and precipitation
(hereafter referred to as the basic meteorological variables) in comparison with the reference data sets HYRAS and ERAS-
Land. Both HYRAS and ERAS5-Land are interpolated to the CEU-3 grid of the NUKLEUS simulations using remapping
procedures of the cdo routines (Schulzweida, 2022) with a conservative remapping applied to precipitation sums and wind
speed. Daily mean, maximum and minimum 2 m air temperature are interpolated using nearest neighbor remapping for HYRAS

and bilinear remapping for ERAS5-Land. Subsequently, a height correction considering the commonly used constant mean free-
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atmosphere lapse rate of 0.0065 Km~! (Dutra et al., 2020) was applied to the temperature data to account for topographic
differences between the data sets.

All basic analyses are conducted on the native rotated curvilinear CEU-3 grid of the NUKLEUS simulations. The bias
correction (Sect. 2.4) and climate indices calculation (Sect. 2.5.1) are performed on a regular latitude-longitude grid (CEU-3i)
with slightly coarser horizontal grid spacing than the CEU-3 grid.

The basic meteorological variables are examined on various time scales ranging from years to hours (e.g., annual and diurnal
cycles). The statistical representation of each variable is analyzed using probability density functions (pdfs) and quantified using
the Perkins skill score (PSS; Perkins et al., 2007). For that, the data is clustered into equally distributed histogram classes with
a bin width of 1K for temperature, 0.5m s~ for wind, and 5 mm for precipitation. Additionally to the pdfs, the bias relative
to the reference data is examined. For most analyses, the data of the entire year is considered, while for specific investigations,
the data is clustered seasonally into spring (March to May, MAM), summer (June to August, JJA), autumn (September to
November, SON), and winter (December to February, DJF).

The data is analyzed grid point-wise for entire Germany, and spatially aggregated over six pilot regions distributed across
Germany (Fig. 2), which represent different topographic, climatic, and land use conditions, as well as socio-economic chal-
lenges for climate adaptation: the coastal region of East Frisia (EF) in northern Germany, the low mountain range area in the
triangle of the federal states of Thuringia, Saxony, and Saxony-Anhalt (TSA), the county of Elbe-Elster (EE) in Eastern Ger-
many characterized by strong agriculture and mining, the Pre-Alpine region (PAR) in southern Germany, and the two extended
urban areas of Duisburg (DUI) and Stuttgart (STU). Within the main part of this study, the focus is put on the regions EF, TSA,

and PAR. The results for the other pilot regions and entire Germany can be found in the supplemental material.
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Figure 2. Topography of the study area on the 3 km central European grid (CEU-3) with the six selected pilot regions EF, DUI, STU, PAR,

TSA, and EE (red contours) used for the statistical analysis. The black contour outlines Germany.



220

225

230

235

240

245

https://doi.org/10.5194/egusphere-2026-2517
Preprint. Discussion started: 11 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

2.4 Bias correction

A bias correction is performed on daily precipitation totals and daily mean, minimum, and maximum 2 m temperature by
applying the quantile delta mapping (QDM) approach described by Cannon et al. (2015). The core principle of the QDM is to
adjust the cumulative distribution function (cdf) of model data so that it aligns with the observed cdf.

The bias correction is carried out by constructing the univariate empirical transfer function that maps simulated quantiles to
the observed ones for the historical reference period. Univariate means that no correlations or dependencies between different
variables are considered, and the variables are treated as independent. The daily HYRAS data (see Sect. 2.2) serve as obser-
vational reference. Prior to bias correction, model and observational data are remapped to the regular CEU3i grid (see section
2.3). The interpolation to CEU-31i is done conservatively for precipitation. For mean, minimum, and maximum 2 m temperature
nearest neighbor interpolation without height correction for the simulated data sets is used. Precipitation fields are filtered by
applying a threshold of 0.05 mm to handle small numerical values as zero known as the drizzle effect (Berg et al., 2012). To
account for seasonal variability, monthly differentiated empirical transfer functions are derived. Spatial biases are corrected
by constructing empirical transfer function of each grid point individually. Following the recommendation of Cannon et al.
(2015), the number of quantiles used for the empirical transfer functions was determined by the length of the data to be cor-
rected, which here corresponds to the number of time steps in the 30-year historical reference period. No further subsampling
of the data was applied (Hyndman and Fan, 1996). Consequently, the QDM incorporates the complete distribution of values.
For precipitation, this includes accounting for the frequency of dry days.

Strictly speaking, the method applied within this manuscript is a pure quantile mapping using the transfer function described
above. The full quantile delta mapping considering the climate change signal via a delta modification (Cannon et al., 2015;
Ivanov et al., 2018) is applied by Beier et al. (2026) to the future projections of NUKLEUS corresponding to global warming
levels of +2 K and +3 K.

2.5 Derived indices

One of the main aims of NUKLEUS is the provision of user-relevant and actionable climate information. Thus, we here derive
various climate indices in order to provide a more practical and application-relevant description of the simulated climate than
the basic meteorological variables. The used indices are derived from uncorrected and bias-corrected model data, and the

reference data.
2.5.1 Extreme climate indices

We here use the extreme climate index definitions based on daily 2 m temperature and precipitation that were defined by the
Joint CCI/CLIVAR/JCOMM Expert Team on Climate Change Detection and Indices (ETCCDI') and its extension ETSCI by
WMO and WCRP (Karl et al., 1999; Climpact, 2024).

Thttp://www.clivar.org/organization/etccdi/etcedi.php, last access: 29 January 2026
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In this study, a subset of five ETCCDI climate indices is chosen, and the respective definitions are provided in Table 1. Heat
and cold stress are analyzed using the annual number of summer days (SU), the percentage of hot days per year with a maxi-
mum temperature above the climatological 90th percentile (TX90p), and the annual number of frost days (FD). Precipitation
extremes are investigated using the contribution of very wet days (annual percentage of precipitation above the climatological
95th percentile) to the annual wet-day precipitation (R95ptot) and the annual number of very heavy rain days, defined as a
daily precipitation sum of at least 20 mm (R20mm). These indices can be categorized into two groups: the first group is based
on fixed universally applied numerical thresholds (SU, FD, R20mm), while the second group uses relative percentile based
thresholds, which depend on the grid point-specific distribution (Tx90p, R95ptot).

Climate indices for both the CPM simulations and reference data sets are calculated using the ClimDexCalc2 toolbox based
on the package ClimPACT (Alexander and Herold, 2016; Climpact, 2024). The toolbox interpolates the basic meteorological
variables to the CEU-3i grid (see Sect. 2.3) prior to index calculation. The interpolation to CEU-3i is done conservatively for

precipitation and bilinear for mean, minimum, and maximum 2 m temperature without height correction.
2.5.2 Precipitation severity index

In order to provide an event-based analysis of the impact of the bias correction on daily precipitation, the precipitation sever-
ity index (PSI) developed by Caldas-Alvarez et al. (2023) is applied, which provides a spatially and temporally aggregated
measure, in contrast to the purely grid-point based ETCCDI indices described in the previous section. The PSI quantifies the
severity of precipitation events based on the intensity at each grid-point with respect to a given climatological threshold, as
well as the spatial extent and the temporal persistence of the precipitation event. In this study, the PSI is calculated using a
persistence of three days and the climatological 95th percentile as threshold, in order to detect the most extreme precipitation

events. Precipitation events with highest intensities, largest extent, and longest persistence exhibit the highest PSI. Due to the

Table 1. Overview of the selected ETCCDI climate indices, with daily maximum temperature TX;; and daily minimum temperature TN;; of
day ¢ in year j. TXi, is the corresponding 90th percentile within the period 1961-1990. RRy; is the daily precipitation amount of wet days
w (daily precipitation sum > 1 mm) in year j. W is the total number of wet days in j, and RR;; is the daily precipitation amount on day ¢ in

year j. RRy,95 is the corresponding 95th percentile on wet days within the period 1961-1990.

Climate index Abbreviation  Unit Calculation
Summer days SU days TX;; >25°C
Hot days TX90p % TXi; > TXin90
Frost days FD days TN;; <0°C
Very heavy rain days R20mm days RR;; > 20 mm
Contribution from R95ptot % %, where
very wet days Rl‘{wj > RRWH95

10
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consideration of extent and persistence, the PSI is suitable to assess the impact of the bias correction on the spatial and temporal

coherence of precipitation signals.

3 Analysis of basic meteorological variables
3.1 Annual and seasonal mean biases

To assess the performance of the NUKLEUS ensemble on climatological time scales, the spatial distribution (two-dimensional
maps) and aggregated spatial mean values of the annual and seasonal mean bias of temperature and precipitation are analyzed.
The overview of the seasonal mean biases of all basic meteorological variables spatially averaged over Germany and all
NUKLEUS pilot regions can be found in Figs. S10-S13.

Regarding the daily mean temperature, all models exhibit a meridional gradient in the annual mean bias against HYRAS,
with predominantly warm (cold) biases in southern (northern) Germany (Fig. 3; the annual mean temperature in HYRAS is
shown in Fig. S4a). Despite the height correction applied to HYRAS, orographic-related bias patterns remain visible across all
simulations after interpolation to the model grid. The ensemble mean bias averaged over entire Germany (provided as the mean
bias & one standard deviation as an estimate of the ensemble bandwidth; Fig. S10) is very low during spring (0.07 £ 0.43 K)
and fall (0.05 4+ 0.39 K). For summer (0.57 £ 0.61 K) and winter (0.38 +0.92 K), moderate warm ensemble mean biases are
found for entire Germany.

All MIR-driven simulations exhibit the coldest annual mean biases, while ECE- and MPI-driven simulations exhibit com-
parable magnitudes of the biases (Fig. 3). For each driving GCM, the spatial structures of these biases are very similar in the
CCLM and ICON simulations, though the ICON simulations generally show slightly lower values. The REMO simulations
predominantly exhibit warm biases throughout Germany, especially when driven by ECE and MPI.

Temperature biases vary in both sign and magnitude across seasons, exhibiting distinct patterns that can be attributed either
to the driving GCM or to the RCM (Fig. S10). The MIR-driven simulations display particularly strong seasonal biases, with a
cold bias in DJF and a warm bias in JJA. This pattern is consistent across Germany and within each pilot region, leading to the
moderate annual mean bias noted previously (Fig. 3). By contrast, MPI-driven simulations exhibit a persistent warm bias in
DIJF across all pilot regions, without any offsetting cold bias, resulting in the largest warm biases in the annual mean (Fig. 3).
Except for JJA, ICON simulations generally exhibit the strongest cold bias. In JJA, however, the coldest biases occur in CCLM
simulations and the warmest in REMO simulations, a pattern that is consistent across all driving GCMs and pilot regions.

Daily temperature extremes generally show a consistent behavior: daily maximum temperature exhibits colder biases than
daily mean temperature during most seasons and for most regions (cf. Figs. S12 and S10). In contrast, daily minimum temper-
atures exhibit very similar biases as daily mean temperature with a tendency to warmer biases (cf. Figs. S13 and S10). This
pattern suggests a systematic underestimation of temperature extremes, with smaller daytime maxima in the RCM simulations
compared to HYRAS. When driven by MIR or MPI, both CCLM and ICON consistently exhibit a cold bias in the annual
mean daily maximum temperature (Fig. S7; the annual mean daily maximum temperature in HYRAS is shown in Fig. S4b). In

contrast, the REMO simulations generally show a warm bias in the annual mean of daily maximum temperature. This bias is
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Figure 3. Annual mean bias of daily mean 2 m temperature (tas) of the ECE- (a—c), MIR- (d—f), and MPI-driven (g—i) RCM simulations with
CCLM (a,d,g), ICON (b,e,h), and REMO (c.f,i) with respect to HYRAS. The absolute values of HYRAS are shown in Fig. S4a.

strongly influenced by the land surface scheme, resulting in pronounced warm biases over urban areas and marked cold biases
over lakes.

The annual mean relative biases of precipitation also exhibit clear orographic patterns, with strong wet biases and modest dry
biases (Fig. 4; the annual mean daily precipitation sum in HYRAS is shown in Fig. S4d). Overall, the simulations predominantly
exhibit wet biases with the largest ensemble mean biases during winter and the smallest ensemble-mean biases during summer
(Fig. S11). Spatially averaged over entire Germany the ensemble mean bias is 20.14 = 5.25 mm per month during winter and

4.21 +7.23 mm per month during summer.
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Figure 4. Relative annual mean bias of monthly precipitation totals (pr) of the ECE- (a—c), MIR- (d—f), and MPI-driven (g—i) RCM simula-
tions with CCLM (a,d,g), ICON (b,e,h), and REMO (c,f,i) with respect to HYRAS. The absolute values of HYRAS are shown in Fig. S4d.

Spatial gradients of the precipitation biases are less pronounced than those for temperature. The bias in ICON and CCLM

310 simulations exhibits a weak zonal gradient, which is of opposite sign in northern and central Germany compared to the south. In
relative terms, the strongest wet biases are found in central and eastern Germany, where low absolute values prevail (Fig. S4d),

as well as in the Alpine region near Germany’s southern border, where annual mean precipitation is high (Fig. S4d). Locally,

the REMO simulations exhibit very strong wet biases that are also linked to orography. These biases likely result from the

unsmoothed topography applied in REMO, which can enhance uplift processes.
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Dry biases occur in only a few regions and seasons across the simulations. The ECE-driven simulations constitute the primary
exception to this pattern (Fig. S11). The largest dry biases are found for JJA. Similar to the biases found for temperature, the
ICON simulations show the strongest (dry) biases in autumn, winter and spring. However, there is no obvious relationship
between temperature and precipitation biases on seasonal timescales (Figs. S10 and S11).

The spatial gradients and orographic patterns found in the annual mean temperature and precipitation biases are also evident
from the reanalysis-driven evaluation simulations presented in Sieck et al. (2026). This suggests that these are features arising
from the CPM simulations independent of the imposed GCM-specific boundary conditions. As expected, the biases in the
GCM-driven simulations analyzed here are larger than those in the evaluation simulations of Sieck et al. (2026), but they
remain of the same order of magnitude.

Overall, all members of the NUKLEUS ensemble are considered to provide reasonable representations of the mean climate
state during the historical reference period with moderate biases in near-surface air temperature and precipitation. Nevertheless,
for some of the applied models and regions non-negligible climatological biases are found especially on seasonal time scales.
Thus, for downstream applications that require an accurate consideration of absolute values, a bias correction of the provided
data set is recommended. A discussion of the detected biases with respect to previous regional climate model ensembles is
provided in Sect. 5. Furthermore, the biases are discussed in Sect. 7 with respect to the simulated interannual variability (see

Sect. 3.2).
3.2 Interannual and interseasonal variability

The RCM simulations reproduce the observed temperature variability reasonably well, as indicated by the box plots in Fig. 5.
To enable a direct comparison of variability across models and reference data sets, we subtracted the median of each model,
period, and region from the corresponding data set (corresponding figures without subtraction of the median are presented in
the supplemental material in Figs. S16 and S17). In the annual mean, the interquartile range (IQR) of the individual simulations
exhibits a width comparable to the IQR obtained from HYRAS (Figs. 5a and S14a). For PAR and TSA the simulated variability
covers a wider range compared to HYRAS, with considerably higher deviations from the median towards low annual mean
temperatures.

For DJF (Fig. 5b), the simulations exhibit a homogeneous IQR for PAR and TSA similar to the IQR obtained from HYRAS.
For the EF region, MPI- and MIR-driven simulations exhibit smaller IQR compared to HYRAS. Similar to HYRAS, many
of the simulations contain strong negative outliers and, thus, seem to reproduce the occurrence of single anomalously cold
seasons. Conversely, during JJA (Fig. 5c¢) the REMO simulations display strong positive outliers that substantially exceed
the variability observed in HYRAS. These deviations are most pronounced in the MPI-REMO simulation. This is also true for
entire Germany and the other pilot regions (Fig. S14c). In combination with the previously discussed warm biases in all REMO
simulations during JJA (Fig. S10), these strong positive outliers, suggests that individual years may experience particularly high
temperature deviations relative to HYRAS. Separately, the RCM simulations show moderate over- and underestimation of the

IQR during JJA, with no clear pattern linked to the specific RCMs or driving GCMs.
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Figure 5. Box plots of median-adjusted annual and seasonal mean 2 m temperature simulated by the RCMs and HYRAS for the pilot regions
PAR, EF and TSA, representing the interannual (a) and the interseasonal variability for DJF (b) and JJA (c). To focus on the variability,
the median of each model, period, and region was subtracted from the respective data. The center line indicates the median. The box edges
represent the interquartile range (IQR). The whiskers mark the farthest point from the nearest box edge within 1.5 x IQR. The dots mark

outliers. Note the different scales of the vertical axes.
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Figure 6. Same as Fig. 5, but for annual and monthly mean (within a season) precipitation totals.

Regarding precipitation, the RCMs successfully capture the regional pattern of the interannual and interseasonal variability
present in HYRAS. This is evidenced by the fact that the simulated variability scales proportionally with that of HYRAS
across different regions, especially during JJA (Figs. 6 and S15; corresponding figures without subtraction of the median are
presented in the supplemental material in Figs. S18 and S19). However, the regional differences in precipitation variability are
more pronounced in the simulations than in HYRAS. This is particularly evident in the PAR and STU regions, which show high
simulated variability in MPI- and MIR-driven simulations across all periods (annual mean, DJF, and JJA). Especially during

DIJF, there are considerably higher positive deviations from the median compared to HYRAS for single regions (PAR, STU).
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The contrast between summer and winter precipitation is more pronounced in the simulations than in HYRAS for the PAR and
TSA regions, whereas it is well represented for EF. The annual mean variability for entire Germany is represented very well
(Fig. S15a).

3.3 Annual cycles

The annual cycles of monthly mean 2 m temperature and the respective monthly biases towards HYRAS for the selected pilot
regions are shown in Fig. 7. The course of the annual cycles is well captured by the models and for all regions. However,
most models show a positive bias throughout the year. The MPI- and ECE-driven simulations, for instance, show the highest
positive deviations to HYRAS with up to 2 K in the winter and spring months (namely December to April), which are more
pronounced in PAR than in EF and TSA. In summer, the MPI- and ECE-driven simulations show mainly smaller negative
biases of up to —1 K in EF and TSA, while PAR shows again positive biases up to 1 K. In contrast, the MIR-driven simulations
show the highest biases in summer (EF: May—September, TSA and PAR: June—August) and negative differences in winter (EF
and TSA about -2 K in December and PAR —1K in January). With a few exceptions, where the differences are below 1 K
(e.g., a few MIR-driven simulations in PAR, the MPI-driven simulations in all three regions, the ECE-driven simulations in EF
and TSA), all RCMs driven by the same GCM behave in the similar way. ERAS5-Land shows negative deviations to HYRAS
throughout the year in PAR, with the greatest difference in winter (December: —2.5 K) and decreasing towards August. For all

other regions, ERAS5-Land is similar to HYRAS.

20 (a) EF (b) TSA MPL-CCLM (c) PAR
5 -\\ +— MPI-ICON

+— MPI-REMO P
ECE-CCLM /i
ECE-ICON /

+ ECE-REMO
+ MIR-CCLM
+ MIR-ICON

+~ MIR-REMO

—»— HYRAS /

—e— ERAS-Land /)

Monthly mean 2 m temperature in °C

o N & O ®

I

j F M A ™M j J A S O N D J F M A M j J A S O N D |J F M A M | J A S O N D

Bias to HYRAS in K

Figure 7. Annual cycle of monthly mean 2 m temperature for the pilot region of (a) EF, (b) TSA, and (c) PAR for HYRAS (black, crosses),
ERAS-Land (gray, crosses), and the NUKLEUS ensemble: reddish colors mark the CPM simulations driven by MPI, yellowish colors those
driven by ECE, and blueish those driven by MIR; dots indicate the CCLM simulations, diamonds the ICON simulations, and squares the
REMO simulations. The bar plot at the bottom gives the bias towards HYRAS of all simulations and ERAS5-Land.
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The annual cycles of temperature in STU, EE, and DUI show similar characteristics (Fig. S20). Again, the MIR-driven
simulations show positive biases in summer and negative biases in winter with similar magnitudes. In STU and EE, the MPI-
and ECE-driven simulations also show similar signs and magnitudes as for the areas presented above. Only for DUI, these
simulations show lower biases throughout the entire year within the range of +1 K.

In general, the presented results demonstrate that the driving GCM dominates the bias signal for temperature in all regions.
This is partly in line with the findings by Sieck et al. (2026), who, likewise, found a similar bias signal in the reanalysis-
driven simulations of all RCMs, for example, in EF or DUIL. However, they found an RCM dependency in other regions with
contrasting bias signals (e.g., positive bias of REMO and negative bias of CCLM and ICON in TSA). Furthermore, the biases
found by Sieck et al. (2026) are of contrasting sign compared to the results presented in this study in most regions, although
the magnitude is comparable.

The annual cycles of monthly precipitation sums is shown in Fig. 8. The course of the HYRAS annual cycle is well captured
by all models in all regions. The highest absolute values and the strongest variations within the annual cycle is found in the
mountainous PAR region, with a distinct summer peak, while it is more homogeneous throughout the year in the coastal EF
region with a small minimum in early spring. The simulations show the lowest differences to HYRAS (below 20 %) in summer
for EF (June and July), TSA (August), and PAR (June—August), and the greatest differences in autumn and winter (up to 80 %
in December, PAR, MPI-CCLM). The rather small biases in summer further tend to be negative, while the rest of the year
mainly positive biases are found. However, it should be noted that HYRAS is not undercatch corrected regarding measurement
errors primarily caused by technical or physical factors at the measurement site, which leads to an underestimation of the actual
precipitation amounts.

For STU, EE, and DUI, likewise wet biases are found throughout almost the entire year, except a few models during summer

(Fig. S21). The magnitude of the wet biases is the smallest in DUI. The EE region shows similar magnitude as TSA, which
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Figure 8. Same as Fig. 7, but for monthly precipitation totals.
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could be related to the spatial proximity of the two regions to each other. The relative biases in STU in the individual months
show similarities to PAR, although the absolute monthly sums are lower in STU than in PAR. As for EF, the rather flat region
of DUI shows a rather flat annual cycle with a small minimum in early spring, while there is a distinct summer peak in the
STU region, which is characterized by a more complex orography. This means that the orographic signal especially in summer
precipitation is well captured by the simulations.

A consistent dependency to the driving GCM is found for precipitation, as the MPI-driven simulations tend to have the
strongest positive biases, while the ECE-driven simulations tend to have the lowest biases in all regions (Figs. 8 and S21).
Compared to the ERA5-Land reanalysis, HYRAS shows mostly lower monthly precipitation. The presented results are in
line with the general evaluation by Sieck et al. (2026) with mainly positive precipitation biases in all regions for all models.
Negative biases mainly occur during summer and autumn. However, the magnitude of the biases presented here is expectedly
larger than in Sieck et al. (2026).

Annual cycles of monthly mean 10 m wind speeds are shown in Fig. 9, with higher wind speeds towards the northern and
more coastal regions. For TSA and PAR, all simulations show higher wind speeds than ERA5-Land (up to 2 ms~!), whereas
for EF, the overestimation is either less than 1 ms™!, or negative (up to —0.7ms~') for MIR-REMO. However, a rough
quality assessment of ERAS-Land (see supplemental material) reveals a general underestimation of ERA5-Land compared
to observation-based data set of the same order of magnitude as for the NUKLEUS ensemble. Taking this into account, the
NUKLEUS ensemble performs well. Furthermore, the larger deviations for regions with more complex terrain likely originate
from the coarse native resolution of ERAS-Land, which strongly smooths orographic details relevant for accurate near-surface

wind representation.
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Figure 9. Same as Fig. 7, but for monthly mean 10 m wind speed. Note that there is no wind data in HYRAS, and, therefore, the bias is
calculated towards ERAS5-Land.
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The qualitative findings for the annual cycles of the mean wind speed for STU, EE, and DUI are similar (Fig. S22). The
lowest deviation towards ERAS5-Land is found for DUI, which also exhibits rather flat terrain, while the deviations in EE
and STU are higher and of comparable magnitude as for TSA and PAR, respectively. All models show positive deviations
compared to ERAS5-Land in all months for EE and STU, while for DUI a few simulations, but mostly MIR-REMO, exhibit

slightly negative deviations.
3.4 Frequency distributions

We explore the statistical representation of the basic meteorological variables on daily time scales by probability density
functions (pdfs). For the daily mean 2 m temperature (Figs. 10 and S23), the pdfs of all simulations and reference data sets
form a double maximum for all pilot regions, with the highest frequencies around 0 to 5°C (winter maximum) and around
10 to 15°C (summer maximum). The three MIR-driven simulations (shown in blueish tones in Fig. 10) are positioned at the
extremes of the temperature distribution in most pilot regions. This placement indicates that these simulations produce both
cold and warm extremes more frequently than the other data sets. Furthermore, the summer maximum of the MIR-driven
simulations in the EF and TSA region is slightly shifted towards warmer values. The distributions of the NUKLEUS ensemble
are within the spanned range of both HYRAS and ERAS5-Land, except for ERAS-Land in PAR, which might be a result of its
coarser original resolution together with the mountainous orography in that area.

The annual mean wet biases presented in Sect. 3.1 are also evident in higher frequencies of remarkable daily precipitation
totals (above 20 mm) in almost all models and regions compared to HYRAS and also ERAS5-Land (Figs. 11 and S24). Over

the entire range of values, the pdfs of all models in all pilot regions are above those of HYRAS or ERA5-Land with increasing
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Figure 10. Frequency distribution of daily mean 2 m temperature (bin width 1 °C), taking into account every single grid point within the
pilot region of (a) EF, (b) TSA, and (c) PAR for HYRAS (black, crosses), ERAS5-Land (gray, crosses), and the NUKLEUS ensemble: reddish
colors mark the CPM simulations driven by MPI, yellowish colors those driven by ECE, and blueish those driven by MIR; dots indicate the

CCLM simulations, diamonds the ICON simulations, and squares the REMO simulations.
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Figure 11. Same as Fig. 10, but for daily precipitation totals (bin width 5 mm). Please note the non-linear x-axis.

distance towards the extremes, except for ECE-CCLM and ECE-ICON in PAR. This strongly agrees with the results of the
reanalysis-driven simulations in Sieck et al. (2026). In general, the MIR-driven simulations exhibit the highest frequencies of
remarkable daily precipitation (above 20 mm), while the ECE-driven simulations exhibit the lowest frequencies. Furthermore,
there are daily precipitation amounts in the simulations far beyond the maximum values of HYRAS. The maximum simulated
daily precipitation amount within the investigation areas is found in TSA in the MIR-ICON simulation with around 400 mm,
which is already above the maximum observed 24 h precipitation amount for Germany of 353 mm (Deutscher Wetterdienst,
2003). One reason for the higher precipitation could be that CPMs explicitly capture each simulated convective cell in total,
whereas in HYRAS, convective cells are only captured when passing one of ground-based observation station, on which
HYRAS is based on. Same applies for ERAS-Land, which is likewise based on measurements for the reference period, but
additionally its coarser native resolution is not convection-permitting, and therefore not capable in resolving convective cells
in detail.

The distributions of simulated daily mean 10 m wind speed (Figs. 12 and S25) show large variability and a clear dependency
on the used RCM. The pdfs of the REMO simulations consistently differ from those of the CCLM or ICON simulations
across all regions. This deviation manifests as either a shift of the maximum probability towards slightly lower wind speeds
(approximately —0.5ms—1 in PAR and DUI) or as a broader main body of the distribution in all other pilot regions. For
PAR (Fig. 12¢) and STU (Fig. S25¢), the CCLM simulations are also grouped together, with a small shift (around 0.5ms~1)
towards higher wind speeds. The absolute maximum wind speed in the individual pilot regions, however, cannot be assigned
to a specific group of RCMs or GCMs.

The wind speed of the NUKLEUS ensemble is evaluated against ERAS-Land, as no other suitable high-resolution observa-
tional data set exists for the historical period. Consequently, the results are strongly influenced by the region and its properties,
particularly the orography. This explains the strong agreement between NUKLEUS and ERAS-Land in flat regions like the
coastal EF (Fig. 12a) and the relatively flat DUI (Fig. S25a). More complex orography manifests in larger differences between
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Figure 12. Same as Fig. 10, but for daily mean 10 m wind speed (bin width 0.5 ms~!). Note that there is no wind data in HYRAS.

ERAS5-Land and NUKLEUS in terms of the shape of the pdfs or the maximum wind speed. However, the location of the maxi-
mum probability agrees well between NUKLEUS and ERAS-Land in all pilot regions except for the mountainous PAR region.
The maximum wind speeds are higher in NUKLEUS than in ERAS5-Land, which might also be a result of the coarser native
resolution of ERAS-Land and, therefore, a different representation of the land surface and its interaction with the atmosphere.
Furthermore, a general underestimation of ERAS5-Land compared to observation-based data was detected (see supplemental
material).

We further quantify the differences of the above pdfs against HYRAS (temp and prec) and ERAS5-Land (wind) by calculating
the Perkins skill score (PSS; Tables 2 and S1). For temperature, the NUKLEUS ensemble generally performs well. Most
simulations achieve a PSS above 0.90 in all pilot regions, except for the three MIR-driven simulations in the coastal EF region.
The ECE-driven simulations mostly show PSS values even above 0.95.

For precipitation, the ensemble demonstrates even higher skill, with nearly all simulations achieving PSS values above 0.95
across all regions. The primary exceptions are the MPI-CCLM simulations in four of the six pilot regions and the MIP-ICON
simulation in PAR. Consistently, the ECE-driven simulations show the highest skill, with most values exceeding 0.98. The
skill of the historical simulations is higher than for the ERAS5-driven evaluation runs of Sieck et al. (2026). One possible
explanation for this could be the longer time series (30 years historical versus 10 years evaluation), thereby reducing the
statistical uncertainty arising from rare extreme events.

For the daily mean wind speed, the PSS shows mixed results, with the highest values (mostly above 0.90) in the rather
flat EF and DUI regions, and the lowest (below 0.60) in the mountainous PAR region. The PSS in the TSA, EE, and STU
region, that are characterized by shallow mountain ranges, is mainly between 0.70 and 0.90. As discussed above, the low PSS
for wind is expected to originate from the coarse native resolution of ERA5-Land and the general underestimation compared
to observation-based data sets due to the pure interpolation from the coarser ERAS grid (see Sect. 2.2 and the supplemental

material).
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Table 2. Perkins skill score (PSS) using HYRAS as reference data set for daily mean 2 m temperature and daily precipitation totals, and
ERAS5-Land as reference for daily mean 10 m wind speed in the pilot regions EF, TSA, and PAR for all members of the NUKLEUS ensemble.
PSS > 0.95 are marked in bold, 0.90 < PSS < 0.95 are marked in italics. Note that due to rounding to two decimal places, the same rounded
PSS can be marked with both types.

Model 2 m temperature Precipitation 10 m wind speed

EF TSA PAR EF TSA PAR EF TSA PAR

MPI-CCLM 093 094 0.94 095 095 093 0.90 0.68 040
MPI-ICON 094 096 0.95 097 096 0.95 095 0.76 0.56
MPI-REMO  0.92 094 0.95 096 096 0.96 0.92 0.67 058
ECE-CCLM 0.93 096 0.96 098 097 0.98 091 071 042
ECE-ICON 096 097 0.97 099 099 0.99 096 0.80 0.57
ECE-REMO 096 0.97 0.96 098 098 0.98 092 0.70 0.60
MIR-CCLM 090 095 0.98 098 097 0.96 095 074 043
MIR-ICON 090 093 0.96 099 098 0.98 097 0.85 0.60
MIR-REMO 0.89 092 094 097 097 097 0.89 073 0.62

3.5 Diurnal cycles

The diurnal cycles of 2 m temperature (Fig. 13) show an almost synchronous course between ERAS-Land and the simulations
in all regions. The daily maximum is reached at hours 13-14, while the daily minimum is reached at hours four to five. In
all REMO simulations and pilot regions, the daily maximum and minimum temperature occurs 1 h later than in ERA5-Land.
Interestingly, Sieck et al. (2026) found an opposite shift of REMO in all regions when only June and July were taken into
account. The lowest diurnal range (minimum to maximum) is found in the EF region, while the highest is found in PAR. The
simulated range of 2 m temperature agrees well with ERA5-Land except for the mountainous PAR region, where ERAS5-Land
exhibits considerably lower values. Hence, the deviations of the NUKLEUS simulations are the highest in PAR with up to
4K, and comparatively low in EF with mostly 4 0.5 K). This is largely consistent with the ERA5-Land quality assessment
presented in the supplemental material, which indicates a good agreement of ERAS-Land with observations in EF or Germany
in general, but substantial negative deviations in PAR of up to 2 K, particularly during the night. Taking this into account, the
NUKLEUS data would still show a clear warm, albeit smaller, bias in PAR during nighttimes. The different magnitudes of
the deviations are likely a result of the coarse native resolution of ERAS5-Land, which has the highest impact in mountainous
regions. However, the REMO simulations show deviations of up to 1 K, especially in the afternoon, which is mainly due to the
general temporal shift.

The diurnal temperature cycles for STU, EE, and DUI exhibit similar characteristics (Fig. S26). For DUI and STU, the
NUKLEUS ensemble shows higher temperatures than ERA5-Land throughout the entire day, while for EE the ERA5-Land
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Figure 13. Diurnal cycle of mean hourly 2 m temperature for the pilot region of (a) EF, (b) TSA, and (c) PAR for ERAS5-Land (gray, crosses),
and the NUKLEUS ensemble: reddish colors mark the CPM simulations driven by MPI, yellowish colors those driven by ECE, and blueish
those driven by MIR; dots indicate the CCLM simulations, diamonds the ICON simulations, and squares the REMO simulations.

data is within in the spanned range of the simulations. The temporal shift of the daily maximum is only visible in EE for
MPI-REMO and ECE-REMO. However, the 1 h shift of the daily minimum is likewise present in all regions. With respect to
the evaluation by Sieck et al. (2026), the magnitude of the deviations against ERAS5-Land is comparable in most regions (all
models within £1.5 K), except for PAR (up to 4 K).

The simulated diurnal cycles of precipitation (Fig. 14) show a higher variability among the individual NUKLEUS simula-
tions and exhibit remarkable differences to ERAS5-Land. In EF and TSA, the diurnal cycles are more homogeneous throughout
the day with a small maximum in the afternoon, which is up to 3 h later in the simulations than in ERAS5-Land. The diurnal
cycle in the mountainous PAR region is more pronounced with a clear maximum in the afternoon, which occurs up to 2 h later
in the simulations than in the reanalysis. Due to this shift, an underestimation of the simulations in EF and TSA at noon and
an overestimation in PAR in the afternoon and evening is found. However, Dai (2024) compared ERAS diurnal cycles with
observations on a global scale and found a shift of about 2 h to earlier hours for precipitation. Since ERAS5-Land precipitation
is simply interpolated from ERAS data (see Sect. 2.2), it can be assumed that this shift is also present in ERA5-Land. Hence,
the NUKLEUS simulations are likely more in phase with reality than the presented results suggest. While the amplitudes of
ERAS5-Land and the models are almost the same in EF and TSA, all REMO simulations show higher amplitudes than ERAS-
Land in PAR. The diurnal precipitation cycles of the DUI, EE, and STU region (Fig. S27) show similar characteristics as for
EF and TSA.

Regarding the diurnal cycles of 10m wind speed (Fig. 15), the differences between simulations and ERAS-Land show a
similar pattern as found for the annual cycles (see Fig. 9). In TSA and PAR, wind speeds in ERA5-Land are about 1-2ms~*
lower than in the NUKLEUS simulations, with higher deviations during the day than at night. In EF, the NUKLEUS simulations

1

span a range of +0.5m s~ " around ERAS5-Land for most of the day. Only in the early afternoon, when the maximum wind
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Figure 14. Same as Fig. 13, but for the mean hourly precipitation.
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Figure 15. Same as Fig. 13, but for the mean hourly 10 m wind speed.

speeds occur, almost all NUKLEUS simulations show higher wind speeds than ERA5-Land. However, from Fig. S2 it is
evident, that ERAS-Land underestimates wind speeds compared to observations of up to 2m s~ in PAR throughout the entire
day, and up to 0.7 ms~! for EF in the early afternoon. Taking this into account, the NUKLEUS ensemble is within the range of
uncertainty of the reference data. Furthermore, the analyses reveal a temporal shift of 1 h towards the afternoon for all REMO
simulations and in all regions compared to ERA5-Land, which is in line with Sieck et al. (2026), who found similar pattern in
REMO considering the summer months June and July, only. In PAR, ERAS5-Land exhibits a decline of the wind speed in the
morning, which is slightly present in some simulations. Furthermore, ERA5-Land shows an increase of wind speed from the
afternoon towards the evening, while the simulations show nearly constant values during this time of the day. As previously

mentioned, the large deviations between simulations and ERA5-Land in TSA and PAR, might result from the coarse resolution
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of ERAS5-Land, which is not capable to cover local wind systems such as the mountain—valley circulation, while the finer 3 km
NUKLEUS simulations might capture these phenomena including convection better.

For the DUI, EE, and STU regions (Fig. S28), the diurnal wind cycles show a similar pattern as in the focus regions. The
REMO simulations likewise show a delay of about 1 h. Furthermore, in EE, REMO simulations show higher wind speeds than
the other simulations. In contrast, the ICON simulations are grouped at the lower edge of the range of values in STU. In all
regions, the NUKLEUS ensemble exhibits higher wind speeds than ERAS-Land, with the smallest differences in the rather flat
DUI area.

4 Analysis of climate indices
4.1 Temperature-based indices

The annual number of summer days (SU; Figs. 16a for the focus areas and Fig. S29a for the other pilot regions and entire
Germany) varies regionally, with lower counts in coastal and mountainous areas (EF, PAR) and higher counts in inland and low-
mountain regions (TSA, EE, DUI, STU). The range spanned by the entire NUKLEUS ensemble encompasses the value ranges
of both HYRAS and ERA5-Land, but both the median and variability of individual ensemble members differ substantially
from HYRAS. SU depends on the RCM used, with CCLM simulations yielding the lowest SU per pilot region and REMO
the highest. Similar dependencies were found by Sieck et al. (2026). Regarding the driving GCMs, MPI-driven simulations
generally have lower SU than MIR- and ECE-driven simulations, though this signal visually seems less distinct than for the
RCM dependency. However, MIR-driven simulations tend to have the highest SU, which is in line with the general warm bias
found in Sect. 3.1 for these simulations.

The distributions of the annual hot days TX90p (Figs. 16b and S29b) reveal similar median values among all NUKLEUS
ensemble members, HYRAS, and ERAS5-Land, and also the spanned range of values is comparable among all data sets. This
means that within the space of an individual member or data set, the proportion of TX90p values above the climatological
90th percentile and the interannual variability of TX90p are comparable, however, this does not imply that the 90th percentiles
themselves are of similar magnitude. A slightly larger interannual variability can be found for the MPI-REMO simulations in
PAR, DUI, and STU, and the ECE-REMO simulation in EF.

For the annual number of frost days (FD; Figs. 16c and S29c¢), a similar pattern as for SU can be detected. First, FD varies
across regions with the lowest values in DUI and EF, and the highest numbers in PAR. The DUI region is characterized by
a high amount of urbanization, which affects the general temperature level, while in the coastal EF region, the impact of the
North Sea, acting as a heat reservoir is noticeable. The higher altitudes in the PAR region are generally characterized by lower
temperatures, which explains the higher FD. In comparison with HYRAS and ERA5-Land, the NUKLEUS ensemble as a
whole is capable to cover the observed range of values, even though individual members reveal a distinct bias. The majority
of simulations underestimate the median FD over the 30-year period in most regions. The second pattern regarding FD is the
dependency on the RCM. CCLM tends to simulate higher FD, while REMO tends to be the lowest. This is in line with the

results in Sieck et al. (2026). In contrast to SU, a more pronounced relation to the used GCM can be found for FD, as the
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Figure 16. Box plots of the selected climate indices of the annual number of (a) summer days, (b) hot days with temperatures above the 90th
percentile (TX90p), (c) frost days, (d) very heavy rain days with daily totals above 20 mm (R20mm), and (e) the contribution of very wet
days with daily totals above the 95th percentile to the total annual precipitation (R95ptot) for the pilot regions EF, TSA, and PAR for the
period 1961-1990 for HYRAS (dark gray), ERA5-Land (light gray), and the NUKLEUS ensemble: reddish colors mark the CPM simulations
driven by MPI, yellowish colors those driven by ECE, and blueish those driven by MIR. The center line indicates the median, the box edges
the interquartile range (IQR), and the whiskers extend to 1.5 x IQR. The dots mark outliers.

MIR-driven simulations show a positive offset compared to the ECE- or MPI-driven simulations. Thus, the identified overall

cold bias of the MIR-driven simulations in Sects. 3.1 and 3.4 is also reflected in increased FD.
4.2 Precipitation-based indices

Intensive precipitation is analyzed using the annual number of days with precipitation totals exceeding 20 mm (R20mm;
Figs. 16d and S29d). All NUKLEUS simulations display a consistent wet bias relative to HYRAS across all regions and even
more for ERAS-Land, which exhibits lower R20mm than HYRAS. This is in line with the results presented in the previous
sections and also with Sieck et al. (2026) for the ERA5-driven simulations. This is likely due to the already mentioned different
representation of convection and native resolution. The NUKLEUS simulations can be grouped by the driving GCM, with

MPI-driven simulations showing the highest R20mm and ECE-driven simulations the lowest. Overall, differences among pilot
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regions are modest, with simulations typically spanning 0 to 15 days per year. In PAR, R20mm is considerably higher, with
values exceeding 30 days per year, likely due to orographically enhanced precipitation in its mountainous terrain.

The contribution of very wet days with daily totals above the 95th percentile to the total annual precipitation (R95ptot;
Figs. 16e and S29e) shows less variability among the individual models and a smaller difference to HYRAS compared to
R20mm. This is in line with Sect. 3.1, showing a more or less spatially homogeneous relative bias, and due to the percentile-
based definition of R95ptot versus the threshold-based definition of R20mm. Median values of R95ptot are largely in the
range of 20 and 25 %. The interannual variability of all models and HYRAS likewise covers a similar range in all regions,
with approximately 10 to 35 %. Only two simulations (MPI-CCLM and MIR-ICON) exceed an R95ptot of over 40 % in
EE. Hence, the NUKLEUS ensemble is capable of simulating the observed range of values. Nevertheless, the median of the
individual members tend to be slightly higher than HYRAS in most regions, except the EE region, where 6 out of 9 NUKLEUS
simulations have a lower median than HYRAS. For all pilot region, the values in ERA5-Land are considerably lower than in
the other data sets. As R95ptot also focuses on the heavy tail of the precipitation distribution, the limited representation of
convection in the two reference data sets might explain the differences. There are no evident relations to the driving GCM or
the used RCM.

With respect to the evaluation in Sieck et al. (2026), the presented results, such as higher medians in the simulations and
similar ranges, strongly align. On the other hand, the current results also provide evidence of the importance of bias correction
as post-processing in order to make the CPM data usable, particularly for fixed threshold variables like SU, R20mm, and FD
(cf. Pinto et al., 2026).

5 Comparing NUKLEUS to existing RCM ensembles

To place the NUKLEUS ensemble within the context of other regional climate model ensembles available for Central Europe,
we compare it to two already existing ensembles (partially) covering Germany: the KIT-KLIWA ensemble (Hundhausen et al.,

2023, 2024; Pinto et al., 2026) and EURO-CORDEX (Jacob et al., 2014).
5.1 KIT-KLIWA

The KIT-KLIWA ensemble consists of four GCMs downscaled with CCLM to 2.8 km horizontal resolution, covering central
and southern Germany including the Alps (cf. Hundhausen et al. (2023) for near-surface air temperature, and Hundhausen
et al. (2024) for precipitation). The used CMIP5 GCMs include EC-Earth and MPI-ESM-LR. This provides the possibility
to compare simulations of similar GCM-CPM combinations between the NUKLEUS ensemble and KIT-KLIWA, though in
different model versions. Pinto et al. (2026) provided an analysis of basic meteorological variables and extreme climate indices
in KIT-KLIWA against HYRAS for the reference period 1991-2020. In the following, we always refer to Pinto et al. (2026)
in order to compare NUKLEUS against KIT-KLIWA over the central and southern part of Germany, that is covered by both

ensembles.
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The annual mean temperature biases in KIT-KLIWA for single models are of similar magnitude as in NUKLEUS, and also
exhibit similar imprints of orography. The biases of the MPI-driven CCLM simulations in both ensembles are comparable.
In ECE-driven CCLM simulations, a cold bias was found in KIT-KLIWA, while there is a warm bias in NUKLEUS. These
minor differences may arise from the differences in the applied model versions (both GCM and RCM) as well as the different
investigation periods. Furthermore, there are two interesting aspects to mention: first, H.IdGEM2-ES in KIT-KLIWA exhibits
a strong warm bias. In NUKLEUS, there is no such outstanding bias related to one single GCM. Yet, the biases in ECE-
REMO and MPI-REMO are only slightly smaller. Second, none of the simulations in NUKLEUS exhibits a cold bias for
entire southern Germany, as the KIT-KLIWA member CNRM-CMS5 does, which also exhibits substantial precipitation biases
(Hundhausen et al., 2024). The less extreme biases in NUKLEUS compared to KIT-KLIWA, which can also be referred to
as an ensemble of opportunity, confirm the importance of a systematic selection of the driving GCMs as carried out for the
NUKLEUS ensemble (see Sect. 2.1.1).

Regarding annual mean precipitation, both ensembles exhibit predominantly wet biases, especially in mountainous regions.
Moreover, the bias for ECE- and MPI-driven CCLM simulations are qualitatively and quantitatively similar in both ensembles.
Interestingly, in KIT-KLIWA ECE- and HadGEM-driven simulations exhibit similar precipitation bias patterns. In NUKLEUS,
the same applies for all RCM simulations driven by ECE and MIR, respectively. The RCMs appear to modulate the climato-
logical precipitation bias pattern similarly for different GCMs, but the driving GCMs appear to have the dominant impact. In
contrast, the near-surface air temperature bias of ECE and HadGEM in KIT-KLIWA are clearly different as well as for ECE-
CCLM and MIR-CCLM in NUKLEUS. This suggests that similarities in precipitation bias patterns may rather be grounded in
dynamic than thermodynamic reasons. Potential insight could be gained from a detailed analysis of seasonal mean biases and
circulation weather types, which is beyond the scope of this study.

Overall, results between KIT-KLIWA and NUKLEUS agree well on climatological time scales. Although we do not present
a systematic approach to disentangle the relative importance of GCMs and RCMs for the simulated climate, it is evident from
the NUKLEUS ensemble that GCMs appear to be the more dominant factor. Nevertheless, the expansion to multiple RCMs in
NUKLEUS provides valuable additional information beyond the single-model KIT-KLIWA ensemble, which allows growing
confidence in the quality of the simulations and the derived climate change signals (cf. Beier et al., 2026) by attributing shares
of the ensemble bandwidth to either GCMs or RCMs. A systematic investigation could, for example, be performed via the
analysis of variance (Déqué et al., 2007). Moreover, from a practical point of view, multi-model RCM simulations could be
considered as multiple realizations of the regional climate determined by the same GCM, and eventually be pooled together to
artificially create longer time series for further analysis, such as extreme value statistics of very rare events, as, for example,
done by Voit et al. (2026). This, however, would first require a more detailed analysis of the homogeneity of the resulting

pooled data sets and implications for the validity of the underlying assumptions for statistical analysis.
5.2 EURO-CORDEX

In order to additionally provide a comparison of NUKLEUS to an ensemble that covers entire Germany, we use the EURO-

CORDEX ensemble (Jacob et al., 2014), for which simulations were conducted on a horizontal resolution of 12 km covering
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entire Europe (EUR-12 domain). The EURO-CORDEX ensemble consists of 11 RCMs downscaling eight CMIP5 GCMs over
Europe. Since GCMs from the same “model-families” as the GCMs applied in NUKLEUS were also downscaled in EURO-
CORDEX using the RCMs CCLM and REMO, this allows for a direct comparison of NUKLEUS to a subset of the EURO-
CORDEX ensemble, although different model version were applied for GCMs and RCMs in the two ensembles. Vautard et al.
(2021) compared the resulting 55 GCM-RCM combinations over the period 1981—2010 to an observational data set for daily
near-surface temperature and precipitation, and ERAS for wind.

Regarding temperature, maximum cold biases in winter in EURO-CORDEX reach up to —5°C in the (Pre-)Alpine area, while
the NUKLEUS ensemble shows a weak to moderate warm bias in all simulations. During summer, the NUKLEUS ensemble
members exhibit less pronounced cold biases than found in the EURO-CORDEX ensemble, while there are similarly strong
warm biases in both ensembles, which are found in NUKLEUS in the MIR-driven simulations, especially MIR-REMO. The
entire EURO-CORDEX ensemble exhibits a larger range of biases for the mid-Europe (ME) prudence region than NUKLEUS
for Germany during both winter and summer. From both ensembles, it is evident that the driving GCMs seem to be more
dominant for simulated near-surface temperature than the RCMs. Deeper insight could here be gained by an analysis of variance
applied to the ensemble members, as, for example, done by Déqué et al. (2007).

Regarding precipitation, EURO-CORDEX and NUKLEUS exhibit more intense wet than dry biases during winter and
summer, with notably less pronounced dry biases in NUKLEUS during winter. During summer, the 95th percentile (and
median) of the EURO-CORDEX ensemble bias is remarkably low in the Pre-Alpine region, which coincides with rather small
wet or even weak dry biases in seven of nine NUKLEUS simulations.

Overall, the comparison of the convection-permitting NUKLEUS simulations against the coarser-scale EURO-CORDEX
ensemble exhibits indications of an added value of the high-resolution CPM simulations, such as an improved representation
of near-surface temperature and precipitation above complex orography, manifesting in slightly reduced biases due to the

higher spatial resolution.

6 Analysis of bias-corrected NUKLEUS data
6.1 Basic meteorological variables and climate indices

Given the results presented in the preceding sections, bias correction of the NUKLEUS data may be required for subsequent
applications. Due to the choice of the specific QDM method (see Sect. 2.4), the range of each simulated daily time series of
the four basic meteorological variables (daily precipitation totals, and daily mean, minimum, and maximum 2 m temperature)
for each model and at each grid point is constrained to the range of the HYRAS reference data by design (not shown). As a
consequence, climatological analyses, such as the 30-year mean or annual cycles, of the bias-corrected simulation outputs agree
exactly with the reference data set for single grid points, as well as for spatially aggregated measures (not shown). However,
the temporal sequence is not affected by the QDM approach.

For the derived ETCCDI indices, bias correction yields a significant reduction in biases for threshold-based indices, while

the improvement is more moderate for percentile-based indices. For threshold-based indices, the bias correction successfully
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Figure 17. Comparison of the box plots before (hatched) and after (filled) the bias correction (bc) of (a) frost days, and (b) the contribution of
very wet days with daily totals above the 95th percentile to the total annual precipitation (R95ptot) for the pilot regions EF, TSA, and PAR.
Given are HYRAS (dark gray), ERAS5-Land (light gray), and the NUKLEUS ensemble: reddish colors mark the CPM simulations driven
by MPI, yellowish colors those driven by ECE, and blueish those driven by MIR. The center line indicates the median, the box edges the
interquartile range (IQR), and the whiskers extend to 1.5 x IQR. The dots mark outliers.

removes the climatological bias, making the corrected mean identical to HYRAS (not shown), while largely preserving the
simulated interannual variability. This is exemplified for frost days in Fig. 17a. The effect is less pronounced for percentile-
based indices such as R95ptot, as shown in Fig. 17b, due to their relative definition, which inherently limits the degree of bias

reduction.
6.2 Event-based analyses

Due to the grid point-wise application of the QDM, the conservation of spatial structures is not guaranteed, and locally the
bias correction spuriously introduces strong spatial gradients. Figure 18 shows the daily precipitation sum simulated by ECE-
CCLM on four consecutive days prior (a—d) and after the bias correction (e-h). After bias correction, there are sharp spatial
gradients in the precipitation field in Eastern Germany as on 22 (Fig. 18f) and 24 August 1962 (Fig. 18h). Thus, for event-based
investigations that require spatially coherent precipitation fields, such as using the precipitation data as input for hydrological
models, the here-chosen QDM approach does not necessarily yield reasonable results.

This spatial non-coherence of the precipitation fields resulting from the bias correction also impacts the statistics of extreme
precipitation events classified via the precipitation severity index (PSI; Sect. 2.5.2). Table 3 exemplary lists the six most extreme
precipitation events detected from the daily precipitation totals simulated by ECE-CCLM prior to the bias correction including
the associated PSI and the ranking by PSI (original) along with the PSI and ranking of the corresponding events after bias
correction. From Table 3, it is evident that, for example, the 24 August 1962 event, for which the associated daily precipitation

fields are shown in Fig. 18, is ranked as the second most extreme event prior to bias correction and the most extreme event
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Figure 18. Comparison of daily precipitation totals simulated by ECE-CCLM prior (a—d) and after (e-h) bias correction for four consecutive

days of an extreme precipitation event in late August 1962 (21-24 August; from top to bottom) detected with the PSI method.
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Table 3. Comparison of the six most extreme precipitation events, as ranked by the precipitation severity index (PSI), from the original
uncorrected (uc) ECE-CCLM simulation with the PSI values and corresponding ranks of the same events within the bias-corrected (bc) data

set.

Date Original (uc) Bias-corrected (bc)
(year-month-day) PSI,. Rank,. PSlyc Ranky,

1967-06-23 0.67 1 0.63 2
1962-08-24 0.58 2 0.72 1
1961-07-05 0.53 3 0.49 3
1976-04-25 0.51 4 0.41 11
1986-12-31 0.49 5 0.47 4
1967-06-22 0.47 6 0.47 5

afterward. Overall, there are negligible (e.g., 22 June 1967) to considerable (e.g., 24 August 1962) differences in the PSI for
single events. Most of the ranks do not agree between original and bias-corrected data. However, the top five events detected in
the bias-corrected data are contained in the top six of the original data. Overall, this emphasizes that the chosen QDM approach
clearly impacts single precipitation events and does not necessarily provide a suitable data set for event-based analyses. Yet,
the impact of the bias correction method may be within an acceptable range for the derivation of highly aggregated statistics

over numerous precipitation events, in case it is required to derive such statistics from bias-corrected data.

7 Summary and Discussion

In this study, we analyzed the simulations of the historical reference period 1961-1990 of the NUKLEUS ensemble, the
first regional kilometer-scale convection-permitting multi-model climate ensemble for Germany. The NUKLEUS ensemble
consists of nine members: three regional climate models (RCMs) were used to downscale three global climate models (GCMs)
from the CMIP6 ensemble to a horizontal grid resolution of 3 km. The analysis covered the statistical representation of basic
meteorological variables (temperature, wind, precipitation) from annual to hourly time scales, and a selection of application-
relevant climate indices from ETCCDI (Karl et al., 1999). Comparison was made to observation-based and reanalysis data
sets for Germany and six pilot regions representing different topographic, climatic, and land use conditions, as well as socio-
economic challenges for climate adaptation. A bias correction using the quantile delta mapping (QDM; Cannon et al., 2015)
approach was performed and conclusions regarding its applicability in downstream applications were drawn.

The following main conclusions can be drawn from the presented results, also with respect to the overall aim of NUKLEUS

of providing high-resolution and quality data for past and future climate conditions to support local adaptation initiatives:
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1. The NUKLEUS ensemble is capable of reasonably reproducing the spatial and temporal characteristics of the 2 m tem-
perature, 10 m wind speed, and precipitation over Germany on annual to hourly time scales in comparison with the used
reference data sets HYRAS and ERAS-Land. Some of the NUKLEUS simulations exhibit considerable warm and cold
biases, especially during winter and summer. Nearly all NUKLEUS simulations exhibit a wet bias for most geographic

regions and seasons.

2. Extreme climate indices using percentile-based thresholds are well represented in the NUKLEUS ensemble compared
to HYRAS, with better representation of temperature-related indices than precipitation-related indices. Indices using
fixed numerical thresholds show an overestimation for precipitation and warm temperature-based quantities, and an

underestimation of cold temperature-based quantities.

3. The NUKLEUS ensemble substantially expands the currently available RCM-based climate information over Central
Europe beyond the EURO-CORDEX ensemble due to higher spatial resolution, and the single-model CPM ensemble
KIT-KLIWA due to the multi-model CPM design of NUKLEUS including a systematic GCM selection.

4. The applied quantile delta mapping (QDM) bias correction approach successfully removes the climatological bias of
daily temperature and precipitation. Significant improvement due to the QDM is found for indices using fixed numerical
thresholds. For event-based analyses the QDM reveals shortcomings by impacting the spatial structure of precipitation

fields, for example, by creating strong spatial gradients.

Overall, the NUKLEUS ensemble exhibits moderate warm and cold biases of near-surface air temperature and a predom-
inantly wet bias of precipitation against HYRAS. The temperature biases are expected to originate to a considerable extent
from the driving GCMs, as the corresponding global simulations are “running free”, and therefore are not expected to match
the observed phases of large scale (multi-)decadal variability determining central European climate, such as the North Atlantic
Oscillation and the Atlantic Multidecadal Oscillation. This becomes particular relevant when focussing on a specific short pe-
riod, only, such as the 30-year historical reference period. Hence, this feature of the GCMs leads to large regional differences in
near-surface air temperature, that are already substantially reduced by the applied regional climate models at the intermediate
downscaling step on the 12 km EUR-12 domain (Cusinato et al., 2026). Moreover, the simulated single-year annual or seasonal
mean temperatures in the here-studied 3 km CEU-3 simulations are contained to a large extent within the observed range for all
pilot regions and seasons. Furthermore, the bias of near-surface air temperature for all seasons, regions, and GCM-RCM pairs
is smaller than the corresponding observed range of interannual or interseasonal variability. This supports the expectation that
a considerable share of these temperature biases originate from uncertainties in long-term and large-scale climate variability
propagating from the free-running forcing GCM into the RCM simulations.

For precipitation, likewise a large extent of the simulated single-year annual or seasonal mean precipitation sums is contained
within the observed range. However, simulations exhibit a clear tendency to higher precipitation sums, except for summer,
representing the aforementioned systematic wet bias, especially in mountainous regions, which is a known issue of CPMs

(Prein et al., 2015; Hundhausen et al., 2024). Similar systematic and partly substantial biases were found for 10 m wind speed
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and precipitation-based extreme climate indices. While these systematic biases of precipitation and 10 m wind speed may partly
originate from model deficiencies, they may also contain large contributions from errors in the applied reference data sets with
known shortcomings, such as the underestimation of precipitation measurements by ground-based gauges or the low spatial
resolution of reanalysis data (Vautard et al., 2021). Hence, the biases found within this study are not expected to originate
exclusively from model deficiencies.

The temperature and precipitation biases of single members of the NUKLEUS ensemble with respect to HYRAS are less
pronounced than biases found in the single-model KIT-KLIWA ensemble, indicating the importance of a systematic GCM
selection as carried out in NUKLEUS. Furthermore, smaller biases of temperature and precipitation in regions of complex
terrain provide indications of an added value of the high-resolution NUKLEUS simulations compared to the coarser-scale
EURO-CORDEX ensemble.

Overall, the biases exhibited by the NUKLEUS simulations appear to be within reasonable and expected ranges. Neverthe-
less, the biases are still too large for direct downstream applications of the simulation output, such as threshold-based extreme
climate index derivation or impact modeling. Hence, a bias correction is required in these cases. Within this study, the standard
quantile delta mapping (QDM; Cannon et al., 2015) approach was applied. This approach uses the same number of quantiles as
available time steps, which means, it results in a one-to-one mapping of simulated values to observed values during the histor-
ical period. As a consequence, biases are completely eliminated on climatological time scales. The standard QDM approach is
therefore a helpful and straightforward method for deriving climate change signals as presented in Beier et al. (2026). The main
limitation of the standard QDM approach is the inability to preserve spatially coherent structures often required as input for
impact models (Allard et al., 2025). This limitation could be addressed using a method that considers the spatial coherence of
the physical variables, such as a multivariate bias correction (e.g., Vrac and Friederichs, 2015; Allard et al., 2025) or machine
learning techniques (e.g., Pan et al., 2021). Another option for improvement would be the application of a more flexible bias
correction procedure. Pinto et al. (2026), for example, used 100 quantiles for temperature and 1000 quantiles for precipitation,
while Ehmele et al. (2022) used parameterized probability density functions (pdfs). However, this results in a non-zero residual
bias on climatological time scales, with a substantial warm bias remaining in one case (HadGEM) in Pinto et al. (2026). In
addition, parameterized pdfs may not be sufficiently strict for downstream applications (non-zero residual biases) and are also
not easily transferable to climate projections. Thus, the choice of the bias correction method should be based on the desired
applications.

Based on our analyses and the comparison with existing ensembles, we conclude that the NUKLEUS ensemble reasonably
represents the past climate and is therefore considered as a useful data set for analyzing future projections of the central
European climate. Especially in combination with suitable bias correction methods that are carefully selected for specific
downstream applications, valuable action-oriented climate information can be derived from the NUKLEUS ensemble. Further
discussion of the interplay of bias correction and the added value of high spatial resolution in the NUKLEUS simulations
(CEU-3) compared to the parent intermediate resolution (EUR-12) is planned for an accompanying study. The resulting climate
change signals for basic meteorological variables and selected extreme climate indices under 2 K and 3 K global warming are

investigated in the accompanying study by Beier et al. (2026).
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Code and data availability. The ICON release icon-2.6.5 was used for the for the ICON simulations. The access to the applied ICON model
version is license-restricted and the model code may not be made publicly available. To obtain the model code, the user needs to obtain access
to the ICON-gitlab repository hosted by the German Climate Computing Center (Deutsches Klimarechenzentrum; https://gitlab.dkrz.de/icon/
icon). 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, which is publicly available on Zenodo (https://zenodo.org/records/6838984; Rockel and Geyer, 2022b).
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 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, which is publicly available on Zenodo (https://doi.org/10.5281/zenodo.7290478; Rockel and Geyer, 2022a). The
sources for 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). The NUKLEUS data is available at the German Climate Computing Center (DKRZ),
but requires a 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. A subset of the HYRAS-DE dataset version 5.0 interpolated to the curvilinear
rotated CEU-3 grid used within this study is publicly available under https://www.radar-service.eu/radar/en/dataset/gur5c2ujfp2cjSna?token=
uJxgHeCzcyrgZVtPWWcy. Please note that a more recent version of HYRAS-DE is freely available for research at the Open Data Portal
of Germany’s National Meteorological Service DWD (https://opendata.dwd.de/climate_environment/CDC/grids_germany/daily/hyras_de/,
last access: 3 June 2026). The technical description of the HYRAS datasets can be found under https://www.dwd.de/hyras (last access:
3 June 2026). The forcing data from the used GCMs is available under https://doi.org/10.22033/ESGF/CMIP6.6594 for MPI-ESM1-2-
HR, https://doi.org/10.22033/ESGF/CMIP6.5603 for MIROC®6, and https://doi.org/10.22033/ESGF/CMIP6.4706 for EC-Earth3-Veg. The
reanalyses data of ERAS (https://www.doi.org/10.24381/cds.adbb2d47) and ERAS-Land (https://www.doi.org/10.24381/cds.e2161bac) can

be downloaded after registration from the Copernicus Climate Change Service (C3S) Climate Data Store: https://cds.climate.copernicus.eu.
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