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Abstract. Regional climate downscaling has historically been complementary to global climate models, providing higher-
resolution data for local-scale studies and climate services. We use the regional climate model HCLIM43-ALADIN to down-
scale six CMIP6 global models in eight simulations on a 12.5-km resolution European domain. This is the HCLIM community
contribution to the EURO-CORDEX-CMIP6 multi-model downscaling ensemble involving several regional climate models
and soon to be available publicly via the Earth System Grid Federation. We document the HCLIM43-ALADIN ensemble and
evaluate the simulated results during the historical time period 1991-2020 against the gridded station observations E-OBS and
the reanalyses CERRA, CERRA-Land, and ERAS, focusing on near-surface air temperature and precipitation. In winter in the
global climate model-driven HCLIM simulations, a cold bias of about 3 °C and underestimated precipitation by about 25% are
present in North Europe, and a warm bias of about 1 °C and overestimated precipitation of about 50% are present in Central and
Southern Europe. In summer, a cold bias of about 1 °C and overestimated precipitation of about 25% are present in Northern
Europe, and a warm bias of about 2 °C is present in Central and Southern Europe. Overestimated precipitation by about 200%
is present in parts of Southern Europe, but this value is also amplified by the very low observed precipitation. Some of the
temperature and precipitation biases are explainable by large-scale pressure field biases, causing a reduced westerly flow from
the Atlantic. Positive temperature trends of about 0.5 °C per decade are present nearly everywhere and especially strong over
Central and Eastern Europe (up to about 1.5 °C per decade in some regions and seasons). A comparison between the driving
global models and downscaled simulations shows that the regional model tends to improve temperature biases but worsen pre-
cipitation biases. In our subjective choice of model ranking, the EC-Earth3-Veg-driven simulations are the best-performing, and
the MIROC6-driven simulation is the worst-performing. Simulations of future climate scenarios until 2100 with HCLIM43-
ALADIN will be analysed in a separate publication. The presented simulations can be used for decision-making and will

contribute to planned multi-model EURO-CORDEX-CMIP6 analyses.
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1 Introduction

Regional climate projections, which complement global climate projections, have become an essential source of high-resolution
climate data with typical spatial resolutions ranging from a few to several tens of kilometres. They are crucial for assessing
regional climate change and supporting adaptation planning at regional, national, and local scales. During the last 15 years,
regional climate downscaling activities organised within the framework of the Coordinated Regional Climate Downscaling
Experiment (CORDEX; Giorgi et al., 2009; Jones et al., 2011), supported by the World Climate Research Programme (WCRP),
have achieved significant advances in producing and delivering ensembles of high-resolution regional climate projections
worldwide (Diez-Sierra et al., 2022).

The first phase of CORDEX (approximately 2009-2020) focused on downscaling a subset of global climate models (GCMs)
from the Coupled Model Intercomparison Project Phase 5 (CMIPS5; Taylor et al., 2012). The CMIP5-driven CORDEX simula-
tions are extensively applied worldwide to investigate global and regional drivers of climate change and to support numerous
climate change assessments at regional (e.g. ESCWA, 2017), national (e.g. Hanssen-Bauer et al., 2015; MeteoSwiss and ETH
Zurich, 2025) and local (e.g. Yeste et al., 2021) levels. Moreover, CORDEX-CMIP5 simulations have significantly contributed
to major Intergovernmental Panel on Climate Change (IPCC) assessment reports, including the Special Report on Global
Warming of 1.5 °C (SR1.5; Masson-Delmotte et al., 2018) and the Sixth Assessment Report (AR6; IPCC, 2023) and its inter-
active atlas (Gutiérrez et al., 2021), as well as the Copernicus Interactive Climate Atlas (Copernicus Climate Change Service
(C3S), 2026). Current CORDEX activities from approximately 2020 onwards (Gutowski Jr. et al., 2016) focus on downscal-
ing a subset of global models from CMIP Phase 6 (CMIP6; Eyring et al., 2016). Many regional modelling groups worldwide
have been actively working on generating new CORDEX-CMIP6 simulations, contributing to the emerging continental-scale
CORDEX-CMIP6 ensembles. A range of regional climate models (RCMs), developed by individual institutions and modelling
communities, are used to create these ensembles, which in turn consist of sub-ensembles produced by single RCM members
driven by multiple GCMs and reanalyses.

It is now well understood that, in general, higher resolution in global and regional climate modelling helps reduce systematic
model biases, i.e., deviations of simulated climate from observations (e.g. Roberts et al., 2018; Ban et al., 2021). However,
even high-resolution RCMs, like all models that approximate the Earth system, still exhibit errors when simulating the recent
climate (e.g. Nikulin et al., 2012; Kotlarski et al., 2014; Wu et al., 2020; Vautard et al., 2021). These RCM biases arise both
from internal structural limitations (e.g. parameterisation of complex physical processes, domain and resolution dependence
and representation of land—atmosphere coupling) and from biases inherited through boundary conditions provided by the
driving GCMs.

A common first step in analysing RCM ensembles is to conduct evaluation studies that aim to quantify, and where possible
to understand, the various biases present in individual ensemble members. Such evaluation studies underpin the identification
of the strengths and limitations of individual ensemble members, thus supporting the careful and scientifically rigorous use
of RCM ensembles in climate research and other applications. Evaluation of CORDEX grand ensembles typically includes

analysis of an evaluation experiment driven by reanalysis data, which are generally regarded as the most realistic boundary
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conditions available, even though they are also affected by biases (e.g. Hersbach et al., 2020). This approach enables the
identification of structural RCM biases under idealised boundary conditions (Nikulin et al., 2012; Kotlarski et al., 2014).
A further step involves evaluating RCM simulations driven by GCMs under historical conditions with prescribed observed
forcings. This approach combined with analysis of the evaluation experiment allows the identification of RCM biases inherited
from the driving GCMs (Rana et al., 2020).

Among the different regional domains under the CORDEX umbrella, the largest CORDEX-CMIP5 ensemble was generated
under the EURO-CORDEX framework, employing 11 RCMs run by multiple partner institutions (Jacob et al., 2020; Vautard
et al., 2021; Coppola et al., 2021) over the European domain. Among these, the Rossby Centre Regional Atmospheric Climate
Model version 4 (RCA4; Samuelsson et al., 2015; Strandberg et al., 2015) and HIRHAMS (Christensen et al., 2007b) models,
maintained by the Swedish Meteorological and Hydrological Institute (SMHI) and the Danish Meteorological Institute (DMI),
respectively, have been retired and are no longer used for the generation of regional climate projections. However, a new com-
munity regional modelling system, HCLIM (described in Section 2.1.1), jointly developed by several European partners, now
contributes to the EURO-CORDEX-CMIP6 ensemble. HCLIM has its origins in the HARMONIE numerical weather predic-
tion (NWP) system, used by several National Meteorological and Hydrological Services (NMHSs) in Europe for operational
weather forecasting. Development of HCLIM began around a decade ago, and the system has since contributed to multiple re-
search projects and CORDEX activities. However, this is the first time HCLIM contributes to the CORDEX continental-scale
ensembles.

Adding a new RCM with no direct predecessor helps maintain model diversity in the EURO-CORDEX-CMIP6 ensemble
after the retirement of RCA4 and HIRHAMS. Evaluating the new HCLIM43-ALADIN model within EURO-CORDEX consti-
tutes a necessary and logical step for establishing a robust foundation for the use of the EURO-CORDEX-CMIP6 ensemble. In
this study, we present an initial evaluation of the HCLIM ensemble produced for EURO-CORDEX, considering both the Euro-
pean Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis 5 (ERAS; Hersbach et al., 2020)-driven evaluation
and CMIP6 GCM-driven historical simulations. The primary objectives of this study are to: i) present the HCLIM43-ALADIN
model and its EURO-CORDEX-CMIP6 ensemble; ii) assess seasonal mean near-surface air temperature and precipitation

biases in the HCLIM ensemble; and iii) establish a reference for the EURO-CORDEX HCLIM43-ALADIN ensemble.

2 Data and methods

2.1 Simulations

2.1.1 HCLIM regional modelling system

The High Resolution Limited Area Model (HIRLAM)-ALADIN Research on Mesoscale Operational numerical weather pre-
diction in Euromed (HARMONIE)-Climate (HCLIM) is a seamless regional climate modelling framework. It is based on
HARMONIE and developed by a consortium of European national meteorological institutes. It is jointly developed by sev-

eral European partners: the Spanish State Meteorological Agency (AEMET), the Danish Meteorological Institute (DMI), the
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Finnish Meteorological Institute (FMI), the Hungarian Meteorological Service (HungaroMet), the Royal Netherlands Meteo-
rological Institute (KNMI), the Norwegian Meteorological Institute (METNOo), the Irish Meteorological Service (Met Eireann),
the Swedish Meteorological and Hydrological Institute (SMHI), and the Croatian Meteorological and Hydrological Service
(DHMZ) as an associated member, in close collaboration with the A Consortium for Convection-scale modelling Research and
Development (ACCORD) and the HIRLAM-ALADIN/United Weather Centers model development communities.

The HCLIM framework incorporates three NWP physics packages— the HARMONIE version of the Application of Re-
search to Operations at Mesoscale (HARMONIE-AROME); Aire Limitée Adaptation Dynamique Développement Interna-
tional (ALADIN); and ALadin—~AROme (ALARO). Each is optimised for use at different horizontal resolutions. AROME is
optimised for convection-permitting scales (~1 km), ALARO for the ‘grey zone’ (~5 km), and ALADIN for coarser mesoscales
(Termonia et al., 2018). Major HCLIM versions are referred to as cycles to maintain consistency with the corresponding NWP
model configurations. The cycle numbering follows that of the global models Action de Recherche Petite Echelle Grande
Echelle (ARPEGE) developed by Météo-France and Integrated Forecasting System (IFS) developed by the ECMWF (Buizza
et al., 2018), from which the HARMONIE system is derived. The first HCLIM release corresponded to cycle 36 (Lindstedt
et al., 2015; Lind et al., 2016), followed by cycles 38 (Belusic et al., 2020) and 43, the latter of which is used in CORDEX-
CMIP6 and this study. Currently, cycle 46 is under active development in preparation for CORDEX-CMIP7. Proven effective in
various simulations across different domains and resolutions (e.g. Belusic¢ et al., 2020; Lind et al., 2020, 2023; Wu et al., 2020;
Wang et al., 2023) and international collaborative projects (e.g. Coppola et al., 2020; Ban et al., 2021; Pichelli et al., 2021;
Berthou et al., 2022; Médus et al., 2022; van Lipzig et al., 2022), HCLIM stands out as a robust regional climate modelling
system.

The ALADIN physical package, used in its hydrostatic configuration, is applied in CORDEX simulations with grid spacings
of approximately 10km or coarser. It represents the limited-area version of the global model ARPEGE, from which it inherits
its dynamical core and physical parameterisations (Termonia et al., 2018). The radiation scheme is a simplified version adapted
from the ECMWF model (Mascart et al., 2009). Deep convection follows Bougeault (1985), turbulence is represented using
the Cuxart-Bougeault—Redelsperger (CBR) scheme (Cuxart et al., 2000) with the mixing length formulation of Bougeault
and Lacarrere (1989), and microphysics are based on Lopez (2002) and Bouteloup et al. (2005). The surface parameterisa-
tion framework in HCLIM is provided by the Surface externalisée (SURFEX) model (Masson et al., 2013), an externalised
surface modelling system that can be used both in stand-alone (offline) mode and, in the case of HCLIM, coupled with an
atmospheric model. Subgrid-scale surface heterogeneity is represented by four surface tiles: natural continental surfaces, sea,
inland water, and urban areas. Urban surfaces are simulated using the Town Energy Balance (TEB) scheme (Masson, 2000),
which is based on the Urban Canyon approach of Nunez and Oke (1977). Natural surfaces are parameterised with the Interac-
tions Soil-Biosphere—Atmosphere (ISBA) model (Noilhan and Planton, 1989). Snow processes are represented by the 12-layer
ISBA explicit snow (ISBA-ES) scheme (Boone, 2002). The Simple Ice (SICE) model (Batrak et al., 2018) is used for ocean
surfaces, incorporating thermodynamically driven prognostic sea-ice thickness and snow (ISBA-ES) on sea ice, while sea-ice
concentration and sea surface temperatures are updated from the boundary model at the same frequency as the lateral boundary

conditions. Inland water is simulated by the lake model FLake (Mironov et al., 2010). In HCLIM43, SURFEX v8.1 is used
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together with land use data ECOCLIMAP Second Generation 300m (Druel et al., 2022), the sand/clay data SoilGrids250m ver-
sion 2.0, and the orography data Global Multi-resolution Terrain Elevation Data 2010 (GMTED2010; Danielson and Gesch,
2011). A more thorough description of SURFEX v8.1 is given by Le Moigne et al. (2018).

2.1.2 Greenhouse gas and aerosol forcing

The HCLIM43 radiation scheme accounts for six greenhouse gases (GHGs): CO,, CHy, O3, CFC-11, CFC-12, and N;O.
The global, annual-mean concentrations of five of these GHGs, CO,, CHy, CFC-11, CFC-12, and N,O, are updated at each
radiation time step by interpolating to the nearest monthly values. These GHG concentration time series for both the CMIP6
historical and scenario periods are available through the input4MIPs database (Meinshausen et al., 2017, 2020) and are provided
by the ECMWEF via the Radiation Scheme documentation (ECMWF, 2026a). For ozone (O3), HCLIM43 uses a climatology
derived from the Copernicus Atmosphere Monitoring Service (CAMS) data (Inness et al., 2019). In the ERAS5-driven evaluation
experiment, the model applies the CMIP6 historical atmospheric GHG forcing up to 2014. For the period from 2015 onwards
(e.g., 2015-2020), HCLIM43 follows the CORDEX-CMIP6 experiment design and uses GHG concentrations under the shared
socio-economic pathway 1-2.6 (SSP1-2.6; van Vuuren et al., 2017; Meinshausen et al., 2020).

HCLIM, in its default configuration, uses a monthly varying aerosol climatology for atmospheric optical depth (AOD) at
550 nm across five aerosol types. These five types include sea salt, dust, black carbon, organic aerosols, and sulphate aerosols.
Organic and sulphate aerosols are combined and treated as a single aerosol class. This climatology is based on the monthly
fields of Tegen et al. (1997) and follows the implementation used in the ECMWF IFS model (ECMWF, 2016). Using aerosol
climatologies in RCMs leads to an underestimation of recent summer near-surface air temperature trends over Western and
Eastern Europe (Boé et al., 2020; Nabat et al., 2025; Schumacher et al., 2024). This bias arises because the climatologies
do not capture the substantial decline in aerosol load over Europe in recent decades (Schilliger et al., 2024). To address this
aerosol-forcing issue, the EURO-CORDEX-CMIP6 experiment design requires all contributing RCMs to use transient aerosol
forcing that includes both monthly and interannual variability (Katragkou et al., 2024).

For the CORDEX-CMIP6 ERAS5-driven evaluation experiment, HCLIM43 uses monthly mean AOD 550 nm fields for the
five aerosol types (as listed above) taken from the Modern-Era Retrospective Analysis for Research and Applications, Version
2 (MERRAZ2; Gelaro et al., 2017). For the CMIP6 GCM-driven simulations, monthly mean aerosol fields for the same five
aerosol types are taken directly from the driving GCMs when all five types are available. However, several CMIP6 GCMs
provide only total AOD rather than the five individual aerosol classes required by HCLIM43. To address this limitation, all
CMIP6 GCMs that do provide the full set of aerosol classes for all four CMIP6 Tier 1 scenarios are utilised to compute
ensemble-mean ratios between each aerosol-class AOD and the total AOD. This reference subset consists of eight models:
NorESM2-MM, CNRM-ESM2-1, IPSL-CM6A-LR, MIROC6, GFDL-ESM4, GISS-E2-1-G, INM-CM5-0, and MRI-ESM2-
0. These ensemble-mean ratios were then applied to decompose total AOD into the five required classes for the driving GCMs
that provide only total AOD (EC-Earth3-Veg and MPI-ESM1-2-HR). Although not perfect, this approach is considered the
best available approximation for constructing the aerosol forcing for EC-Earth3-Veg and MPI-ESM1-2-HR.
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2.1.3 HCLIM43-ALADIN contribution to the EURO-CORDEX-CMIP6 ensemble

Nine CMIP6 GCMs were selected for downscaling in EURO-CORDEX-CMIP6 based on a number of criteria, including
data availability, model plausibility, representation of future climate-change uncertainty, and model independence (Sobolowski
etal., 2025). Three NMHSs—METNo, DMI, and SMHI—have downscaled six of the nine selected CMIP6 GCMs by applying
HCLIM43-ALADIN over the EURO-CORDEX domain at a spatial resolution of 12.5 km (Table 1). These six GCMs encom-
pass a broad range of climate sensitivities, with transient climate response (TCR) values spanning from the lower end of 1.33
(NorESM2-MM) to the upper end of 2.62 K (EC-Earth3-Veg).

In addition to downscaling a single realisation from each GCM, two additional EC-Earth3-Veg ensemble members initialised
with different initial conditions were also downscaled. Together, these three HCLIM simulations, each driven by a distinct EC-
Earth3-Veg realisation, enable an assessment of the role of internal climate variability in shaping future climate change signals.
The CMIP variant labels are in the format rki/pmfn, where k is the realisation index (initial conditions), / is the initialisation
index (initialisation procedure), m is the physics index (physics version), and » is the forcing index (variants of forcing) (Taylor
et al., 2025). When calculating ensemble means, only the first EC-Earth3-Veg realisation (rlilp1f1) is included. This ensures
that the HCLIM ensemble is not biased by the presence of multiple EC-Earth3-Veg-driven simulations.

All HCLIM43-ALADIN GCM-driven simulations are transient and were conducted for 1950-2100, with 1950-2014 driven
by historical GCM simulations and 2015-2100 by future scenario simulations. To ensure a more effective model spin-up, the
historical simulations were initialised on 1 August 1950, when Scandinavia is generally snow-free and lakes are ice-free. The
ERAS5-driven simulation was initialised on 1 August 1979 and spans the period 1980-2023. The first complete year of the
historical runs (1951) and of the evaluation experiment (1980) is considered a spin-up year. To refer to the HCLIM simulations
driven by the different GCMs and ERAS, we use the notation ‘HCLIM(driving model)’ in the text and ‘HC(driving model)’ in
the figures.

2.2 Observations and reanalyses

A daily gridded observational dataset over Europe, E-OBS version 30.0e, at 0.1° spatial resolution (Cornes et al., 2018) is
used as the primary reference for near-surface air temperature (tas) and precipitation (pr). The Copernicus European Regional
Reanalysis (CERRA), which provides spatially and temporally consistent historical reconstructions of meteorological variables
over Europe at 5.5-km resolution, is also utilised (Ridal et al., 2024). In CERRA, precipitation is entirely forecast-based,
whereas CERRA-Land (Le Moigne et al., 2021) benefits from the assimilation of gauge-derived precipitation and has been
demonstrated to outperform CERRA in reproducing precipitation. For this reason, CERRA is used in this study as an additional
reference for temperature and CERRA-Land for precipitation. The ERAS driving reanalysis (Hersbach et al., 2020) is also
included in the evaluation and is used as the reference for sea-level pressure (SLP). All reference datasets are remapped to
the Lambert Conformal Conic projection (LCC) used by HCLIM43-ALADIN. ERAS is remapped from its native resolution
of about 0.3° to 12.5km using linear interpolation, whereas CERRA and CERRA-Land are aggregated from 5.5-km to the
12.5-km HCLIM LCC grid using a conservative remapping method.
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Table 1. Driving CMIP6 GCMs, variant labels, and scenarios downscaled by HCLIM43-ALADIN, the institution which produced the
downscaled simulation, the equilibrium climate sensitivity (ECS) and the transient climate response (TCR) of the driving GCM, and the

institutions which produced the global simulation and references. The meaning of variant labels is described in the text.

Driving GCM Variant Scenarios (SSP) RCMinst. ECS(K) TCR(K) GCM inst. and references

CNRM-ESM2-1 rlilplf2  1-2.6, 3-7.0 SMHI 4.76 1.86 CNRM' and CERFACS' (Séférian et al.,
2019)

EC-Earth3-Veg rlilplfl  1-2.6,3-7.0 SMHI 4.31 2.62 EC-Earth Consortium (Doscher et al.,
2022)

EC-Earth3-Veg r2ilplfl  1-2.6,3-7.0 SMHI 4.31 2.62 the same as above

EC-Earth3-Veg r3ilplfl  1-2.6,3-7.0 SMHI 4.31 2.62 the same as above

IPSL-CM6A-LR  rlilplfl  1-2.6,3-7.0 DMI 4.56 232 IPSL* (Boucher et al., 2020)

MIROC6 rlilplfl  1-2.6,3-7.0 SMHI 2.61 1.55 JAMSTEC®, AORI‘, NIES?, and R-CCS®
(Tatebe et al., 2019)

MPI-ESM1-2-HR  rlilplfl  1-2.6,3-7.0 SMHI 2.98 1.66 MPI-Mf, DWD¢, and DKRZ" (Gutjahr
et al., 2019)

NorESM2-MM rlilplfl  1-2.6,3-7.0,5-8.5 METNo 2.50 1.33 NCC? (Seland et al., 2020)

*NorESM Climate modeling Consortium hJapan Agency for Marine-Earth Science and Technology  Atmosphere and Ocean Research Institute dNational Institute for
Environmental Studies “RIKEN Center for Computational Science fMax Planck Institute for Meteorology ¢Deutscher Wetterdienst "Deutsches Klimarechenzentrum iCentre

National de Recherches Meteorologiques iCentre Europeen de Recherche et de Formation Avancee en Calcul Scientifique KInstitut Pierre Simon Laplace

The 1991-2020 period is used for the evaluation. The World Meteorological Organization (WMO) defines this interval as the
reference climatological period for the 2021-2030 decade (WMO, 2015), and it is the standard currently applied by NMHSs
worldwide. Because the historical experiment is only available until 2014, in the GCMs and RCMs we use a composition of
the CMIP6 historical experiment for 1991-2014 and the SSP1-2.6 scenario for 2015-2020. Given that the time period between
2015 and 2020 is short and very similar between the SSP scenarios, the choice of the scenario likely has a negligible impact
on our results, other than through natural variability. Four canonical seasons are used in the study: December—February (DJF),
March-May (MAM), June—August (JJA), and September—November (SON), along with the annual mean (ANN).

2.3 Statistical methods

To evaluate the HCLIM ensemble across European regions with contrasting climate conditions, eight subdomains defined
within the PRUDENCE project (Christensen et al., 2007a; Christensen and Christensen, 2007) are used: the Alps (AL), the
British Isles (BI), Eastern Europe (EA), France (FR), the Iberian Peninsula (IP), the Mediterranean (MD), Mid-Europe (ME),
and Scandinavia (SC). Although these PRUDENCE regions are defined in a relatively simple manner and therefore do not
perfectly represent homogeneous climate zones, they have been widely adopted in Europe climate model evaluation and climate

change assessments because of their simplicity and consistency.
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Seasonal and annual means are calculated as means for every year, and then an overall mean is calculated from this annual
time series. December of the year y — 1 is considered to be part of the winter season (December—January—February) of year
y. Geographical means are calculated as weighted means taking into account the grid cell area. The ensemble mean of the
GCM-driven HCLIM simulations is calculated as a simple mean of the ensemble members. The statistical significance of the
simulation biases (Section 3.1 and 3.2) is determined using a two-sided t-test, as implemented by the SciPy library (Virtanen
et al., 2020, function tfest_rel). The input time series to the test are 30 annual values (one value per year of the analysed
30-year time period) for both the simulation and the reference. Any trends during the period are not compensated for in the
test. A paired t-test is used for comparing the reanalyses with observations, and an unpaired t-test is used for comparing the
simulations with observations. All significance levels shown in the results (Section 3) use a 0.05 p-value threshold. The trends
(Section 3.3) are calculated per grid cell using linear regression, and the significance is determined using the Wald Test with
the t-distribution of the test statistic, as implemented by SciPy (function linregress).

In the plots (Fig. 1-8 and S1), values of near-surface air temperature and precipitation below the 2nd and 15th percentiles
(respectively) and above the 98th and 85th percentiles (respectively) are shown outside the scale range. Precipitation anomalies
in Fig. 3, 4, and 6 are shown as a fractional difference from the reference, (R — Robs)/Robs, Where R is the simulation or re-
analysis precipitation rate and Ry is the observed precipitation rate. To show the anomalies, we use logarithmic scale because
the anomalies are bounded for low values by —100% and unbouded for high values, resulting in an uneven distribution around

zero. The colour map scales are chosen so that they are symmetric and regular on the logarithmic scale log [( R — Rops)/ Robs)-
2.4 Model ranking

The model ranking (Section 3.5) is calculated based on the simulation bias in the mean and standard deviation of daily mean,
minimum, and maximum near-surface air temperature, precipitation, and SLP. The biases are determined relative to E-OBS
over the entire reference period, except for SLP, which is relative to ERAS. The calculation of ranks is performed as follows.
The variable mean 7; ; 5 ; and standard deviation s, ; , , are calculated for the simulation ¢ and variable j, over the area of the
region k, and season /. Elemental simulation ranks for mean rank(Z; ; x,1) and standard deviation rank(s., ; , ,) are calculated
based on the absolute difference between the simulation mean and the reference mean |Z; ;. — :ffﬁ 11| and the absolute
difference between the simulation standard deviation and the reference standard deviation |s,, ; , , — Siefj,k,l |, respectively. The
elemental ranks are integers between 1 and 7 (the number of HCLIM simulations, including only the r1 variant of EC-Earth3-

Veg), where 1 is the best rank (closest to the reference) and 7 is the worst (the furthest from the reference). The total rank

rank;, per-variable rank rank; ;, and per-region rank rank; j, are calculated by averaging the elemental ranks of both the mean
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and standard deviation as

1 _
rank; = 2”7%% [rank(zi,j,k,l) + rank(sri,j.k,z)] s (D
rank; j = —— Z [rank(im,k,l) —|—rank(smi,j,k,yl)] , 2)
2nknl "l
rankin =g > [rank(#jx) +rank(sq, ;.0 )

VU

where nj, ng, and n; are the number variables, regions, and seasons, respectively.

3 Results
3.1 Spatial distribution of biases
3.1.1 Temperature

Winter mean near-surface air temperature from E-OBS (Fig. 1a) exhibits a pronounced meridional gradient, spanning approxi-
mately 25 °C from around —10 °C in northern Scandinavia to about 15 °C in North Africa. In addition, a clear zonal gradient is
evident, reflecting the transition from the maritime climate of Western Europe to the more continental conditions over Eastern
Europe and Russia. Both CERRA and ERAS5 show overall good agreement with E-OBS (Fig. 1b and c). ERAS5 exhibits a weak,
continent-wide warm bias, with the largest values (up to 3 °C) over northern Fennoscandia. In contrast, a cold bias is appar-
ent over the Alpine region, the coast of Norway and the Kola Peninsula in ERAS. CERRA generally displays smaller, more
regionally confined biases but tends to underestimate temperatures in southern Europe (up to 2 °C over the Iberian Peninsula)
and over parts of Norway, where negative biases locally approach 3 °C. The HCLIM simulation driven by ERAS (Fig. 1d)
exhibits a widespread cold bias across much of the continent, with the largest negative deviations (up to 3 °C) over the Iberian
and Appenine Peninsulas, Norway, and northeastern Europe. In contrast, simulated winter temperatures are in good agree-
ment with E-OBS over Western Europe, including Germany, the Benelux, France, and the British Isles. This contrast between
HCLIM(ERAS) and ERAS shows that the internal dynamics and physics of HCLIM can substantially override the driving
model in its near-surface air temperature.

The winter GCM-driven simulations (Fig. 1e—m) exhibit substantially larger biases relative to E-OBS compared to the ERAS5-
driven experiment. A consistent feature across all GCM-driven runs is a pronounced cold bias over Scandinavia and the eastern
part of the EURO-CORDEX domain. This systematic pattern is also evident in their ensemble mean. The strongest cold bias,
reaching up to 6 °C is found in HCLIM(MIROC®6) (Fig. 1h), particularly over the eastern part of the domain. The other GCM-
driven HCLIM simulations also exhibit substantial negative biases, generally underestimating winter mean temperatures by
around 4 °C in Scandinavia. The smallest cold bias over Scandinavia is seen in the simulations driven by EC-Earth3-Veg (r1
and r2; Fig. 1k and 1). The HCLIM simulation driven by NorESM2-MM (Fig. 1j) exhibits a pronounced warm bias across

Western, Central, and Eastern Europe. In contrast, the other GCM-driven simulations except for the MIROC6-driven run show
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a more moderate warm bias west of the Black Sea, primarily over Bulgaria and Romania. The three ensemble members driven
by EC-Earth3-Veg (Fig. 1k—m) display very similar bias patterns in both spatial distribution and magnitude. However, the third
member is slightly colder overall, illustrating the influence of natural variability on the simulated mean winter temperature for
1991-2020.

Summer mean near-surface air temperature (Fig.2a) has a smaller range over the domain compared to winter. The range
is about 20 °C, ranging from about 8 °C over Scandinavia (Norway) to almost 30 °C in Southern Europe and North Africa.
Similar to winter, both CERRA and ERAS5 (Fig.2b and c) have overall good agreement with E-OBS, and ERAS is slightly
warmer than E-OBS. The ERAS5-driven simulation (Fig. 2¢) exhibits a dipole bias pattern, characterised by a slight cold bias
over Scandinavia and a more pronounced warm bias across central and Southern Europe. A similar pattern appears in the
HCLIM simulations driven by NorESM2-MM, MPI-ESM2-HR, and EC-Earth3-Veg (Fig. 2j, i, and k-m), while those driven
by CNRM-ESM2-1 and IPSL-CM6A-LR (Fig. 2f and g) show a negative bias over Southern Europe. The three members of the
HCLIM(EC-Earth3-Veg) (Fig. 2k—m) ensemble exhibit nearly identical bias patterns and magnitudes, suggesting that internal
variability in the simulated near-surface summer temperature is small. As in winter, the MIROCG6-driven simulation (Fig. 2h)

exhibits a bias pattern distinct from the other simulations, characterised by a positive bias of up to 3 °C over Eastern Europe.
3.1.2 Precipitation

Winter mean precipitation (Fig.3a) reflects the influence of westerly flow from the Atlantic, resulting in generally wetter
maritime climates near the coast and drier continental conditions farther inland. Orographic effects from mountain ranges
such as the Scandinavian Mountains and Dinaric Alps further shape the precipitation distribution, with enhanced precipitation
on the windward side and reduced precipitation on the leeward side. CERRA-Land (Fig. 3b), which assimilates gauge-based
precipitation, agrees well with E-OBS over Western Europe and Scandinavia, although a small wet bias appears in the eastern
part of the domain. In contrast, ERAS (Fig. 3c), where precipitation is a purely prognostic variable, shows a widespread wet
bias, reaching more than 80% in Eastern Europe. The HCLIM ERAS5-driven evaluation simulation (Fig. 3d) reproduces a very
similar bias pattern as ERAS. The GCM-driven simulations (Fig. 3e—m) substantially overestimate winter precipitation over
mainland Europe while showing moderate dry biases over the Apennine Peninsula. In Scandinavia, they generally produce
wetter conditions than E-OBS, although the spatial bias patterns differ among simulations. All simulations exhibit a dry bias
on the windward side of the Scandinavian Mountains. The three members of the EC-Earth3-Veg-driven ensemble (Fig. 3k—m)
show nearly identical bias patterns and magnitudes.

Summer mean precipitation (Fig. 4a) exhibits a markedly different spatial pattern from winter. While winter precipitation is
largely controlled by Atlantic westerlies and large-scale precipitation from fronts and low pressure systems, summer precip-
itation is more strongly influenced by smaller scale convective processes. The Alps and the Carpathians are particularly wet
during summer. As in winter, CERRA-Land (Fig. 4b) agrees well with E-OBS over Scandinavia and parts of Western Europe
(e.g., Germany, the Benelux, and France). Elsewhere, a wet bias in the reanalyses is evident, with precipitation overestimated
by more than 80% in parts of the Apennine Peninsula, Romania, the Balkans, and the Iberian Peninsula. ERAS (Fig. 4c) shows

a bias pattern broadly similar to that of CERRA-Land, with a small wet bias over Scandinavia and parts of Western Europe,
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Figure 3. The same as Fig. 1 but for precipitation in winter and fractional difference (%). The precipitation anomaly colour scale is symmetric

and regular on the logarithmic scale, as described in Section 2.3.
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where CERRA-Land exhibits almost no bias. The HCLIM(ERAS) simulation (Fig. 4d) underestimates summer precipitation
in Western and parts of Eastern Europe, while overestimating it in northern Scandinavia and the southern Balkans.

There is no consistent bias pattern across the GCM-driven simulations, although smaller sub-ensembles can exhibit some
similarities. The three simulations driven by CNRM-ESM2-1, MIROC6 and IPSL-CM6A-LR (Fig. 4f, h, and g) strongly over-
estimate precipitation over dry regions in Southern Europe and northern Mediterranean. Two of these three simulations (driven
by CNRM-ESM2-1 and IPSL-CMG6A-LR) also show a cold bias in summertime temperature over the same region (Fig. 2f and
g) that may be related to the overestimation of precipitation. The MIROC6-driven simulation (Fig. 4h), however, does not show
a similar cold bias. The simulations driven by MPI-ESM2-1-HR, NorESM2-MM, and EC-Earth3-Veg (Fig. 4i-m) have similar
bias patterns with a wet bias over the northeastern parts of Europe and a dry bias in Southern and Central Europe. The dry
bias is more pronounced in the NorESM2-MM-driven run, where the dry bias is stretching from Western to Eastern Europe.
A common feature across all simulations is a wet bias in the northern part of the domain, although spatial details are different

across the simulations.
3.2 Regional biases
3.2.1 Temperature

To further evaluate near-surface air temperature and precipitation biases in the HCLIM ensemble, Fig. 5 and 6 present seasonal
and annual mean biases averaged over the PRUDENCE regions. CERRA exhibits predominantly small negative temperature
biases, generally in the range of —1 to 0 °C across all PRUDENCE regions. In contrast, ERAS shows small positive biases,
typically below 1 °C. The HCLIM simulation driven by ERAS5 largely changes the warm biases in ERAS into negative biases
across most seasons and PRUDENCE regions. In summer, however, the warm biases are amplified, except over the British Isles
and Scandinavia, where they are negative. The individual GCM-driven simulations exhibit mixed biases across the seasons and
PRUDENCE regions, with a tendency toward negative biases in winter, spring and autumn, and positive biases in summer.
The simulations driven by CNRM-ESM2-1, IPSL-CM6A-LR, MIROC6, and MPI-ESM1-2-HR show pronounced cold biases,
with strong underestimation of temperature over Scandinavia in winter, the Iberian Peninsula in spring and autumn, and the
Alps in spring. These cold biases are also evident in the ensemble mean. The largest negative bias in the HCLIM simulation
driven by MIROC6 reaches —3.7 °C over Scandinavia in winter, consistent with the spatial winter bias pattern shown in Fig. 1h.
The HCLIM simulations driven by MIROC6, MPI-ESM1-2-HR, NorESM2-MM, and all members of EC-Earth3-Veg exhibit
pronounced warm biases over the Mediterranean in summer. The largest warm bias (2.6 °C) occurs in the HCLIM simulation
driven by MPI-ESM1-2-HR. These simulations consistently show substantial warm biases across southeastern Europe (see

Fig.2).
3.2.2 Precipitation

CERRA-Land and ERAS show a slightly wetter climatology than E-OBS (Fig. 6). The HCLIM simulation driven by ERAS

exhibits precipitation biases that closely resemble those in ERAS, but with some regional and seasonal reversals in sign,
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Figure 5. (Row 1) E-OBS near-surface air temperature for 1991-2020 averaged over the PRUDENCE regions and differences compared
to E-OBS in the (Row 2) CERRA and (Row 3) ERAS reanalyses, (Row 4) HCLIM driven by ERAS, (Row 5) the ensemble mean of all
of the HCLIM GCM-driven simulations highlighted in turquoise and (Row 6-13) the individual HCLIM simulations driven by each GCM.

Non-significant biases are marked with a cross.
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Figure 6. The same as Fig. 5 but for precipitation and fractional difference.
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notably, for example, in summer over France, Mid-Europe, and the Alps. The GCM-driven simulations generally exhibit wet
biases across all seasons and PRUDENCE regions, with some exceptions in summer when dry biases occur; however, most
of these dry biases are not statistically significant. The Alpine region is consistently too wet in all GCM-driven simulations
during winter. In summer, three HCLIM simulations driven by CNRM-ESM2-1, IPSL-CM6A-LR, and MIROC6 markedly
overestimate precipitation over dry regions such as the Iberian Peninsula and the Mediterranean; this wet bias is also reflected
in the ensemble mean. The strongest overestimation is found in the HCLIM(CNRM-ESM2-1) simulation. On average, the

three members of the EC-Earth3-Veg—driven ensemble exhibit similar biases.
3.3 Trends in temperature
3.3.1 Spatial distribution of trends

The ability of climate models to accurately reproduce observed regional patterns of temperature and precipitation trends is
an important measure for evaluating climate model performance. Schumacher et al. (2024) show that both CMIP6 and, in
particular, CORDEX-CMIP5 ensembles underestimate the observed summer warming across much of Western and Central
Europe over the period 1980-2022. This underestimation of recent observed temperature trends is attributed to the fact that
simulated circulation changes are weaker than those in ERAS. In addition, most EURO-CORDEX regional climate models used
in CORDEX-CMIP5 do not adequately capture local thermodynamic forcing associated with declining aerosol concentrations,
as they typically have employed static aerosol forcing.

Observed and simulated winter near-surface air temperature trends for 1991-2020 are shown in Fig. 7. The E-OBS dataset
is not homogenised and is therefore generally not recommended for trend analysis (Hofstra et al., 2009; van der Schrier et al.,
2013). However, it is retained here to ensure consistency (Fig. 7a). In addition, the CERRA and ERAS5 reanalyses (Fig. 7b and
c¢) provide complementary estimates of observed trends, helping to better quantify associated uncertainties. Temperature trends
for short time periods can be highly affected by natural variability. For the 30-year period 1991-2020, this is expected to be
even more important than for the circulation changes during the 43-year period used by Schumacher et al. (2024). However,
using the three EC-Earth3-Veg HCLIM simulations enables us to assess the role of the natural variability to a certain degree.

It should be noted that winter temperature trends for 1991-2020 are statistically non-significant at the grid-point level across
most of the EURO-CORDEX domain (Fig. 7a—c). Significant trends are detected only in parts of Southern Europe. This is most
likely attributable to the large interannual variability in winter temperatures, which can obscure underlying temperature trend
estimates, particularly at regional and seasonal scales. However, aggregating the data to annual mean temperatures substantially
reduces the influence of the variability and reveals statistically significant warming trends across all of Europe (Fig. S1).
In practice, seasonal mean temperature trends are in general more relevant for national, regional, and local climate change
assessments, as annual mean trends tend to smooth out important seasonal differences that are critical for many climate-
sensitive sectors.

In winter, E-OBS, CERRA and ERAS5 show similar large-scale patterns in near-surface temperature trends, with the strongest

warming (up to 1°C per decade) occurring over Central and Eastern Europe and northwestern parts of Russia (Fig. 7a—c).
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However, small-scale features can be different among the three datasets. For example, E-OBS shows localised patches of
cooling in Southern Europe that are not apparent in CERRA or ERAS. A common feature across all three datasets is a weak
cooling signal over northern Scandinavia. ERAS-driven simulation (Fig. 7d) underestimates the observed winter trends in the
northeastern part of the domain, while overestimating them in parts of the southeast. The GCM-driven simulations (Fig. 7e—m)
show various spatial patterns of the simulated trends. Simulations driven by MIROC6, MPI-ESM1-2-HR, IPSL-CM6A-LR,
and EC-Earth3-Veg-12 (Fig. 7h, i, g, and 1) substantially overestimate the trends across large parts of the domain, whereas the
simulations driven by CNRM-ESM2-1 and NorESM2-MM (Fig. 7f and j) underestimate the trends over the Iberian Peninsula
but overestimate over Central Europe (CNRM-ESM2-1) and Eastern Europe and the Baltic (NorESM2-MM). The ensemble
mean offsets the oppositely signed biases present in the individual GCM-driven simulations and reproduces a warming pattern
that broadly resembles the observations, although some biases persist.

The three members of the EC-Earth3-Veg-driven ensemble (Fig. 7k—m) exhibit markedly different patterns of simulated
winter temperature trends, with r3 reproducing the observed trend pattern more closely than rl and r2. The three simulations
differ only in their initial conditions, unlike the other HCLIM simulations, which differ in the boundary conditions set by the
driving GCM. The effect of the initial conditions on the results highlights the dominant role of natural variability in shaping
simulated wintertime regional temperature trends over Europe. This highlights the need for large ensembles to reproduce
the observed trends in the ensemble mean. However, averaging across all simulations suppresses the contribution of natural
variability, which itself accounts for part of the temperature trends. Therefore, the ensemble mean is not generally expected to
perfectly reproduce wintertime temperature trends over Europe for time periods when natural variability plays a dominant role.

In summer, the observed temperature trends are significant across a substantial part of Europe, excluding the Atlantic and
Northern Europe (Fig. 8a—c). However, the regional patterns of non-significant trends in Northern Europe differ among the
datasets. E-OBS shows warming of about 0.6 °C per decade over Western and Central Europe, increasing up to 1°C per
decade in Eastern Europe. A similar spatial pattern is evident in both CERRA and ERAS, although with a tendency toward
slightly higher trend values. E-OBS and CERRA show small non-significant patches of negative trends in Southern Europe,
such as in the Apennine Peninsula, whereas ERAS indicates positive temperature trends across the same regions. The ERAS-
driven evaluation simulation (Fig. 8d) exhibits a broadly similar trend pattern on average, but the trends are non-significant
over many regions where the observational datasets indicate significant temperature changes. In contrast, significant trends
are evident across most of Scandinavia. The GCM-driven simulations (Fig. 8e-m) show varying trend patterns, although five
of the six simulations included in the ensemble mean, with the exception of HCLIM(CNRM-ESM2-1) (Fig. 8f), reproduce
spatial patterns that broadly resemble the observations. As a result, the ensemble mean reproduces the observed trend pattern
reasonably well. The three members of the HCLIM ensemble driven by the three EC-Earth3-Veg members (Fig. 8k-m) show
large regional differences in the simulated summer temperature trends. For example, the third member simulates near-zero
trends over Northern Europe, in contrast to the first and second members. These differences indicate that, even in summer,

natural variability plays an important role in shaping temperature trend patterns across Europe.
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Figure 9. The same as Fig. 5 but for linear trends and all values shown as absolute values (i.e., not relative to E-OBS). Non-significant trends

are marked with a cross.

22



395

400

405

410

415

420

3.3.2 Regional trends

Figure 9 summarises the observed and simulated near-surface air temperature trends, showing seasonal and annual mean trends
across the PRUDENCE regions. All observational datasets consistently show a warming trend across Europe and exhibit strong
agreement across all seasons and PRUDENCE regions. The discrepancies among the observations are minor, with average
differences of approximately 0.1 °C per decade. Most HCLIM simulations also show a warming trend, although substantial
differences in the magnitude of the trends are evident across seasons, regions, and simulations. For example, the simulations
driven by IPSL-CM6A-LR, MPI-ESM1-2-HR, and MIROCS6 substantially overestimate the observed winter temperature trends
by a factor of 2-3 over Scandinavia, Eastern Europe, and the Mediterranean region. The EC-Earth3-Veg ensemble exhibits
substantial spread in winter temperature trends among its individual members, over Scandinavia and Eastern Europe, again
stressing the importance of natural variability. A notable feature is the underestimation of the observed warming trends and
in some cases even cooling in the HCLIM run driven by NorESM2-MM, especially for winter, autumn, and annual mean

temperatures.
3.4 Comparison of the global and downscaled models

In general, RCMs are expected to provide added value (understood as an improved representation of climatology) relative
to the driving GCMs. This includes a better representation of regional and local weather and climate features as a result of
higher resolution and enhanced ability to capture small-scale processes. However, like all climate models, RCMs provide
only an approximation of the real climate system and are subject to various errors (biases) that lead to deviations between the
simulated and observed climates. In addition to their higher resolution, differences between RCMs and their driving GCMs may
also arise from differences in model formulation (e.g., physical schemes and parameterizations) as well as from differences in
external forcing and its implementation (e.g., aerosols). These factors are expected to introduce deviations of the RCMs from
the driving model or reanalysis, potentially resulting in simulations that differ more from the observational reference than the
driving models themselves.

Figure 10 illustrates near-surface air temperature and precipitation anomalies from the E-OBS observations shown as arrows
connecting the driving GCM/reanalysis to the corresponding HCLIM simulations. As shown in the previous results, E-OBS,
CERRA, and ERAS tend to cluster relatively close to one another compared to the GCMs and HCLIM simulations. This sug-
gests that the reference datasets (E-OBS and the reanalyses) are generally consistent with each other, although their differences
are still non-negligible relative to the magnitude of the model biases. Some of the largest differences between the driving GCMs
and HCLIM simulations are found for MIROCS6. This is particularly pronounced for temperature, where the differences are on
the order of 1-3 °C, and, to a lesser extent, for precipitation, with the HCLIM(MIROC®6) simulation generally moving closer to
the observations, although not consistently in all cases. The exceptions occur in winter over Mid-Europe, Scandinavia, the Alps,
and Eastern Europe (Fig. 10d, e, f, and h), where the HCLIM(MIROC®6) simulation deviates further in temperature from the ob-
servational reference than MIROCG6. In many subsets, smaller shifts are found for CNRM-ESM2-1 and NorESM2-MM in both
temperature and precipitation. For CNRM-ESM2-1, these shifts are mixed, with some changes bringing the HCLIM simulation
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Figure 10. Scatter plots showing near-surface air temperature and precipitation anomalies from the E-OBS observations for the CERRA(-

Land) and ERAS reanalyses, the HCLIM ensemble (ENS), and the GCM-driven HCLIM simulations in each PRUDENCE region in (a-h)

winter and (i-p) summer. The points are shown in pairs of the global model/reanalysis connected by an arrow pointing to the corresponding

HCLIM simulation driven by the model/reanalysis. E-OBS and CERRA(-Land) are shown as individual points since they do not have a

corresponding HCLIM simulation. CERRA is used for temperature and CERRA-Land for precipitation due to the limitations described in
Section 2.2, both of which are labelled as ‘CERRA’.
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Figure 11. The HCLIM model ranks based on the E-OBS (all variables except SLP) and ERAS (SLP) reference and time period 1991-
2020. Shown is (a) the total rank [for all variables and all regions; Eq. (1)] and (b—f) ranks for individual variables [all regions; Eq. (2)]:
mean, daily minimum (min.), and daily maximum (max.) near-surface air temperature, precipitation, and SLP, as well as (g-n) ranks for
the PRUDENCE regions [all variables; Eq. (3)]. Only the run r1 of EC-Earth3-Veg is included in the results. The model ranking method is

described in Section 3.5.

closer to the observations, others moving it further away, and some having little overall effect. For NorESM2-MM, these shifts
generally move the HCLIM simulation closer to the observations, although exceptions occur in winter for the British Isles and
Scandinavia, where the deviations increase relative to the observational reference. The smallest differences are found between
HCLIM(EC-Earth3-Veg), and EC-Earth3-Veg. The shifts from ERAS5 to HCLIM(ERAS) are relatively moderate compared to
those found for other driving GCM-HCLIM pairs and, in many cases, move the HCLIM simulation further away from the
observations. The HCLIM simulations, relative to the driving simulation, tend to decrease near-surface air temperature and its

bias relative to observations and increase precipitation and its bias.
3.5 Model ranking

Ranking climate simulations according to their ability to reproduce various aspects of the observed climate is a common ap-
proach for identifying the best-performing simulations. However, such rankings are inherently subjective, as they depend on

the choice and number of metrics included in the analysis. Figure 11 shows the ranking of the HCLIM simulations based on
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the mean and standard deviation of the five most commonly analysed variables: mean, daily minimum and maximum near-
surface air temperature, precipitation, and SLP. The lowest rank signifies the best-performing simulation, and the highest rank
the worst-performing. As expected, the evaluation simulation driven by the reanalysis ERAS performs best in the overall
ranking (Fig. 11a). Among the GCM-driven simulations, HCLIM(EC-Earth3-Veg) achieves the best overall rank, followed by
HCLIM(NorESM2-MM), whereas HCLIM(MIROC®) is the worst-performing simulation. The performance for the individ-
ual variables (Fig. 11b—f) generally mirrors the overall ranking, although with some notable differences. HCLIM(NorESM2-
MM) is the best-performing GCM-driven simulation for daily minimum temperature (Fig. 11c), while the highest ranks are
held by HCLIM(MPI-ESM 1-2-HR) and HCLIM(CNRM-ESM2-1) in daily maximum temperature (Fig. 11d) and precipitation
(Fig. 11e), respectively. When ranking by region (Fig. 11g—n), HCLIM(ERAS) is not always the best-performing simulation:
HCLIM(EC-Earth3-Veg) is the best simulation in France and the Alps (Fig. 11i and 1) and HCLIM(NorESM2-MM) in Eastern
Europe (Fig. 11n). While HCLIM(MIROC®6) is the worst-performing simulation in most regions, the highest rank is instead held
by HCLIM(IPSL-CM6A-LR) over the Iberian Peninsula (Fig. 11h) and by HCLIM(MPI-ESM1-2-HR) over Scandinavia and
the Mediterranean (Fig. 11k and m). Scandinavia (Fig. 11k) stands out from the other regions in that HCLIM(EC-Earth3-Veg)
performs comparatively poorly there, whereas HCLIM(MIROC6) performs relatively well, and the best-performing GCM-
driven simulation is HCLIM(CNRM-ESM2-1).

4 Discussion

A detailed investigation of the causes of the HCLIM biases is beyond the scope of the present study, which focuses primarily on
providing a reference description of the HCLIM ensemble. However, biases in the large-scale circulation of the driving GCMs
are discussed here, along with their potential influence on temperature and precipitation biases in the HCLIM simulations.
GCM-driven RCM simulations typically exhibit larger biases than reanalysis-driven simulations, as they combine intrinsic
structural deficiencies of RCMs with biases inherited from the driving GCMs. Nevertheless, these two error sources may
partially offset one another in some cases, leading to a reduced overall bias despite the presence of substantial underlying
model errors. Large-scale atmospheric circulation is one of the dominant drivers of European climate variability, strongly
influencing temperature, precipitation, wind, and extreme events, especially during winter (Hurrell et al., 2003). Consequently,
substantial biases in the representation of large-scale circulation by the driving GCMs propagate to RCM simulations, leading
to pronounced deviations from observations in the downscaled climate fields (van Ulden et al., 2007; Kjellstrom et al., 2011).

In winter, MIROC6 shows a pronounced SLP bias, characterised by an underestimation of the climatological high-pressure
area south of Scandinavia and an overestimation of the Arctic low (Fig. S2g). This dipolar bias pattern weakens the meridional
pressure gradient, resulting in an under-representation of the prevailing westerly circulation over Europe. The same dipolar
SLP bias pattern is clearly evident in the HCLIM simulation driven by MIROCS6 (Fig. S3h), which receives the poorest ranking
for the simulated SLP among all simulations (Fig. 11f). The weakened zonal circulation in MIROC6 and HCLIM(MIROC®6)
favours a more meridional flow regime, increasing the frequency of cold-air intrusions from the Arctic. This circulation bias

likely contributes to the pronounced cold bias in HCLIM(MIROCS6) over the eastern part of the domain, as evident in Fig. 1h.
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Wintertime SLP biases associated with a weakened zonal circulation are also evident, to varying degrees, in IPSL-CM6A-
LR, CNRM-ESM2-1, and MPI-ESM1-2-HR (Fig. S2f, e, and h). These large-scale circulation biases are propagated into the
corresponding HCLIM simulations (Fig. S3g, f, and i), which generally simulate a colder climate in the northern part of the
domain (Fig. 1g, f, and i) than the ERAS5-driven simulation.

NorESM2-MM exhibits moderate SLP biases that favour a stronger zonal flow regime, and these SLP biases are also clearly
reproduced in the corresponding HCLIM simulation. A stronger zonal flow regime in HCLIM(NorESM2-MM) likely con-
tributes to the warm bias over Western and Central Europe (Fig. 1), whereas the corresponding ERAS5-driven simulation exhibits
a cold bias. The three HCLIM simulations driven by the EC-Earth3-Veg ensemble show the smallest wintertime temperature
biases (Fig. 1k—m), consistent with the comparatively small SLP biases in the driving GCM (Fig. S2j-1). This highlights the
critical role of accurately simulating large-scale atmospheric circulation in the driving GCM for reproducing near-surface tem-
peratures in the downscaled simulations. In summer, the largest SLP biases occur in MIROC6, which strongly underestimates
SLP in the southern part of the domain, and in CNRM-ESM2-1, which overestimates SLP over the northwestern part of the
domain (Fig. S4g and e). The other GCMs display minor (EC-Earth3-Veg and MPI-ESM1-2-HR) to moderate (IPSL-CM6A-
LR and NorESM2-MM) biases. HCLIM largely retains these spatial bias patterns but generally attenuates their magnitude
(Fig. S5).

Attribution of summer temperature biases in the HCLIM simulations to SLP biases in the driving GCMs is not straightfor-
ward. Across all GCM-driven simulations, HCLIM reproduces the large-scale temperature bias pattern similar to one found in
the ERAS-driven experiment, indicating a dominant contribution from structural model biases (Fig. 2d—m). The pattern consists
of a cold bias in the northern part of the domain and a warm bias in the southern part. However, the magnitude of the biases
present in HCLIM(ERAS) (Fig. 2d) can be amplified, as demonstrated by HCLIM(NorESM2-MM) (Fig. 2j), which shows a
stronger cold bias in the northern part of the domain. In contrast, the sign of the bias may even reverse, as in the CNRM-ESM?2-
1- and IPSL-CMG6A-LR-driven simulations over Southern Europe (Fig. 2f—g). This cold bias coincides with the exceptionally
large wet biases in these simulations (Fig. 4f—g and 6d), suggesting a possible link between excessive precipitation and cooler
near-surface temperatures; this link, however, is not present in the other GCM-driven simulations.

Precipitation is subject to larger observational uncertainties than temperature. Compared with E-OBS, CERRA-Land indi-
cates wetter conditions over the eastern part of the domain, while ERAS exhibits a widespread wet bias across most of the
domain (Fig.3c and 4c). The ERAS-driven HCLIM simulation largely reproduces the precipitation bias pattern present in
ERAS (Fig.3c—d and 4c—d). In winter, all HCLIM simulations reproduce a broadly similar precipitation bias pattern south
of Scandinavia, while the biases over Scandinavia are generally reduced (Fig. 3e—m). The NorESM2-MM-driven simulation
exhibits an amplified wet bias extending from Western to Eastern Europe (Fig. 3j), consistent with a stronger zonal flow regime
in NorESM2-MM that enhances the transport of Atlantic moisture into the continent (Fig. S41).

Similar to winter, CERRA-Land indicates wetter conditions in Eastern Europe during summer (Fig. 4b), while ERAS ex-
hibits a widespread wet bias across much of the domain (Fig. 4c). When driven by ERAS, HCLIM produces a distinct dipole
precipitation bias pattern, characterised by a wet bias over northern Scandinavia and a dry bias across Western and Southern

Europe (Fig. 4d). This pattern is accompanied by localised regions of wet bias in southeastern parts of Europe and over the
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Iberian Peninsula. This bias pattern is reproduced to some extent in the simulations driven by NorESM2-MM, MPI-ESM -
2-HR, and EC-Earth3-Veg (Fig.4j, i, and k-m). In contrast, the CNRM-ESM2-1-, IPSL-CM6A-LR-, and MIROC6-driven
simulations exhibit predominantly wet biases across the domain, with particularly large wet biases over the Mediterranean
region (Fig. 4f-h).

The comparison between RCM and GCM simulations shows that a substantial improvement in the temperature bias relative
to E-OBS is present in about 30% of GCM-driven RCM simulations (when summarised by season and region; Fig. 10) and
worsening in about 25%. For precipitation, the opposite was true, with about 40% of RCM simulations worsening and 20%
improving the bias compared to the driving GCM. For the EC-Earth3-Veg simulations, there was very little difference between
the corresponding RCM and GCM simulations, possibly because of the similarity between the parameterisations employed by
HCLIM43-ALADIN and EC-Earth3-Veg.

5 Conclusions

We analysed 30 years of data from six downscaled CMIP6 GCMs by the HCLIM43-ALADIN regional climate model over Eu-
rope and contrasted the results with the E-OBS gridded observations and three reanalyses (ERAS, CERRA, and CERRA-Land),
focusing on near-surface air temperature and precipitation evaluation and employing sea-level pressure for the identification
of circulation patterns potentially responsible for the biases. We used seasons and the PRUDENCE regions for spatiotemporal
partitioning of the results. We also analysed temperature trends; how the RCM results compare with the driving GCMs; and
compiled a model ranking based on a subjective choice of measures.

We find that the reanalyses are in overall good agreement with E-OBS, except for a small warm bias in ERAS5 and a small
negative bias in CERRA (within 1°C). There is also larger cold bias in the evaluation run HCLIM(ERAS) in winter, but
generally smaller than or comparable with the GCM-driven simulations. In winter, GCM-driven simulations have a substantial
cold bias, especially over northeastern Europe (Fig. le-m), and positive biases in summer in Central and Southern Europe
(Fig. 2e-m). Cold bias is prevalent across almost all GCM-driven simulations and regions in spring (Fig. 5¢). In general, in the
GCM-driven simulations, cold biases are present in the northeast and warm biases in the south, both in winter and summer.
The HCLIM(ERAS) simulation exhibits substantially different temperature biases from the driving ERAS reanalysis (Fig. 1c—
d, 2c—d, and 5), but the temperature trends appear very similar (Fig. 7c—d, 8c—d, and 9). This indicates that the RCM imprints
its own biases, but the trends are to a large extent determined by the driving data. A wet bias relative to E-OBS is present in the
reanalyses and more so in the HCLIM simulations, especially in winter and spring, and less so in summer and autumn (Fig. 6d
and e). In summer, a wet bias in the GCM-driven simulations is very pronounced in Southern Europe (the Iberian Peninsula
and Mediterranean), where this is also amplified by the low precipitation totals (Fig. 4e—-m).

The three EC-Earth3-Veg simulations with different initial conditions show very similar biases, indicating that internal
variability is small relative to the overall biases, but there are notable differences in parts of our analysis. The r3 simulation is

colder and wetter than r1 and r2 (Fig. 5 and 6). In winter, the near-surface air temperature trend is also much more positive in
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r2 than in r1 and r3, and more neutral in r3 than in the other two simulations in both winter and summer (Fig. 7k—m, 8k-—m, and
9b and d).

Some SLP biases can be identified as a source of temperature and precipitation biases through their effect on large-scale
circulation, affecting, for example, the prevailing westerly circulation in Europe (Fig. S2-5). Especially, this is the case in
MIROCS6 and the MIROC6-driven simulation, but to a lesser extent in the other GCM-driven simulations, where weakened
zonal circulation might promote cold air intrusions from the Arctic in winter, resulting in cold bias in northeastern Europe.
Biases in quantities other than SLP, such as clouds, might also contribute to the near-surface air temperature and precipitation
biases.

Over the 30-year period, a significant warming trend of about 0.5 °C per decade, and regionally and seasonally up to 1.5 °C
per decade, is present in the observations, reanalyses, and simulations over large areas of continental Europe in summer, but
in winter the trends are significant only in some simulations over Central, Eastern, and northeastern Europe (Fig. 7 and 8). In
summer, the trends are mostly significant over all land areas. The period is probably too short to reliably detect winter trends
given the natural variability. When averaged by regions, however, the trends are significant in the majority of cases in summer
and autumn and about half of the cases in winter and spring (Fig. 9).

Compared with the driving GCMs, RCMs can be affected both by biases in the driving GCM, biases in the RCM, their
constructive or destructive interference, as well as mismatches between the model formulation and the forcings (Fig. 10).
We see close clustering of the observations and reanalyses but greater differences between the corresponding GCM and RCM
simulations, especially for MICROC6. Very small GCM-RCM differences are for the EC-Earth3-Veg simulations, possibly due
to the commonalities between EC-Earth and ALADIN. While in many cases we see an improved representation of temperature
and precipitation in the RCM simulations over the driving GCM, the opposite is not uncommon, and, in fact, is more prevalent
for precipitation. This means that HCLIM does not always improve large-scale biases relative to the driving GCM and can
make them worse.

We constructed model ranking based on biases in a number of common physical quantities and the PRUDENCE regions
compared with E-OBS and ERAS (Fig. 11), while recognising that this is a subjective choice and past model performance
does not necessarily determine future performance or correct representation of weather and climate processes. Unsurpris-
ingly, the evaluation (ERAS5-driven) simulation performed the best. Across the quantities and regions, HCLIM(EC-Earth3-
Veg) and HCLIM(NorESM2-MM) tended to be the best-performing GCM-driven simulations, and HCLIM(MIROC®6) the
worst-performing simulation, probably because of its misrepresentation of SLP over Europe. Scandinavia, however, was an ex-
ception in terms of the ranking, with HCLIM(CNRM-ESM2-1) performing best and HCLIM(MIROCS6) performing relatively
well.

Future projections for the 21st century by HCLIM43-ALADIN for the same set of downscaled GCMs will be analysed
in a separate publication. Analyses of the past and future scenario simulations by the entire multi-RCM-multi-GCM EURO-
CORDEX-CMIP6 ensemble are in preparation by the project members. Because we have not attempted to further investigate

the physical reasons for the biases due to a limited scope, further studies would be needed to fill this gap. The model output
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data of the EURO-CORDEX-CMIP6 ensemble will be made available publicly on the Earth System Grid Federation (ESGF;

ESGF, 2026a), ready for use for further analyses by the scientific community and decision-making.

Code and data availability. The data processing and plotting code used in our analysis is publicly available on GitHub (Kuma, 2026a) and
Zenodo (Kuma, 2026b). The HARMONIE-Climate (HCLIMcom, 2006) model is jointly developed by its 9 member institutes. HCLIM is
part of the ACCORD consortium (ACCORD, 2006). Access to the HCLIM source code for non-commercial research can be obtained by
contacting a member institute in your home country, subject to a licence agreement specified by the ACCORD consortium. Some components
of the HCLIM system can also be obtained by non-members through other licences, such as for OpenlFS (ECMWF, 2026b) for dynamics
and Open-SURFEX (CNRM, 2026) for land surface processes. Full code access is provided to the journal editor and reviewers through a
research licence. The downscaled HCLIM model data are currently being uploaded and will be publicly available from the ESGF MetaGrid
(ESGF, 2026b) and CORDEX (CORDEX, 2026). The CMIP6 global model data are publicly available from the ESGF MetaGrid (ESGF,
2026b). The E-OBS gridded observation data (UERRA et al., 2026), the CERRA reanalysis (Schimanke et al., 2021), the CERRA-Land
reanalysis (Verrelle et al., 2022) and the ERAS reanalysis (Hersbach et al., 2017) are publicly available from the Copernicus Climate Change
Service (C3S).
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