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ARTICLE INFO ABSTRACT

Keywords: The latest EURO-CORDEX simulations, downscaling CMIP6 GCMs, provide an improved repre-
Urbfm Ch"{ate sentation of urban areas compared to the previous CORDEX-CMIP5 generation, partly motivated
regional climate model by the increasing demand for urban-scale climate information for adaptation and planning, as
gl\oﬁggx reflected in the IPCC Special Report on Climate Change and Cities.

In this study, we evaluate the ERA5-driven EURO-CORDEX ensemble (CMIP6 generation) for
its ability to represent urban areas and simulate urban climate across nearly 100 European cities.
We further assess the sensitivity of urban-rural contrasts to geographical location and urban
parameterization schemes. Results show that the urban heat island effect is captured in most
cities, with a more realistic representation in models that include urban canopy schemes. The
urban dry island effect and wind speed attenuation are also identified, although they exhibit
greater inter-model variability than temperature.

Models identify spatial patterns across the analyzed cities, including geographical climatic
gradients, the urban cool island effect in arid regions, and coastal influences. Comparison with
observations highlights challenges in evaluating RCMs, underscoring the need for dense and
representative observational networks or alternative approaches.

This work provides the first systematic evaluation of urban climate representation in EURO-
CORDEX, identifies suitable sub-ensembles, and informs future model development.

urban-rural contrast
urban parameterization

1. Introduction

Cities are highly vulnerable to climate change due to their high population density, extensive land surface modification, and
concentration of infrastructure and economic activities (IPCC, 2023; UN-Habitat, 2015). In Europe, where more than 75% of the
population lives in urban areas (“World Bank.,”, n.d.), climate change and urbanization interact to amplify heat-related risks, posing
growing challenges for public health, infrastructure, and energy systems.

Urban areas modify the local climate primarily through changes in the surface energy balance, reduced evapotranspiration,
increased heat storage in built materials, altered surface roughness, and anthropogenic heat emissions (Dong et al., 2017; Masson et al.,
2020; Oke et al., 2017). These processes give rise to the Urban Heat Island (UHI) effect, whereby urban areas are warmer than their
rural surroundings, particularly during nighttime. The combined effect of the UHI and global warming can raise urban temperatures
dramatically, increasing the risk of heat wave-related mortality in cities under future scenarios (Huang et al., 2026; Klimiuk et al.,
2025; Lemonsu et al., 2023; Nogueira and Soares, 2019; Schafer et al., 2025). Beyond temperature, urban areas can influence other
climatic variables. For instance, precipitation may increase over and downwind of highly urbanized areas (Burian and Shepherd, 2005;
Doan et al., 2022; Han et al., 2014; Liu and Niyogi, 2019; Shepherd, 2006), while relative humidity is often lower in urban zones
compared to rural surroundings (Holmer and Eliasson, 1999; Kuttler et al., 2007; Langendijk et al., 2019; Zhao et al., 2021), and wind
patterns can be markedly altered within cities (Baidar et al., 2020; Childs and Raman, 2005; Droste et al., 2018; Lee, 1979). Moreover,
urbanization alters urban air quality increasing concentrations of key air pollutants such as PMz.s and Os and their associated health
risks (Zhan et al., 2023). As climate change raises background temperatures, understanding the two-way interactions between urban
areas and the regional climate has become increasingly important in order to develop effective adaptation strategies. This growing
importance is reflected in the preparation of the IPCC Special Report on Climate Change and Cities within the Seventh Assessment
Report (AR7) cycle.

The Coordinated Regional Climate Downscaling Experiment (CORDEX) provides a common framework for coordinated high-
resolution regional climate projections worldwide (Giorgi Jr, 2015; Gutowski Jr. et al., 2016a,b). CORDEX simulations constitute
an important line of evidence in IPCC assessments and underpin numerous regional climate services and impact assessments (Diez-
Sierra et al., 2022; Gutiérrez et al., 2021; Iturbide et al., 2022). Regional Climate Models (RCMs) can investigate interactions be-
tween cities and the regional climate over decadal timescales (Hamdi et al., 2020; Langendijk et al., 2024). Recent advances towards



J. Diez-Sierra et al. Urban Climate 69 (2026) 103103

kilometer-scale simulations have improved the representation of mesoscale processes and land-atmosphere interactions, while
convection-permitting RCMs enable explicit representation of deep convection (Coppola et al., 2020; Garbero et al., 2021; Hundhausen
et al.,, 2023; Langendijk et al., 2022; 2021; Lucas-Picher et al., 2021; Prein et al., 2015; Schar et al., 2020). While many urban climate
studies have focused on individual cities or limited ensembles (Argiieso et al., 2016; Krayenhoff et al., 2018; Kusaka et al., 2012;
Langendijk et al., 2022; 2021a,b; Michau et al., 2025), the CORDEX Flagship Pilot Study on Urban Environments and Regional Climate
Change (FPS URB-RCC) has extended these analyses towards coordinated high-resolution ensemble simulations for urban areas
(Langendijk et al., 2024). Importantly, the high computational cost of convection-permitting simulations limits their applicability for
global climate model ensemble studies (Pedruzo-Bagazgoitia et al., 2026), making coordinated regional climate simulations such as
CORDEX an essential source of climate information for urban areas.

Within the previous CMIP5 generation of CORDEX simulations, several studies assessed the representation of urban areas and their
climatic impacts. Langendijk et al. (2026) evaluated the representation of 1,741 cities in the CORDEX-CORE ensemble at the 25 km and
12.5 km spatial resolution and demonstrated that increasing spatial resolution and implementing more sophisticated urban param-
eterizations improved the simulation of the UHI, despite persistent underestimation of urban extent. The study employed a consistent
and reproducible methodology originally developed by Diez-Sierra et al. (2025) to delineate urban and rural areas. The methodology is
implemented in the urban layer of the Copernicus Interactive Climate (C3S) Atlas (https://atlas.climate.copernicus.eu), an evolution
of the IPCC WGI Interactive Atlas (https://interactive-atlas.ipcc.ch), which provides climate change projections for a subset of the
cities analyzed in this study. Subsequently, Zazulie et al. (2026) analyzed climate hazards across 40 European and North African cities
using the EURO-CORDEX CMIP5 ensemble at 12.5 km resolution, demonstrating robust increases in heat-related hazards under future
warming while highlighting the persistence of urban-rural contrasts.

The new generation of EURO-CORDEX simulations driven by CMIP6 (CORDEX-CMIP6; Katragkou et al., 2024; Sobolowski et al.,
2025) provides several important advances over the previous CMIP5 generation. These include a broader implementation of physically
based Urban Canopy Models (UCMs), improved urban fraction and land-use/land-cover datasets, and, in selected model configura-
tions, the inclusion of prescribed historical and future land-cover changes and interactive vegetation coupling. Together, these de-
velopments are expected to improve the representation of urban processes and their two-way interactions with the regional climate.

Despite these advances, a systematic evaluation of urban climate representation in the ERA5-driven EURO-CORDEX CMIP6
ensemble has not yet been performed. Therefore, this study addresses this gap by providing the first coordinated evaluation of urban
climate representation in the ERA5-driven EURO-CORDEX CMIP6 ensemble across 93 major European cities. Specifically, we assess (i)
how realistically the new generation of CMIP6 driven regional climate models represents urban areas, and (ii) how well they reproduce
observed urban imprints in near-surface air temperature, relative humidity, and wind speed. The results provide the evaluation basis
for future urban climate projections within EURO-CORDEX, continues the work carried out by the FPS URB-RCC for the previous
generation of CORDEX-CMIP5 models, and will contribute to further development of the urban layer of the Copernicus Climate Change
Service (C3S) Interactive Climate Atlas.

2. EURO-CORDEX-CMIP6 experiment design

Katragkou et al. (2024) and Fernandez et al. (2026) described the protocol for a CMIP6-driven EURO-CORDEX RCM simulation
ensemble and its overall evaluation, respectively. As noted in these works, the only focus domain in this model generation is the higher-
resolution EUR-12 domain, with ~12,5 km grid spacing (denoted “EUR-11" in the previous generation). Model diversity has increased,
particularly due to different variants of some models exploring different levels of complexity. From a user’s perspective, this means
that the grand ensemble cannot be used in a purely probabilistic way; additional considerations are necessary, as many simulations are
interdependent.

In this section, we focus on describing differences between RCMs in terms of their urban representation describing those simu-
lations which are fit for this purpose (urban ensemble). We recommend consulting the overall evaluation paper for a comprehensive
overview of the EURO-CORDEX-CMIP6 grand ensemble (Fernandez et al., 2026). A full model description table is found in EURO-
CORDEX (2023). Table 1 summarizes the main characteristics of the RCMs considered in this study, focusing on their land-surface
and urban representations. A key aspect highlighted in Table 1 is the substantial heterogeneity in the land-cover input used across
models, both in terms of the underlying dataset and the reference period they represent. Land-cover periods differ significantly among
RCM:s, ranging from fixed historical snapshots (e.g. around the 1990’s or early 2000’s) to more recent (e.g. 2015) or even annually
evolving land-cover representations. Within CORDEX FPS LUCAS, high resolution Plant Functional Type (PFT) maps based on ESA CCI
(European Space Agency Climate Change Initiative) land cover data including urban areas (LANDMATE PFT) have been developed for
1992-2015 by Reinhart et al. (2022). The urban representation in LANDMATE PFT has been found suitable for its use in RCMs and
shows added value regarding the accuracy of the spatial location of urban areas (Reinhart et al., 2021). This dataset for 2015 is used by
several RCMs contributing to this study. Land use/land cover (LULC) differences may span more than a decade between models and
can therefore have a considerable impact on the models representation of urban areas. As a consequence, the extent, intensity, and
spatial distribution of urban surfaces, and thus the simulated urban imprint, may vary substantially across models, independently of
the urban scheme itself. This heterogeneity needs to be taken into account when interpreting inter-model differences in urban climate
signals and related diagnostics.

In the RCMs ensemble considered, two distinct groups (or sub-ensembles) can be identified based on their urban parameterizations.
RCMs with a bulk approach (hereafter referred to as bulk models) conceptualize urban areas in a simplified way, representing cities as
a single homogeneous surface, typically impervious or “rock” surfaces, with averaged properties such as albedo, heat capacity, and
roughness. In contrast, RCMs with UCMs (hereafter referred to as UCM models) provide a single- or multi-layer urban canopy
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Table 1

Urban characteristics and model-specific urban components in the EURO-CORDEX-CMIP6 ensemble. The table includes the RCM name and version, the responsible institute, the land-surface model (LSM),
the urban scheme (if any), the type of urban representation (e.g. bulk or UCM), the type of surface tile (sfturf) used to represent urban areas (dominant or fractional), the land-cover dataset employed, and
the reference period of the land-cover data. Some models only provide the evaluation (ev) simulation. Rows in italics indicate EURO-CORDEX models not considered in this study, either because they were

‘ID 32 D.LI2IS-ZA1] [

not available at the time of the analyses, they are very similar to other model configurations included, or they do not represent any urban area (see text).

RCM Name and RCM Institute Land model name Urban scheme type Urban Type of urban fraction Land cover input Land cover
version Version scheme (sfturf) (period)
name
ALARO1-SFX vl-rl RMIB- SURFEX UCM (single layer) TEB fraction ECOCLIMAP-I 1990
UGent
CNRM- vlrl CNRM-MF SURFEX bulk (treated by the NA Fraction (the town fraction is ECOCLIMAP-I 1990
ALADIN64E1 vegetation model ISBA as converted to “nature” and
rocks, without any treated by the vegetation model
modified parameters) ISBA as rocks)
HCLIM43-ALADIN vlrl SMHI SURFEX UCM (single layer) TEB fraction ECOCLIMAP-SG 2010
(Second Generation)
CCLM6-0-1 vl-rl CLMcom- TERRA bulk NA fraction GLC2000 2000
Hereon
CCLM6-0-1-URB vl-rl CMCC TERRA bulk TERRA_URB fraction GLC2000 2000
CCLM6-0-1-URB- vl-rl CLMcom- TERRA bulk TERRA_URB fraction ECOCLIMAP-Second 2018/2019
ESG (ev) KUL Generation
TSMP1-140E vlrl CLMcom- CLM v3.5 None (urban areas are NA NA GLC2000 2000
(COSMO, FZJ treated as bare soil)
CLM, ParFlow)
CCLM5-0-9- vlrl CLMcom- TERRA None NA NA GlobCover 2009 2009
NEMOMED12- GUF
3-6
ICON-CLM- vl-rl CLMcom- TERRA bulk TERRA_URB fraction GLOBCOVER v2.3 2009
202407-1-1 Hereon
ROAM-NBS vl-rl DWD-BSH TERRA bulk TERRA_URB fraction GLOBCOVER v2.3 2009
RegCM5-0 vlrl ICTP CLM4.5 UCM (single layer) CLMU fraction MODIS 2005
REMO02020-2-2 vl-rl GERICS REMO02020 LULC: GLCC V2, Rechid bulk NA Fraction available, but model GLCC V2 1992/1993
et al., 2008 used only land fraction and
urban influenced its
characteristics
REMO02020-2-2- vl-rl GERICS REMO02020 LULC: GLCC V2,Rechid bulk NA Fraction available, but model GLCC V2 1992/1993
MR2 (ev) et al., 2008 used only land fraction and urban
influenced its characteristics
REMO02020-2-2- vl-rl GERICS REMO2020-iMOVE (interactive bulk NA Fraction available, but model LANDMATE PFTs 2015

iMOVE

MOsaic based VEgetation): Wilhelm
etal., 2014

REMO land surface scheme described
in Pietikdinen et al. (2025)

used only land fraction and
urban influenced its
characteristics

(Reinhart et al.,
2022)

(continued on next page)
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Table 1 (continued)

‘ID 32 D.LI2IS-ZA1] [

RCM Name and RCM Institute Land model name Urban scheme type Urban Type of urban fraction Land cover input Land cover
version Version scheme (sfturf) (period)
name
REMO02020-2-2- vi-rl GERICS REMO02020-iMOVE (interactive bulk NA Fraction available, but model LANDMATE PFTs 1979-2020
iMOVE-LUC MOsaic based VEgetation):Wilhelm used only land fraction and urban ~ /LUCAS LUC ( (annual
etal., 2014, REMO land surface scheme influenced its characteristics Hoffmann et al., prescribed maps)
described inPietikainen et al. (2025) 2023)
REMO02020-2-2- vlrl GERICS REMO02020 LULC: GLCC V2, Rechid UCM (single layer) TEB fraction ECOCLIMAP-SG 2015 for urban
TEB (ev) et al., 2008 (GLCC V2) fraction (1992/
1993for the rest)
WRF451Q vl-rl IDL Noah-MP bulk NA dominant LANDMATE PFT ( 2015
Reinhart et al., 2022)
WRF451Q vil-r2 CESAM Noah-MP bulk NA dominant LANDMATE PFT ( 2015
Reinhart et al., 2022)
WRF451Q v1-r3 AUTH Noah-MP bulk NA dominant LANDMATE PFT ( 2015
Reinhart et al., 2022)
RACMO23E vl-rl KNMI HTESSEL bulk NA fraction LANDMATE PFT ( 2015
Reinhart et al., 2022)
HadREM3-GA7-05 vlrl UKMO Jules bulk NA fraction ESA CCI v1.6.1 2010

€01£01 (920Z) 69 21w unq.)
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description of cities, simplifying urban geometry, commonly through idealized infinite street canyons and focusing on the surface
energy budget. Depending on their level of complexity, some UCMs distinguish between components such as roofs, walls, roads, and
trees, while others adopt more aggregated representations. UCMs allow for a more realistic simulation of urban energy budgets and
microclimates including also the effect of anthropogenic heat sources such as building heating in winter, air conditioning in summer,
and vehicle traffic.

The UCM sub-ensemble includes four models: ALARO1-SFX, HCLIM43-ALADIN, RegCM5-0 and REM02020-2-2-TEB (see Table 1).
GCOAST-AHOI2-1 would also belong to this group; however, its simulations were not available at the time of the analyses and were
therefore not included in this study. RegCM5-0 uses the Community Land Model version 4.5 (CLM4.5) as its land-surface scheme
(Oleson et al., 2013a, 2013b). Urban areas are simulated using the CLM Urban (CLMU) single-layer urban canopy model (SLUCM),
where the urban fraction is divided into three density classes, tall building district, high density, and medium density, and represented
by canyon surfaces (roofs, sunlit and shaded walls, and pervious and impervious ground). The scheme also accounts for building
energy processes through prescribed indoor temperatures, allowing anthropogenic waste heat from space heating and air conditioning
to be optionally included in the urban energy budget (Oleson et al., 2013a, 2013b). REM02020-2-2-TEB, HCLIM43-ALADIN, and
ALARO1-SFX all represent urban surfaces using the physically-based single-layer Town Energy Balance (TEB) urban canopy model
(Masson, 2000) coupled with its force-restore Building Energy Model (BEM) (Bueno et al., 2012; Masson et al., 2002). In each
configuration, TEB describes the urban environment using an idealized infinite street-canyon geometry and resolves separate surface
energy budgets for roofs, walls, roads, and urban vegetation. In REM02020-2-2-TEB, the atmosphere—surface interaction is handled by
REMO’s own land-surface model (Pietikainen et al., 2025; Rechid et al., 2008), while the TEB module is based on the SURFEX v9.0
implementation (Pietikainen et al., 2025) and urban fractions are derived from the ECOCLIMAP-SG dataset (Stewart and Oke, 2012).
In HCLIM43-ALADIN and ALARO1-SFX, the land-surface component is provided by SURFEX (versions v8.1 and v8.0, respectively),
with urban areas in both systems represented using the TEB+BEM scheme.

The bulk sub-ensemble comprises the remaining models, including those unavailable at the time of the study. Within this sub-
ensemble, REM02020-2-2-MR2 shares the same urban configuration as REM02020-2-2 but differs in its use of the MERRA-2 aero-
sol climatology (Pietikainen et al., 2025). As it does not introduce any changes in urban representation, it was excluded from the
analysis. REM02020-2-2-iMOVE corresponds to REM02020-2-2 coupled interactively to MOsaic based VEgetation (iMOVE, Wilhelm
et al., 2014), using the new LULC dataset LANDMATE (Reinhart et al., 2022), while REM02020-2-2-iMOVE-LUC further incorporates
LULC changes for the past and for the future according to the corresponding Shared Socioeconomic Pathway SSP (Hoffmann et al.,
2023). These new datasets and model configurations were developed within the CORDEX FPS on Land Use and Climate Across
Scales (LUCAS; Rechid et al., 2017). For consistency with the other models, in which land use and urban fractions are prescribed and
time-invariant, REM02020-2-2-iMOVE-LUC was excluded from the present analysis. However, this simulation is the only RCM in the
ensemble that represents evolving urban areas, which constitutes a significant improvement for evaluating the urban imprint in both
historical simulations and future projections. Of particular relevance, REM02020-2-2-TEB uses the same model configuration as
REMO02020-2-2 but replaces the bulk approach with an UCM, enabling a direct assessment of the added value of the UCM within the
same modelling framework. COSMO-CLM (CCLM) has been shown to be able to represent urban dynamics over some cities, with
improvements relative to the ERA5 reanalysis (Adinolfi et al., 2023) and is included here in two configurations: CCLM6-0-1-URB and
CCLM6-0-1-URB-ESG, differing in their land surface forcing data sets. CCLM6-0-1-URB adopts a fine-resolution dataset for the
Impervious Surface Area (ISA), arising from the European Environment Agency (EEA) imperviousness / soil-sealing product (Maucha
et al., 2010) and GLC2000 as land-cover dataset, while CCLM6-0-1-URB-ESG uses ECOCLIMAP-SG as land-cover map, which also
provides local climate zones. Therefore, both simulations represent different urban areas and should be treated as different members of
the ensemble. The basic configuration of CCLM6-0-1 and CCLM6-0-1-URB is exactly the same, based on Russo et al. (2024) and Geyer
et al. (2026), however CCLM6-0-1-URB and CCLM6-0-1-URB-ESG feature the TERRA_URB parametrization (Wouters et al., 2016;
2015). This bulk urban land-surface scheme represents the variability of ground heat and moisture transport, the turbulent transfer of
momentum, heat and moisture, and the surface-atmosphere radiative exchanges in urban areas. TERRA_URB has been extensively
evaluated in previous studies (Trusilova et al., 2016; Wouters et al., 2016; 2015), demonstrating skill in reproducing the different
urban surface energy balance components and the UHI. ICON-CLM-202407-1-1 includes the same TERRA_URB urban parameterization
(Campanale et al., 2025; Schulz and Vogel, 2020) and an updated version (GLC2009) of the land-cover dataset used in CCLM6-0-1-URB
(GLC2000). In ICON-CLM-202407-1-1, the urban fraction was originally smoothed by default to reduce the urban effect at higher
resolutions (~3 km) in the CPRCM configuration to avoid a nighttime summer warm bias and this smoothed urban fraction is also used
in the EUR-12 simulations considered here. Only one WRF451Q realization (v1-rl) is included in the analysis, as all of the three
available share the same model configuration, with the only difference of being run on different computers. They are based on the
Noah-MP land surface model (Niu et al., 2011) in which urban areas are defined via the LANDMATE PFT LULC (Reinhart et al., 2022),
as in REMO, but WRF urban categories use a binary (0 and 1) dominant cover representation. Finally, HadREM3-GA7-05 is identical to
that used in the previous generation (CORDEX-CMIP5) which was also nested into ERA-Interim (Tucker et al., 2022). It uses a
land-cover dataset from the ESA Land Cover CCI project team (“Dataset Record: ESA Land Cover Climate Change Initiative
(Land_Cover_cci): Global Land Cover Maps, Version 1.6.1,” n.d.) and the JULES (Best et al., 2011) land surface scheme which in-
cludes tiles for all land types in each grid cell. The urban component is estimated by treating the urban part as the canopy (Best, 2005).
This simulation provides a reference to assess the impact of changing the driving reanalysis from ERA-Interim to ERAS.

Several RCMs were not available at the time of this evaluation: CCLM6-0-1, TSMP1-140E, CCLM5-0-9-NEMOMED12-3-6, GCOAST-
AHOI1-1, GCOAST-AHOI2-1 and WRF451Q_v1-r3. In addition, GCOAST-AHOIB1-1 (r1-vl and r1-v2) does not include any urban



J. Diez-Sierra et al.

Urban Climate 69 (2026) 103103

NS

Thresholds and UCDB reference

Thr30 Thra0 Thr50 mm Thr60

||HH|||||||||| ||||||I|IIIIII|I||||||||||||||||||||||

mmm UCDB

ALARO1-SFX_v1-r1

[N
—

”HJH!H“||‘||JJ|‘|||||I‘II‘IIII‘II‘II||||||||i“||||||‘||||||

CCLM6-0-1-URB-ESG_v1-r1

IJIII‘IIHI||||||||J

MRS
p—

TR

L L L g b

CCLM6-0-1-URB_v1-rl

I“HHJJ‘|||J|||J||||‘||I|III‘IIII‘I||||||||||||||||||||||

CNRM-ALADIN64E1_v1-rl

“MJH“H|||||J||||||I|I|I|II|I||||||||||||||||‘||||||

HCLIM43-ALADIN_v1-r1

‘|||‘|H||||||||||||||I|I|I|I|II|I||||||||||||||||||||||||

ICON-CLM-202407-1-1_v1-rl

HadREM3-GA7-05_v1-rl

i

U]

RACMO23E_v1-rl

2 11 |
1 n -IJ.‘IJJ‘JJJJJ-IJJIIlJJJ.‘IJ-‘IJJJJJ,IJJ-‘IIJJJJ-"JJJJJ,JJJ"IJ,‘IJJJIIJJIl,l,‘IJJJ,‘IJJJJJ,IJ,‘I,IJ,I.,.J,‘.
= REM02020-2-2-TEB_v1-rl
10
Mlittinian — |
1 1] IJ“‘HJ.|J|JHIJ‘IH||J“|J.||||||I|J||1|J|J|IIIIIIIIIJJIJn|||||||||.i|u|||||||
2 REMO02020-2-2-iMOVE_v1-r1
by
AL
AR L) il
1 || ‘iJ‘ | Jil.‘l | .‘lJ“HJ|||J|“||I|.‘|J|.||JJ||||.‘| |J|J.‘|iIJIIIiIIIIIIJI|l||||1||||.||||||||||,.,.
1; REM02020-2-2_v1-r1
i
2
1 JJJ‘|J|J|||||||||J||I||IJHll|||JH||||||I|||||||J|IIIIIIIIIJII‘||||||||||I|u.......
= ROAM-NBS_v1-r1
10
Al
2l
1 ||||||||||||||||Il||||||Illl”|||||||||||||||||||IIIIIIIIIIIII||||||||||||||||||||....
25 RegCM5-0_v1-r1
10
<Ll |
M I
21 ||‘||||||||||||||||||||||llll|||||||||||||||||I|I||Ili [EEEEEE N EE N R EE NN |
5 WRF451Q_v1-r1
10
“"l ittt I I
2
1 I | “I”I n I I II"I ll“lllll ” JID il .lJ“n”I.IJI I.IJ“.IJ.HHIJ .lJ.lI.l-quu.lI..-n
3
élo 1TH I 5 ‘ i 10
bbbl b
g 1 ! !m Igm!ll 1 lol m!.‘.llw wli.:ﬁ;o !! E!!:!!:"" 1. .!.;gn ;}.!El;)lxll\.c.lg.l!...l
2 S CC O C MDY OB S > oy OES QR E U S ECC O Uy OOy 0D QU V0> 0D EOD X R YOG DC UC X 0V CXCOCCONGRDERCCEE
o,\._oq)g,,_,,_(m___:cja_,gcom >OEWm—gtw:U°Em_wC:=0~g—>‘ SRER8omu=3C 0 N ToRE 2RO 556008 Se=NNoNEEELSS563530
= 2 g% g2 s FEZTET < D B g0 88 4 5@ Fm Y33 3 SGE8 g w rood £5580% 0 ggztog
s £ @ o & E 2 @ a o E] = x <] Q’ ] 538 <«
= 5 s < 8 j—'—j=> [G] 5 *g Zzo
s S <
;Z
2

(caption on next page)



J. Diez-Sierra et al. Urban Climate 69 (2026) 103103

Fig. 1. Number of grid cells classified as urban for different urban fraction thresholds (30%, 40%, 50%, 60%) across the ERA5-driven EURO-
CORDEX models (rows) and cities. The bottom row shows the number of models (out of 14) containing at least one urban grid cell for each threshold
and city (cities are sorted by decreasing number of models meeting this criterion). Black bars represent the number of urban grid cells derived from
the GHS-UCDB dataset (version R2024A) within the urban core. Only those cities represented by at least one urban grid cell in at least one RCM were
i‘ncluded in the analysis.

<

parameterization or representation and is therefore unable to show any urban effect. GCOAST-AHOI2-1 is very similar to ICON-CLM-
202407-1-1 and ROAM-NBS in terms of their urban representation, as they share the atmospheric and land surface components,
including the TERRA_URB model.

3. Methods

Cities were selected using the GHS-UCDB (“Global Human Settlement - Urban Centre database R2024A - European Commission,” n.
d.), considering only urban centres larger than the grid spacing of the EURO-CORDEX simulations (12.5 km). The urban fraction from
each RCM was then used to assess city representation and the spatial extent of urban areas. Urban and rural areas were subsequently
delineated using the model-consistent algorithm of Diez-Sierra et al. (2025), which relies on urban fraction, land fraction, and
orography. Using these urban-rural delineations, urban-rural contrasts were calculated for monthly means of four near-surface
climate variables: daily minimum and maximum near-surface air temperatures (tasmin and tasmax), wind speed (sfcWind) and
relative humidity (hurs). The urban-rural contrasts of tasmin and tasmax are used here as proxies for nocturnal and diurnal UHI
intensities. It should be noted that these contrasts may occur at different times of the day between urban and rural areas. UHI intensity
refers specifically to the atmospheric urban heat island, not the surface-UHI, based on skin temperature. Urban-rural contrast is used
more broadly across all analyzed variables, while urban imprint refers to the full suite of urban-induced climatic modifications rep-
resented by the models in urban areas. The analyzed period is 1991-2020, which is covered by the protocol for evaluation simulations
over the EURO-CORDEX domain (Katragkou et al., 2024). Results were first assessed in 14 cities with observational data and then
extended to the full set of 93 cities, with a focus on the differences between the UCM and bulk sub-ensembles, geographical location
(coastal, inland, mountainous), and IPCC ARG regions.

3.1. City selection

Cities were selected based on a minimum urban area of 156 km?, which approximately corresponds to the horizontal grid spacing of
the EURO-CORDEX ensemble (12.5 x 12.5 km), within the EURO-CORDEX domain (Nikulin et al., 2025). Following Diez-Sierra et al.
(2025) and Langendijk et al. (2026), the GHS-UCDB dataset (version R2024A) was used as a reference to compare the spatial extent of
cities represented in the RCMs, as it provides information on the geometry and area of “urban centers” worldwide (Melchiorri et al.,
2024). This database offers a globally consistent and harmonized representation of urban centres as polygons derived from population
and built-up area criteria, using data from the Global Human Settlement Layer (GHSL) combined with other open datasets, making it a
suitable reference for evaluating the urban extent simulated by the RCMs. Note that, in the GHS-UCDB dataset, urban centres represent
only the core built-up area and therefore have a substantially smaller spatial extent than the corresponding administrative city
boundaries. As a result, the criterion applied for city selection is based on the characteristics of the urban core rather than the full
administrative area; therefore, several European cities were excluded even though their full administrative boundaries are larger than
156 km? (e.g. Zagreb, Bremen, Volgograd and Belfast).

A total of 95 cities were selected based on the latter criterion (shown in Table 1SM in the Supplementary Materials) and included in
the analysis. The cities are grouped according to their geographical location (coastal, inland and mountainous) and the IPCC AR6
regions (Iturbide et al., 2020), also indicated in Table 1SM. Coastal cities are defined as urban cores located within one grid cell (12.5
km) of the coastline, while mountain cities are defined as those situated at elevations above 500 m.

3.2. Urban and rural delineation

To delineate urban areas and their corresponding rural surroundings within RCM outputs, we employ the algorithm developed by
Diez-Sierra et al. (2025), which has been previously used in recent studies (Langendijk et al., 2026; Zazulie et al., 2026). The algorithm
relies on three static model variables: urban fraction (sfturf), land area fraction (sftlf), and orography (orog), thereby ensuring that the
delineation reflects urban land cover and topography from each model. Urban grid cells are identified using a minimum urban fraction
threshold; in this study, we used a threshold of 40% after performing a sensitivity analysis (see Section 4.1). Rural surroundings are
selected from neighboring grid cells that satisfy a set of constraints: urban fraction lower than 5%, sufficient land coverage (land area
fraction larger than 70%), and similar elevation to urban cells, defined using a threshold equal to the maximum elevation difference
within the urban cells or 100, whichever is higher). Subsequently, a morphological dilation process is applied iteratively to expand the
rural mask outward from the urban core until a target rural-to-urban grid-cell ratio is reached (2 in this study). For the WRF451Q
model, the treatment differs slightly, as the urban fraction is provided as a binary mask (urban = 1, non-urban = 0) rather than a
continuous fraction variable. Consequently, the 40% and 5% thresholds cannot be applied directly but are instead interpreted in
accordance with this categorical definition.
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This strategy enables a consistent yet adaptable classification of urban and rural areas across different cities and RCMs, and has
been validated across multiple CORDEX domains (Diez-Sierra et al., 2025; Langendijk et al., 2026). In contrast to methods based purely
on coordinate- or GIS-based approaches (Guerreiro et al., 2018; Schwingshackl et al., 2024; Smid et al., 2019), the methodology
proposed by Diez-Sierra et al. (2025) explicitly incorporates RCM-specific urban representations and results in a more robust, model-
aware delineation of urban and rural environments which ensures methodological consistency across the multi-model and multi-city
analysis.

4. Results
4.1. Representation of urban areas

The number of grid cells classified as urban varies considerably across EURO-CORDEX models and cities for different urban fraction
thresholds (30%, 40%, 50%, 60%), as shown in Fig. 1, where black bars indicate the GHS-UCDB reference values. The bottom panel
shows the number of models that identify at least one urban grid cell for every city and for all of tested urban fraction thresholds. The
results reveal a pronounced heterogeneity in the representation of urban areas across models. Some models capture most European
cities with urban fractions above 40%, including HCLIM43-ALADIN (70 cities), REM02020-2-2-TEB (84), RACMO23E (80), and
WRF451Q (86). In contrast, others, such as ICON-CLM-202407-1-1 and ROAM-NBS, identify only four cities each, which are the largest
metropolitan areas of London, Moscow, Paris, and Milan. These four major cities are consistently identified by all models at urban
fraction thresholds above 40%. The higher number of urban grid cells detected by REM02020-2-2-TEB compared to REM02020-2-2
partly reflects the more recent land-cover dataset used in the TEB configuration, ECOCLIMAP-SG (2015) instead of GLCC V2 (1992/
1993) (Pietikainen et al., 2026), highlighting the sensitivity of urban representation to differences in land-cover time period. Notably,
REMO02020-2-2-iMOVE, which is based on the LANDMATE land-cover dataset for 2015, shows a similar increase in urban grid-cell
detection and leads to conclusions that are fully consistent with those derived from REM0O2020-2-2-TEB.

In WRF451Q, the dominant type of urban fraction (see Table 1) means that an urban fraction of 100% is assigned to a grid cell if the
urban category dominates the other land use categories within the same grid cell (otherwise it is set to 0%). Note that this can happen
with urban fractions below 50%, which results in higher urban areas when compared with the other models (Fig. 1). Furthermore, the
smoothing applied to the urban fraction in the ICON configuration (ICON-CLM-202407-1-1; see Section 2) may be overly restrictive at
the coarser 12 km CORDEX resolution. While this approach can be beneficial at convection-permitting scales, it leads to a dilution of
the urban signal. As a result, urban land-use effects are underrepresented, which explains the lower frequency of urban detection in
ICON-based models (including ROAM-NBS) compared to CCLM6-0-1-URB and CCLM6-0-1-URB-ESG, where the same urban scheme is
applied without such smoothing.

The results of the sensitivity analysis of the urban threshold (see Fig. 1 and Fig.s 7SM-9SM) indicate that a 40% threshold is
appropriate for defining cities at the EURO-CORDEX grid spacing, consistent with previous studies conducted at the same resolution
(Diez-Sierra et al., 2025; Langendijk et al., 2026; Zazulie et al., 2026). As shown in Fig.s 7SM-9SM, the choice of the urban fraction
threshold influences the estimated UHI intensities. However, its impact is generally limited, with only a few city-RCM combinations
showing noticeable differences. Furthermore, adopting higher urban fraction thresholds (e.g., 60%) substantially reduces the number
of cities available for analysis. Even though 95 cities fulfilled the initial requirement related to the urban core, two of them (i.e.
Roquetas de Mar in Spain and Erbil in Iraq) had to be excluded as they were not represented by any RCM with at least one urban grid
cell with the 40% urban fraction threshold. This results in a total of 93 cities for the subsequent analysis.

As illustrated in Fig. 1, several models detect a larger number of cities when thresholds below 40% are applied. However, in these
cases the spatial extent of cities in the RCMs tends to be overestimated relative to the GHS-UCDB dataset. It should be noted that, while
this study uses the GHS-UCDB 2024 version as a reference, each RCM relies on land-cover data from different periods (see Table 1).
This inconsistency may influence the comparison of urban extents across models and should be taken into account when interpreting
the results.

Additionally, the urban areas of some cities, such as Manchester and Liverpool in England, and Diisseldorf and Wuppertal in
Germany, are overestimated in all models as they are joined by grid cells with urban fractions exceeding 40%. As a result, their urban
areas cannot be analyzed independently and must instead be treated as a single urban conglomerate. Fig. 1SM illustrates the Man-
chester and Liverpool case, and together with Fig. 1, highlights the challenges of performing a consistent and fair inter-model com-
parison, given the substantial heterogeneity in urban area representation across models.

4.2. Urban-rural contrast

Urban-rural contrasts, defined here as differences in climate variables between urban areas and their rural surroundings, were
analyzed for the 93 selected cities over the period 1991-2020 and for the monthly means of the four near-surface variables defined in
Section 3: tasmin, tasmax, sfcWind, and hurs. UHI intensity refers specifically to temperature-based urban-rural contrasts, as defined
in Section 3.

Fig. 2 illustrates the methodology used to calculate the urban—rural contrast for the four climate variables analyzed in this study,
based on the urban-rural masks derived from each EURO-CORDEX model (see Section 3.2). The fig. presents an example for Paris,
showing the nocturnal (tasmin) UHI intensity over the period 1991-2020 for four RCMs with different treatments of urban areas:
CCLM6-0-1-URB, REM02020-2-2-TEB, REM02020-2-2, and WRF451Q. Fig. 2SM in the Supplementary Materials shows the results for
the complete ensemble, including both nocturnal (tasmin) and diurnal (tasmax) UHI intensities.
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Fig. 2. Minimum temperature anomalies comparing urban areas (maroon polygons) with their surrounding rural areas (olive-green polygons) for
Paris across four different RCMs (rows). The spatial maps (left panels) display the urban-rural contrast annual climatology, obtained by subtracting
the mean rural climatology (i.e. spatial mean of all grid cells within the olive green polygon) from the climatology at each grid point. Annual cycles
(right panels) are computed for each urban (maroon polygon) and rural (olive green) grid cell relative to the mean rural climatology for every
month. The mean and selected percentiles (5, 25, 75, 95) of the urban-rural UHI are shown for the annual cycles. Météo-France observational data
at individual stations are included for reference on the maps and as time series (dotted red and green lines indicate urban and rural stations,
respectively, and the black dashed line indicates the mean observed UHI intensity).
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Fig. 3. Annual cycle anomalies between urban areas and their surroundings for minimum (left) and maximum (right) temperatures for 14 cities in
the EURO-CORDEX domain. For observational data (GHCNd, ECA&D, and Météo-France for Paris), the urban vs. rural classification follows GHS-
UCDB urban center polygons. Panels display the average UHI intensity for both UCM RCMs (dashed lines) and bulk RCMs (solid lines), and ob-
s‘ervations (black dotted lines).

Analysis of urban area representation and UHI intensity for Paris (Fig.s 2 and 2SM), benchmarked against five Météo-France
observation sites (black lines), reveals considerable heterogeneity among RCMs relative to the GHS-UCDB database. The stations
PARIS-MONTSOURIS and ORLY are classified as urban, while CHARTRES, MELUN, and TOUSSUS-LE-NOBLE are classified as rural.
Fig. 2 shows a clear improvement for the UCM models: REM02020-2-2-TEB follows more closely the observations as compared to the
simple bulk approach of REM02020-2-2. Similarly, CCLM6-0-1-URB, which uses a bulk approach, but integrates the TERRA_URB
scheme, reproduces the annual observed values accurately. Finally, the WRF451Q model, based on a bulk approach with a dominant
urban fraction, performs reasonably well in reproducing nocturnal UHI intensity, although it tends to substantially overestimate
diurnal UHI intensities (see Fig. 2SM). It is important to note that the land-cover datasets correspond to different time periods among
RCMs, which complicates direct comparison and evaluation against observations. These results further emphasize that spatial ag-
gregation hides the variability of UHI intensity across the city, a limitation well documented by observational studies showing strong
intra-city differences associated with local urban morphology and land-cover characteristics (Arnds et al., 2017; Lehnert et al., 2025;
Roth et al., 2022).

4.2.1. Evaluation

To assess the capability of the RCMs to represent the urban-rural contrast effect, we use daily observational data from the Global
Historical Climatology Network (GHCNd; Menne et al., 2012) and the European Climate Assessment and Dataset (ECA&D; Klein Tank
et al.,, 2002), as they constitute two of the most comprehensive in situ observational datasets over Europe. ECA&D provides a
particularly dense station network derived from national meteorological services, enabling robust characterization of spatial tem-
perature variability, although station density varies regionally (Hofstra et al., 2009). For Paris, the analysis was performed using five
Météo-France stations (see Section 4.2. above). Stations were classified as urban or rural based on the GHS-UCDB polygons repre-
senting the urban cores of each city, except in the case of Paris, where the precise location of stations is known and the ones located in
large urban parks were excluded, as they do not exhibit typical urban characteristics. Those located within the urban polygon were
considered urban, while stations outside but within the surrounding area were designated as rural. To maintain consistency, elevation
differences were taken into account: rural stations exceeding the elevation threshold defined for each city and RCM were excluded (see
Section 3.2). Finally, to ensure a robust representation, stations were required to provide at least ten non-consecutive years, each with
at least 95% daily data coverage. In total, fourteen cities met the selection criteria (see Fig.s 3 and 4), each with at least one urban and
one rural station. We relied on these extended datasets to cover as many cities as possible. Ideally, carefully selected station data
sampling the urban and surrounding areas for each of the cities should be employed for evaluation. Unfortunately, such a dataset is not
available. To partially overcome this limitation, we extensively compare our results with those of other studies carried out for indi-
vidual cities using curated datasets.

Following Langendijk et al. (2026), observational data were used as a qualitative benchmark rather than for direct quantitative
comparison, since point measurements cannot be directly compared with model grid-cell averages. In addition, many urban stations
are typically located in green or open areas (e.g. airports), which may lead to an underestimation of the UHI intensity (Peterson, 2003)
and should therefore be considered when interpreting the results. Of the 14 cities selected based on data availability, London, Riga,
Birmingham, Athens, Glasgow, and Warsaw have only 2 or 3 stations each, which makes the results highly dependent on the locations
of these stations. In London and Birmingham, the urban stations (1 and 2, respectively) are located outside the edge of the city center,
in low-density urban areas; in Athens, two of the three stations are situated very close to the coast. In cities with multiple observations
located both within and outside urban areas, such as Berlin, Budapest, Hamburg, Stockholm, and Vienna, the estimated urban-rural
contrast is likely attenuated, as it is derived from spatial averages, and different land use classes. A visual inspection of stations lo-
cations shows that, some of the rural stations are located in villages or airports, which may dampen the rural signal, while most of the
urban stations are located in low-density suburban neighbourhoods, which may reduce the observed urban signal.

The annual cycles of temperature differences between urban and rural areas for the 14 European cities with available observational
data are shown in Fig. 3. The results indicate that the observed UHI intensities for most cities fall within the range of the EURO-
CORDEX ensemble for both minimum and maximum temperatures, except for specific cases such as Birmingham (for tasmin and
tasmax) and Athens (for tasmax), where the RCMs show a different seasonal pattern. RCMs generally overestimate the seasonal
amplitude of UHI intensity relative to observations, with differences between UCM and bulk models. For diurnal (tasmax) UHI, the
annual cycle is less pronounced in several UCM models, which in some cases simulate higher UHI intensities in winter than in summer
(particularly REM0O2020-2-2-TEB and RegCM5-0). In contrast, bulk models generally exhibit stronger UHI in summer, with the
exception of ROAM-NBS, RACMO23E, CCLM6-0-1-URB and CCLM6-0-1-URB-ESG. UCM models generally simulate higher nocturnal
(tasmin) UHI intensities. Despite not being a UCM, the WRF451Q bulk configuration also produces high nocturnal values due to its
treatment of urban fractions based on a dominant land-cover approach.

Although the general behaviour is consistent across most cities, some notable differences emerge when individual locations are
compared with previous studies. The observed UHI intensities for the 14 cities are generally weaker than those reported in the
literature, likely reflecting the station network limitations discussed above. Among the analysed cities, Athens exhibits the largest UHI
intensities throughout the year, particularly for nocturnal (tasmin) UHI, with lower values during the summer months for both
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Fig. 4. Same as Fig. 3 but for near-surface wind speed (sfcWind; m/s) and near-surface relative humidity (hurs; %).
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Fig. 5. Heat map of the UHI intensity [K] for JJA (upper triangles) and DJF (lower triangles) across all EURO-CORDEX domain cities (rows) and
RCMs (those with a UCM are shown in bold in the x axis). Minimum temperatures are shown in the left panels, and maximum temperatures in the
right panels. Cities are sorted by decreasing urban center extension according to the GHS-UCDB dataset. The last column for each panel corresponds
to the ensemble mean results. Fig.s 3SM and 4SM in the Supplementary Material present the urban-rural contrast values for each city and each RCM.

variables. This contrasts with the literature, which generally reports larger values and an opposite seasonal cycle (Founda et al., 2015;
Founda and Santamouris, 2017). The annual cycle simulated by the RCMs exhibits a large spread, especially for nocturnal (tasmin)
UHI, with most models exhibiting maximum intensities during the summer months, more consistent with the literature.

Across the remaining cities, RCMs generally simulate a stronger seasonal amplitude and higher summertime UHI intensities than
the observations. For several cities, including Berlin, Hamburg, Birmingham, Warsaw, Stockholm, Paris, and (for nocturnal UHI)
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London, the seasonal cycle simulated by the RCMs is more consistent with previous studies than with the observations used here
(Fenner et al., 2014 for Berlin; Schliinzen et al., 2010 for Hamburg; Zhang et al., 2014 for Birmingham; Kuchcik et al., 2024 for
Warsaw; Le Roy et al., 2020; Michau et al., 2022 for Paris and Wilby, 2003 for London). Conversely, Budapest and the diurnal UHI in
London and Paris show better agreement between the observations used here and the literature (Pongracz et al., 2010 for Budapest; Le
Roy et al., 2020 and Michau et al., 2022 for Paris and Wilby, 2003 for London). Munich represents an exception, with relatively weak
seasonality reproduced by some RCMs, although considerably inter-model spread remains. A detailed city-by-city comparison between
the urban-rural contrast simulated by the RCMs and the available literature is provided in the SM.

The differences between UCM and bulk models, to reproduce nocturnal (tasmin) UHI intensities, can be interpreted through their
representation of urban energy balance processes. UCMs explicitly resolve urban canyon geometry, including longwave radiation
trapping and reduced sky-view factors, which enhance nighttime heat retention, and some, but not all, represent anthropogenic heat
fluxes, including waste heat from building space conditioning, which can amplify UHI intensity. In contrast, the simplified homo-
geneous rock surfaces in bulk models have lower effective thermal storage and more efficient nocturnal radiative cooling, leading to a
more rapid dissipation of heat accumulated during the daytime (Langendijk et al., 2026). During the day, UCM models also account for
the trapping of shortwave radiation within urban canyons. Fig. 2SM for Paris shows that several bulk models fail to capture the
observed nocturnal UHI intensity (specially REM0O2020-2-2, RACMO23E and CNRM-ALADIN64E1). Similar behaviour was already
identified in the previous EURO-CORDEX generation (Langendijk et al., 2019; Zazulie et al., 2026), where the earlier versions of these
models (REMO2015, RACMO22E and CNRM-ALADIN63) systematically underestimated nocturnal UHI intensity across many cities.
More generally, when comparing the two EURO-CORDEX generations, models available in both ensembles (here and in Zazulie et al.,
2026) tend to exhibit a broadly similar seasonal behaviour of the UHI signal. This, together with the strong seasonality exhibited by
bulk models, which tend to overestimate diurnal (tasmax) UHI in summer compared with observations, suggests that UCM models may
perform better.

The urban-rural contrasts for near-surface wind speed (sfcWind) and near-surface relative humidity (hurs) are shown in Fig. 4. The
analysis of sfcWind reveals no consistent urban-rural contrast in observations across cities, with minimal seasonality. In contrast, for hurs,
most cities exhibit an Urban Dry Island (UDI) effect in the observations (i.e., a reduction in moisture availability in urban areas relative to
surrounding rural sites), with the exception of Warsaw. Overall, the available observational data for both variables are very limited, and
sfcWind does not reveal a consistent signal, highlighting the need for alternative reference datasets to evaluate urban climate in RCMs.

Several studies generally report a decrease in wind speed due to the presence of buildings and other obstacles (Chen et al., 2021;
Mikhailuta et al., 2017). However, this reduction is not spatially uniform, as some studies report locally increased wind speeds of up to
40% (Mikhailuta et al., 2017). In contrast, other urban areas may experience up to 300% more frequent calm periods than surrounding
rural sites, suggesting that urban wind conditions are overall more variable and less predictable (Chen et al., 2021). Additionally,
under certain atmospheric conditions higher wind speeds and turbulence were observed at the downwind site over the entire urban
boundary layer outside the urban canopy layer (Baidar et al., 2020). In the present study, observations do not reveal a clear pattern for
near-surface wind speed, highlighting the strong influence of station locations. For example, rural stations around Warsaw are located
in villages or near forests, while the only urban station is located at the airport, resulting in higher near-surface wind speeds in the
urban area than at the rural stations. In contrast, most RCMs indicate a reduction in wind speed in urban areas compared with sur-
rounding rural sites, consistent with the literature.

For near-surface relative humidity, UDI effect is evident in most RCMs. UCM models tend to simulate larger reductions. However,
similar behaviour is also found in WRF451Q, CCLM6-0-1-URB, and the ESG version, which are not UCM configurations. In contrast,
bulk models exhibit stronger seasonality. It is important to note that relative humidity depends strongly on temperature; therefore, the
generally higher UHI intensities simulated by UCM models are consistent with a stronger UDI effect. The stronger UDI effect in summer
simulated by bulk models may result from an overestimation of the diurnal UHI effect during this season. For several cities, such as
Berlin, London, and Paris, the UCM models capture the stronger UDI effect in spring, as reported in the literature (Huang and Song,
2023; Langendijk et al., 2022). For Athens, ALARO1-SFX and HCLIM43-ALADIN exhibit seasonal patterns that differ from the rest of
the ensemble, with greater reductions in relative humidity in urban areas during the winter months. Observational UDI results show a
weaker UDI effect compared with the UCM models.

The literature generally reports the presence of a UDI in most cities, attributed to increases in near-surface air temperatures and to
changes in moisture availability associated with the expansion of impervious surfaces, which reduce infiltration and soil water
availability for evapotranspiration (Meili et al., 2022). However, the specific configuration of urban or rural weather station sites can
strongly affect the identification and magnitude of the UDI (Siu and Hart, 2013). Huang and Song (2023) provide an extensive review
for 34 cities, including Vienna (UDI between —1 and —6%), Berlin (UDI between —2 and —10%), Munich (UDI between —4 and —7%)
and London (UDI between —3 and —7%). Their results indicate that mid-latitude cities generally exhibit moderate UDI effects, while
cities with low annual precipitation and pronounced dry and wet seasons may experience more extreme UDI effects. UDI intensities are
strongest in spring, and coastal locations tend to exhibit weaker signals due to sea-breeze moisture transport. Overall, the literature on
near-surface relative humidity suggests that the UDI signal may be attenuated in the observational data used in this study, and that
UCM models provide a more realistic representation than the bulk schemes.

REMO02020-2-2 and REM02020-2-2-TEB allow for an evaluation of the added value of the UCM approach compared to the bulk one
within this RCM. For nocturnal UHI intensity (tasmin, Fig. 3), the UCM exhibits higher urban-rural contrasts across all cities,
consistent with the literature. For diurnal UHI (tasmax, Fig. 3), the bulk model shows a more pronounced seasonal cycle, with peak
intensities in summer, whereas the UCM simulates a smoother variation, with several cities experiencing stronger UHI in winter, in
agreement with literature. Near-surface wind speed (sfcWind, Fig. 4) generally decreases more in the UCM model across most cities,
except in Birmingham, Copenhagen, Hamburg, and London, where both configurations show similar reductions; in Warsaw, however,
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Fig. 6. Same as Fig. 5 but for near-surface wind speed (sfcWind; m/s) and near-surface relative humidity (hurs; %). Fig.s 5SM and 6SM in the
Supplementary Material present the urban-rural contrast values for each city and each RCM.
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the bulk model exhibits a larger decrease. For near-surface relative humidity (hurs, Fig. 4), the UDI effect is more intense in the UCM,
with values close to those reported in the literature for Vienna, Berlin, Munich, and London.

4.2.2. Model intercomparison

The analysis, initially conducted for the 14 cities with observational data, was extended to the full set of 93 cities considering only
model results (no observations). To summarize the findings, in this section we focus on seasonal mean contrasts between urban and
rural areas for summer (JJA) and winter (DJF).

Heat maps of UHI intensities across the 93 selected cities within the EUR-12 domain (rows) and RCMs (columns) (Fig. 5) reveal
significant inter-model variation in intensity, though the urban-rural contrast signal is generally consistent across cities. In the case of
nocturnal UHI (left panel), the two sub-ensembles of models are clearly distinct. UCM models show higher nocturnal UHI intensities.
However, similar behaviour is also found in WRF451Q, CCLM6-0-1-URB, and the ESG version, which are not UCM configurations.
HCLIM43-ALADIN shows, in general, the highest nocturnal UHI intensities. Several bulk models, such as REM02020-2-2, RACMO23E,

g

tasmin
-0.5-0.0
0.0-0.5
0.5-1.0
1.0-1.5
1.5-2.0
2.0-2.5
2.5-3.0

®000000

00000000 e

P
i sfcWind
-1.5--1.25
-1.25--1.0
-1.0--0.75
-0.75--0.5
-0.5--0.25
-0.25-0.0 =
0.0-0.25
0.25-0.5
0.5-0.75
0.75-1.0

@00000000ee

@0000C0ee®

Fig. 7. Urban-rural contrasts for minimum and maximum near-surface temperatures (tasmin and tasmax; K), near-surface wind speed (sfcWind; m/
s), and near-surface relative humidity (hurs; %) during winter (DJF, left) and summer (JJA, right). Each dot represents the multi-model ensemble
mean for each European city. The upper and lower middle circle represent the UCM (n = 4) and the bulk (n = 10) sub-ensembles, respectively.
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or CNRM-ALADIN64E], exhibit values close to 0 or even negative values during the winter months. For diurnal UHI intensity (right
panel), the differences between the two sub-ensembles are less pronounced. Several models show negative values during the summer
months, for both sub-ensembles. This behaviour is particularly evident in several North African cities (e. g. Tunis, Algiers, Rabat, Sfax,
Oran and Bourmerdes), where negative daytime values in maximum temperature suggest the occurrence of an urban cool island effect
during summer. Such effects have been documented in arid and semi-arid environments, where surrounding areas can become warmer
than urban areas during the day due to the sparse vegetation cover and strong surface heating, while urban materials and shading may
limit daytime temperatures (Lazzarini et al., 2013; Rasul et al., 2016; Yang et al., 2017). Detectable negative values of the diurnal UHI
(right panel) intensities can also be observed in several coastal cities with hot summers, such as Marseille, Porto, Lisbon, Izmir, Antalya
and Valencia. In these cases, the proximity of urban areas to the sea may act as a climatic moderator, mitigating urban temperatures
relative to surrounding rural areas. This phenomenon is attributed to the higher thermal inertia of the ocean and the influence of sea
breezes, which tend to reduce heat accumulation in the city during daytime hours (Nogueira et al., 2020). Comparing the ensemble
mean results (last columns) for both variables (tasmin and tasmax), we observe that UHI intensity is higher at night, especially during
summer, a result that is well documented in the literature (Hamdi et al., 2020; Karlicky et al., 2018; Masson et al., 2020; Nogueira
et al., 2022; WMO, 2023).

Analogous heat maps for near-surface wind speed (sfcWind) and near-surface relative humidity (hurs) (Fig. 6) show that most
models simulate reductions within urban areas relative to surrounding rural regions for both variables. For near-surface wind, the
effect is generally more pronounced during winter. Three models (HCLIM43-ALADIN, CNRM-ALADIN64E1, and RACMO23E) exhibit
distinct patterns, showing positive urban—rural contrast values for several cities. REM0O2020-2-2-TEB displays the largest reductions
across multiple cities. A similar pattern is observed for near-surface relative humidity (right panel in Fig. 6), with general reductions in
urban areas across most models and cities, particularly during summer; however, the magnitude of these reductions varies substan-
tially between cities and models. Bulk models generally show smaller urban-rural contrasts, and in some cases, especially REM02020-
2-2-iMOVE, CNRM-ALADIN64E1 and RACMO23E, even present positive values, indicating higher relative humidity in urban areas
than in their rural surroundings. WRF451Q again shows a more pronounced urban-rural contrast compared with the other bulk
models, probably due to the dominant urban fraction treatment.

ROAM-NBS and ICON-CLM-202407-1-1 show nearly identical results for the four variables analyzed, since both share the same
atmosphere and land surface model, with the only difference being that ROAM-NBS is coupled to the NEMO ocean model for the North
and Baltic Sea (Maurer et al., 2026). However, their smoothed urban fraction values result in only four cities being detected, making it
difficult to generalize the results or compare them with those from the other models. CCLM6-0-1-URB and CCLM6-0-1-URB-ESG
models also show similar results for the four variables analyzed; however, in this case, the number of cities represented by each
model differs, which is associated with their different land-cover representations.

Fig. 7 shows spatial maps of the ensemble mean results for both sub-ensembles and the four analysed variables. Note that these
ensemble means might be biased towards the behaviour of particular model families which contribute more members to the ensemble.
Still, it provides a summary of model behaviour which can be used to identify spatial patterns. The behaviour of specific model families
or ensemble members can then be disentangled from Fig.s 5 and 6. For temperature, the nocturnal (tasmin) UHI exhibits higher values
than the diurnal (tasmax) UHI, particularly in summer and in coastal cities, where the proximity of urban areas to the sea compared to
surrounding rural areas enhances this contrast. During winter, nocturnal (tasmin) UHI displays a latitudinal gradient, with higher
values in southern Europe. During summer, continental cities, particularly those in central Europe, exhibit larger diurnal (tasmax) UHI
intensities, suggesting that the UHI intensity may be moderated by the presence of the sea in coastal cities during the day. In contrast,
several cities located in arid and semi-arid environments, as well as some Mediterranean cities, experience an urban cool island effect,
with negative diurnal (tasmax) UHI intensities during summer. This effect is more pronounced, or in some cases only detected, in the
UCM models. In general, the UCM sub-ensemble exhibits higher urban-rural contrasts than the bulk models for both nocturnal and
diurnal UHI.

The urban-rural contrasts in near-surface wind speed (sfcWind) are larger during winter and show a clear latitudinal pattern, with
higher values in northern European regions. The largest absolute reductions are observed in cities across England and northern Europe,
which is the area with stronger wind and wind variability. In some cities, such as Valencia and Antalya, the two sub-ensembles even
show opposite signals during winter, highlighting the stronger sensitivity of wind response to the urban scheme. Gothenburg, Helsinki,
and Riga exhibit contrasting signals, with higher wind speeds in urban areas.

For near-surface relative humidity (hurs), the UDI is more pronounced during the summer months, again displaying a clear spatial
pattern, resembling the temperature pattern with stronger UDI decreases in northern regions with stronger UHI values. Coastal cities
experience a less pronounced UDI effect due to sea-breeze circulation, which transports moisture from the sea to the land (Huang and
Song, 2023). UCM models simulate larger reductions in urban areas, particularly in winter months. The reductions are more pro-
nounced in central European inland cities located far from the sea. In arid regions of North Africa, the urban-rural contrast signal
differs, likely because urban areas located closer to the sea than the surrounding rural areas can experience higher humidity levels.

Finally, Fig. 8 shows the urban-rural contrast classified by season, geographical location (coastal, inland, and mountain), RCM
urban approach (UCM or bulk), and IPCC ARG6 regions. Apart from the summary boxplots, the urban-rural contrast for each individual
city is represented as points, with different colors indicating different RCMs. The RCMs are positioned at separate x-axis locations,
enabling visualization of both inter- and intra-model spread within each classification.

Inland cities exhibit the highest diurnal (tasmax) UHI intensities in summer, whereas coastal cities show stronger nocturnal
(tasmin) UHI intensities in winter. As already mentioned, this pattern reflects the moderating effect of the sea in urban areas, which are
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generally located closer to the coast than their surrounding rural areas, reducing daytime heating and enhancing nocturnal cooling
contrasts. Inland cities also exhibit stronger reductions in near-surface wind speed (sfcWind) during winter and in near-surface relative
humidity (hurs) during summer compared with coastal cities, likely due to the moderating influence of sea breezes, increased storm
activity in winter, and higher moisture availability near the coast.

UCM models tend to simulate higher nocturnal (tasmin) UHI intensities than bulk models in both summer and winter, with the
exception of WRF451Q and CCLM6-0-1-URB. The diurnal (tasmax) UHI intensity is similar or more pronounced in bulk models during
summer, and, to a lesser extent, more pronounced in UCM models during winter. For near-surface wind speed (sfcWind), reductions in
urban areas are more pronounced in bulk approaches in both summer and winter, although the results are less consistent.The UDI
effect is stronger in most UCM models in both summer and winter than in bulk models, except for WRF451Q and CCLM6-0-1-URB,
which shifts the ensemble mean toward stronger summer signals.

When the results are aggregated by IPCC AR6 regions, some patterns emerge since they are aligned with the latitudinal gradients
we showed in previous fig.s. Nocturnal (tasmin) UHI intensity is strongest in the Mediterranean (MED), followed by Western Central
Europe (WCE) and Northern Europe (NEU), exhibiting a clear north-south gradient consistent with Fig. 7. Diurnal (tasmax) UHI
intensity peaks in the central WCE region, also in agreement with Fig. 7. Reductions in near-surface wind speed (sfcWind) are largest in
NEU, followed by WCE and MED, indicating a south-north gradient. For relative humidity (hurs), the largest reductions occur during
summer in the WCE and NEU regions and during winter all regions show similar results.

Finally, as already illustrated in Fig.s 5 and 6, we can see that the different RCMs are a major source of uncertainty, leading to dif-
ferences larger than those among cities with different degrees of continentality or in different latitudes. Although not explicitly factored
by RCM, this classification can be seen in the central panels of Fig. 8 (UCM vs bulk), since this representation splits cleanly across RCMs
and includes all cities for each of them. We can see how models in the bulk ensemble can have very different behaviour (e.g. WRF451Q
and REM02020-2-2 variants), acting as a major driver of the uncertainty in the results. This result further confirms the need to establish
multi-city and multi-model ensembles as a standard practice in urban climate analyses, along with working towards improving the
models and reducing uncertainties. For the latter, trustworthy observational databases for urban and surrounding areas are essential.

5. Discussion and conclusion

This paper presents the first coordinated evaluation of urban climate in the new ERA5-driven EURO-CORDEX simulations, part of the
CORDEX-CMIP6 downscaling exercise (Fernandez et al., 2026). We build on the work carried out by the FPS URB-RCC for the previous
CMIP5-driven generation (Diez-Sierra et al., 2025; Langendijk et al., 2026; Langendijk et al., 2024; Zazulie et al., 2026). This unique
multi-model ensemble represents a significant step forward, particularly in terms of the availability and consistency of urban information
across participating institutions, by providing urban fraction data for all models, as well as larger presence and advances in urban
parameterization schemes. This enables the application of a consistent methodology for delineating urban and rural areas across the
entire ensemble and the sampled cities, allowing for a robust and comparable assessment of urban—rural contrasts (Diez-Sierra et al.,
2025). Consequently, this ensemble provides, for the first time, a coordinated framework to evaluate urban imprints at the continen-
tal scale across the EURO-CORDEX domain (covering Europe and parts of North Africa), including nearly all participating models.

Key advances of this new generation of models include: (1) the explicit representation of urban areas through different urban
parameterizations, comprising four RCMs with urban canopy models (UCMs) and ten RCMs with bulk schemes, among which TER-
RA_URB, an improved bulk scheme, produces results comparable to those of the UCMs; (2) an ensemble of 14 model configurations,
providing a more robust estimate of uncertainty; and (3) the inclusion of an RCM with an interactive vegetation scheme (REMO2020-2-
2-iMOVE) and its land-use/land-cover change variant (REM02020-2-2-iMOVE-LUC), which accounts for historical LULC changes and
future SSP-consistent projections with evolving urban areas, representing a significant advancement for assessing urban impacts in
both historical simulations and future projections.

Despite these advances, several important limitations remain. The grid spacing of the simulations (~12,5 km) is still relatively
coarse for resolving the complex spatial structure of urban areas, limiting the representation of intra-urban heterogeneity and local-
scale processes. In addition, the ensemble partly relies on outdated land use and land cover datasets (ranging from the early 1990s to
around 2015), which may lead to substantial underestimation or misrepresentation of urban extent and impervious surfaces in
different periods for different models. The heterogeneity in land-cover datasets used across models, as well as differences in their
reference periods, further contributes to inter-model differences in the simulated urban imprint and complicates their evaluation
against observations. Consequently, part of the spread in the simulated urban-rural contrasts across the ensemble may arise not only
from differences in urban parameterizations but also from inconsistencies in the underlying land-surface characterization. These as-
pects should therefore be considered when interpreting inter-model differences and assessing the robustness of simulated urban
climate signals. Additionally, the differing treatment of anthropogenic heat across the various urban schemes, with some lacking any
representation of anthropogenic heat, constitutes another source of uncertainty.

Within this context, the analysis also highlights important differences in the urban parameterizations implemented by individual
models and the potential interdependencies between them, which should be taken into account when interpreting the ensemble within
a probabilistic framework. For this purpose, two sub-ensembles were defined: a bulk and a UCM sub-ensemble, reflecting their
different representations of urban processes. Note, however, that even within these sub-ensembles, each of the members is not
completely independent from the rest, and the probabilistic framework (e.g. considering ensemble means) is compromised by the
presence of different model variants (Fernandez et al., 2026). The root in the model naming can be a guidance to identify some of these
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variants, such as those starting with REMO, CCLM or ICON, but others are less obvious (TSMP, GCOAST and ROAM are also variants of
CCLM and ICON). In this work, we considered only a few representatives from each model family and we avoided as much as possible
cross-model averages, favouring the display of individual model results.

We showed that UCM models tend to simulate larger nocturnal UHI intensities in both summer and winter, with HCLIM43-ALADIN
showing the largest contrasts among the models analyzed. These differences are particularly pronounced in winter, where several bulk
models that do not account for anthropogenic heat show a reduced diurnal UHI or even negative values. The bulk-based WRF451Q
model, which uses a binary urban fraction approach, simulates nocturnal UHI intensities comparable to those produced by UCM
models. Similarly, CCLM6-0-1-URB (and its ESG version), using the TERRA_URB bulk scheme, shows results comparable to those of the
UCM models. Over the European domain, a latitudinal gradient in nocturnal UHI intensity is detectable, with higher values across the
southern regions. For diurnal UHI intensity, both sub-ensembles show broadly similar results during summer, whereas in winter UCM
models and only WRF451Q from the bulk models generally simulate higher UHI intensities. Bulk models tend to exhibit stronger
seasonality than UCM ones.

During summer, several cities located in arid or semi-arid regions exhibit the urban cool island effect (Bushenkova et al., 2024;
Lazzarini et al., 2013; Rasul et al., 2016; Yang et al., 2017), where sparsely vegetated urban surrounding areas become warmer than
urban areas during daytime due to strong surface heating, while urban materials and shading may limit daytime temperatures within
the city. This effect is more intense and in some cases only detected by the UCM models. Negative diurnal UHI intensities are also
observed in several coastal cities with warm summers, which likely arise from the closer proximity of urban areas to the sea compared
to surrounding rural areas.

For near-surface wind speed, both sub-ensembles generally simulate reductions in urban areas relative to rural surroundings, reflecting
the increased surface roughness associated with urban structures or specific parameter settings for the urban fraction, with bulk models
generally simulating stronger reductions. WRF451Q from the bulk sub-ensemble and REM02020-2-2-TEB from the UCM sub-ensemble
show the largest reductions in near-surface wind speed across multiple cities. The magnitude of wind speed reduction is typically larger
during winter and shows a latitudinal gradient, with stronger effects in the windier northern Europe. In some cities, and particularly for
models such as HCLIM43-ALADIN, CNRM-ALADIN64E1, and RACMO23E, the two sub-ensembles even produce opposite signals (increased
wind speed in urban areas), highlighting the strong sensitivity of wind responses to the representation of urban processes.

For near-surface relative humidity, UCM models generally simulate larger reductions in urban areas during both summer and
winter. However, in summer the relatively strong reductions simulated by WRF451Q shift the bulk sub-ensemble towards the values
simulated by UCM models. Again CCLM6-0-1-URB (and the ESG version) show results comparable to those of UCM models. The
reduction in relative humidity in urban areas is typically stronger during summer in bulk models and exhibits a pronounced north-
—south gradient, with larger decreases in northern regions. The strongest reductions are found in central European inland cities located
far from the sea. In contrast, in arid and semi-arid regions of North Africa the signal differs: urban areas that are located closer to the sea
than their surrounding rural areas may experience higher humidity levels.

The two versions of REM02020-2-2 (with and without TEB) enable a direct and consistent comparison between the bulk and UCM
urban approaches using the same model setup. For nocturnal UHI, the UCM version shows higher urban-rural contrasts across all
cities. In contrast, for diurnal UHI, the bulk version produces negligible or negative UHI intensities during winter and exhibits a more
pronounced seasonal cycle with higher values in summer, whereas the UCM version maintains substantial UHI intensities throughout
the year. Near-surface wind speed shows urban reductions in most cities, with greater variability across cities in the UCM version.
Reductions in relative humidity are significantly larger in the UCM version for both summer and winter.

It is important to note that the differences in urban-rural contrasts between the two sub-ensembles are of comparable magnitude,
and in some cases even larger, particularly for temperature and relative humidity, than those associated with their geographical
location or IPCC ARG region. Moreover, the RCM configuration alone is among the major sources of uncertainty. This underscores that
the choice of urban parameterization is a key factor influencing the results and that the use of multi-model ensembles is key to address
the urban-rural contrast uncertainties.

The evaluation against observations from fourteen cities does not reveal a clear added value of UCMs relative to bulk schemes. The
current approach for automatically selecting urban and rural observations based on administrative city boundaries has notable lim-
itations, even though we have used some of the highest-density observational datasets available in Europe. Point observations cannot
be directly compared with model grid-cell averages due to their different spatial representativeness, and, more importantly, stations
may not exhibit the characteristics of their location in the model. For instance, many urban stations are actually located in parks,
airports, or other low-density suburban environments that may not be representative of dense urban conditions (Peterson, 2003), while
many rural stations represent mixed rural and urban influences (e.g. villages). Therefore, the conclusions drawn from the observational
evaluation should be regarded as qualitative rather than quantitative, as the limited representativeness of the available urban and rural
stations prevents a robust assessment of the relative performance of the RCMs.

These findings highlight the urgent need for alternative methodologies to evaluate urban climate simulations against observations,
enabling more robust assessments of model skill in representing urban processes rather than merely inter-model comparisons. For
example, evaluating the urban representation in RCMs over Europe would greatly benefit from the availability of long-term, high-
quality observational datasets for European cities. This is, of course, a general problem (Langendijk et al., 2026) that should be tackled
at global scale. Alternatively, such evaluations could consider the explicit land use/land cover (LULC) at the location of the stations
rather than directly comparing urban and rural stations (Luo and Lau, 2019), or leverage other reference sources, such as remote
sensing-based datasets (Bechtel et al., 2017; Venter et al., 2020; Zhao et al., 2014).

Future studies should further explore the potential of satellite observations for the evaluation of urban climate simulations, despite their
limitations, including the measurement of land surface rather than near-surface air temperature and discontinuous spatio-temporal
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coverage due to satellite overpass frequency and cloud contamination (Chakraborty et al., 2024; Voogt and Oke, 2003). In addition, the
increasing availability of citizen weather observations worldwide offers considerable potential to complement conventional monitoring
networks through data fusion approaches, thereby improving the spatial coverage and representativeness of urban observations (Marques
and Messier, 2025). Integrating satellite products, citizen weather observations, and conventional station networks could therefore
contribute to the development of more comprehensive observational datasets for the evaluation and validation of urban climate models.

In Paris, where the density and distribution of observational stations adequately capture the urban-rural contrast, several bulk
models, including CNRM-ALADIN64E1, RACMO23E, and REM02020-2-2, substantially underestimate the nocturnal UHI. For the
diurnal UHI, bulk models exhibit a more pronounced seasonal cycle than observed, whereas UCM models better reproduce the
observed cycle, showing higher UHI values in winter and moderated values in summer, highlighting their improved performance.
Literature reviews for several of the 14 cities further indicate that UCM models generally provide a more accurate representation of
both UHI and urban dry island effects, while also emphasizing that the urban-rural contrast is often poorly captured by existing
observational networks in many cities.

Overall, for urban climate analyses we recommend relying on the UCM models or enhanced bulk models, such as the CCLM6-0-1-
URB variants using TERRA_URB, which have explicit representations of key urban processes. Bulk models, and especially those rep-
resenting dominant land use and urban categories (WRF451Q), may have a strong sensitivity to the presence of urban areas, and show
clear urban climate islands, but miss key processes governing them and may respond to climate changes quite differently than more
detailed UCMs.

Despite the limitations of the RCMs and observational data sets, this work provides a unique contribution by establishing a
framework to evaluate urban imprints using RCMs and by offering a reference baseline for investigating cities under climate change
using EURO-CORDEX CMIP6 downscaled projections, as well as for future high-resolution studies, such as the Flagship Pilot Studies
(FPS) using convection-permitting regional climate models (CPRCMs) or next-generation modelling frameworks. In particular,
forthcoming CORDEX-CORE (Coppola et al., 2021; Giorgi et al., 2022) simulations within CORDEX-CMIP6 will enable extending this
analysis to other regions worldwide.
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