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Abstract. Heat stress in cities is projected to strongly in-
crease due to climate change. The associated health risks will
be exacerbated by the high population density in cities and
the urban heat island effect. However, impacts are still un-
certain, which is among other factors due to the existence
of multiple metrics for quantifying ambient heat and the
typically rather coarse spatial resolution of climate models.
Here we investigate projections of ambient heat for 36 ma-
jor European cities based on a recently produced ensemble
of regional climate model simulations for Europe (EURO-
CORDEX) at 0.11° spatial resolution (~ 12.5 km). The 0.11°
EURO-CORDEX ensemble provides the best spatial resolu-
tion currently available from an ensemble of climate model
projections for the whole of Europe and makes it possible
to analyse the risk of temperature extremes and heat waves
at the city level. We focus on three temperature-based heat
metrics — yearly maximum temperature, number of days with
temperatures exceeding 30 °C, and Heat Wave Magnitude In-
dex daily (HWMId) — to analyse projections of ambient heat
at 3 °C warming in Europe compared to 1981-2010 based on
climate data from the EURO-CORDEX ensemble. The re-
sults show that southern European cities will be particularly
affected by high levels of ambient heat, but depending on
the considered metric, cities in central, eastern, and northern
Europe may also experience substantial increases in ambi-
ent heat. In several cities, projections of ambient heat vary
considerably across the three heat metrics, indicating that es-
timates based on a single metric might underestimate the po-
tential for adverse health effects due to heat stress. Nighttime
ambient heat, quantified based on daily minimum tempera-
tures, shows similar spatial patterns to daytime conditions,

albeit with substantially higher HWMId values. The iden-
tified spatial patterns of ambient heat are generally consis-
tent with results from global Earth system models, though
with substantial differences for individual cities. Our results
emphasise the value of high-resolution climate model sim-
ulations for analysing climate extremes at the city level. At
the same time, they highlight that improving the predomi-
nantly rather simple representations of urban areas in climate
models would make their simulations even more valuable for
planning adaptation measures in cities. Further, our results
stress that using complementary metrics for projections of
ambient heat gives important insights into the risk of future
heat stress that might otherwise be missed.

1 Introduction

Global heat stress is projected to strongly increase in the fu-
ture due to climate change (Gasparrini et al., 2017; Vargas
Zeppetello et al., 2022; Zheng et al., 2021; Schwingshackl
et al., 2021; Freychet et al., 2022), and already nowadays
record-breaking high temperatures are observed more and
more often around the world, such as in Canada in summer
2021 (White et al., 2023) or in China and Europe in sum-
mer 2023 (Zachariah et al., 2023). Heat stress can have se-
vere implications for human health, the economy, and soci-
ety as a whole (e.g. McMichael et al., 2006; Gasparrini et
al., 2015; Yang et al., 2021; Alizadeh et al., 2022; Orlov et
al., 2021), as it can lead to decreased levels of comfort and
reduced labour productivity (Orlov et al., 2021; Garcia-Le6n
et al., 2021), enhanced socioeconomic inequalities (Alizadeh
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et al., 2022), and increased morbidity and mortality (Gaspar-
rini et al., 2015). Moreover, as the health risk associated with
heat stress is not uniform within the population, heat waves
and extreme temperatures pose a larger threat to those who
are most vulnerable to elevated temperatures, particularly to
children, older adults, and persons with pre-existing condi-
tions (Lundgren et al., 2013).

Various metrics have been developed with the aim to
capture the characteristics of heat extremes, including heat
waves, and their potential evolution in the future (e.g. Perkins
and Alexander, 2013; Perkins, 2015; de Freitas and Grig-
orieva, 2017). Several of these indicators are based solely on
temperature, while others consider additional factors, such as
humidity, solar radiation, or wind speed, to estimate heat ex-
posure (de Freitas and Grigorieva, 2017). In the following,
we focus on temperature-based metrics, given that many epi-
demiological studies found temperature to be the dominant
factor for adverse health effects (Armstrong et al., 2019; Kent
et al., 2014; Vaneckova et al., 2011). Future changes in heat
and heat extremes are frequently quantified by the change in
temperature (e.g. mean or maximum near-surface air tem-
perature) between a historical reference period and future
periods (Sillmann et al., 2013; IPCC, 2021; Coppola et al.,
2021). Other studies used the number of days per year dur-
ing which certain thresholds are exceeded (e.g. Casanueva
et al., 2020; Schwingshackl et al., 2021; Zhao et al., 2015).
Likewise, different metrics have been introduced to quan-
tify heat waves, often based on percentile-based thresholds
(e.g. Fischer and Schir, 2010; Suarez-Gutierrez et al., 2020;
Perkins-Kirkpatrick and Lewis, 2020). The Heat Wave Mag-
nitude Index daily (HWMId; Russo et al., 2015) integrates
both the magnitude and the length of a heat wave into a sin-
gle metric to quantify the heat wave severity. HWMId was
applied by several studies to analyse the future risk of heat
waves (e.g. Dosio et al., 2018; Russo et al., 2017; Forzieri et
al., 2016; Zittis et al., 2021). Depending on the considered
metric, the projected spatial patterns of ambient heat projec-
tions may vary considerably, highlighting that assessing the
future risk from heat stress requires considering a portfolio
of metrics.

The health risk from heat stress is not spatially homo-
geneous — neither globally nor within a country or a re-
gion — owing to several factors, including variations in lo-
cal climate conditions, local climate feedbacks (e.g. due to
albedo, soil moisture), or differences in the social environ-
ment (e.g. population density, socioeconomic conditions).
Temperatures are often amplified in cities due to the predom-
inance of impervious surfaces and the multitude of anthro-
pogenic heat sources. The resulting urban heat island (UHI)
effect leads to higher levels of ambient heat in cities com-
pared to surrounding areas (e.g. Heaviside et al., 2017). In
Europe, our region of study, about 75 % of the population
lives in urban areas (UN-Habitat, 2011), and the urban pop-
ulation is projected to grow even further in the future along
with an ageing trend (Smid et al., 2019). Larger metropolitan
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areas in Europe will become more vulnerable to extreme heat
in the coming decades (Smid et al., 2019), and heat mortality
in European cities is projected to significantly increase (Kar-
wat and Franzke, 2021). Cities in Europe or elsewhere are
thus becoming climate hotspots in terms of climate change
(Zheng et al., 2021) but also for adaptation and innovation
(IPCC, 2022) due to the need for adequate strategies to ad-
dress climate change adaptation. Preventing adverse health
outcomes from heat stress and designing appropriate and ef-
fective adaptation measures require accurate projections and
estimates of heat waves and temperature extremes. Recently,
climate model simulations have reached a spatial resolution
high enough to provide such projections at the city level.
Analyses of climate and climate change in cities face the
challenge of delivering results on spatial resolutions that are
high enough to be relevant for cities while robustly estimat-
ing the risk of extreme events. Urban canopy layer models,
which can resolve cities at scales of ~ 100 m or even higher,
can deliver great spatial details of cities (e.g. Masson et al.,
2020), with the trade-off that often only a limited number of
cities are examined (e.g. Goret et al., 2019; Krayenhoff et al.,
2020). Analyses with urban canopy layer models coupled to
climate models often rely on data from a single or a few cli-
mate models and are thus not able to adequately incorporate
climate variability to robustly quantify the probability of ex-
treme events. On the other hand, climate model simulations
can be used to quantify climate variability and the risk of ex-
treme events in multiple cities. Guerreiro et al. (2018) used
simulations by general circulation models (GCMs) from the
Climate Model Intercomparison Project Phase 5 (CMIPS) to
investigate heat wave projections in European cities. How-
ever, GCMs cannot fully depict local urban climate condi-
tions as the spatial resolution of GCMs (~ 100 km) is much
coarser than that of urban canopy layer models. To provide
higher spatial resolution and to overcome some of the lim-
itations of GCMs, dynamical downscaling by regional cli-
mate models is frequently applied. This approach has been
used multiple times to investigate individual cities with a sin-
gle model (e.g. Argueso et al., 2015; Chapman et al., 2019;
Keatetal., 2021; Kusaka et al., 2012; Li and Bou-Zeid, 2013;
Ramamurthy and Bou-Zeid, 2017; Wouters et al., 2017) but
rarely for analysing climate conditions in a large number of
cities and/or with an ensemble of models (e.g. Sharma et al.,
2019; Smid et al., 2019; Junk et al., 2019). For Europe, an en-
semble based on regional climate models (RCMs) from the
European branch of the Coordinated Regional Downscaling
Experiment (EURO-CORDEX; Jacob et al., 2013; Vautard
et al., 2021) is available, providing simulations at a reso-
lution of 0.11° (EUR-11, ~ 12.5km), which is fine enough
to analyse climate conditions in major European cities at
the city level as typically at least one model grid cell falls
within the extent of each major European city. The EUR-
11 simulations were evaluated by Coppola et al. (2021) and
Vautard et al. (2021), who showed that the simulations re-
produce well the observed spatial temperature distribution
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in Europe despite a general cold bias of summer tempera-
tures of around 1 to 2 °C compared to observation-based data
from E-OBS (Cornes et al., 2018) in large parts of Europe.
Hot biases of extreme temperatures (i.e. hottest 5 consec-
utive days) in mountainous regions are reduced in EURO-
CORDEX compared to CMIP5, while a cold bias remains
in central and northern Europe and a warm bias in southern
Europe (Iles et al., 2020). Lin et al. (2022) evaluated the rep-
resentation of HWMId in a subset of the EURO-CORDEX
ensemble against reanalysis data, finding overall good agree-
ment between both datasets and highlighting the added value
of RCMs compared to the driving GCMs for representing
small-scale features.

EURO-CORDEX simulations have been used to exam-
ine how temperatures and ambient heat are projected to in-
crease in the future throughout Europe (Vautard et al., 2013;
Molina et al., 2020; Coppola et al., 2021) and for a small
group of European cities (Junk et al., 2019; Langendijk et
al., 2019; Burgstall et al., 2021), showing that urban areas
will be strongly affected by rising temperatures. The differ-
ent studies used varying sets of metrics, different model en-
sembles, and different selections of cities. Smid et al. (2019)
analysed HWMId projections for European capitals based on
eight EURO-CORDEX models at 0.11° resolution, focusing
on the metropolitan areas around the capitals. They found
highest HWMId increases in southern European cities and,
additionally, they highlight that exposure to heat waves also
strongly depends on population density. Junk et al. (2019)
analysed projections of several heat wave metrics defined by
the Expert Team on Climate Change Detection and Indices
(ETCCDI) for London, Luxembourg, and Rome based on 11
EURO-CORDEX models at 0.11° resolution. The considered
heat wave metrics project the strongest increases for Rome,
except for the number of heat waves per year, which the au-
thors explain by the increasing length of heat waves, reducing
their number. Using wet-bulb globe temperature (WBGT) as
a heat metric, Casanueva et al. (2020) analysed exceedances
of WBGT thresholds above 26 and 28 °C in Europe based on
an ensemble of 39 EURO-CORDEX models (using simula-
tions at both 0.11 and 0.44° resolution). Future exceedances
of WBGT > 28 °C are projected to be highest in southern
Europe, followed by central Europe, while exceedance rates
are negligible in northern Europe. Based on CMIP5 GCMs,
Guerreiro et al. (2018) found that the strongest increases in
heat wave days are projected for southern European cities
along with substantial increases in coastal cities in northern
Europe, while maximum temperatures of heat waves are pro-
jected to rise most strongly in central Europe.

Here we build on these studies and use simulations by
72 GCM-RCM model combinations of the 0.11° EURO-
CORDEX ensemble to assess projections of ambient heat
for 36 major European cities. We focus on temperature and
compare three metrics: changes in yearly maximum near-
surface air temperature, the number of days per year when
daily maximum near-surface air temperature exceeds 30 °C,
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and HWMId. To evaluate potential differences in projections
for daytime and nighttime conditions, we additionally con-
sider daily minimum near-surface air temperature. We first
analyse how well the EURO-CORDEX ensemble reproduces
the measured temperature distributions in the selected cities
compared to reanalysis and observation-based data. Further,
we quantify how ambient heat is projected to evolve in these
cities under global warming according to the three consid-
ered heat metrics. Finally, we evaluate how the choice of
metrics affects projections of ambient heat, which can give
relevant insights for designing appropriate adaptation mea-
sures to counteract health risks from ambient heat. A holistic
analysis of the health risk from heat stress comprises the fac-
tors of heat-related hazards, heat exposure, and vulnerability
to heat. We focus on the hazard from extreme heat by em-
ploying the three heat metrics, acknowledging that exposure
and vulnerability can also vary strongly across cities (Smid
et al., 2019; Sera et al., 2019; Gasparrini et al., 2015).

2 Data and methods
2.1 Data
2.1.1 Cities

We include 36 major European cities in our analysis. These
comprise all European cities with a population of more
than 1.2 million and all European capitals with more than
500000 inhabitants. We register the coordinates and eleva-
tion of each city and whether it is located close to the sea
(see Supplement Table S1). A city is considered to be located
close to the sea if it is directly adjacent to the sea. The com-
plete list of cities and their geographic locations are indicated
in Fig. la.

2.1.2 Climate model data

The analysis is based on 72 GCM—-RCM model chains from
the EURO-CORDEX ensemble, which covers the European
domain (Jacob et al., 2013; see Table S2 for a detailed
list of models). EURO-CORDEX simulations use two dif-
ferent spatial resolutions: 0.11° (EUR-11, ~12.5km) and
0.44° (EUR-44, ~ 50 km). We only use data from the higher-
resolution EUR-11 simulations, for which typically at least
one grid cell falls within the extent of each major Euro-
pean city (Fig. 1b). For our analysis, we use daily maximum
near-surface air temperature (tasmax), daily minimum near-
surface air temperature (tasmin), and monthly mean near-
surface air temperature (tas), employing data from historical
and RCP8.5 simulations for the period 1981-2100 (note that
some model simulations only run until 2099 and one only
until 2098). Near-surface air temperature refers to the tem-
perature at 2 m height. For each city, we use data from the
grid cell that is located closest to the centre of each city. The
large ensemble of 72 GCM-RCM model combinations al-
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Figure 1. Overview of the cities investigated in this study and examples of the spatial resolution of EURO-CORDEX models. (a) Location
of the cities with the background map showing the EURO-CORDEX multi-model median change in annual maximum near-surface air tem-
perature (ATXx) at 3 °C European warming relative to 1981-2010 (see Sect. 2.2). Abbreviations in the list of cities indicate the abbreviated
city names used in Fig. 7. (b—d) Example of grid spacing used by the majority of EURO-CORDEX models compared to the extent of three

cities with different sizes (black polygons).

lows for a robust estimation of future ambient heat includ-
ing the model structural uncertainty, which has been shown
to be relevant for quantifying the risk of urban heat waves
(Zheng et al., 2021). To test the spatial robustness of our
results, we additionally consider data from a box of 3 x 3
grid cells around the city centres. The representation of ur-
ban areas varies considerably across RCMs (Table 1). Some
RCMs represent urban areas as rock surfaces, others assume
reduced vegetation and adjusted surface parameters (such as
albedo and roughness) for urban areas, and one RCM even
includes a sophisticated urban model.

We further use simulations from the CMIP5 (24 mod-
els) and CMIP6 (24 models) ensembles (using one ensem-
ble member per model) for comparison with the EURO-
CORDEX simulations (see Tables S3 and S4 for a de-
tailed list of the considered CMIP5 and CMIP6 models and
ensemble members). We employ data from historical and
RCP8.5 simulations (SSP5-8.5 in case of CMIP6), analysing
daily maximum near-surface air temperature (tasmax) and
monthly mean near-surface air temperature (tas) for the same
period (1981-2100) as for EURO-CORDEX. Analogous to
EURO-CORDEX, we use the grid cell closest to the city
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centre for our analysis. To evaluate how the downscaling
of GCMs by RCMs affects the results, we further consider
the CMIP5 model set that is used to drive the 72 EURO-
CORDEX RCM:s. For this purpose, we create a GCM en-
semble, which we denote as “EURO-CORDEX GCM en-
semble”, for which we consider each GCM member as many
times as it is used as a driving GCM in the EURO-CORDEX
ensemble. The EC-EARTH ensemble member r3ilpl (used
to drive several EURO-CORDEX RCMs; see Table S2) is not
available via the Earth System Grid Federation (ESGF) data
portals, and we thus substitute it with the EC-EARTH mem-
ber rlilpl to create the EURO-CORDEX GCM ensemble.
The GCMs and RCMs used in this study differ in several
aspects. Most importantly, the RCMs have a much higher
spatial resolution (~ 12.5km) than the GCMs (~ 100 km),
and orography and coastlines are thus represented much
more accurately in RCMs. GCMs and RCMs also differ in
their projections of atmospheric aerosols over the European
domain, with GCMs using future scenarios with decreasing
atmospheric aerosol concentrations, while RCMs assume a
constant atmospheric aerosol load (Boé et al., 2020; Gutiér-
rez et al., 2020; Nabat et al., 2020). Additionally, unlike

https://doi.org/10.5194/nhess-24-331-2024



C. Schwingshackl et al.: High-resolution projections of ambient heat for major European cities

335

Table 1. Representation of urban areas in the regional climate models of the 0.11° EURO-CORDEX ensemble (EUR-11).

Institute Model Data source Representation of urban areas References
CLMcom CCLM4-8-17 Land surface model TERRA Natural surfaces with an in-  Garbero et al. (2021),
creased surface roughness length  Doms et al. (2011)
and a reduced vegetation cover
CLMcom-ETH COSMO-crCLIM-v1l-1  Land surface model TERRA Natural surfaces with an in-  Garbero et al. (2021),
creased surface roughness length  Doms et al. (2011)
and a reduced vegetation cover
CNRM ALADINS3 ECOCLIMAP-II database Same as for rocks; no vegetation ~ Daniel et al. (2018),
Samuel Somot, CNRM,
personal communication
(13 October 2023)
CNRM ALADING63 ECOCLIMAP-II database Same as for rocks; no vegetation  Daniel et al. (2018),
Decharme et al. (2019)
DMI HIRHAMS ECHAMS Adjusted constant surface param-  Langendijk et al. (2019),
eters; vegetation not mentioned Roeckner et al. (1996,
2003)
MPI-CSC REMO2009 Land surface parameter dataset ~ Adjusted albedo and roughness Jacob et al. (2012), Lan-
of Hagemann (2002) length; no vegetation gendijk et al. (2019),
Hagemann (2002)
GERICS REMO2015 Land surface parameter dataset ~ Adjusted albedo and roughness Jacob et al. (2012), Reme-
of Hagemann (2002) length; no vegetation dio et al. (2019)
ICTP RegCM4-6 Land surface model CLM4.5, CLMU considers canyon geome-  Oleson and Feddema
which integrates the Commu- try, pervious and impervious sur-  (2020), Oleson et al.
nity Land Model Urban faces, roofs, and walls and distin- (2010, 2013)
(CLMU) guishes between four levels of ur-
banisation; vegetation is consid-
ered part of pervious surfaces
IPSL WRF381P Standard canopy model from Bulk urban parameterisation, in- Niu et al. (2011), Shen
Unified Noah Land-Surface creased surface roughness length; et al. (2022), Chen et al.
Model (the urban canopy model  reduced vegetation cover (2011), Linh Luu, Univer-
implemented in WRF was not sity of Lincoln, personal
used for the EURO-CORDEX communication (10 Octo-
simulations) ber 2023)
KNMI RACMO22E ECOCLIMAP version 1 No specific urban parameteri- van Meijgaard et
sation but adjusted roughness al. (2008), Erik van
length; vegetation not mentioned =~ Meijgaard, KNMI,
personal communication
(8 November 2023)
MOHC HadREM3-GA7-05 JULES Global Land 7.0 Urban canopy with thermal Best et al. (2011), Walters
properties of concrete; adjusted et al. (2019)
roughness length and albedo; no
vegetation
SMHI RCA4 ECOCLIMAP version 1 Same as for rocks (urban areas  Samuelsson et al. (2015),

not explicitly mentioned in doc-
umentation); no vegetation

Patrick Samuelsson,
SMHI, personal commu-
nication

(27 October 2023)
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GCMs, several RCMs do not consider plant physiological
CO; effects, which might cause an underestimation of tem-
perature extremes (Schwingshackl et al., 2019).

2.1.3 Reference datasets

We evaluate the EURO-CORDEX simulations by com-
paring them against two gridded reference datasets (see
Sect. 3.1): (1) the E-OBS gridded meteorological dataset,
which provides gridded meteorological fields interpolated
from weather station data at 0.1° resolution for Europe
(Cornes et al., 2018), and (2) the global reanalysis ERAS-
Land, which provides land variables including 2 m air tem-
perature at a spatial resolution of about 9 km (Mufioz-Sabater
et al., 2021). Additionally, we use data from single weather
stations that lie within or close to the considered cities,
using data from the Global Surface Summary of the Day
(GSOD; Smith et al., 2011) and from the European Climate
Assessment and Development (ECA&D; Klein Tank et al.,
2002; Klok and Klein Tank, 2009). We only include data
from weather stations with a data record length of at least
20 years. For all datasets, the evaluation is performed us-
ing daily maximum near-surface air temperature and daily
minimum near-surface air temperature in the period 1981-
2010. For ERAS5-Land, daily maximum and daily minimum
near-surface air temperatures are calculated as maximum and
minimum of the hourly 2m air temperature data. The land
scheme of ERA5-Land does not specifically consider urban
areas (ECMWEF, 2018), and thus, specific climatic conditions
in cities (such as the urban height island — UHI — effect) may
not be fully represented. For cities in which temperature data
from weather stations within the city limits are assimilated in
ERAS5-Land or considered in E-OBS, the UHI effect might,
however, be partly included.

2.2 European mean warming

Regional temperatures and temperature extremes scale lin-
early with global mean surface air temperature (GSAT;
Seneviratne et al., 2016; Wartenburger et al., 2017; Senevi-
ratne and Hauser, 2020). Uncertainties connected to the un-
derlying climate scenarios can thus be reduced if express-
ing future evolutions of regional temperatures as a func-
tion of changes in GSAT, usually calculated relative to pre-
industrial (1850—-1900) conditions. This approach of express-
ing climate change in terms of global warming levels in-
stead of emission-driven or concentration-driven scenarios
has been used by several recent studies (e.g. Schwingshackl
et al., 2021; Freychet et al., 2022; Li et al., 2021) and was
widely applied in the 6th Assessment Report of the Inter-
governmental Panel on Climate Change (IPCC, 2021). While
this approach works well on global scales, it cannot be ap-
plied directly to the regional climate model simulations of
EURO-CORDEX, mainly due to two reasons. First, EURO-
CORDEX simulations only start in 1950 (some models in
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Figure 2. Warming in Europe in the RCP8.5 scenario (EURO-
CORDEX, CMIP5) and SSP5-8.5 scenario (CMIP6) relative to
1981-2010. (a) Change in European mean surface air temperature
(ESAT) as a function of time. The dashed purple line indicates the
EURO-CORDEX GCM ensemble (see Sect. 2.1.2 for more details).
(b) Change in ESAT as a function of change in global mean surface
air temperature (GSAT) relative to the reference period 1981-2010.
Solid lines in (a) and (b) indicate the multi-model median and shad-
ing the range from the 10th to 90th percentile across models. Data
in (a) are smoothed with a 10-year window, and data in (b) are in-
terpolated in 0.1 °C steps. The dashed grey line in (b) represents the
identity line.

1970), and pre-industrial reference temperatures are there-
fore not available. We thus derive changes in mean temper-
atures relative to the period 1981-2010. Second, the EURO-
CORDEX ensemble projects a lower rate of warming in Eu-
rope than the CMIP5 ensemble (Coppola et al., 2021). This
discrepancy has been attributed to several reasons, such as
differences in aerosol forcing (Boé et al., 2020; Gutiérrez et
al., 2020; Nabat et al., 2020) or diverging trends in cloudiness
(Bartok et al., 2017). To account for this discrepancy, we im-
plement the scaling approach using European mean surface
air temperature (ESAT) instead of GSAT based on tempera-
ture data from the EURO-CORDEX simulations. We calcu-
late GSAT and ESAT from monthly mean temperature (tas),
where ESAT is defined as the average temperature of a box
spanning over Europe from 10°W to 35°E and from 30 to
70°N.

Comparing the warming projections in the CMIPS,
CMIP6, and EURO-CORDEX ensembles (Fig. 2a) confirms
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that the CMIP5 and CMIP6 ensembles project a faster warm-
ing in Europe than the EURO-CORDEX ensemble. How-
ever, if considering the EURO-CORDEX GCM ensemble
(see Sect. 2.1.2), the resulting warming projections are very
similar to the projections of the EURO-CORDEX ensemble.
This indicates a general agreement between the warming pro-
jections of CMIP5 and EURO-CORDEX averaged over Eu-
rope and suggests that the difference in ESAT is mainly con-
nected to the GCM subset used to drive the EURO-CORDEX
RCMs. As ESAT scales well with GSAT (Fig. 2b), the warm-
ing can also be directly related to changes in GSAT.

For consistency, we choose to stay within the EURO-
CORDEX framework and express our results as a function
of ESAT instead of GSAT, based on temperature data from
the EURO-CORDEX simulations. The results are shown for
a European warming of 3 °C relative to 1981-2010. This cor-
responds to a global warming of 2.5 °C in CMIP5 (2.4 to
2.7 °C; interquartile range across models) and of 2.4 °C in
CMIP6 (2.3 to 2.6 °C) relative to 1981-2010 and to a global
warming of around 3.1 °C in CMIP5 (3.0 °C in CMIP6) since
pre-industrial conditions (1850-1900), which lies within the
range of global warming projections under current policies
and actions (2.1 to 3.5 °C by 2100 based on the assessment
by Climate Action Tracker, https://climateactiontracker.org,
last access: 9 November 2023). For each GCM-RCM model
chain of EURO-CORDEX, we estimate the model-specific
time when ESAT increases by 3 °C relative to 1981-2010 us-
ing a 20-year window around the first year in which the 20-
year average temperature exceeds 3 °C warming. The same
approach is applied to CMIP5 and CMIP6 model data.

2.3 Metrics for quantifying ambient heat

Three heat metrics are used in this study to quantify how am-
bient heat will change in European cities under global warm-
ing. The selected metrics were applied in various studies to
investigate projections of ambient heat in Europe and glob-
ally (e.g. Casanueva et al., 2020; Lin et al., 2022; Coppola
et al., 2021; Russo et al., 2015; Dosio et al., 2018). The first
metric is the change in yearly maximum temperature (TXXx;
based on daily maximum near-surface air temperature data)
between the reference period 1981-2010 and the (model-
specific) time when European warming reaches 3 °C relative
to 1981-2010. The change in TXx indicates how strongly
extreme temperatures increase due to climate change.

As a second metric we calculate the number of days per
year when daily maximum near-surface air temperature (TX)
exceeds 30 °C at the time when European warming reaches
3 °C. The threshold of 30 °C is a compromise of being high
enough to be relevant for southern European countries and
low enough for northern European countries. While absolute
thresholds have been used in several scientific studies (e.g.
Zhao et al., 2015; Schwingshackl et al., 2021; Casanueva
et al., 2020), it should be kept in mind that exceedances of
absolute thresholds strongly depend on local climate condi-
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tions. To test the sensitivity to the selected threshold level,
we investigate how varying the threshold between 25 and
33°C affects the identified geographic patterns. Calculat-
ing exceedances of fixed thresholds based on climate model
data usually requires bias adjustment to correct for potential
model biases (Maraun, 2016). However, we do not apply bias
adjustment here due to the lack of reliable reference data,
given that urban areas are not specifically represented in the
reference datasets ERAS5-Land, and E-OBS only implicitly
includes information about urban areas to the extent weather
stations are present within the city limits (which does not
apply to all analysed cities; see Fig. 3). Consequently, the
urban heat island effect might be underrepresented in these
datasets. Instead, we test the effect of a simple adjustment
method that (1) adjusts the mean of the climate model data
to ERAS5-Land, and (2) adjusts the mean and variability to
ERAS5-Land (i.e. by applying a transformation to standard
score). For this purpose, the mean and standard deviation of
daily maximum and daily minimum near-surface air temper-
atures in summer (June, July, August) are calculated for each
grid cell in a box of 5 x 5 grid cells around the centre of
each city in the reference period 1981-2010. The resulting
values are averaged over the 5 x 5 box and used for the sim-
ple adjustment method. The 5 x 5 box is used to represent
the larger-scale climatological conditions within and around
each city. The rationale is to reduce the statistical uncertainty
by basing the adjustment on 25 grid cells instead of just 1.
The ERAS-Land data are bilinearly interpolated to the grid
of each EURO-CORDEX model before calculating the mean
and standard deviation. We use a Kolmogorov—Smirnov test
to check whether the bias-adjusted heat metrics are statisti-
cally significantly different from the heat metrics calculated
from the original data.

The third metric that we apply is the Heat Wave Magni-
tude Index daily (HWMId, Russo et al., 2015), which inte-
grates both the length and the magnitude of a heat wave to
calculate its overall strength. In the context of HWMId, heat
waves are defined as at least 3 consecutive days with daily
maximum near-surface air temperatures above the 90th per-
centile of the daily maximum near-surface air temperature
distribution of all days within a 31 d window in a pre-defined
reference period (Russo et al., 2015). For each day in a heat
wave, the heat wave (HW) magnitude (HWy,) is calculated
by subtracting the 25th percentile of TXx (TXXx2sp) in the ref-
erence period 1981-2010 from daily maximum near-surface
air temperature (TX), normalised by the interquartile range
of TXXx in the reference period.

TX-TXXz5p .
m, if TX > TXXZSp

HWwum =
, otherwise

e))

The sum over all daily HW magnitudes of a heat wave yields
HWMId. By definition, HWMId takes into account the in-
terannual temperature variability of each location. We calcu-
late HWMId using daily maximum near-surface air temper-
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Figure 3. Distribution of daily maximum near-surface air temperature (TX) in summer for the investigated European cities as a function of
distance to the city centre. The plot shows summer (June, July, August) average TX over the period 1981-2010 for EURO-CORDEX (black
line and grey shading), ERAS5-Land (red-edged grey dots), E-OBS (blue-edged grey dots), and station data (filled blue dots). The black line
for EURO-CORDEX denotes the multi-model median, dark grey shading the interquartile range across models, and light (very light) grey
shading the range from 10th (1st) to 90th (99th) percentile. Only temperatures on land are included (sea areas are masked).

ature (denoted as HWMIdA-TX) for the time when European
warming reaches 3 °C with 1981-2010 as the reference pe-
riod. In each year, we identify the heat wave with the high-
est HWMIdA-TX and use it to calculate the 20-year average
HWMId-TX.

To represent nighttime conditions, we further calculate
the three different heat metrics based on daily minimum
near-surface air temperature (TN), i.e. the yearly maximum
of daily minimum near-surface air temperatures (TNXx), the
number of tropical nights (TN > 20 °C), and HWMId based
on daily minimum near-surface air temperature (HWMId-
TN).

2.4 Statistical analysis

2.4.1 Spatial patterns of ambient heat

To analyse how a city’s geographic location and local cli-
mate affect projections of ambient heat according to the three

metrics, we estimate the contribution of different factors for
explaining the spatial pattern of ambient heat across Euro-
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pean cities. We separately analyse the spatial correlation of
each heat metric with four climatological factors (summer
mean daily maximum near-surface air temperature TXef and
its standard deviation oTx ref in the reference period 1981—
2010; change in summer mean daily maximum near-surface
air temperature ATX and change in its standard deviation
Aorx between 1981-2010 and the model-specific time of
3 °C European warming) and four location factors (latitude,
longitude, elevation, flag indicating whether a city is located
close to the sea). Summer is defined as the months of June,
July, and August.

The explanatory variables (i.e. the climatological factors
or the location factors) may be correlated, and their contri-
butions cannot be strictly disentangled. We therefore use an
approach based on semi-partial correlation to quantify the
average contribution of each variable to the total explained
variance R? (Schwingshackl et al., 2018). The squared semi-
partial correlation measures how much of the remaining un-
explained variance is explained by an explanatory variable
that is introduced after several others have already been con-
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sidered. If explanatory variables are independent, the sum of
the squared semi-partial correlation coefficients yields RZ.
For correlated explanatory variables, the additional contri-
bution of an explanatory variable can be estimated by the
average R? increase in adding the variable to all regression
models that contain a subset of the other explanatory vari-
ables (Azen and Budescu, 2003; Schwingshackl et al., 2018).
If using the averaging method proposed by Azen and Bude-
scu (2003), the sum of all squared semi-partial correlations
is equal to R2. The variability in the squared semi-partial
correlation estimates is a measure for collinearities between
the explanatory variables and can be used as an uncertainty
estimate for the contribution of each explanatory variable.
The estimated contribution of each explanatory variable to
the spatial variability in each heat metric does not permit
statements about causality, as it is purely based on correla-
tion analysis. Instead, the contributions should be interpreted
as a measure of the extent to which the explained variables
may be influenced by the location of each city or by the cli-
matic conditions and climate change at the location of each
city.

2.4.2 Relative importance of RCMs and GCMs

We further quantify how much of the variability in ambi-
ent heat across the EURO-CORDEX ensemble is due to the
choice of GCMs or RCMs. We follow the variance decompo-
sition method of Sunyer et al. (2015) to calculate the variance
due to RCMs, due to GCMs, and due to the interaction be-
tween RCMs and GCMs. As the interaction term cannot be
attributed to either GCMs or RCMs, we interpret it as uncer-
tainty and indicate the contribution of RCMs and GCMs as a
range that once includes and once excludes the contribution
of the interaction term. For each heat metric, we calculate
the percentage contribution of RCMs and GCMs to the total
variance across all 72 GCM-RCM model chains.

3 Results
3.1 Evaluation of the EURO-CORDEX ensemble

To evaluate how well the EURO-CORDEX models repro-
duce observed temperatures in the 36 major European cities,
we compare their temperature distribution to data from E-
OBS, ERA5-Land, and weather stations. Figure 3 shows the
distributions of summer mean daily maximum near-surface
air temperatures in 1981-2010 for all cities as a function
of distance from the city centre. Detailed bias distributions
for all cities can be found in Supplement Fig. S1, and a
map of the multi-model median biases is shown in Fig. S2.
The distribution of the EURO-CORDEX models generally
matches the reference data well but is often wider than the
distributions of the reference datasets (Fig. 3). The EURO-
CORDEX simulations reveal a cold bias in many cities lying
in the northern and eastern parts of Europe (Dublin, Helsinki,
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Kazan, Nizhny Novgorod, Oslo, Saint Petersburg, Stock-
holm), ranging from —1.3 to —2.7 °C relative to E-OBS and
from —0.3 to —1.2 °C relative to ERA5-Land. A warm bias
— particularly relative to ERAS-Land — is found for several
cities in south-eastern Europe (Belgrade, Bucharest, Kharkiv,
Kyiv), ranging from +0.2 to 1.0 °C relative to E-OBS and
from +1.7 to +3.2°C relative to ERAS-Land. In general,
a negative-to-positive tendency from north to south can be
identified for the EURO-CORDEX biases (Fig. S2). ERAS-
Land and E-OBS also show systematic differences, with
daily maximum temperatures in ERAS5-Land being mostly
colder than E-OBS and the weather station data. Conse-
quently, the magnitude and sign of the EURO-CORDEX bi-
ases strongly depend on the reference dataset. The multi-
model median of the EURO-CORDEX ensemble has a warm
bias relative to ERAS5-Land (40.5°C on average across
cities) and a cold bias relative to E-OBS (—0.8 °C on av-
erage), which is consistent with the findings of Vautard et
al. (2021).

The distributions of daily minimum near-surface air tem-
peratures in the EURO-CORDEX models also generally
match the reference datasets (Fig. S3), although the spatial
patterns differ from the bias patterns of maximum temper-
atures (Fig. S2). Biases are highest in northern, eastern, and
southern European cities, while they are lowest in central Eu-
ropean cities. The EURO-CORDEX ensemble has a cold bias
relative to E-OBS (—0.6 °C on average; most pronounced
in Saint Petersburg, Nizhny Novgorod, Copenhagen, Lis-
bon, Madrid) and to ERA5-Land (—0.8 °C on average; most
pronounced in Kazan, Helsinki, Istanbul, Riga, Stockholm).
In contrast to the lower daily maximum temperature values
in ERA5-Land, daily minimum temperatures in ERAS-Land
are warmer than E-OBS in several of the investigated cities.

In some cities, temperatures vary as a function of the dis-
tance from the city centre (Figs. 3, S3). E-OBS shows higher
temperatures close to the city centre in Budapest, Prague,
and Vienna, while for EURO-CORDEX this is the case in
Athens, Brussels, Dublin, Minsk, Munich, Paris, Rome, and
Vienna. Yet, these temperature gradients are not necessar-
ily due to the UHI effect but could also be caused by other
factors, such as gradients in elevation. For E-OBS and the
weather station data, the scarce station density close to the
city centres as well as the standard conditions for meteo-
rological measurements (i.e. measurements are taken over
grasslands) might be reasons for the lack of pronounced UHI
effects. For the other datasets, this might be due to the miss-
ing representation of urban areas in the land surface schemes
of ERAS-Land and the predominantly rather simple repre-
sentation of urban areas in the EURO-CORDEX models (Ta-
ble 1).
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3.2 Projections of ambient heat for major European
cities

The EURO-CORDEX projections for major European cities
show increasing ambient heat under 3 °C European warm-
ing with distinct geographical patterns for the three different
metrics (Fig. 4). Increases in TXx are largest in southern Eu-
rope, followed by western and eastern Europe, and lowest in
northern Europe. The top five cities in terms of TXXx increase
(Milan, Madrid, Sofia, Zagreb, Belgrade; numbered from 1
to 5 in Fig. 4) are all located in southern Europe, but none
of them is located close to the sea. Cities in southern Eu-
rope located at or close to the sea (e.g. Lisbon, Barcelona,
Rome, Athens, Istanbul) also show substantial TXx increase,
yet weaker than the cities situated more inland.

The yearly number of days on which TX exceeds 30 °C
shows a clear south-to-north gradient, with values being
highest in Athens, Madrid, Rome, Bucharest, and Milan
(numbered 1 to 5). These cities exceed 30 °C on more than
80dyr~!, while the five cities with the lowest exceedance
rates (all lying in northern Europe; numbered 32 to 36) ex-
perience on average less than 2dyr~! above 30°C. Ad-
ditionally, local climate conditions can play an important
role as well, for example in the case of Barcelona, Istanbul,
and Sofia, which have lower exceedance rates than the sur-
rounding cities. Varying the threshold level between 25 and
33 °C considerably changes the number of yearly exceedance
days, but the geographical distribution is not altered much
(Fig. S4).

HWMId-TX is largest in southern European cities, fol-
lowed by eastern European cities, with values being highest
in Barcelona, Madrid, Milan, Sofia, and Rome (numbered
1 to 5). In contrast to the other two metrics, cities located
in northern Europe also show high HWMId-TX values (e.g.
Oslo, Copenhagen, Stockholm, Helsinki), while the lowest
HWMIA-TX values are projected in an arc spanning from
the Netherlands over northern Germany towards the Baltic
states.

In several cities, all considered heat metrics show high
levels of ambient heat under 3 °C European warming (e.g.
Athens, Belgrade, Bucharest, Madrid, Milan, Sofia, Za-
greb). For other cities, however, the ambient heat levels dif-
fer substantially depending on the metric under consider-
ation. Barcelona, for example, ranks number one in terms
of HWMId-TX but exceeds 30 °C only rarely. Lisbon has
substantial increases in TXx, and temperatures often exceed
30 °C, but HWMId-TX is rather low. Kazan has substantial
increases in TXx and high HWMId-TX values, but TX ex-
ceedances above 30 °C are relatively low. Oslo ranks among
the cities with the weakest changes in TXx and with the low-
est TX exceedances above 30 °C but with high HWMId-TX
values. These discrepancies may be due to several reasons.
For instance, cities with a comparatively cooler climate may
see large increases in TXx and high HWMId-TX values with-
out having substantial exceedances above 30 °C. Cities with
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Figure 4. Projections of ambient heat at 3 °C European warming
according to three different heat metrics for 36 major European
cities as simulated by the EURO-CORDEX ensemble. (a) Change
in yearly maximum near-surface air temperature (TXx) between
1981-2010 and 3 °C European warming, (b) TX exceedances above
30°C at 3 °C European warming, and (¢) Heat Wave Magnitude
Index daily based on TX (HWMId-TX) at 3 °C European warm-
ing. The values indicate the multi-model median of the EURO-
CORDEX ensemble. Numbers in the circles from 1 to 5 (32 to 36)
indicate the five cities with the highest (lowest) ambient heat ac-
cording to each metric.

high climatological variability in TXx may have compara-
tively low HWMId-TX values despite large increases in TXx,
and, vice versa, relatively low increases in TXx might result
in high HWMId-TX values in the case of low climatological
variability in TXx. Considering only one heat metric might
thus lead to unbalanced conclusions about projections of am-
bient heat for urban areas, potentially underestimating future
risks from heat stress.
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3.3 Identifying factors influencing the spatial patterns
of ambient heat across cities

To better understand the spatial patterns of ambient heat pro-
jected by the different heat metrics, we estimate how much of
the spatial variance is explained (1) by different climate fac-
tors, representing each city’s temperature climatology as well
as its projected changes, and (2) by different location factors
(Fig. 5; see Sect. 2.4.1 for methodological details). Gener-
ally, the considered climate factors (TXef, OTX. ref> ATX, and
Aorx; see Sect. 2.4.1 for their definition) explain more of the
spatial patterns than the location factors (latitude, longitude,
elevation, location close to sea). Regarding climate factors
(Fig. 5a), the spatial pattern of the TXx change is mostly in-
fluenced by the climate factors ATX and Aorx, while cli-
mate conditions in the reference period do not contribute sig-
nificantly. For TX exceedances above 30 °C, the maximum
temperature in the reference period contributes by far the
most, followed by ATX. For HWMId-TX, the strongest con-
tributions stem from ATX and oTX,ref- Regarding location
factors (Fig. 5b), latitude, longitude, and whether a city is
located close to the sea partly explains the spatial pattern of
the TXx change, albeit with rather low model agreement. For
the TX exceedances above 30 °C, latitude plays the dominant
role, while the contributions of all other factors remain negli-
gible. For HWMId-TX, the explanatory power of all location
factors remains low, with latitude being the only factor that
explains some of the signal.

Across the three metrics, most of the spatial variabil-
ity can be explained for the TX exceedances above 30 °C
(R? =0.78 for climate and R?> =0.59 for location factors;
considering only variables with significant contribution in
at least 50 % of the EURO-CORDEX models), followed by
TXx change (R? =0.58 for climate and R?> =0.50 for loca-
tion factors), while the explained variance of the spatial pat-
terns of HWMId remains rather low (R? =0.42 for climate
and R? =0.19 for location factors). The contribution of the
single climate factors depends strongly on the selected met-
ric, whereas for location factors only latitude plays a major
role. All other location factors — despite being statistically
significant in some cases — only contribute little to the total
variance explained. The high uncertainty for the contribution
of some explanatory variables (e.g. ATX and Aoy for TXx
change, TXer and ATX for TX exceedances above 30 °C)
points to collinearities between these explanatory variables,
which can, however, not be disentangled based on correlation
analysis.

3.4 Comparing projections of ambient heat during
daytime and nighttime

The results presented so far are based on daily maximum
temperature and are thus mostly indicative of daytime con-
ditions. We additionally consider daily minimum tempera-
ture (TN) to investigate projections of ambient heat during
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nighttime, which plays an important role for human health as
well, since elevated nighttime temperatures can reduce peo-
ple’s capacity to recover and thus weaken their physical con-
ditions (Royé et al., 2021; Thompson et al., 2022). The geo-
graphical patterns of the TN-based heat metrics are generally
similar to the TX-based patterns (Fig. 6) with the highest lev-
els of ambient heat in southern European cities. Yet, several
distinct differences are evident. The TNx increase is gener-
ally smaller than the TXXx increase, except for cities located at
the Baltic Sea, which exhibit a stronger increase in TNx than
TXx. Days with TN > 20 °C (“tropical nights”) are rarer than
days with TX > 30°C, except for Barcelona and Istanbul,
both of which have substantially more days with TN > 20 °C
than TX > 30 °C (note that no bias adjustment was applied
for TN > 20 °C or for TX > 30 °C; bias-adjusting the mean
of the TN distribution based on ERA5-Land data even in-
creases the days with TN > 20°C in Barcelona and Istan-
bul; not shown). In northern Europe, days with TN > 20 °C
or TX > 30°C both occur very rarely, and differences are
thus negligible. Varying the TN threshold level between 15
and 23 °C considerably changes the number of yearly ex-
ceedance days, but the geographical distribution is not altered
much (not shown). HWMId-TN shows much higher values
than HWMId-TX, particularly in southern European cities
but also in central European cities and in several cities lo-
cated at the Baltic Sea. Differences between HWMId-TN and
HWMId-TX are particularly large in Istanbul, Barcelona, and
Rome. The higher HWMId-TN values suggest that night-
time heat waves will become more severe than daytime heat
waves in the investigated cities as compared to the typical
nighttime and daytime climate conditions of the recent past
(1981-2010).

3.5 EURO-CORDEX projections of ambient heat in
comparison to CMIP5 and CMIP6 projections

We further compare the projections of ambient heat by the
EURO-CORDEX, CMIPS5, and CMIP6 ensembles for the
36 European cities (Fig. 7). The general patterns of CMIP5
and CMIP6 reflect the results of Fig. 4, showing a strong
TXXx increase in south-eastern and eastern European cities,
high TX exceedance rates of 30 °C in southern and some
eastern European cities, and high HWMId-TX values in
southern and some northern European cities (note the log-
arithmic axis for the latter). In terms of TXx change, the
CMIPS and CMIP6 ensembles generally project a stronger
increase in ambient heat than the EURO-CORDEX mod-
els, particularly in south-eastern, eastern, and north-eastern
European cities, while, for Lisbon, Athens, and Istanbul,
the EURO-CORDEX ensemble projects stronger TXx in-
creases. Regarding TX exceedances above 30 °C, the EURO-
CORDEX ensemble projects much higher exceedance rates
than the CMIP5 and CMIP6 ensembles in southern Euro-
pean cities (e.g. Lisbon, Milan, Athens, Istanbul), whereas
the CMIP5 and CMIP6 ensembles show larger exceedance
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semi-partial correlation (see Sect. 2.4.1).

rates in north-eastern European cities and in Barcelona. The
CMIP5 and CMIP6 ensembles project higher HWMId-TX
values in almost all cities except Madrid, Nizhny Novgorod,
and Kazan. Differences in HWMId-TX between the CMIP5
and CMIP6 and EURO-CORDEX ensembles are particu-
larly pronounced in Stockholm, Rome, Athens, and Istanbul.
The projected geographical patterns of ambient heat from the
CMIP5 and CMIP6 ensembles are generally similar; notable
differences are only found for TX exceedances above 30 °C,
where CMIP6 has substantially higher values in southern Eu-
ropean cities, whereas CMIP5 shows more exceedances in
northern European cities.

To investigate the effect of dynamical downscaling by
RCMs, we additionally consider the projections of ambient
heat by the EURO-CORDEX GCM ensemble (dashed purple
line in Fig. 7; see Sect. 2.1.2 for its definition). The EURO-
CORDEX GCM ensemble resembles more closely the re-
sults of the CMIP5 ensemble than of the EURO-CORDEX
ensemble, except for some cities (e.g. Amsterdam, Copen-
hagen, Stockholm, Saint Petersburg, Nizhny Novgorod for
TXx changes; Rome for TX exceedances above 30 °C; Lis-
bon for HWMId-TX). In combination with the fact that the
EURO-CORDEX GCM ensemble shows very similar ESAT
trends to the EURO-CORDEX RCM ensemble (Fig. 2a),
this indicates that differences in projections of ambient heat
between the EURO-CORDEX and CMIPS ensembles are
mostly connected to the dynamical downscaling by RCMs.
For cities located close to mountains (e.g. Athens) or close to
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the sea (e.g. Lisbon, Barcelona, Stockholm), the higher spa-
tial resolution of RCMs should thus deliver more accurate
estimates than the more coarsely resolved GCMs. This is re-
flected in the large differences between CMIPS5 and EURO-
CORDEX estimates for several cities, particularly for TX ex-
ceedances above 30 °C and for HWMId-TX.

3.6 Uncertainty of ambient heat projections

To evaluate the robustness of our results, we estimate how
strongly the estimates of ambient heat vary across the EURO-
CORDEX models and how much they change in space, i.e.
within a box of 3 x 3 grid cells around the grid box located
closest to the city centres. The large ensemble of 72 GCM-
RCM combinations enables a thorough assessment of the
model uncertainty, which we quantify here as the interquar-
tile range (IQR) across models (Fig. 7). Uncertainties of TXx
change lie between 1 and 2 °C in almost all cities, with un-
certainties being lowest in southern European cities (where
uncertainties are ~ 1 °C). For TX exceedances above 30 °C,
we calculate relative uncertainties (IQR divided by multi-
model median; not shown) to reflect the large variability in
exceedance rates across cities. The relative uncertainties of
TX exceedances above 30 °C are lowest in southern Euro-
pean cities (between 20 % and 60 %) except for Barcelona,
where the relative uncertainty is larger than 300 % (and the
distribution is skewed towards higher values). In contrast to
the other metrics, the uncertainties of HWMId-TX are higher
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Figure 6. As in Fig. 4 but for daily minimum near-surface air tem-
perature (TN) in panels (a)—(c). Panels (d)—(f) show the difference
between ambient heat estimates based on TN and based on daily

maximum near-surface air temperature (TX). Note that the scale for
HWMId-TN differs from the HWMId-TX scale in Fig. 4.

in southern European cities (uncertainties lying between 4
and 8) than in northern European cities (uncertainties ly-
ing between 2 and 6), with uncertainties being highest in
Barcelona (IQR = 32) followed by Madrid (IQR = 13).

To quantify the spatial variability in ambient heat, we cal-
culate the heat metrics individually for each grid cell in a box
of 3 x 3 grid cells around the city centres. The spatial vari-
ability is quantified by how much ambient heat varies within
the 3 x 3 grid cells (Fig. S5). In the large majority of cities,
the TXx change estimates remain very similar if using the
3 x 3 box, indicating that the estimated trends in TXx do not
change much within the grid cells surrounding the city cen-
tres. Lisbon, Barcelona, Athens, Helsinki, and Istanbul are
the cities with the largest spatial variability in TXx changes.
Regarding TX exceedances above 30 °C, the largest variabil-
ities are found in Lisbon, Barcelona, Athens, Istanbul, Rome,
and Sofia. HWMId-TX values show very large spatial vari-
ability in Barcelona and Helsinki and pronounced variability
in Istanbul, Copenhagen, Athens, and Dublin. If only consid-
ering grid cells with land fractions larger than 25 %, 50 %,
or 75 %, the variability decreases substantially in almost all
cities with large spatial variability in heat metrics. This sug-
gests that ambient heat strongly differs between land and sea
areas, particularly for HWMId-TX and for TX exceedances
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Figure 7. Projections of ambient heat in European cities for EURO-
CORDEX, CMIP5, CMIP6, and the EURO-CORDEX GCM en-
semble. Cities are arranged according to their geographical loca-
tion, i.e. northern European cities at the top, eastern European cities
on the right, southern European cities at the bottom, and western
European cities on the left. (a) Change in yearly maximum near-
surface air temperature (TXx) between 1981-2010 and 3 °C Euro-
pean warming, (b) TX exceedances above 30 °C at 3 °C European
warming, and (c) Heat Wave Magnitude Index daily based on TX
(HWMId-TX) at 3 °C European warming. Note the logarithmic axis
for the HWMId-TX panel. Lines indicate the multi-model median
and shading the interquartile range across models.
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above 30 °C. For HWMId-TX this might be due to the higher
TXXx variability over land areas than over the sea in the ref-
erence period 1981-2010 (Fig. S6), resulting in much larger
HWMIA-TX values over sea than over land. Consequently,
cities located close to the sea might be affected by this stark
land—sea contrast, particularly if their climate is strongly in-
fluenced by the sea.

We further test how TX exceedances above 30 °C in the
grid cell closest to the centre of each city change if apply-
ing a simple adjustment method that (1) adjusts the mean of
each EURO-CORDEX model to the mean of the ERA5-Land
data and (2) adjusts both the mean and the standard devia-
tion (Fig. S7; see also Sect. 2.3 for methodological details).
The most striking effect of adjusting the data is a reduced
uncertainty of the projected TX exceedances above 30 °C.
Moreover, the adjusted exceedance rates are statistically sig-
nificantly lower in 13 cities and higher in 2 cities if only
the mean is adjusted (Kolmogorov—Smirnov test, p <0.05),
as well as lower in 15 cities and higher in 6 cities if both
mean and standard deviation are adjusted. In the remain-
ing cities, the differences are not statistically significant. The
effects of the simple adjustment method are largest in Lis-
bon, Rome, Sofia, and Bucharest with substantially lower ex-
ceedance rates in the case of adjustment. Adjusting only the
mean or adjusting both mean and standard deviation gener-
ally yields similar results (differences are largest in Istanbul
and Lisbon) with the latter method tending to yield lower ex-
ceedance rates.

The rather complete matrix of GCM-RCM combinations
enables us to quantify how much of the variability in am-
bient heat across the EURO-CORDEX models is due to
the choice of GCMs or RCMs (Fig. 8; see Sect. 2.4.2 for
methodological details). The variability across all GCM-
RCM combinations is mostly due to RCMs (60 % to 75 %
for TXx change, 60 % to 70 % for TX exceedances above
30°C, and 50 % to 65 % for HWMId-TX), highlighting that
the downscaling by RCMs plays a crucial role for the am-
bient heat estimates in urban areas. Additionally, several
patterns can be identified for certain RCMs and GCMs,
which indicates that the choice of RCMs and GCMs is
also important. Among RCMs, projections of ambient heat
in terms of TXx change and HWMId-TX are highest for
HadREM3-GA7-05, and in terms of TX exceedances above
30 °C values are highest for WRF381P, HadREM3-GA7-05,
and ALADING63. Comparatively low increases in ambient
heat are projected by the RCMs HIRHAMS, RACMO22E,
and COSMO-crCLIM-v1-1. Differences between GCMs are
less pronounced. Projections of ambient heat are highest for
NorESM1-M and CanESM?2 in terms of TXx change; for
CanESM2, HadGEM2-ES, and MIROCS in terms of TX ex-
ceedances above 30°C; and for NorESM1-M, CanESM2,
and MIROCS in terms of HWMId-TX. It should be noted
though that the results for CanESM2 and MIROCS5 might
be less robust as each of them is only used twice as the
driving GCM. Comparatively low increases in ambient heat

Nat. Hazards Earth Syst. Sci., 24, 331-354, 2024

are projected by CNRM-CM5 and IPSL-CM5A-MR for
TXx change, by EC-EARTH and CNRM-CMS5 for TX ex-
ceedances above 30 °C, and by CNRM-CMS5 and MPI-ESM-
LR for HWMId-TX.

4 Discussion
4.1 Interpretation and implications of results

All three analysed heat metrics show strong increases in
ambient heat in southern European cities at 3 °C European
warming. Substantial increases in ambient heat are also ev-
ident in other European regions; yet, the spatial patterns
strongly depend on the metric under consideration. TXx in-
creases considerably in western and eastern Europe, TX ex-
ceedances above 30 °C show a clear south-to-north gradient
with almost no exceedances in northern European cities, and
HWMId-TX yields comparatively high values in eastern and
northern European cities. This has implications for the esti-
mation of future heat stress, as the projected outcomes can
vary strongly depending on the considered metric. For in-
stance, regions in northern Europe that are usually not con-
sidered very prone to heat stress show relatively high val-
ues of HWMId-TX. Since health impacts depend not only on
universal physiological limits but also on the climate condi-
tions people are used to (Petkova et al., 2014; Astrom et al.,
2013), metrics considering the climatology of a region (such
as HWMId-TX) can give important insights into the risk of
future heat stress that might otherwise be missed. This also
concerns nighttime conditions, as HWMId-TN is even higher
than HWMId-TX (Fig. 6).

The identified spatial patterns broadly agree with results of
other studies, showing an increase in heat wave risk in south-
ern Europe along with substantial increases in coastal regions
in northern Europe (Guerreiro et al., 2018; Smid et al., 2019;
Lin et al., 2022) — as we find for HWMId-TX — and a clear
south-to-north gradient in exceedances of WBGT > 28 °C
(Casanueva et al., 2020) — consistent with the patterns of
TX exceedances above 30 °C. Guerreiro et al. (2018) found
that temperatures during heat waves increase strongest in
central Europe, while the TXx increases estimated in our
study are highest in southern European cities. This discrep-
ancy between the findings of Guerreiro et al. (2018) and
our results could, on the one hand, be related to the fact
that TXx does not directly reflect temperatures during heat
waves. On the other hand, it could also be due to the more
pronounced increase in extreme temperatures in central Eu-
rope in CMIP5 compared to EURO-CORDEX (Fig. S8). Fig-
ure S8 also shows that the EURO-CORDEX models project
an amplified warming of the Baltic Sea compared to the sur-
rounding land areas, which is likely the reason for the high
values of HWMId-TX in northern European coastal cities.

In many of the investigated cities, CMIP5 and CMIP6
project higher increases in TXx and larger HWMId-TX val-
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Figure 8. GCM-RCM matrix of EURO-CORDEX models for (a) the change in yearly maximum near-surface air temperature (TXx) between
1981-2010 and 3 °C European warming, (b) TX exceedances above 30 °C at 3 °C European warming, and (c) Heat Wave Magnitude Index
daily based on TX (HWMId-TX) at 3 °C European warming. Each circle indicates the average value across all investigated cities for each
individual EURO-CORDEX model. Numbers in the circle indicate the ranking of models from 1 (highest ambient heat) to 72 (lowest ambient
heat). Multiple ensemble members for a GCM—-RCM combination are indicated as smaller circles.

ues than EURO-CORDEX. This is likely caused by discrep-
ancies in external forcing data and differences in process im-
plementation (see Sect. 2.1.2). Specifically, the CMIP5 and
CMIP6 simulations are based on future scenarios with de-
creasing atmospheric aerosol concentrations over the Euro-
pean domain, while the EURO-CORDEX simulations as-
sume a constant atmospheric aerosol load (Boé et al., 2020).
The RCMs of EURO-CORDEX may thus underestimate fu-
ture warming in Europe as they do not consider the am-
plified warming from the additional solar radiation reach-
ing and heating the Earth’s surface in Europe because of
the decreasing aerosol concentrations. In addition, unlike
CMIPS5 and CMIP6 GCMs, several RCMs do not consider
plant physiological effects (Schwingshackl et al., 2019). The
closing of plant stomata due to higher CO, concentrations
and the associated decrease in latent and increase in sen-
sible heat fluxes, which lead to enhanced extreme temper-
atures, are thus not fully captured by RCMs. These differ-
ences between GCMs and RCMs suggest that RCMs likely
underestimate future levels of ambient heat in European
cities. Yet, for several southern European cities the EURO-
CORDEX models project considerably more days exceeding
30 °C than CMIP5 and CMIP6. In coastal cities, such as Is-
tanbul, Athens, and Lisbon, these differences are likely due
to the higher spatial resolution of EURO-CORDEX, which
enables a better distinction of land and ocean grid cells. In
other cities, like Madrid or Rome, better-resolved orogra-
phy might be the reason for the more frequent exceedances
in EURO-CORDEX. Yet the causes for some discrepan-
cies remain unclear, for instance for the more frequent ex-
ceedances above 30 °C projected by EURO-CORDEX for
Milan, which lies in the rather flat Po Valley, or for the coastal
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city Barcelona, where EURO-CORDEX shows much fewer
exceedances above 30 °C than CMIP5 and CMIP6.

In some cities, the ranking varies considerably depend-
ing on the considered heat metric (particularly in Barcelona,
Oslo, Lisbon, Warsaw, and Berlin; Fig. 4), indicating that
the choice of metrics may strongly influence projections of
ambient heat in these cities. These discrepancies in the am-
bient heat estimates from different heat metrics depend, for
instance, on the local climate conditions, as the number of
days exceeding 30 °C is strongly connected to the average
summer temperatures in a city (see Fig. 5a) and HWMId val-
ues are influenced by the local temperature variability (see
Eqg. 1). Additionally, in some cities the projections vary con-
siderably within a box of 3 x 3 grid cells around the city cen-
tre (Fig. S5), especially for TX exceedances above 30 °C and
HWMId-TX. The variability is generally largest for cities lo-
cated close to the sea, particularly for HWMId-TX. This is
related to the fact that HWMId-TX values are generally much
higher over the sea than on land, which is mostly due to the
low climatological variability in TXx over the sea (Fig. S6).
If cities are located close to the sea, the estimated HWMId-
TX values may thus strongly depend on how much of the
grid cell located closest to the city centre is covered by land
and on how much this land fraction varies across EURO-
CORDEX models. In such cases, an accurate representation
of local interactions between land and sea (e.g. higher spatial
resolution, accurate representation of advection, considera-
tion of humidity) is necessary to generate more robust pro-
jections of ambient heat.

The spatial patterns of the heat metrics can largely be ex-
plained by the local temperature climatology and its pro-
jected changes (see importance of climate factors in Fig. 5),
with varying importance of the single explanatory factors de-
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pending on the considered metric. The explanatory factors
explain most of the spatial variability in TXx change and in
TX exceedances above 30 °C, but they only partly explain
the spatial variability in HWMId-TX. The remaining unex-
plained variance of the heat metrics might be connected to
the amplified increase in extreme temperatures (Seneviratne
et al., 2016; Vogel et al., 2017) (we use summer mean TX
as the explanatory factor) or asymmetric changes in the tem-
perature distributions (we use the symmetric standard devi-
ation of TX as the explanatory factor). For HWMId-TX, the
relatively large unexplained variance might be specifically
connected to the definition of HWMId, i.e. to the usage of
a cut-off temperature to define heat waves and to the stan-
dardisation based on the climatology of TXx. The same is
the case for TX exceedances above 30 °C, which are gener-
ally non-linear due to the usage of the absolute threshold of
30°C. Among the location factors, the latitude of a city is
the most important factor for explaining the spatial variance,
particularly for TX exceedances above 30 °C. Generally, the
explained variance is lower for location factors than for cli-
mate factors, indicating that local climate certainly depends
not only on the coordinates and elevation of a location but
also on other local factors, such as the predominant atmo-
spheric circulation or local feedbacks (e.g. vegetation, soil
moisture). As the contribution of the explanatory variables
to the explained variance is quantified based on correlation
analysis, definitive cause—effect chains cannot be deduced.
Particularly for the climate factors, the results should thus
rather be interpreted as an indication of the extent to which
the calculated heat metrics are influenced by the underlying
temperature distribution and its projected future change.

4.2 Limitations and potential improvements

The ~ 12.5 km spatial resolution of the EUR-11 simulations
enables a much more detailed assessment of climate variabil-
ity and climate change at the city level compared to GCMs,
which have a much coarser spatial resolution (~ 100 km).
Yet, most land surface modules of models in the 0.11°
EURO-CORDEX ensemble only employ a simplified repre-
sentation of urban areas (Table 1), which prevents the full
exploitation of their high spatial resolution for studies focus-
ing on urban areas. A few models represent urban areas as
rock surfaces, thus neglecting the influence of urban vegeta-
tion on the surface energy balance and the influence of ur-
ban buildings on turbulence, radiation, and hydrology. Other
models apply adjusted parameters (e.g. for albedo and rough-
ness length) and a reduced vegetation cover in urban areas,
and thus they consider the characteristics of cities to some
extent. One of the models uses a sophisticated urban land
model, which includes various aspects of urban areas, such
as urban canyons, different levels of urbanisation, and ra-
diation and hydrology schemes specifically adapted for ur-
ban areas. Despite these substantial differences in how urban
areas are represented, no direct link can be found between
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the general behaviour of the different models in the projec-
tion of ambient heat (e.g. comparatively high levels of ambi-
ent heat in HadREM3-GA7-05 and WRF381P and compara-
tively low levels in HIRHAMS, RACMO22E, and COSMO-
crCLIM-v1-1, with all of these models using the adjusted
parameter approach to represent urban areas) and their rep-
resentation of urban areas (Fig. 8, Table 1). The CORDEX
Flagship Pilot Study on URBan environments and Regional
Climate Change (URB-RCC) is tackling the question of ur-
ban parameterisations and may provide important advance-
ments for urban-resolving climate modelling in the medium
term. Investing in the development of urban parameterisa-
tions might have further benefits, as their implementation
in climate models may also affect regional climate outside
the urban areas (Katzfey et al., 2020). Furthermore, urban
temperatures usually exhibit large variability within a city,
i.e. at scales that currently cannot be resolved by the 0.11°
EURO-CORDEX ensemble. Urban-resolving climate mod-
elling may provide a way forward to better quantify climate
effects at scales resolving single neighbourhoods (Sharma et
al., 2021; Hamdi et al., 2020), which would add valuable in-
formation for assessing the risk of heat stress due to climate
change at scales relevant for local health authorities and city
planners.

The reanalysis ERAS5-Land does not have a dedicated ur-
ban tile either, which reduces its suitability for analysing cli-
mate at city level despite its high resolution of about 9 km.
Moreover, the missing urban representation currently pre-
vents the usage of ERAS-Land as a reference dataset for the
application of bias adjustment to investigate urban climate.
Climate data from E-OBS might reflect urban conditions to
the extent weather stations are present in cities. However,
weather stations are located on grassland, and E-OBS might
thus underestimate ambient heat in heavily sealed parts of
cities, such as city centres, inner-city residential areas, or
industrial zones. In the case that data from paired weather
stations inside a city and in its rural surroundings are avail-
able, a bias-adjustment procedure for urban areas developed
by Burgstall et al. (2021) can be applied to adjust climate
model data to urban conditions.

In our analysis, we do not find pronounced UHI effects
(Figs. 3, S3), which is likely related to the simplified rep-
resentation of urban areas in RCMs. The UHI effect may
additionally increase in the future due to global warming
(Koomen and Diogo, 2017; Tewari et al., 2019) and urban
expansion (Huang et al., 2019; Koomen and Diogo, 2017),
and the UHI effect can further be elevated during heat waves
(Ward et al., 2016). More sophisticated representations of ur-
ban areas in RCMs would make it possible to assess how the
EURO-CORDEX models project future UHI developments
and could facilitate sensitivity studies to identify the contri-
butions of climate change, local climate feedbacks, and ur-
banisation to the projected increase in ambient heat in cities.

Differences in climate forcing or process implementation
between the CMIP5, CMIP6, and EURO-CORDEX ensem-
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bles, such as differences in aerosol forcing (Boé et al., 2020;
Gutiérrez et al., 2020; Nabat et al., 2020) or diverging trends
in cloudiness (Bartdk et al., 2017), might further explain dis-
crepancies in climate projections (Taranu et al., 2022). Ad-
ditionally, several EURO-CORDEX models do not consider
plant physiological CO, effects and thus likely underesti-
mate extreme temperatures (Schwingshackl et al., 2019). Al-
though the latter effect is confined to vegetated surfaces and
should thus be less relevant in heavily sealed urban areas, it
might still influence urban temperatures in RCMs that con-
sider vegetation in their representation of urban areas. This
might partly explain the lower ambient heat projections of
the EURO-CORDEX ensemble compared to the CMIP5 and
CMIP6 ensembles, particularly in eastern and northern Eu-
rope.

The usage of absolute thresholds for estimating the num-
ber of exceedance days (i.e. 30 °C for daily maximum tem-
perature and 20 °C for daily minimum temperature) does not
reflect that temperatures vary considerably across European
cities. Consequently, the number of exceedance days differs
substantially across cities, showing a strong gradient from
southern to northern European cities. While absolute temper-
ature thresholds are a common metric used for projections
of ambient heat (e.g. Schwingshackl et al., 2021; Zhao et
al., 2015; Kjellstrom et al., 2009; Casanueva et al., 2020),
epidemiological studies show continuous increases in health
impacts above the locally optimal temperature (i.e. the tem-
perature where minimal effects of health outcomes are ob-
served; Gasparrini et al., 2015). Moreover, epidemiological
studies increasingly use temperature percentiles as exposure
metric instead of absolute temperatures to better reflect local
conditions (Masselot et al., 2023).

5 Conclusions

EURO-CORDEX simulations at 0.11° resolution (EUR-11,
~ 12.5km) deliver climate data for Europe at a resolution
that is high enough to analyse projections of ambient heat
at the city level (Fig. 1). The temperature distributions of
the EURO-CORDEX models generally agree with data from
ERAS5-Land and E-OBS in the 36 major European cities in-
vestigated despite a slight TX warm bias compared to ERAS-
Land, a slight TX cold bias compared to E-OBS, and a TN
cold bias relative to both ERA5-Land and E-OBS (Fig. 3,
Fig. S3).

Using three different metrics to quantify ambient heat at
3 °C warming in Europe relative to 1981-2010 (i.e. changes
in TXx, number of days with temperatures exceeding 30 °C,
and HWMId), we find that ambient heat is projected to in-
crease throughout the 36 major European cities investigated.
Southern European cities will be particularly affected by high
levels of ambient heat, but depending on the considered met-
ric, cities in central, eastern, and northern Europe may also
experience substantial increases in ambient heat (Fig. 4).
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Nighttime HWMId increases even more strongly than day-
time HWMId (Fig. 6), with potentially severe implications
for health (He et al., 2022). In several cities, the projected lev-
els of ambient heat strongly depend on the considered met-
ric, such as in Barcelona, Oslo, Lisbon, and Warsaw. This
indicates that estimates based on a single metric might not
appropriately reflect the risks of adverse health effects due to
ambient heat in a warmer climate.

We further analyse the spatial patterns of the ambient heat
projections in light of the underlying temperature climatol-
ogy and its projected changes and the location of the dif-
ferent cities (Fig. 5). Changes in TXx are mostly connected
to projected changes in the mean and variability in TX, TX
exceedances above 30 °C depend mostly on the average TX
value in the reference period and its projected change, and the
spatial patterns of HWMId are partly explained by changes
in TX and the variability in the reference period. Regarding
the location of cities, latitude plays the predominant role for
explaining the spatial patterns, while the other factors (lon-
gitude, elevation, location close to sea) only have limited ex-
planatory power.

The EURO-CORDEX ensemble estimates lower increases
in TXx and lower HWMId values than the CMIP5 and
CMIP6 ensembles in the majority of the analysed cities
(Fig. 7). Yet, the EURO-CORDEX ensemble has higher TX
exceedance rates of 30 °C in several cities, particularly in
southern Europe. This discrepancy can be due to several fac-
tors, such as differences in forcing (Boé et al., 2020; Gutiér-
rez et al., 2020; Nabat et al., 2020), differences in process
implementation (e.g. Bartok et al., 2017; Schwingshackl et
al., 2019; Taranu et al., 2022), or the higher spatial resolu-
tion of EURO-CORDEX models being able to better repre-
sent local climate conditions. Yet, several EURO-CORDEX
models employ a rather simple representation of urban areas
(Table 1), and the specific climate conditions in urban areas
are thus not fully captured.

The large ensemble of 72 EURO-CORDEX simulations
enables a thorough uncertainty assessment, quantified by the
spread across models. The uncertainties of TXx change are
generally relatively low (around 1 to 2 °C in all cities). For
TX exceedances above 30 °C, relative uncertainties range
from 20 % to 60 % in most southern European cities but are
higher in northern European cities due to their lower TX
exceedance rates of 30°C. Applying a simple adjustment
(see Sect. 2.3) reduces the uncertainties of the projected TX
exceedances above 30°C in all cities and yields lower ex-
ceedance rates in about 40 % of the cities. The estimates of
ambient heat show high spatial variability around the city
centre in cities located close to the shore. Particularly for
HWMI, the estimates differ substantially depending on the
presence of water or land in the respective grid cell (Fig. S95).
Accurate representations of land and sea and of their inter-
play are thus essential for quantifying ambient heat in coastal
cities.
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Our analysis provides an important contribution to es-
timate ambient heat in 36 major European cities by con-
sidering three different metrics and using data from high-
resolution RCM simulations. Future studies would benefit
from a more comprehensive representation of urban areas in
models, which might be developed by the CORDEX Flag-
ship Pilot Study on URBan environments and Regional Cli-
mate Change (URB-RCC) for RCMs. Improving the repre-
sentation of urban areas in the land surface modules of the
EURO-CORDEX RCMs and including an urban represen-
tation in ERAS-Land would allow for an even more accu-
rate estimation of ambient heat at the city level. Further, the
coupling of urban canopy layer models with regional cli-
mate models might pave the way for detailed analyses of
heat stress in cities by combining the high spatial resolu-
tion of urban canopy layer models with the climate variabil-
ity estimates from RCMs. Such an analysis could provide an
important step forward towards a comprehensive analysis of
ambient heat in European cities and worldwide, and it could
be combined with estimates of exposure and vulnerability to
comprehensively quantify future risk of heat extremes.

Cities are expected to increasingly become -climate
hotspots due to their high population density and the local
climate conditions that are partly influenced by how cities
are structured. At the same time, their large innovation po-
tential also gives cities the opportunity to lead the way in im-
plementing climate adaptation strategies. Providing detailed
and accurate data about ambient heat projections at the city
level is essential to enable cities to plan specific and effective
adaptation measures against future heat extremes.
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