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3 Département des sciences de la Terre et de l’atmosphère, Université du Québec à Montréal,
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Abstract 1

With climate change, the challenges associated with extreme heat in cities are 2

becoming ever more pressing. There is a need for accurate climate change projec- 3

tions for cities, and for robust quantification of changes in extreme temperatures 4

under the combined effect of global warming and urban heat effect. The present 5

study takes advantage of an ensemble of existing high-resolution climate simu- 6

lations for a multi-model analysis of the urban climate and its evolution in the 7

Paris region (France). Seven members, based on different Convection-Permitting 8

Regional Climate Models (CP-RCM), provide 10-year simulations for a common 9

historical period and two future periods with the RCP8.5 greenhouse gas emission 10

scenario. The ensemble was analyzed to evaluate the CP-RCMs depending on 11
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the configuration, especially the surface database and land-surface modeling 12

including or not a dedicated urban parameterization (based on a slab approach 13

or an urban canopy model). All urbanized CP-RCMs capture the urban heat 14

island (UHI) and its seasonal variations. A more precise assessment of CP-RCMs 15

according to the type of parameterization remains tricky, and very sensitive 16

to the type and resolution of land cover database. The analysis of projections 17

indicates that all models agree with an increase in heatwave occurrences over 18

Paris region, with greater signal on the natural areas surrounding the city. Most 19

projections suggest a significant mitigation in the daytime UHI at seasonal scale 20

in summer, and a decrease in nighttime UHI during heatwaves. The multi-model 21

approach therefore makes it possible to confirm previous results already obtained 22

by analyses based on a single model. 23

Keywords 24

Convection-permitting Regional Climate Models, Multimodel simulations, 25

Urban climate, Heatwaves, Climate change projections. 26
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1 Introduction 27

Climate change is amplifying weather conditions, leading to an increase in 28

the frequency and intensity of extreme temperature events, and record-breaking 29

heatwaves (IPCC, 2021). Heatwaves are climatic extreme phenomena of great 30

concern due to the high vulnerability of societies to high temperatures. In Europe 31

in particular, the exceptional heatwave of summer 2003 had dramatic health 32

consequences. It resulted in a significant excess mortality in many cities across 33

Europe (Robine et al., 2008), exacerbated locally by the effects of the Urban Heat 34

Island (UHI), as observed in Paris, France (Laaidi et al., 2012). This particularly 35

significant event and the frequent heatwaves observed over the last decade led 36

to a lasting awareness on the society and the public authorities. The urban 37

environment and urban populations are highlighted as particularly vulnerable, 38

making it crucial to properly assess the impacts of climate change in cities and 39

implement appropriate adaptation policies. 40

Noticeable gaps remain in the literature regarding the analysis of future 41

exposure of urban populations to heatwaves, especially due to the complexity in 42

the processes involved and the interactions of spatial scales. On the one hand, 43

heatwaves are linked to specific large-scale weather patterns characterized by 44

synoptic high-pressure systems driving warm air masses (Perkins, 2015). On 45

the other hand, the local surface conditions, and notably the soil moisture, can 46

influence the intensity or persistence of heatwaves (Sangelantoni et al., 2023; de 47

Vries et al., 2024). In addition, in the case of heatwaves affecting cities, the local 48

influence of urban climate is an additional factor to be taken into account. These 49

interactions between spatial scales and physical processes require a comprehensive 50

and appropriate modeling framework, involving a climate modeling chain for a 51

dynamical downscalling from global to local climate (using limited-area high- 52

resolution regional climate models), as well as dedicated urban parameterizations 53

and databases. 54

Regional Climate Models (RCMs) are recognized as valuable tools for studying 55

the mechanisms behind heatwaves and their evolution in the context of climate 56
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change over the Mediterranean region (Molina et al., 2020). Despite the major role 57

of GCMs, Molina et al., 2020 pointed out that RCMs simulated the more detailed 58

spatial patterns and features of heatwaves resulting from the regional coastal 59

and orographic effects. Recently, the finer horizontal resolution and improved 60

physics of very high-resolution RCMs, known as Convection-Permitting RCMs 61

(CP-RCMs), have enhanced the representation of small-scale weather mechanisms 62

(Kendon et al., 2021), as well as the surface-atmosphere feedbacks (Knist et al., 63

2017), compared to coarser-resolution RCMs. According to Sangelantoni et al., 64

2023, CP-RCMs also improve the representation of warmer/drier conditions than 65

their forcing RCMs (not only during heatwaves), in response to a stronger land- 66

atmosphere coupling in CP-RCMs. When modelling urban areas, improving the 67

horizontal resolution of the models must be accompanied by the implementation 68

of a dedicated surface parameterisation and description. Lemonsu et al., 2023 69

highlighted the added value of integrating an urban canopy model in the CP-RCM 70

for a realistic simulation of urban processes and associated effects on the spatial 71

contrasts of temperature and precipitation between the city and the countryside. 72

By using a CP-RCM and a bulk parametrisation scheme, Adinolfi et al., 2023 73

has also shown how this modeling configuration is able to correctly represent the 74

heat released during the summer night hours in terms of minimum temperatures 75

over cities. 76

Building on these insights, Michau et al., 2024 assessed the exposure of French 77

cities and their rural environments to heatwaves using the CP-RCM AROME 78

(Lucas-Picher et al., 2023) coupled to the urban canopy model TEB (Masson, 79

2000). Nonetheless, the future increase of heatwaves over urban areas highlighted 80

by Michau et al., 2024 need to be consolidated by the analysis of an ensemble 81

of CP-RCMs. In fact, analyses derived from CP-RCM ensembles, carried out 82

for example in the field of convection (e.g. Fosser et al., 2024) and wind speed 83

(e.g. Molina et al., 2024), have proven their advantages and robustness. The 84

present study is based on an ensemble of CP-RCMs simulations carried out 85

in the CORDEX FPS-Convection project (CORDEX Flagship Pilot Study on 86

Convective Phenomena over Europe and the Mediterranean, Coppola et al., 87
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2020). The Paris region is here used as a case study for the intercomparison 88

of CP-RCMs. Several factors make the city of Paris ideal for developing an 89

multi CP-RCM intercomparison. Paris is one of Europe’s major cities, with an 90

extensive urban area and a fairly simple geographical location (relatively flat 91

topography and no coastline), which means that the results can be interpreted 92

with a focus on urban aspects. 93

In this study, the ensemble of CP-RCM simulations is analyzed to investigate 94

and quantify the evolution of the urban climate in response to global warming, 95

and to project long-term changes in the exposure of Paris urban population 96

to heatwaves. It should be noted that this work contributes to the CORDEX 97

FPS URB RCC (CORDEX Flagship Pilot Study on URBan environments and 98

Regional Climate Change, Langendijk et al., 2024) community to improve our 99

understanding of the interactions between regional and urban climates. In this 100

context, a major challenge of this study is to exploit the current CP-RCM 101

ensemble of climate simulations to draw scientific findings, but also to clarify 102

the experimental setup requirements (modeling chain, surface databases, or the 103

need of a surface energy balance model specific to the urban environment) for 104

future intercomparisons. 105

The next section presents the models and simulations used in the multi-model 106

analysis, as well as the climate indicators selected to assess the vulnerability of 107

urban and rural areas to global warming. In section 3, we analyze the evolution of 108

the indicators, including temperature, UHI intensity, the heatwave characteristics 109

for all the climate simulations. Finally, section 4 provides a summary and 110

conclusion based on our findings. 111

2 Materials and methods 112

2.1 Models and simulations 113

For the present study, seven CP-RCM climate simulations have been selected 114

from the set of simulations carried out as part of the CORDEX FPS-Convection 115
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project (Coppola et al., 2020). They were run on a common domain centered 116

over the Alps (ALP-3), with grid spacing between 2.5 and 4 km, and covered a 117

common historical period and at least one future medium- or long-term horizon 118

(Table 1). These seven simulations have been produced with a spatial dynamical 119

downscaling starting from CMIP5 GCM simulations based on RCP8.5 greenhouse 120

gas (GHG) emission scenario, and all including an intermediate RCM. They 121

used four different CP-RCMs: two simulations have been produced with WRF 122

(Skamarock and Klemp, 2008), two with COSMO-CLM (Rockel et al., 2008), two 123

with AROME (Belušić et al., 2020; Caillaud et al., 2021), and one with RegCM4 124

(Coppola et al., 2021; Pichelli et al., 2021). 125

A complete description of the dynamics and physics of these CP-RCMs is 126

presented by Ban et al., 2021 as part of a wider group of CP-RCMs that have 127

been evaluated. Here, a description of the CP-RCM configurations is provided, 128

focusing on the representation of urban areas i.e., the choice of surface schemes 129

and urban parameterizations, as well as the land cover databases. 130
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Table 1. Climate modeling configurations used in the study.

Name Institute GCM RCM CP-RCM Simulation period

WRF-BCCR-AUTH BCCR NorESM1-ME

(Bentsen et al., 2013)

WRF381DA (EUR-15, 15 km)

(Skamarock and Klemp, 2008)

WRF381DA (ALP-3, 3 km)

(Skamarock and Klemp, 2008)

1996-2005

/

/

WRF-BCCR-AUTH AUTH NorESM1-ME

(Bentsen et al., 2013)

WRF381DA (EUR-15, 15 km)

(Skamarock and Klemp, 2008)

WRF381DA (ALP-3, 3 km)

(Skamarock and Klemp, 2008)

/

/

2090-2099

WRF-IPSL IPSL IPSL-CM5A-MR r1

(Dufresne et al., 2013)

WRF381CE (EUR-15, 15 km)

(Skamarock et al., 2008)

WRF381CE (ALP-3, 3 km)

(Skamarock et al., 2008)

1996-2005

2041-2050

CCLM-BTU BTU CNRM-CM5 r1

(Voldoire et al., 2012)

CCLM4-8-17 (EUR-11, 12 km)

(Keuler et al., 2016)

CCLM5-0-14 (ALP-3, 3 km)

(Rockel et al., 2008)

1996-2005

2041-2050

2090-2099

CCLM-CMCC CMCC EC-EARTH r12

(Hazeleger et al., 2011)

CCLM5-0-9 (EUR-11, 12 km)

(Rockel et al., 2008)

CCLM5-0-9 (ALP-3, 3 km)

(Adinolfi2021)

1996-2005

2041-2050

2090-2099

AROME-CNRM CNRM CNRM-CM5 r1

(Voldoire et al., 2012)

CNRM-ALADIN63 (MED-11, 12 km)

(Nabat et al., 2020)

CNRM-AROME41t1 (ALP-3, 2.5 km)

(Caillaud et al., 2021)

1996-2005

2041-2050

2090-2099

AROME-KNMI KNMI EC-EARTH r14 r04 r13

(Hazeleger et al., 2011)

RACMO23E (WCE-11, 12 km)

(van Meijgaard et al., 2012)

HCLIM38h1-AROME (ALP-3, 2.5 km)

(Belušić et al., 2020)

1996-2005

2041-2050

2090-2099

RegCM-ICTP ICTP HadGEM2-ES r1

(Jones et al., 2011)

RegCM4-7-1 (EUR-11, 12 km)

(Giorgi et al., 2012)

RegCM4-7-1 (ALP-3, 3 km)

(Coppola et al., 2021)

1995-2005

2040-2049

2090-2099

131
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Table 2. Surface modeling configurations used in the study.

Name Institute Land cover database Land surface scheme Urban parametrization

WRF-BCCR-AUTH BCCR/AUTH CORINE Land Cover 2006 NOAH-MP [single class]

(Niu et al., 2011)

Slab

WRF-IPSL IPSL CORINE Land Cover 2006 NOAH [single class]

(Ek et al., 2003)

UCM

(Kusaka et al., 2001)

CCLM-BTU BTU GLC2000

(Bartholomé and Belward, 2005)

TERRA-ML [tiles]

(Schrodin and Heise, 2001)

No urban

CCLM-CMCC CMCC GLC2000

(Bartholomé and Belward, 2005)

TERRA-ML [tiles]

(Schrodin and Heise, 2001)

TERRA-URB v1

(Wouters et al., 2015)

AROME-CNRM CNRM ECOCLIMAP-I

(Champeaux et al., 2005)

SURFEX [tiles]

(Masson et al., 2013)

TEB

(Masson, 2000)

AROME-KNMI KNMI ECOCLIMAP-II

(Faroux et al., 2013)

SURFEX [tiles]

(Masson et al., 2013)

TEB

(Masson, 2000)

RegCM-ICTP ICTP MODIS and LandScan 2004

(Yang et al., 2006) (Dobson et al., 2000)

CLM4.5 [tiles]

(Oleson and Lawrence, 2013)

CLMU

(Oleson et al., 2010)

132
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For the seven selected CP-RCMs simulations, two types of urban parametriza- 133

tions with varying levels of complexity have been used. For the slab-type models, 134

the urban areas are considered as flat surfaces for which surface properties are 135

modulated to approximate real urban characteristics (e.g. high surface roughness, 136

low albedo, anthropogenic heat emissions). Depending on the approach, this 137

may involve a dedicated urban parameterisation or an adaptation of the existing 138

Soil-Vegetation-Atmosphere Transfer scheme. The Urban Canopy Models (UCM) 139

provide a more realistic description of urban geometry and separate the various 140

elements of the urban canyon (road, roof, walls). The radiative, energetic and 141

turbulent exchanges between the urban areas and the atmosphere are calculated, 142

taking into account the effects of shading, radiative trapping and drag of build- 143

ings. Unlike the slab approach, an air temperature is calculated within the urban 144

canyon. 145

WRF 146

The version 3.8.1 of WRF (Skamarock et al., 2008) with a horizontal resolution 147

of 3 km has been used for two different experiments. The Bjerknes Centre for 148

Climate Research (BCCR) and the Aristotle University of Thessaloniki (AUTH) 149

has collaborated to conduct joint experiments (hereinafter referred to as WRF- 150

BCCR-AUTH), covering both the historical 1996-2005 and the end-of-century 151

period 2090-2099 periods. An intermediate 15-km WRF simulation was forced 152

at its lateral boundaries with the GCM NorESM1-ME (Bentsen et al., 2013). 153

Another WRF climate simulation (hereinafter referred to as WRF-IPSL) was 154

conducted by the Institute Pierre Simon-Laplace (IPSL). An intermediate 15- 155

km WRF simulation was forced by the GCM IPSL-CM5-MR (Dufresne et al., 156

2013). The WRF-IPSL experiments cover the historical period 1996-2005 and 157

the medium-term period 2041-2050. 158

Land surface processes are simulated using the NOAH surface scheme (Ek 159

et al., 2003) in WRF-IPSL or using the more sophisticated NOAH-MP surface 160

scheme (NOAH Multi-Parameterization, Niu et al., 2011) in WRF-BCCR-AUTH 161

configuration. The latter allows a more detailed representation of ground-related 162
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processes compared to the previous version (Ban et al., 2021). The representation 163

of urban areas also differs in the two experiments: WRF-BCCR-AUTH uses a 164

simple slab-type parameterization associated with specific surface parameters to 165

reflect urban cover characteristics (albedo, emissivity, thermal properties, surface 166

roughness), whereas WRF-IPSL relies on the single-layer urban canopy model 167

(UCM) described by Kusaka et al. (2001). In WRF experiments, the land-use 168

and land-cover database is based on the 2006 CORINE Land Cover. 169

COSMO-CLM 170

The Brandenburg University of Technology (BTU) and the Centro Euro- 171

Mediterraneo sui Cambiamenti Climatici (CMCC) have both used the RCM 172

COSMO-CLM (Rockel et al., 2008) at 3-km horizontal resolution, but from 173

the two different versions 5.0.9 and 5.0.14, respectively. These experiments are 174

subsequently referred to as CCLM-BTU and CCLM-CMCC. BTU used version 175

4.0.17 of CCLM and the GCM CNRM-CM5 (Voldoire et al., 2012) to force 176

an intermediate 12-km CCLM-RCM. CMCC used version 5.0.9 of CCLM and 177

the GCM EC-EARTH (Hazeleger et al., 2011) to force an intermediate 12-km 178

RCM. Both experiments cover the three time periods of interest i.e., 1996-2005, 179

2041-2050, and 2090-2099. 180

Both experiments use the same TERRA-ML land-surface model (TERRA 181

Multi-Layer, Schrodin and Heise, 2001), which resolves the soil column into eight 182

vertically stretched layers (Doms et al., 2005). CCLM-BTU is the only experiment 183

of the ensemble that does not incorporate any specific parameterization to 184

represent urban areas that are modeled as natural covers. In contrast, CCLM- 185

CMCC uses the TERRA-URB parameterization. This slab-type parameterization 186

is enhanced, notably considering additional parameters such as anthropogenic 187

heat flux (Wouters et al., 2015). Surface characteristics are provided by the 188

GLC2000 land-use and land-cover database (Bartholomé and Belward, 2005). 189
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AROME 190

Different CP-RCM AROME versions are developped by the Centre National 191

de Recherches Météorologiques (CNRM) and the Royal Netherlands Meteorolog- 192

ical Institute (KNMI) at a 2.5-km horizontal resolution. The notable differences 193

between these versions and configurations of AROME are detailed by Belušić 194

et al., 2020. The experiment AROME-CNRM follows the cycle 41t1 of AROME, 195

as described in Caillaud et al., 2021. AROME-CNRM is driven by an intermedi- 196

ate RCM CNRM-ALADIN v6 (Nabat et al., 2020) simulation that is forced by 197

the GCM CNRM-CM5 (Voldoire et al., 2012). The experiment AROME-KNMI 198

follows the cycle 38 of AROME described in Belušić et al. (2020). AROME-KNMI 199

is driven by an intermediate RCM RACMO23E (van Meijgaard et al., 2008; 200

van Meijgaard et al., 2012) simulation that is forced by the GCM EC-EARTH 201

(Hazeleger et al., 2011). The AROME-CNRM and AROME-KNMI experiments 202

cover three 10-year time periods 1996-2005, 2041-2050, and 2090-2099. 203

The land surface scheme used by the AROME experiments is SURFEX 204

(Masson et al., 2013), following version 7.2 for AROME-CNRM and for AROME- 205

KNMI with differences in snow and soil parameterizations in particular (D95 snow 206

scheme by Douville et al., 1995 and ISBA 3-L by Boone et al., 1999 for AROME- 207

CNRM, and multi-layer snow scheme ISBA-ES by Decharme et al., 2016 and 208

ISBA-DIFF by Decharme et al., 2011 for AROME-KNMI). For the representation 209

of urban areas and the calculation of radiation, energy, and momentum fluxes, 210

both AROME configuration activated the original version of the urban canopy 211

model Town Energy Balance (TEB) without vegetation in the canyon (Masson, 212

2000). For AROME-KNMI, the air layer in the canyon is parameterized and 213

the air temperature is calculated at mid-height of the buildings according to 214

method of Masson, 2000. For AROME-CNRM, the CANOPY option (Hamdi 215

and Masson, 2008) allows a vertical discretisation of the air layer in the canyon 216

using a simplified boundary layer model. Finally, the land-use and land-cover 217

databases are ECOCLIMAP-I (Champeaux et al., 2005) for AROME-CNRM 218

and ECOCLIMAP-II (Faroux et al., 2013) for AROME-KNMI, for which the 219

urban cover differs particularly. 220
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Reg-CM4 221

The Abdus Salam International Centre for Theoretical Physics (ICTP) devel- 222

ops the RegCM RCM (Giorgi et al., 2012). In this study, we used a simulation 223

produced by the RegCM version 4.7.1 at 3-km resolution that is detailed in 224

Coppola et al. (2021). For this experiment, referred to as RegCM-ICTP, the 225

GCM HadGEM2-ES (Jones et al., 2011) provides the lateral boundary condi- 226

tions to the intermediate 12-km RCM RegCM4-7-1 (Giorgi et al., 2012), which 227

then forced the 3-km CP-RCM RegCM. The experiments cover the historical 228

1995-2005 period, and the mid- and long-term horizons 2040-2049 and 2090-2099 229

periods, respectively. 230

The atmospheric model of RegCM is coupled with the surface scheme CLM4.5 231

(Oleson and Lawrence, 2013) in which the equations for water and energy balances 232

are solved for each land cover type using specific schemes, and then aggregated 233

at the grid level. The main land cover types include glaciers, lakes, vegetation, 234

and crops, with characteristics obtained from MODIS (Yang et al., 2006), as well 235

as urban areas based on the LandScan 2004 dataset (Dobson et al., 2000). In 236

particular, the urban areas in the surface scheme CLM4.5 are represented using 237

the single-layer urban canopy model CLMU (Community Land Model Urban, 238

Oleson et al., 2010). 239

2.2 Urban and natural masks 240

The surface modeling is very different from one CP-RCM to another. The 241

CP-RCMs use surface schemes of different levels of complexity and different 242

urban parameterizations. Moreover, different datasets are used by the CP-RCMs 243

to take into account the land-use and its conversion into surface properties. In 244

order to compare fairly the models with regard to surface processes in an urban 245

environment, the native grid of each CP-RCM is retained to preserve the surface 246

information integrity (without interpolating the simulations on a common grid). 247

Establishing a common methodology for deriving urban and rural tempera- 248

tures from each model using consistent spatial masks specific to each CP-RCM 249
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is particularly challenging. The methodology applied here consists in defining 250

urban and natural masks over the region of Paris following the approach of 251

Garćıa-Nieto et al. (2018). The Paris urban area is bounded by a circle with a 252

radius of 20 km (Rurb) corresponding to the surface area Aurb. The rural area is 253

defined by the peripheral zone of the urban area defined as a ring of minimum 254

radius Rrur1 = Rurb+0.25
√
Aurb and maximum radius Rrur2 = Rurb+1.5

√
Aurb. 255

Then, the properties of the land surface from each CP-RCM are used to exclude 256

from the urban and natural areas the cells for which the type of cover does not 257

match with those from the masks considered (Figure 1). 258

The CCLM-BTU, CCLM-CMCC, WRF-BCCR-AUTH and WRF-IPSL mod- 259

els apply a predominant surface cover approach. Based on the type of surface 260

cover from the selected databases (GCL2000 for both CCLM experiments and 261

CORINE Land Cover 2006 for both WRF experiments) that is interpolated on 262

the CP-RCM 3-km grid, the predominant land-cover class is selected for each 263

grid cell. It is then straightforward to exclude urban cells from the natural mask, 264

and natural cells from the urban mask (see Figure 1). The other models applied 265

a tiling approach that is commonly used for land-surface modeling. According to 266

this approach, each cell is divided in fractions of different covers (e.g. water, sea, 267

urban, nature) coming from the land-cover database. Therefore, thresholds need 268

to be defined for the coverage fractions in the grid cells in order to distinguish 269

urban pixels from natural pixels. A sensitivity analysis allowed us to set the 270

minimum threshold at 60 % for the urban fraction resulting in urban areas of 271

fairly comparable size for all CP-RCMs. For the natural masks, cells for which 272

the urbanization threshold is reached are excluded (see Figure 1). 273

The number of pixels in each urban and natural mask is shown in Figure 1. 274

The size of the natural masks is fairly comparable between the models, varying 275

from around 12900 km2 to 14000 km2. For the urban masks, there are more 276

significant differences, with sizes ranging from 440 km2 to over 1200 km2. In 277

particular, we note a very compact urban mask for RegCM-ICTP due to the 278

land use database used. 279
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Figure 1. (Top) Spatial distribution of the 4 main surface types (artificial in red, forest in green, agricultural in
yellow, and water in blue) for different models. (Bottom) Definition of urban (in red) and nature (in green) masks
calculated from the different models. From left to right, the configurations of the different models are namely the
(NOAH-MP/NOAH, TERRA-ML, SURFEX, and CLM4.5) and their associated land cover databases (CORINE Land Cover

2006, GLC2000, ECOCLIMAP-I, ECOCLIMAP-II, CORINE Land Cover/LandScan 2004).
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2.3 Climate indicators and analysis method 280

The meteorological variables from the CP-RCMs used in this study are 281

the daily minimum (TN) and maximum (TX) temperatures. The daily mean 282

temperature (TM) is computed averaging together TN and TX (TM not being 283

directly available). Urban and rural temperatures are determined on the basis 284

of the urban and natural masks defined earlier for each model (Section 2.2). 285

The intensity of the nocturnal urban heat island (UHIN) is calculated as the 286

difference between the minimum temperature averaged over the urban mask and 287

that averaged over the natural mask, as follows: UHIN = TNURB − TNRUR. 288

The same is done for the intensity of the daytime urban heat island (UHIX) 289

using the maximum temperature. 290

TN and TX of the natural mask are used to characterize regional climate 291

conditions over the Paris region during the historical period (HIST, corresponding 292

to the period 1996-2005). Not taking urban grid points into account means that 293

climate trends are analyzed without potential urban influences, - at this stage 294

of the analysis -. Simulated temperatures during HIST of the ensemble and 295

individual CP-RCMs are compared with the observed ANASTASIA dataset 296

(a gridded dataset of daily minimum and maximum temperatures at a 1 km 297

horizontal resolution over metropolitan France covering the period 1947-2016, 298

Besson et al., 2019) for evaluation purposes. It should be noted that this database 299

is unable to accurately represent the influence of urban areas on climate, as the 300

kriging method used to develop the product does not take into account a large 301

number of urban weather stations. 302

Future trends of regional climate conditions of the ensemble and individual 303

CP-RCMs are analyzed for both the medium-term (MT, 2041-2050) and the long- 304

term (LT, 2090-2099) periods, relative to the HIST period (1996-2005). Climate 305

projections were produced using the RCP8.5 greenhouse gases concentration 306

scenario 307

An additional analysis focuses on the evolution of heatwaves and their charac- 308

teristics (maximum intensity, duration, and severity) between HIST period and 309
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the two future periods, following the approach already implemented by Michau 310

et al. (2024). As a reminder, the heatwaves are detected in accordance with 311

the definition of Ouzeau et al. (2016). Three different thresholds as quantiles 312

99.5, 97.5, and 95 (for peak, beginning and end of heatwave respectively) are 313

applied on long timeseries of daily mean temperature (TM) by considering the 314

entire time series (not just JJA days). This approach is applied to the simulated 315

timeseries of TM, indepedantly for each CP-RCM, and by distinguishing urban 316

and natural environments (i.e. on temperature over the urban or rural mask). 317

3 Results and discussions 318

3.1 Minimal and maximal temperatures 319

3.1.1 Evaluation of the CP-RCMs over the historical period 320

Figure 2 presents the daily distributions of TNRUR and TXRUR simulated 321

by each CP-RCM over HIST period, as well as the multi-model ensemble mean, 322

in the different season. These values are compared to the observed distribution 323

provided by the ANASTASIA observation dataset for the same period. The 324

analysis is restricted to the natural mask to investigate regional trends, avoiding 325

urban influences. The distribution of ANASTASIA illustrates the climatology of 326

the region of Paris that corresponds to a semi-oceanic climate, with significant 327

variations in TN and TX across the seasons. 328
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Figure 2. Daily distributions of TN (left) and TX (right) in the natural environment during HIST period, observed
in the ANASTASIA product and simulated by the ensemble and each individual CP-RCM, in the different season.
Winter (DJF), spring (MAM), summer (JJA), and autumn (SON) seasons are represented by the colors gray, green,
yellow, and brown, respectively. Dashed lines illustrate the medians of each distribution.
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CP-RCM experiments exhibit diverse performances, as illustrated in Figure 329

2. RegCM-ICTP considerably overestimates TN in all seasons, with median 330

biases equal to or exceeding +2.4 °C (with a maximum bias in DJF). Conversely, 331

WRF-IPSL underestimates TN, with biases of the median from -2.2 °C in DJF 332

and JJA to -5.3 °C in MAM, with pronounced cold extremes in DJF and JJA. 333

Although less significant, cold biases are also seen in the seasonal distributions of 334

TN for AROME-KNMI, CCLM-BTU, and AROME-CNRM with values ranging 335

from -0.6 °C to -2.8 °C. CCLM-CMCC and to a lesser extent WRF-BCCR-AUTH 336

are the models that most faithfully reproduce TN, with median biases ranging 337

±0.5 °C, except in JJA for WRF-BCCR-AUTH. The seasonal distributions for 338

the ensemble mean of TN are quite realistic, indicating of error compensation 339

from each model. The main defects are the too cold TN in MAM (primarily 340

attributable to WRF-IPSL and AROME-CNRM). 341

For TX, positive biases of the medians are evident in JJA for WRF-BCCR- 342

AUTH (+2.1 °C) and RegCM-ICTP (+1.6 °C), along with pronounced warm 343

extremes. RegCM-ICTP is also too warm in DJF, with a median bias of +1.2 °C. 344

On the other hand, the other models tend to underestimate TX, with median 345

biases ranging from -0.8 °C to -4.7 °C, with a significant cold bias for AROME- 346

CNRM in JJA. Consequently, the ensemble mean exhibits a cold bias for all 347

seasons, with median biases ranging between -1.0 °C and -2.3 °C, with the most 348

pronounced bias during MAM. 349

In this analysis, RegCM-ICTP stands out with the higher temperatures 350

compared to the other models and observations. These discrepancies could be 351

attributed to systematic biases inherent in the forcing RCM or GCM. According 352

to Vautard et al. (2021), the forcing GCM contributes more than the RCM itself 353

for TX, but for TN, the most important contribution is the RCM. For TX, the 354

warm biases for RegCM-ICTP could be associated with the HadGEM2-ES GCM 355

(Collins et al., 2008). However, drawing definitive conclusions about the causes of 356

the biases is challenging without further analysis, as the CP-RCMs used different 357

RCM and GCM forcings. 358
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3.1.2 Projected minimum and maximum temperatures 359

Summer maps of TN and TX simulated by all CP-RCMs over HIST period 360

are shown in Figure 3 and Figure 4, together with the difference maps of TN and 361

TX between the MT and LT horizons (using RCP8.5 GHG emission scenario) 362

and HIST period. As a reminder, six models are available for the MT horizon 363

(all except WRF-BCCR-AUTH), and six models for the LT horizon (all except 364

WRF-IPSL). 365
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Figure 3. Summer TN during HIST period (top) simulated by each individual CP-RCM. Differences between
MT and HIST period (middle), as well as between LT and HIST period (bottom) simulated by each individual
CP-RCM.
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Figure 4. Summer TX during HIST period (top) simulated by each individual CP-RCM. Differences between
MT and HIST period (middle), as well as between LT and HIST period (bottom) simulated by each individual
CP-RCM.

21/45



The TN and TX maps for summer (JJA) in HIST period show the temperature 366

differences between the CP-RCMs, in line with the distributions already discussed. 367

They also show the regional contrasts in the study area, between the south-east 368

and the north-west. Finally, they highlight the city’s signal on TN and TX, which 369

varies in strength depending on the model (this will be discussed later). Note 370

that CP-RCMs are not compared with observations here, as there are no data 371

covering the entire area and enabling accurate representation of temperatures in 372

urban areas over HIST period. As a reminder, the ANASTASIA product used 373

earlier in the study is unable to accurately represent the influence of urban areas 374

on climate, as the method used to develop the product does not take into account 375

a large number of urban weather stations. 376

Over the 10-year MT period, the ensemble mean projects a warming of +1.2 377

°C in TN (with a range of +0.5/+2.2 °C) and of +0.9 °C in TX (with a range 378

of -0.3/+2.6 °C depending on the model). The warming increases significantly 379

by the end of the century (LT period), reaching +4.3 °C in TN (with a range 380

of +3.0/+5.9 °C) and of +4.9 °C in TX (with a wider range of +2.4/+7.5 °C 381

depending on the models). CCLM-BTU projects the smallest warming for both 382

TN and TX. Conversely, WRF-BCCR-AUTH projects the strongest warming for 383

both TN and TX. 384

According to Figures 3 and 4, the CP-RCMs suggest a warming at the regional 385

scale, without any spatial pattern of accentuated warming at the urban level 386

(as in de Vries et al. (2024)). For the two future periods, but more clearly for 387

LT, the analyses reveal that the north to south spatial gradient of TN in JJA is 388

reinforced compared to HIST period for all models. 389

3.2 Nocturnal and diurnal urban heat islands 390

3.2.1 Evaluation of the CP-RCMs over the historical period 391

The seasonal UHIN and UHIX indicators for HIST period, calculated respec- 392

tively as the difference in TN and in TX between urban and natural areas, are 393

presented and compared for all CP-RCMs in Figure 5 (left panel). 394
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Figure 5. (A) Nocturnal (top) and diurnal (bottom) median daily UHIs (in °C)
for each CP-RCM in the different season.(B) Variation in median daily UHIs (in
°C) for each CP-RCM between MT and HIST periods (on the left), as well as
between LT and HIST periods (on the right) in the different season. Differences
between distributions were assessed using the Mann-Whitney non-parametric test
adapted for independent samples with hypotheses H0 (medians are equal) and
H1 (medians are different). Symbols refer to the following significance thresholds:
***: 1e-4 ≤ p-value ≤ 1e-3, **: 1e-3 ≤ p-value ≤ 1e-2, *: 1e-2 ≤ p-value ≤ 0.05,
ns (not significant): 0.05 ≤ p-value ≤ 1.
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Firstly, we note the differentiated behaviour of CCLM-BTU, which has 395

systematically lower UHIN and UHIX values than all the other CP-RCMs, which 396

is consistent with the fact that it is the only model not to represent urban 397

areas. Nevertheless, UHIN are slightly positive for all seasons (0.2 °C) and UHIX 398

slightly higher (between 0.4 and 1.0 °C), that could result from differences in 399

surface properties between urban and natural cells. However, we do not have 400

specific information on these surface properties. The other CP-RCMs, that 401

incorporate a representation of urban areas (using simple slab model or more 402

sophisticated UCM), all simulate positive UHIX and UHIN for HIST period 403

(except WRF-IPSL in DJF) with intensities varying from one model to another. 404

In the vast majority of cases, they simulate stronger UHIN than UHIX, which 405

is consistent with the literature and our knowledge of the physical processes 406

involved in the development of urban heat island, which is a typically nocturnal 407

phenomenon (Oke et al., 2017). Only AROME-CNRM simulates an UHIX that 408

is slightly stronger than the UHIN, in JJA. 409

The results also show a pronounced seasonal variation, especially during the 410

night, with a minimum in DJF and a maximum in JJA. Again, this corresponds 411

to what is expected, since the UHI intensity is strongly governed by the incoming 412

solar radiation, which favours the heat storage in urban infrastructures (Oke 413

et al., 2017). Only CCLM-CMCC simulates a maximum UHIN in SON (2.1 414

°C) but with value close to that in JJA (1.9 °C). The dispersion of UHIN and 415

UHIX intensities between the models is relatively high, even when the analysis is 416

limited to CP-RCMs that incorporate a specific urban surface parameterization. 417

For instance, RegCM-ICTP shows an UHIN of 1.5 °C in JJA against 4.2 °C for 418

WRF-BCCR-AUTH. It is noteworthy that WRF-IPSL stands out significantly 419

by displaying a near zero and even negative UHIN in SON and DJF, respectively. 420

3.2.2 Change of urban heat islands with climate change 421

The seasonal differences in UHIN and UHIX calculated between the two 422

future periods MT and LT and the HIST period are presented in Figure 5 (middle 423

and right panels). For MT period, most models do not show significant differences 424
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at the 95 % confidence level, whether for UHIN or UHIX (differences between 425

-0.1 and 0.1 °C). However, WRF-IPSL projects a significant decrease in MAM 426

(-0.22 °C), JJA (-0.38 °C), and SON (-0.14 °C) for UHIN, as well as in DJF (-0.14 427

°C) for UHIX. To the contrary, UHIN simulated by AROME-CNRM presents a 428

significant increase in MAM (+0.14 °C) in TN. 429

The change of the UHI becomes more pronounced in LT than in MT, and 430

significant for a larger number of models (Figure 5, right panel). However, there 431

is little agreement on the changes between the models. This is particularly the 432

case for seasonal UHINs. In DJF, no significant change is found for all models. 433

In MAM, CCLM-CMCC and AROME-CNRM agree on a significant increase 434

of +0.11 °C and +0.12 °C, respectively. In JJA, only AROME-KNMI indicates 435

a significant decrease in UHIN of -0.06 °C. Finally, in SON, AROME-KNMI 436

projects a decrease of the UHIN (-0.08 °C) that is close to that in JJA, but 437

WRF-BCCR-AUTH shows a significant increase of +0.16 °C of UHIN. Regarding 438

UHIX, WRF-BCCR-AUTH, CCLM-CMCC, AROME-CNRM, and AROME- 439

KNMI agree on a significant decrease (with variations down to -0.35 °C for 440

WRF-BCCR-AUTH) in JJA. No significant change is noted for the other seasons 441

for most of the models. Only CNRM-AROME shows an increase of the UHIX in 442

MAM (+0.15 °C) followed by a decrease in JJA and SON (-0.14 °C and -0.13 °C, 443

respectively). 444

3.3 Heatwaves 445

In this section, the future changes of heatwave characteristics are analyzed, 446

distinguishing urban and natural environments (as done by Michau et al., 2024). 447

Using quantile thresholds for heatwave detection provides a new perspective on 448

the ability of the different CP-RCMs to simulate hot extremes of temperature. 449

The three quantile thresholds (99.5, 97.5, and 95) used to detect heatwaves 450

according to the Ouzeau et al. (2016) method are determined for ANASTASIA 451

observations and for each CP-RCM both for HIST period and on the natural 452

mask. The values are compiled in Table 3. 453
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Table 3. Comparison of TM quantiles 99.5 (S1), 97.5 (S2) and 95 (S3) in °C
calculated for each model, for the observed ANASTASIA dataset over the HIST
period for the natural mask, and for the urban weather station over the HIST
period. In addition, the difference between the quantiles calculated for the urban
mask and for the natural mask is indicated in brackets.

S1 (°C) S2 (°C) S3 (°C)
Observations 26.7 (+0.7) 22.6 (+2.0) 21.4 (+1.8)

WRF-BCCR-AUTH 29.3 (+3.3) 26.8 (+3.0) 24.3 (+2.9)

CCLM-BTU 26.2 (+0.7) 22.9 (+0.8) 20.9 (+0.6)

CCLM-CMCC 25.3 (+1.9) 22.3 (+1.7) 20.8 (+1.9)

AROME-CNRM 22.6 (+2.6) 20.6 (+2.4) 19.5 (+2.3)

RegCM-ICTP 29.4 (+1.8) 26.2 (+1.5) 24.4 (+1.5)

WRF-IPSL 24.1 (+2.3) 21.0 (+1.9) 19.3 (+1.6)

AROME-KNMI 25.6 (+1.1) 22.0 (+1.2) 20.2 (+1.1)

Compared with ANASTASIA, WRF-BCCR-AUTH and RegCM-ICTP show 454

higher temperature for all quantiles in the natural environment. As in previous 455

analyses, these models stand out as particularly hot. On the contrary, AROME- 456

CNRM and to a lesser extent AROME-KNMI and WRF-IPSL show lower 457

temperature quantiles compared to those observed. CCLM-BTU and to a lesser 458

extent CCLM-CMCC realistically simulate extreme heat conditions, with values 459

close to those of ANASTASIA (difference of ± 1 °C for the different quantiles). 460

As expected, the same quantile thresholds, this time calculated for the urban 461

mask (Table 3, values in brackets), are much higher than for the natural mask due 462

to urban influences. This is the case for all the models except for CCLM-BTU, 463

which has no representation of urban areas. 464

The average number of heatwave days per year, as well as the duration of 465

heatwaves, calculated for each CP-RCM over the HIST and future (MT and LT) 466

periods, and for both the urban and natural environements, are presented in 467

Figure 6. 468
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(a) Average number of heatwave days per year.

(b) Duration (in days) of heatwaves.

Figure 6. Indicators characterizing heatwaves in urban (in red) and natural
(in green) environments in HIST (white), MT (light grey), and LT (dark grey)
periods. The box extends from the first quartile (Q1) to the third quartile (Q3)
of the data, with a line at the median. The whiskers extend from the box to the
farthest data point lying within 1.5x the inter-quartile range (IQR) from the box.
Flier points are those past the end of the whiskers.
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For the HIST period, as induced by the heatwave definition, the models 469

simulate a fairly comparable number of heatwave days on average over the year, 470

of the order of 5 days per year (Figure 6a). The differences of heatwave days 471

between urban and natural areas are less than ± 0.5 days per year, except for the 472

WRF-BCCR-AUTH, CCLM-CMCC, and WRF-IPSL experiments (differences of 473

-1.2, -0.9, and +0.8 days per year, respectively). The above results were expected 474

since they are directly linked to the heatwave detection quantiles that are different 475

for urban and natural environments. The median durations of heatwaves vary 476

between 5 and 9 days between models, with some events lasting more than 10 477

days and up to 2 weeks (Figure 6b). Most of models show very small differences 478

between urban and natural environments. Nonetheless, WRF-BCCR-AUTH 479

simulates shorter heatwaves for natural areas than for urban areas, and inversely 480

AROME-CNRM simulates longer heatwaves for urban areas than for natural 481

areas. 482

With climate change, the average number of heatwave days per year changes 483

by a factor of 0.7 to 3.4 for the MT and by a factor of 4.2 to 11.1 for the 484

LT periods (Figure 6a). At the end of the century, significant differences in 485

number of heatwave days are noted between models. WRF-AUTH-BCCR and 486

RegCM-ICTP simulate more heatwave days than the other CP-RCM, which is 487

consistent with the more marked warming TN and TX trends shown in Figure 488

3 and 4. Those differences could result from the influence of driving RCMs 489

and GCMs. For instance, RegCM-ICTP shows a strong increase between HIST 490

and LT periods (+42.9 and +42.2 heatwave days per year in rural and urban 491

environments, respectively), probably in response to the warm signal of the 492

HadGEM2-ES GCM (Collins et al., 2008). Figure 6a also displays interesting 493

insights related to the different surface schemes used by CP-RCMs. As expected, 494

without urban representation, CCLM-BTU shows similar increase trends for 495

both urban and natural environments, with differences of less than or equal to 496

0.1 days per year in MT and LT, respectively. In contrast, other models show 497

a larger average number of heatwave days per year in natural environments 498

compared to urban areas, between +0.7 to +3.7 days per year for MT (except for 499
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AROME-CNRM) and between +1.9 to +8.4 days per year for LT, highlighting a 500

pronounced response of the natural environment to climate forcing. A similar 501

finding was made in the single-model study of Michau et al., 2024 using the CP- 502

RCM CNRM-AROME. Nevertheless, a comparison of the results of the different 503

CP-RCMs does not reveal any typical responses depending on whether the model 504

uses a slab or UCM approach. Finally, the impacts of climate change on urban 505

and natural environments are more pronounced when considering the heatwave 506

duration (Figure 6b). Several models show, in both median and extreme values, 507

that heatwaves may last longer in rural than in urban areas by the end of the 508

century. 509

3.3.1 Urban heat islands during heatwaves 510

In order to better understand the differences in behaviour between urban 511

and natural areas, urban heat islands are here analyzed more specifically for 512

heatwave periods, as done in Michau et al. (2024). Figure 7 shows the changes 513

in UHIN and UHIX during heatwave days between the HIST period and the 514

two future periods for the different models. Over the HIST period, the UHIX 515

intensities calculated on heatwave days are slightly lower than those calculated 516

previously on average over the summer (see JJA in Figure 5, left panel). On the 517

other hand, the UHIN intensities are higher during heatwaves (in response to 518

climatic conditions favouring and amplifying the nocturnal phenomenon) with 519

variations between CP-RCM which are in agreement with those already noted 520

for JJA. 521
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Figure 7. Changes in the daytime (top) and nighttime (bottom) UHI during
heatwave days (in °C) between HIST (light orange), MT (orange) and LT
(red) periods. Differences between distributions were assessed using the Mann-
Whitney non-parametric test adapted for independent samples with hypotheses
H0 (medians are equal) and H1 (medians are different). Symbols refer to the
following significance thresholds: ***: 1e-4 ≤ p-value ≤ 1e-3, **: 1e-3 ≤ p-value
≤ 1e-2, *: 1e-2 ≤ p-value ≤ 0.05, ns (not significant): 0.05 ≤ p-value ≤ 1.
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When comparing the different time periods, Figure 7 shows that among the 522

five urbanized CP-RCMs that cover HIST and LT periods, three of them (WRF- 523

BCCR-AUTH, RegCM-ICTP, AROME-KNMI) indicate a significant decrease in 524

UHIN intensity during heatwave conditions. CCLM-CMCC shows a decrease in 525

the median, but this is not statistically significant. As for AROME-CNRM, it 526

shows no decrease, although this was the case in previous analyses by Michau 527

et al. (2024), but over an extended future simulation period covering 2080-2099 528

and the northwestern domain (NW-3). This raises questions about the length of 529

the analysis period needed to perform robust urban climate projection studies. 530

It can be seen that the trends obtained on a seasonal scale (JJA in Figure 5) or 531

during heatwaves are not necessarily in agreement. In Figure 5, only AROME- 532

KNMI shows a significant downward trend in summer UHIN. In contrast, for the 533

UHIX, the seasonal summer trends show a significant drop for three CP-RCMs, 534

while there is very little signal for heatwave days. 535

4 Conclusions 536

A multi-model ensemble of simulations has been performed in the coordinated 537

FPS Convection project. In total, seven CP-RCMs using urban climate module 538

with different levels of sophistication were used for the present study over an 539

historical period and at least one future period (mid- or long-term). Using 540

this ensemble of simulations, this paper addressed several scientific questions 541

related to the simulation of the urban climate and its evolution with climate 542

change. Specifically, a first objective was to evaluate the ability of the CP-RCMs 543

to simulate the urban climate, taking into account their characteristics, the 544

modeling chain, the type of surface scheme that they used, and the presence or 545

absence of a dedicated parameterization (urban module) to simulate the urban 546

physical processes. A second objective was to assess the models’ agreement 547

on the projection of regional temperatures, urban climate, and heatwaves with 548

climate change. 549

First, the analysis and comparison of CP-RCM results over the HIST period 550
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showed that the CP-RCMs with an urban surface parameterization were able 551

to represent the UHIs (daytime abd nighttime), including their typical seasonal 552

variation. However, this comparison did not reveal any difference in performance 553

between the CP-RCMs based on the simple slab approach and those incorporating 554

an urban canopy model for representing urban areas (which should capture the 555

nocturnal UHI better). 556

Based on the RCP8.5 GHG emission scenario, the multi-model ensemble 557

projected a significant increase of mean annual temperature of around +3.7 °C 558

in longterm period over the region of Paris, consistent with values reported in 559

the literature over Metropolitan France using this GHG scenario (Soubeyroux 560

et al., 2021). The study also highlighted that most CP-RCMs simulate a decrease 561

of the UHI effect during daytime in JJA, similar to the results obtained by 562

Hamdi et al. (2015) for Brussels, Belgium. This response could be attributed to a 563

larger increase in temperatures in the natural environment surrounding the city, 564

possibly due to a lack of precipitation and/or decrease of soil moisture, which 565

could impact the cooling capacities of that environment with evaporation, as 566

feature that had been raised in other studies (Mueller and Seneviratne, 2012; 567

Oleson, 2012; Miralles et al., 2014; Le Roy et al., 2024). To confirm these results, 568

it could be relevant to conduct an in-depth analysis of several meteorological 569

parameters, including (1) precipitation, especially in the months preceding intense 570

heat periods, (2) soil moisture content, and (3) latent and sensible heat fluxes. 571

Finally, the analysis of the multimodel ensemble of projections indicated a 572

strengthening of heatwaves for the end of the century period in terms of the 573

number of heatwave days and duration, with a rather good agreement between 574

the models’ projections. 575

This first study of urban effects in a multi-model configuration is very 576

promising. Nevertheless, some limitations regarding the configuration of the 577

simulations or access to data could be highlighted. The ensemble of models used 578

here is a bit too small and experiments too short-term (10 years) to carry out a 579

robust sensitivity study on the variability of CP-RCM’s performance and their 580

projection of heatwaves and UHIs. This highlights the importance to define 581
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a dedicated experimental protocol for urban climate in the future coordinated 582

projects such as the FPS URB-RCC. This initiative aims to better understand the 583

contribution of urban parameterizations and the level of sophistication needed 584

to simulate more realistically the urban climate. For that end, the current 585

experiment protocol should be reconsidered to facilitate intercomparison studies, 586

providing more detailed information on models and surface databases. The 587

original methodology developed and presented here, particularly for processing 588

surface data and defining urban and natural masks, could be useful for future 589

studies focusing on the simulation of the UHI with CP-RCMs. 590
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C., Careto, J. A. M., Coppola, E., Demory, M.-E., de Vries, H., Dobler,

A., Feldmann, H., Goergen, K., Lenderink, G., Pichelli, E., Schär, C.,

Soares, P. M. M., Somot, S., & Tölle, M. H. (2024). Convection-permitting

climate models offer more certain extreme rainfall projections. Climate

and Atmospheric Science. https://doi.org/10.1038/s41612-024-00600-w
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