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Abstract.
Urban areas are currently vulnerable to the effects of extreme weather events. Climate change is
expected to increase such events, including heatwaves, on which we are focusing on. Our aim is to
quantify how heatwave exposure will evolve with climate change and its impact on populations. We
take advantage of the convection-permitting scale of CNRM-AROME (2.5-km) coupled with the
urban canopy model TEB, to capture urban effects (in particular urban heat island, UHI) and their
interactions with regional processes. The climate simulations cover an extended area of France for
historical (1986-2005) and future (2080-2099) periods using the RCP8.5 emission scenario. The
heatwave indicator (based on Ouzeau et al., 2016) is applied separately to assess the respective
exposure of urban and associated rural areas. CNRM-AROME projects a strong shift in the minimum
and maximum temperature distribution to warmer values in the future, especially in rural areas.
Related to the stronger rural temperature increase, the model projects a diurnal and nocturnal UHI
reduction. Nevertheless, heatwaves maximum intensity, duration and frequency are projected to
increase in both urban and rural areas with climatic and geographical disparities. The results will soon
be extended to a multi-model approach in the framework of CORDEX FPS URB-RCC.

Keywords.
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Highlights.
- The CPRCM AROME simulates the past heatwaves in a realistic way, both in terms of

frequency and duration.
- Climate change is expected to lead to a strong shift towards warmer values and could

exacerbate local climatic and geographical disparities.
- The nocturnal and diurnal UHI under heatwave conditions are expected to decrease by the end

of the century in the 14 cities of metropolitan France.
- Urban and associated rural areas could be affected by an increase in the heatwaves duration,

intensity and frequency, especially along the Atlantic and Mediterranean coasts.
- The countryside could become highly vulnerable to climate change due to changes in physical

processes in the natural environment.
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1. INTRODUCTION

The IPCC Fifth Assessment Report (IPCC AR5, 2014) unequivocally confirms the human impact on
the climate system, causing an increase in global temperatures since the 1950s and consequent
long-lasting changes in climate components and ecosystems. In European land areas, the average
temperature has rapidly increased based on observations from 1970 to 2019 and will continue to rise
under all assessed emission scenarios, at a rate surpassing global mean temperature changes (IPCC
AR6, 2022). Since 1960, an increase was observed in the magnitude and frequency of the hottest
extremes (IPCC AR6, 2022) that are projected to continue increasing in the coming decades (Russo et
al., 2015). This increase is modulated with several climate conditions, such as anthropogenic forcing
(Diffenbaugh et al., 2005), soil moisture (Fischer et al., 2007; Seneviratne et al., 2010), and the water
surface temperature of the ocean (Schubert et al., 2016; Qasmi et al., 2021). According to the scientific
community, a summer as hot as 2003 will likely become common in the future (Schär et al., 2004;
Stott et al., 2004; Beniston, 2004; Christidis et al., 2015), resulting in health-related impacts, among
others. For instance, during the infamous 2003 heatwave (HW, Fink et al., 2004), an excess of
mortality in European cities was partially attributed to extreme heat (Robine et al., 2008), amplified
locally by the Urban Heat Island (UHI) effect, such as in Paris, France (Laaidi et al., 2012). More
recently, the extreme temperatures and dry conditions that hit European cities in the summer of 2022
had catastrophic impacts on human health and well-being, agriculture, food supply, energy prices and
demand, and the natural ecosystem (Copernicus Climate Change Service, 2022).

The impacts of natural hazards are particularly significant in urban areas (Fallmann et al., 2015) due to
the high population density and proximity assets (United Nations, Department of Economic and Social
Affairs, 2019). Therefore, providing reliable information on climate change at the regional or urban
scale is a major challenge for the scientific community to conduct vulnerability, impact, and adaptation
studies. To achieve this, relevant climate indicators and methodologies specific to the type of extremes
have to be evaluated, such as HW, which is the focus of this study. This will help the development of
effective adaptation strategies and enhance the resilience against the impacts of climate change.

The World Meteorological Organization (WMO, 2022) defines a HW as a period of statistically
unusual hot weather persisting for a number of days and nights. However, there is no consensus in the
literature on the objective methodology and reliable thresholds for characterizing and reporting an HW
(Suli et al., 2023). As mentioned for instance by Perkins & Alexander (2013) and Schoetter et al.
(2015), it depends mainly on the context in which the study is performed (human health, electricity
supply, transport, agriculture…).

Absolute thresholds are a useful tool for assessing the vulnerability and potential adaptation strategies
of future HW. For example, biometeorological indices that refer to physiological limits of the
population, such as the human capacity to recover from daytime heat by sleeping, have been applied in
the framework of the French research project EPICEA (French acronym for pluridisciplinary study of
the impacts of climate change at the scale of Paris region) by Lemonsu et al. (2013). These
corresponding thresholds have been used in recent studies, in particular within the framework of the
VURCA project (French acronym for vulnerability of cities to future heatwaves and adaptation
strategies) by Lemonsu et al. (2014), and are also used in Daniel et al. (2018) or Viguié et al. (2020).
These absolute thresholds are based on historical daily minimum and maximum temperature (TN/TX)
by county, using excess mortality dataset collected by the Institute for Public Health Surveillance
(InVS). Absolute thresholds are also appropriate for evaluating energy demand or mitigation
temperatures strategies in buildings in the context of climate change. For instance, Baniassadi et al.
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(2018) used the discomfort index (i.e., indoor temperature > 26 °C) to evaluate indoor thermal
conditions in warmer climates.

In addition, such thresholds have been used to analyze extreme heat events in weather monitoring. In
the early years of development, the national operational warning system for extreme heat events in
France was based on three absolute thresholds on daily mean temperature (TM), adjusted to clearly
identified baseline events (e.g., the HW events of 1947, 1976, 1983, 1994 and 2003). However, the
HW detection method was improved in the last decade by using quantile thresholds, which allow for
detection in varying climatic and geographical contexts (such as in coastal or mountainous areas), as
described in Ouzeau et al. (2016). Most climate studies currently define extreme heat events by
exceeding a quantile threshold, using the temperature distribution over a reference period (Machard et
al., 2020). For instance, HWs are defined based on a single quantile threshold (e.g., Fischer & Schär,
2010; D’Ippoliti et al., 2010; Perkins & Alexander, 2013; Russo et al., 2014, 2015), or on multiple
quantile thresholds (e.g., Ouzeau et al., 2016). These quantiles refer to the high extremes of the
temperature distribution, as defined by the WMO. Quantile thresholds are primarily used to project the
evolution of extreme heat events, including baseline events such as the hot and dry 2003 European
summer in Fischer & Schär (2010), in the context of climate change. In Fischer & Schär (2010), for
example, the 90th percentile threshold applied on daily maximum temperatures (TX) is used to
characterize the meteorological and climatic aspects of extended hot episodes, including HW
characteristics such as maximum duration, frequency, amplitude, and so on.

To study the vulnerability, impact, and adaptation of urban areas to climate change, advanced tools that
consider the 3-D structures of cities, the complex interactions between global, regional, and local
processes, and potential changes in urban areas (such as demographic trends and urban sprawl) and the
urban climate (such as relevant climate projections) should be used. In recent years,
convection-permitting regional climate models (CPRCM) with a horizontal resolution of less than 4
km (Kendon et al., 2021) have shown significant added value compared to coarser climate models
(Soares et al., 2022). CPRCM could be coupled with dedicated urban canopy models to simulate urban
areas for a range of urban-oriented studies (such as assessing day- and night-time urban heat islands in
Keat et al., 2021; evaluating outdoor and indoor overheating in Shu et al., 2021; and simulating local
atmospheric conditions and urban heat islands in Lemonsu et al., 2023). Such optimized models are
increasingly used to evaluate the effectiveness of heat stress mitigation strategies and assess the effects
of urbanization and climate change in urban areas (Argüeso et al., 2013; Keat et al., 2021).

In this study, we take advantage of the original configuration of Lemonsu et al. (2023) and Michau et
al. (2023), based on a CPRCM coupled with a specific urban canopy model, to investigate the
vulnerability of urban and rural areas to climate change. In Section 2, we present the numerical models
used for our analysis, the selection of the cities, and the indicators and methodology implemented to
assess the vulnerability of urban and rural areas to climate change. Section 3 is devoted to evaluating
the ability of the CNRM-AROME CPRCM to simulate extreme heat events and to project the
evolution of these events using the RCP8.5 scenario, which is the higher-end concentration greenhouse
gas scenario. We analyze the evolution of urban climate, focusing on extreme heat events and the UHI
during both day and nighttime periods (UHIN and UHIX respectively). These factors can exacerbate
extreme heat events in urban areas (Tan et al., 2010). After this, we assess the vulnerability of both
urban and rural areas and populations to climate change. Finally, in Section 4, we provide a summary
and conclusion based on our findings.
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2. MODELS AND METHODOLOGY

2.1. Modeling configuration

The CPRCM CNRM-AROME is a three-dimensional, non-hydrostatic, bi-spectral, and limited-area
model, based on the numerical weather prediction model of Météo-France (Seity et al., 2011). Note
that in the following paper, AROME will be used instead of CNRM-AROME. AROME operates for
climate modeling applications at a high resolution of 2.5-km of horizontal resolution. It is coupled to
the SURFEX land surface modeling system (Masson et al., 2013), which provides a suite of surface
parametrization that can be activated based on the land use and land cover. More specifically,
SURFEX includes the Town Energy Balance (TEB) urban canopy model in a configuration close to
the historical version (Masson, 2000) for urban areas, and the Interaction Soil-Biosphere-Atmosphere
(ISBA) model in its version with three soil layers (3-L, Boone et al., 1999) for soils and vegetation.
The model’s physiographic description is based on the GMTED2010 (Global Multi-resolution Terrain
Elevation Data, Carabajal et al., 2011) which has a native horizontal resolution of 250-m, and the
land-use mapping is sourced from the ECOCLIMAP-I database (Masson, 2003) at 1-km of horizontal
resolution.

As part of the European research project EUCP (Hewitt and Lowe, 2018), AROME has been run over
the northwestern part of Europe (see map in Figure 1). The model was first run in an evaluation
configuration driven by ERA-Interim over the period 1998-2018, including two years of spin-up. The
model setup and the simulation are described in detail in Caillaud et al. (2021), and a general
evaluation of the performance of AROME is discussed in Lucas-Picher et al. (2023). The evaluation of
AROME reveals systematic biases in the simulation of incident solar radiation, due to an
underestimation of cloud cover by the model. As a result, AROME tends to be warmer in both
minimum and maximum summer temperatures during summer. Furthermore, the evaluation of
AROME shows a cold bias in spring maximum temperatures, which is related to an overestimation of
precipitation.

In this study, AROME simulations were conducted over an historical time period ranging from
January 1, 1984, to December 31, 2005, and a future period ranging from January 1, 2078, to
December 31, 2099 (including two years of spin-up). In this configuration, AROME is forced every
hour at its lateral boundaries by the Regional Climate Model (RCM) ALADIN (Nabat et al., 2020),
operating at a 12-km horizontal resolution. In turn, ALADIN is driven by the Global Climate Model
(GCM) ARPEGE-Climat (Déqué et al., 1994), also known as CNRM-CM5 as part of the CMIP5
initiative, with a horizontal resolution of 1.4° (Voldoire et al., 2013). The RCP8.5 greenhouse gas
emission scenario is used for this analysis.
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Figure 1. Simulation domain of AROME covering northwestern Europe with a 2.5-km horizontal resolution

2.2. Selection of cities

In this study, we focus on 14 cities within the French metropolitan territory, covered by the simulation
domain, that have been studied in Michau et al. (2023). All the cities are among the most populated
urban areas in France, and are spread across the region to represent various geographical and climatic
conditions.

As the previous study of Michau et al. (2023), these cities were classified according to their climatic
zones, following the methodology of Joly et al. (2010). The cities are grouped into four categories
based on their climatic characteristics: continental climate cities (CON), including Lyon, Dijon,
Nancy, Strasbourg; Mediterranean climate cities (MED), including Marseille, Montpellier, Nice,
Nimes; oceanic climate cities (OCE), including Bordeaux, Lille, Nantes, Rennes; and semi-oceanic
climate cities (SOCE), including Paris and Toulouse. Figure 2 provides a map of the 14 cities with
their climatic zones and the orography shown as background data. Table 1 provides additional
information on each of the cities. Note that the climatic zone characteristics are detailed in Michau et
al. (2023).

5



Table 1. Additional information about the 14 selected cities.
| Sources: The population census and the size of metropolitan areas are from INSEE (the French National
Institute for Statistics and Economic Research) in 2019. The altimetry information is extracted from the IGN
(French National Geographic Institute) digital terrain model at the longitude and latitude coordinates of each
city.

Climate zone City Altitude
(m)

Size of the
metropolitan area

(km²)

Population
(x1000 inhabitants)

OCE
Bordeaux 6 578 814
Lille 23 672 1 179
Nantes 21 523 665
Rennes 24 705 457

CON
Dijon 267 240 255
Lyon 237 534 1 412
Nancy 205 142 258

Strasbourg 136 338 505

MED
Marseille 140 3 149 1 899
Montpellier 39 422 491

Nice 13 1 480 550
Nîmes 76 791 258

SOCE Paris 31 814 7 094
Toulouse 144 458 796

Figure 2. Location of the 14 selected cities in the Metropolitan France area. The climatic zones, based on Joly et
al. (2010), are simplified as proposed by Michau et al. (2023).
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2.3. Climate indicators for urban vulnerability-oriented studies

2.3.1. Urban heat island intensity

The intensity of the urban heat island is calculated with a daily time step for both nighttime (UHIN)
and daytime (UHIX) periods according to:

UHIN = TNURB - TNRUR and UHIX = TXURB - TXRUR (in °C)

In each city, TNURB (TXURB) refers to the minimum (maximum) daily temperatures of the most urban
grid cell with the objective to calculate the maximum intensity of the UHI. The grid cell selection is
done using a systematic check of the land-use fraction based on the ECOCLIMAP-I database (cf.
Section 2.1) and the distance to the city center. The rural minimum and maximum daily temperatures
(TNRUR and TXRUR) are calculated as a spatial average of minimum and maximum temperatures over a
rural mask. The reference geographical domain is defined with a diagonal length of 50-km centered on
the city (Figure 3, right). The rural mask is the set of grid cells within the domain whose fraction of
town and water (based on the ECOCLIMAP-I database) are lower than or equal to 50% and 95%
respectively. Additionally, rural grid points differing in altitude from the urban area by more than 750
m are excluded from the spatial average.

The UHIN indicator has been studied by Michau et al. (2023) for the same set of French cities using a
retrospective evaluation simulation of AROME over the 2000-2018 period. The simulated UHIN has
been compared with long term weather station data to determine the model’s ability to reproduce the
UHI. This related study concluded that AROME realistically simulates the seasonal variability,
minimum and maximum intensities of the nocturnal UHI, and similarities between cities belonging to
the same climatic zones.

2.3.2. Heatwaves definition and detection

The heatwave (HW) detection is performed following the methodology developed over metropolitan
France and applied to the Euro-CORDEX multi-model ensemble by Ouzeau et al. (2016). This method
has the advantage of being applicable to various datasets (observations or models), climatic and
geographic context, and sectors. The method is based on threshold exceedances applied over a long
time series of mean daily temperature (TM). Three different quantiles are used to define the threshold
values over a past reference period of 30 years. A HW event is identified when TM exceeds the 99.5
percentile threshold (Th1). The event lasts before and after the HW peak as long as TM does not fall
durably (i.e., more than two consecutive days) below the 97.5 percentile (Th2) and does not fall even
occasionally below the 95 percentile (Th3). A HW is described by three main parameters: its duration
(in days), its maximum intensity (peak of TM reached during the event, in °C), and its severity (in °C)
calculated as the cumulative degrees above Th2 over the duration of the event.

In this study, the past reference period for the quantiles calculation is the 20-year historical period
1986-2005, using the TM time series from the AROME simulation. The quantiles are defined
separately for the urban and rural areas of each city. In each city, the urban and rural daily mean
temperatures (TMURB and TMRUR) refer to the spatial average of daily temperature time series TM in
the urban mask and the rural mask, respectively (Figure 3). The rural mask is defined as before for the
calculation of UHIN and UHIX. The urban mask is the set of grid cells within the domain whose
fraction of town (based on the ECOCLIMAP-I database) is higher than 50%.
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Figure 3. Urban [left] and rural [right] grid points located in the reference geographical area around the city
centers.

2.3.3. Evaluation of heatwaves over the historical period

Using the proposed HW indicator, the modeled HWs over the historical period 1986-2005 were
compared to the observed HWs with the objective to assess the capacity of AROME to simulate past
events. For this purpose, the method was applied to the TM time series from the ANASTASIA gridded
observation database in the same way as for the simulation data. The ANASTASIA product (Besson et
al., 2019) is a gridded dataset of daily TN and TX daily at 1-km horizontal resolution over
Metropolitan France for the time period 1947-2016 (detailed description in Michau et al., 2023). The
extracted HWs are compared by limiting the analysis to the rural area to: (1) avoid urban influences
which are not precisely represented in the ANASTASIA database since few urban stations were used
to develop this observation database, and (2) focus on regional conditions.

We first compared the temperature quantile values (Th1, Th2, Th3) from the observed and simulated
TM series used to identify HWs. Table 2 presents the biases between the modeled and the observed
thresholds for each city. It shows that AROME systematically underestimates the three thresholds with
a range from -1.6 °C to -4.3 °C depending on the city (except for Marseille which has a lower bias).
There is no increase in cold bias for the more extreme threshold, the biases being very close for the
three thresholds (if compared city by city).

Table 2. HW threshold values calculated on rural environment in AROME CPRCM simulations forced by
CNRM-CM5 using RCP8.5 scenario, compared to ANASTASIA observations over 1986-2005.

Th1 Th2 Th3
Bias (°C)

OCE

Bordeaux -2,6 -2,6 -2,8
Lille -1,8 -1,6 -1,6
Nantes -3,3 -3,4 -3,1
Rennes -3,1 -3,0 -2,9

CON
Dijon -3,2 -3,3 -3,1
Lyon -3,6 -4,0 -3,8
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Nancy -2,6 -2,4 -2,3
Strasbourg -2,7 -2,6 -2,5

MED

Marseille 0,1 -1,4 -1,7
Montpellier -2,1 -2,3 -2,5

Nice -2,8 -4,0 -4,3
Nimes -1,7 -2,1 -2,4

SOCE Paris -2,7 -2,4 -2,3
Toulouse -3,2 -3,5 -3,6

Based on these thresholds that are defined in percentiles, the modeled and observed HWs can be
compared without debiasing the model. Figure 4 provides a comparison between the modeled and
observed number of HW days as an average per year over the 1986-2005 period for all studied cities,
as well as the total number of events. Between 10 and 16 past observed HWs are extracted, with the
lowest number occurring in Bordeaux (OCE), and the highest in Nimes (MED) and Toulouse (SOCE).
In comparison, AROME simulates between 7 and 14 HWs depending on the climatic and geographical
zone. With regard to the number of days, according to the observations, there are fewer days of HWs
for cities in oceanic and continental climatic zones (except for the particular case of Lille) than for
cities in semi-oceanic and especially Mediterranean climatic zones. These geographic contrasts are
less clear in the AROME results. The model tends to slightly overestimate the number of HWs days
for most OCE and CON cities and underestimate it for MED cities. Nevertheless, the range of
variation obtained with AROME is consistent.

Figure 4. Average no. of HW days per year detected in the rural environment in AROME CPRCM simulation
forced by CNRM-CM5 (light gray), compared to the ANASTASIA observation (dark red) over the period
1986-2005. The total number of observed or simulated HWs are noted at the bottom right of each bar of the bar
plot.

The evaluation of the AROME’s capacity to simulate extreme heat events underlines some cold biases
in HW thresholds. A complementary analysis of the AROME simulation forced by ERA-Interim
observations over 2000-2018 showed rather warm biases for HW thresholds (not shown here),
suggesting that the reported biases do not come from the regional climate model. The cold biases are
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likely to be attributed to CNRM-CM5 (Voldoire et al., 2013; Lucas-Picher et al., 2023). Despite that,
AROME performed well in simulating the number of HWs, as well as their average duration per year
during the 1986-2005 period.

Subsequently, the method was applied to the longterm climate simulations using the thresholds defined
for the historical period. The objective is to compare the evolution of the exposure of urban and rural
environments to heat waves with climate change.

3. RESULTS

3.1. Temperature evolution with climate change

Before analyzing the results at the city-scale, the warming trends over France, and the spatial and
seasonal variability of these trends, are studied. The Figure 5 displays seasonal maps of warming in
daytime and nighttime temperatures between 1986-2005 and 2080-2099. In addition, seasonal maps of
change in the 90th percentile of the diurnal and nighttime temperatures (called hereafter TX90p and
TN90p respectively) are presented in Figure 6. The warming over the period 1986-2005 to 2080-2099
shows a significant seasonal variability (Figure 5). The temperature increase varies between +2 and +4
°C in DJF (from December to February) and MAM (from March to May), between +3 and +6 °C in
JJA (from June to August), and between +4 and +7 °C in SON (from September to November).
According to Michau et al. (2023), several French cities are currently experiencing local climatic and
geographical variability. These local spatial disparities are projected to increase with climate change,
with a strong shift towards warmer temperatures (Figure 5). The northern half of France is projected to
warm less than the southern half of France, especially in TX in JJA. In addition, coastal and
mountainous areas such as the Atlantic and Mediterranean coasts, and the Alps, are expected to
become warmer than lowland areas (Figure 5).

The analysis of the change of the upper tail of the TN and TX spatial distribution (Figure 6) confirms
this trend in a more pronounced way. TN90p and TX90p are projected to increase strongly in coastal
and mountainous areas, especially in the diurnal temperature (e.g., +9 on the southern half of the
Atlantic coast). In the Mediterranean region, the projected increase in extreme warm temperatures is
substantial, ranging from +5 to +9 °C in JJA (Figure 6). Our findings are consistent with Christidis et
al. (2015), which shows using several CMIP5 models, covering a region including France, Germany
and Italy, that RCP8.5 projects a warming from +8 to +10 °C for the upper tail of summer mean
temperature by the end of the century. These results are also consistent with the work of Giorgi (2006)
and Diffenbaugh and Giorgi (2012), which identified the Mediterranean region as a “hot spot” for
climate change.

These results highlight that the warming resulting from climate change (according to RCP8.5 emission
scenario) is marked by significant spatial and seasonal variability over the French territory, which
suggests that cities depending on their location will be impacted in different ways. As part of the study,
several perspectives concerning HWs will be investigated, both through a practical application to the
city of Paris (SOCE), and through a generalization to the 13 other selected French cities. In Section
3.2.1, the aim is to analyze the characteristics of HW according to whether they are extracted for urban
areas or surrounding rural areas. In Section 3.3.1, the aim is to analyze the differentiated exposure of
urban and rural areas to HW with climate change.
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Figure 5. Multi-year seasonal minimum [left] and maximum [right] temperatures differences (in °C) between 1986-2005 and 2080-2099 over metropolitan France. The reference
geographical domains for each city are shown with black squares.

11



Figure 6. Multi-year seasonal 90th percentile minimum [left] and maximum [right] temperatures differences (in °C) between 1986-2006 and 2080-2099 over metropolitan
France. The reference geographical domain is shown in black.
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3.2. Urban-rural contrast in heatwaves exposure

3.2.1. Case study of the city of Paris (SOCE)

Figure 6. Simulated HWs (bubble) in Paris over 1986-2005 [left] and 2080-2099 [right] periods, in urban (red) and
rural (green) areas. HWs are characterized by their maximum intensity (y-axis), duration (x-axis) and severity
(bubble size). Remember that HW are detected using mean temperatures. The total number of HW for both
environments and periods is specified at the top left, while the thresholds calculated over the 1986-2005 period are
indicated at the bottom left.

With Paris as a case study, the HWs identified over the historical period for both urban and rural areas
(with specific thresholds for each) are compared on the basis of a bubble chart (Figure 6, left). Over this
period, 12 HWs (4 HW days per year according to further analysis) are simulated in urban areas
compared to 11 HWs (4.1 HW days per year according to Figure 4) in rural areas. The contrast between
urban and rural environments can be attributed to the lower day-night temperature variability in the city
induced by the urban overheating, which prevents the temperature from falling down below the
thresholds for a prolonged period. Both sets of HWs are very comparable in terms of number of
occurrences and number of days. However, the maximum intensity of HWs is systematically higher in
urban areas than in rural areas because the detection thresholds are higher (+0.8, +1.3 and +1.2 °C for
Th1, Th2 and Th3, respectively). This results from the UHI effect that shifts the TM distribution over the
historical period, which is used to calculate the percentile thresholds over urban areas, towards warmer
temperatures.

In addition, the magnitude of both nighttime and daytime UHI was calculated and averaged for HW days,
as illustrated in Figure 7. The UHI is maximum over the Paris city core where it reaches around +3 °C at
night and during the day. If the UHI during HW is averaged spatially over the entire urban area (hatched
area in Figure 7), its intensities are close to the shifts observed on the HW detection thresholds between
urban and rural areas.
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Figure 7. Nighttime [left] and daytime [right] UHI (in °C) during HW days over 1986-2005 period maps in Paris.
Urban areas are indicated by hatching.

3.2.2. Results for the other cities

For each city of interest, the HW detection is performed and HWs are extracted for the urban area and the
associated rural area. In this section, the characteristics of modelled HWs over the 1986-2005 period are
analyzed. Figure 8 displays the distribution of HW duration and maximum intensity in the 1986-2005 and
2080-2099 periods.
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Figure 8. HW duration (in days) [top] and maximum intensity [bottom] in urban (red) and rural (green) areas over
1986-2005 (white background), and 2080-2099 (gray background) periods for each city. Remember that HW are
detected using mean temperatures.

The duration of extreme heat events (Figure 8, top) varies between urban and rural areas over the period
1986-2005. The median duration is generally slightly higher in rural areas, with the exception of Rennes
(OCE), Dijon (CON), and Nancy (CON). However, the distribution of the HW duration is relatively
homogeneous in both areas, with events slightly scattered around the median, as observed in Nice (MED).
It should be noted that the sample size consists only of the 20-year span of the period 1986-2005, which
counts few extreme heat events (as shown using ANASTASIA observation database in Figure 4). The
sample size is quite small for further discussion. Nevertheless, these results provide a useful basis for
assessing changes in extreme heat events with climate change.

As for Paris, the median maximum intensities of HWs in the 1986-2005 period are systematically higher
in urban areas than in rural areas for all cities. Again, this is caused by the daytime and nighttime UHI (as
presented in Table 3). The UHIs calculated for HW days for all cities are systematically positive over the
period 1986-2005, with Lyon (CON) having the highest daytime and nighttime UHI of 3.88 and 4.41 °C
respectively. Figure 8 also shows a significant climatic and geographical variability, with higher
maximum intensities in the southern part of France, such as in Bordeaux (OCE), Lyon (CON) or
Marseille (MED), than in the northern part of France. This is consistent with the previous study by
Soubeyroux et al. (2016), which found strong regional differences in HW maximum intensity over
metropolitan France. The southern half of France, including the Mediterranean region, reflects typical
climatic conditions characterized by a distribution of HW maximum intensity above 25 °C.
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Table 3. Nocturnal and diurnal HW days UHI changes (in °C) for HIST and LONG periods. Biases are indicated by
colors ranging from dark blue for negative biases to dark red for positive biases. Non-significant biases around 0
are indicated in white.

UHIN (°C) UHIX (°C)
1986-2005 2080-2099 2080-2099 - 1986-2005 1986-2005 2080-2099 2080-2099 - 1986-2005

OCE

Bordeaux 1,99 1,77 -0,21 2,05 1,72 -0,33
Lille 1,96 1,99 0,03 1,75 1,82 0,07
Nantes 1,28 1,20 -0,08 2,00 1,60 -0,40
Rennes 1,36 1,18 -0,18 2,07 1,86 -0,20

CON

Dijon 2,43 2,15 -0,29 2,78 2,26 -0,51
Lyon 3,88 3,73 -0,15 4,41 3,90 -0,52
Nancy 1,54 1,56 0,02 2,08 2,00 -0,08

Strasbourg 2,64 2,53 -0,11 3,77 3,64 -0,13

MED

Marseille 2,73 2,44 -0,29 0,94 0,56 -0,38
Montpellier 2,07 2,01 -0,06 1,53 1,77 0,24

Nice 8,94 8,35 -0,59 6,17 5,48 -0,69
Nimes 1,42 1,32 -0,10 1,83 1,79 -0,04

SOCE Paris 2,94 2,61 -0,33 2,40 1,93 -0,47
Toulouse 2,12 1,97 -0,15 2,34 1,91 -0,43

3.3. Evolution of heatwaves exposure with climate change

3.3.1. Case study of the city of Paris (SOCE)

The comparison of HWs detected for the Paris region for the historical period 1985-2006 and the
long-term period 2080-2099 with RCP8.5 shows an increase of the frequency of HWs in both urban and
rural areas by about 6 times with climate change (Figure 6, right). Figure 6 also shows a significant
increase in the duration of HWs, with several events lasting more than a month. This finding is in
agreement with Brown (2020), who projected a 130% increase in the duration of HW in Paris based on a
rate of about 10 days in the historical period, using an ensemble of GCM from CMIP5 forced with the
RCP8.5 scenario. Finally, for a majority of HWs, the maximum intensity of the event increases at the end
of the century.

For Paris, 68 events are reported in urban areas and 63 in rural areas for the last two decades of the 21st
century, i.e. an average of 3.40 and 3.15 events per year. But while there are more HWs detected in urban
areas, the events are rather longer in rural areas (see Paris’ boxplot in Figure 8, top), so that the
cumulative number of HW days is slightly higher (as shown in Figure 10). The bubble chart also shows
that the differences in maximum intensity between urban and rural HWs appear to be narrowing for a
number of late-century events. In conclusion, we can see that for Paris both the intensity and duration of
HWs are increasing more in rural areas than in urban areas with climate change under the RCP8.5
scenario.

Temperatures remain higher overall in urban areas than in rural areas, with average UHIs at night and
during the day of 2.61 °C and 1.93 °C, respectively (Table 3). Nevertheless, the intensity of UHIs
decreases by -0.33 °C at night and -0.47 °C during the day between 1986-2005 and 2080-2099. The
spatial evolution with climate change of the daytime and nighttime UHI during HW days is mapped in
Figure 9. The UHIs decrease in response to an increase of background temperature TRUR with spatial
variation, by +0.6 and +1.2 °C during the day and night respectively.
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Figure 9. Nighttime [left] and daytime [right] UHI differences (in °C) during HW days between 1996-2005 and
2080-2099 periods maps in Paris. Urban areas are indicated by hatching.

3.3.2. Evolution of HW for the other cities

Figure 10. Average no. of heatwave days per year in urban (red) and rural (green) areas over 1986-2005 (white
background), and 2080-2099 (gray background) periods for each city.

The analysis of the HW evolution is extended to all cities. The average number of HW days per year over
the 1986-2005 period ranges between 3.5 and 5 days in both urban and rural areas (Figure 4), with no
clear pattern emerging in relation to climate and geographical areas. With climate change, the number of
HW days increases by a factor of 7 to 14 (Figure 10). These differences in the increase in the number of
HW days are consistent with the variability of warming trends over the French metropolitan area (as
discussed in Section 3.1). The smallest increase is observed for the northernmost cities, especially for
Lille (OCE), but also Nancy, Strasbourg (both CON) and Paris (SOCE) that experience the smallest
warming trends according to Section 3.1. On the contrary, the largest increase in HW days is observed for
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the Mediterranean cities (Montpellier, Nice, Nimes, and to a lesser extent, Marseille), that experience a
strong warming between 1986-2005 and 2080-2099 (Section 3.1). Nantes, Rennes, and Bordeaux (all
three in OCE), located close to the Atlantic coast, as well as Toulouse (SOCE), located in the south of
France, also experience a significant increase in HW days until the end of the century, in response to a
strong warming, especially in JJA (Section 3.1).

The results also provide clear evidence of a significant shift in the distribution of HW duration across in
both urban and rural areas due to climate change for all cities (Figure 8, top). The most notable changes
occur in the Mediterranean region, in accordance with Fischer and Schär (2010), where HWs lasting three
weeks or more are becoming much more frequent. The median of HW duration increases slightly in both
urban and rural areas, with the exception of the urban area of Nancy (CON) and the rural area of Nantes
(OCE). The distribution of HW maximum intensity increases in both urban and rural areas of most cities
(at the top of Figure 8). The median increases by between +0.6 and +2.2 °C in urban areas and by
between +0.5 and +2.1 °C in rural areas. Again, the largest increases are seen in the Mediterranean cities.
The behavior of Nice (MED) may not be well captured in both periods, possibly due to the complex
topographic context previously highlighted in Michau et al. (2023).

The comparison between urban and rural areas highlights that the projected changes in HW days (Figure
10) are slightly greater in rural areas than in urban areas, for most cities (except for the Mediterranean
cities of Montpellier, Nîmes, and Marseille). Additional analyses suggest that this is a response to a
significant increase in rural temperatures in JJA (not shown here). Based on studies of historical extreme
heat events, high temperatures in rural areas are mainly due to significant soil dryness (Beniston, 2004),
which reduces evaporation from vegetation that cools the air (Zampieri et al., 2009). Several factors,
depending mainly on large-scale dynamical processes (e.g., anomalous SST studied in Feudale and
Shukla, 2010), could explain the dry conditions, such as record temperatures, below-normal precipitation
(Ferranti and Viterbo, 2006), specific wind circulations, and more. Also, even if the maximum intensity of
HWs remains generally more pronounced in urban areas than in rural areas in all cities (Figure 8,
bottom), the gap between the two environments (urban and rural) is narrowing compared to the
differences in maximum intensities noted over the historical period due to the general decrease of UHI for
all cities (as shown in Table 3). By the end of the century, the UHIs calculated for HW days are projected
to decrease by less than -1 °C, with climatic and geographical variation. The reduction of UHI intensities
in JJA has already been projected in previous climate change studies. For example, in Europe, Lemonsu
et al. (2013), Hamdi et al. (2013, 2016), and McCarthy et al. (2012) found a reduction in nighttime and
daytime UHI intensities in Paris, Brussels, and London, respectively. Further analysis shows that urban
temperatures warm slightly less than rural temperatures under climate, in line with Fischer et al. (2012)
and Oleson et al. (2010). This could be caused by a lack of precipitation and/or a soil moisture depletion
leading to a decrease in evapotranspiration as shown by several studies (Oleson, 2012; Mueller and
Seneviratne, 2012; Miralles et al., 2014; Hamdi et al., 2015; Kong et al., 2021).

Finally, the evolution of the calendar range of occurrence of HWs between 1986-2005 and 2080-2099 is
also analyzed for the different cities (Figure 11). In most cities, HWs start in June and end in September
over the period 1986-2005. They are more common in August, with a maximum frequency of 20%. In
most of the cities, HWs are simulated on an extended HW period at the end of the century in both urban
and rural areas, ranging from early May to late September. There are climatic and geographical
disparities, mainly in the length of time HWs last and in the frequency with which these phenomena
occur. The calendar range of the occurrence of HWs is more extensive in Bordeaux, Nantes, Rennes and
to a lesser extent in Lille (all four in OCE), where the first early HWs are simulated at the end of April. In
other cities they appear later, especially in SOCE, where the first HW start in June. Mediterranean cities
stand out with maximum HWs frequency around 90% in mid-July, while other cities are around 70% in
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the same month. The results are particularly impressive in the cities belonging to the Mediterranean
region, as the frequency of HWs is higher than 80% between the middle of July and the middle of
August.

The difference between urban and rural areas in the calendar range of HW occurrence over the period
1986-2005 is relatively small (less than 2%). However, where it exists, the HWs frequency is highest in
the rural area. By the end of the century, the urban and rural contrast is strengthening, especially between
August and October. In Bordeaux and Lille (both OCE), Dijon and Nancy (both CON), and in Paris and
Toulouse (both SOCE), Figure 11 shows that rural areas are more subject to late HWs than urban areas
(by between +5 to +10%). The Mediterranean cities (except Nice) show a less marked urban/rural
contrast.

Figure 11. Heatwave days frequency (in %) between April to October in urban (in red) and rural (in green) areas
over the periods 1986-2005 (in dotted line) and 2080-2099 (in solid line) for each city.
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SUMMARY AND CONCLUSION

This study takes advantage of 20-years of the online coupling of the urban canopy model TEB with the
high-resolution climate model AROME over ongoing 20-years periods to study the exposure of French
cities to the evolution of HWs with climate change (under the RCP8.5 scenario). Our findings suggest
that urban and rural areas will respond differently to climate change. More specifically, both UHIN and
UHIX during heatwave conditions are decreasing by the end of the century with climatic and
geographical variability responding to temperature changes in urban and rural areas. Rural areas are
projected to experience greater temperature increases than urban areas probably due to changes in rural
physical processes, such as soil moisture depletion, which could affect the cooling capabilities of the rural
environment.

Despite the decrease in UHI until the end of the century, our study projects that HW will become more
frequent, longer, and more intense in urban areas due to the pronounced increase in urban temperatures
following global warming. Previous studies have also reported that urban areas will experience
significantly more warm nights than rural areas by the end of the century (Oleson, 2012; McCarthy et al.,
2010). Our findings show that hot weather events will become more frequent, more intense, and more
persistent in the Mediterranean region in the context of climate change, in line with Perkins-Kirkpatrick
and Gibson (2017). This region is already experiencing the impacts of extreme weather events, such as
HW (Baccini et al., 2009), and the populations are highly vulnerable. As the climate continues to warm,
this vulnerability will continue to increase. These findings have significant implications for urban
planning, highlighting the urgent need to develop effective strategies to adapt to a changing climate and
reduce the negative impacts of extreme hot events on human health and well-being.

While our study provides important insights into the potential impacts of climate change on heatwaves, it
is important to acknowledge the uncertainty inherent in such projections. The complexity of the climate
system, as well as the limitations in the numerical tools used and the difficulty of simulating local-scale
processes contribute to this uncertainty.

It is worth noting that our study focused on the RCP8.5 scenario, which is considered the higher end
greenhouse gas concentration scenario due to high CO2 emissions, and not necessarily the most probable
one. The plausibility of such a high CO2 scenario is debated in the literature, but it is still valuable
because of the uncertainty in carbon-cycle feedback. Therefore, it seems necessary to specify that the
results are probably among the worst that could happen. Next, it would be interesting to apply our
methodology to multiple greenhouse gas scenarios to assess the range of possible outcomes. Another
approach would be to assess the impacts of climate change on the basis of specific global temperature
changes (e.g., +2, +4, or +6 °C).

Furthermore, it is important to note that our study uses a complex modelling chain including a global
climate model, a regional climate model, and a very high-resolution climate model. While this
configuration allows the investigation of meteorological and climatic conditions related to the urban
climate, as well as the complex interaction between local and regional environments, it also introduces
the possibility of bias transfer and inconsistencies (Boé et al., 2020). Although uncertainties were reduced
through several improvements of individual models, there is still potential for errors associated with the
model and the internal variability of the climate. Therefore, the methodology should be generalized to an
ensemble of European CPRCMs within the framework of the CORDEX flagship pilot study URB-RCC
(URBan environments and Regional Climate Change) in order to support the results obtained here and to
reduce the errors associated with the model and the internal climate variability.
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