PhD Yohanna Michau 
email: yohanna.michau@meteo.fr
  
Aude Lemonsu 
  
Philippe Lucas-Picher 
  
Cécile Caillaud 
  
Gaby Langendijk 
email: gaby.langendijk@hzg.de
  
Sven Kotlarski 
email: sven.kotlarski@meteoswiss.ch
  
Rafiq Hamdi 
email: rafiq.hamdi@meteo.be
  
  
  
  
  
  
EVALUATION OF THE URBAN HEAT ISLAND OF 12 CITIES OF FRANCE IN A HIGH-RESOLUTION REGIONAL CLIMATE MODEL SIMULATION
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In a context of climate change, the evolution of local urban climate conditions could exacerbate the existing environmental and health problems of urban populations. In order to understand the physical processes associated with the urban climate and the potential evolution in local and regional climates, an atmospheric model coupled with a surface scheme including a parametrization of the urban environment can be employed. In this study, the CNRM-AROME Convection-Permitting Regional Climate Model (CP-RCM) coupled to the Town Energy Balance (TEB) module was used at 2.5km of horizontal resolution to assess the model's ability to simulate the atmospheric fields (including minimum and maximum temperatures or precipitations), and the Nighttime Urban Heat Island (UHIN). The simulated urban climate of 12 cities located in metropolitan France is evaluated against different observed datasets on a climatological basis. The model produces some systematic biases on the incoming solar radiation and precipitation, which could explain some biases on surface temperatures. Nevertheless, CNRM-AROME realistically simulates the seasonal variability and the minimum and maximum intensities of UHIN over most cities. Following its satisfactory performance, CNRM-AROME seems a suitable climate model to estimate the future evolution of the urban climate of these cities with climate change.

INTRODUCTION

Urban areas are highly artificial environments, with high 3-D structures [START_REF] Kuttler | The Urban Climate -Basic and Applied Aspects[END_REF], and few natural and plant-covered surfaces. These characteristics modify the surface radiation and energy exchanges, that especially increase storage of heat [START_REF] Oke | Urban climates[END_REF] and initiate the well-known Urban Heat Island (UHI) phenomenon, resulting in higher temperatures in the city than in surrounding rural areas. Surface imperviousness, and urban infrastructures and networks modify local water flows, increase the surface runoff, and reduce evaporation. In addition, combination of surface roughness and warming induce thermal and dynamic turbulence that disturbs the near-surface airflow and dynamics of the atmospheric boundary layer.

The above urban characteristics give rise to a specific urban climate that changes the street-level environmental conditions, but also interact with meteorological and climatic phenomena at local and regional scale, and most of the time enhance high-impact weather hazards [START_REF] Masson | Urban Climates and Climate Change[END_REF]. Cities can influence wind speed and the direction of synoptic flow, and modulate local atmospheric circulations [START_REF] Childs | Observations and Numerical Simulations of Urban Heat Island and Sea Breeze Circulations over New York City[END_REF][START_REF] Lemonsu | The New Canadian Urban Modelling System: Evaluation for Two Cases from the Joint Urban 2003 Oklahoma City Experiment[END_REF][START_REF] Bauer | Interaction of Urban Heat Island Effects and Land-Sea Breezes during a New York City Heat Event[END_REF]. They may increase the persistence of cloud cover by advecting moisture [START_REF] Theeuwes | Persistent cloud cover over mega-cities linked to surface heat release[END_REF], and enhance the development of convective cloud (Shimadera et al., 2014). Studies have also shown a change in the frequency and intensity of thunderstorms [START_REF] Kingfield | Effects of City Size on Thunderstorm Evolution Revealed through a Multiradar Climatology of the Central United States[END_REF]Ashley et al., 2012), and an increase of precipitation over urban areas during summer [START_REF] Liu | Meta-analysis of urbanization impact on rainfall modification[END_REF][START_REF] Roy | Long time series spatialized data for urban climatological studies: A case study of Paris, France[END_REF]. In turn, the urban climate is influenced by regional weather and climate. Especially, even if UHI is strongly governed by the characteristics of the city (size, population, urban morphology, and materials), the UHI also depends on the geographical context and is modulated by the atmospheric conditions. Both daily variability and annual pattern of UHI are influenced by solar irradiance, wind speed, cloud cover, and precipitation [START_REF] Oke | Urban climates[END_REF].

As the consequence of local urban climate and UHIs, cities are already facing environmental issues and causing health problems to their inhabitants. For instance, the excess of mortality recorded in Paris in 2003 has been partly attributed to the nocturnal UHI and extreme heat [START_REF] Laaidi | The Impact of Heat Islands on Mortality in Paris during the August 2003 Heat Wave[END_REF]. In a changing climate context, these issues and related impacts could change and be enhanced. The anticipated evolution of temperature is expected to modify the energy consumption linked to the use of air conditioning in summer and heating in winter (Shourav et al., 2018). In addition, the increase in the occurrence of heatwaves and their intensification -known to be amplified in cities by UHI [START_REF] Tan | The urban heat island and its impact on heat waves and human health in Shanghai[END_REF] -could affect more extensively the thermal comfort of urban populations, and lead to serious health effects.

The study of the urban climate of large cities and of its future evolution requires specific climate modelling tools and methodologies. As discussed, it is crucial to consider the surface characteristics of cities and the associated physical processes, and to deal with the complex interactions with local and regional atmospheric processes. However, the horizontal resolution of climate models is often a major limitation because it is too coarse to represent urban areas. Supercomputer performances now allow to perform decadal regional climate simulations using finer horizontal resolutions up to one or a few kilometers [START_REF] Kendon | Challenges and outlook for convection-permitting climate modelling[END_REF]. These configurations are based on Convection-Permitting Models (CPM), so called because the resolution makes it possible to explicitly resolve deep convection and associated precipitation [START_REF] Prein | A review on regional convection-permitting climate modeling: Demonstrations, prospects, and challenges[END_REF]. A scientific challenge of this new generation of climate model often based on numerical weather prediction models consist in reducing systematic biases, in preserving energy and water balance in long-term climate integrations, and in considering varying greenhouse gases (GHG) and aerosol concentrations [START_REF] Lucas-Picher | Convection-permitting modeling with regional climate models: Latest developments and next steps[END_REF]. The finer resolution of CPMs allows a more accurate discretization of equations, and thus, a better simulation of the atmospheric circulation and gradients [START_REF] Lucas-Picher | Evidence of added value in North American regional climate model hindcast simulations using ever-increasing horizontal resolutions[END_REF]. In addition, CPMs provide a step change in the representation of complex orography [START_REF] Woodhams | What Is the Added Value of a Convection-Permitting Model for Forecasting Extreme Rainfall over Tropical East Africa[END_REF], characteristics of surface fields (including coastal regions), and in the representation of small-scale phenomena such as sea breezes, local winds, and tropical cyclones [START_REF] Shu | Added value of convection permitting climate modelling in urban overheating assessments[END_REF]. The dynamical downscaling offered by CPM is particularly appealing for city-scale effects and impact studies. Due to the distinctive characteristics of the urban environment, the simulation of urban climates can be done by coupling an atmospheric model with an Urban Canopy Model (UCM), such as the Town Energy Balance (TEB) [START_REF] Masson | A Physically-Based Scheme for the Urban Energy Budget in Atmospheric Models[END_REF]. In the last decade, urban parameterizations in land surface schemes of regional climate models have been used to investigate the urban climate [START_REF] Hamdi | The State-of-the-Art of Urban Climate Change Modeling and Observations[END_REF]. [START_REF] Mccarthy | Simulating climate change in UK cities using a regional climate model, HadRM3[END_REF] studied the evolution of the UHI intensity under a changing climate with the regional climate model HadRM3 at 25 km of resolution coupled to a bulk parameterization. In the same way, Daniel et al. (2017) underlined the added value of modelling the urban climate by activating TEB in the RCM CNRM-ALADIN at 12.5 km over Paris, France. At a finer scale, [START_REF] Mussetti | Simulating urban climate at sub-kilometer scale for representing the intra-urban variability of Zurich, Switzerland[END_REF] investigated the potential of using COSMO-CLM coupled with the multi-layer UCM Double-Canyon Effect Parameterization (DCEP) to simulate the heat wave of June-July 2015 over the city of Zurich, Switzerland. Instead, other studies employed a statistical and/or dynamical downscaling to explore urban climate. For instance, urban dynamical downscaling technique has been applied by [START_REF] Lemonsu | Evolution of the Parisian urban climate under a global changing climate[END_REF] and [START_REF] Hamdi | Evolution of urban heat wave intensity for the Brussels Capital Region in the ARPEGE-Climat A1B scenario[END_REF] by running offline climate simulations.

In this study, the French numerical weather prediction model AROME adapted to long-term climate simulations (then called CNRM-AROME) and coupled with the TEB urban canopy model is used at 2.5 km of resolution. A simulation was performed on an extended France domain (northwest of Europe) as part of the European Climate Prediction system (EUCP) project for the period [START_REF] Masson | A Physically-Based Scheme for the Urban Energy Budget in Atmospheric Models[END_REF]-2018[START_REF] Lucas-Picher | Evaluation of the convection-permitting regional climate model CNRM-AROME41t1 over northwestern Europe[END_REF]. Previous CNRM-AROME simulations centered over the Paris region allowed a specific analysis of the Parisian climate and an evaluation of the added value of this configuration compared to the regional climate model CNRM-ALADIN with a horizontal resolution of 12.5 km [START_REF] Lemonsu | What added value of CNRM-AROME convection-permitting regional climate model compared to CNRM-ALADIN regional climate model for urban climate studies? Evaluation over Paris area (France)[END_REF]. Here, the scientific interest consists in evaluating the UHI in the CNRM-AROME hindcast simulation over 12 large and medium-sized French cities located in contrasted climatic and geographic areas. The originality of this study relies on the multi-city analysis with a generic methodology. Section 2 presents the numerical models and observational databases used for this study, as well as the proposed methodology for city selection and model assessment. Section 3 presents the results, first the general evaluation of the climatic variables simulated in the vicinity of the cities, and then the evaluation of the modelled nighttime UHI. Section 4 provides a discussion of the chosen evaluation method, before conclusions in Section 5.

MATERIAL AND METHODS

2.1.

Model descriptions and configurations [START_REF] Seity | The AROME-France Convective-Scale Operational Model[END_REF]. CNRM-AROME is a non-hydrostatic, bi-spectral, and limited-area model using a 2.5 km horizontal resolution and 60 vertical levels to describe the atmosphere from 10 m to 1 hPa, with a higher density of levels in the atmospheric boundary layer. It has a semi-Lagrangian advection scheme and a semi-implicit temporal discretization algorithm.

This study is based on the CNRM-AROME simulations performed in the framework of the European research project EUCP [START_REF] Hewitt | Toward a European Climate Prediction System[END_REF] on a northwestern European domain of 720 x 900 grid points. The simulations cover the period January 1, 2000, to December 31, 2018 (after a 2-year spin-up) following a hindcast configuration: the model is forced every hour at its lateral boundaries by the regional climate model CNRM-ALADIN (Aire Limitée Dynamic Adaptation International Development -Nabat et al., 2020) with a horizontal resolution of 12.5-km, which is itself driven by the ERA-Interim reanalysis with a horizontal resolution of 80-km.

Land surface modelling system

The CNRM-AROME is coupled with the SURFEX land surface modelling platform [START_REF] Masson | The SURFEXv7.2 land and ocean surface platform for coupled or offline simulation of earth surface variables and fluxes[END_REF]. Each cell of the simulation domain grid is described as the combination of the four cover types: natural surfaces (soils and vegetation), urban areas, continental waters (lakes, rivers, etc.) and ocean waters (sea or ocean). The functioning of these covers and their exchanges with the atmosphere are calculated independently by different and dedicated models integrated into the SURFEX platform.

More specifically, the Interaction Soil-Biosphere-Atmosphere model (ISBA - [START_REF] Noilhan | A Simple Parameterization of Land Surface Processes for Meteorological Models[END_REF][START_REF] Noilhan | The ISBA land surface parameterisation scheme[END_REF] resolves the water and energy transfers between natural soils and vegetation and the atmosphere. For the CNRM-AROME configuration, the ISBA is used in its 3-L version [START_REF] Boone | Inclusion of a Third Soil Layer in a Land Surface Scheme Using the Force-Restore Method[END_REF] that discretizes the soil column with three hydrological layers i.e., a surface layer, a root layer, and a deep layer. The vertical water exchanges between layers are calculated according to the Force-Restore Scheme [START_REF] Deardorff | Efficient prediction of ground surface temperature and moisture, with inclusion of a layer of vegetation[END_REF].

The urban areas are treated by the Town Energy Balance model (TEB - [START_REF] Masson | A Physically-Based Scheme for the Urban Energy Budget in Atmospheric Models[END_REF]. It is based on the canyon concept developed by [START_REF] Oke | Boundary layer climates[END_REF], in which the city is represented at each grid cell of the simulation domain by an average urban canyon composed by a flat roof, a road and two walls of the same height facing each other.

TEB solves the radiation, energy and water balance for each urban canyon element, then the exchanges between the urban canopy layer and the atmosphere. As an urban canopy model, TEB addresses the main physical processes related to the urban geometry and to the thermal, radiative and water properties of artificial materials: shading effects in the canyon, solar and infrared radiation trapped by multiple reflections, large heat storage in urban infrastructure, drag effect of buildings on street-level airflow, soil sealing and surface runoff. The near-surface air temperature is diagnosed in TEB within the canyon at mid-height of buildings (see details in [START_REF] Masson | A Physically-Based Scheme for the Urban Energy Budget in Atmospheric Models[END_REF].

Land use database

The surface description comes from the global ECOCLIMAP database, based on the Corine Land Cover database (Buttner, 2002) over Europe. ECOCLIMAP provides a map of the land use land cover classes with a 1-km horizontal resolution, as well as the associated surface properties as input to surface models [START_REF] Champeaux | ECOCLIMAP: a global database of land surface parameters at 1 km resolution[END_REF]. CNRM-AROME uses the version ECOCLIMAP-I [START_REF] Masson | A Global Database of Land Surface Parameters at 1-km Resolution in Meteorological and Climate Models[END_REF] that consists in 243 classes, including many classes to describe areas of crops, grasslands, forests, as well as ten urban classes (e.g., dense urban areas, peri-urban areas, industrial and commercial areas, airports, urban parks). For vegetation classes, the main descriptive parameters required by ISBA are the fraction of plant function types (PFT), leaf area index, tree height, stomatal resistance, root fraction profile etc. For urban classes, the main descriptive parameters are the impervious cover fraction, building density, wall surface density, mean building height, radiative and thermal material properties of roofs, roads, walls.

The ECOCLIMAP data is interpolated on the CNRM-AROME grid to obtain fractions of land use land cover classes in each grid cell. This makes possible to determine the mask of the four main cover tiles, and to derive average surface parameters from the parameters of each class weighted according to their respective cover fraction.

Observational datasets

Several datasets based on observations were used for this study at different stages of the model evaluation.

They include both gridded observation products and weather stations, with different time periods that are long enough to allow a robust comparison (at the climatological scale) of the modelling outputs.

Long time series of gridded weather data

The ANASTASIA (Analyse Spatiale des Températures de Surface avec Initialisation AURELHY) product is a gridded dataset of minimum (TN) and maximum (TX) daily temperature at 1-km horizontal resolution over Metropolitan France for the time period 1947-2016 [START_REF] Besson | Climate monitoring and heat and cold waves detection over France using a new spatialization of daily temperature extremes from 1947 to present[END_REF]. It uses a regression-kriging method (Hengl et al., 2007) with two sources of information: in situ observations of extreme daily TN and TX recorded by the weather stations of the operational Météo-France network and a monthly climatological field of daily TN and TX defined over the 1982-2010 period [START_REF] Cannelas | Les normales climatiques spatiallisées Aurelhy 1981-2010: températures et précipitations[END_REF]. This method includes a digital terrain elevation model that considers the influence of the topography on the spatial variability of temperature.

The COMEPHORE is a gridded precipitation dataset produced by merging radars and rain gauges from the French meteorological network [START_REF] Tabary | 2006) reanalysis of quantitativeprecipitation estimation over France[END_REF]. It provides hourly cumulative precipitation at a 1-km horizontal resolution for the time period 1997-2021.

Weather stations

Given the substantial underestimation of the incoming solar radiation (bias of the order of -6 to -10 W.m -2 ) underlined by [START_REF] Vidal | A 50-year high-resolution atmospheric reanalysis over France with the Safran system[END_REF], we decided to not use the conventional SAFRAN analysis product available over France on a regular 8-km resolution grid as a reference of this evaluation, Thus, the evaluation of incoming solar radiation was carried out using station data from the GEBA (Global Energy Balance Archive) network. The GEBA database produced by ETH Zurich, Switzerland [START_REF] Wild | The Global Energy Balance Archive (GEBA) version 2017: a database for worldwide measured surface energy fluxes[END_REF] provides long time series of monthly incoming radiation from station measurements on the Earth's surface. Eleven GEBA stations available on the French territory were operated, each of them near one of the cities of interest. One station of the Météo-France operational network was used to complete the incoming solar radiation dataset for one of the cities not covered by the GEBA network.

The ANASTASIA method presented before under-estimates the spatial influence of cities on the retrieved TN/TX maps because few stations are truly located in urban areas. To complement the dataset and assess the UHI of each city, long time series of TN and TX were selected and extracted from weather stations of the French operational meteorological network that is the closest to each urban center.

Three-step methodology for the model evaluation

To address the general objective of analyzing the ability of the CNRM-AROME model to simulate the characteristics of the urban climate on the French metropolitan territory, this study follows a three-step methodology. First, a set of 12 large and medium-sized French cities is selected. Then, the overall performances of the model are evaluated with respect to the local climate conditions of each area of interest i.e., in the surrounding environment of the selected cities. Finally, the evaluation and comparison of the UHI simulated by the CNRM-AROME model for the different cities are performed.

Selection of the cities

The city selection is based on two main criteria, which are ( 1) the availability of long series of temperature measurements (TN and TX) for a weather station located in the urban area of each city and covering the time period 2000-2018; and ( 2) contrasting climatic and geographical contexts. Twelve French cities among the main cities of Metropolitan France were selected (Annex 1 and Figure 1) and grouped according to their climatic zones (based on the description of [START_REF] Joly | Les types de climats en France, une construction spatiale[END_REF].

The Annex 1 presents, for the 12 cities, the 19-year climate normals of temperature, precipitation, and incoming solar radiation calculated using ANASTASIA, COMEPHORE, and GEBA or Météo-France weather stations, respectively.

-Lille, Nantes, and Rennes are located on the northern half of France, near the Atlantic coast. They are subject to an oceanic climate characterized by the lower annual thermal contrasts (less than 13C difference between January and July climate normals), and average annual temperature of 10.8 °C, 12.5 °C and 12.1 °C respectively. Moreover, climate normals over 1981-2010 highlights a small number of cold and hot days, and abundant precipitation of more than 690 mm per year. -Bordeaux, also classified as an oceanic climate, is located on the southern half of the Atlantic coast. The average annual temperatures of about 13.8 °C and a cumulative rainfall of 944 mm per year. -Paris and Toulouse are characterized by a degraded oceanic climate with warmer mean annual temperature of above 12 °C, hot summers and mild winters, and an average rainfall accumulation of less than 650 mm per year. -Montpellier, Nice, and Nîmes are in southeastern France near the Mediterranean coast. They are characterized by a Mediterranean climate with high average annual temperatures (15.1 °C, 16 °C and 15.2 °C respectively), associated with few cold days and frequent hot days. Rainy episodes in this region are rare (around 60 days with precipitations over 1 mm per year), but very intense, responsible for frequent floods particularly in autumn. On average, total rainfall is quite high with around 700 mm per year. -Located in eastern France, Nancy, Dijon, and Strasbourg are characterized by a continental climate with hot summers, and harsh winters with many days of snow or frost. The average annual temperature is less than 11 °C and total rainfall is between 665 and 846 mm per year.

Based on the analysis of climate normals in Annex 1, similarities between cities are underlined. Cities are finally grouped according in four climate zones (Figure 1), based on Joly et al. ( 2010): the continental climate (CON, Nancy, Dijon, Strasbourg), the Mediterranean climate (MED, Montpellier, Nice, Nîmes), the oceanic climate (OCE, Bordeaux, Lille, Nantes, Rennes), and the semi-oceanic climate (SOCE, Paris and Toulouse). Figure 1 shows the location of the 12 cities with the delimitation of the climatic zones and the orography. Additional information on cities is available in Table 1. Table 1. Additional informations about cities. From left to right, the name of the city, the latitude and longitude of the very city center, the altitude (in m), the surface of urban area (in km²), the population living within the agglomeration (x 1000 inhabitants), the environment of the urban weather station and its distance to the city center (in km). The urban climate, and in particular the UHI, evolves on a daily basis depending on local weather (sunlight, wind, precipitation etc.). The quality of UHI simulated by CNRM-AROME therefore depends (among other factors) on its ability to simulate realistic climate conditions in the vicinity of cities. The first objective of the general evaluation focuses on precipitation, incoming solar radiation, and temperature analysis.

Simulated precipitation and temperature are evaluated based on the gridded COMEPHORE and ANASTASIA datasets, respectively. These long time series of gridded data based on weather stations are interpolated on the CNRM-AROME 2.5-km grid using a first-order conservative remapping. For each city, the model outputs are compared to COMEPHORE and ANASTASIA over a reference geographical domain that is centred on the city with a spatial coverage including the urban area and the surrounding countryside. As Paris is a large-size city, the selected domain covers a 100 km radius circle around the city center, while the radius used for the other cities are 50 km. For each domain, a spatial average is calculated both for model outputs (xMod) and observations (xObs), with x the metric (TN, TX, daily precipitation).

The GEBA and the Météo-France weather stations are used for the evaluation of simulated incoming solar radiation using a grid point approach. The simulated global incoming radiation comes from the combination of the direct and diffuse components of the shortwave incoming radiation extracted from the CNRM-AROME outputs at the closest grid point to the location of the station selected for each city.

The comparison between the CNRM-AROME and observations is performed by calculating for each season the mean bias (Equation 1-for TN and TX, in °C) or the percent bias (Equation 2-for daily precipitation and incoming solar radiation, in %):

𝑀 𝑏𝑖𝑎𝑠 = 1 𝑛 × ∑ (𝑥 𝑀𝑜𝑑 𝑖 -𝑥 𝑂𝑏𝑠 𝑖 ) 𝑛 𝑖 = 1
Equation 1

𝑝 𝑏𝑖𝑎𝑠 = 1 𝑛 × ∑ ( 𝑥 𝑀𝑜𝑑 𝑖 - 𝑥 𝑂𝑏𝑠 𝑖 𝑥 𝑂𝑏𝑠 𝑖 ) 𝑛 𝑖 = 1 × 100 Equation 2
and the root-mean square error (Equation 3, in the unit of the metric):

𝑅𝑀𝑆𝐸 = √ ∑ (𝑥 𝑀𝑜𝑑 𝑖 -𝑥 𝑂𝑏𝑠 𝑖 ) 2 𝑛 𝑖 = 1 𝑛 Equation 3
xMod et xObs correspond either to the spatial average of temperature or precipitation, or to the closest grid point corresponding to the location of the GEBA station. The scores are calculated based on time series, with n the number of values over the period of interest (with of daily time step for all metrics, except radiation that is available monthly).

Multi-city evaluation of the urban heat island

The second step of the evaluation addresses the urban aspects. The focus is on the climatological assessment of the nighttime UHIs simulated by the CNRM-AROME for the 12 selected cities (located in contrasting climatic zones). The Urban Heat Island Nighttime (UHIN, in °C) is calculated both for observations and model outputs according to:

𝑈𝐻𝐼𝑁 = ∆𝑇𝑁 = 𝑇𝑁 𝑈𝑅𝐵 -𝑇𝑁 𝑅𝑈𝑅 Equation 4
For each city, the urban temperature (TNURB) refers to the minimum daily temperature (TN) time series recorded by the urban weather station or simulated by CNRM-AROME over the period 2000-2016 (cf. Section 2.2). A systematic check is done to ensure that the CNRM-AROME urban grid point is properly selected. The closest point to the station is chosen, with an urban fraction of the cell that is greater than 50% and a water fraction (sea, oceans, lake, river, etc.) lower than 5%.

The rural temperature (TNRUR) is the observed or simulated spatial average of TN time series over the reference geographical domain centered over the city. A mask is used to identify all rural grid points of the domain, i.e., for which the fraction of natural covers in the cell is greater than 50% based on the ECOCLIMAP database (cf. Section 2.1.3). An additional check is implemented on elevation to make sure that the rural grid points for which the difference in altitude with the urban area greater than 750 m are excluded from spatial averaging.

This generic method is shown in a case study focusing on Nice, located in the southeastern France. The local topography is very contrasted due to the proximity of the Mediterranean Sea (in the south) and the Mercantour Massif (in the north, ZS > 2500 m) (Figure 2, left). The topography increases quickly moving away from the Mediterranean coast, even at 2.5-km of horizontal resolution (Figure 2, left). The check on elevation consists of hiding high altitude grid point in order to limit the temperature gradient in rural areas (between the sea front and the inland). TNRUR is calculated using the remaining grid points composed by crops or forest (Figure 2, right). Initially, the closest urban grid point to the urban station corresponds to water (station's grid point on Figure 2). The land covers of the surrounding grid points are analyzed using the generic method to select the closest urbanized cover as the new urban grid point (selected grid point on Figure 2, right).

RESULTS

Model evaluation for local-scale climate conditions

3.1.1. Rainfall The indicators of Table 2 underline a seasonal and geographical variability of model climatological performances. In general, for the oceanic, semi-oceanic, and continental cities, the precipitation is overestimated by CNRM-AROME, severely in DJF (winter, by 20-33%), more severely in MAM (spring, by 31-56%), and moderately in SON (autumn, up to 15% maximum), and they are underestimated in JJA (summer, down to -21% maximum). The orders of magnitude given here do not include the results of Strasbourg, which show particularly degraded local performance, with precipitation overestimated throughout the year by 21 to 73%. For the Mediterranean cities that experience a particular precipitation regional climatology, CNRM-AROME performs differently with a tendency to underestimate low rainfall. In DJF, and especially in JJA, a precipitation deficit simulated by CNRM-AROME is noted (down to -45% for Nîmes in JJA). The simulated precipitation is very similar to that observed in SON. However, the precipitation is overestimated in MAM as over the rest of the country, but with much smaller biases (< 20%). Bordeaux and Toulouse present similar findings with -30.7 and -20.8% respectively.

Incoming solar radiation

Table 3 shows the 2000-2018 seasonal mean bias and RMSE of incoming solar radiation simulated by CNRM-AROME compared to the GEBA and the Météo-France weather stations. CNRM-AROME systematically overestimates the incoming solar radiation for all seasons and cities. Percent biases and RMSE are greater for continental cities (Dijon, Nancy, Lyon, and Strasbourg) than for the other ones, and particularly high in DJF and SON (biases of +22 to 35%). Percent biases range from +4 to 15% for oceanic cities, +6 to 23% for semi-oceanic cities, and +6 to 18% for Mediterranean cities. CNRM-AROME simulates realistic seasonal mean TN for northwestern cities, especially in MAM and SON. For Lille and Rennes, seasonal biases are less than ± 0.5 °C for all seasons and RMSE does not exceed 1 °C. The model performs quite well for Nantes and Paris, except in JJA when a little warm bias is noted. The model overestimates TN for the other cities for all seasons, but with geographical variability. Cities located on the Strasbourg-Toulouse diagonal (including Nancy and Dijon) have biases and RMSE less than 1 °C in DJF, MAM, SON, and higher bias in JJA (between +1 and +3 °C). Biases and RMSE are maximum for Bordeaux, Montpellier, Nice and Nîmes (above +0.5 °C for all seasons). This overestimation of TN simulated by CNRM-AROME is particularly severe in summer where the biases exceed 3 °C, over the Mediterranean coastal areas.

Regarding maximum temperature, southern cities such as Bordeaux, Nîmes, and Toulouse have severe positive biases in JJA (between +0.5 and +2 °C). Otherwise, CNRM-AROME model tends to underestimate TX for other seasons. These cold biases are low in SON, a slightly larger in winter (below -1 °C for all cities). In MAM, CNRM-AROME systematically underestimates TX (between -4 and -2 °C).

Climate assessment of nighttime UHI

Comparison of observed nighttime UHI

This section aims to evaluate the ability of CNRM-AROME to simulate the urban climate characteristics for each city with a particular attention to the nighttime UHI (referred to as UHIN). First, the monthly climatology of UHIN determined for each city from observations over 2000-2016 are analyzed and compared (Figure 4). UHIN intensities vary largely between the twelve cities of interest, from 0 to +2.8 °C for wintertime and from +0.6 to +3.6 °C for summertime. The UHIN seasonal variability differs from one city to another, but mainly displays maximum intensities between April and September and minimum intensity between December and January. Similarities between UHIN of some cities are underlined in relation to the climatic zones they belong to. 

Assessment of simulated nighttime UHI

The monthly climatology of simulated UHIN, calculated following the same method as observation, is presented in Figure 4. In addition, Figure 5 shows the seasonal biases computed for UHIN over 2000-2016 for the 12 cities of interest. For all continental (Dijon, Nancy and Strasbourg) and semi-oceanic cities (Paris and Toulouse), as well as for Lille (OCE) and Nîmes (MED), the UHIN monthly climatology simulated by CNRM-AROME is close to that derived from observations (Figure 4), even though the maximal intensity is slightly underestimated by the model in most of cities. The biases are less than ± 0.5 °C for all seasons for these cities (Figure 5). For Nantes and Rennes (OCE),

UHIN is overestimated by +0.5/1 °C for all seasons (Figure 5) but the seasonal variability is quite well reproduced (Figure 4). Bordeaux, classified as oceanic but located more to the south than others, presents cold biases especially in JJA. The same is true for Montpellier and Nice (MED). More generally, for these three cities (and for Nîmes to a lesser extent), the monthly evolution of UHIN (Figure 4) shows a strong weakening in spring and summer, while it strengthens in observations.

As conclusion, for most of the cities of interest, CNRM-AROME correctly simulates both intensity and seasonality of UHIN, and rather well captures the variations of UHIN between the different climatic zones. Nevertheless, the comparisons highlight two defect of the model ( 1) in the simulation of summertime UHIN for southern coastal cities (Bordeaux, Montpellier and Nice), and ( 2) to a lesser extent in the simulation of UHIN's general intensity for Nantes and Rennes (OCE). The different origins of theses biases are discussed below.

DISCUSSION

Specificities of southern coastal cities

For the coastal cities of Bordeaux, Montpellier, and Nice (as well as Nîmes to a lesser extent), a mitigation of UHIN is simulated in spring and summer, contrary to the observed seasonal trends. This results from a strengthening of the warm bias in the surroundings of the city from May to September (see TNRUR in Figure 6). The identified biases are investigated more in detail with Montpellier as a case study, using additional observations available for analysis in the vicinity. The Météo-France weather station of Prades-le-Lez (latitude: 43.7183, longitude: 3.8666) provides long series of near-surface hourly wind speed and direction measurements, which makes it possible to study how local sea-breeze circulations are represented by CNRM-AROME. In addition, the Puéchabon flux station (latitude: 3.5957, longitude: 43.7413), part of the international FLUXNET2015 database [START_REF] Pastorello | The FLUXNET2015 dataset and the ONEFlux processing pipeline for eddy covariance data[END_REF], located in a holm oak forest about 20 km northwest of Montpellier, provides long-term time series of turbulent heat fluxes. This site is useful to investigate the land surface energy exchanges. In coastal regions, land-breezes and sea-breezes can be established during the night and day, respectively, in response to temperature differential between the continental and maritime areas. By transporting warmer or colder air masses depending on the direction, these local circulations can influence the surface energy exchanges and therefore the near-surface temperatures. A wrong representation of coastal effects in CNRM-AROME could explain some biases. Figure 7 shows the observed and simulated summer wind rose at 18 UTC for Montpellier surroundings. A variable distribution of wind direction in noted in the observations with two predominant regimes: (1) a moderate north-westerly flow from the land, with speeds of 4 m/s or more; and (2) a weaker southerly flow corresponding to the sea breeze. In comparison, CNRM-AROME underestimates the occurrences of sea-breeze circulations until the end of the day. For example, the observations indicate occurrences of southerly flows exceeding 25% against only 10% in the model. This suggests that inland areas are not cooled enough in the simulation by the penetration of the airflow coming from the sea. This could contribute to the warmer temperatures noted in the rural environment and consequently to the overestimation of UHIN. Note that the origin of this under-representation of breeze circulations in the model has not been explored in more detail here but could be the result of a bias in the sea surface temperatures that are prescribed in CNRM-AROME from a climatology.

In addition, the general evaluation of CNRM-AROME highlighted that the region was subject to a deficit of precipitation (Section 3.1.1) combined to an excess of incoming solar radiation (Section 3.1.2) in the summer period compared to what is observed. It is expected that the local climatic constraints will influence the surface energy fluxes. This is investigated by comparing the evaporative fraction (EF, in %) calculated from the turbulent fluxes measured by the Puéchabon station and simulated at the corresponding grid point. This term reflects the fraction of available energy allocated to evapotranspiration and is calculated from the daytime values of sensible (QH) and latent (QE) turbulent heat fluxes according to: The simulated daily precipitation and UHIN are also displayed. The observed EF remains steady around 40% in winter, slightly increases until June to reach 45%, and then decreases during summer down to 30% in August, before increasing again until November. CNRM-AROME exhibits a larger range of monthly EF: between October and May, EF remains greater than 55%, and then decreases drastically from June to September with a minimum of 20% in August. This severe decrease in evapotranspiration in the rural environment is in line with the dry period indicated by the sharp decrease in rainfall simulated by CNRM-AROME (down to less than 0.5 mm per day in July) combined with a very high level of insolation. These conditions favor the soil drying, which could contribute to an excessive rise in rural temperature and result in a simultaneous decrease in UHIN (as noted in Figure 8).

𝐸𝐹 = 𝑄 𝐸 𝑄 𝐸 +𝑄 𝐻 Equation 6

Methodological limitation

The Figure 9 compares observed and simulated urban (TNURB) and rural (TNRUR) temperatures, which are used to calculate UHIN of Nantes and Rennes. For both cities, observed TNURB and TNRUR are quite close throughout the year for both cities. CNRM-AROME simulates urban temperatures systematically higher than that observed, when rural temperatures are relatively close to observations, resulting in an overestimation of UHIN. This warm bias can be partly attributed to the generic method for calculating and comparing observed and simulated UHIN, due to the potential bias in both the representativeness of the station chosen as the urban reference and the model grid point selected for the comparison. As a reminder (see Section 2.3.3), the CNRM-AROME grid cell selected as the urban reference is the closest one to the urban station, with at least 50% of urban coverage and less than 5% of water coverage. In the case of small and medium-sized cities, such as Nantes and Rennes, the whole urban area is covered by only a few CNRM-AROME grid cells. According to the method, the selected one is necessarily close to the most central and urbanized grid cell of the city. It is representative of the sub-urban area, whereas the grid cell corresponding to the actual location of the urban reference station is not very urbanized and mostly occupied by croplands in Rennes as shown in Figure 10 (left), which may explain warmer modelled temperature than the observed one.

The low availability of long observation series, especially in urban areas where weather stations are scarce [START_REF] Varentsov | Simultaneous assessment of the summer urban heat island in Moscow megacity based on lessigreaterin situless/igreater observations, thermal satellite images and mesoscale modeling[END_REF], is another limitation. The best compromise, for a common methodology for all cities, was to use weather stations of the Météo-France network, although those classified as urban are mostly located on the outskirts of the city center, on airports or airfields (Table 1) i.e., in suburban areas. It suggests that minimum temperature is lower there than in the very city center, and thus that UHIN is weaker than expected. For some years now, some French cities have been installing permanent urban networks for UHI monitoring, as in Toulouse [START_REF] Dumas | Co-construction of climate services based on a weather stations network: Application in Toulouse agglomeration local authority[END_REF], Dijon [START_REF] Richard | How relevant are local climate zones and urban climate zones for urban climate research? Dijon (France) as a case study[END_REF], Rennes [START_REF] Dubreuil | Fréquence et intensité des îlots de chaleur à Rennes : bilan de 16 années d'observations (2004-2019)[END_REF]. To evaluate and discuss the relevance of our results and methodology, the data from the Rennes network (which is the oldest in operation) could be compared on a monthly basis with Météo-France and CNRM-AROME data over the common period 2004-2016. Figure 10 (left) . Figure 10 (left) presents the mean annual cycle of UHIN calculated three ways: (1) from the city center station of the Rennes urban network (OBS-REN), ( 2) from the MétéoFrance station (OBS-MF) and (3) from the most urbanized grid cell of CNRM-AROME over Rennes (MOD-REN). As previously noted for Rennes and Nantes, even from the data of urban network, the seasonality of UHIN is found weak due to oceanic conditions and UHIN is stable all over the year varying between 2 and 3 °C for city centre (OBS-REN). In comparison, both monthly variability and intensities of UHIN are significantly lower for OBS-MF, that is explained by the less urban local conditions of the Météo France station. Finally, CNRM-AROME compares well to OBS-REN in terms of variability but with slightly weaker intensities. For a small-sized city as Rennes, the horizontal resolution of 2.5-km is somewhat loose to accurately capture the characteristics of the city centre of Rennes which covers a smaller area. Conversely, the grid point considered is more urbanized than the environment of the Météo France station, hence an overestimation of the UHIN with MOD-REN when compared to OBS-MF. It can therefore be considered that CNRM-AROME gives an intermediate estimate of UHIN representative of the peri-urban areas.

City size and model resolution

Finally, the ability of the model to reproduce the intensity and spatial extent of the UHIN is also largely dependent on the size of the city at the 2.5-km horizontal resolution. For illustration purpose, Figure 11 is a mapping of the mean summer UHIN over 2000-2016 over Dijon which is a small-sized city, Toulouse which is a medium-sized city, and Paris which is by far the largest urban area in metropolitan France. For Dijon (Figure 11, left), the maximum intensity is reached in the historical center, varying between +2 and +2.5 °C, which is slightly lower than that found by [START_REF] Richard | How relevant are local climate zones and urban climate zones for urban climate research? Dijon (France) as a case study[END_REF] based on local observations but over a shorter time period. In addition, the complex topography of the Dijon region results in a local temperature gradient that is superimposed on the urban effects. For Toulouse (Figure 9, middle), the summertime UHIN intensity is quite small (around +1 and +1.5 °C) in the CNRM-AROME simulation but its spatial pattern is more extended and follows the shape of the city. These results are slightly higher than the findings of [START_REF] Houet | Mapping urban climate zones and quantifying climate behaviors -An application on Toulouse urban area (France)[END_REF], which quantified a UHIN of 2 ± 0.3 °C between UCZ2 (i.e., old city core) and UCZ6 (i.e., airport) in Toulouse. Finally for Paris (Figure 9, right), a more pronounced and extended UHIN is simulated (with maximum intensity between +3.5 and +4 °C in the very city center) since the urban area is larger and more densely built up. In this case, the horizontal resolution of 2.5 km is sufficient to describe the pattern of the UHI which covers Paris and its inner suburbs, but also follows the urbanized valleys to the southeast and northwest (as shown by [START_REF] Lemonsu | What added value of CNRM-AROME convection-permitting regional climate model compared to CNRM-ALADIN regional climate model for urban climate studies? Evaluation over Paris area (France)[END_REF].

CONCLUSION

A hindcast simulation performed with the CP-RCM CNRM-AROME with a 2.5-km horizontal resolution was analyzed to investigate the potential of this new generation of climate models for urban-oriented studies. The ability of the model to simulate the urban heat island was evaluated for twelve French cities of different sizes and located in contrasting climatic contrasting climatic zones and geographical contexts.

A common evaluation methodology was applied to each city based on the exploitation of national gridded datasets and long time series of TN/TX collected by weather stations of the French weather monitoring network. The local atmospheric conditions (precipitation, incoming solar radiation, and temperature), that modulate UHIN on both daily and seasonal scales, were first qualified in the vicinity of the cities. Model performances for the simulation of precipitation are geographical and seasonal dependent. For most cities, precipitation is overestimated in DJF, MAM and to a lesser extent in SON, and underestimated in JJA. The particular case of the Mediterranean cities highlights a significant deficit in precipitation in DJF and especially in JJA, and a smaller overestimation in MAM than over the rest of the country. The incoming solar radiation is overestimated for all seasons and climate conditions. As a result, CNRM-AROME tends to overestimate minimum temperature and under-estimate maximum temperature, with geographical and seasonal variations. The warm biases of TN are generally larger in summer due to the solar radiation overestimation, and the biases of TX are systematically smaller in spring in response to excess rainfall. Again, CNRM-AROME performs less satisfactorily for the Mediterranean cities that have complex geographical environment (coastline and relief). TN is there overestimated in all seasons, and the spatial variability of TX is poorly reproduced.

The main limitations of CNRM-AROME, highlighted by this local-scale evaluation, are in agreement with the findings of [START_REF] Lucas-Picher | Evaluation of the convection-permitting regional climate model CNRM-AROME41t1 over northwestern Europe[END_REF] for northwestern Europe. They found a generalized overestimation of incoming solar radiation, and they identified a deficit of total cloud cover as a major source of error in the simulation of radiation that could explain the warm summer biases. Concerning precipitation, the studies on CP-RCM generally indicate improved simulated daily and hourly rainfall rates with increasing horizontal resolution of climate models [START_REF] Reder | Performance evaluation of regional climate model simulations at different spatial and temporal scales over the complex orography area of the Alpine region[END_REF]. The overestimations found in the present study over most cities could be the result of overly active convection in CNRM-AROME, as suggested by [START_REF] Lucas-Picher | Evaluation of the convection-permitting regional climate model CNRM-AROME41t1 over northwestern Europe[END_REF]. Nonetheless, CNRM-AROME demonstrated good performances in multi-year seasonal biases of hourly precipitation over the Mediterranean cities, except in summer. In particular, previous works clearly showed added-value of the CP-RCM for the simulation of high precipitation events that affect the Mediterranean region in autumn [START_REF] Fumière | Extreme rainfall in Mediterranean France during the fall: added value of the CNRM-AROME Convection-Permitting Regional Climate Model[END_REF][START_REF] Reder | Performance evaluation of regional climate model simulations at different spatial and temporal scales over the complex orography area of the Alpine region[END_REF][START_REF] Caillaud | Modelling Mediterranean heavy precipitation events at climate scale: an object-oriented evaluation of the CNRM-AROME convectionpermitting regional climate model[END_REF].

Despite some biases in the simulation of precipitation and incoming solar radiation, CNRM-AROME realistically simulates the seasonal variability and minimum and maximum intensities of UHIN over most French cities of interest. The model is able to reproduce similar behavior between cities in the same climatic zones in response to local atmospheric forcing. UHIN is well simulated in Paris and Toulouse (semi-oceanic climate), in Dijon and Nancy (continental climate), and in Nîmes (Mediterranean climate). The most noticeable flaw of CNRM-AROME is the under-estimation of summertime UHIN in the southern coastal cities, that is mainly related to a poor representation of regional climatic conditions (insolation, precipitation, breeze circulation). As a result, the natural areas become too warm which reduces the temperature gradient with the city. The other limitation is related to the horizontal resolution which is still loose to accurately capture the UHI pattern of small cities. The UHI intensity is also under-estimated in this case because the urban parameters at the scale of a model mesh are smoothed. The performances are better for medium-sized and large cities. The urban canopy model TEB, implemented in the land-surface module of CNRM-AROME, then simulates fairly realistic urban temperatures with a clear added-value compared to the simple slab parameterization classically applied in RCMs. This finding has been demonstrated over Paris urban area by [START_REF] Lemonsu | What added value of CNRM-AROME convection-permitting regional climate model compared to CNRM-ALADIN regional climate model for urban climate studies? Evaluation over Paris area (France)[END_REF] by comparing CNRM-AROME with the CNRM-ALADIN RCM.

This study proposed an original evaluation of CNRM-AROME for urban studies, based on a multi-city analysis. The results demonstrate that a CP-RCM configuration, including a dedicated urban canopy model, can be relevant for studying weather conditions at the city scale in interaction with the local and regional climate. This opens interesting research perspectives for conducting impact studies for cities in a changing climate. In this context, work is underway to analyze the evolution of urban climate of an ensemble of European cities by the middle and end of the 21st century.
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APPENDIX Annex 1:

Figure 1 .

 1 Figure 1. Orography (in m) defined by the GMTED2010 (Global Multi-resolution Terrain Elevation Data) elevation model interpolated on the CNRM-AROME 2.5-km horizontal resolution grid (left). Simplified climatic zones based on Joly et al. (2010) (right).

Figure 2 .

 2 Figure 2. Elevation (in m, left) and major land use based on the ECOCLIMAP database, interpolated on the CNRM-AROME grid at 2.5-km horizontal resolution.

3. 1

 1 Figure 3 shows the 2000-2016 seasonal mean biases and RMSE of near-surface minimum and maximum daily temperature (TN and TX) simulated by CNRM-AROME in comparison to the ANASTASIA data.

Figure 3 .

 3 Figure 3. 2000-2016 seasonal mean bias (in °C) and RMSE (in °C) calculated between CNRM-AROME and ANASTASIA period for TN (left) and TX (right). The different biases are indicated using pie quarters, while RMSE is indicated according to the size of the quarters (see details top right of the left figure). The associated mean TN and TX observed are available in Annex 2.

Figure 4 .

 4 Figure 4. Nighttime UHI (in °C) observed (solid line) and simulated by CNRM-AROME (dashed line) over the period 2000-2016. For each city, UHIN are calculated with the TN time series recorded by the urban weather station and the spatial average of TN time series over rural area or with the TN time series at the CNRM-AROME grid points corresponding to the urban station and the spatial average of TN time series in rural area. Colors indicated climate zones: green for OCEANIC, orange for SEMI-OCEANIC, blue for CONTINENTAL and red for MEDITERRANEAN.

  The three continental cities (Dijon, Nancy, and Strasbourg) show comparable UHIN, with a weak range of intensities and nonetheless, a seasonal variability resulting in maximum intensities in JJA (+1 °C in June) and a minimum in DJF (around +0.4 °C). For the cities of Lille, Nantes, and Rennes (OCE), the oceanic influence limits annual temperature contrasts and gives rise to rainfall spread throughout the year. As a result, UHIs are low and have little seasonal variation (between +0.2 °C in DJF to +0.4/+0.6 °C in JJA). Although part of oceanic cities, Bordeaux displays greater values by 1 °C of UHIN throughout the year. Its UHIN climatology is more comparable to that of the cities of Toulouse (SOCE) and Nîmes (MED), with low seasonality and a range of variations between +1 and +1.5 °C, even if they are part of three different climatic zones. The two other Mediterranean cities of Montpellier and Nice show higher UHIN, especially Nice that has the strongest intensities for all seasons varying between +2.8 and +3.6 °C. Paris (SOCE) is the city that exhibits the most contrasted climatology of UHIN, with a maximum of +3 °C reached in April and a minimum of approximately +1.8 °C in January.

Figure 5 .

 5 Figure 5. 2000-2016 seasonal mean of nighttime UHI bias (in °C) calculated between CNRM-AROME and the observations. Seasons are presented using different pie quarters (see details on the top right corner of the figure).

Figure 6 .

 6 Figure 6. Mean annual cycle of TN (in °C) observed (solid line) and simulated by CNRM-AROME (dashed line) in urban station (in red) and rural environment (in green) in Bordeaux (left), Montpellier (middle) and Nice (right).

Figure 7 .

 7 Figure 7. Observed (left) and simulated (right) wind distributions for Montpellier in JJA at 18 UTC. Spoke indicated the frequency (in %) of winds blowing from and color provides details on speed (in m/s).

Figure 8 .

 8 Figure 8. Average annual cycle of EF (in %, green) simulated at the grid point corresponding to the Puéchabon station (solid line) and observed at the Puéchabon station (dashed line), precipitation (in mm/d, grey) and nighttime UHI (in °C, blue) over the period 2000-2018 in Montpellier.

Figure 8

 8 Figure8compares the observed and simulated monthly EF, averaged over 2000-2018. The simulated daily precipitation and UHIN are also displayed. The observed EF remains steady around 40% in winter, slightly increases until June to reach 45%, and then decreases during summer down to 30% in August, before increasing again until November. CNRM-AROME exhibits a larger range of monthly EF: between October and May, EF remains greater than 55%, and then decreases drastically from June to September with a minimum of 20% in August. This severe decrease in evapotranspiration in the rural environment is in line with the dry period indicated by the sharp decrease in rainfall simulated by CNRM-AROME (down to less than 0.5 mm per day in July) combined with a very high level of insolation. These conditions favor the soil drying, which could contribute to an excessive rise in rural temperature and result in a simultaneous decrease in UHIN (as noted in Figure8).

Figure 9 .

 9 Figure 9. Mean annual cycle of TN (in °C) observed (solid line) and simulated by CNRM-AROME (dashed line) in urban station (in red) and rural environment (in green) in Nantes (left) and Rennes (right).

Figure 10 .

 10 Figure 10. Left: major land use based on ECOCLIMAP database, interpolated on the CNRM-AROME grid at 2.5 km of horizontal resolution. Right: nighttime UHI (in °C) observed in the urban weather station (dark blue), the Météo-France network (light blue) and simulated by CNRM-AROME (blue) for Rennes.

Figure 11 .

 11 Figure 11. Nighttime UHI (in °C) maps over Dijon (left), Toulouse (center) and Paris (right) for JJA. Urban areas are indicated by hatching.

Figure 14 .

 14 Figure 14. Mean temperature, precipitation and incoming solar radiation normals plotted with ANASTASIA gridded product (blue, 2000-2016), COMEPHORE gridded product (grey, 2000-2018), and GEBA or Météo-France stations (orange), respectively. Annex 2:

City Location Alt. (m) Surf. (km²) Population (x1000) Urban station Environment Distance to the city center (km)

  

	NICE	43°42'1''N, 7°15'10''E	13	1479	550	Airport	8
	NÎMES	43°49'55''N, 4°20'34''E	76	790	257	Airfield	6
	PARIS	48°51'31''N, 2°20'49''E	31	814	7 075	Urban park	4
	TOULOUSE	43°36'02''N, 1°25'58''E	144	460	783	Airport	7
		2.3.2. General analysis of the CNRM-AROME for local climatic conditions	
	BORDEAUX	44°51'49''N, 0°35'09''W	6	578	801	Airport	10
	LILLE	50°37'51''N, 3°02'48''E	23	614	1 174	Airport	8
	NANTES	47°14'17''N, 1°33'37''W	21	523	657	Airport	10
	RENNES	48°06'57''N, 1°41'18''W	24	705	451	Airport	7
	DIJON	47°19'54''N, 5°01'55''E	267	240	253	Airport	6
	NANCY	48°40'56''N, 6°11'29''E	205	142	257	Airport	6
	STRASBOURG	48°34'08''N, 7°45'43''E	136	337	500	Airport	11
	MONTPELLIER	43°36'36''N, 3°52'27''E	39	434	481	Airport	8

Table 2

 2 presents the 2000-2018 seasonal mean precipitation bias (in %) and RMSE of CNRM-AROME compared to COMEPHORE around the 12 French cities of interest.

Table 2 . Mean rainfall observed with COMEPHORE (in mm/day), seasonal mean bias (in %) and RMSE (in mm/day) calculated between the CNRM- AROME and COMEPHORE over the period 2000-2018. In bold, biases greater than ±20%.

 2 

		DJF			MAM			JJA			SON		
	CITY	Mean observed	Bias	RMSE	Mean observed	Bias	RMSE	Mean observed	Bias	RMSE	Mean observed	Bias	RMSE
		mm/day	%	mm/day	mm/day	%	mm/day	mm/day	%	mm/day	mm/day	%	mm/day
	BORDEAUX	2.70	+20.3	0.57	2.24	+31.0	0.70	1.74	-30.7	0.54	2.48	+7.6	0.23
	LILLE	2.16	+32.9	0.69	1.76	+54.7	0.96	2.30	+1.1	0.11	2.27	+11.8	0.27
	NANTES	2.79	+27.6	0.79	2.01	+35.5	0.73	1.59	-16.1	0.29	2.52	+12.5	0.33
	RENNES	2.61	+26.2	0.72	2.02	+43.6	0.89	1.77	-10.3	0.20	2.42	+14.4	0.36
	DIJON	2.32	+24.3	0.64	2.42	+35.1	0.87	2.51	-5.5	0.19	2.54	+0.58	0.10
	NANCY	2.42	+24.4	0.65	2.07	+46.1	0.96	2.34	+4.4	0.16	2.36	-1.4	0.13
	STRASBOURG	2.22	+63.5	1.46	2.16	+72.9	1.46	2.54	+22.3	0.57	2.27	+21.4	0.70
	MONTPELLIER	1.98	-11.3	0.33	2.10	+15.0	0.45	1.07	-44.0	0.49	3.42	+1.8	0.34
	NICE	2.64	-1.7	0.83	2.33	+18.8	1.33	1.26	-21.6	0.43	3.83	+0.1	1.01
	NÎMES	1.91	-12.1	0.28	2.08	+13.6	0.33	1.17	-45.5	0.56	3.67	-2.0	0.29
	PARIS	1.99	+28.7	0.59	1.84	+52.8	0.98	2.02	+2.3	0.16	1.89	+10.7	0.23
	TOULOUSE	1.87	+21.7	0.43	2.30	+37.9	0.89	1.72	-20.8	0.38	1.77	+14.8	0.28

Table 3 . Mean incoming solar radiation observed with GEBA (in W.m -²), seasonal mean bias (in %) and RMSE (in W/m²) calculated between the CNRM- AROME and the GEBA database over the period 2000-2018. In bold, biases greater than ±20 %.

 3 

		DJF			MAM			JJA			SON		
	CITY	Mean observed	Bias	RMSE	Mean observed	Bias	RMSE	Mean observed	Bias	RMSE	Mean observed	Bias	RMSE
		W.m-²	%	W.m-²	W.m-²	%	W.m-²	W.m-²	%	W.m-²	W.m-²	%	W.m-²
	BORDEAUX	64.7	+13.6	9.14	184.9	+9.8	18.82	241.6	+14.4	34.79	116.2	+15.0	18.00
	LILLE	40.4	+10.9	4.52	162.6	+5.6	10.35	206.7	+14.3	29.56	86.2	+13.0	12.23
	NANTES	54.2	+6.7	4.09	180.3	+3.9	7.50	234.4	+12.7	30.05	103.9	+12.2	13.49
	RENNES	50.5	+6.7	4.17	170.7	+6.9	11.91	223.9	+14.0	32.30	99.6	+10.9	12.02
	DIJON	49.5	+30.7	15.67	180.7	+12.5	23.79	236.7	+16.3	39.10	99.9	+21.8	22.67
	NANCY	43.1	+27.1	12.75	165.1	+14.8	24.79	225.8	+15.9	37.39	88.5	+24.7	24.22
	STRASBOURG	45.6	+35.5	16.67	168.6	+17.0	28.72	225.8	+16.7	32.20	90.5	+27.2	25.69
	MONTPELLIER	82.7	+12.0	10.25	212.9	+10.1	22.16	280.6	+8.9	25.11	132.1	+6.7	9.03
	NICE	81.2	+17.7	14.66	215.3	+11.2	24.44	287.5	+6.3	18.13	134.0	+10.6	14.40
	NÎMES	82.7	+11.5	9.98	212.9	+10.1	21.82	280.6	+9.1	25.90	132.1	+7.0	9.41
	PARIS	41.6	+22.8	10.53	168.9	+6.0	12.85	217.2	+15.0	35.56	91.7	+17.0	16.59
	TOULOUSE	70.0	+13.7	10.07	192.0	+9.3	20.90	244.6	+16.1	41.42	118.0	+18.4	22.18

Table 4 . Mean TN and TX observed in ANASTASIA (in °C).

 4 

		DJF				MAM				JJA				SON			
	CITY	Mean observed	TN	Mean observed	TX	Mean observed	TN	Mean observed	TX	Mean observed	TN	Mean observed	TX	Mean observed	TN	Mean observed	TX
		°C		°C		°C		°C		°C		°C		°C		°C	
	BORDEAUX	2.8		10.8		7.3		18.5		14.3		26.8		9.2		19.7	
	LILLE	1.9		7.1		5.7		14.8		12.8		22.7		8.2		15.6	
	NANTES	3.1		9.7		6.6		16.4		13.3		24.5		8.9		17.9	
	RENNES	2.9		9.2		6.0		15.7		12.5		23.5		8.5		17.1	
	DIJON	-0.1		6.1		5.1		15.8		13.0		25.0		7.0		15.8	
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