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The purpose of this study is to investigate the influence of the urban environ-

ment of Paris region on an isolated convective cell that formed downwind of

the city on 7 May 2022, using the Meso-NH research atmospheric model at a

horizontal scale of 300 m. To account for all sources of forecast uncertainty,

the initial and lateral boundary conditions of the simulations are provided by

the AROME-EPS ensemble prediction system. A multi-layer urban scheme is

used to accurately represent the influence of buildings on the airflow. Two sets

of ensemble simulations are performed: the first set (URB) uses a fine-scale

surface description of the city, while the second set (NOURB) replaces urban

surfaces with vegetation. This sensitivity test shows that, despite the high

variability of simulated precipitation within the ensemble, the city of Paris

plays a statistically significant role in the initiation of convection in this case.

Convective cells are initiated over the city for several members of the URB

ensemble, while almost no precipitation is simulated for the same members

of the NOURB ensemble. The mean 6-hour rainfall accumulation of the URB

ensemble is increased by 70% over Paris (compared to the NOURB ensemble)

and no statistically significant trend is found around the city. The analysis

reveals that the capital experiences a higher sensible heat flux due to drier and

warmer air, resulting in enhanced vertical velocities and an increase in bound-

ary layer height in the URB ensemble. Additionally, the total water content

and cloud fraction over Paris are intensified, leading to more precipitation.

These findings suggest that urbanisation has a notable impact on convection

and precipitation processes in this case. Keywords - Urban meteorology,

ensemble simulations, precipitation
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1 | INTRODUCTION7

Over the past few decades, the world’s population has grown rapidly, and as of 2022, the Earth is home to more than eight8

billion people (UN, 2022). At the same time, many countries around the world have experienced a strong migration from rural9

to urban areas, resulting in a higher population density in cities, which cover less than 3% of the Earth’s land surface but host10

more than half of the world’s population (Grimm et al., 2008). Because of their population growth, cities are constantly evolving11

and attracting more and more activities such as administration, business or industry. This combination of human activities and12

infrastructure changes in the context of climate change makes cities more and more vulnerable to weather hazards (Masson et al.,13

2020). To anticipate and mitigate the consequences of climate change, it is essential to understand the meteorological processes14

and the interactions between the urban surface and the atmosphere (Barlow et al., 2017; Hidalgo et al., 2018).15

Through the process of urbanisation (Douglas, 1983), many studies have shown that the urban environment has an impact16

on the local and regional climate. One of the main mechanisms of these effects is the well-known urban heat island (UHI) effect,17

which can alter the street canyon temperature and make the urban areas warmer than the surrounding areas (Oke, 1973; Bornstein18

and Lin, 2000; Tan et al., 2009). Cities can also locally affect the wind speed and the atmospheric circulation (Lemonsu and19

Masson, 2002; Bélair et al., 2018; Leroyer et al., 2014) and the structure of the boundary layer (Varentsov et al., 2018; Niyogi20

et al., 2011), which can sometimes lead to cloud persistence over the city (Theeuwes et al., 2019).21

While these effects are well studied and understood, questions remain about the interactions between urban environments22

and precipitation. Although the community has assumed that precipitation can be modified by cities, ongoing research has not23

reached a consensus regarding the cities and their influences on the structure, the amount and the frequency of precipitation24

passing over or around them (Liu and Niyogi, 2019). In fact, due to the diversity of cities in terms of morphology, size and25

location, the results obtained for a specific city cannot necessarily be generalized to other cities around the world. At the same26

time, the variability of precipitation situations, such as thunderstorms (Bélair et al., 2018), cyclones (Zhang et al., 2018) or27

large-scale stratiform events (Luo et al., 2022) that may pass over a city complicates the objective analysis of the interactions28

between cities and precipitation (Liu and Niyogi, 2019).29

More than one century ago, Horton (1921) hypothesized that a large city, such as Albany or Providence in the United States,30

could affect precipitation. Later in the second half of the century, Horton’s hypothesis was confirmed by several studies based31

on the Metropolitan Meteorological Experiment (METROMEX, Changnon and Vogel, 1977) conducted in Saint Louis in the32

1970s. These studies highlighted an increase in rainfall accumulation of up to 15% downwind of large cities in the United States33

(Huff and Changnon, 1973). More recently, there has been a rapid increase in the number of studies looking at the impact of34

cities on precipitation and the mechanisms involved. In a comprehensive analysis of over 400 papers on this subject, Liu and35

Niyogi (2019) identified general patterns in precipitation changes around urban areas: in the downwind region of the city, there is36

an increase in rainfall accumulation of up to 18% on average and of up to 16% over the city. This is shown by modelling case37

studies such as Shem and Shepherd (2009) who found an increase of up to 13% in precipitation accumulation downwind, as well38

as climatological studies like Kingfield et al. (2018) who showed through a radar-based analysis that megacities can increase39

precipitation by up to 50%.40

Many investigations have been conducted to understand the urban-induced processes that alter precipitation patterns and41

occasionally influence thunderstorm formation. Most of them emphasize an obvious influence of the UHI which can intensify42

convective activity during the day (Bornstein and Lin, 2000; Shem and Shepherd, 2009). Some others pointed out that the change43

in boundary layer height over urban areas due to an increase in sensible heat flux can enhance turbulence and instability over the44

city (Guo et al., 2006; Chen et al., 2011; Shimadera et al., 2015; Zhong and Yang, 2015). At the same time, the expansion of45

built-up areas strengthens surface roughness, commonly referred to as the building barrier effect (Bornstein and Lin, 2000), and46

often leads to a decrease in upwind and an increase in downwind surface winds (Niyogi et al., 2006; Guo et al., 2006). Studies47

have also considered the concentration of urban aerosols above the surface, which are increased by cities and may enhance the48
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electrification of clouds already formed over cities (Williams et al., 1999).49

While all of these processes are well understood individually, studying their interactions proves to be more challenging, as50

their combined effects can enhance or reduce rainfall accumulation. This complexity requires the use of a rigorous methodology51

to accurately distinguish and isolate random processes from clear trends in the urban influence on precipitation (Stewart and52

Oke, 2012; Liu and Niyogi, 2019). In literature, this impact of urbanisation is quantified using either a climatological or a53

modelling approach. From a climatological perspective, storms, precipitation, or lightning strikes are compared in urban areas54

and surrounding rural areas (Manola et al., 2020). In contrast, studies carried out with atmospheric numerical models analyse55

single cases (Bélair et al., 2018; Ryu et al., 2016) or multiple cases (Shem and Shepherd, 2009; Varentsov et al., 2018) where the56

precipitation is assumed to be modified by the city. The modelling approach is a useful tool for studying different processes at a57

fine scale, down to 1 km horizontal resolution in the most recent studies (Falga and Wang, 2024; Platonov et al., 2024). This58

allows the use of surface sensitivity tests, or atmospheric diagnostics, which help to understand surface-atmosphere interactions59

and dynamical or physical processes involved in the precipitation modification.60

However, numerical weather prediction models are subject to various uncertainties, which impair the predictability of61

small-scale phenomena such as thunderstorms. In the last decade, significant progress has been made through the use of62

convection-permitting ensemble prediction systems (EPS, Frogner et al., 2019). These ensembles are used by operational weather63

forecast centres worldwide — such as WRF-based ensembles in the United States (Berner et al., 2011), MOGREPS-UK in64

the United Kingdom (Hagelin et al., 2017), and AROME-EPS in France (Bouttier et al., 2016). They integrate perturbations65

in both initial and surface conditions, as well as physics parameterisation. These prediction tools are particularly valuable66

in the study of convective precipitation events and their interactions with urban environments, a domain characterised by the67

inherently low predictability. Two recent studies focusing on Asian cities have investigated the interactions between the urban68

environment and the atmosphere using ensemble simulations, with and without urban surface descriptions (Zhong and Yang,69

2015; Luo et al., 2022). Their ensembles consisted of different physical parametrisations, with combinations of radiation,70

microphysics and atmospheric boundary layer schemes. But they did not account for errors in initial conditions, surface errors or71

errors in large-scale boundary conditions. In this study, urban-rainfall interactions are investigated using ensemble simulations72

considering many sources of uncertainties in the forecast: initial and lateral boundary conditions as well as physics and surface73

parametrisations. To achieve this, two sets of ensembles of simulations (with and without urban description) were conducted74

with the Meso-NH research model, at a 300 m horizontal resolution (Lac et al., 2018). The initial and lateral boundary conditions75

were derived from the Météo-France ensemble prediction system, AROME-EPS. An additional pair of Meso-NH simulations76

was also performed using the analysis of the AROME-France numerical weather prediction (Seity et al., 2011).77

The study focuses on the city of Paris as it is part of the Research and Demonstration Project for the Paris 2024 Olympic78

Games (RDP, 2020), which aims at advancing meteorological research in order to prepare the future 100 m resolution weather79

forecasting systems for urban areas. In this paper, one of the cases selected by the Paris 2024 RDP community is investigated80

in detail. The study of the interactions between the city of Paris and precipitation using a modelling approach is also valuable81

because it complements recent climatological studies. For instance, Coquillat et al. (2012) suggested an influence of the urban82

environment of Paris on thunderstorm and lightning activity, with an increase in the number of days with lightning strikes over83

and downwind of the city (based on 12 years of data). A few years later, Le Roy et al. (2020) developed a methodology to84

analyse rainfall accumulation and showed an increase of almost 30% in summer rainfall downwind of Paris.85

The layout of this paper is as follows: section 2 describes the data used and the methodology to investigate Paris’s influence86

on precipitation. Section 3 compares the results of the ensemble simulations with the observations and shows the differences87

between the set of ensembles with and without urban description. Section 4 highlights the main processes related to rainfall88

modification in this situation. Finally, the conclusions and perspectives are given in section 5.89
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2 | DATA AND METHODOLOGY90

2.1 | Selected case: motivations and overview91

17:00 UTC 17:30 UTC 18:00 UTC

F I G U R E 1 Instantaneous precipitations derived from the operational base radar reflectivity composite (see description in
Figueras i Ventura and Tabary (2013)) observed over Paris region at 1700, 1730 and 1800 UTC. The red circle encompasses the
thunderstorm initiation directly over and downwind of the city of Paris. The black barbs indicate the wind speed and direction at
10 m based on Météo-France operational weather stations.

On 7 May 2022, an isolated convective cell formed south of Paris, producing up to 30 mm of precipitation within two92

hours. Forecasters in Paris reported this meteorological event due to the north flow over Paris and the initiation of convection93

in the southern part of the city (i.e. downwind), which led them to assume the capital’s influence on it. Although not extreme,94

this weather situation over the Paris region is an interesting case study to evaluate the influence of the urban environment on95

atmospheric convection and understand the related processes.96

The city of Paris is characterised by its location along the Seine River, surrounded by hills with a maximum height of97

350 m. Due to its distance from the sea, Paris experiences a modified oceanic climate, with frequent and generally mild98

precipitation, resulting in relatively warm summers (20.1°C) and mild winters (5.8°C), averaged over the period 1991-2020 at99

the Paris-Montsouris station. The climate and location of the city make it an ideal place to study the effects of urbanisation on100

precipitation without the influence of other geographical features such as mountains or seas (Bélair et al., 2018; Song et al.,101

2014).102

This case study took place in spring, a season known for frequent rainfall and temperatures ranging from 10 to 20°C. On103

the day in question, the temperature at the Paris-Montsouris weather station was recorded as 10°C in the morning and 22°C104

in the afternoon. The synoptic situation was characterised by an anticyclone centred over the United Kingdom and a weak105

northerly flow over the Paris region. During the day, a cyclonic anomaly at 500 hPa moved from the Benelux to central France,106

causing a slight instability over the Paris region. Due to the high pressure remaining in the lower levels with 1024 hPa observed107

at Paris-Montsouris at 12 UTC, only a few convective cells developed over northern France, and one of them formed directly108

downwind of the city of Paris. This is illustrated in Figure 1, with the instantaneous precipitation at 1700, 1730 and 18 UTC and109

the wind barbs indicating a northerly flow over Paris. A convective cell was initiated directly in the southern region of Paris and110

reached high intensity with more than 70 mm h−1 at 18 UTC. The precipitation accumulation analysed between 12 UTC and111
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F I G U R E 2 On the left is the terrain elevation for the 2 domains of Meso-NH used to compute the simulations. The coarsest
domain at 1.2 km horizontal resolution corresponds to the blue domain on the map, and the red domain corresponds to the finest
domain at 300 m horizontal resolution. The background of the outer surface for the left panel is provided by OpenStreetMap
contributors. The land use categories in the Paris region are shown in the right panel. We can clearly see the densely urbanised
area of Paris in red in the centre of the map.

18 UTC (14 h to 20 h local time) shows up to 30 mm (Figure 5) in the southern region of Paris.112

2.2 | Model description113

To investigate the role of the Paris urban environment in this convective case, a numerical study was carried out using the114

Meso-NH French non-hydrostatic mesoscale numerical model (Lac et al., 2018). This model has been used extensively to study115

the convection in recent years (Dauhut et al., 2015; Nuissier et al., 2020; Mandement and Caumont, 2021).116

The simulation experiment uses a two-way interactive grid nesting with two domains on a limited area centred on Paris117

(see Figure 2). The parent domain has a 1.2 km horizontal mesh grid with a size of 480 × 480 km, while the child domain is118

a square of 240 km × 240 km with a 300 m horizontal resolution. The coarsest domain, which covers the northern region of119

France, is sufficiently large for the flow and convection to adjust to the 1.2 km mesh before it reaches the child domain. The120

Gal-Chen and Somerville (1975) height-based vertical coordinate is used for both domain with 90 stretched vertical levels. The121

first level is at 2 m and 27 levels are available between 2 and 980 m, allowing a fine description of the boundary layer. The top of122

the model is at 25 km, and over 15 km (the last 7 levels) a Rayleigh damping is progressively applied to the perturbations of the123

wind components and thermodynamic variables with respect to their large-scale values. This helps to prevent spurious reflections124

from the upper boundary. It has a maximum value of 0.001 s−1 at the top of the upper absorbing layer.125

The wind transport by itself is represented by the fifth order WENO (Weighted Essentially Non-Oscillatory) scheme (Shu126

and Osher, 1988) combined with a fourth order Runge-Kutta time-splitting scheme (Lunet et al., 2017) for the other discretisation.127

The transport scheme used for meteorological (temperature, water content and turbulent kinetic energy) and scalar variables is a128

monotonic version of the piecewise parabolic method. These schemes are used identically for both domains. The model time129

step is 15 s for the coarsest grid and 7.5 s for the finest one. These small time steps are needed to keep the model stable through130
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the different advection schemes. To improve this stability, according to Wang and Spiteri (2007), the time step in the model is131

divided by 2 when the Courant-Friedrichs-Lewy (CFL) number is higher than 0.6.132

In terms of physical parameterisation, the Rapid Radiation Transfer Model (Mlawer et al., 1997) is used for the longwave133

radiation scheme, while the shortwave scheme is based on the Fouquart and Bonnel (1980) method. Full radiation calculations are134

performed every 5 minutes to reduce the cost of the simulation. The aerosol distribution is extracted from the Tegen climatology135

(Tegen et al., 1997), a database with a horizontal resolution of 4 × 5° and is not surface dependent. The microphysical scheme136

used here is a bulk-mixed phase one-moment scheme called ICE3 (Pinty and Jabouille, 1998; Caniaux et al., 1994). The137

prognostic equations predict the mixing ratios of three solid (ice crystal, snow, and graupel) and two liquid (cloud droplets and138

raindrops) hydrometeors. A subgrid cloud condensation scheme is also used for the parent domain to allow partial cloudiness of139

a grid box, providing a cloud fraction to the radiation scheme cited above.140

For the turbulence, a one-dimensional parametrisation is used in the parent domain (Cuxart et al., 2000). Shallow convection141

and dry thermals are parametrised using a mass flux formulation, as described in Pergaud et al. (2009). In contrast, the child142

domain is assumed to be in the near grey zone, where most turbulence is resolved (Honnert et al., 2020). For the remaining143

local turbulence, a 3D turbulence parameterisation is activated. Shallow convection is assumed to be explicitly resolved, and144

the scheme is switched off. The model uses a mixing length adapted to every scale (mesoscale, grey zone, near grey zone and145

LES) to close the equations and parameterise the remaining subgrid turbulence (Honnert et al., 2021). This mixing length tends146

towards the one implemented by Rodier et al. (2017) for the coarsest domain, and is proportional to the horizontal grid cell size147

for the finest domain.148

The SURFEX (SURface EXternalisée) model is used to simulate the Earth’s surfaces and their interactions with the149

atmosphere (Masson et al., 2013). It is designed to describe surface fluxes and their evolution for 4 types of surfaces: nature,150

lake, ocean and city. To account for surface heterogeneity, each grid mesh is divided into four main tiles. At each time step,151

Meso-NH is coupled with SURFEX and several variables such as potential temperature, mixing ratio or radiation are given from152

the first level of Meso-NH to each mesh grid of SURFEX. In return, SURFEX calculates the momentum, sensible and heat fluxes,153

aerosols and other variables and returns them to Meso-NH, averaged over the four tiles.154

Each tile uses a specific scheme developed in SURFEX to simulate the different fluxes over each surface. For the ocean155

tile, the COARE 3.0 parameterisation (Fairall et al., 2003) is implemented to represent the sea-surface fluxes. The fluxes at156

the air-water interface over a lake in SURFEX are calculated in a relatively simple way. It is based on the calculation of the157

roughness length from the Charnock (1955) formula and the parameterisation of Louis (1979) for the turbulent fluxes using a158

constant surface temperature of the water throughout the simulation. Regarding the natural tile, the ISBA scheme is activated159

with an explicit multilayer soil approach (Boone et al., 2000; Decharme et al., 2011). This approach allows the soil column160

to be divided into a certain number of layers, the default discretisation being 14 layers for a depth of 12 m. Finally, the TEB161

multi-layer scheme is implemented over the urban tile (Masson, 2000; Schoetter et al., 2020). With this new configuration, the162

buildings are immersed in the Meso-NH atmospheric model. This approach improves the model’s results for near-surface air163

temperature, wind and relative humidity.164

Land cover data are provided by the Ecoclimap-I Land Cover database (Masson et al., 2003) at 1 km horizontal resolution165

for the parent domain. This database, which gathers more than 215 ecosystems, is used in weather and climate models to define166

the fractions of the different surfaces present in the simulation domain (water, lakes, forests, crops, etc.) and to compute the167

parameters needed for surface models. The representation of the land cover in the parent domain is shown in Figure 2 with168

the different land use categories. For the child domain, open street map data (OpenStreetMap, 2021) are computed using the169

geoclimate tool (Bocher et al., 2021). They have a horizontal resolution of 100 m and provide accurate descriptions of building170

heights, building densities and vegetation heights.171
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2.3 | Ensemble of simulations design172

As mentioned in the introduction, to evaluate the robustness of the results regarding the urban influence on rainfall accumulation,173

it is necessary to assess the uncertainties in modelling convective events. The study is based on an ensemble of 16 simulations174

with urban surface descriptions and 16 without. 15 of them are initialised and forced by the ensemble prediction system of175

Météo-France, AROME-EPS (Bouttier et al., 2016) and 1 simulation is initialised and forced by the analysis of AROME-France176

operational model (Seity et al., 2011; Brousseau et al., 2016) as explained in the following paragraph. These ensembles are177

designed to represent the major sources of uncertainty in the numerical simulation process.178

2.3.1 | Input data for Meso-NH179

The AROME-EPS is an ensemble based on the AROME-France numerical weather prediction system, with a horizontal resolution180

of 1.3 km and 90 vertical levels. It has 16 perturbed members 4 times per day (03, 09, 15 and 21 UTC) with forecasts out to181

times between 45 and 51 h. Each perturbed member is initiated by an ensemble data assimilation method built from explicit182

perturbations of the observations (Raynaud and Bouttier, 2015). The lateral boundary conditions are given by a subset of the183

Prévision d’Ensemble Arpège (PEARP) members, the global ensemble prediction system used at Météo-France (Descamps184

et al., 2014). The PEARP members used for the lateral boundary conditions are selected by a clustering algorithm (Bouttier and185

Raynaud, 2018). The model error is represented by a stochastic perturbation of the physical tendencies described in Bouttier et al.186

(2012). Surface conditions are perturbed by an autocorrelated random modification of various aspects of the SURFEX surface187

model (Bouttier et al., 2016).188

For this experiment, the ensemble simulations start on 7 May at 09 UTC and run for 15 hours until 8 May at 00 UTC. The189

parent model’s initial and lateral boundary conditions are provided by 15 members of the 09 UTC run of AROME-EPS every190

3 hours, with a horizontal resolution of 1.3 km. Additionally, Meso-NH is initialised on 7 May at 12 UTC and forced every 3 h191

with the AROME analysis at 1.3 km horizontal resolution. This simulation is referred to as ARO12 in this article. It should be192

noted that the spin-up of the simulations was not ideal. However, the convective cells occurred around 17 UTC over Paris, which193

is 5 to 8 hours after the initialisation of the simulations. The use of forcing files at 1.3 km for Meso-NH helped the simulations194

reach equilibrium faster, reducing the spin-up time. The simulations support this statement, as ARO12 and most members of the195

ensemble demonstrated reasonable performance in simulating convective precipitation during the afternoon.196

2.3.2 | Twin experiment: URB and NOURB ensembles197

The objective of this twin experiment is to assess the potential impact of the Paris region on a typical day of diurnal convection.198

One approach to achieve this goal is to replace the urban scheme with the surrounding vegetation (Bélair et al., 2018; Shem199

and Shepherd, 2009; Luo et al., 2022). In these studies, the city is removed at the beginning of the simulations with the surface200

description manually modified by the authors and replaced with the most common land type in the vicinity. In our case, we used201

a different approach with two configurations of the Meso-NH model. The first configuration, referred to as URB, includes all the202

urban features described above and provides a detailed representation of the urban environment using different datasets. The203

second configuration, named NOURB, differs slightly from the method used in the aforementioned studies to ensure greater204

continuity with the files used to initialise the model. Indeed, as described by Seity et al. (2011), AROME uses the TEB scheme205

to describe the city. This implies fluxes modification over the urban areas, such as an increase of sensible heat flux. To prevent206

excessive contrast in surface variables between the initialisation files and the NOURB simulations in the first time steps, the207

urban fraction is gradually removed over the first two hours of the simulations. The removed urban fraction is immediately208

replaced by an equivalent fraction of natural vegetation. This method allowed us to simulate the effect of replacing the city with209
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vegetation on the surface fluxes, as described below:210

F = fn Fn + fl Fl + ft Ft + fs Fs (1)

{
ft → 0

fn → fn + ft
(2)

where F is the total flux in the grid cell, fn,l ,t ,s are the fractions of the tiles nature, lake, town and sea and Fn,l ,t ,s are the211

flux issued from the nature, lake, town and sea schemes.212

In this experiment, the urban fraction is divided by 1000 over the first 2 hours of the simulations. After this replacement, the213

SURFEX model automatically interpolates grid points of natural cover in order to ensure a coherent natural surface cover over214

the Paris region. This results in a replacement of the urban surface by approximately 40% of grass, 40% of deciduous temperate215

broadleaf trees and 20% of crop fields.216

Based on these two configurations, the URB ensemble is made by initiating and forcing the URB configuration with the 15217

members of the AROME-EPS and the analysis of AROME-France. The NOURB ensemble is made by forcing the NOURB218

configuration with the same members. In the following sections, the URB ensemble will be called URB and the NOURB219

ensemble will be referred to as NOURB. A particular x member of the URB or NOURB ensemble will be referred to as mbx-URB220

or mbX-NOURB.221

2.4 | Precipitation analysis methodology222

The present study aims at evaluating the influence of the Paris metropolitan area on convective rainfall events using an ensemble223

analysis approach. Due to the extensive data involved, including 32 simulations, an automated method is necessary to effectively224

compare the ensembles and conduct a comprehensive statistical analysis of the outcomes. To meet this requirement, a new225

method has been developed for the Paris region, which could be extended to other large cities in the world. This method involves226

the evaluation of different variables, such as precipitation accumulation, temperature, humidity, and fluxes in different sectors227

both within and around Paris (see Figure 3).228

To understand the influence of cities on precipitation in different regions, including upwind, downwind, and over the city,229

we focused on the area around Paris and divided it into seven distinct sectors. Each sector was analysed for precipitation230

accumulation and other variables within the upwind, downwind and over the city sectors. As shown in Figure 3, the central black231

circle with a radius of 20 km covers the entire densely urbanised part (grey background) of the region and represents the city232

sector. In addition, six other sectors were defined, each with an angle of 60°, extending from 20 to 60 km from the centre of Paris.233

These sectors were designed on the basis of previous studies (Le Roy et al., 2020; Lorenz et al., 2019), ensuring that their length234

(60 km radius) was sufficient to capture the influence of the city in its surroundings. The two primary sectors are the upwind235

sector, shown in blue, and the downwind sector, shown in red. Four additional sectors were created around these primary sectors236

to assess the potential impact of the city on its lateral sides depending on the wind direction. These additional sectors are referred237

to as the upwind left, upwind right, downwind left, and downwind right sectors.238

To determine the optimal orientation of the upwind and downwind sectors, we relied on the synoptic flow data over the239

study area for a given time period. For each simulation, the wind orientation (based on the averaged wind between 1500 m and240

3000 m) at each grid point within the large circle encompassing the 7 defined sectors was used to calculate the prevailing winds241
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.Trappes

F I G U R E 3 Map of the 7 sectors defined for precipitation and variables analysis. Their orientation depends on the mean
wind direction in the largest circle. The blue and red sectors represent the upwind and downwind areas, while the sectors with
the letters "R" and "L" indicate the left and right downwind (resp. upwind) sectors along the sides of the city. The city sector is
represented by the black circle.

during the specified period. For example, in our analysis, we focused on the 6-hour rainfall accumulation to assess the influence242

of Paris on convective rainfall events. To do this, we calculated the average wind direction during the same 6-hour period used243

for the precipitation accumulation to determine the orientations of the upwind and downwind sectors.244

3 | ASSESSMENT OF THE MODEL PERFORMANCE AND COMPARISON245

BETWEEN URB AND NOURB ENSEMBLES246

3.1 | Evaluation of the model performance247

In this section, the simulations of the URB ensemble at 300 m horizontal resolution are first evaluated against the observations.248

Statistical analyses are performed to compare the URB ensemble mean and the ARO12-URB simulation with the observations249

from the automatic operational weather stations of Météo-France for the following parameters: 2 m air temperature (149 stations),250

2 m specific humidity (21 stations) as well as surface wind speed at 10 m (64 stations). We computed the box plots of the251

simulation-observation differences by extracting the ensemble mean (and the ARO12-URB simulation) at the location of each252

weather station in the child domain at 300 m resolution (red square in Figure 2). The box plots are displayed every hour between253

12 and 21 UTC. (see Figure 4a,b,c). These times were chosen because they represent the weather situation before, during and254

after the initiation of convection over Paris.255

The temperature at the beginning of the simulations is really well captured by the URB ensemble, with almost no difference256
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(a) (b)

(d)(c)

F I G U R E 4 Box plots of the differences between the URB ensemble mean and observations (blue) and ARO12-URB and
observations (orange) at each weather station location within the 300 m resolution child domain for (a) the 2 m air temperature,
(b) the 2 m specific humidity and (c) the 10 m wind speed. Box plots are shown every hour from 12 to 21 UTC and the mean of
the distribution is represented with a white circle. (d) Comparison between the URB ensemble, ARO12-URB and the
ANTILOPE observations of the proportion of the child domain (in %) where hourly rainfall accumulation is over 1 mm. The data
is compared on the ANTILOPE grid. The dispersion of the 15 members of the URB ensemble is represented by the box plots
(blue) at each hour, and the points correspond to the values for ARO12-URB (orange) and ANTILOPE observations (green).

between the ensemble mean and the observations on average at 12 UTC. Then, Figure 4a shows that the ensemble generally has257

a cool air temperature bias (about 1°C) in the afternoon and a small warm bias (less than 1°C) in the evening. ARO12-URB258

shows initial temperature differences at 12 UTC, with lower temperatures than the observations, which could be explained by the259

spin-up time needed to get a more realistic feature of the atmosphere, and we can see that this is quickly corrected by the model260

with a small warm bias after 13 UTC and globally a good forecast accuracy in the afternoon. A warm bias is then simulated by261

ARO12-URB in the evening, like the one for the URB ensemble. We also note that a large spread is simulated by ARO12-URB262

and the ensemble in the afternoon. This can be attributed to the onset of diurnal convective precipitation in some parts of the263
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domain in the early afternoon, leading to a temperature decrease under the modelled precipitation that is not necessarily colocated264

with the observed precipitation (not shown).265

The specific humidity, Figure 4b, is slightly underestimated in the early afternoon for the URB ensemble and ARO12-URB.266

Later, in the afternoon, the bias becomes slightly positive for the ensemble with an overestimation of the humidity of about267

0.8 g kg−1 on average at 16 and 17 UTC. At the same time, ARO12-URB shows better forecasts of the specific humidity, with the268

mean of the distribution close to 0 g kg−1 difference. In the late afternoon and the evening, both the ensemble and ARO12-URB269

are slightly too humid compared to the observations. We also found on Figure 4b that the variability within the simulations at the270

observing sites is larger in the afternoon, as for temperature. This is mainly due to diurnal convection leading to precipitation in271

some parts of the domain (either in the simulations or in the observations), which locally increases the specific humidity. The272

wind speed is well simulated by both the ensemble mean and ARO12-URB. Throughout all the time steps, the simulations show273

a small positive bias, with a median difference of 1 m s−1 in the afternoon and less than 1 m s−1 in the evening.274

To visualise the performance of the 300 m simulations in forecasting precipitation timing and intensity, we calculated the275

proportion of the child domain where the hourly rainfall accumulation for the URB ensemble (blue) and ARO12-URB (green) are276

over 1 mm (see Figure 4d). This was compared with the fraction observed (green) from the ANTILOPE (ANalyse spaTiaLisée277

hOraire des PrEcipitations) quantitative precipitation estimate (QPE) algorithm (Laurantin, 2013). This algorithm combines rain278

gauges and radar measurements to spatialise rainfall accumulation with a horizontal resolution of 1 km. The simulations were279

interpolated to the ANTILOPE grid to compare the results at each point of the domain every hour between 12 and 21 UTC. It280

should be noted that the hourly rainfall accumulation for ARO12-URB is not available at 12 UTC due to the simulation starting281

at that time. In Figure 4d, we see a clear overestimation of the proportion of the domain with hourly rainfall over 1 mm for282

the simulations, especially in the early afternoon, for the URB ensemble and slightly less for ARO12-URB. The observations283

indicate that the precipitation on this day was confined to a small part of the domain, as no more than 2% of the child domain is284

covered with hourly rainfall over 1 mm. Although the difference between simulations and observations is large on the graph, it285

only reaches a maximum of 5% between the URB mean and the observations on this day, at 14 UTC. This seems reasonable,286

when one considers the small fraction of the domain concerned by precipitation in both the simulations and the observations.287

To complete the study of the performance of the simulations for the precipitation representation, we calculated the 6-hour288

rainfall accumulation (12-18 UTC) for each member and compared them with the rainfall observations from the ANTILOPE289

data (Figure 5). We observe a clear overestimation of the amount of precipitation in the Meso-NH simulations compared to the290

observations. Only a few precipitation accumulation patches are observed in the Paris region during this period, with the main291

one located in the south of Paris, possibly initiated by the city. The simulations show considerable variability, characterised292

by distinct precipitation patches for each member. In particular, two distinct clusters are visible: one with lower precipitation293

accumulation for members 3, 4, 12, 13 and 15, as well as for ARO12. On the other hand, the remaining members show more294

widespread and higher rainfall accumulation.295

The diversity in the forcing data explains the variability in the simulations. In our study, we used the 09 UTC run of the296

AROME-EPS forecast, and at first sight we noticed an overestimation of precipitation in most members of the operational297

ensemble. Therefore, it is reasonable to observe a similar trend in the meso-NH simulations.298

To better understand the high variability within the ensemble, a comparison was conducted using the available radiosounding299

data from Trappes, located west of Paris (see Figure 3). In Figure 6, the observed profiles (thick black curves) obtained on 7 May300

at 12 UTC, are compared with the simulated profiles of potential temperature and specific humidity calculated as horizontal301

averages within a 10 km window around Trappes to smooth the variability of the variables. The plots show a significant variability302

of the profiles across the ensemble. The simulated potential temperature ranges from 16°C to 20°C near the surface (for an303

observed temperature of 17°C), while the specific humidity generally appears to be lower than the observations for most ensemble304

members at the lowest altitudes (below 1000 m AGL). To provide a simple estimate of the height of the boundary layer, we305

examined the change in the variation of the potential temperature in the vertical direction. The lowest points of the sharp rise306
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F I G U R E 5 Maps of the 6 h rainfall accumulation (from 12 to 18 UTC) observed in the ANTILOPE analysis or simulated in
all URB simulations: ARO12-URB and the 15 URB simulations forced by AROME-EPS members.
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F I G U R E 6 Vertical profiles of the potential temperature (left) and specific humidity (right), observed by Trappes
radiosounding and calculated as horizontal averages within a 10 km window around Trappes for all URB simulations (members
1 to 15) and ARO12-URB simulation. The dashed lines correspond to the less precipitating simulations from the URB ensemble:
members 3, 4, 12, 13 and 15.

in temperature, depicting an inversion, were selected as the boundary layer height. Looking at the radio sounding, this simple307

method indicates that the boundary layer height is situated around 900 m, while within the ensemble, this height varies between308

400 m and 2000 m, depending on the member. This further illustrates the high variability within the ensemble, with two distinct309

clusters: one characterised by colder temperatures and a shallow boundary layer, and another with warmer temperatures and310

a higher boundary layer. These two clusters help to explain the observed differences in precipitation accumulation within the311

ensemble. In Figure 6, we highlight the members with low precipitation accumulation according to Figure 5 using dashed lines.312

Among four out of five members with low precipitation, the potential temperature in the lower levels appears warmer compared313

to the observations, and the boundary layer, in general, is more developed. Simultaneously, the vertical profiles of specific314

humidity indicate a drier atmosphere for these four members. With this dry air, convection does not initiate in the larger domain,315

as it does for the more humid members. For the remaining member with low precipitation accumulation, the atmosphere may316

have been too cold to initiate convection.317

The ARO12-URB is initialised at 12 UTC using the AROME analysis, which includes the radiosounding in the assimilation318

process. As a consequence, it is normal to see a better agreement between the ARO12 simulation and the observations. This can319

explain the better precipitation results shown in the previous paragraph for this simulation.320

The use of an ensemble usually implies a high variability within the results. Due to the non-linearity of the equations, we321

know that small changes in the initialisation, forcing or parameterisation of the equations can lead to large differences in the322

results. This is exactly what the ensemble illustrates for the 7t h of May situation. However, the main objective of the study is323

not to evaluate the accuracy of the forecasts, but to consider all uncertainties in the modelling and assess the urban impacts on324

precipitation.325
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(a) URB ensemble (b) NOURB ensemble

(c) URB - NOURB (d) Averaged in each sector (e) Wilcoxon t-test 

F I G U R E 7 (a) Ensemble mean 6 h precipitation accumulation (12-18 UTC) for the URB ensemble, and (b) for the NOURB
ensemble. (c) Difference between the URB and NOURB ensembles for the 6 h accumulated precipitation. (d) Average
precipitation accumulation difference computed in each sector. (e) Results of the Wilcoxon t-test of statistical significance for
URB - NOURB shown in (c), with cyan and dark blue colours indicating significance levels of 95% and 99% respectively.

3.2 | Comparison between URB and NOURB ensembles326

To evaluate the effect of the urbanised area of Paris on the convection, the URB and NOURB ensembles are compared for the327

simulated rainfall accumulation. The averaged precipitation over 6 hours between 12 and 18 UTC is shown in Figure 7a for the328

URB ensemble and Figure 7b for the NOURB ensemble. Both ensembles consist of 16 members. On average, precipitation329

patches are relatively similar between the URB and NOURB ensembles, except within the city sector over Paris where rainfall330

accumulation is lower in the NOURB ensemble. This is clearly shown with the difference between the URB and NOURB331

ensembles in Figure 7c with a red zone over Paris region. We also observe negative areas in other parts of the domain, but they332

are often next to areas with positive values: they reflect a slight shift in precipitation between URB and NOURB simulations,333

resulting in a precipitation dipole. Averaging the precipitation accumulation difference within each sector gives an average334

increase of +0.8 mm in the URB simulations over the city of Paris and an increase of +0.2 mm downwind of the city (Figure 7d.335

These results are consistent with previous studies reporting increased precipitation over urban areas (Shem and Shepherd, 2009;336

Bélair et al., 2018). Although these 6-hour rainfall accumulation differences between URB and NOURB are relatively small337

(never exceed 4 mm in Figure 7c), the mean increase of +0.8 mm over the city corresponds to a 70% relative increase in338

precipitation, which is notable.339
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ARO12 - URB ARO12 - NOURB

mb001 - NOURBmb001 - URB

mb012 - NOURBmb012 - URB

F I G U R E 8 Instantaneous precipitation and wind barbs at 10 m at the peak of the precipitation intensity for the URB
members. URB simulations are on the left and NOURB are on the right. ARO12 is at the top, and members mb001 and mb012
are in the middle and bottom, respectively.

To better understand the differences in mean precipitation accumulation between URB and NOURB, we selected a number340

of twin simulations (URB vs. NOURB configuration) where the URB members are quite close to the observations. It is important341

to note that in such a situation of diurnal convection, it is very difficult to simulate the correct timing and location of convective342

cells. Here, we examine the twin simulations when the instantaneous precipitation rate over the city is maximum. The results are343

displayed in Figure 8 for 3 members of the ensembles. In the ARO12-URB simulation, convection is initiated over the city, with344

the peak intensity reaching 20 mm h−1 at 16 UTC, while no precipitation is simulated over Paris in ARO12-NOURB. Convection345

is also initiated in mb001-URB and mb012-URB with peak intensities at respectively 15 UTC and 18 UTC respectively, while346
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almost no precipitation is simulated in the corresponding NOURB simulations. An in-depth study of the processes is proposed in347

section 4 to better understand the role of the Paris environment in the initiation of the precipitation event on 7 May 2022.348

3.3 | Robustness of the results349

To ensure that the results obtained for Paris and its environs were significant and confirmed an increase in precipitation over the350

city, several tests were conducted.351

For the first test, we computed simple statistics on the differences between the URB and NOURB ensembles in each sector.352

The median, the mean and the 90t h percentile were calculated for each ensemble and are shown in the Table 1. Over the city353

we find an increase of up to 0.85 mm for the mean and more than 2 mm for the 90t h percentile. In the other sectors, almost354

no differences are found, except in the downwind left sector where an increase of 0.2 mm is found for the mean of the URB355

ensemble.356

TA B L E 1 Statistics on the URB - NOURB 6h precipitation accumulation differences in each sector (mm).

Sector Mean Median 90t h percentile

City 0.85 0.38 2.22

Downwind left 0.20 0.04 0.64

Downwind right -0.03 0.0 -0.05

Downwind 0.04 0.05 0.22

Upwind left -0.02 -0.02 -0.11

Upwind right 0.03 0.0 0.15

Upwind -0.03 -0.01 -0.08

A second statistical test was performed over the Paris region using a Wilcoxon-Mann-Whitney rank-sum test (Wilks, 2006).357

The test was applied to the accumulated precipitation over 6 hours at each grid point of the URB and NOURB ensembles,358

respectively. The results on the domain are shown in Figure 7e. The cyan and dark blue colours indicate areas where the359

differences between the URB and NOURB ensembles are statistically significantly different, at a confidence level of 95% and360

99%, respectively. The results show that the areas with positive precipitation anomalies in the city sector (Figure 7c) are also the361

areas with statistical differences between the two ensembles. This illustrates the robustness of the precipitation response from362

urbanisation in this case.363

A final statistical test was performed to ensure the robustness of the results in each sector (Figure 7d). As the experiment364

was limited to 16 members for the URB ensemble and 16 for the NOURB ensemble, we artificially increased this number using365

the bootstrap method (Efron and Tibshirani, 1993). This technique, based on resampling with replacement, allows the calculation366

of the confidence intervals of a dataset. In this case, it is applied to the average of the URB and NOURB ensemble differences367

for the 6-hour rainfall accumulation in each sector (see Table 2). After resampling the URB-NOURB dataset 10000 times, we368

observe an average increase in precipitation of 0.85 mm in the city sector for URB compared to NOURB ensemble. Based on a369

confidence level of 95%, the confidence interval ranges from 0.52 to 1.21 mm, confirming a statistically significant increase370

in precipitation over the city for the URB ensemble. In the other sectors, except downwind left, the confidence intervals are371

almost centred on 0, meaning that no significant differences are simulated by the ensembles. In the downwind left sector, a mean372

increase of 0.2 mm is simulated with a confidence interval ranging from 0.0 to 0.44 mm, confirming also a slight increase in373

precipitation downwind left of the city.374
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TA B L E 2 Bootstrapping on the sample of URB-NOURB accumulated precipitation differences (mm) averaged within each
sector. The confidence interval is based on a confidence level of 95%.

Sector Mean Confidence interval

City 0.85 [0.52, 1.21]

Downwind left 0.20 [0.0, 0.44]

Downwind right -0.02 [-0.17, 0.11]

Downwind 0.04 [-0.1, 0.19]

Upwind left -0.02 [-0.11, 0.04]

Upwind right 0.03 [-0.06, 0.13]

Upwind -0.03 [-0.1, 0.02]

4 | DISCUSSION: ROLE OF THE URBAN ENVIRONMENT375

The quality of the modelling results discussed in the previous section is influenced by various factors. These factors include376

the horizontal resolution of the model, the initial atmospheric conditions, the surface forcing, and the representation of specific377

physical processes such as cloud microphysics, implicit or subgrid-scale convection, and boundary layer mixing. The use of378

an ensemble allows us to observe the variability in the modelling of the situation, depending on the quality of the ensemble. It379

also allows us to identify the most influential factors that contribute to significant differences between the URB and NOURB380

ensembles or within a twin experiment. In this study, we focus on the analysis of the key variables related to the urban381

environment that could contribute to the observed increase in rainfall accumulation over Paris. However, it is important to note382

that the differences between the URB and NOURB ensembles may be relatively small compared to the differences found between383

individual members within the ensemble.384

4.1 | Warmer and drier atmosphere over Paris385

Special attention was given to the near-surface region to evaluate changes in the following variables: 2 m air temperature, 2 m386

specific humidity and latent and sensible heat fluxes. The temporal evolution of the ensemble mean and dispersion for each387

variable was analysed within the city sector, which exhibited the most significant differences between URB and NOURB.388

When examining the temporal evolution of the temperature displayed in Figure 9a, an increase in the mean of the URB389

ensemble (red curve) is clearly visible. The gap between the URB and NOURB ensembles becomes more pronounced after390

10 UTC as the TEB urban scheme is progressively removed. This is an illustration of the urban heat island effect, which leads to391

a temperature increase (in URB compared to NOURB) of about 1°C during the day and more than 2°C during the following night392

over the Paris region. These results are in good agreement with previous studies carried out in Paris, which reported an average393

urban heat island effect of less than 1°C during the day and about 2.5°C during the night (Le Roy et al., 2020). On Figure 9b,394

we can see the urban footprint on the temperature at 13 UTC, just before the convection starts in most of the simulations. The395

positive anomaly depicts an increase of temperature for the URB ensemble, and the highest differences are located in the centre of396

Paris and in the south of the capital. The spread of the ensembles shown in the temporal evolution (Figure 9a) also highlights the397

high variability we already observed earlier, with differences of more than 4°C between the coldest and the warmest simulation398

in the ensemble. This is mainly due to the formation of showers over Paris in the simulations, which occurred earlier in some399

simulations Figure 4. In the 7 May case, the urban heat island effect is not particularly intense due to lower daytime heating and400
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F I G U R E 9 Time series of the URB and NOURB ensemble mean of (a) 2 m temperature and (c) 2 m specific humidity,
averaged in the city sector. The intervals between 10th and 90th percentiles are represented by shaded colours. Difference
between URB and NOURB ensemble means at 13 UTC for (b) the 2 m air temperature and (d) 2 m specific humidity.

radiation. On average, the temperature for the hottest simulation in the URB ensemble over Paris only reaches 22°C, and the401

radiation is not at its maximum due to the different convective cells passing over Paris.402

Another effect of the urban environment within the ensembles is simulated in the specific humidity at 2 m (Figure 9c). Due403

to the predominance of impervious materials and the low density of vegetation in Paris, the water availability is reduced, leading404

to lower humidity in the urban environment during the day (Hage, 1975). This is evidenced by a lower 2 m specific humidity405

in the URB ensemble during the day. At 13 UTC, the areas with lower specific humidity in the URB simulations (Figure 9d)406

correspond well with those classified as "urban" in the land use map shown in Figure 2. In general, the NOURB ensemble407

simulates on average specific humidity values of about 8.3 g kg−1 in the afternoon before the convection initiation, while the408

URB ensemble shows an average of only 7.7 g kg−1. The high variability, represented by the spread of the ensemble in the409

graphs, highlights the differences between the individual members. In fact, the ensemble simulates different weather conditions,410

with small showers, heavy rain or dry weather during the afternoon. This leads to a high variability of the humidity over Paris411

as well as for the temperature at 2 m. However, the general trend is confirmed in the URB ensemble, with a drier atmosphere412
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over Paris during the day. This trend is consistent throughout the entire simulation, except during the night, when the specific413

humidity is slightly higher in the URB ensemble compared to the NOURB ensemble. This may seem counterintuitive at first, as414

Paris has a relatively low vegetation cover compared to the surrounding areas. But nighttime temperatures are warmer in the city415

(UHI) and allow for higher humidity, with steam further from saturation, leading to less water loss by condensation (Hage, 1975;416

T. R. Oke, 2017).417

F I G U R E 1 0 Same as Figure 9 for the sensible heat flux (a) and (b), and for the latent heat flux (c) and (d).

A well-known consequence of warmer surfaces and drier air in the urban area is an increase in the sensible heat flux (Guo418

et al., 2006; Bélair et al., 2018) and a decrease in the latent heat flux due to less vegetation in cities and limited evaporation419

processes (Lemonsu and Masson, 2002). This phenomenon is well simulated throughout the day, with a significant difference in420

the fluxes between the URB and NOURB ensembles (Figure 10a,c). At 13 UTC, the sensible heat flux in the URB simulations421

is almost 100 W m−1 higher in the centre of Paris (Figure 10b), and the URB-NOURB difference is positive over a large area422

where the urban surfaces are present. Conversely, the latent heat flux over the Paris region is lower in the URB simulations (see423

blue negative values in Figure 10d with a difference of up to 100 W m−1 in the north-west of Paris).424

Figure 10a and Figure 10c also depict the temporal evolution of the ensemble mean and the dispersion within the city sector425
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for the sensible and latent heat fluxes. We observe that the sensible heat flux averages about 230 W m−2 at the beginning of the426

simulation. As we gradually remove the urban area at 10 UTC, the differences between the URB and NOURB ensembles steadily427

increase, reaching a maximum difference of 90 W m−2 on average at 12 UTC. Throughout the day, the difference between URB428

and NOURB remains positive, indicating that more sensible heat flux is generally available in the URB simulations. Conversely,429

the latent heat flux is generally higher for the NOURB ensemble, with a maximum difference of about 60 W m−2 during the430

afternoon. This can be attributed to the significant decrease in moisture availability over urbanised areas, as indicated by the431

specific humidity discussed in the previous paragraph. The results show a high variability, strongly influenced by clouds and432

showers over Paris in the afternoon, but the overall shift towards higher values of sensible heat flux and lower values of latent heat433

flux in the URB ensemble is significant. This confirms the influence of the Paris urban environment on the near-surface variables.434

4.2 | Effect of the urban environment on vertical velocities and boundary layer height435

F I G U R E 1 1 (a,b) Vertical profiles of the percentage of the city sector where the vertical velocity is over 0.1 m s−1 at
12 UTC, and at 15 UTC. (c) Time series of the boundary layer height from the URB and NOURB ensembles, averaged in the
city sector. (d) Boundary layer height difference between URB and NOURB ensembles at 13 UTC.
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Several articles have shown that the vertical velocities can be increased above the urban environment (Niyogi et al., 2011;436

Zhong and Yang, 2015). The percentage of the city sector with vertical velocities over 0.1 m s−1 for each level of the model is437

shown, at 12 UTC in Figure 11a and 15 UTC in Figure 11b. This diagnostic highlights the percentage of updrafts simulated in438

each ensemble. A difference between the two ensembles is visible in the early afternoon near the surface: at 12 UTC a larger439

part of the domain of the URB ensemble has vertical velocities over 0.1 m s−1 than in the NOURB ensemble. This difference440

propagates in the upper levels and increases in the afternoon. At 15 UTC, over Paris, the surface area with positive vertical441

velocities is larger for the URB ensemble than for the NOURB ensemble in the entire column of the model (Figure 11b). Up to442

8000 m, the URB ensemble consistently contains a 2 to 5% larger surface area with positive vertical velocities than the NOURB443

ensemble. This can be explained by the enhanced sensible heat flux over urban surfaces, which increases the vertical velocities444

over Paris in the boundary layer, and as a consequence, the vertical velocities are also increased in the higher atmosphere.445

At the same time, an estimate of the boundary layer height was computed on the simulations, using the bulk Richardson446

method (Richardson et al., 2013), to assess the modification of the atmosphere induced by the urban environment. The time series447

of the averaged boundary layer height for each ensemble is shown in Figure 11c, and the difference between the two ensembles448

at 13 UTC is displayed in Figure 11d. Both figures illustrate a greater boundary layer height when the urban areas are included.449

This is a direct consequence of the higher sensible heat fluxes and stronger vertical velocities over the Paris region. The boundary450

layer is 200 to 300 m higher for the URB ensemble during the day and 100 to 200 m higher during the night. At 13 UTC, the451

boundary layer height difference between the URB and NOURB ensembles reaches more than 700 m in the city centre, showing452

a strong effect of the dense urban area on the boundary layer development (Niyogi et al., 2011; Rozoff et al., 2003).453

4.3 | More clouds and water available over the city454

In a cloud-resolving model, the cloud fraction is calculated for each grid cell, ranging from 0 to 1. A fraction greater than455

0.5 indicates the formation of cumulus and thicker clouds, such as cumulonimbus. By comparing the percentage of the city456

sector where the cloud fraction exceeds the threshold of 0.5 in both ensembles (Figure 12a,b), we can observe the effects of457

increased updrafts and a higher boundary layer height on cloud formation. Indeed, with stronger vertical velocities and a higher458

boundary layer in the URB ensemble, particles have a greater chance of reaching the lifting condensation level, which is a good459

approximation of the cloud base (Markowski and Richardson, 2010). In the simulations, we observe an expansion of the cloud460

cover over Paris in the URB ensemble starting around 12 UTC in the lower atmosphere and spreading to the higher levels in the461

afternoon. Around 15 UTC, just before the onset of thunderstorms in most simulations, the city sector has 4 to 5% more points462

where the cloud fraction is over 0.5 for URB than NOURB ensemble. This finding is consistent with the results of Theeuwes463

et al. (2019) over Paris, who reported a 5 to 10% increase in cloud fraction compared to the surrounding areas during summer464

afternoons. However, it is important to note that there is a considerable variability in these cloud-related variables. At 15 UTC,465

the 10t h percentile indicates that, on the whole column, only 5% of the city sector is covered by a cloud fraction over 0.5. But at466

6000 m, nearly 80% of the city sector has a cloud fraction over 0.5 in the 90t h percentile for URB and NOURB ensembles. This467

variability is strongly dependent on the simulated weather conditions. Some members may have already formed clouds over468

Paris, resulting in high cloud fractions, while others may have formed showers later, leaving the sky relatively clear at 15 UTC.469

Nevertheless, the ensemble trend suggests an increase in cloudiness over Paris. It is also interesting to note that the variability of470

the ensemble serves as a reminder of the challenges in accurately simulating fine-scale phenomena such as convective clouds.471

However, it is important to note that an increase in cloud cover does not always result in an increase in precipitation472

accumulation. In Figure 12c, we compared the total amount of liquid and ice water per cell in the air column from cloud base to473

top height, known as the liquid and ice water path. On average, in the city sector, the URB ensemble shows higher values of474

the total liquid and ice water path compared to the NOURB ensemble. The peak occurs in the afternoon, around 13 UTC, with475

values reaching up to 260 g m−2 for the URB ensemble, compared to 210 g m−2 for the NOURB ensemble. This represents476
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Proportion of the city sector with cloud fraction > 0.5 (in %)

F I G U R E 1 2 (a,b) Vertical profiles of the percentage of the city sector with cloud fraction > 0.5 at 12 UTC and 15 UTC.
(c) Time series of total (liquid+ice) water path averaged within the city sector for URB and NOURB ensembles. The intervals
between 10th and 90th percentiles are shown with shaded colours.

a 23% increase in the liquid and ice water path in the city sector. This difference between the URB and NOURB ensembles477

remains positive throughout the day, indicating that more water is available over the Paris city sector, which in this case leads to478
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an increase in precipitation.479

5 | CONCLUSION480

This study investigates the impact of densely urbanised areas on a convective precipitation event in the Paris region. The main481

contribution of this work lies in the use of an ensemble based on the AROME-EPS forecast system to simulate a specific482

convective situation and account for all associated uncertainties in weather modelling. This ensemble provided initial and lateral483

boundary conditions for the Meso-NH research model. To assess the impact of the urbanisation on precipitation, two sets of484

simulations at 300 m horizontal resolution were performed. One set used the TEB urban multi-layer scheme (URB), with a485

detailed description of urban surfaces. The other one replaced the urban surfaces with the predominant vegetation in the Paris486

region.487

Comparisons with observations show a high variability within the ensemble for surface variables such as temperature, almost488

22°C for the warmest member against 16°C for the coldest one in the afternoon, specific humidity (between 6.5 and 9 g kg−1 at489

12 UTC), and for precipitation accumulation. In this experiment, the ensemble has a tendency to simulate too much precipitation490

and too early in the afternoon (Figure 4d), but nevertheless some members were able to simulate the initiation of convection over491

Paris quite accurately, like the member 1 or member 12 (Figure 8). In general, the comparison between the URB and NOURB492

ensembles shows a significant difference in precipitation accumulation. To complete the analysis, 7 sectors were defined in and493

around the Paris region to locate the area most affected by precipitation and to analyse the different processes involved. In the494

city sector, rainfall accumulation is increased by about 0.8 mm on average. This represents an increase of 70% for the URB495

ensemble compared to the NOURB ensemble. The application of the Wilcoxon t-test method confirms the significant increase in496

precipitation over the Paris city sector, while no clear difference is shown for the other sectors, except for a slight increase in the497

downwind left sector in the URB ensemble.498

Warmer temperatures and drier conditions were simulated in the Paris region for the URB ensemble, especially in the city499

sector. They implied a higher sensible heat flux and a lower latent heat flux in the urban environment. The higher values of the500

sensible heat flux for the URB ensemble in the afternoon enhanced the vertical velocities above Paris and the development of501

the boundary layer. The results show an increase of about 5% of the updrafts over the city sector for the URB ensemble. The502

boundary layer is found to be on average 200 to 300 m higher in the URB ensemble (compared to the NOURB ensemble) and up503

to 700 m higher for the URB ensemble in the afternoon in the city centre. This increase in vertical velocity and boundary layer504

height leads to more clouds over the city, with almost 5% more clouds for the URB ensemble. The higher rainfall accumulation505

is associated with an increase of more than 20% in the total (liquid and ice) water path over Paris, leading to more ice and liquid506

water available over the capital. The robustness of the results is confirmed by an analysis of the other sectors, where no real507

trend of precipitation modification is found and no significant differences between the two ensembles are found for the variables508

mentioned.509

This study provides a clear understanding of how urban surfaces can affect the lower and upper levels of the atmosphere in a510

diurnal convective environment with light flow and no large-scale interactions. It confirms the previous studies with an apparent511

effect of dense urbanisation on precipitation accumulation, in particular an increase of rainfall over the city (Bornstein and Lin,512

2000; Liu and Niyogi, 2019). Although the ensemble tended to overestimate precipitation accumulation in most of the members513

in the 7 May case, statistical tests showed that despite the high variability of the ensemble, a significant increase in precipitation514

over the urban environment was found and could be attributed to the urbanised areas.515

To further consolidate the results, it would be interesting to investigate other cases in the future, using the same ensemble516

approach, which clearly helps to discriminate a random effect from a real trend. The next step is to identify typical weather517

situations in which a modification of the convection caused by the Paris region can be expected. Interesting convective situations518
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would be for example cold fronts, night storms, or deep organised convection. Another perspective of this study is the evaluation519

of the modelling resolution effect on the ability of the ensemble forecasts to reproduce the city effect on precipitations. The520

methodology presented in this paper could also be applied to other cities around the world with different climates, locations521

(coastal city or city surrounded by mountains) and morphologies.522
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