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Abstract.

In this study, Earth Observation (EO) data describing urban morphology and thermal properties are used to configure the urban
representation of Paris in the Weather Research and Forecasting (WRF) model. Model performance is assessed in convective
permitting simulations (3 km) in three configurations covering summer 2020: (i) a baseline simulation employing a bulk
parameterization of urban areas (i.e. BULK); (ii) a simulation using the BEP-BEM urban canopy model with default urban
parameter values (CTRL); and (iii) a simulation in which the BEP-BEM urban canopy parameters are specifically adapted to
Paris using EO—derived information (PAR). Comparison with observations from the Météo—France RADOME meteorological
network indicates that the BULK simulation produces a systematic warm bias, with a persistent overestimation of nighttime
temperatures. Coupling of the urban canopy model leads to an improved overall model performance relative to the BULK
configuration for summer—mean conditions. Both BEP-BEM simulations are comparable, with the best performance during
summer daytime achieved for the CTRL (0.93 °C lower bias compared to BULK) and during summer nighttime for the PAR
simulation (0.22 °C lower bias compared to BULK) over urban grid cells. Over non—urban grid cells, the best performance is
exhibited for the PAR simulation with a summer daytime bias of -0.26 °C and a summer nighttime bias of 1.62 °C. The
simulated urban—rural temperature contrast for both BEP-BEM simulations is improved compared to BULK, resulting in a
more realistic representation of the Urban Heat Island (UHI). Applying the Local Climate Zones (LCZ) classification, which
accounts for intraurban differences in urban form and land cover, an analysis was conducted for each urban—type LCZ class
present within the Paris urban area, linking each urban station to its nearest LCZ grid cell, enabling station—based comparisons
by urban—type LCZ category. This analysis indicates that the PAR configuration better captures spatial urban temperature
variability, reflecting the differences in urban forcing introduced by the EO data. During the heatwave of August 2020, the
model — regardless of the configuration — becomes warmer and particularly over the urbanized LCZs. The PAR simulation
exhibits pronounced temperature overestimations in the city center, due to the methodology adopted for EO data
implementation and the selection of the area from which the EO data were derived, leading to urban characteristics which

intensified heat storage and trapping. Non—urban areas are better simulated in both BEP-BEM simulations compared to the
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BULK. Our results demonstrate the added value of a) the coupling of an urban canopy model to WRF and b) the city—tailored
configuration of urban canopy morphological parameters in convection—permitting regional climate simulations. The PAR
experiment further illustrates the potential of EO—derived datasets to inform urban canopy parameter configurations, enabling

a more detailed representation of the urban form and improved simulation of UHI characteristics.

1 Introduction

The world has become increasingly more urbanized, and projections indicate that two—thirds of the growth of the world’s
population between now and 2050 will take place in cities (United Nations, 2025). Urban areas influence climate across
multiple spatial scales, ranging from the street up to the city, regional and global scale (Britter and Hanna, 2003). The
continuing trend of urbanization substantially modifies the urban environment, thereby affecting urban biogeophysical and
atmospheric chemical processes and generating numerous feedbacks on weather and, in turn, regional climate. To be able to
forecast and project such interactions between urban environments and local to regional climate, particularly in the context of
a changing climate, it is essential to develop tools that realistically represent urban—scale processes via urban parameterizations
integrated in cross—scale atmospheric models. This is not a trivial task, as urban areas and urban dynamics are extensively
complex. They consist of buildings and impervious surfaces with specific radiative and thermal properties as well as complex
three—dimensional morphologies (e.g. building heights, roof and road widths). Urban environments also include anthropogenic
activities and heterogeneous green/blue spaces that further alter energy and water fluxes. Together, these factors create a unique

and highly challenging system to understand, simulate and project.

Currently, the Coupled Model Intercomparison Project (CMIP) protocols represent urban environments in a homogeneous
manner, with limited differentiation among cities. Moreover, the spatial resolution of climate simulations, typically coarser
than 50 km for global models and 12 km for regional models, does not allow for explicit identification of urban land uses or
the adequate representation of urban—scale processes. Recognizing the importance of understanding the impact of urban
environment on climate, a Flagship Pilot Study on Urban Environment and Regional Climate Change (FPS URB-RCC) was
initiated within the framework of the World Climate Research Programme — Coordinated Regional Climate Downscaling
Experiment (WCRP—CORDEX) community (Langendijk et al., 2024). The aim of this initiative is to coordinate and produce
a high resolution (~ 3 km) ensemble of urban regional climate simulations under a common protocol, perform robust analyses

and provide valuable insights to the urban climate research community.

This study presents a comprehensive evaluation of a simplified and a more sophisticated representation of urban processes in
WREF, the latter through the the Building Effect Parameterization (BEP) coupled with a Building Energy Model (BEM)
(Martilli et al., 2002; Salamanca et al., 2010; Salamanca and Martilli, 2010), which uses as input urban canopy parameters
(UCPs). Although default UCP values are available in WRF, they can also be derived from EO data, enabling their modification
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in order to be tailored to a specific area of interest (AOI). While the FPS URB—RCC simulation protocol is closely followed,
the key novelty of this work is the use of an EO—based dataset, employed to parameterize the distinctive urban characteristics
of the AOI, which is the city of Paris. This approach enables an assessment of whether city—specific urban features based on
EO data exert a significant influence on regional climate simulations and whether they can provide more accurate climate data
and city—scale information. In the following sections we present the methodology followed to collect and process the EO data
for Paris, describe their implementation within the Weather Research and Forecasting (WRF) regional climate model and

evaluate model performance over the Paris region for three different urban model configurations.

2 Data & Methodology
2.1 WRF model configuration and physics

The WRF v4.5.1 (Skamarock et al., 2021) model configured in accordance with the CORDEX FPS URB-RCC (Langendijk
et al., 2024). was employed in this study. The main physical parameterization schemes used in the simulations are summarized
in Table 1. The model setup consists of a two—domain configuration. The parent domain (d01) covers Europe at a horizontal
resolution of 12 km, following the EURO-CORDEX (Jacob et al., 2020) domain size, with a one-way nested inner domain
centred over the greater Paris region with a horizonal resolution of 3 km (Figure 1). Convection is explicitly resolved in the
inner domain (d02); therefore, no cumulus parameterization scheme is applied at the 3 km resolution. The vertical discretization
includes 60 terrain—following sigma levels, with enhanced resolution within the planetary boundary layer to better represent
near—surface processes. All simulations are driven by the ECMWF ERAS reanalysis dataset (Hersbach et al., 2020) at a
horizontal resolution of 0.25° x 0.25° and 6-hourly temporal intervals. Each simulation was initialized on 1 March 2020 and
integrated for a total period of six months, covering March through August 2020. The initial two months (March and April
2020) were discarded as spin—up period.

Table 1: Parameterizations used for all WRF simulations.

Land Surface Model Noah—MP (Niu et al., 2011; Yang et al., 2011)
Planetary Boundary Layer (PBL) Scheme BouLac (Bougeault and Lacarrere, 1989)
Microphysics Thompson (Thompson et al., 2004, 2008)
Long— and Short—wave radiation RRTMG (Iacono et al., 2008)

Cumulus parameterization (only for d01) Kain—Fritsch (KF) (Kain, 2004)

Shallow convection scheme (only for d02) GRIMS (Hong and Jang, 2018)
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Figure 1: Domain configuration. EUR-12 (coloured yellow) represents the outer d01 domain. PAR-3 (coloured purple) represents
the inner d02 domain, while red dot points to Paris.

2.2 WRF urban physics

The WRF model provides a variety of options for representing urban environments. The simplest and default option is the
BULK approach (i.e. urban parameterization switched off). In this approach, which is integrated inside WRF’s any given land
surface model (LSM), all grid cells classified as urban are assigned generic urban properties (e.g. roughness length, surface
albedo, heat capacity, thermal conductivity) without reference to the specific characteristics of a simulated city. Under this
approach, parameters are modified for urban grid cells to better account for the zero-order effects of urban surfaces, particularly

with respect to wind speed and heat storage capacity (Chen et al., 2011; Liu et al., 2006).

Further efforts to improve the representation of urban areas and the processes that occur within them have led to the coupling
of different urban canopy models (UCMs) with LSMs of WRF. This coupling involves activating UCMs for the urban fraction
within urban grid cells only, replacing the land surface model for this fraction when computing fluxes (e.g. heat and
momentum). The LSMs compute these fluxes for the remaining non—urban fraction. The final fluxes are area—weighted and

averaged for the entire cell.

The single—layer urban canopy model (SLUCM) and the building effect parameterization (BEP) represent the thermal and
momentum exchanges between the urban canopy and the overlying atmosphere using, respectively, a single— and multi—layer
model grid. Thus, SLUCM (sf urban_physics=1) consists of two—dimensional, symmetrical street canyons with infinite length
and a simplified geometry of the urban canopy, while the radiation treatment is three—dimensional, since it includes both the
canyon orientation and the diurnal variation of solar azimuth angle (Kusaka et al., 2001; Kusaka and Kimura, 2004). The
scheme neglects the variation in building height within each urban land use category. BEP (sf urban physics=2), on the other
hand, parameterizes a three—dimensional urban morphology within a multi-layer framework, enabling variations in building

heights and building density, defined by the road widths in urban grid cells (Martilli et al., 2002). In this way, the vertical
4
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distribution of sources and sinks of heat, moisture and momentum induced by buildings is explicitly represented, which shapes
the thermodynamic profile of the urban roughness sub—layer and, consequently, the urban boundary layer, in more detail than

SLUCM.

In this work we focus on the most sophisticated UCM available in WRF (sf urban physics=3). BEP, coupled to a building
energy model (BEP-BEM), simulates in more detail the local urban processes, energy consumption and the urban heat island
(UHI) effect by incorporating building morphology and anthropogenic heat release. The BEM component estimates
anthropogenic heat emissions from air conditioning and heating systems and simulates heat exchanges between building
interiors and the surrounding atmosphere, thereby representing the functional aspects of the urban environment (Salamanca et
al., 2010; Salamanca and Martilli, 2010). Given the complexity of this urban scheme, its functionality is dependent on a variety
of urban canopy parameters (UCPs) that are integrated into WRF. Thus, BEP-BEM uses as input UCPs with default values
through predefined tables (URBPARM LCZ.TBL), based on the World Urban Database and Access Portal Tools (WUDAPT)
Local Climate Zones (LCZ) (Brousse et al., 2016; Ching et al., 2018; Martilli et al., 2016) that capture aspects of 1)
morphological, 2) thermal and 3) human related parameters. The first two categories describe the physical form of the urban

environment, while the latter represents its functional characteristics. All these parameters can be modified to user—set values.

Until recently, each urban canopy parameter was assigned a default value based on the LCZ classification (Stewart and Oke,
2012). In short, this classification system defines 17 land cover types, of which 10 are urban (built type) classes, primarily
based on building height (high-rise, mid—rise, low—rise) and building density (dense, open, sparse). Within WRF it is assumed
that neighborhoods with similar form and land cover produce similar local UHI effects and exhibit relatively homogeneous
temperatures compared with other LCZs. Each LCZ also has predefined values concerning physical and thermal properties,
based on measurements. However, these default values can become unrealistic for European cities, given the heterogeneity of
European urban structures. Starting from WRF v4.6.0, an updated lookup table with more representative values is introduced

as default in WREF.

In this study, to better exploit the capabilities of the LCZ—based parameterization and to achieve a more realistic representation
of the area of interest, all morphological parameters and a subset of the thermal parameters were updated in the lookup table
for each LCZ class, using urban characteristics specifically tailored to the Paris region. This reference area used to construct
the tailored dataset cover the city of Paris and its three adjacent departments: Seine—Saint—Denis, Val-de—Marne, and Hauts—
de—Seine. It should be noted that these departments encompass only a part of the broader Paris metropolitan area, as the urban
agglomeration extends well beyond these administrative boundaries, based on the Global Human Settlement Urban Database
(GHS-UCDB) polygons delimiting urban areas (Florczyk et al., 2015), depicted in Figure 2. Moreover, we must note that any
changes in the LCZ UCP lookup table affected all LCZ grid cells throughout the inner domain in its entirety and not only the

Paris region, even though the EO—derived UCP values were obtained using the reference area. Additionally, UCPs related to
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anthropogenic urban heat emissions remained unchanged from the default values WRF provides and were assumed to be

constant over 24 hours.

49.5°N

49.25°N

48.75°N

48.5°N

48.25°N

Figure 2: Districts that were used (coloured blue) as a reference area for the urban form parameters tailored for Paris region. Red
polygon the urban area of Paris, according to the GHS—-UCDB polygons delimiting urban areas.

2.2.1 Urban canopy parameters derived from EO data

The tailored urban parameters used as input to WRF’s BEP-BEM UCM were derived from high spatial resolution Earth
Observation data, including satellite data (i.e. Sentinel-2, ECOSTRESS), Copernicus Services data (notably the Copernicus

Land Monitoring Service Urban Atlas) and available cadastral data from the city of Paris.

First, the urban parameters were computed at high spatial resolution (ranging from 1 m to 100 m depending on the data source).
These parameters were then aggregated to derive representative values for each LCZ at a spatial resolution of 100 m, following
the methodology of Demuzere et al., (2022). Subsequently, these LCZ—-based parameters were further aggregated to match

the horizontal resolution of the inner WRF domain (3 km) and implemented into the LCZ—lookup table for each urban class.

The parameters modified within WRF include: 1) building height, 2) building width, 3) road width, 4) urban fraction, 5) surface
albedo of building wall, 6) surface albedo of roof, 7) surface albedo of road, 8) surface emissivity of building wall, 9) surface
emissivity of roof and 10) surface emissivity of road. Details of the updated values from the EO data and those used as default
in WRF4.6.0 for the abovementioned UCPs are shared in supplementary material (Tables S1 and S2). The EO data—driven
values indicate a more urbanized environment than the default table, as for the majority of the LCZs the buildings are denser,

wider and with increased height values, with height distribution shifted towards taller buildings. Note that three LCZ classes
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are not included in Paris area, namely: Compact Highrise (LCZ1), Lightweight low—rise (LCZ7) and Heavy Industry (LCZ10).
Hence, for these three LCZs the values of the UCPs were not updated and therefore remained the same for all the simulations

using the BEP-BEM urban parameterization.

2.3 Land Use Data

In all simulations we employed the high—resolution land use and land cover dataset for regional climate modeling (Reinhart et
al., 2022; Hoffmann et al., 2023) as described in the EURO-CORDEX simulation protocol (Katragkou et al., 2024). The land
use and land cover information was held fixed at conditions representative of the year 2015, in accordance with the design of

all evaluation runs within the EURO-CORDEX experiment.

For the simulation employing the BULK approach, category 13 (“Urban and Built-Up”) of the International Geosphere—
Biosphere Programme — Moderate Resolution Image Spectroradiometer (IGBP MODIS) classification was assigned to all
urban cells, as the BULK approach does not support differentiation of urban areas into multiple land use and physical property

classes such as LCZs. Figure 3a illustrates the land use representation for domain d02.

For the simulations employing the BEP-BEM UCM, urban areas are represented using the 10 urban (built type) classes from
the WUDAPT LCZ classification (Brousse et al., 2016; Ching et al., 2018; Martilli et al., 2016), with the inclusion of the “Bare
rock or paved” category, interpreted as asphalt and aligned with LCZ land cover type E. For non—urban grid cells, the model
applies the modified IGBP MODIS land cover classification, which distinguishes 20 land cover types (codes 1 to 20).
Compared to the single “Urban and Built—Up” category (IGBP MODIS category 13), this approach provides substantially
greater detail and discretization of urban land use, thereby enhancing the representation of urban heterogeneity within the
model. Figure 3b illustrates the land use distribution in the inner (d02) domain for the simulations employing the BEP-BEM
UCM.

The land use categories inside the area of interest (Paris region, Ile-de-France) are shown in Figure 3¢ and 3d for BULK and
BEP-BEM simulations, respectively. Beyond the increased urban detail provided by the BEP-BEM scheme through the use
of LCZs, it was found that urban grid cells in the BEP-BEM simulations (LCZ classes) cover a larger portion of Ile-de-France
(23.4%) compared to the urban area represented in the BULK simulations (16.6%) (Tables S3 and S4). As noted previously,

not all land—use classes of the IGBP MODIS classification are present within the area of interest.
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Figure 3: Land use in the inner domain (d02) and Paris region (ile-de-France) for: BULK run (left column) and BEP-BEM runs
(right column).

2.4 WREF simulations

In this study, three simulations have been conducted: 1) PAR, in which urban canopy parameters specifically tailored to the
Paris region and derived from EO data were applied; 2) CTRL, with the default UCPs used in WRF version 4.6.0; and 3)
BULK, in which no UCM is activated. To evaluate the performance of the simulations in the representation of the UHI over
the Paris area, two masks (Figure 4) — representing the urban core area and its rural surroundings — were created following the
methodology of Diez-Sierra et al. (2025). These masks were based on threshold values of variables inside WRF, such as the
urban fraction and additional static inputs such as terrain height and land—use fraction. This procedure effectively excludes the
influence of altitude on temperature (i.e., adiabatic lapse rate), enabling a more accurate assessment of the UHI. As an
additional refinement to this approach, in the urban mask we included only those urban grid cells (only after fulfilling the
abovementioned criteria) located within the GHS—UCDB polygon, providing a more precise delineation of the urban area for
mask generation. The magnitude of modelled UHI was then evaluated against the observed from stations located within the
two masks. Only urban (non—urban) grid cells were included in the urban (rural) mask, while a buffer zone was considered

between the two masks to avoid overlap effects (Hawkins et al., 2003).
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Figure 4: Urban (orange) and rural mask (green). Dot (triangle) markers correspond to urban (rural) stations inside the urban
(rural) mask, while the red polygon represents the urban area of Paris, according to GHS-UCDB polygons.

2.5 Observations

Observational data were obtained from the Météo—France RADOME network, which comprises 51 stations around the greater
Paris region, and provides measurements at 6—minute intervals. The stations are classified as urban or rural based on the GHS—
UCDB polygons. To minimize the impact of data gaps, only stations with less than 1% missing observations relative to the
total number of expected records were retained. In addition, to assess consistency between the station classifications and the
land—use categories represented in the WRF simulations, a comparison revealed that for 9 stations the land—use category for
their nearest model grid cells did not correspond to the actual land use, due to the coarse resolution of the model grid.
Consequently, a total of 33 stations were ultimately used to evaluate the WRF simulations, focusing on 2 m air temperature,
divided into two groups: “Urban” and “Non—Urban” stations. Of the 33 stations, 13 are associated with model grid cells
classified as urban land—use types (“Urban and Built-Up” for BULK, LCZ2, LCZ5, LCZ6 and LCZ8 for BEP-BEM runs).
The remaining 20 stations correspond to grid cells whose land—use categories are either “Croplands” or “Deciduous Broadleaf
Forest” across all three simulations. Regarding the UHI evaluation, which was held with the use of the created urban and rural

masks, observations only for those stations (nine in total) inside the two masks were utilized (Figure 4).
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3. Results
3.1 Model performance during summer 2020

Figure 5 shows the daily cycles for the two groups of stations averaged for the summer months (JJA) of 2020. Over urban
stations (Fig. 5a), the 2 m air temperature is overestimated by all three simulations throughout the summer and across the entire
diurnal cycle. Month to month variation is shown in the supplementary material (Fig. S1). According to Table 2, the warm
bias is systematically larger during nighttime (18:00-07:00 UTC) than during daytime (06:00-17:00 UTC) for all WRF
simulations. Activation of the UCM reduces the warm bias compared to BULK, particularly during daytime (1.95 °C in BULK,
1.02 °C in CTRL, 1.53 °C in PAR), but has a negligible impact at night, lowering the bias by just 0.07 °C in CTRL and 0.2 °C
in PAR. Therefore, in terms of overall model error (RMSE) the CTRL simulation performs better during daytime, while the
PAR configuration performs better during nighttime. The temporal correlation — associated with the 24h diurnal cycle —

remains practically the same for the three simulations.

In non—urban areas (Fig. 5b) all simulations perform better during daytime with biases below 0.5 °C, retaining the higher
nighttime warm bias (Table 2). Introduction of the PAR configuration alters mostly the model behavior, since it is colder than
the other two simulations both during the day and night. This leads to an improvement regarding nighttime hours, since PAR
has the smallest bias during the night (1.62°C), alongside with the lowest RMSE values among all three simulations and the

highest temporal correlation. However, it also exhibits cold biases during the daytime.

Urban Non-Urban

264 (a) 1 (b)

244

224

? 20

18 4

16 1

14 A

0 3 6 9 Y 15 18 21 0 3 6 9 12 15 18 21

Time (h) Time (h)

- QObservations — BULK = CTRL = PAR

Figure 5: Daily profiles of 2 m air temperature from observations (black), BULK (blue), CTRL (green) and PAR (red) for: (a)
Urban; (b) Non—Urban stations, during the summer (JJA) of 2020.
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Table 2: Statistical analysis (Bias, RMSE) of the three simulations concerning group stations (Urban, Non—Urban) during daytime
and nighttime hours (indicated as D and N, respectively), for the summer (JJA) of 2020. Temporal correlation (R) is calculated on
the totality of the 24h span.

Simulations BULK CTRL PAR

Group Stations Urban Non-Urban Urban Non-Urban Urban Non-Urban
Day Period D N D N D N D N D N D N
Bias (°C) 1.95 2.36 0.53 2.28 1.02 2.29 0.37 221 1.53 2.14 -0.26 1.62
RMSE (°C) 3.59 3.38 3.01 3.51 2.74 3.37 2.62 3.35 3.43 3.49 2.57 3.12
R 0.87 0.86 0.88 0.88 0.86 0.91

To further investigate the warm bias of WRF over urban areas, we perform a more detailed analysis over distinct LCZs, which
correspond to urban land—use for BEP-BEM simulations, namely: LCZ2 (compact high-rise), LCZ5 (open midrise), LCZ6
(open lowrise), LCZ8 (large lowrise). Out of the 13 urban stations in the Météo—France RADOME network, three are classified
as LCZ2 (Paris city centre), three as LCZ5, five as LCZ6, and two as LCZS (city outskirts). Although the BULK simulation
does not use the LCZ land—use classification to urban grid cells (unlike the two BEP-BEM simulations), we extracted BULK
values from the corresponding grid cells so that diurnal cycles could be compared across LCZ classes (Fig. 6). This allows the
evaluation of whether incorporating the LCZ—driven heterogeneity improves the simulated urban climate. Month to month

variation can be obtained in Figure S2.

When the UCM is activated, the highest temperature overestimation occurs over LCZ2 stations (Fig. 6a), which is the most
urbanized part of the greater Paris region. The mean biases over the complete 24h diurnal cycle are 1.84 °C and 2.42 °C for
the CTRL and PAR simulations, respectively (Table 3). Moving outside the city’s core over LCZ5 stations (Fig. 6b), the
magnitude of the warm bias during the 24h span remains relatively the same to that of LCZ2 for CTRL and decreases for the
PAR configuration by approximately 0.5 °C (1.86 °C and 1.91 °C, respectively). PAR better performs over stations located at
LCZ6 and LCZS (Fig. 6¢,d) by further reducing the warm biases and slightly outperforming CTRL (Table 3). RMSE values
come in accordance with biases, with CTRL (PAR) having the smaller deviations from observational values for LCZ2 and
LCZS5 (LCZ6 and LCZS8). Temporal correlations in the diurnal cycles are slightly better for LCZ8 for the two simulations.
Furthermore, BULK shows warm biases of similar magnitude across all LCZs, which reflects the limited urban variability
captured when urban areas are represented using a single land—use category. The analysis separated into daytime and nighttime
period (Table S5) indicate the same pattern found in the urban stations group, with substantially warmer biases during the

night than midday for both BEP-BEM simulations across all LCZs.

11
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Figure 6: Daily profiles of 2 m air temperature from observations (black), BULK (blue), CTRL (green) and PAR (red) for: (a) LCZ2;
(b) LCZS5; (c) LCZ6 and (d) LCZS8 stations, during the summer (JJA) of 2020.

265

Table 3: Mean diurnal statistical analysis (Bias, RMSE, R) of the two simulations using the BEP-BEM UCM, for stations located at
corresponding LCZs, for the summer (JJA) of 2020.

Simulations CTRL PAR

Group Stations LCZ2 LCZ5 LCZ6 LCZ8 LCZz2 LCZ5 LCZ6 LCZ8
Bias (°C) 1.84 1.86 1.61 1.10 242 1.91 1.45 0.92

RMSE (°C) 3.12 3.39 3.05 2.50 3.53 3.43 2.81 2.11

R 0.88 0.86 0.88 0.90 0.87 0.86 0.88 0.91
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3.2 Model performance during the Heatwave of August 2020

We investigate the model’s performance during a heatwave event occurred from 7 to 13 August 2020 that affected western

Europe, including the Paris region, with temperatures reaching up to 40 °C (https://climate.copernicus.eu/surface-air-

temperature-august-2020). In both station groups (Urban and Non—Urban) the modelled diurnal cycles reveal a one to two—

hour lag in the occurrence of maximum temperatures compared to observations (Fig. 7a,b), while this lag is also apparent in
the BEP-BEM simulations for minimum temperatures in urban stations. During this heatwave period all three simulations
show a warm bias over urban stations, which is consistently higher during nighttime (Fig. 7a). Activation of the UCM alleviates
the daytime warm bias (1.45°C in BULK, 0.53°C in CTRL) but deteriorates the nighttime bias (3.52°C in BULK, 4.25°C in
CTRL) (Table S6). It seems that urban heat is overproduced in the city centre and there is not sufficient cooling urban

mechanisms to allow the city release the excess heat especially during the night.

At Non—Urban stations, again all three simulations exhibit prominent warm biases during the night (Fig. 7b). PAR simulation
(Table 4) has the lowest RMSE and the highest time-correlation, slightly outperforming CTRL. BULK has the largest bias,
while among the two BEP-BEM simulations, the implementation of EO data (through PAR) improves the model performance
compared to CTRL (Table 4), with a decreased bias of 0.17 °C (1.82 °C and 1.99°C, respectively).

Analysis by LCZ (Figure 8 and Table 5) shows this excessive warm bias over the urban cells is concentrated in the most
urbanized part of the city (stations for which the nearest grid cell is in LCZ2), which decreases towards the city outskirts.
Temperatures are sensitive to the newly introduced PAR configuration, with the largest deviation from the CTRL simulation
occurring in LCZ2 stations (warm biases of 3.62 °C and 2.47 °C, respectively). This indicates that the specifics of PAR
overestimate the heat generated within the city core. The lower the urbanization of the area, the smaller the warm bias in the
24h span (Table 5) for PAR (3.28 °C, 2.78 °C, 1.65 °C for LCZ5, LCZ6, LCZS, respectively). The difference between the two
BEP-BEM simulations in LCZ2 is larger during sunlight hours and not during the night. The highest warm bias occurs during
nighttime across all LCZs (Table S7). This behavior can be explained by the fact that BEP-BEM parameterization is able to
store more energy in the urban fabric during the day (Martilli et al., 2002), allowing the formation of a more intense nocturnal
urban heat island during the heatwave. Furthermore, the BouLac Planetary Boundary Layer scheme is found to cause nighttime
overestimations of temperature in urban related grid cells (Segura et al., 2021), thus also partially explaining the nighttime

warm bias not only of BEP-BEM simulations but also that of BULK.
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Figure 7: Daily profiles of 2 m temperature from observations (black), BULK (blue), CTRL (green) and PAR (red) for: (a) Urban;
(b) Non—Urban stations, during the heatwave event of August 2020.

Table 4: Mean diurnal statistical analysis (Bias, RMSE, R) of the three simulations, concerning group stations (Urban, Non—Urban),
for the heatwave of August 2020.

Simulations BULK CTRL PAR

Group Stations Urban Non—Urban Urban Non-Urban Urban Non-Urban
Bias (°C) 2.48 2.23 2.46 1.99 2.92 1.82
RMSE (°C) 4.41 4.46 441 4.00 4.68 3.91

R 0.76 0.79 0.80 0.85 0.78 0.86
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Table S: Same as Table 3, but for the heatwave of August 2020.

Simulations CTRL PAR

Group Stations LCZ2 LCZ5 LCZ6 LCZ8 LCZ2 LCZ5 LCZ6 LCZ8
Bias (°C) 2.47 2.87 2.55 1.58 3.62 3.28 2.78 1.65

RMSE (°C) 4.02 4.86 4.18 2.88 4.93 5.16 4.65 3.65

R 0.79 0.76 0.84 0.83 0.76 0.79 0.86 0.81
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310 Figure 9 presents the averaged 2 m air temperature differences, when minimum and maximum temperatures occur at
approximately 06:00 (upper panel) and 15:00 UTC (bottom panel), respectively, to highlight the spatial differences between
the PAR configuration and the other two simulations, CTRL (left panel) and BULK (right panel) during the heatwave. There
is not much difference between the PAR and the CTRL simulations for minimum temperatures (Fig. 9a); in contrast,
differences between the two simulations are found within the city core at maximum temperatures (Fig. 9c). On the other hand,

315 activation of the UCM (PAR vs BULK) appears to substantially affect minimum temperatures across a large portion of the
domain and Paris greater area (Fig. 9b), leading to an increase in minimum temperatures. The colder daytime climatology of
PAR at the non—urban areas is also apparent spatially when compared with the CTRL and BULK simulations (Fig. 9¢,d). This
feature of the PAR simulation may lead to an overestimation in the magnitude of the daytime UHI effect, which is discussed

in the following section (3.3).

PAR - CTRL PAR - BULK
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Figure 9: Averaged differences in 2 m air temperature for the heatwave period: (a,c) PAR minus CTRL (left column); (b,d) PAR
minus BULK (right column), over 06h (upper panel) and 15h UTC (lower panel).
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3.3 Urban Heat Island representation

One of the main objectives of urban parameterizations implemented in numerical regional climate models is to accurately
represent the UHI phenomenon, i.e. the temperature contrast between temperature in urban and non—urban areas. The UHI for
each simulation is calculated as the difference between urban and rural temperatures, using minimum temperatures for
nighttime—UHI and maximum temperatures for daytime—UHI. In both cases, the mean temperature of the grid cells within the
rural mask (207 in total) is used as a reference, and temperature anomalies for all grid cells — both urban and rural — are
computed relative to this value. In this way, the anomalies within the rural mask average to zero, while those within the urban
mask average to the mean urban heat island intensity (UHII). The urban mask contains 109 grid cells. Figure 10 shows the
daily nocturnal (left) and diurnal (right) UHII for August 2020 for BULK (top), CTRL (middle) and PAR (bottom). The pink
shaded areas represent the values for all grid cells of the urban mask, indicating the range of UHII variability. The average
UHII is also indicated in the plot (thick red line). The green shaded areas indicate values for all grid cells of the rural mask,
averaging to zero (thick green line). We also calculate the observed UHII comparing the mean temperature of the stations lying
within the urban mask to that of the stations in the rural mask (black dashed line). The mean observed rural temperature, albeit
different from the mean model rural temperature, is also depicted in Fig. 10 as a line with zero value parallel to the x—axis,

since it serves as a reference to the observed UHII.

The nocturnal UHII in CTRL is strong, like the observed. This can be interpreted as a confirmation of the correctness of the
UCM physical process, according to which during night rural areas cool faster than urban areas, while urban areas store large
amounts of heat and release it slowly at night. The BULK simulation produces a relatively flat UHII range of approximately
2-3 °C, whereas observations show substantially greater day-to-day variability, ranging from 1 to 5 °C. PAR reproduces even
better the variability and strength of the observed nocturnal UHII, indicating that the tailored parameters for urban environment
can moderate significantly nighttime temperatures. The diurnal UHII is moderate (1-2 °C) according to observations and
appropriately reproduced by the BEP-BEM simulation. With the PAR configuration the diurnal UHII becomes unrealistically
strong (2-4 °C), indicating that the urban environment heats up a lot during the day, eventually as a result of the EO—derived
urban morphological characteristics and their source—area selection, which is discussed in the following section. This lead to
taller buildings and narrower streets compared to default values inside the WRF lookup table, which potentially enhanced heat

retention.

It should furthermore be emphasized that the agreement between modelled and observed UHII on certain days does not
necessarily indicate an accurate simulation of the underlying temperature fields. For instance, during the heatwave event, the
simulations exhibit a pronounced overestimation of nighttime 2 m air temperature. As a result, the modeled UHII may
reproduce the observed intensity while being based on temperatures that are systematically higher than the observed.
Nevertheless, urban and rural masks consistently capture the urban—rural temperature contrast, which demonstrates that the

masks for grid cell selection are a well suited tool.

17



355

https://doi.org/10.5194/egusphere-2026-1719
Preprint. Discussion started: 8 April 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Nocturnal UHII (T2MIN) Diurnal UHII (T2ZMAX)
1 (b)
- ~ Y, ':\
/
E _-n oy ~ 1 \
PN ) / =N\ /\ !
(= 7 \‘ / \-_.__.\ ’_I - . =
0 5
,1- .
_27 T T T T T T T T T T T T T T i T T T T T T T T T T T T T T
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

—1- ]
_2 i T T T T T T T T T T T T T T i T T T T T T T T T T T T T T
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31
Day of month Day of month
Rural grid cells values Urban grid cells values ~ === Rural stations mean = = Urban stations mean

== Rural grid cells mean == Urban grid cells mean

Figure 10: Nocturnal (left column) and diurnal (right column) UHII for August 2020, seen by BULK (a,b); CTRL (¢,d) and PAR
(e,f). Black dashed line indicates the observed urban heat island from the stations located within the two masks.
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4. Summary and Conclusions

The present study investigates the impact of the BEP-BEM UCM implemented within WRF on temperatures and UHI
representation of the greater Paris area. We performed three simulations: a) BULK, which is the most simplistic approach of
the urban environment representation within WRF, as no UCM is switched on and the urban areas are represented as one land
use category b) CTRL, in which the most complex multilayer UCM is switched on with the default WRF urban canopy
parameters (as of version 4.6.0) and urban areas are represented by the urban LCZ classes and c¢) PAR, which used the same
setting as CTRL, but with Paris—tailored urban canopy parameters, based on high-resolution EO data. The analysis covers the

time period from June to August 2020 and is compared to available observations from the RADOME network.

Over urban areas, the BULK configuration shows a persistent warm bias. During the whole summer period, the warm bias is
mitigated when the BEP-BEM UCM is activated. The JJA daytime bias for the BULK simulation is 1.95 °C and it is reduced
to 1.02 °C in CTRL. The PAR configuration produces more urban heat than CTRL, adding to the overall CTRL warm daytime
bias (1.53 °C). Nighttime warm biases are consistently higher than daytime biases in BULK and are slightly decreased with
the coupled BEP-BEM UCM (decreased by 0.07 °C for CTRL) and further decreased by 0.22 °C for the PAR configuration.
To better assess how the degree of urbanization introduced in the model affects temperature, we conduct an LCZ-based
analysis. In both BEP-BEM simulations a warmer environment is produced at the most urbanized zones (LCZ2 and LCZ5).
During the heatwave event of August 2020 in Paris the warm biases become more severe. Implementation of the Paris—tailored

UCPs in WRF results in even higher warm biases over all LCZs.

At the non—urban areas, the PAR configuration has the most distinct performance compared to the other two simulations, and
achieves the best overall performance with the lowest RMSE both in day and night, during the summer months. It also keeps
daytime bias lower (-0.26°C), reduces the nighttime bias to 1.62°C and the temporal correlation is the highest (0.91). When
the heatwave of Augst 2020 is investigated, the same results hold true: RMSE, bias and temporal correlation are best for the

PAR simulation over the non—urban areas.

Investigation of the UHII provides information about the temperature contrasts between the urban and non—urban areas. In
general, the nocturnal UHI as a phenomenon is stronger than the daytime UHI, because during nighttime urban regions release
the heat stored during the day, anthropogenic heat may be additionally added, while rural areas cool faster, thus amplifying
the temperature contrast between urban vs rural areas. Indeed, the nocturnal UHII in CTRL is strong and similar to the observed
(RADOME). This can be interpreted as a confirmation of the correct representation of the physical process within the urban
canopy, according to which during night rural areas cool faster than urban areas, while urban areas store large amounts of heat
and release it slowly at night. PAR reproduces the strong nocturnal UHII better, indicating an improved representation of the
contrast between urban and non—urban nighttime environments. The diurnal UHII is moderate according to observations (1-2

°C) and appropriately reproduced by the CTRL simulation. For the PAR configuration, the diurnal UHII becomes
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unrealistically strong (2-4 °C), indicating that there is too much heat trapped in the urbanized zones of the city, while non—
urban regions remain cooler during daytime. The BULK configuration underestimates the UHI effect, as it poorly discriminates

urban vs rural environments.

Our overall conclusion on the behavior of the coupled BEP-BEM UCM is that it improves model performance. The additional
configuration with UCPs tailored for Paris region (PAR) improves specific aspects of the model performance (like nighttime
temperatures over non—urban areas), without being consistently better than the CTRL configuration, or systematically worse.
Both BEP-BEM configurations replicate in a more accurate and realistic way the urban temperature spatial patterns in
comparison to the BULK simulation, which represents the city as a homogenous space. The performance of the PAR simulation
depends very much on the way that EO data has been implemented into the WRF model. As a result, while the PAR
configuration had the more detailed representation for Paris region, the UCPs tailored for this area are based only from a
fraction of the wider area of Paris city, specifically from the core of the city (see Fig. 2). This potentially led to
misrepresentations of parameters such as albedo and emissivity as long as the morphological ones, whose values are expected
to be altered in the vicinity of the city center, but were universally applied to the whole area. For instance, inside the area from
where the UCPs for PAR simulation are tailored, LCZ2 urban grid cells do not extend beyond, but LCZ5, LCZ6 and LCZ8
can be found also in a wider area from the one mentioned. Thus, the three latter LCZs obtained values that were representative
to the department of Paris and its three adjacent departments, potentially “widening” the city’s center core characteristics
further beyond and leading to such overestimations. Additionally, because LCZ6 and LCZ8 have the biggest coverage of all
LCZs in Paris region (see Tables S3 and S4), plus that PAR exhibits higher buildings in these classes than CTRL (see Figure
S3), an exaggeration of heat accumulation in Paris’ center core may take place in PAR simulation compared to CTRL. Indeed,
the LCZ—based evaluation analysis indicates that the warmest biases appear in the most urbanized zone (compact high—rise)

and are close to zero to the less urbanized environment (large lowrise).
The main recommendations arising from this study can be summarized as follows:

1) Activation of the UCM in WREF is highly recommended for numerical studies, particularly if the added computational
cost (~ +25% compared to BULK simulation) can be afforded. The official CMIP6/EURO-CORDEX WRF
configuration (WRF451Q in the Balanced Ensemble Design) (Sobolowski et al., 2025) is based on the urban option
BULK, which captures some aspects of the urban climate (Langendijk et al., 2025); however, its representation
remains less accurate than more advanced urban schemes.

2) Improved representation of urban, green, and blue spaces using urban EO data from European datasets (e.g.,
Copernicus) is expected to significantly enhance city—scale simulations, contingent upon parallel advancements in
UCM capabilities. The EO-based city tailored information should cover the wider city area (not just the city core) to

address properly all distinct urban characteristics. Ideally, the creation of a gridded dataset applicable in WRF in
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convection—permitting resolutions, with the morphological characteristics not only for the area of interest, but for

every city in the globe, would lead to a more accurate urban representation of the whole domain.

The results of this study have some limitations. In particular, the analysis period (JJA 2020) is relatively short for climate—
scale assessments. Despite this limitation, the consistency of the results supports their reliability for assessing the usefulness
of BEP-BEM and its configuration within WRF. The impact of urban anthropogenic heat was not explicitly investigated in
this study. Following the WRF default configuration, anthropogenic urban heat emissions were assumed to be constant over
24 hours, an assumption that likely overestimates actual conditions. This simplification may contribute to the overproduction
of urban heat in the present simulations. Future studies should revisit this assumption by incorporating more realistic diurnal

profiles of anthropogenic heat emissions, ideally derived from national statistics on air—conditioning usage.

Code and data availability

The run folder of WRF v4.5.1 model with the modified UCP lookup table (under the name URBPARM_LCZ Paris.TBL) and
the observational data from the Météo—France RADOME network wused for validation are available at

https://doi.org/10.5281/zenodo.19253784 (Kyriakidis et al., 2026).
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