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Abstract. Interpreting atmospheric CO4 observations over cities from space requires transport models that accurately link
concentration patterns to surface fluxes, making realistic urban boundary-layer representation critical. This study examines
how urban physics parameterizations influence boundary-layer dynamics and near-surface CO2 mixing ratios over the Paris
metropolitan area under winter and summer conditions. Using the Weather Research and Forecasting model, four configurations
are evaluated: no-urban representation (No_URB), a single-layer urban canopy model (SLUCM), and two multi-layer schemes
(BEP: Building Effect Parameterization and BEM: Building Energy Model). Model outputs are assessed against surface energy
flux observations, turbulence measurements, planetary boundary layer height (PBLH), and near-surface CO5 mixing ratios from
dense urban and suburban monitoring networks, alongside wind, temperature and humidity. Urban physics exert strong control on
wintertime boundary-layer structure and CO; variability, with scheme differences driven primarily by sensible heat flux, friction
velocity, and turbulent kinetic energy, producing large contrasts in PBLH and CO5 accumulation. In summer, PBLH diurnal
patterns converge across schemes, with a characteristic plateau during active convection, and CO- variability becomes dominated
by convective mixing. BEM provides the most physically consistent representation across both seasons. Sensitivity tests with
three planetary boundary layer schemes show that Mellor—Yamada—Janjic coupled with BEM best reproduces wintertime

COa, capturing realistic nighttime accumulation and daytime mixing, while Yonsei University and BouLac exhibit systematic
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biases. These results demonstrate that realistic urban physics combined with an appropriate turbulence scheme are essential for

physically consistent urban CO, simulations, particularly in winter.

1 Introduction

Urban areas are the dominant sources of anthropogenic carbon dioxide (CO5) emissions, accounting for more than 70% of
global fossil fuel related outputs (Churkina, 2016; Crippa et al., 2021). With cities expected to host two-thirds of the global
population by mid-century, reducing urban emissions has become a critical component of climate mitigation strategies (Lwasa
et al., 2022). Achieving this goal requires precise monitoring frameworks capable of quantifying emissions at fine spatial and
temporal scales, combining socio-economic data to generate fossil fuel emissions inventories (Gurney et al., 2019; Huo et al.,
2022), and integrating observations across multiple platforms such as satellites, ground-based sensor networks, and atmospheric
models (Che et al., 2024).

In this context, atmospheric CO, observations over cities derived from dense ground-based networks or satellite platforms,
provide valuable constraints on urban emissions. However, linking observed concentration patterns to surface fluxes depends
critically on the realism with which atmospheric transport and mixing processes are represented. Urban environments pose
particular challenges for CO; modeling because of their heterogeneous emission sources, complex surface morphology, and
strong diurnal variability in meteorological conditions (Ye et al., 2020). Boundary-layer dynamics, turbulent mixing, and surface
energy partitioning over urban areas play a central role in controlling near-surface COy accumulation and dilution, and therefore
directly affect the interpretation of both in situ and remote sensing observations.

More recently, the emergence of dense ground-based CO5 monitoring networks across large metropolitan areas, e.g. Paris
(Lian et al., 2024) or San Francisco (Delaria et al., 2021), has revealed small-scale CO5 enhancements within large urban
plumes. In parallel, the increasing availability of satellite column measurements scanning large point sources and cities, e.g. the
Snapshot Area Mode of OCO-3 (Taylor et al., 2020; Kiel et al., 2021), offer unprecedented spatial coverage but at coarser spatial
resolution. Reconciling these different observational perspectives requires transport models that can realistically represent the
coupling between urban surface processes, boundary-layer structure, and COs transport across scales (Ye et al., 2025).

Atmospheric inversion systems have emerged as a key tool for estimating urban fossil fuel emissions by assimilating
atmospheric CO4 observations into transport models (Staufer et al., 2016; Lauvaux et al., 2016; Lian et al., 2023). The robustness
of these inversion frameworks depends strongly on the accuracy of the underlying transport models (Feng et al., 2016; Chen
et al., 2023), particularly in heterogeneous urban environments (Schuh et al., 2021). While mesoscale models operating at
kilometer-scale resolution are widely used and capable of capturing regional circulation patterns, their performance in urban
areas is sensitive to how surface exchanges, turbulence, and boundary layer processes are parameterized (Gaudet et al., 2017).
Inadequate representation of these processes can lead to biases in boundary layer height, vertical mixing, and near-surface
concentrations, ultimately affecting inferred emissions.

To address these challenges, the Carbon Atmospheric Tracer Research to Improve Numerical schemes and Evaluation

(CATRINE) project aims to evaluate and improve numerical schemes for tracer transport within the Copernicus Anthropogenic
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CO2 Monitoring and Verification Support Capacity. By systematically testing and optimizing transport schemes, CATRINE
seeks to enhance the accuracy of CO4 dispersion simulations in urban environments, thereby improving the robustness of
inversion-based emission estimates.

The Weather Research and Forecasting (WRF) model (Skamarock et al., 2019), coupled with its passive tracer capabilities
(Lauvaux et al., 2012), has been extensively applied to urban greenhouse gas studies (Lauvaux et al., 2016; Feng et al., 2016;
Lei et al., 2021; Lian et al., 2023; Zhao et al., 2023; Danjou et al., 2024; Che et al., 2024). Within WREF, different urban canopy
parameterizations are available, ranging from simplified representations to more complex multi-layer schemes that explicitly
account for building geometry, energy storage, and momentum exchange. These urban physics schemes directly influence
surface heat fluxes, friction velocity, turbulence generation, and planetary boundary layer development, all of which govern
near-surface CO4 variability.

This study constitutes Part 1 of a two-part investigation and focuses on evaluating how different representations of urban
physics influence boundary layer dynamics and near-surface CO5 mixing ratios over Paris. While Lian et al. (2021) examined
the sensitivity of simulated atmospheric CO, mixing ratios to multiple sources of model uncertainty over the Paris region
without ranking the performance of physical parameterizations, the present work evaluates the relative physical realism and
predictive skill of urban canopy and planetary boundary layer (PBL) schemes using a multi-variable framework. Previous urban
modeling studies have also explored the sensitivity of boundary layer dynamics to physical parameterizations. For example,
Sarmiento et al. (2017) assessed the impact of different PBL and urban configurations on boundary layer characteristics over
Indianapolis, but without evaluating CO- or tracer transport and without considering building energy model (BEM) based urban
schemes. Similarly, Diaz-Isaac et al. (2018) conducted sensitivity experiments examining the influence of multiple physical
parameterizations, including planetary boundary layer (PBL) schemes, land surface models (LSMs), cumulus, and microphysics
schemes, on simulated COs transport; however, their analysis did not include urban canopy parameterizations. Previous work in
urban meteorology has highlighted the importance of accurately representing urban surface—atmosphere exchanges and canopy
processes. Such representations are critical for simulating boundary layer dynamics and scalar transport in cities (Christen and
Vogt, 2004; Grimmond et al., 2010; Loridan et al., 2010; Krayenhoff et al., 2020; Lipson et al., 2022).

Using WRF simulations with multiple urban parameterization schemes, we examine their impacts on surface energy fluxes,
turbulence characteristics, planetary boundary layer height (PBLH), and CO2 mixing ratios during both winter and summer.
Rather than relying solely on PBLH as a proxy for vertical mixing, we analyze the variability and distributions of model-
observation differences for surface fluxes, turbulence intensity, and PBLH to gain process level insight into urban CO, transport.
This multi-variable framework enables a systematic evaluation of the relative roles of boundary layer and surface processes across
different urban canopy schemes. In addition, we perform sensitivity tests with different planetary boundary layer (PBL) schemes
to assess how the representation of turbulence and vertical mixing interacts with urban physics and influences near-surface CO4
variability.

Model results are evaluated against an extensive observational dataset, including dense CO5 monitoring networks, meteoro-

logical measurements, and boundary-layer observations. Paris serves as an ideal testbed due to the availability of multiscale,
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high-quality observations. By systematically comparing urban physics configurations, we aim to identify physically consistent
model behavior and assess implications for interpreting urban CO- observations.

By identifying the urban physics and PBL configuration that provides the most balanced and physically consistent representa-
tion of boundary-layer processes and COs variability, this work establishes a robust baseline for subsequent investigations. In
particular, it highlights the extent to which kilometer scale simulations can represent urban CO, variability and motivates further
exploration of resolution dependence and turbulence resolving approaches. These aspects are addressed in Part 2 of this study,
which will investigate the sensitivity of urban COy plumes to horizontal resolution and turbulence resolving method using large
eddy simulations.

The remainder of this paper is organized as follows. Section 2 describes the model configuration, urban physics schemes, and
observational datasets. Section 3 presents the evaluation of surface fluxes, turbulence, boundary-layer structure, and near-surface
CO4 mixing ratios. Section 4 discusses the physical mechanisms underlying the model behavior and their implications for urban
CO- monitoring. Section 5 summarizes the main findings and outlines perspectives for high-resolution modeling explored in

Part 2.

2 Methodology, Models and Data

Model simulations and observational analyses were conducted for two intensive periods representing winter (10-31 January
2024) and summer (01-20 June 2024), selected to sample contrasting planetary boundary-layer dynamics, surface energy
partitioning, CO, emission, and associated meteorological conditions such as temperature, relative humidity, and wind. Each
simulation included a spin-up period to allow the large-scale circulation and background atmospheric composition to adjust to
the model configuration, resulting in total simulation lengths of 31 days for winter and 29 days for summer. The spin-up periods
(01-09 January and 23-31 May, respectively) were excluded from the analysis.

The area of study focuses on urban Paris and the surrounding ile-de-France region, a densely populated metropolitan area
characterized by strong anthropogenic CO, emissions, complex land—atmosphere interactions, and pronounced urban heat
island effects. This region encompasses a heterogeneous mix of urban, suburban, and peri-urban land-use types, providing a
representative setting to investigate contrasts in surface fluxes, boundary-layer structure, and atmospheric transport processes.
Paris, as one of Europe’s largest megacities, exhibits marked seasonal variability in energy consumption, traffic density, and
biospheric activity, making it particularly suitable for evaluating model performance under contrasting seasonal conditions in
CO, emissions and meteorological controls on their dispersion. The fle-de-France region also benefits from a dense network
of meteorological and atmospheric composition observations, which supports robust evaluation of model performance and

facilitates integrated model-observation analyses.
2.1 WRF model configurations

The simulations were performed with the Advanced Research WRF model (WRF-ARW, version 4.6.1) (Skamarock et al., 2019)
coupled with the chemistry module (WRF-Chem) (Grell et al., 2005; Peckham et al., 2017). The WRF-Chem module represents
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CO4, as a passive tracer, accounting only for transport and mixing processes while excluding chemical transformations (Lauvaux
et al., 2012). The model allows individual surface flux components (e.g., biogenic, fossil fuel, and boundary inflow) to be
treated as distinct tracers, thereby enabling the attribution of different sources and sinks within a single simulation. The model
configuration consists of a parent domain and two one-way nested domains (Figure 1) centered over Paris, France (2.333° E,
48.666° N). The outermost domain (D01) provides lateral boundary conditions to the inner domains, with information passed
from the parent to the nests without feedback to the coarser grid. The horizontal resolution ranges from 8.1 x 8.1 km in D01 to
900 x 900 m in the innermost domain (D03). The WRF-Chem model uses 51 vertical levels extending from the surface up to
50 hPa. The vertical grid is stretched, with finer resolution near the surface and coarser spacing aloft. The lowest model layer
has a thickness of approximately 10 m, providing sufficient resolution to resolve near-surface boundary layer processes. Of the
51 levels, about 25 levels are located within the first 1000 m, capturing the bulk of the urban atmospheric boundary layer. This
stretching ensures that the model adequately captures turbulence, vertical mixing, and the evolution of CO5 plumes in the urban

atmospheric boundary layer. Table 1 summarizes the principal characteristics of the simulation domains.

(a) Spatial domains used for WRF simulations (b) A map showing the observations stations
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Figure 1. (a) WRF simulation domains with horizontal resolutions ranging from 8.1 km to 900 m. Colormap indicates terrain height (m).
(b) Locations of observational sites used in this study. Blue symbols represent Doppler wind LIDAR positions, black symbols indicate the
Automatic LIDAR Ceilometers (ALC) locations used for planetary boundary layer height (PBLH) retrievals and red triangles represent surface
turbulent flux stations. Some sites host collocated instruments, notably PAROIS, PACHEM, PAJUSS, and PASIRT.

In this study, we examine the physical parameterizations used to represent the surface energy balance and the PBL dynamics

in mesoscale mode, while selecting other numerical schemes from previous studies (i.e. microphysics, convection, advection
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Table 1. Configuration of the nested simulation domains used in this study. For each domain, the table reports the horizontal grid resolution

(m) in the x and y directions, the number of horizontal grid points, and the number of vertical levels used in the model

Domains  Resolution (m)  Grid points number  Vertical level number

D01 8100x 8100 182x182
D02 27002700 232x232 51
D03 900x900 220x220

and radiation schemes). The microphysics scheme is set to the Thompson aerosol-aware scheme (Thompson et al., 2008) for
the parent domain and to the WRF Single-Moment 5-class scheme (Hong et al., 2004) for nested domains. Longwave and
shortwave radiation are computed using RRTMG (Iacono et al., 2008). Urban physics simulations are initially performed using
the Mellor—Yamada—Janjic (MYJ) PBL scheme (Janjic, 1990) and the Janji¢ Eta surface layer (Janjic, 1996), coupled with the
Noabh land surface model (Chen and Dudhia, 2001). Four urban configurations are tested with MYJ: no urban physics (No_URB),
the single-layer urban canopy model (SLUCM; Kusaka et al., 2001), the multi-layer Building Effect Parameterization (BEP;
Martilli et al., 2002), and the multi-layer Building Energy Model (BEM; Salamanca and Martilli, 2010). A summary of the urban
physics parameterization options used in this study is provided in Appendix A. To further assess sensitivity to PBL scheme,
additional simulations are performed using BEM coupled with three PBL schemes: Mellor—Yamada—Janjic (MYJ), Yonsei
University (YSU: Hong et al., 2006), and Bougeault—-Lacarrere (BouLac; Bougeault and Lacarrere, 1989). For YSU, the surface
layer is represented using the revised MM5 Monin—Obukhov formulation (Jiménez and Dudhia, 2012), while MYJ and BouLac
retain the Janji¢ Eta surface layer. With horizontal resolutions ranging from 900 m to 8.1 km, larger-scale convection is explicitly
resolved in all model domains, and no cumulus parameterization is required.

To improve the performance of the WRF simulations, the model was run with the Four Dimensional Data Assimilation
(FDDA) scheme (Stauffer and Seaman, 1994) using meteorological measurements collected and quality-controlled by the
World Meteorological Organization (WMO). Both surface observations and upper-air data (including rawinsondes and aircraft
measurements) were assimilated online within all domains, which were operated in mesoscale mode. In total, 934 stations were
assimilated over domain DO1 (8.1 km resolution), 157 stations over domain D02 (2.7 km), and 11 stations over domain D03

(900 m), with updates performed every three hours.
2.2 Model Input Data

Initial and boundary meteorological conditions were provided by the European Centre for Medium-Range Weather Forecasts
(ECMWF) ERAS reanalysis (Hersbach et al., 2020). ERAS offers hourly meteorological fields at 0.25°x 0.25° horizontal
resolution, required to drive the WRF model, ensuring realistic synoptic conditions.

For surface characteristics, both topography and land cover were represented with high-resolution datasets to ensure
consistency with the fine model grid spacing. In urban areas, where complex surface features strongly influence atmospheric

dynamics, the use of high-resolution topography is particularly important. Several studies (Feng et al., 2016; Hedelius et al.,
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2017; Wolf et al., 2020; Sun et al., 2024) have highlighted the critical role of fine-scale topographic inputs for accurate simulation
of urban greenhouse gas distributions. Topographic data were obtained from the Copernicus Global Digital Elevation Model
(CGDEM) provided by the European Space Agency (Agency, 2024), with 3 arc-seconds (~ 90 m) for the 900 m domains,
and Global Multi-resolution Terrain Elevation Data (GMTED, 30 arc-seconds, ~ 1 km) for the outer domains (2.7 km and
8.1 km). The higher-resolution CGDEM datasets capture fine terrain variability, reduce biases associated with smoothed surfaces,
and enable more realistic surface—atmosphere interactions across scales. Land use and land cover (LULC) came from the
hybrid 100 m CGLC-MODIS-LCZ dataset: combining Copernicus Global Land Service Land Cover, Moderate Resolution
Imaging Spectroradiometer, and Local Climate Zones (Demuzere et al., 2023). This dataset provides a detailed description
of urban and natural surfaces with a total of 61 land cover categories. It incorporates 10 urban built types, capturing the
heterogeneity of urban surfaces. This heterogeneity influences roughness length, albedo, heat and moisture fluxes, and biogenic
CO; exchanges. Accurate LULC input is particularly important in urban simulations, where spatial variations in land use
strongly affect atmospheric mixing, heat islands, and pollutant dispersion.

Anthropogenic CO, emissions were obtained from a combination of two inventories with complementary strengths: the
Netherlands Organisation for Applied Scientific Research (TNO) inventory (Super et al., 2020) (resolution: 1 km) and the
Airparif inventory (resolution: 500 m). The Airparif dataset (Figure 2a) was applied over the Ile-de-France region, where
its finer spatial detail provides a more realistic representation of emission patterns. The Airparif CO; inventory for 2019

estimates total emissions in the fle-de-France region at 39.4 Mt CO yr—

, with a strong dominance of small combustion sources
associated with residential and tertiary heating (35.8%), followed by road transport (29.9%) (Table 2). Industrial activities, waste
treatment, and power generation together account for approximately one quarter of regional emissions, while aviation, fugitive
emissions, and other mobile sources provide smaller but non-negligible contributions. Emissions from solvents, shipping, and
agricultural sectors are marginal. This sectoral distribution highlights the predominance of diffuse urban sources, which are
particularly relevant for simulating urban CO5 mixing ratios and their interaction with boundary-layer dynamics. This detailed,
high-resolution inventory provides a robust foundation for WRF-Chem simulations of COs tracers, offering spatially and
sectorally resolved emission inputs that enhance the representation of anthropogenic carbon fluxes and support the evaluation of
atmospheric COy dynamics over the Paris metropolitan area.

Outside this region, the TNO inventory was used to ensure complete domain coverage. Since Airparif does not separate point
and area sources, TNO point-source information was used to correct the Airparif emissions, ensuring a consistent representation
of large emitters. This hybrid approach maximizes the spatial detail of the emissions while preserving source specificity.

Human respiration, which may contribute approximately 8—10% of total urban CO5 emissions, was not included in the
emission inventories used in this study, as this component had not yet been incorporated into the TNO and Airparif inventories
at the time the simulations were conducted. Its recent inclusion in updated inventory versions represents a refinement to be
considered in future work.

The annual CO5 emissions from the inventory are first mapped onto the WRF-Chem grid and then converted to hourly
emission rates using a scaling factor. The temporal disaggregation applies sector-specific scaling factors cascading from annual

to monthly, weekly, daily, and hourly timescales. Since the spatial distribution of emission sectors varies across the domain,
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Table 2. Sectoral CO5 emissions in the fle-de-France region for 2019 based on the Airparif inventory.

Emission sector Emissions (Mt CO- yr’l) Share (%)
Small combustion (residential and tertiary heating) 14.10 35.8
Road transport 11.79 29.9
Industry 3.97 10.1
Waste 3.82 9.7
Power plants 2.80 7.1
Aviation 1.37 35
Fugitive emissions 0.67 1.7
Other mobile sources 0.61 1.5
Solvents <0.5 <1
Shipping <0.5 <1
Agricultural livestock <0.5 <1
Other agricultural sources <0.5 <1
Total 394 100

the effective diurnal emission cycle differs spatially as a natural consequence of the sector-specific temporal profiles and their
geographic distribution. Uncertainties in these temporal profiles, particularly for sectors with variable activity patterns, may
introduce phase errors in simulated near-surface CO, mixing ratios during morning and evening transition periods. Since all
model configurations use identical emission inputs, however, such uncertainties affect all urban physics schemes equally and do
not influence the intercomparison conclusions of this study.

The emissions are released at the first vertical model level, representing near-surface sources across the domain as the emission
inventories do not provide source height information. While this layer is only ~10 m deep and may not fully represent elevated
sources such as vehicle exhaust or rooftop chimneys, using it provides a practical approximation of near-surface CO5 emissions.
This approach may lead to underestimation of tracer concentrations at rooftop sensor heights, where vertical mixing governs
transport from the lowest layer.

Biogenic CO, fluxes were simulated using the Vegetation Photosynthesis and Respiration Model (VPRM), a satellite-based
biosphere parameterization designed to represent net ecosystem exchange through the combined effects of photosynthesis and
respiration (Mahadevan et al., 2008). VPRM estimates biogenic CO, exchange as a function of vegetation type, phenology, and
meteorological drivers, relying on remotely sensed indicators of vegetation activity. In this study, the required surface input
parameters for VPRM, including the Enhanced Vegetation Index (EVI), Land Surface Water Index (LSWI), and vegetation
fraction (VEG_FRA), were generated using the wrf_preprocessor module of the PyVPRM package (Glauch et al., 2025). The
vegetation fraction and land cover information were derived from the Copernicus Global Land Service Land Cover dataset at
100 m resolution (Buchhorn et al., 2020), while EVI and LSWI were computed from the MODIS/Terra Surface Reflectance
8-Day L3 Global 500 m SIN Grid V061 product (Eric, 2021). We note that in dense urban areas, EVI and LSWI are strongly
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influenced by mixed pixels and low vegetation fractions, and therefore may not fully capture the small-scale variability of urban
vegetation. This preprocessing step ensures overall consistency between the biospheric flux calculations and the WRF model
land surface representation, enabling the direct integration of biogenic CO4 fluxes into the WRF-Chem modeling system at the
model grid scale.

Accurate simulation of tracer transport and dispersion in WRF-GHG requires the use of real-world boundary data from
global models, which provide realistic lateral boundary conditions. Boundary and background COs fields were provided by the
Copernicus Atmosphere Monitoring Service (CAMS; Agusti-Panareda et al., 2023; Inness et al., 2019). We used CAMS global
COq reanalysis (1°x 1°, 3-hourly), which assimilates both satellite and in situ observations within an inversion framework to
constrain surface fluxes and large-scale transport (Chevallier et al., 2007). These fields ensure that the regional WRF-GHG

simulations are consistent with large-scale CO- variability and background concentrations.
2.3 Observational datasets

For the validation of surface meteorology in the WRF-GHG simulations, observations from approximately 86 automatic weather
stations distributed across Paris and the fle-de-France region were used. These stations are part of the French operational meteo-
rological network coordinated by Météo-France and ACTRIS-FR (Aerosols, Clouds, and Trace gases Research InfraStructure -
France), with data accessed through the AERIS (Atmosphere Data and Services Centre) data infrastructure (ACTRIS-FR and
Meétéo-France, 2024). The dataset provides high-frequency surface observations at a 6 minute temporal resolution; in this study,
only air temperature, relative humidity, wind speed, and wind direction were considered. Data availability varied among stations,
not all stations provided complete records for all variables, particularly wind measurements; therefore, performance metrics
were calculated using the subset of stations providing valid observations for each parameter. These observations were used
to evaluate WRF-Chem performance at 900 m resolution for different urban physics parameterizations (No_URB, SLUCM,
BEP, and BEM) by comparing modeled and observed values across all stations. Model evaluation focused on the subset of 44
meteorological stations located within the polygon covering the Greater Paris area, which coincides with the spatial extent of
the CO5 observation network. This ensures that the evaluation of surface meteorology is directly relevant to tracer transport
analyses and the interpretation of urban physics effects on local boundary-layer processes.

To complement the near-surface meteorological comparison and to assess the WRF-Chem model’s ability to represent the
vertical structure of the urban atmospheric boundary layer, wind profile data from six Doppler wind LIDAR stations (Figure 1b)
were used. Details of the station locations, including latitude, longitude, and altitude, are listed in Table B1. These observations
are part of a multi-institution Doppler wind LIDAR dataset (Morrison et al., 2025), which includes measurements collected
during the urbisphere project (Fenner et al., 2024). These LIDARS provide high-resolution measurements of wind speed and
direction throughout the lower troposphere with a temporal resolution of 10 minutes. They are essential for evaluating boundary
layer dynamics, turbulence, and vertical mixing, which directly influence the dispersion of CO5 plumes.

Observations of PBLH derived from Automatic LIDAR Ceilometers (ALC) were used for validation (Kotthaus et al.,
2020, 2023). The measurements were obtained using seven Vaisala CL61 ceilometers deployed during the urbisphere campaign

(Figure 1b). Additional ceilometer observations from the PALAISEAU and QUALAIR stations were accessed via the Institut
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Pierre-Simon Laplace (IPSL) Compute and Data Centre. Details of the station locations, including latitude, longitude, and
altitude, are listed in Table D1. Aerosol-based mixed-layer height (MLH) was determined using the STR ATfinder algorithm,
with automated quality control applied via the quality control STRATfinder procedure, following the methodology described by
Looschelders et al. (2025). The urbisphere ceilometer observations are available at a 1 minute temporal resolution, while data
from the PALAISEAU and QUALALIR stations are provided at 15 minutes resolution. The observed PBLH was then compared
with the modeled PBLH to evaluate the model’s performance in capturing the temporal evolution and vertical structure of the
urban boundary layer.

Observations of surface sensible heat (HFX) and latent heat (LH) fluxes, friction velocity (u,) and turbulent kinetic energy
(TKE) from seven stations were used to evaluate the modeled surface energy balance and turbulence intensity (Figure 1b). These
measurements were obtained from the ICOS ETC Level-2 fluxes data product (Berveiller et al., 2026; Stagakis et al., 2025;
Buysse et al., 2026; ICOS et al., 2025) and from the long-term measurements at SIRTA (Lohou et al., 2018), and are available
at a 30 minute temporal resolution. At the SIRTA site, flux observations from the 50 m tower were used. The 2 m tower was
not considered, as its footprint is limited to a small grassland area and is therefore not representative of the suburban surface
conditions resolved by the model grid. The 50 m tower provides a larger and more representative footprint, although it remains
dominated by vegetation. The geographical coordinates and altitudes of the stations are provided in Table C1. The multi-station
observations enable assessment of the spatial and diurnal variability of surface fluxes and turbulence across different urban
environments and provide a basis for evaluating the performances of the different urban physics parameterizations, and more
specifically their ablity to reproduce the observed energy balance and turbulence dynamics, with implications for urban CO»
mixing ratios.

Two complementary surface CO5 networks (Figure 2b) were used to validate spatial and temporal aspects of WRF-Chem
simulations. First, the Paris network of high-precision cavity ring-down spectroscopy sensors provide continuous (Picarro; Doc
et al., 2024), accurate CO, measurements at multiple urban sites. A second network (mid-cost; Lian et al., 2024) of distributed
rooftop sensors offer broader spatial coverage, albeit at lower precision using SenseAir HPP and K96 instruments. Details of
each station’s position and elevation are summarized in Tables E1 and E2. Both datasets provide hourly CO2 mixing ratios and
are used to assess model performance at 900 m resolution, specifically to evaluate how different urban physics parameterizations
influence the model’s ability to capture short-term variability, to reproduce diurnal cycles, and to represent spatial gradients
and emission-driven CO5 mixing ratios peaks across the urban domain. For the model-observation comparison, simulated CO4

mixing ratios were extracted at the model level closest to the measurement height of each station.
2.4 Evaluation strategy and statistical metrics

To examine the influence of urban physics representations on simulated near-surface CO2 mixing ratios, model results are
compared with observations over a 21-day winter period (10-31 January 2024) and a 19-day summer period (01-20 June 2024).
The site level time series and diurnal cycles analysis focuses on two urban-core sites, JUS (Picarro network) and EIF (Mid-cost
network), and one suburban site, SAC, providing complementary perspectives on CO- variability across contrasting urban

environments, while aggregated statistics are computed over all stations.
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Figure 2. (a) Total CO2 emissions in fle-de-France from Airparif inventories (2019). (b) Paris area showing Picarro and mid-cost (HPP and

K96) network positions.

The impact of urban representation on surface energy exchanges is evaluated by comparing four simulations: without urban
physics (No_URB), using the single-layer urban canopy model (SLUCM), the Building Effect Parameterization (BEP), and the
Building Energy Model (BEM), all performed at 900 m horizontal resolution.

The WRF simulations at 900 m resolution produced output every 10 minutes intervals. To ensure consistent comparison with
observational data, observations with finer temporal resolution (e.g., I minute) were averaged to 10 minutes to match the model
output, while hourly observations were compared against hourly-averaged model output. This procedure allows us to preserve
sub-hourly variability where possible without introducing inconsistencies between datasets.

For surface and boundary layer variables, including sensible heat flux (HFX), latent heat flux (LH), friction velocity (u,), and
planetary boundary layer height (PBLH), WRF outputs three-dimensional fields as functions of time and horizontal position. For
the inter-comparison, PBLH is diagnosed using the bulk Richardson number method, where the PBLH is defined as the lowest
level at which the bulk Richardson number exceeds a critical threshold (Stull, 1988; Vogelezang and Holtslag, 1996). Model
values were therefore extracted from the grid cell corresponding to each observation site. Given the 900 m horizontal resolution
of the WRF model, which is comparable to the typical spatial extent of the dominant eddy-covariance flux footprints (Kljun
et al., 2015), the majority of the flux contribution is expected to originate from within or near the grid cell containing the tower.
However, the effective footprint depends on wind direction and atmospheric conditions, and different landscape elements within
the grid cell may contribute unevenly to the measured fluxes. Although footprint extent varies with atmospheric stability and
wind conditions, it generally remains of the same order as the model resolution. As a result and given the mismatch between the

fine-scale footprint variability and the model grid resolution, no additional spatial averaging or footprint weighting was applied.
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For near-surface meteorological variables (air temperature, humidity, wind speed, and wind direction), variations in instrument
height among stations were accounted for by selecting the model level closest to the respective measurement height. The same
approach was applied to simulated CO, mixing ratios and turbulence kinetic energy (TKE).

Model performance is evaluated using complementary statistical metrics: the correlation coefficient (R), mean bias error
(MBE), mean absolute error (MAE), and root mean square error (RMSE). Statistics are computed over daytime periods only,
when surface—atmosphere coupling is strongest and fluxes are sufficiently developed. The specific daytime evaluation windows
depend on the variable considered and are defined to reflect the underlying physical processes governing each quantity.

For surface fluxes (HFX, LH, u,, and TKE) statistics are computed between 10-16 UTC in winter and 09—18 UTC in summer,
when they are sufficiently strong to ensure meaningful surface—atmosphere coupling and to avoid early morning and late evening
conditions characterized by weak or near-zero fluxes.

The statistical evaluation of PBLH focuses on the main convective period (10—17 UTC in winter and 10-19 UTC in summer),
encompassing the growth, peak, and early decay phases of the daytime boundary layer. This evaluation window is shifted slightly
later than that used for surface heat fluxes to account for the delayed, integrated response of boundary-layer development to
sustained surface heating. Differences between modeled and observed PBLH should be interpreted with caution, as they are
derived using different methods, with observations typically based on aerosol backscatter and the model relying on Richardson
number based diagnostics. It should be noted that summertime PBLH evaluation is limited to the Qualair and Palaiseau sites due
to data availability, whereas winter statistics are computed over the full observational network.

For near-surface CO5 mixing ratios, daytime statistics focus on periods of active turbulent mixing (11-16 UTC in winter and
10-18 UTC in summer), allowing assessment of how urban driven boundary layer processes influence concentration biases.

In contrast to surface fluxes, PBLH, CO,, which are evaluated during daytime hours to focus on periods of active turbulence
and boundary layer development, near-surface meteorological variables and wind profile are evaluated over the full diurnal
cycle.

Additionally, model-observation comparisons are visualized using diurnal cycles, scatterplots, time series, vertical profiles,
spatial transects, and distribution plots to illustrate temporal evolution, spatial variability, correlation, and overall variability of

the studied variables.

3 Results
3.1 Impact of urban physics on surface heat flux

The analysis focuses on sensible heat flux (HFX) and latent heat flux (LH) to evaluate WRF model’s ability to represent
surface—atmosphere energy exchanges across different urban physics configurations in both winter and summer.

The temporal evolution of surface fluxes is examined using diurnal cycles at two representative sites: Jussieu (JUS), located in
the dense urban core of Paris, and SIRTA, representative of a suburban environment. These sites are selected to illustrate the
contrasting surface energy exchange characteristics of urban and suburban areas and to diagnose the physical response of each

urban physics scheme.
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Figure 3a and Figure 3b illustrate the diurnal evolution of HFX at JUS, representative of the dense urban core of Paris, for
winter and summer, respectively. Across all urban physics configurations and seasons, the simulated HFX exhibits a consistent
temporal structure, with a clear morning increase, a midday maximum, and an afternoon decay. This indicates that the timing
of surface energy forcing is well captured by WREF, and that differences among urban physics schemes primarily affect the
magnitude of HFX rather than its phase.

In winter at JUS, the observed HFX increases shortly after sunrise (~08:30 UTC), peaks around midday (12—-13 UTC), and
declines toward a quasi-stable state by late afternoon (~16 UTC), consistent with the diurnal cycle of solar forcing. Both the
No_URB and SLUCM configurations reproduce this diurnal evolution but systematically underestimate the flux throughout the
daytime, reflecting insufficient surface heating. This behavior highlights the inability of simplified or absent urban representations
to capture the combined effects of urban heat storage, radiative trapping, and canyon-induced turbulence. In contrast, the BEP
scheme strongly overestimates HFX during the active daytime period, indicating excessive heat release associated with its
parameterized building effects and enhanced roughness-driven mixing. The BEM configuration also overestimates HFX but
remains substantially closer to observations, particularly during peak daytime hours, suggesting a more realistic representation
of urban heat storage and surface—atmosphere exchange. We note that the JUS flux tower has a local footprint that is small
compared to the 900 m WREF grid cell. Therefore, some differences between modeled and observed HFX may reflect the
mismatch between the local measurements and the grid-averaged surface characteristics rather than model errors.

During summer at JUS, HFX increases earlier in the day (around 05 UTC), peaks near 12—13 UTC, and decreases gradually
until approximately 20 UTC. All configurations overestimate HFX during the active daytime period, but the magnitude of the
bias is smaller in absolute terms than in winter. Among the tested schemes, BEM again provides the closest agreement with
observations during daytime hours. At night, HFX are generally low. No_URB and SLUCM produce smaller nighttime fluxes,
which happen to be close to observations, whereas BEP and BEM maintain elevated fluxes due to urban heat storage and release.

Nighttime HFX is higher in winter for BEP than in summer, reflecting the seasonal differences in stored building heat release.
BEM shows lower nighttime HFX than BEP in winter because its additional processes redistribute energy more gradually,
retaining some flux within building interiors or partitioning it differently.

At the suburban SIRTA site (Figure 3c and Figure 3d), observed HFX magnitudes are weaker than at JUS in both seasons,
reflecting lower building density and reduced heat storage. This difference also reflects the stronger latent heat flux (LH) at
SIRTA (Figures 4c and 4d), which reduces the fraction of net radiation partitioned into sensible heat. In the WRF model, winter
HFX at SIRTA remain lower than at JUS, consistent with the suburban setting, while summer fluxes reach magnitudes similar to
the urban site. In winter, all urban physics configurations capture the timing of the observed diurnal cycle reasonably well. BEP
significantly overestimates the flux, and BEM also overestimates it but to a lesser extent. Because winter HFX magnitudes are
generally low and LH is limited, the No_URB and SLUCM configurations reproduce the observed diurnal variations reasonably
well, suggesting that the representation of building cover at SIRTA is adequate even in the simpler schemes. During summer, all
configurations exhibit similar daytime behavior, mirroring the pattern seen at the urban site JUS, with overestimation of daytime
HFX. This overestimation may partly reflect excessive surface—atmosphere coupling in the model, and could also be influenced

by underestimated LH (Figure 4d) due to factors such as soil moisture, vegetation characteristics, or local atmospheric humidity.
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To complement the site-specific diurnal analysis, Table 3 summarizes the statistical performance of each configuration
across all available observation sites during daytime periods. HFX simulations exhibit strong sensitivity to urban physics
parameterization in both winter and summer. In winter, No_URB and SLUCM show low correlations with observations and
systematic negative biases, confirming the underestimation observed in the diurnal cycles. BEP substantially improves temporal
variability but introduces a pronounced positive bias, consistent with its overestimation of daytime fluxes. BEM achieves the
best overall balance between correlation and bias reduction, providing the most physically consistent representation of HFX.
Similar relative performance is observed in summer, despite higher absolute flux magnitudes, with BEM consistently reducing
bias compared to BEP and outperforming simpler schemes.

Taken together, the diurnal and statistical analyses demonstrate that WRF captures the timing of HFX well across all
configurations, while the magnitude of surface—atmosphere heat exchange is strongly controlled by urban physics. Simplified
or absent urban schemes underestimate urban heating, BEP tends to over-enhance sensible heat release and BEM provides
the most realistic representation across seasons and site types. These results underscore the critical role of detailed urban
parameterizations in simulating urban surface energy exchange and provide a robust foundation for subsequent analyses of
turbulence, boundary-layer development, and urban CO- transport.

LH exhibits a weaker diurnal amplitude than HFX at both sites, except at SIRTA in summer, reflecting the secondary role of
evapotranspiration in the urban surface energy balance, particularly during winter.

At the dense urban site JUS, the No_URB configuration produces near-zero LH throughout the day in both seasons and does
not reproduce a clear diurnal cycle (Figures 4a and 4b). This behavior reflects the absence of explicit urban vegetation and
limited moisture availability in the land-surface representation, leading to strongly suppressed evapotranspiration.

In contrast, SLUCM, BEP, and BEM reproduce a coherent diurnal evolution, with LH increasing after sunrise, reaching a
midday maximum, and decreasing toward evening. In JUS in summer, maximum LH values reach approximately 50 W m~2,
approximately twice the winter maxima, consistent with stronger radiative forcing and enhanced seasonal vegetation activity.
While the timing of the diurnal cycle is similar across urban schemes, their magnitudes differ substantially. SLUCM produces
LH closest to the observed daytime values, whereas BEP tends to underestimate LH, and BEM slightly overestimates it, although
with smaller deviations from observations than BEP. These differences highlight the sensitivity of urban evapotranspiration to
the treatment of vegetation, surface moisture, and energy partitioning within each urban physics scheme.

At the suburban SIRTA site, LH are generally similar to those at the urban site JUS during winter (Figure 4c), No_URB,
SLUCM and BEP configurations tend to underestimate LH during the active daytime period, while BEM showing a similar
variation relative to observations. In summer, observed LH at SIRTA is stronger than at JUS, reflecting higher vegetation cover
and greater soil moisture availability (Figure 4d). Despite this, all configurations underestimate LH: No_URB produces almost
no LH, while BEM remains the highest among them.

Table 3 further evaluates the performance of LH simulations using daytime statistics aggregated across all observation sites.
In winter, LH exhibits very weak correlations and comparable error magnitudes (MAE and RMSE) across all configurations,
indicating limited sensitivity to urban canopy parameterization under conditions of strongly suppressed evapotranspiration. Dur-

ing summer, when evapotranspiration becomes more active, differences among urban representations become more discernible.

14



400

405

https://doi.org/10.5194/egusphere-2026-2109
Preprint. Discussion started: 1 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Observation and simulation: ™= OBS === No URB, ®ss= S UCM, W= BEP, === BEM
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Figure 3. Diurnal cycles of sensible heat flux comparing observations with WRF simulations at 900 m horizontal resolution for different
urban physics schemes. Panels (a) and (b) show winter (10-31 January 2024) and summer (01-20 June 2024) conditions, respectively, at the
urban core site Jussieu (JUS). Panels (c) and (d) show winter and summer conditions, respectively, at the suburban site SIRTA. Diurnal cycles

illustrate the temporal evolution and magnitude of sensible heat flux under contrasting urban representations.

Simulations without an urban scheme (No_URB) show reduced skill in capturing the spatial and temporal variability of LH,
while SLUCM and BEP improve the representation of variability. Nevertheless, the differences among the urban schemes remain
modest. BEM tends to produce higher LH values compared to the other schemes but maintains error levels comparable to the
other configurations, indicating that its strong performance for HFX is achieved without degrading latent heat flux simulations.
Overall, these results confirm that LH plays a secondary but seasonally dependent role in the urban energy balance, with
improved yet still challenging representation during summer conditions.

These findings indicate that LH is weakly constrained by urban physics during winter but becomes increasingly sensitive to
land-surface and urban parameterizations in summer, particularly in suburban environments. Compared with HFX, LH exerts
weaker control on boundary-layer development during the study period, but it contributes to modulating the partitioning of

surface energy and the seasonal evolution of near-surface turbulence.
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Figure 4. Same as Figure 3, but for latent heat flux.

3.2 Impact of urban physics on friction velocity and turbulent kinetic energy

While surface heat fluxes determine the available energy for atmospheric mixing, the actual efficiency of vertical and horizontal
transport within the urban boundary layer is controlled by turbulence intensity. To better understand the mechanisms linking
urban surface representation to boundary-layer development and tracer transport, we analyze friction velocity (u,) and turbulence
kinetic energy (TKE), which characterize shear-driven and buoyancy-driven turbulence, respectively. Both u, and TKE are used
here as diagnostics of how urban physics schemes influence boundary layer mixing and associated differences in PBLH and
near-surface COs.

u, exhibits a clear diurnal cycle at both sites and in both seasons. Compared to surface heat fluxes, u, is less directly driven
by radiative forcing and is instead strongly controlled by the representation of urban morphology and momentum exchange
within the surface layer.

At the dense urban site JUS, the No_URB and SLUCM configurations reproduce the observed diurnal evolution of u,
reasonably well in both winter and summer (Figures 5a and 5b). In winter, both schemes slightly underestimate u, during
daytime hours, consistent with their simplified treatment of urban roughness elements. In summer, No_URB produces a small

daytime overestimation, while SLUCM continues to slightly underestimate u.,, indicating modest differences in how surface
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Table 3. Statistical evaluation of surface heat flux simulated by WRF at 900 m resolution for winter (10-31 January) and summer (01-20 June)
periods. Data are averaged over the active daytime period (10-16 UTC in winter and 09-18 UTC in summer. Results are shown for four urban
physics configurations: No_URB, SLUCM, BEP, and BEM. Statistics include the correlation coefficient (R), mean bias error (MBE), mean

absolute error (MAE) and root mean square error (RMSE), are computed across all available observation sites.

Winter (January) Summer (June)
Variable Scheme R MBE MAE RMSE R MBE MAE RMSE
No_URB 037 -127 379 50.6 0.50 1289 140.2 168.3
Sensible Heat Flux SLUCM 036 -7.8 376 496 047 869 1040 126.6
W m™) BEP 0.64 91.0 1029 126.7 046 110.1 1246 155.1
BEM 0.64 308 447 57.1 053 719 922 1182
No_URB 0.1 45 201 268 048 -10.6 95.0 120.0
Latent Heat Flux ~ SLUCM 018 27 177 217 050 84 80.1 108.9
(Wm™?)
BEP 0.11 6.7 208 283 0.55 19.1 730 1027
BEM 0.16 10.8 20.8 283 079 362 774 1053

MBE, MAE, and RMSE have the same units as the variable (W m_2), while R is dimensionless.

drag is represented under stronger convective conditions. Overall, however, both schemes yield magnitudes close to observations,
suggesting that bulk roughness parameterizations can capture the first-order mechanical forcing in dense urban areas. In contrast,
the multi-layer urban schemes BEP and BEM systematically overestimate u, at JUS in both seasons. This overestimation is
evident throughout the diurnal cycle and is modulated by daytime instability, reflecting the explicit representation of building-
induced drag and enhanced momentum absorption within the urban canopy. BEM produces slightly higher u, than BEP. These
results indicate that while BEP and BEM more explicitly account for urban morphology, they may over-enhance mechanical
turbulence in densely built environments. This enhanced u, likely contributes to the HFX overestimation discussed above by
increasing turbulent heat exchange efficiency, and may be further amplified by an overestimation of the effective roughness
length, as the tower footprint corresponds to a more homogeneous urban fabric than represented at the model grid scale. The
unusually high u, values in BEP and BEM are primarily mechanically driven, with buoyancy-driven contributions playing a
secondary role at dense urban sites like JUS.

At the suburban site SIRTA, all urban physics configurations produce very similar diurnal cycles and magnitudes of u,, in
good agreement with observations (Figures Sc and 5d). The differences between schemes are small in both winter and summer,
reflecting the reduced influence of complex urban morphology and the greater dominance of vegetated surfaces and open terrain.
In this transitional environment, surface roughness is less sensitive to the choice of urban parameterization, and mechanical

turbulence is adequately represented by all configurations.

17



440

445

450

455

460

465

470

https://doi.org/10.5194/egusphere-2026-2109
Preprint. Discussion started: 1 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

To complement the site-specific diurnal analysis, Table 4 summarizes the statistical performance of u, across all available
observation sites during daytime periods. In both winter and summer, the No_URB and SLUCM configurations exhibit the
strongest overall agreement with observations, characterized by higher correlation coefficients and relatively small biases and
error statistics. This behavior confirms the diurnal cycle results, indicating that simplified urban representations reproduce
the magnitude of mechanically driven momentum exchange reasonably well, despite their limited explicit treatment of urban
morphology. Minor seasonal differences are evident, with near neutral to slightly negative biases in winter and modest positive
biases in summer, consistent with seasonal variations in atmospheric stability and surface atmosphere coupling. In contrast, the
multi-layer urban schemes BEP and BEM show systematically reduced correlations and substantially larger positive biases
in both seasons. These statistical characteristics reflect the persistent overestimation of u, identified in the diurnal cycles at
dense urban sites, driven by the explicit representation of building induced drag and enhanced momentum exchange within
the urban canopy. Among the multi-layer schemes, BEM consistently exhibits the strongest overestimation and largest error
statistics in both winter and summer, indicating that the combined effects of building drag, vertical canopy structure, and
building-atmosphere interactions lead to excessive surface drag and momentum transfer. BEP also overestimates u,, but to a
lesser extent, suggesting a more moderate enhancement of urban roughness effects. When aggregated across the observational
network, these systematic biases dominate the error statistics, resulting in larger MAE and RMSE for BEP and especially for
BEM compared to simpler urban representations.

Overall, the statistical results reinforce the diurnal cycle interpretation that u, is highly sensitive to the treatment of urban
roughness in dense urban areas, while remaining comparatively insensitive in suburban environments. Simplified schemes
capture the bulk mechanical forcing with reasonable accuracy, whereas multi-layer schemes tend to over-enhance momentum
exchange. These differences suggest potential implications for TKE production, the representation of boundary layer processes
and tracer transport in urban environments, which are examined in the following sections.

To assess the impact of urban representation on turbulent energy, we compare TKE simulated by WRF using No_URB,
SLUCM, BEP, and BEM schemes (Figure 6), highlighting how differences in urban morphology, surface forcing, and momentum
exchange influence turbulence generation in both dense urban and suburban environments.

At the dense urban site JUS, the behavior of TKE differs from that of u,. In winter (Figure 6a), BEP and BEM reproduce
the magnitude and diurnal evolution of TKE reasonably well, despite overestimating HFX and u,.. This apparent paradox
reflects the fact that TKE integrates multiple production mechanisms and does not respond linearly to individual surface
fluxes. Enhanced building-induced drag and surface heating in multi-layer schemes increase mechanical and buoyancy-driven
turbulence production, but this does not result in proportionally larger TKE. These effects suggest that enhanced mechanical and
buoyancy-driven turbulence production in the multi-layer schemes is balanced by other unresolved or parameterized processes
within the urban canopy and roughness sublayer, potentially including increased turbulent dissipation, leading to a net TKE
magnitude close to observations. In contrast, No_URB and SLUCM substantially underestimate TKE, reflecting their weaker
surface forcing and limited treatment of urban roughness, which restricts both buoyancy-driven and mechanically induced

turbulence within the urban canopy.
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Observation and simulation: ™= OBS === No URB, ®ss= S UCM, W= BEP, === BEM

(a) uy at JUS: Winter (b) u, at JUS: Summer
1.5 v v by L L
b 107 M&— -
é ] L
% 0.5 - C
;__/‘_\/_\\,_7 ]
0.0 T 0.0 T
0 5 10 15 20 0 5 10 15 20
Hour of the Day Hour of the Day
(c) u, at SIRTA: Winter (d) u at SIRTA: Summer
1.5||.|||||||||||||||||||‘| 1.5||.|||||||||||||||||I||
“1.04 - -
L.n -
€ ] C
S 05 i
* 0.5~ - T
SRR == e e
0-0_'|""|""|""""|""_ 0-0_'|""|""|""""|""
0 5 10 15 20 0 5 10 15 20
Hour of the Day Hour of the Day

Figure 5. Same as Figure 3, but for friction velocity (u.).

During summer, the diurnal pattern at JUS is broadly similar, but both BEP and BEM slightly underestimate TKE relative to
observations, while No_URB and SLUCM follow the timing of the multi-layer schemes yet remain further below observed
values (Figure 6b). This seasonal shift is consistent with stronger convective instability and enhanced HFX in summer, which
promote buoyancy-driven turbulence throughout the boundary layer. Under these conditions, near-surface TKE becomes less
directly controlled by local mechanical production associated with surface roughness and urban canopy drag. In multi-layer
schemes, the enhanced buoyant forcing leads to more efficient vertical transport and redistribution of turbulence, so that a
larger fraction of TKE is generated and maintained aloft within the mixed layer. As a result, near-surface TKE can be slightly
underestimated despite realistic representations of urban morphology and surface fluxes.

The seasonal difference between winter and summer can be attributed to the deeper summer PBL: in winter, the mixed layer
is shallow and surface-layer turbulence dominates, whereas in summer, enhanced buoyancy and a taller PBL redistribute TKE
aloft, so near-surface TKE may appear slightly underestimated despite realistic surface fluxes and urban morphology.

At the suburban SIRTA site, all urban physics schemes capture a broadly similar diurnal evolution with only slight differences
among them (Figures 6¢ and 6d). However, all configurations systematically underestimate TKE relative to observations. This

bias occurs despite broadly realistic u, and an enhanced HFX, accompanied by a systematic underestimation of LH in both
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seasons. The resulting imbalance in surface energy partitioning may limit the efficiency of turbulence generation, particularly
through reduced buoyancy contributions associated with moisture driven processes. In addition, this behavior points to limitations
in the model representation of turbulence production, vertical transport, or dissipation under suburban conditions, where surface
heterogeneity, vegetation-atmosphere interactions, and intermittent turbulent events likely play an important role. Consequently,
even with strong sensible heat forcing, simulated near surface turbulence intensity remains lower than observed.

Although modeled HFX is larger than observed, near-surface TKE remains underestimated. This is likely due to a combination
of factors: turbulence is redistributed in the relatively deep PBL at SIRTA (analogous to summer conditions at JUS), and suburban
heterogeneity, vegetation interactions, and intermittent turbulent events are not fully captured in the model. Additionally, the
systematic underestimation of LH may limit moisture-driven turbulence, so the enhanced sensible heat flux alone does not fully
translate into higher near-surface TKE.

Beyond the site-specific analysis, Table 4 provides an overview of the statistical performance of TKE aggregated over all
daytime observation periods. All configurations exhibit moderate correlations for TKE in both winter and summer, accompanied
by consistently negative biases, consistent with the underestimation of turbulence intensity discussed above. Simplified schemes
(No_URB and SLUCM) show larger negative biases and higher error metrics, particularly during winter, whereas the multi-
layer schemes (BEP and BEM) substantially reduce bias and errors, likely reflecting a more realistic representation of urban
morphology and turbulence generation in dense urban environments. During summer, correlations and error statistics across all
schemes become more similar, suggesting that enhanced convective forcing partially offsets structural differences among urban
representations. Although multi-layer schemes continue to perform comparably or slightly better than simplified approaches, all
configurations retain a notable negative bias, highlighting persistent challenges in simulating TKE under strongly convective
conditions. Overall, these statistics reinforce the diurnal cycle interpretation and demonstrate the strong sensitivity of TKE to
urban morphology and surface energy fluxes, particularly in densely built areas.

Overall, these results demonstrate the coupled nature of surface energy fluxes, u,, and TKE. In dense urban areas, overes-
timation of HFX and u, in BEM and BEP leads to enhanced mechanical and buoyancy-driven turbulence that brings TKE
closer to observed values. In contrast, simplified schemes systematically underestimate both surface forcing and turbulence.
In suburban environments, the smaller-scale surface heterogeneity limits turbulence generation, so differences between urban
physics schemes are reduced. These dynamics highlight the potential influence of urban physics, surface heat fluxes, u,, and

TKE on boundary-layer development and near-surface CO, mixing ratios, which will be examined in the subsequent section.
3.3 TImpact of urban physics on boundary layer development

The influence of urban physics on boundary layer development is examined using the PBLH, based on the same set of four
simulations (No_URB, SLUCM, BEP, and BEM) conducted at 900 m horizontal resolution. Differences in the representation of
urban processes in WREF strongly influence the simulated PBLH, through modifications of surface energy fluxes and turbulence
associated with urban roughness. The analysis evaluates how these differences affect boundary layer growth and structure, with

results examined for both winter and summer periods.
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Figure 6. Same as Figure 3, but for turbulent kinetic energy (TKE)

The diurnal cycle of the PBLH is first examined to assess how urban physics influence the daytime growth and evolution of
the boundary layer through their integrated response to surface heat fluxes and urban-induced turbulence.

At the dense urban site Qualair (Paris), pronounced differences in the diurnal evolution of PBLH are observed among the urban
physics schemes, particularly in winter. During daytime, No_URB and SLUCM substantially underestimate PBLH, reflecting
their limited representation of urban roughness and surface—atmosphere coupling, which leads to weaker turbulent mixing. In
contrast, the multi-layer schemes BEP and BEM capture the diurnal evolution of PBLH but tend to overestimate it relative to
observations, with BEP showing a larger bias than BEM (Figure 7¢). This behavior is consistent with enhanced daytime HFX,
combined with high u, and slightly overestimated TKE, which together support stronger buoyancy and mechanically driven
boundary-layer growth. At night, however, BEP and BEM exhibit larger deviations from observations than during daytime,
likely reflecting differences in the representation of urban heat storage release and nocturnal turbulence within the urban canopy.

In summer at Qualair, all urban schemes exhibit a broadly similar diurnal evolution, with boundary-layer growth beginning in
the early morning in phase with observations (Figure 7d). However, notable discrepancies appear during the mature convective

period. While observations show a continuous increase in PBLH from mid-morning until late afternoon, maintaining a maximum
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Table 4. Statistical evaluation of surface u. and TKE simulated by WRF at 900 m resolution for winter (10-31 January) and summer (01-20
June) periods. Data are averaged over the active daytime period (10-16 UTC in winter and 09—18 UTC in summer. Results are shown for four
urban physics configurations: No_URB, SLUCM, BEP, and BEM. Statistics include the correlation coefficient (R), mean bias error (MBE),

mean absolute error (MAE) and root mean square error (RMSE) and are computed across all available observation sites.

Winter (January) Summer (June)

Variable  Scheme R MBE MAE RMSE R MBE MAE RMSE
No_URB 0.65 0.00 0.13 0.17 0.60 0.10 0.17 0.21
U SLUCM 0.62 -0.04 0.13 0.17 0.53 -0.01 0.15 020
(ms™) BEP 051 0.15 023 0.33 049 0.10 0.21 0.29
BEM 051 0.19 0.26 040 045 0.18 0.26 0.36
No_URB 0.58 -0.61 0.65 0.89 056 -0.82 0.89 1.14
TKE SLUCM 052 -0.65 0.68 0.94 053 -1.02 1.05 1.31
(m® 575 BEP 0.60 -036 051 074 0.51 -096 1.02 127
BEM 0.60 -036 0.52 0.76 056 -090 097 1.20

MBE, MAE, and RMSE are expressed in the same units as the corresponding variable: u, in m s~ 1 and TKE in m? s~2, while R is dimensionless.

of about 1.5-1.6 km until around 18 UTC, all model schemes exhibit a similar evolution with an earlier peak around 13 UTC
but followed directly by a gradual decline. This decrease should be interpreted with caution, as it largely reflects temporal
averaging rather than the actual boundary layer dynamics, in reality, the decay of turbulence and the transition to a stable
nocturnal boundary layer occur more abruptly. In addition, the diagnosed timing of the evening transition may be affected by
uncertainties in the PBLH retrieval method. Among the models, BEM follows the observed trend most closely, but the earlier
transition leads to an apparent underestimation of PBLH during the late afternoon and evening period. This interpretation is
consistent with the summer TKE results, which show that even multi-layer schemes (BEP and BEM) slightly underestimate
near-surface TKE, while simpler schemes (No_URB and SLUCM) exhibit a stronger TKE deficit despite comparable u,.

At the suburban site Palaiseau, scheme to scheme differences in PBLH are generally smaller, reflecting the reduced influence
of urban morphology on boundary-layer dynamics. In winter, all schemes underestimate daytime PBLH, with the strongest
negative bias in No_URB and SLUCM and smaller discrepancies in BEP and BEM, while nighttime PBLH is comparatively
well captured by all configurations, indicating limited sensitivity to urban physics under stable conditions. This behavior is
consistent with the suburban surface energy and momentum budgets, where HFX and u, are well reproduced across schemes,
and turbulent kinetic energy is systematically underestimated but shows little sensitivity to the choice of urban physics. In
addition, the winter wind regime is characterized by mixed and variable directions (Figure F1), limiting persistent advection of

urban air masses from Paris toward SIRTA. Nevertheless, even these relatively modest differences in PBLH (on the order of tens
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of meters) may still influence near-surface CO, mixing ratios by modifying the effective mixing volume, particularly under
weak-wind conditions or during periods of sustained emissions.

During summer at Palaiseau, all schemes reproduce a similar diurnal evolution but systematically underestimate PBLH
throughout most of the day. Agreement with observations is limited to the early morning growth phase between 06 and 10 UTC.
After this period, modeled PBLH continues to increase moderately, reaching a maximum of about 1.2 km around 14 UTC
before starting to decrease, while the observations continue to increase to approximately 1.4 km and maintain this higher
PBLH until later in the afternoon. This apparent evolution likely reflects temporal averaging, as the evening transition is
abrupt and not well captured by averaged PBLH diagnostics. As at the urban site, this discrepancy points to limitations in
representing sustained convective growth rather than deficiencies in surface forcing alone, consistent with the underestimation
of TKE despite a slightly higher HFX and realistic u,. In addition, the summer period is characterized by frequent northerly to
northeasterly winds in the observations (Figure F2), which tend to place the Palaiseau (SIRTA) site downwind of the Paris urban
area. Under such conditions, advection of urban air masses can enhance boundary layer development and may contribute to
the higher observed PBLH compared to the simulations. However, the wind rose analysis also reveals discrepancies between
observations and the model at SIRTA, where observed winds are more frequently easterly, while the model favors northwesterly
directions. This directional bias likely limits the model’s ability to reproduce the advection of urban air masses, and thus
contributes to the underestimation of PBLH. Although convection is explicitly resolved at kilometer-scale resolution and
cumulus parameterizations are switched off, the grid may not fully capture deep convective plumes, which can further lead to
underestimation of PBL growth and vertical mixing in summer.

The pronounced nighttime underestimation of PBLH at Palaiseau, with modeled values around 200-250 m compared to
observed heights near 500 m, occurs despite comparable TKE and overestimated u,, indicating that the issue is not a lack of
turbulence intensity but rather its vertical distribution. Under stable conditions over suburban terrain, the model likely confines
turbulence too close to the surface and underestimates non-local and intermittent mixing processes, leading to insufficient
coupling with the residual layer and an excessively shallow nocturnal boundary layer.

Table 5 summarizes the statistical performance of the different urban configurations in simulating daytime PBLH during
winter and summer, complementing the diurnal cycle analysis with quantitative measures of correlation and error.

In winter, all configurations exhibit moderate correlations with observed PBLH (R ~ 0.56-0.64), but systematic differences
in bias and error magnitude are evident. The No_URB and SLUCM simulations consistently underestimate PBLH, reflecting
suppressed daytime boundary layer growth associated with weak surface buoyancy forcing and limited turbulent mixing. SLUCM
shows slightly larger negative bias and error statistics than No_URB, indicating that the simplified canyon representation does
not substantially improve wintertime boundary layer development. In contrast, BEP tends to overestimate PBLH, resulting in
the largest MAE and RMSE among the schemes, consistent with excessive buoyancy driven mixing associated with enhanced
sensible heat flux. The BEM configuration provides the most balanced winter performance, combining the highest correlation
with minimal systematic bias and the lowest error statistics. This improved performance of BEM compared to BEP likely
reflects the inclusion of building thermal inertia and indoor—outdoor energy exchanges, which buffer surface heating and reduce

excessive HFX, thereby limiting overactive buoyancy-driven mixing and leading to more realistic boundary layer growth. This
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Figure 7. Diurnal cycles of PBLH comparing observations with WRF simulations at 900 m horizontal resolution for different urban physics
schemes. PBLH is diagnosed using the bulk Richardson number for all runs. Panels (a) and (b) show winter (10-31 January 2024) and summer
(01-20 June 2024) conditions, respectively, at the urban core site Qualair. Panels (c) and (d) show winter and summer conditions, respectively,

at the suburban site Palaiseau.

indicates a more realistic representation of surface energy partitioning and turbulent mixing that supports boundary layer growth
without excessive deepening.

In summer, all urban configurations systematically underestimate PBLH, with substantially larger biases and errors compared
to winter and only small differences among schemes. Correlation coefficients are similar across all configurations (R ~
0.53-0.59), and the magnitude of underestimation exceeds 150 m for all cases. These results indicate that, despite stronger
surface forcing and enhanced turbulence during summer, none of the urban schemes is able to adequately reproduce observed
daytime boundary layer depths. The convergence of error statistics across schemes suggests a common limitation in the
representation of convective boundary layer growth, likely related to processes such as entrainment at the PBL top and
incomplete representation of 3D convective turbulence. At kilometer-scale resolution, explicit convection is only partially
resolved (the "gray-zone"), which can limit full vertical mixing. This interpretation is consistent with the summer TKE results,
which show persistent underestimation of turbulent energy near the surface, limiting the model’s ability to sustain vertical

mixing and boundary layer deepening under strongly convective conditions.
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Table S. Statistical evaluation of PBLH simulated by WRF at 900 m resolution for winter (10-31 January) and summer (01-20 June) periods.
Data are averaged over the active daytime period (10-17 UTC in winter and 10-19 UTC in summer. Results are shown for four urban physics
configurations: No_URB, SLUCM, BEP, and BEM. Statistics include the correlation coefficient (R), mean bias error (MBE), mean absolute
error (MAE) and root mean square error (RMSE). Winter statistics are computed across all available observation sites, whereas summer

statistics are limited to the Qualair and Palaiseau sites due to data availability.

Winter (January) Summer (June)
Variable  Scheme R MBE MAE RMSE R MBE MAE RMSE
No_URB 0.63 -134 229 305 0.54 -146 332 445
PBLH SLUCM 0.61 -150 249 321 0.57 -204 330 447
(m BEP 056 83 253 345 0.53 -167 343 461
BEM 064 27 212 286 059 -209 333 455

MBE, MAE, and RMSE have the same units as the variable (m), while R is dimensionless

The PBLH results highlight the tight coupling between urban surface energy partitioning, turbulence generation, and boundary
layer development. Multi-layer urban schemes enhance the representation of daytime boundary layer growth in dense urban
environments, particularly in winter, by strengthening both buoyancy and mechanically driven turbulence. In contrast, during
summer, all configurations exhibit a tendency toward premature boundary layer saturation, pointing to shared limitations in the
representation of convective mixing and entrainment at the PBL top. This tendency toward premature boundary layer saturation
in summer is also consistent with the observed nighttime underestimation of PBLH at Palaiseau. Consequently, although urban
physics strongly modulate surface energy partitioning, their impact on summertime PBLH remains constrained by these broader
model limitations, leading to relatively muted differences among schemes compared to winter and prevents the models from
sustaining the deep convective PBL observed in the late afternoon, despite substantial contrasts in urban representation and
surface heat fluxes.

While the diurnal cycle and statistical evaluation demonstrate the sensitivity of PBLH magnitude and temporal variability to
urban physics at specific sites, they provide only a partial view of how urbanization shapes the spatial structure of the boundary
layer across the city. To complement this site-based analysis, we next examine a cross-urban transect of PBLH extending
from rural surroundings through the urban core and back to rural conditions, allowing a direct assessment of spatial gradients

associated with urban land cover.
3.4 Spatial structure of the urban boundary layer

Figure 8 illustrates the wintertime spatial structure of the planetary boundary layer height (PBLH) along a transect extending
from rural areas outside Paris, across the urban core, and back into rural surroundings. The left panel shows the geographical

location of the transect and the PBLH observational stations intersected by it, while the right panel presents observed PBLH
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at the station locations together with PBLH simulated by the different WRF configurations sampled continuously along the
transect.

Consistent with the winter diurnal cycles and statistical evaluation, the No_URB and SLUCM configurations exhibit only
weak enhancement of PBLH over the urban area, remaining close to rural background values. This muted urban signal reflects
their limited representation of urban surface forcing and reduced buoyancy driven and mechanical turbulence, which leads to the
systematic underestimation of daytime PBLH identified earlier. In contrast, the BEP configuration produces a pronounced and
spatially extensive urban PBLH maximum, forming a broad “urban dome” over the city. This behavior is consistent with the
slight overestimation of daytime PBLH seen in the statistical analysis and reflects excessive sensible heat fluxes and enhanced
turbulence that drive overly vigorous boundary layer growth in winter. The BEM simulation captures a well defined but more
moderate urban PBLH dome, with sharper urban—rural gradients and a realistic transition back to rural conditions on either
side of the city. This spatial pattern aligns with the diurnal cycle and statistical results, which showed that BEM provides the
most balanced representation of wintertime surface forcing and turbulence, yielding PBLH magnitudes and variability closest to
observations. Overall, the transect analysis complements the site-based diagnostics by demonstrating how differences in urban
physics not only affect the temporal evolution of PBLH but also control the horizontal extent and intensity of the wintertime

urban boundary layer.
3.5 TImpact of urban physics on near-surface and boundary layer meteorology

Near-surface meteorological variables, including air temperature, relative humidity, wind speed, and wind direction, are evaluated
over the full diurnal cycle to assess model performance across the four urban physics configurations (No_URB, SLUCM, BEP,
and BEM) for both winter and summer periods. In contrast to surface heat fluxes and PBLH, which are evaluated during daytime
hours to focus on periods of active turbulence and boundary layer development, near-surface meteorological variables are
evaluated over the full diurnal cycle. This approach captures both daytime and nighttime conditions and allows a comprehensive
assessment of model performance under a wide range of stability regimes, while maintaining consistency with the analyses of
CO, mixing ratios, surface energy fluxes, and boundary-layer height.

Temperature is well represented across all schemes in both winter and summer, with minor cold biases in simpler configurations
(No_URB, SLUCM) during winter and slight warm biases in the multi-layer schemes (BEP, BEM), reflecting the impact of
detailed urban representations on heat retention and local warming. These small temperature biases are consistent with the
overestimation of daytime HFX in BEP and BEM (Table 3). In dense urban areas, this may reflect the combined effects of
enhanced urban heat storage and detailed canopy representation in the multi-layer schemes, which can lead to slightly higher
near-surface temperatures.

For relative humidity, although the mean absolute errors are comparable across urban physics schemes, the sign of the
humidity bias shows a seasonal consistency with the simulated latent heat flux. In winter, LH biases remain small for all schemes:
near-neutral for No_URB (4.5 W m~2) and SLUCM (2.7 W m~2), slightly positive in BEP (6.7 W m~2), and modestly positive
in BEM (10.8 W m~2) (Table 3). Consequently, differences in near-surface humidity are limited, indicating that wintertime

relative humidity is only weakly sensitive to urban physics through latent heat exchange. In summer, LH biases diverge more
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(a) Location of the PBLH transect and stations (b) Mean PBLH along the urban—rural transect (12—15 UTC)
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Figure 8. Spatial variation of planetary boundary layer height (PBLH) across the Paris metropolitan area during winter. (a) Map showing
the location of the transect crossing rural areas outside Paris, the urban core, and rural areas on the opposite side, together with the PBLH
observational stations intersected by the transect (Looschelders and et al., 2026, in prep; to be updated with the preprint citation). (b) Mean
PBLH along the transect averaged between 12:00 and 15:00 UTC, corresponding to the period of maximum boundary layer development,
showing observed PBLH at station locations and WRF-simulated PBLH sampled continuously along the transect for the different urban

physics configurations. Shaded area and bars represent standard deviation.

noticeably among schemes, as shown in Table 3: No_URB substantially underestimates LH, SLUCM shows a small positive bias,
BEP exhibits a moderate positive bias, and BEM has the largest positive bias. These differences in LH translate into near-surface
humidity variations, with No_URB producing slightly drier conditions and the multi-layer urban schemes generating a modest
moist bias. Overall, the relatively small spread in relative humidity across schemes reflects the secondary role of urban physics
in controlling near-surface moisture, compared to its stronger influence on surface energy partitioning and turbulent mixing.

Near-surface wind speed and direction show limited sensitivity to the choice of urban scheme. Multi-layer configurations
(BEP, BEM), despite producing higher friction velocities (Table 4), do not substantially alter near-surface winds compared to
observations. Among the schemes, BEP and BEM show slightly better performance in both wind speed and direction during
winter, with marginally higher correlations and lower RMSE.

While differences among urban schemes are modest in near-surface wind statistics, vertical profiles of wind speed and
direction reveal a clearer sensitivity to urban physics within the lowest few hundred meters of the atmosphere, where urban

canopy effects and surface driven turbulence exert the strongest influence. These profiles, evaluated against Doppler lidar
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observations at four sites, during winter, provide insight into the vertical distribution of momentum and the representation of
urban drag and mixing processes that are not fully captured by near-surface diagnostics alone. Figure 9 shows the vertical
profiles of MAE and RMSE for wind speed and wind direction during winter, computed between model simulations and lidar
observations. Across all sites, the largest differences between urban schemes occur in the lowest part of the profile, particularly
below 400-500 m. In this layer, multi-layer urban schemes (BEP and BEM) systematically reduce wind speed and wind direction
RMSE relative to SLUCM and No_URB, with differences reaching approximately 1 m s~! for wind speed. At the JUS site,
wind speed RMSE values are higher for all configurations, ranging from approximately 2.4 to 3.3 m s~! in the lower PBL,
indicating more complex flow conditions and a stronger influence of unresolved local heterogeneity. Nevertheless, the relative
ranking of urban schemes remains consistent, with BEP and BEM generally outperforming simpler schemes in the lowest levels.

Above approximately 400-500 m, differences in wind speed and wind direction MAE and RMSE among urban schemes
diminish, and profiles converge toward similar values. This convergence reflects the reduced influence of urban canopy processes
with height, as flow transitions from the urban roughness sublayer to the overlying mixed layer, where synoptic and mesoscale
forcing dominate and urban parameterizations exert limited control. The improved representation of wind profiles by BEP and
BEM in the lowest below 400-500 m is particularly relevant for urban CO- transport, as this layer contains the majority of
anthropogenic emissions and governs near-surface ventilation and vertical dilution. Even moderate improvements in wind speed
can influence CO2 mixing ratios in this layer due to its role in transport.

Overall, the modest inter-scheme differences in near-surface temperature and humidity indicate that these variables are only
weakly sensitive to the choice of urban representation, likely due in part to the relatively large model grid, which smooths
surface heterogeneity; finer-scale representation could enhance sensitivity to the urban scheme. Near-surface wind speed and
direction also respond to urban physics, though differences among schemes at the surface are modest (typically 0.3-0.6 m s~ ! in
RMSE) compared to the more pronounced contrasts observed in the vertical wind profiles within the lowest few hundred meters
of the atmosphere during winter. Multi-layer urban schemes (BEP and BEM) generally improve the representation of vertical
momentum distribution relative to simpler configurations, highlighting the height dependent influence of urban physics. The
impact of urban physics on near-surface meteorology occurs primarily through its effect on surface sensible and latent heat fluxes
and momentum exchange, rather than through systematic biases in the large scale and mesoscale atmospheric forcing imposed
through the boundary conditions. As a result, variables such as HFX, LH, u,, TKE, and the vertical structure of wind are more
sensitive to urban canopy parameterizations than near-surface temperature and humidity. The relatively small differences in
near-surface meteorology suggest that the pronounced variations observed in surface energy fluxes and boundary-layer properties
arise mainly from differences in urban energy partitioning and turbulent mixing, rather than from biases in the simulated large

scale atmospheric conditions.
3.6 Implications for CO5 variation and extreme events

This section focuses on the influence of urban physics representations on near-surface CO, mixing ratios, considering their

magnitude, diurnal cycle, and relationships with observations.
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Figure 9. Vertical profiles of root mean square error (RMSE; solid lines) and mean absolute error (MAE; dashed lines) between WRF
simulations and Doppler wind lidar observations for wind speed (WSPD, top row) and wind direction (WDIR, bottom row). Results are
shown for four sites (PACHEM, PAJUSS, PAARBO, and PALUPD) during wintertime conditions (10-31 January 2024). All simulations were

performed at 900 m horizontal resolution using different urban physics schemes. Statistics are computed over the full diurnal cycle.
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Table 6. Statistical evaluation of near-surface meteorological variables simulated by WRF at 900 m resolution for winter (10-31 January) and
summer (01-20 June) periods. Statistics are computed over the full diurnal cycle. Results are shown for four urban physics configurations:
No_URB, SLUCM, BEP, and BEM. Statistics include the correlation coefficient (R), mean bias error (MBE), mean absolute error (MAE), and

root mean square error (RMSE).

Winter (January) Summer (June)

Variable Scheme R MBE MAE RMSE R MBE MAE RMSE

No_URB 097 -1.1 1.4 1.7 0.88 0.0 1.2 1.7

SLUCM 095 -20 22 2.6 087 -04 14 1.8
Temperature

BEP 095 1.1 1.6 2.1 0.88 -04 1.2 1.7

BEM 096 0.3 1.2 1.6 0.88 -0.7 1.3 1.8

No_URB 0.79 29 6.2 7.8 082 -37 74 9.9

SLUCM 0.74 7.0 8.7 10.9 082 -2.0 7.1 9.4
Relative Humidity

BEP 0.72 -89 10.0 12.4 082 -19 6.8 9.1

BEM 075 -34 6.8 8.6 0.81 1.1 7.0 9.4

No_URB 091 0.5 1.2 1.7 079 04 1.2 1.6

SLUCM 090 0.8 1.4 1.9 0.78 0.7 14 1.8
Wind Speed

BEP 091 04 1.0 1.5 0.81 0.2 1.1 1.5

BEM 092 0.0 1.0 1.4 0.80 -0.2 1.1 1.5

No_URB 082 2.8 184 303 082 37 282 449

SLUCM 082 22 18.9 312 082 32 282 450
‘Wind Direction

BEP 082 56 202 336 082 29 279 449

BEM 0.85 3.8 18.1 30.2 082 21 275 446

Temperature is in °C, relative humidity in %, wind speed in m s~ !, and wind direction in degrees. Wind direction statistics are restricted to periods with wind

speed exceeding 1 m s~ to avoid ill-defined directions under weak wind conditions.

During winter at the urban sites JUS and EIF (Figures 10a, and 10c), clear and physically consistent differences emerge
among the urban physics configurations. In line with the earlier analyses of surface energy fluxes and PBLH, the No_URB
and SLUCM simulations produce systematically shallower boundary layers and weaker turbulent mixing as a consequence of
underestimated sensible heat flux. These conditions favor enhanced near-surface accumulation of CO», allowing the model to
reproduce pronounced concentration peaks, such as the event observed on 16 January. However, these apparent agreements

arise from physically inconsistent processes: insufficient surface heating, weak turbulence, and suppressed boundary-layer
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growth amplify nocturnal CO- trapping and can generate exaggerated or spurious peaks that are not consistently supported by
observations.

In contrast, the multi-layer urban schemes (BEP and BEM) simulate more realistic CO5 variability by explicitly accounting
for urban energy exchange and turbulence. Nevertheless, the two schemes exhibit distinct behaviors linked to their surface
flux and PBLH characteristics. BEP overestimates sensible heat flux and slightly over-deepens the boundary layer, enhancing
vertical mixing and leading to systematic underestimation of near-surface CO5 mixing ratios and extreme peaks. BEM provides
a more balanced representation of surface energy partitioning and boundary layer development, resulting in realistic diurnal COq
cycles and more moderate peak magnitudes. Despite this improved physical consistency, the enhanced mixing in BEM limits the
model’s ability to fully reproduce the strongest accumulation events, including the 16 January peak; this underestimation likely
reflects a temporary attenuation of PBLH under highly stable conditions associated with a pronounced anti-cyclone and very
low wind speeds during the first half of the day, which reduces near-surface trapping and limits peak CO5 buildup, even though
overall temporal variability and background levels are well captured.

The corresponding diurnal cycles at the urban sites (Figures 11a and 11c) reinforce these conclusions. No_URB and SLUCM
strongly overestimate nighttime and early morning CO5 mixing ratios, with the largest bias in SLUCM, reflecting excessive
nocturnal trapping under weak turbulent mixing. BEP underestimates CO5 throughout most of the diurnal cycle, consistent with
its overly deep boundary layer and enhanced vertical dilution. BEM reproduces the diurnal evolution most realistically, closely
matching observed COs variations from late morning through nighttime, with only a slight underestimation during the early
morning hours. This consistency between the time series and diurnal analyses confirms that realistic urban energy partitioning
and boundary layer mixing are essential for simulating wintertime CO4, variability, even if extreme accumulation events remain
difficult to capture.

At the suburban site SAC (Figure 10e), scheme to scheme differences are reduced but remain evident. Compared to the
urban core, all configurations exhibit smaller CO» variability and weaker accumulation events, reflecting lower emission
intensity and more homogeneous surface characteristics. The No_URB and SLUCM simulations still tend to produce episodic
overestimations of near-surface COs, although with substantially smaller amplitudes than at the urban sites. As in the city center,
these overestimations are linked to weaker turbulent mixing and shallower boundary layers, but their impact is muted under
suburban conditions. The BEP and BEM schemes produce smoother and more realistic CO4 time series at SAC, with limited
differences between the two configurations. This convergence is consistent with the reduced sensitivity of suburban turbulence
intensity and boundary-layer structure to urban physics, as previously documented for sensible heat flux, friction velocity, and
TKE at this site. Unlike in the urban core, neither BEP nor BEM exhibits pronounced underestimation of background CO-
levels, indicating a more balanced representation of mixing relative to emission strength.

The suburban diurnal cycles (Figure 11e) further highlight this contrast with the urban sites. No_URB and SLUCM reproduce
the observed diurnal amplitude more closely; however, this apparent agreement partly reflects a compensation effect, as episodic
nighttime overestimations evident in the time series are smoothed out in the diurnal averaging. BEP and BEM show a modest
negative bias throughout the cycle, but the magnitude of this underestimation remains small (on the order of a few ppmv),

substantially lower than in the urban core where stronger emissions amplify the effects of enhanced vertical mixing in BEP and,
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to a lesser extent, BEM. This difference underscores the role of emission intensity in modulating the CO5 response to boundary
layer dynamics: under suburban conditions, even schemes that promote stronger mixing do not strongly suppress near-surface
CO2 mixing ratios.

Overall, the wintertime time series and diurnal cycle analyses highlight a key implication for urban CO2 modeling: apparent
agreement with observed extreme concentrations does not necessarily imply physically realistic behavior. Configurations lacking
detailed urban physics (No_URB and SLUCM) can reproduce large CO- peaks through artificially suppressed turbulent mixing
and shallow boundary layers, leading to excessive near-surface accumulation for the wrong physical reasons. In contrast,
physically consistent schemes, particularly BEM provide a more robust representation of background concentrations and diurnal
variability by realistically coupling surface energy fluxes, boundary layer development, and turbulence. Although such schemes
may partially underestimate the most extreme accumulation events, they better capture the underlying processes governing CO4
variability. These results confirm that wintertime near-surface CO» mixing ratios are primarily controlled by urban induced
modifications of sensible heat flux, turbulence intensity, and boundary layer structure.

During summer at both urban (JUS and EIF) and suburban (SAC) sites (Figures 10b, 10d, and 10f), all urban physics
configurations exhibit very similar temporal evolution and magnitudes of near-surface COy mixing ratios. Compared to winter,
scheme to scheme differences are strongly reduced, indicating a convergence in the effective boundary-layer control on CO2
variability. This behavior is consistent with the summer PBLH analysis, which shows that all schemes reproduce the onset
of morning boundary-layer growth but systematically underestimate its continued deepening during the mature convective
period. Despite persistent differences in surface heat fluxes, friction velocity, and near-surface turbulence intensity, the simulated
boundary layer structure converges toward a common shallow daytime plateau, reducing the sensitivity of near-surface CO;
mixing ratios to the choice of urban physics during summer. All configurations tend to underestimate nighttime and early
morning CO4 peaks, particularly during prolonged accumulation events. This behavior is not primarily driven by PBLH,
which remains shallow at night in both observations and simulations, but rather by insufficient stabilization of the near-surface
atmosphere. Slightly elevated friction velocity limits the development of strongly stable conditions, while near-surface TKE,
although underestimated, does not fully collapse, allowing some mechanical mixing to persist. As a result, nocturnal COq
trapping is weaker than observed across all schemes, including BEP and BEM.

The diurnal cycles (Figures 11b, 11d and 11f) further clarify the mechanisms controlling summertime CO5 variability.
During daytime, simulated CO5 mixing ratios are generally well reproduced, particularly during the morning transition when
boundary layer growth and turbulent mixing are most active. At the suburban site SAC, this convergence among schemes is
even more pronounced: all configurations display nearly identical CO variability. Although all WRF configurations simulate a
similar PBLH evolution, with a maximum reached around 13—14 UTC followed by a gradual decrease, observed CO2 mixing
ratios are already in a declining phase during this period. This indicates that a deep PBLH does not necessarily imply a fully
mixed layer: turbulence decays gradually. Consequently, the earlier peak and subsequent decrease in modeled PBLH do not
prevent the model from capturing the daytime CO4 decline, as surface emissions are effectively diluted by ongoing vertical
mixing and the expansion of the mixed-layer volume. The daytime decrease in COs is therefore governed by the combined

effects of boundary layer growth and sustained turbulent mixing, which, despite being underestimated in magnitude, remains
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sufficient to dilute surface emissions. This explains why the model reproduces the general daytime CO; evolution despite
systematic underestimation of afternoon PBLH, slight overestimation of friction velocity in some schemes, and underestimation
of near-surface TKE. In summer, strong convective forcing dominates COs variability, constraining the influence of urban
physics on near-surface concentrations.

Overall, the summer CO, results indicate that near-surface concentrations become weakly sensitive to urban physics not
because mixing is fully realistic, but because all schemes share similar limitations in representing sustained convective boundary
layer deepening especially into the late afternoon. Under these conditions, differences in surface energy partitioning and urban
complexity are largely masked, leading to convergent CO, behavior across configurations despite persistent biases in boundary
layer structure. During summer nights, all configurations tend to underestimate CO, peaks, particularly during prolonged
accumulation periods. This behavior reflects insufficient stabilization of the near-surface atmosphere: slightly elevated friction
velocity and non-zero TKE prevent the full collapse of turbulence, reducing nocturnal trapping and allowing some mechanical
mixing to persist. As a result, nighttime CO5 accumulation is weaker than observed, highlighting a limitation common to all
urban physics schemes during summer nocturnal periods.

After examining the time series and diurnal cycles, Figure 12 provides a statistical summary of daytime (11-16 UTC in winter
and 10-18 UTC in summer) near-surface CO2 mixing ratios, illustrating network-wide metrics that reveal how differences in
urban driven boundary-layer mixing propagate into CO5 mixing ratio biases. For both seasons, model-observation agreement
is systematically higher for the Picarro network compared to the Mid-cost sensors. This is likely related to differences in
measurement accuracy, stability, and noise characteristics between the two instrument types, rather than to differences in station
siting, local flow conditions, or the atmospheric representativeness of the measurements.

During winter daytime conditions, the CO5 evaluation reveals a strong sensitivity of near-surface concentrations to the choice
of urban physics, reflecting differences in vertical mixing rather than in background meteorology or emissions (Figures 12a and
12¢). Configurations without explicit urban representation (No_URB) systematically overestimate near-surface CO», consistent
with their weak sensible heat fluxes, shallow boundary layers, and reduced turbulence intensity. These conditions limit both
buoyancy and mechanically driven mixing, favoring the accumulation of surface emissions within a shallow mixing layer.

The single-layer urban canopy model (SLUCM) further exacerbates this behavior. Despite introducing an urban parameteriza-
tion, its simplified representation of canyon processes does not sufficiently enhance turbulent exchange or boundary layer growth.
As aresult, SLUCM produces the largest CO5 overestimations and the weakest agreement with observations, consistent with
its suppressed PBLH and limited enhancement of friction velocity and TKE. In contrast, the BEP configuration substantially
reduces near-surface CO levels relative to No_URB and SLUCM. This behavior is physically consistent with its enhanced
sensible heat flux, stronger turbulence production, and deeper daytime boundary layers, which promote efficient vertical dilution
of surface emissions. However, the tendency of BEP to overestimate sensible heat flux and slightly over-deepen the boundary
layer leads to excessive mixing, resulting in a systematic underestimation of near-surface CO5 and reduced temporal coherence
with observations. The BEM scheme provides the most balanced representation of wintertime COq variability. Its improved
treatment of building energy exchanges modifies surface energy partitioning, leading to enhanced sensible heat fluxes and

friction velocity. Although these quantities are overestimated, their combined effect produces realistic levels of TKE and PBLH.
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Figure 10. Time series of near-surface CO2 mixing ratios during winter (10-31 January) and summer (1-20 June) 2024, comparing WRF

simulations with different urban schemes to observations from the Picarro network and Mid-Cost hourly data: (a, c, ) winter at JUS, EIF, and

SAC; (b, d, f) summer at the same sites.
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Figure 11. Diurnal cycles of near-surface CO2 mixing ratios during winter (10-31 January) and summer (1-20 June) 2024, comparing WRF
simulations with different urban schemes to observations from the Picarro network and Mid-Cost hourly data: (a, c, e) winter at JUS, EIF, and

SAC; (b, d, f) summer at the same sites.
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This balance translates into an effective but not excessive dilution of surface emissions, producing near-surface CO, mixing
ratios that closely track observed temporal variability while maintaining minimal bias.

These results demonstrate that wintertime near-surface COy mixing ratios are tightly coupled to urban induced modifications
of boundary layer structure and turbulence. Differences among urban physics schemes primarily influence CO5 through their
control on sensible heat flux, friction velocity, TKE, and PBLH, with near-surface meteorological variables responding as part of
this coupled boundary layer system rather than acting independently. The consistency between CO», surface fluxes, turbulence
diagnostics, and PBLH underscores the critical role of urban energy partitioning in governing tracer transport under stable to
weakly convective winter conditions.

During summer, differences among urban physics schemes are substantially reduced, and all configurations produce similar
diurnal variability and overall magnitudes of near-surface CO5 mixing ratios (Figures 12b and 12d). In contrast to winter,
No_URB and SLUCM no longer exhibit strong positive biases, but instead yield CO5 levels comparable to those simulated by
BEP and BEM. Agreement with observations is generally good across all schemes, with moderate to high temporal correlations
for both the Picarro and Mid-cost networks and relatively small biases and error magnitudes. This convergence among schemes
reflects the dominant role of strong convective mixing during summer. Although BEP and BEM slightly overestimate friction
velocity and TKE in urban areas, and all schemes tend to overestimate daytime sensible heat flux, the resulting PBLH remains
broadly similar across configurations. The combination of strong surface forcing and comparable boundary layer heights
promotes effective vertical dilution of CO., thereby reducing the sensitivity of near-surface concentrations to differences in
urban representation. As a result, the strong contrasts observed in winter, when boundary layer development is more directly
controlled by urban physics are largely muted under summertime conditions. Minor differences persist among schemes and
between observational networks, with slightly larger biases in the Mid-cost network, but these variations remain small compared
to wintertime discrepancies. Overall, the summer results indicate that when convective forcing is strong, boundary layer

dynamics dominate COs variability and limit the influence of urban physics parameterization on near-surface concentrations.
3.7 Sensitivity to PBL scheme and consequences for near surface CO- under BEM configuration

To assess the robustness of the CO5 simulations to boundary layer parameterization, additional experiments were conducted
using the BEM urban configuration coupled with the MYJ, YSU, and BouLac PBL schemes. Figure 13 shows the diurnal cycles
of surface HFX and u, at JUS, and PBLH at QUALAIR, for winter (10-31 January) and summer (01-20 June) 2024. HFX and
u, remain nearly identical among the three PBL schemes in both seasons, indicating comparable surface forcing. However,
BouLac slightly overestimates u, compared with the other schemes during winter. In general, all schemes overestimate u,,

with a bias of about 0.5 m s~!

relative to observations. For HFX, MYJ shows the largest bias in winter compared to BouLac
and YSU, although all schemes overestimate HFX. In summer, daytime HFX values are similar among the schemes, whereas
MY]J exhibits a much larger nighttime bias. Notable differences also emerge in the diagnosed PBLH, highlighting a strong
scheme dependency. In general, BouLac and YSU produce a deeper boundary layer than MYJ in both seasons. During winter, all
schemes overestimate PBLH compared with observations. In summer, BouLac and YSU slightly overestimate PBLH up to the

time of maximum development, whereas M Y] better reproduces the observed boundary layer growth. However, after the peak,
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Figure 12. Comparison of near-surface CO2 mixing ratios simulated by WRF at 900 m resolution for winter (10-31 January) and summer

(01-20 June) periods. Data are averaged over the active daytime period (11-16 UTC in winter and 10-18 UTC in summer). Results are shown

for four urban physics configurations: No_URB, SLUCM, BEP, and BEM. Statistics (correlation coefficient R, mean bias error MBE, mean

absolute error MAE, and root mean square error RMSE) are computed over all stations.
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all schemes fail to maintain the deep late afternoon boundary layer indicated by the observations. This behavior is consistent
with previous evaluations of local TKE based schemes under convective conditions (Hu et al., 2010). Similar sensitivity to
PBL representation has also been found in mesoscale urban modeling studies, where variations in PBL schemes substantially
influenced simulated boundary layer characteristics in the context of the Indianapolis Flux Experiment (INFLUX) simulations
(Sarmiento et al., 2017)

To illustrate the impact of PBL schemes on near-surface concentrations over the diurnal cycle, Figure 14 shows the diurnal
cycles of CO5 at JUS and EIF in the core urban area of Paris, during winter (10-31 January) and summer (01-20 June) 2024.
In winter, the MYJ scheme closely reproduces the observed concentrations, while YSU tends to overestimate at night and
underestimate during the daytime. BouLac exhibits a large underestimation, which is consistent with the deeper PBLH shown in
the Figure 13. In summer, all schemes capture the daytime variation and magnitude well, aligning closely with observations.
However, during the night and early morning, all schemes underestimate concentrations, with YSU showing a slight improvement
over the others.

These results indicate that near-surface CO, mixing ratios are strongly controlled by stability, particularly during winter
nights, where schemes with stronger sensitivity to suppressed mixing reproduce observations more accurately, with MYJ
performing best. During summer days, despite differences in PBLH among the schemes, all capture the daytime concentrations
similarly, highlighting that convective mixing dominates and reduces sensitivity to PBLH errors. At night and in transitional
periods, differences in vertical mixing become more important, with YSU showing slightly better performance in summer
nights, while MYJ consistently performs best during winter when COy accumulation is strongest. Overall, these patterns reveal
that near-surface CO» mixing ratios are largely governed by the interplay of turbulent mixing and boundary layer structure,
with the MYJ configuration best capturing winter accumulation. The strong winter sensitivity to vertical mixing is consistent
with previous studies over Paris that identified boundary layer representation as a dominant source of uncertainty in modeled
COa, particularly under stable conditions (Lian et al., 2021). Similar sensitivity of simulated CO5 mole fractions to PBL
parameterization, as well as to the combined influence of multiple physical schemes, has been documented in regional transport
studies over the US Midwest (Diaz-Isaac et al., 2018). More generally, tracer transport analyses have demonstrated the central
role of PBL turbulence in scalar dispersion (McGrath-Spangler et al., 2015), showing that near-surface scalar concentrations are
primarily governed by turbulent mixing in combination with PBL structure (Lopez-Coto et al., 2020). Our results reinforce that

accurate representation of turbulent mixing, alongside PBLH, is essential for simulating diurnal variations in near-surface COs.

4 Discussion

This study demonstrates that the representation of urban surface processes exerts a first order control on simulated planetary
boundary layer (PBL) dynamics and, consequently, on near-surface CO, mixing ratios over Paris. Across both winter and
summer periods, differences among urban physics schemes consistently manifest through their modulation of surface energy
partitioning, turbulence generation, and boundary layer development, rather than through changes in large scale meteorological

forcing.
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Figure 13. Diurnal cycles of sensible heat flux and friction velocity at JUS, and PBLH at QUALAIR, for winter (January) and summer (June)

2024 using the BEM configuration with MYJ, YSU, and BouLac schemes.
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Figure 14. Diurnal cycles of near-surface CO2 mixing ratios during winter (10-31 January) and summer (1-20 June) 2024 at JUS (33 m,
Picarro) and EIF (34 m, mid-cost), using the BEM urban configuration coupled with MYJ, YSU, and BouLac PBL schemes. Simulations are

compared with observations to assess the sensitivity of CO2 to boundary layer parameterization under contrasting seasonal conditions.

In winter, urban physics strongly modulate daytime PBL development, and the error distributions of surface fluxes, turbulence,
and PBLH (Figures 15) help clarify the mechanisms behind the contrasting scheme behaviors.

The No_URB and SLUCM configurations exhibit error distributions of HFX that are narrow and centered slightly below
zero, together with near neutral or weakly underestimated u, and a pronounced underestimation of TKE. This combination
systematically limits both buoyancy production and turbulent transport, resulting in consistently shallow boundary layers, as
reflected by PBLH error distributions skewed toward negative values. The coherence of these distributions indicates a physically
consistent but weakly forced boundary layer that is unable to respond effectively to daytime heating.

In contrast, the BEP scheme shows a fundamentally different balance among processes. Its HFX error distribution is broad
and strongly shifted toward positive values, indicating frequent episodes of excessive buoyancy forcing, while LH errors remain
comparatively small and play a secondary role. BEP also exhibits a strong positive bias in u,, reflecting enhanced mechanical
forcing by explicit building drag. Despite this, near-surface TKE remains slightly underestimated, suggesting that turbulence

production is not fully converted into sustained vertical mixing. Nevertheless, the combined effects of excessive surface heating
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and strong mechanical forcing are sufficient to offset the TKE deficit, yielding a PBLH error distribution centered near zero
but with a slight positive bias. This explains why BEP can reproduce near correct mean PBLH while still exhibiting physically
imbalanced surface turbulence interactions.

The BEM scheme achieves a more coherent and physically balanced coupling across all variables. Compared to BEP, its
HFX errors are smaller and more consistent, though not perfectly centered, while u, exhibits a broader distribution with a
slightly higher mean than BEP, but its lower quartile remains near zero, supporting effective mechanical mixing. Although
TKE is still underestimated on average, the bulk of its error distribution is narrower than in No_URB and SLUCM, with only
occasional extreme values, indicating generally improved turbulence representation. This balanced combination of buoyancy
and mechanical forcing yields a tightly centered PBLH error distribution with median and mean values close to zero, indicating
a realistic boundary layer response without systematic over or under development.

Taken together, the wintertime error distributions demonstrate that PBLH accuracy does not depend on any single process but
emerges from the combined regulation of surface heating, momentum exchange, and turbulence generation. Excessive HFX
and u, can compensate for moderate TKE deficits, as in BEP, while realistic PBLH in BEM arises from a more consistent
partitioning of errors across all contributing processes. Conversely, the coherent underestimation of heat flux and turbulence in
No_URB and SLUCM leads inevitably to suppressed boundary-layer growth. This integrated view reinforces the importance of
balanced urban physics representations for physically realistic boundary layer development.

In summer, the error distributions reveal that all schemes overestimate HFX, though with varying magnitudes: No_URB
exhibits the largest positive bias, whereas BEM is closest to zero, with its first quartile aligned near zero (Figure 15f). LH shows
more scheme dependent behavior: No_URB slightly underestimates, SLUCM and BEP exhibits a narrow error distribution
centered around zero, and BEM shows a slight positive bias (Figure 15g).

u,, errors largely mirror winter patterns. BEM maintains a similar magnitude of overestimation, BEP and No_URB shows a
small positive bias, and SLUCM exhibits a narrow distribution centered around zero (Figure 15h). TKE errors are consistently
negative across all schemes, with the zero line lying above the bulk of the distribution (above the 3rd quartile), indicating
persistent underestimation of turbulence (Figure 15i). Despite differences in surface and turbulence forcing, the PBLH errors
remain broadly comparable across all schemes, with distributions generally centered between approximately -0.1 and -0.2 km
(Figure 15j).

These distributions complement the broader result that, in summer, all schemes converge toward a similar boundary layer
structure, characterized by an early saturation of convective growth and a limited ability to sustain further afternoon deepening
relative to observations. Even though BEM reduces HFX errors compared to other schemes and maintains enhanced mechanical
forcing, the PBL fails to deepen further in the afternoon. This convergence indicates a seasonal shift in sensitivity: wintertime
PBLH strongly depends on the interaction of surface energy partitioning, urban morphology, and turbulence, whereas summertime
PBL development appears constrained by more general model limitations, such as entrainment at the PBL top and vertical
redistribution of turbulence as well as unresolved convective transport at kilometer-scale resolution. Consequently, differences

among urban schemes in summer remain relatively small, even when contrasts exist in surface forcing and turbulence production.
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Figure 15. Distribution of errors (WRF - observations) for near-surface sensible heat flux (HFX), latent heat flux (LH), friction velocity (u.),

turbulent kinetic energy (TKE), and planetary boundary layer height (PBLH) during winter (10-31 January, top panels) and summer (1-20

June, bottom panels) 2024. Results compare WRF simulations using different urban parameterization schemes against observations across all

sites during active daytime conditions. Black points indicate the mean error, dashed black lines represent the inter-quartile range, and the red

dashed line denotes zero error.
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The CO; analysis confirms that boundary layer structure and turbulence act as the primary mediators through which urban
physics influence near surface concentrations. In winter, shallow boundary layers and weak turbulence in No_URB and SLUCM
configurations favor excessive CO5 accumulation, occasionally allowing these schemes to reproduce observed extreme peaks.
However, such agreement arises from physically inconsistent mechanisms, namely artificially suppressed mixing, rather than
from realistic urban atmosphere coupling. In contrast, BEP and BEM yield more physically consistent CO, variability by
enhancing turbulent mixing and boundary layer growth, though at the cost of underestimating the most extreme accumulation
events.

Importantly, this contrast highlights a key modeling pitfall: reproducing observed concentration peaks does not necessarily
imply realistic process representation. The time series and diurnal analyses show that physically consistent schemes (particularly
BEM) better capture background levels and temporal variability, even when peak magnitudes are partially underestimated. This
finding underscores the need to prioritize physically realistic boundary layer dynamics over purely statistical agreement when
simulating urban COs.

In summer, near-surface CO» mixing ratios exhibit markedly reduced sensitivity to urban physics. All schemes produce similar
temporal evolution and magnitudes across urban and suburban sites, consistent with the convergence in PBLH. Nighttime and
early morning CO; peaks are systematically underestimated, reflecting insufficient stabilization of the near-surface atmosphere
rather than errors in PBL depth. During daytime, however, the observed CO- decline is well reproduced despite the premature
saturation of PBLH, because this phase coincides with decreasing concentrations driven by ongoing mixing and an expanding
mixed-layer volume. Consequently, summertime CO- variability is governed more by shared model limitations than by
differences in urban representation.

The consistently better agreement with the Picarro network compared to the Mid-cost network across both seasons suggests
that measurement characteristics, such as instrument precision, calibration stability, and response time play a non negligible
role in model—observation comparisons. This emphasizes the importance of accounting for observational uncertainty when
evaluating urban CO4 simulations, particularly when differences among model configurations are subtle, as in summer.

The sensitivity of near-surface CO- to PBL scheme reflects differences in turbulence representation and boundary layer
development. During winter, MY1J reproduces observed CO5 most accurately, capturing realistic nighttime accumulation and
daytime mixing, while YSU overestimates night concentrations and underestimates daytime values, and BouLac exhibits larger
underestimation due to deeper mixing. In summer, daytime CO,, is relatively insensitive to PBL scheme, as convective mixing
dominates, though nighttime and early morning concentrations remain slightly better represented by YSU. These results indicate
that accurate simulation of near-surface CO; requires PBL schemes that balance buoyancy and mechanical mixing, with MYJ
performing best especially in stable condition.

Among the tested configurations, BEM coupled with MYJ emerges as the most physically consistent combination across
seasons. Its balanced treatment of surface energy exchanges produces realistic HFX, u,, turbulence levels, and boundary layer
structure, yielding the most robust representation of near-surface CO5 variability. While BEP enhances mixing excessively

and simpler schemes rely on unrealistic suppression of turbulence, BEM provides a defensible compromise between physical

43



950

955

960

965

970

975

980

https://doi.org/10.5194/egusphere-2026-2109
Preprint. Discussion started: 1 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

realism and model behavior, capturing both winter accumulation and summer diurnal variability more accurately than alternative
configurations.

The results presented here align with and extend prior work demonstrating that urban canopy model complexity exerts
a first-order influence on boundary layer structure and near-surface scalar transport. In mesoscale models, the hierarchy of
urban canopy models (UCM), from simple bulk parameterizations such as the SLUCM (Kusaka et al., 2001) to the multilayer
BEP (Martilli et al., 2002)) and BEP+BEM (Salamanca and Martilli, 2010), mimics the three-dimensionality of buildings and
produces detailed momentum and thermal forcings based on complex urban morphology, and the usage of more sophisticated
UCM has generally resulted in better forecasts in the urban environment. Our finding that BEM achieves the most physically
balanced surface energy partitioning is consistent with offline evaluations by Salamanca and Martilli (2010), who showed that
the inclusion of a building energy model substantially improved urban turbulent flux representation. Critically, our CO, analysis
adds a new dimension to this body of work: it demonstrates that errors in boundary layer dynamics propagate directly into
tracer concentration biases, as also highlighted for Paris by Lac et al. (2013); Lian et al. (2021), who stressed the importance of
accurate PBL height representation for city-scale CO4 transport modeling.

These findings motivate the focus of Part 2 of this study. While Part 1 establishes the importance of urban physics for
boundary layer scale CO; variability and supports the use of multilayer UCMs coupled with TKE-based PBL schemes, including
emerging multilayer BEP+BEM developments (Pappaccogli et al., 2025) that improve flux and momentum representation in
complex urban environments, important aspects of fine-scale CO4 gradients, plume structures, and other urban variables (e.g.,
temperature, wind, turbulence) remain unresolved at kilometer-scale resolution. This highlights the need to transition toward
higher-resolution simulations and large-eddy simulation frameworks capable of explicitly resolving building-scale turbulence,

street-canyon ventilation, and localized scalar variability.

5 Conclusion

This study systematically evaluates the influence of urban physics representations on boundary-layer dynamics and near-surface
CO4 mixing ratios over Paris under contrasting winter and summer conditions. The main conclusions can be summarized as
follows.

In winter, differences among urban schemes are modest at the surface but become more pronounced in the vertical structure
of wind within the lowest 400-500 m, where urban canopy processes and turbulence dominate. Multi-layer schemes (BEP
and BEM) consistently improve wind speed and direction profiles relative to simpler configurations, reducing RMSE in the
lower boundary layer and better representing momentum distribution relevant for urban CO, transport. Above this layer, scheme
differences diminish as synoptic and mesoscale forcing prevails.

Urban physics exert a strong control on wintertime boundary layer development and CO- variability. Differences among urban
schemes arise primarily through their impact on surface energy partitioning and turbulence generation, leading to substantial

contrasts in planetary boundary layer height and near-surface CO2 accumulation.
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Apparent agreement with observed CO4 extremes does not necessarily indicate physically realistic behavior. Simpler urban
configurations may reproduce high concentrations through artificially suppressed mixing, whereas schemes with more consistent
representations of urban energy exchange and turbulence provide more reliable background levels and diurnal variability.

In summer, the sensitivity of near-surface CO5 to urban physics is markedly reduced. All configurations exhibit similar CO5
behavior despite differences in surface fluxes and turbulence intensity, reflecting a common limitation in the representation of
convective boundary layer growth. The premature saturation of daytime PBLH and the afternoon deepening of the PBL not
being sustained as observed across all schemes suggest that entrainment and vertical redistribution of turbulence, rather than
surface forcing alone, constrain summertime model performance.

Among the tested configurations, the Building Energy Model (BEM) provides the most balanced and physically consistent
representation across seasons. Its treatment of urban energy exchanges yields realistic boundary-layer structure and CO,
variability, making it a robust baseline for subsequent analyses.

Sensitivity tests with different PBL schemes indicate that MYJ best reproduces wintertime near-surface CO5 variability,
capturing realistic nighttime accumulation and daytime mixing, whereas YSU and BouLac show biases consistent with over
or underestimation of turbulence and boundary layer growth. This reinforces that accurate turbulent mixing representation, in
combination with urban energy exchanges, is critical for physically consistent COy simulations.

At kilometer scale resolution, however, urban CO- simulations remain challenged in their ability to represent fine scale
spatial gradients. While Part 1 captures the dominant boundary layer controls on near surface CO5 variability, important aspects
of urban CO; plumes, such as sharp urban—rural gradients and localized concentration structures relevant for satellite based
analyses, may not be fully resolved.

Building on these findings, Part 2 of this study will investigate how horizontal resolution and turbulence resolving approaches
influence the representation of urban COs plumes. High resolution and large eddy simulations will be used to assess how
fine scale turbulence and urban heterogeneity shape COs structures observable from space, using the BEM configuration as a
physically robust reference.

Future work could explore the influence of scheme-dependent CO; release heights, including sensitivity experiments using
fluxes injected at different vertical levels or derived from three-dimensional emission sources within multi-layer urban schemes

BEM.
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Appendix A: Summary of urban physics parameterizations options used in this study
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Figure A1. Comparison of urban physics parameterizations in the Weather Research and Forecasting (WRF) model. The description, key

features, and physical representations are summarized in Table Al.
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Table A1. Summary of urban physics options in WRF (Noah Land Surface Model (LSM) used)

Urban Description Key Features Physical Representation

Scheme

No_URB Urban land cover | Default land surface physics; no explicit Urban areas represented as generic
included but urban canopy processes; heat fluxes, land-use type; no differentiation between
treated with Noah | temperature, and soil moisture calculated roofs, walls, or streets; no anthropogenic
LSM only as for natural surfaces. Modifies surface heat; acts as a baseline/control;

roughness length (z(), albedo («), and Logarithmic vertical wind profile.
thermal inertia. Does not account for 3D
structure.

SLUCM 3-category urban | Single-layer urban canopy; Includes street | Represents urban heterogeneity at surface
canopy: roofs, canyons, shadow effects, and reflection. level; simplified street canyon effects; only
walls, streets Calculates energy balance for roofs, walls, | one vertical layer; interacts with the

and roads; green roofs atmosphere at the lowest model level.
Logarithmic vertical wind profile.

BEP Multi-layer urban | Resolves multiple vertical layers of air in Explicit 3D building effects distributed

canopy model the urban canopy; building heights above across several atmospheric grid cells;
the lowest model level considered; shading, | interactions of walls, roofs, and streets with
trapping, and roughness included; atmosphere; urban turbulence and heat
Recognizes the vertical distribution of storage realistically represented; Resolved
buildings. Directly affects momentum, vertical wind profile.
heat, and Turbulent Kinetic Energy (TKE)
at multiple vertical levels.

BEM BEP + building Extension of BEP. Simulates 3D buildings with internal thermal mass

energy budget indoor-outdoor heat exchange, includes and active climate control systems;
heating and cooling systems and simulates Heating, Ventilation, and Air
anthropogenic heat release from buildings. | Conditioning (HVAC) and internal energy
fluxes; Resolved vertical wind profile.
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Appendix B: Location details of the Doppler wind profiler LIDAR

Table B1. Doppler wind profiler LIDAR measurement stations locations.

Station Code  Station Name Latitude (°) Longitude (°)  Altitude (m) Height station AGL (m)
PAROIS Aéroport Roissy-Charles-de-Gaulle 49.0160 2.53366 112 4

PACHEM Chemin Vert Bobigny 48.9046 2.44470 98 52

PAJUSS Tour Zamansky Jussieu 48.8469 2.3555 125 88

PALUPD LISA Université Paris Diderot 48.8278 2.38064 65 26

PAARBO Arboretum de la Vallée-aux-Loups 48.7717 2.26769 99 1

PASIRT Observatoire SIRTA 48.7173 2.20887 154 0

Appendix C: Location details of the measurement of surface turbulent flux

Table C1. Surface turbulence flux measurement stations and basic characteristics.

Station Name Station Code  Latitude (°) Longitude (°)  Altitude (m)  Height station AGL (m)
Jussieu Jus 48.8461 2.3548 42 31
Romainville RMV 48.8854 2.4225 128 103
Vincennes VIN 48.8347 2.4664 62 23

Saclay SAC 48.7227 2.1420 160 102
Fontainebleau-Barbeau = FON 48.4764 2.7801 103 37

Grignon GRI 48.8442 1.9519 125 15

SIRTA Palaiseau SIRTA 48.7130 2.2080 156 2,50
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Appendix D: Location details of Automatic LIDAR Ceilometers (ALC) locations used for planetary boundary layer
height (PBLH) retrievals

Table D1. Planetary Boundary Layer Height (PBLH) measurement stations and basic characteristics.

Station Code  Latitude (°) Longitude (°)  Altitude (m)

CHAM 49.2192 2.6114 73
ROIS 49.0160 2.5337 112
BOBI 48.9047 2.4447 97
HOTE 48.8559 2.3520 28
MEUD 48.8037 2.2405 159
SIRTA 48.7173 2.2089 155
AUNA 48.4315 1.8314 156
QUALAIR 48.8470 2.3560 50
PALAISEAU 48.7181 2.2074 156

Appendix E: Location details of the Picarro and mid-cost network station over Paris area

Table E1. CO; Picarro measurement stations and basic characteristics.

Station Code  Latitude (°) Longitude (°)  Altitude (m)  Height station AGL (m)

OVS 48.7779 2.0486 150 20
SAC 48.7227 2.1420 160 15, 60, 100
JUS 48.8464 2.3561 38 23,33
COU 48.9242 2.5680 126 30
MEU 48.8025 2.2044 173 65
AND 49.0126 2.3018 175 60
ROV 48.8854 2.4225 128 103
CDS 48.8956 2.3880 43 34
GNS 49.0052 2.4205 81 36
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Table E2. CO, mid-cost sensor network stations grouped by sensor type: HPP and K96

EGUsphere\

Station Code  Latitude (°) Longitude (°)  Altitude (m) Height station AGL (m)
HPP Sensors

CIT 48.8283 2.2314 49 88
BED 48.8197 2.3714 53 32
CAP 48.8632 2.2908 58 30
MON 48.8863 2.3421 126 16
OBS 48.8364 2.3367 65 27
VES 48.8960 2.1415 46 47
CRE 48.7733 2.4693 70 39
DEF 48.8892 2.2506 43 165
IGR 48.7942 2.3481 126 65
K96 Sensors

ATC 48.7100 2.1475 163 10
VIL 48.9349 2.3357 34 40.5
NAS 48.8383 2.3213 85 110
TF1 48.8340 2.2604 32 60
CDS 48.8953 2.3870 48 34
CAC 48.7887 2.3203 58 60
SAD 48.9442 2.3812 30 54
NEY 48.8992 2.3487 48 55
BAS 48.8524 2.3704 51 50
BOB 48.9077 2.4445 52 54
MRG 48.7569 2.3463 88 54
BNF 48.8334 2.3774 43 80
PLA 48.8300 2.3077 65 51
HBO 48.9080 2.3105 35 80
JUS 48.8464 2.3561 38 33
EIF 48.8554 2.2926 42 34.5
POM 48.8612 2.3525 53 45
HMO 48.7976 2.4528 41 100

Appendix F: Examples of Wind Roses at three fle-de-France Sites: ROV, JUS, and SIRTA
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(a) Windrose at ROV for winter
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(b) Windrose at JUS for winter
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(c) Windrose at SIRTA for winter
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Figure F1. Wind rose distributions for the winter period (10-31 January 2024) at the three observation sites: ROV, JUS, and SIRTA. The
figures show the frequency of wind direction and wind speed classes, allowing a comparison between WRF model simulations using different

urban parameterization schemes and in situ observations.
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(a) Windrose at ROV for summer
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(b) Windrose at JUS for summer
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(c) Windrose at SIRTA for summer
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Figure F2. Wind rose distributions for the summer period (01-20 June 2024) at the three observation sites: ROV, JUS, and SIRTA. The figures
show the frequency of wind direction and wind speed classes, allowing a comparison between WRF model simulations using different urban

parameterization schemes and in situ observations.
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Data availability. The wind lidar data used in this study are available on Zenodo at https://zenodo.org/records/17710093. Surface
meteorological observations were obtained from the ACTRIS-FR and Météo-France networks and are available through the AERIS data portal
at https://www.aeris-data.fr. The Copernicus Global Digital Elevation Model can be accessed at https://doi.org/10.5069/G9028PQB. The
CAMS Greenhouse Gas Reanalysis dataset is provided via the Copernicus Atmosphere Data Store at https://doi.org/10.24380/8fck-9w87.
The hybrid 100-m global land cover dataset including Local Climate Zones used for WRF model configuration is hosted on Zenodo
at https://zenodo.org/records/7670653. Paris TCCON column CO2 observations are available from the CaltechDATA repository at
https://data.caltech.edu/records/6¢j5y-spd74. Near-surface CO2 station measurements were obtained from the ICOS Carbon Portal and can be
accessed at https://data.icos-cp.eu/portal/. Planetary boundary layer height (PBLH) data from the Qualair platform are distributed via the
IPSL Compute and Data Centre server at https://thredds-x.ipsl.fr/thredds/catalog/catalog.html. Surface flux datasets are taken from the ICOS
ETC Level-2 flux product: Fontainebleau-Barbeau available at https://hdl.handle.net/11676/TmXcXgeyHIbBoxFwZqiB_XpW, Grignon at
https://hdl.handle.net/11676/bEjMUuuYihCIxxmS5nS8VrXdw, Paris Jussieu at https://hdl.handle.net/11676/yPakad Xe4XdQ-wdMxNbvGCTd,
Paris (FR-Jus, FR-Rmv and FR-Vin) at https://doi.org/10.18160/V4ZG-81AC, and long-term measurements from SIRTA at https:
//doi.org/10.25326/768. The Airparif emission inventories and the Urbisphere network PBLH data are confidential and not publicly available.
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