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Abstract. Quantifying urban CO9 emissions using spaceborn total column observations requires atmospheric transport models
capable of resolving fine-scale spatial and temporal variability across metropolitan areas. Using the Grand Paris region as a
testbed, we evaluated the sensitivity of simulated CO, fields to spatial resolution and model physics within the Weather Research
and Forecasting model coupled to a high-resolution fossil fuel emissions inventory. Simulations were conducted at mesoscale
(900 m) and Large-Eddy Simulation (LES) resolutions (300 m and 100 m), and evaluated against dense urban CO4 observations
from the Paris Picarro and the rooftop mid-cost sensor network. Horizontal resolution strongly affects plume morphology:
high-resolution simulations produce sharper gradients, higher peak mixing ratios, and more realistic temporal variability.
LES simulations capture localized enhancements and intra-urban variability more accurately than the 900 m mesoscale run,
which systematically underestimates spatial contrasts by a factor of 2-3. Aggregation experiments indicate that averaging
LES simulations to 900 m significantly modifies plume magnitudes and spatial gradients. Domain-mean relative errors for
near-surface CO5 reach 29-34% in winter and 59-61% in summer, while column-integrated XCO, shows 21-22% errors in
winter and 58-59% in summer, with maxima exceeding 70%. While LES improves the representation of urban CO, variability,
it also increases sensitivity to local wind and inventory uncertainties, meaning misplaced point sources can cause large local
biases. These findings emphasize the need for inversion frameworks able to incorporate scale-dependent transport and inventory

uncertainties to ensure unbiased urban top-down emission estimates and accurate spatial attribution within city domains.
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1 Introduction

Urban carbon dioxide (CO2) emissions are heavily concentrated in cities, which contribute the majority of global fossil fuel
related releases (Churkina, 2016; Crippa et al., 2021). With urban populations projected to comprise two-thirds of the world’s
total by mid-century, reducing city emissions is a central focus of climate mitigation efforts (Lwasa et al., 2022). Within
metropolitan areas, complex surface structures, diverse emission sources and urban-influenced meteorological conditions
produce highly variable atmospheric CO, patterns (Ye et al., 2020). Satellite based monitoring offers a way to quantify these
emissions, whether through direct plume analyses or by integrating observations with atmospheric transport models. Such
models must capture fine scale spatial gradients to accurately link observed CO5 mixing ratios to underlying surface fluxes,
enabling robust, multi-scale emission estimates within comprehensive monitoring frameworks (Che et al., 2024).

Recent advances in urban monitoring, including dense in situ sensor networks deployed in cities such as Paris (Lian et al.,
2024) and San Francisco (Delaria et al., 2021), together with high resolution satellite imaging (e.g., the OCO-3 Snapshot
Area Mode; Taylor et al., 2020; Kiel et al., 2021), have revealed fine scale plume structures embedded within broader urban
enhancements. These observations highlight a fundamental scale challenge: atmospheric transport models typically operate at
kilometer scale resolution, whereas the processes governing urban dispersion, including building induced turbulence, plume
meandering, and localized emission hotspots occur at much finer scales (Ye et al., 2025).

Mesoscale models parameterize sub-grid turbulence and urban canopy processes, potentially smoothing concentration
gradients and underrepresenting peak enhancements (Gaudet et al., 2017). In contrast, large-eddy simulation (LES) explicitly
resolves dominant turbulent eddies and provides a more detailed representation of dispersion processes. However, LES is
computationally demanding, and its added value for urban CO5 monitoring and inversion applications remains insufficiently
quantified. Understanding how horizontal resolution influences plume structure, variability, and observational agreement is
therefore essential for designing robust multi-scale modeling frameworks.

Using the Weather Research and Forecasting (WRF) model (Skamarock et al., 2019) with passive tracer capabilities (Lauvaux
et al., 2012), this study investigates the sensitivity of simulated urban CO5 plumes to horizontal resolution and model physics
over the Paris metropolitan area. A physically consistent modeling configuration is adopted to ensure realistic representation of
surface fluxes and boundary layer processes, allowing isolation of resolution effects.

This work forms part 2 of a two-part investigation of urban CO, modeling over Paris. In a companion study, we examine the
sensitivity of simulated COs fields to urban canopy and planetary boundary layer parameterizations, establishing a physically
consistent modeling framework. The present study focuses exclusively on the impact of horizontal resolution and turbulence
resolving approaches, using a fixed configuration to isolate scale dependent effects. The analysis presented here evaluates
how grid refinement influences: plume morphology and spatial gradients, near-surface concentration variability, boundary
layer development, agreement with ground-based and column observations, and representativeness errors arising from scale
mismatch. We further compare native kilometer-scale simulations with spatially aggregated LES outputs to quantify potential

biases introduced by spatial averaging.
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Paris provides an exceptional observational testbed due to its dense, multi-scale monitoring network, which includes high-
precision surface CO5 measurements, rooftop sensor networks, total column CO- observations (XCO-), as well as Doppler wind
LIDAR and planetary boundary layer height (PBLH) measurements. Combined with extensive meteorological observations
across the fle-de-France region, this network enables a detailed evaluation of atmospheric transport and urban CO, dynamics at
multiple scales.

By explicitly quantifying the trade-offs between mesoscale and turbulence resolving simulations, this study provides guidance
for the design of multi-scale urban inversion systems (Staufer et al., 2016; Lauvaux et al., 2016; Lian et al., 2023) and the
integration of high resolution transport modeling into operational CO5 monitoring frameworks.

The paper is structured as follows. Section 2 describes the modeling framework and experimental design. Section 3 presents
the resolution sensitivity analysis and aggregation experiments. Section 4 discusses implications for inversion systems and

representativeness error. Section 5 summarizes the main findings.

2 Methodology, Models and Data

This section provides a concise summary of the detailed methodology presented in Part 1, along with complementary information
specific to the resolution sensitivity experiments conducted in this Part 2.

The simulations were conducted for two intensive periods representing winter (10-31 January 2024) and summer (01-20 June
2024), selected to capture contrasting planetary boundary-layer dynamics, surface energy partitioning, and seasonal variability
in CO; emissions and meteorological conditions. Each experiment included a spin-up time allowing the large-scale circulation
and background atmospheric composition to adjust to the model configuration. The spin-up periods (01-09 January and 23-31
May) were excluded from the analysis, resulting in effective simulation lengths of 21 days for winter and 19 days for summer.

The study focuses on the Paris metropolitan area and the surrounding ile-de-France region, a densely urbanized environment
with strong anthropogenic CO2 emissions, complex land—atmosphere interactions, and pronounced urban heat island effects. The
region encompasses a heterogeneous mix of urban, suburban, and peri-urban land-use types, providing a representative setting
for investigating contrasts in boundary layer structure, and atmospheric transport. As one of Europe’s largest metropolitan areas,
Paris exhibits substantial seasonal variability in energy consumption, traffic activity, and biospheric fluxes, making it well suited
for evaluating model performance under contrasting meteorological and emission conditions. The fle-de-France region also

benefits from an extensive network of meteorological and atmospheric observations that supports robust model evaluation.
2.1 WRF-LES model configurations

The simulations were carried out with the Advanced Research WRF model (WRF-ARW, version 4.6.1) (Skamarock et al., 2019),
coupled with the WRF-Chem module (Grell et al., 2005; Peckham et al., 2017). In WRF-Chem, COx is treated as a passive
tracer, with transport and mixing processes represented explicitly, while chemical transformations are neglected (Lauvaux et al.,
2012).
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The model configuration consists of a parent domain and four one-way nested domains centered over Paris (Figure 1). The
horizontal resolution ranges from 8.1 km x 8.1 km in the outermost domain (DO1) to 100 m x 100 m in the innermost domain
(DO05), allowing the investigation of model sensitivity across a wide range of spatial scales. The nesting strategy follows a
one-way configuration, in which the outer domain provides lateral boundary conditions to the inner domains without feedback
to coarser grids.

The WRF-Chem model uses 51 vertical levels extending from the surface up to 50 hPa. The vertical grid is stretched, with
higher resolution near the surface and coarser spacing aloft; the lowest model layer has a thickness of approximately 10 m,
and about 25 levels are located within the first 1000 m, capturing the bulk of the urban atmospheric boundary layer. This
configuration ensures that turbulence, vertical mixing, and the evolution of CO2 plumes are adequately represented. Table 1

summarizes the principal characteristics of the simulation domains.

(a) Spatial domains used for WRF simulations (b) A zoom on the inner domains
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Figure 1. WRF domain configuration. (a) Spatial domains used for WRF simulations. The horizontal resolution varies from 8100 m to 100
m. (b) A zoom on the inner domains: D04 at 300m and D05 at 100m resolution. The colormap represents the terrain height in meter. Black
symbols represent Doppler wind profile LIDAR positions and red symbols indicate the Automatic Lidar Ceilometers (ALC) locations used for
planetary boundary layer height (PBLH) retrievals. Some sites host collocated instruments, notably PAROIS, PACHEM, and PASIRT.

The physical parameterizations are configured to allow the simultaneous representation of mesoscale dynamics in the outer
domains and Large Eddy Simulation (LES) physics in the innermost domains. LES explicitly resolves the dominant turbulent
eddies and parameterizes subgrid-scale turbulence, enabling a more detailed representation of urban dispersion processes. The
microphysics scheme is set to the Thompson aerosol-aware scheme (Thompson et al., 2008) for the parent domain and to the
WREF Single-Moment 5-class scheme (Hong et al., 2004) for the nested domains. Both longwave and shortwave radiation are

computed using the Rapid Radiative Transfer Model for GCMs (RRTMG; lacono et al., 2008) consistently across all domains.
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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 2700x2700 232x232

D03 900x900 220%220 51
DO04-LES 300x300 208x208
DO05-LES 100100 256256

The planetary boundary layer (PBL) is represented by the Mellor—Yamada—Janjic (MY]J) turbulence closure scheme (Janjic,
1990) in the mesoscale domains (D01-D03). In the two innermost domains (D04-D05), the PBL scheme is disabled and
the model is operated in LES mode to explicitly resolve turbulent motions. The surface layer uses the Janjic Eta similarity
scheme (Janjic, 1996), coupled with the Noah land surface model (Chen and Dudhia, 2001) across all domains. Urban surface
processes are represented using the multi-layer Building Energy Model (BEM; Salamanca and Martilli, 2010), which provided
the optimal configuration as described in Part 1. The outer domain (8.1 km) lies within the gray zone of convection, where it is
only partially resolved, while convective processes become progressively better resolved toward the inner domains. No cumulus
parameterization is applied in any domain. To improve model performance, the Four-Dimensional Data Assimilation (FDDA,;
Stauffer and Seaman, 1994) scheme is applied to the mesoscale domains (D01-D03) using meteorological measurements from
the World Meteorological Organization (WMO). No FDDA is applied in the LES domains to prevent numerical instabilities

associated with explicitly resolved turbulence.
2.2 Model Input Data

The model input data, including meteorological boundary conditions, surface characteristics, and anthropogenic and biogenic
CO,, fluxes, are the same as those used in Part 1.

Initial and boundary meteorological fields were provided by the European Centre for Medium-Range Weather Forecasts
(ECMWEF), the fifth generation ECMWF atmospheric reanalysis (ERAS; Hersbach et al., 2020), offering hourly fields at
0.25° x 0.25° horizontal resolution to drive WRF-Chem and ensure realistic synoptic conditions.

High-resolution surface datasets were used to represent topography and land cover consistently with the fine model grids.
Topography for the innermost domain (D05, 100 m resolution) was obtained from the 1 arc-second Copernicus Global Digital
Elevation Model (CGDEM) dataset (~30 m; Agency, 2024), for D04 (300 m) and D03 (900 m) from 3 arc-seconds CGDEM
(~90 m), and for the outer domains (D01-D02) from Global Multi-resolution Terrain Elevation Data (GMTED) (30 arc-seconds,
~1 km). Land use and land cover (LULC) were represented using the 100 m Copernicus Global Land Service Land Cover ,
Moderate Resolution Imaging Spectroradiometer, and Local Climate Zones (CGLC-MODIS-LCZ) hybrid dataset (Demuzere

et al., 2023), which includes 61 land cover classes, of which 10 correspond to urban built types.
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Anthropogenic CO5 emissions were based on a combination of the Netherlands Organisation for Applied Scientific Research
(TNO; ) inventory (~1 km; Super et al., 2020) and the high-resolution Airparif inventory over ile-de-France (500 m; Figure 2a),
providing a sectorally resolved and spatially detailed representation of emissions. Because the Airparif inventory does not
distinguish between point and area sources, point-source data from the TNO inventory were used to adjust the Airparif emissions,
providing a consistent representation of large emitters. The annual CO, emissions from the inventory are first mapped onto
the WRF-Chem grid and then converted to hourly emission rates using a scaling factor. The emissions are released at the
first vertical model level, approximately 10 m above ground level, to represent near-surface sources throughout the domain,
given the absence of source height data in the emission inventories. This simplification does not explicitly represent elevated
point sources such as stacks or rooftop chimneys and may consequently lead to an underestimation of tracer concentrations
at rooftop sensor elevations, where vertical mixing governs the transport from the surface layer. Biogenic CO5 fluxes were
simulated using the Vegetation Photosynthesis and Respiration Model (VPRM; Mahadevan et al., 2008), with satellite-derived
inputs including Enhanced Vegetation Index (EVI), Land Surface Water Index (LSWI) and vegetation fraction generated using
the wrf_preprocessor module of the PyVPRM package (Glauch et al., 2025). Vegetation inputs were derived from the
Copernicus Global Land Cover 100 m dataset (Buchhorn et al., 2020) and MODIS/Terra Surface Reflectance 8-Day 500 m
product (Eric, 2021).

Boundary and background CO, mixing ratios were provided by the Copernicus Atmosphere Monitoring Service (CAMS;
Agusti-Panareda et al., 2023; Inness et al., 2019) global reanalysis (1° x 1°, 3-hourly), which assimilates both satellite and
in situ observations to constrain large scale CO5 variability. This setup ensures that WRF-Chem simulations of COs tracers
are consistent with observed atmospheric conditions while enabling the analysis of horizontal resolution sensitivity in urban

environments.
2.3 Observational datasets

For model evaluation in this study, the same observational datasets as in Part 1 were used, focusing on variables relevant to the
resolution sensitivity experiments.

Surface meteorology was validated using data from approximately 86 automatic weather stations distributed across Paris
and the fle-de-France region, part of the French operational network coordinated by Météo-France and ACTRIS-FR, with data
accessed through the AERIS infrastructure (ACTRIS-FR and Météo-France, 2024). Air temperature, relative humidity, wind
speed, and wind direction were considered, with a 6-minute temporal resolution. Performance metrics were calculated using
subsets of stations with valid observations for each parameter.

To assess the vertical structure of the urban boundary layer, observations from the urbisphere project (Fenner et al., 2024)
were used. A multi-institution Doppler wind LIDAR dataset from the urbisphere Paris campaign (Morrison et al., 2025) was used
at 10-minute temporal resolution. Planetary boundary layer height (PBLH) was derived from Automatic LIDAR Ceilometers
(ALC) following the data processing chain described in Kotthaus et al. (2023), with ceilometer observations from the urbisphere

campaign (Morrison et al., 2025; Looschelders et al., 2025) at 1 minute resolution, and additional data from PALAISEAU and
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QUALAIR stations at 15 minute resolution accessed via the Institut Pierre-Simon Laplace (IPSL) Compute and Data Centre.
Aerosol-based mixed-layer heights were determined using the STRATfinder algorithm (Kotthaus et al., 2020).

Two surface CO, networks were used to evaluate modeled concentrations (Figure 2b): a high-precision network of cavity
ring-down spectroscopy sensors (Picarro; Doc et al., 2024) and a broader distributed rooftop network (mid-cost; Lian et al.,

2024) using SenseAir HPP and K96 instruments. Both networks provide hourly CO5 mixing ratios.

(a) Total CO2 emissions in fle-de-France (b) Picarro and mid-cost network positions
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Figure 2. (a) Total CO, emissions in fle-de-France from Airparif inventories (2019). (b) Paris area showing Picarro and mid-cost (HPP and

K96) network positions.

For validation of total column CO, (XCOQO-), observations from Total Carbon Column Observing Network (TCCON; Té et al.,
2022) instruments were used. TCCON data are retrieved using the GGG2020 algorithm (Washenfelder et al., 2006; Laughner
et al., 2024), which defines the a-priori profiles and processing settings for consistent greenhouse gas column measurements. The
temporal resolution of TCCON data is irregular, scan-based, with multiple measurements per day typically spanning daytime
hours and gaps of minutes to hours between scans depending on weather and daylight. The Paris TCCON station is located at
Jussieu (JUS), Sorbonne Université, Campus Pierre et Marie Curie, 4 Place Jussieu, Paris 05, France (48.85°N, 2.36°E). It is
part of a global network of instruments providing validated total column COs measurements. Unlike in-situ observations that
reflect near surface concentrations strongly influenced by local boundary layer processes, total column measurements integrate
CO- over the entire atmospheric column and therefore provide complementary information on large-scale transport and vertical
distribution. These XCO4 observations from TCCON (JUS, Paris) are used to evaluate WRF-Chem’s performance in simulating
the vertical distribution of CO5 and to assess whether higher-resolution LES simulations (300 m and 100 m) capture column

variability more accurately over urban areas. They also provide a benchmark for evaluating the temporal evolution of column
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CO,, allowing assessment of whether the model reproduces synoptic-scale variability and whether LES runs improve agreement

compared to coarser simulations.
2.4 Evaluation strategy and statistical metrics

To examine the influence of horizontal grid resolution on WRF simulated near-surface meteorology and CO2 mixing ratios,
model results from three simulations, mesoscale WRF at 900 m, WRF-LES at 300 m, and WRF-LES at 100 m, are compared
with observations over a 21 day winter period (10-31 January 2024) and a 19 day summer period (01-20 June 2024). Model
output is stored at 10 minute intervals. Observations with finer temporal resolution (e.g., 1 minute) are averaged to match
model output intervals, while hourly observations are compared against hourly averaged model output. To ensure temporal
consistency between simulations and observations, model CO2 mixing ratios were averaged over a £30 minute window around
each observation time. This approach reduces representativeness errors associated with comparing instantaneous model output
with hourly observational data.

Near-surface meteorological variables (air temperature, relative humidity, wind speed, and wind direction) and CO2 mixing
ratios are extracted at the model level closest to the corresponding measurement height. Planetary boundary layer height (PBLH)
is diagnosed using the bulk Richardson number method (Stull, 1988; Vogelezang and Holtslag, 1996), and model values are
extracted from the grid cell corresponding to each observation site. Discrepancies between modeled and observed PBLH should
not be interpreted at face value, given the fundamental methodological differences underlying each estimate: observational
retrievals are based on aerosol backscatter profiling, whereas model diagnostics rely on critical Richardson number thresholds.

Model performance is assessed using standard statistical metrics: correlation coefficient (R), mean bias error (MBE), mean
absolute error (MAE) and root mean square error (RMSE).

In addition to bulk metrics, scale-dependent variability of wind speed is examined using Power Spectral Density (PSD),
allowing assessment of the distribution of variance across temporal frequencies and the representation of sub-hourly fluctuations.
Vertical structure of the wind field is evaluated using profiles of MAE and RMSE against Doppler wind LIDAR observations,
enabling diagnosis of resolution-dependent errors in wind speed and direction within the PBL.

For CO, and XCO,, the evaluation considers multiple complementary aspects to assess the impact of horizontal resolution.
Temporal variability is examined at selected stations, while probability distributions and Taylor diagram analysis are used to
simultaneously assess correlation, variance, and overall error across the different simulations. Spatial aspects of CO3 plume
structure are evaluated through near-surface concentration gradients along transects, as well as the impact of spatial aggregation
on both near-surface CO2 (35 m AGL) and XCO,. To specifically evaluate the impact of aggregation, high-resolution LES
simulations at 100 m and 300 m were aggregated to the 900 m grid of the mesoscale simulation and compared with the native
900 m run. Both near-surface CO5 and XCO; were considered to capture local emission and vertically integrated signals,
respectively. Because no independent observations exist at this aggregated scale, the analysis focuses on internal consistency
across resolutions. Time-averaged CO2 and XCO, enhancements were computed by subtracting the background concentration

to isolate plume structures from the dominant background field. Error maps were generated using a symmetric relative error
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metric computed as:

|Cagg — Cna|

FEgym = 100 % )
v maX(|Cagg"|Cnat|)

(D

where C,ge denotes the aggregated LES field (100-300 m remapped to 900 m), and C\,,¢ denotes the native 900 m simulation.
This formulation follows the symmetric relative error family described in Tornqvist et al. (1985), which normalises by the larger
of the two values to ensure the metric is bounded in [0, 100%], symmetric with respect to the choice of reference field, and robust
to near-zero and mixed-sign enhancements. This avoids both the asymmetry of standard relative error and the unboundedness
of log-ratio metrics (Tofallis, 2015), making it well suited for CO- enhancement fields where background subtraction can
produce near-zero or weakly negative values. Analyses were stratified into daytime and nighttime periods to examine how
aggregation affects plume morphology and amplitude under differing boundary layer and mixing conditions. This multi-faceted
evaluation framework allows a systematic assessment of both temporal and spatial resolution effects on urban CO, and XCO,
representation, linking fine-scale plume variability from high resolution LES to mesoscale simulations and inversion scale
observables.

To ensure a consistent comparison with TCCON observations, the WRF COs vertical profiles were converted into total
column dry-air mole fractions (XCOs) using the averaging kernels and prior profiles provided with the TCCON retrieval product.
Following the standard approach for comparisons between models and column retrievals, the model profiles were sampled along
the observation line of sight and smoothed with the averaging kernel to account for the vertical sensitivity of the measurements
as well as the viewing geometry, which depends on the solar zenith angle (Rodgers and Connor, 2003; Wunch et al., 2011).
The resulting smoothed profiles were then vertically integrated using pressure weighting to compute model equivalent XCOo
values. This procedure ensures that the model derived columns are sampled with the same vertical sensitivity and observational

geometry as the measurements.

3 Results

3.1 Assessment of the sensitivity of WRF model simulations to horizontal grid resolution using ground based

meteorological observations

Although the primary focus of this study is CO2 emissions and dispersion, validation of the meteorological fields is essential
because simulated temperature, humidity, and wind directly control plume transport and concentration patterns. Table 2
summarizes the statistical performance of the WRF simulations at 900 m, 300 m, and 100 m resolution for winter and summer.

For temperature, all resolutions show high skill during winter (R~0.95-0.96) with small biases and nearly identical MAE and
RMSE values. The 100 m simulation exhibits a marginally lower RMSE (1.5 °C), indicating only slight improvement at the
finest resolution. In summer, correlations decrease modestly (R~0.88-0.89) and all simulations display a small negative bias, but
differences among resolutions remain limited. This weak sensitivity of near surface temperature to horizontal grid spacing is
consistent with previous mesoscale LES comparisons, which show that bulk thermodynamic variables are often well represented

across scales, with limited added value from LES except under strongly stable or heterogeneous conditions (Talbot et al., 2012).
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For relative humidity, correlations are moderate and nearly identical across resolutions (R~0.75 in winter; 0.81-0.82 in
summer). Error metrics vary only slightly, with the 300 m configuration showing marginally reduced winter bias. Overall,
humidity displays limited systematic improvement with increasing resolution. Similar behavior has been reported in multi-
resolution mesoscale model inter-comparisons, where modeled relative humidity remains relatively insensitive to grid refinement
because moisture fields are largely governed by large scale forcing rather than small scale turbulent structures (Tao et al., 2020;
Singh et al., 2021).

In contrast, wind speed shows a clear dependence on resolution. The 900 m simulation consistently outperforms the higher
resolution runs, yielding the highest correlations (0.92 in winter; 0.81 in summer) and the lowest MAE and RMSE in both
seasons. The 300 m simulation exhibits substantially degraded performance, particularly in winter (R =0.79; RMSE =2.9 m s~ 1),
along with a pronounced positive bias. The 100 m simulation improves upon the 300 m case but does not fully recover the
performance of the 900 m run. A similar pattern is observed for wind direction, where the 900 m configuration produces the
highest correlations and lowest directional errors in both seasons, while the 300 m and 100 m simulations show increased bias
and RMSE, especially in winter. Previous study (Udina et al., 2020) reported comparable behavior in mesoscale versus LES
configurations, showing that increasing horizontal resolution does not necessarily translate into improved deterministic skill
for near-surface wind speed and direction. In particular, LES simulations, while providing a more detailed representation of
turbulence and small-scale variability, may yield larger scatter and higher errors when evaluated against point observations.
This apparent degradation can partly be attributed to the so-called "double-penalty effect”, whereby high resolution models are
penalized twice in traditional verification metrics: once for spatial displacement errors and once for amplitude differences. As a
result, finer resolution simulations may appear statistically worse than coarser runs, even though they better resolve physically
realistic flow structures and turbulence characteristics (Nurmi, 2003; Ebert, 2008).

This non monotonic behavior, in which intermediate resolutions perform worse than both coarser and finer grids, is also
consistent with previous WRF and WRF-LES comparisons. Studies have shown that grid spacings in the so-called turbulence grey
zone inadequately represent turbulent energy spectra: eddies are neither fully resolved nor properly parameterized (Wyngaard,
2004; Mufioz Esparza et al., 2017). Consequently, wind statistics can degrade at intermediate resolutions before improving again
at true LES scales. Our results suggest that the 300 m configuration lies within this grey zone regime, whereas the 900 m run
benefits from internally consistent PBL parameterization and the 100 m run begins to resolve finer scale turbulent motions more
explicitly.

While the verification metrics in Table 2 focus on time-averaged performance, Figure 3 presents the Power Spectral Density
(PSD) of wind speed at two sites, Eiffel Tower (EIF) and Villacoublay (VIL), for both seasons, in order to examine the scale
dependent distribution of wind variability. Unlike bulk error metrics, PSD quantifies how variance is distributed across temporal
frequencies and therefore allows assessment of short time scale fluctuations. Given the 10 minutes temporal resolution of the
data, the analyzed frequency range primarily represents sub-hourly to multi-hour variability rather than microscale turbulence
occurring at second level time scales; therefore, the spectra do not resolve the inertial sub-range or permit assessment of
Kolmogorov scaling, but instead provide insight into model smoothing and the distribution of energy between synoptic and local

variability scales.
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Table 2. Statistical evaluation of near-surface meteorological variables simulated by WREF at different resolutions: 900 m, 300 m and 100 m
resolution for winter (10-31 January) and summer (01-20 June) periods. 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 Resolution R MBE MAE RMSE R MBE MAE RMSE
900 m 096 03 1.2 1.6 088 -0.7 1.3 1.8
Temperature 300 m 095 -03 12 1.6 0.89 -13 1.7 2.1
100 m 096 -03 12 1.5 088 -1.1 1.6 2.0
900 m 075 -35 69 8.7 081 1.0 7.0 9.4
Relative Humidity 300 m 075 -15 64 7.9 0.82 25 7.5 9.7
100 m 075 -2.1 6.6 8.1 081 15 7.4 9.7
900 m 092 0.0 1.0 1.5 081 -03 1.1 1.6
Wind Speed 300 m 079 1.7 22 29 0.67 09 1.8 23
100 m 0.79 0.9 1.8 2.4 0.67 0.6 1.6 22
900 m 086 5.1 18.0 29.6 083 29 267 433
Wind Direction 300 m 0.78 148 262 388 080 7.0 312 470
100 m 0.77 101 26.7 405 078 59 331 495

Temperature is in °C, relative humidity in %, wind speed in m s~ 1, 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.

The PSD analysis reveals distinct seasonal behavior. In winter, low frequency fluctuations (<10~* Hz) are best represented
by the 900 m simulation, while the 100 m and 300 m configurations slightly overestimate variability. At higher frequencies
(10~%-10~3 Hz), the 100 m simulation exhibits spectral energy closer to observations, indicating a better representation of short
term turbulent variability. In contrast, during summer, the 100 m and 300 m simulations systematically overestimate PSD across
both low and high frequencies, whereas the 900 m configuration remains closer to observations. This spectral over-amplification
of variability in the LES configurations contributes to their larger deterministic errors.

Overall, the PSD analysis highlights the regime dependent impact of horizontal resolution on wind variability. The benefits
of LES are confined to specific frequency ranges and stability conditions, and do not systematically translate into improved
agreement with observations. In particular, under convective summer conditions, LES exhibits a systematic overestimation
of spectral energy across frequencies, which contributes to their larger deterministic errors. Although LES explicitly resolves
turbulent structures, their intermittent spatial and temporal characteristics may not coincide with point measurements, thereby

increasing error metrics even when variability is physically realistic.
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Figure 3. Power spectral density (PSD) of 10-min wind speed (WSPD) at Eiffel Tower (EIF) and Villacoublay (VIL) for winter (10-31
January) and summer (01-20 June) 2024. The spectra illustrate the distribution of variance across temporal frequencies for the different

horizontal resolutions, highlighting seasonal and scale-dependent differences in wind variability representation.

12



285

290

295

300

305

310

315

https://doi.org/10.5194/egusphere-2026-2581
Preprint. Discussion started: 18 August 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

3.2 Impact of horizontal grid resolution on WRF simulated wind profiles: evaluation with Doppler wind LIDAR

observations

To assess the sensitivity of model performance to horizontal resolution, Figure 4 presents the vertical profiles of MAE and
RMSE between the WRF simulations and LIDAR observations for both wind speed and wind direction during winter (10-31
January 2024). Only the four LIDAR stations (PAARBO, PALUPD, PAJUSS, and PACHEM) that are located within all three
model domains are included to ensure consistency in the inter-resolution comparison. The two stations situated outside the
100 m domain are excluded from this analysis.

Overall, the 900 m simulation provides the most consistent and accurate representation of both wind speed and wind direction
profiles. In contrast, the finer resolution simulations (100 m and 300 m) exhibit larger errors, particularly within the lowest
400 m above ground level (AGL).

For wind speed, the 100 m simulation exhibits the largest MAE and RMSE throughout most of the vertical profile compared

to the 900 m and 300 m configurations. In the lower atmosphere, the 900 m MAE increases from approximately 1.4 m s~* near

the surface to around 2 m s~! at 400 m, while the 300 m simulation shows relatively little change, ranging from 1.7 to 1.9 m s~ 1.

The 100 m simulation increases from 1.9 t0 2.2 m s~ !

over the same layer. Above 400 m AGL, the errors for all simulations
slightly decrease, but the 300 m profile does not converge with the others and maintains the lowest errors at higher altitudes,
whereas the 900 m and 100 m configurations converge around 500 m AGL. This pattern highlights that error differences are
most pronounced in the lower atmosphere, with finer and coarser resolutions exhibiting convergence aloft, while intermediate
resolutions may not follow the same vertical trend due to partially resolved turbulence in the gray-zone regime.

For wind direction, the MAE and RMSE in the lower atmosphere (below 400 m AGL) differ by approximately 2—6° between
the 900 m simulation and the LES at 300 m and 100 m, with the 900 m configuration consistently exhibiting the lowest errors.
The 300 m and 100 m simulations display similar error magnitudes and vertical structures. At the lowest levels (below 400 m
AGL), the MAE decreases from 20-28° near the surface to approximately 16° at 400 m, while the RMSE decreases from
36-42° to about 28° over the same layer. Above 400 m, wind direction errors further decrease and the profiles converge, with
all resolutions exhibiting comparable error levels (MAE ~ 12-16° and RMSE = 22-30°), and differences among resolutions
become negligible.

The vertical wind profile errors mirror the surface findings, confirming the non-monotonic sensitivity to horizontal resolution.
The 900 m simulation consistently provides the most accurate representation of both wind speed and direction, while the 300 m
run shows degraded performance in the lower atmosphere due to partially resolved turbulence in the grey-zone regime, and the
100 m simulation only partially recovers skill. Differences between resolutions are most pronounced below 400500 m AGL
and converge with height.

These results indicate that increasing horizontal resolution does not necessarily improve deterministic skill in the near-surface
or lower atmosphere, and that mesoscale configurations can outperform finer LES runs for wind fields. This is partly because
three-dimensional turbulence is intrinsically stochastic and cannot be reproduced exactly in space and time, so coarser resolutions

with consistent PBL parameterization can provide a better overall balance between turbulence representation and mean flow.
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Figure 4. Vertical profiles of root mean square error (RMSE) and mean absolute error (MAE) 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). Simulations were performed at 900 m, 300 m and

100 m horizontal resolution.
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3.3 Effects of horizontal grid resolution on PBLH

PBLH for all simulations was diagnosed using the bulk Richardson number (Ri) method to ensure consistency across resolutions.
Large-eddy simulations (LES) at 300 m and 100 m do not provide an internally diagnosed PBLH; using the Ri-based approach
allows a direct comparison with the 900 m simulation and observations. Figures 5a and 5b show the diurnal cycles of PBLH at
QUALAIR in winter and summer 2024, comparing model simulations at 900 m mesoscale resolution and LES at 300 m and
100 m with observations.

In winter, PBLH at 900 m overestimate observations by approximately 100-250 m. The LES at 100 m closely matches
observations throughout the diurnal cycle, while LES at 300 m reproduces daytime PBLH well but underestimates nighttime
PBLH by roughly 100 m. Overall, the 900 m simulations tend to overestimate PBLH, whereas LES better captures observed
diurnal variability, particularly at 100 m resolution.

During summer, in the early morning (05-10 UTC) as PBLH begins to grow, all simulations match observations reasonably
well. From 10 UTC onward, around 1000 m, the 900 m simulation follows the observed increase but the aggregated mean begins
to decrease after 14 UTC, whereas observations maintain a level near 1500 m until 17 UTC. The LES runs capture the general
growth trend but with smaller magnitudes, reaching a composite maximum around 1300 m, with the cycle-averaged PBLH
showing lower values after 14 UTC, producing larger afternoon differences relative to observations. During nighttime, the 900 m
simulation aligns well with observations, while LES underestimates PBLH.

In winter, the 900 m simulations tend to overestimate PBLH, whereas LES captures diurnal variability more accurately. In
summer, morning growth is well represented by all simulations, but LES underestimates afternoon maxima, and the composite-
mean 900 m PBLH shows a reduction slightly earlier than observed. These results highlight both the strengths and limitations of
LES (100 m and 300 m) versus the 900 m simulation.

Figures 5c and 5d further examine the wintertime spatial structure of the PBLH along an urban—rural transect crossing the
Paris metropolitan area. The left panel shows the geographical location of the transect and the intersected observational stations,
while the right panel presents the mean PBLH averaged between 12:00 and 15:00 UTC during winter, corresponding to the
period of maximum daytime boundary layer development. Observed PBLH at station locations is compared with WRF simulated
PBLH sampled continuously along the transect for the different horizontal resolutions. Note that some stations lie outside the
innermost 100 m and also the 300 m domains.

The transect analysis confirms the behavior identified in the diurnal cycle evaluation. The 900 m simulation systematically
overestimates PBLH along most of the transect, consistent with its positive daytime bias in winter. In contrast, the LES
configurations (300 m and 100 m) produce PBLH values closer to observations across the urban core, where all domains
share common station coverage. Within this central urban sector, the LES runs show similar magnitudes and spatial gradients,
suggesting a consistent representation of urban boundary layer development at finer resolutions.

Furthermore, urban plume effects driven by prevailing wind directions may contribute to observed PBLH enhancement, as

discussed in detail in part 1 (Rafalimanana et al., 2026).
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Figure 5. Temporal and spatial variability of planetary boundary layer height (PBLH) over the Paris metropolitan area in winter and summer
2024. Model simulations at 900 m and LES at 300 m and 100 m are evaluated against observations (Looschelders and et al., 2026, in prep; to
be updated with the preprint citation). (a—b) Diurnal cycles of PBLH at QUALAIR during winter and summer. (c¢) Location of the urban—rural
transect and observational stations across Paris. (d) Mean PBLH along the transect averaged between 12:00 and 15:00 UTC during winter,
corresponding to the period of maximum boundary layer development. Model simulations at 900 m and LES at 300 m and 100 m are evaluated
against observations. PBLH is diagnosed using the bulk Richardson number for all runs. In (d), shaded areas and bars indicate standard

deviation.
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Overall, the spatial structure reinforces the temporal analysis: during winter, the 900 m configuration tends to overestimate
daytime PBLH, whereas the LES simulations provide a more realistic depiction of the urban boundary layer, particularly within

the densely built environment.
3.4 Plume structure, dispersion, numerical diffusion

Here, we examine how model resolution influences the simulated structure and dispersion of a CO; plume. Inter-comparing
LES and mesoscale simulations provides insight into the extent to which coarse resolutions smooth concentration fields and
dilute localized signals (representation and aggregation errors), compared to finer grids that better preserve plume integrity and
spatial variability. Figure 6 presents WRF-simulated CO5 mixing ratios for a winter case (11 January 2024 at 13:00 UTC) and a
summer case (10 June 2024 at 15:00 UTC). The upper panels show near-surface CO5 at 35 m above ground level, while the
lower panels display the corresponding vertical cross-sections along the source-centered transect indicated in the maps, with
PBLH overlaid. For consistency of visual comparison, the spatial extent shown for the 900 m and 300 m simulations is cropped
to match the innermost 100 m domain, although the coarser domains extend beyond this area within the nested configuration.

The transect was deliberately defined to pass directly through the dominant point emission sources within the Paris metropolitan
area, oriented approximately along the prevailing wind direction at that time. These sources are dominated by public power
generation (large combustion installations) and municipal waste incineration facilities. In the northern sector (Saint-Ouen-sur-
Seine), the transect intersects a co-located district heating plant and waste-to-energy incinerator. In the south-western sector
(Boulogne-Billancourt), it crosses a waste incineration facility with associated combustion units, while in the south-eastern sector
(Ivry-sur-Seine), it intersects a high-capacity waste-to-energy complex coupled with urban heat recovery. This configuration
allows a direct examination of the plume core and its vertical development, providing a consistent basis for assessing how
horizontal resolution affects mixing ratio gradients and dispersion. By intersecting the emission center, the cross-section captures
the region of strongest scalar gradients, where the effects of numerical diffusion are most pronounced and resolution dependent
smoothing can be clearly diagnosed.

The comparison between LES and mesoscale simulations highlights significant differences in plume structure, dispersion,
and the effects of numerical diffusion. In the low-resolution domains, the plume appears broader and less concentrated due to
enhanced numerical diffusion, which artificially disperses CO, and smooths horizontal and vertical gradients, in addition to
the coarse representation of the underlying point sources. Conversely, the high-resolution domains capture a more compact,
concentrated plume with elevated concentrations near the emission sources, where finer grid spacing reduces numerical diffusion
and better preserves plume structure.

Under winter conditions, characterized by a relatively shallow boundary layer (PBLH reaching approximately 500-600 m),
CO4 accumulates within the confined lower layer, leading to enhanced concentrations throughout the boundary layer depth. The
limited vertical mixing strengthens horizontal gradients and accentuates differences between model resolutions. In contrast,
during the summer case, the deeper and more convective boundary layer promotes stronger vertical mixing, resulting in a more
vertically homogeneous distribution of CO5 within the PBL. Consequently, elevated concentrations remain primarily confined

near the emission source, while background concentrations appear more uniform away from the plume core.
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Differences across model physics and resolutions also reflect variations in the representation of local wind fields and boundary
layer turbulence, which influence plume direction, spread, and vertical mixing. Topographic effects become more apparent at
higher resolutions, where local channeling and uplift affect dispersion patterns, producing localized shifts in plume direction. In
both winter and summer cases, the WRF-LES simulation at 100 m resolution exhibits substantially greater spatial variability
in PBLH compared to the coarser 900 m configuration. This enhanced heterogeneity reflects the finer-scale representation of
surface forcing and turbulence, which modulate boundary layer depth locally and, in turn, influence plume confinement and
vertical dispersion. In contrast, the 900 m simulation produces a comparatively smoother and more horizontally uniform PBLH
field, consistent with increased spatial averaging at coarse resolution.

Overall, our results show that spatial resolution and model physics strongly influence the simulated CO5 plume structure and

spatial variability across different boundary layer regimes, highlighting the sensitivity of urban-scale CO, fields to grid spacing.
3.5 Impact of horizontal resolution on transect-based CO- gradients and station agreement

To evaluate how the simulated plume gradients compare with ground-based observations, CO5 mixing ratios are sampled along
the same source-centered transects shown in Fig. 6. Spatial gradients between two endpoints are analyzed to assess the model’s
ability to resolve concentration variability along the prevailing wind direction. Two case studies are examined: 11 January 2024
at 13:00 UTC (winter) and 10 June 2024 at 15:00 UTC (summer). In both cases, transects are selected such that the mean wind
direction falls within +25° of the bearing between the two endpoints, ensuring alignment with plume transport.

For the winter case, the transect extends from the northeast of Paris (48.9766°N, 2.3700°E) to the southwest (48.7609°N,
2.2111°E), crossing the urban core. Stations located within 2.5 km of the transect are included to evaluate how modeled
gradients compare with observations. The corresponding CO2 mixing ratios are shown in Fig. 7a. The perpendicular distances
of the stations from the transect are: VIL (0.23 km), NEY (2.36 km), HBO (0.57 km), EIF (0.79 km), TF1 (0.29 km), and CIT
(1.92 km). As the transect intersects the plume core, clear resolution dependent differences emerge. The 900 m simulation
produces a broader enhancement that begins earlier along the transect, reflecting the larger grid spacing and associated numerical
diffusion. In contrast, the 300 m and 100 m simulations exhibit a sharper and more localized increase in CO3, with the onset
occurring closer to the grid cell containing the source. Because the transect does not necessarily pass exactly through the grid
cell of maximum concentration at higher resolution, the 100 m simulation may delay the appearance of the peak until the transect
intersects the corresponding grid cell. For example, between VIL and HBO, the 900 m simulation shows a gradual increase
immediately after VIL and reaches its maximum earlier, whereas the 300 m and 100 m simulations display a more abrupt rise.
Downwind of the peak, concentrations decrease more gradually in all simulations, consistent with plume dispersion. When
the transect directly intersects the grid cell of maximum enhancement, the 100 m simulation produces the highest peak values,
followed by 300 m, while the 900 m simulation yields the lowest maximum due to spatial smoothing. Away from the plume
core, all three resolutions produce comparable magnitudes and generally agree with the observations. However, near the source
region, discrepancies between modeled and observed values can be large when a station lies within a neighboring grid cell
rather than the one intersected by the transect. This grid alignment sensitivity becomes more pronounced as resolution increases,

reflecting the stronger spatial gradients resolved in the 300 m and 100 m simulations.
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Figure 6. WRF-simulated CO> mixing ratios over Paris for a winter case (11 January 2024, 13:00 UTC) and a summer case (10 June 2024,
15:00 UTC). (a,b) Near-surface CO> at 35 m above ground level from the 900 m mesoscale simulation and the 300 m and 100 m LES
configurations. The wind barbs depict the instantaneous wind speed and direction at the corresponding time. Ground based stations located
within 2.5 km of the transect are indicated. (c,d) Vertical cross-sections along the source centered transect for the corresponding dates, with
PBLH overlaid. PBLH is diagnosed using the bulk Richardson number for all runs. The spatial extent shown for the 900 m and 300 m

simulations is cropped to match the innermost 100 m domain for consistent comparison.
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For the summer case, the transect extends from the northwest of Paris (48.9766°N, 2.2680°E) to the southeast (48.7609°N,
2.4430°E), again crossing the urban area. Stations within 2.5 km of the transect are included, and the resulting profiles are
shown in Fig. 7b. Station offsets from the transect are: JUS (1.16 km), NEY (1.14 km), HBO (0.86 km), POM (0.60 km), BNF
(0.45 km), and BED (1.55 km). The summer analysis exhibits behavior consistent with the winter case. The 900 m simulation
produces smoother and broader enhancements, while the 300 m and 100 m simulations resolve sharper gradients and higher
peak concentrations when the transect intersects the plume core. Differences between resolutions are most evident near the
source region, whereas background areas show relatively small inter-resolution variability.

Overall, these results highlight the trade-off between numerical diffusion at coarse resolution and increased spatial variability,
and corresponding grid alignment sensitivity, at higher resolution when evaluating concentration gradients against point
observations. By explicitly sampling the model both along the transect and at the exact station grid cells, it becomes clear
that part of the apparent discrepancy between transect values and station measurements arises from spatial sampling rather
than intrinsic model error. In the present cases, all selected stations are located outside the grid cell containing the source.
Consequently, the model values sampled at the station locations show relatively small differences across resolutions and
generally agree well with the observations. In contrast, the transect sampling can intersect the grid cell containing the plume
core, particularly at higher resolution, producing sharper and higher peak concentrations. This explains why strong resolution
dependent differences are evident along the transect, while the station-based comparisons exhibit more modest inter resolution
variability. Even a displacement of one to two grid cells from the source is sufficient to substantially reduce the simulated
magnitude at high resolution due to the sharper gradients resolved in the 300 m and 100 m simulations. Thus, grid resolution
influences not only the representation of plume structure, but also the likelihood that a point observation samples the plume core.
At high resolution, a station located outside the source grid cell may miss the peak entirely, whereas at coarser resolution the
larger grid cells are more likely to encompass both the source and the station, producing smoother but more spatially averaged
enhancements. Conversely, when the source and station coincide within the same high resolution grid cell, the finer simulation
can capture higher and more localized maxima than coarser grids, which dilute the peak through spatial averaging. These
results demonstrate that differences between model resolutions in station based evaluation may reflect sampling geometry and

representativeness effects in addition to intrinsic differences in plume dispersion.
3.6 Resolution dependent representation of CO- temporal variability at selected stations

While the transect analysis highlights the influence of grid resolution and sampling geometry on the spatial structure of CO2
enhancements, it is equally important to assess how these resolution-dependent effects manifest in the temporal variability
recorded at individual monitoring stations. In this subsection, modeled COs time series for winter (10-31 January) and summer
(01-20 June) 2024 are compared against observations from a representative urban monitoring site, Jussieu (JUS), part of the
Picarro network (Figure 8). Figures 8a and 8b show short time periods, highlighting the detailed variability of CO at different
model resolutions, while Figures 8c and 8c present the full winter and summer periods. This station, selected from the broader
Picarro measurement network across the Paris region (Figure 2b), provides a clear example of the model’s ability to capture

seasonal contrasts, short-term fluctuations, and localized emission signatures within diverse urban environments.
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Figure 7. WRF-simulated CO2 mixing ratios at 35 m above ground level along the source-centered transects for (a) the winter case (11 January
2024 at 13:00 UTC) and (b) the summer case (10 June 2024 at 15:00 UTC), shown for the mesoscale at 900 m and WRF-LES at 300 m, and
100 m resolutions. Markers denote ground-based stations located within 2.5 km of the transect. For the winter case (a), the perpendicular
distances of the stations from the transect are: VIL (0.23 km), NEY (2.36 km), HBO (0.57 km), EIF (0.79 km), TF1 (0.29 km), and CIT
(1.92 km). For the summer case (b), the corresponding station distances are: JUS (1.16 km), NEY (1.14 km), HBO (0.86 km), POM (0.60 km),
BNF (0.45 km), and BED (1.55 km).

The time series analysis indicates that the 100 m simulation captures pronounced CO- peaks more clearly than the 300 m
and 900 m configurations, not only in terms of peak magnitude but also in the timing and short-term fluctuations. Events
observed on 16 and 27 January, as well as on 4 and 18 June 2024, are more distinctly represented at 100 m, showing both
sharper spikes and higher temporal variability, whereas the 900 m simulation exhibits smoother and attenuated enhancements
with much of the short-term structure lost. The 300 m simulation captures some of these features, but with reduced intensity and
intermittency compared to 100 m. This behavior is consistent with the plume and transect-based CO4 gradient analysis, where
coarser resolutions dilute concentration maxima and short-term variability through enhanced numerical diffusion and spatial
averaging

However, the high resolution simulation occasionally generates concentration peaks that are not evident in the observations
and generally exhibits higher variability compared to the 900 m run. This behavior reflects both increased sensitivity to localized
emission sources and small-scale turbulent transport processes, as well as representativeness effects: at high resolution, the
sharper spatial gradients in the plume can cause station-based sampling to either over- or underestimate concentrations depending
on whether the observation falls inside or outside the source grid cell. In addition, a bias in wind direction of about 20°-30°
(Table 2, Figure 4) can lead to a lateral displacement of the plume relative to the observation site, further amplifying these
discrepancies, particularly at higher resolution where gradients are stronger. More generally, discrepancies between simulated

and observed CO; variability may arise from uncertainties in meteorological forcing, including wind speed and PBLH, which
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strongly regulate urban-scale transport and mixing. Enhanced high frequency wind variability in the LES configurations, as
demonstrated by the PSD analysis, further contributes to intermittent and amplified concentration fluctuations at fixed stations.

Overall, the time series comparison reinforces the spatial findings and highlights a clear trade-off: increasing horizontal
resolution enhances the representation of localized plume structures, episodic CO5 enhancements, and short term variability, but

may also increase sampling sensitivity and introduce greater fluctuation amplitude and occasional overestimation under certain

conditions.
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Figure 8. Time series of near surface CO2 mixing ratios at Jussieu (JUS) site. (a, b) Observations and WRF-simulated CO2 at 33 m above
ground during short periods in winter (15—17 January 2024) and summer (17-19 June 2024). (c, d) Full winter (10-31 January 2024) and
summer (01-20 June 2024) periods. Simulations include the 900 m mesoscale configuration and the 300 m and 100 m LES runs, with CO2
sampled at the grid cell corresponding to the station. The observations and model output have an hourly resolution. These time series illustrate
the ability of different resolutions to capture localized emission events, episodic peaks, and temporal variability, as well as the effects of grid

resolution and LES on the magnitude and intermittency of CO2 enhancements in the urban environment.
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3.7 Resolution dependent representation of XCO- temporal variability at selected stations

To complement the analyses of near-surface CO, mixing ratios and planetary boundary layer height (PBLH), we evaluated
the model’s ability to reproduce the total atmospheric column by comparing WRF-simulated total column CO» (XCO5) with
ground-based observations from the TCCON instrument at Jussieu (JUS). This comparison provides an independent constraint
on the vertically integrated CO,, field and allows us to assess whether the resolution-dependent differences identified near the
surface also appear in the total column.

Figure 9 shows the XCO, time series at JUS for two winter days (Figures 9a and 9c, 11 and 16 January 2024) and two
summer days (Figures 9b and 9d, 07 and 09 June 2024) when observations are available. Overall, the simulations reproduce a
similar temporal variability across the different model resolutions. The 100 m WRF-LES simulation exhibits finer-scale temporal
fluctuations, whereas the 900 m mesoscale simulation produces smoother variations.

On 11 January, the simulations alternate between over- and underestimation relative to the TCCON observations. After
approximately 13 UTC, a clear divergence appears between the model resolutions: the 100 m simulation follows the observed
XCO; more closely, while the 900 m and 300 m simulations tend to overestimate the column values. On 16 January, all model
configurations systematically underestimate XCO; compared with the observations. This behaviour is consistent with the
underestimation of near-surface CO- previously identified at JUS in Section 3.6, suggesting that differences in near-surface
concentrations may also influence the integrated column.

During the summer cases (07 and 09 June), the differences between model resolutions are relatively small. All simulations
slightly underestimate XCO- compared with TCCON, although the magnitude of the bias remains limited.

Opverall, the results indicate that increasing spatial resolution introduces additional temporal variability in the simulated XCOq
column, consistent with the finer-scale dynamics resolved by the WRF-LES simulations, while the general temporal evolution
remains comparable across the different model configurations. Differences in XCO> magnitude between the analysed dates
suggest the influence of varying local conditions and boundary layer dynamics. In particular, the stronger variability simulated
by the 100 m run at JUS is consistent with its enhanced sensitivity to local emissions and turbulence, as previously observed
in the near-surface CO, analyses. These results highlight the role of boundary layer processes and local representativeness in
shaping column-averaged CO-, reinforcing the link between PBLH representation, near-surface concentration variability, and

total column behaviour.
3.8 Statistical evaluation of WRF-simulated CO-, against observations

This section assesses the statistical consistency of WRF-simulated CO45 with ground-based measurements from Picarro and
mid-cost stations presented in Figure 2b. The objective of this evaluation is to quantify model skills across resolutions using
standard statistical metrics, thereby complementing the qualitative insights gained from plume structure, spatial gradient and

time series comparisons.

23



https://doi.org/10.5194/egusphere-2026-2581
Preprint. Discussion started: 18 August 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Simulation and observations: B TCCON mmsm9()()m w=ee=3)()m === [00m

(a) XCO2 at JUS, January 11 (b) XCO4 at JUS, June 07
—_— 4 /\/\ + — 4 F
> 1 . o~ - > 4 -
€ 426 . - \ - € 426 o
R N S ] r
2 ] . i e ] i
g 424 o 1241 PR o S0
@] 1 - Q 1 -, = . Bl
X R e
422—_ N 422 O
KN NI\ NI T R T PR\ KNI\ NI LT R OSSR\
Q©" o AQ" AL AN N A® Q©" o AQ" N AN N A®
Time Time
(c) XCO2 at JUS, January 16 (d) XCOx at JUS, June 09

7 Neas

XCO; [ppmv]
S
[e)]
g
é
XCO; [ppmv]
S
()]
-

424 - 424 ST _
] 5 ] " - ‘:m r
422 N 422 Ao -
N N 0 0 N N 0 N N N N Q N N
©Y w@® \’0‘9 \:,;9 \/D;.B \’6.0 \’g,n% ©Y w@® \’0‘9 \:,;9 \);.0 \6'-0 \’9;.0
Time Time

Figure 9. Time series of column-averaged CO2 (XCO-) at the Jussieu (JUS) site comparing TCCON observations with WRF simulations at
multiple spatial resolutions. The mesoscale WRF simulation is performed at 900 m resolution, while WRF-LES simulations are conducted at
300 m and 100 m resolutions. Panels (a) and (c) correspond to winter cases (11 and 16 January 2024), and panels (b) and (d) correspond to
summer cases (7 and 9 June 2024). TCCON measurements are irregularly sampled throughout the day, while model outputs are provided

every 10 minutes.
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3.8.1 Resolution dependent evaluation of CO- probability distributions against observations

The probability density functions (PDFs) of CO2 mixing ratios simulated by WRF at horizontal resolutions of 900 m, 300 m,
and 100 m are compared with observations in Figure 10.

The linear scale plots emphasize the central portion of the distributions and allow direct assessment of the dominant
concentration ranges. In winter (Figures 10a, 10c), the 900 m simulation provides the best agreement in peak location with the
observed distributions. The corresponding density is slightly overestimated, but still captures the most frequently occurring
COs levels realistically. In contrast, the 300 m and 100 m LES simulations exhibit higher peaks and narrower distributions
at the Picarro stations, centered at lower concentration values (approximately 430 ppmv). For the mid-cost network, the
distributions are also narrower and shifted toward lower concentrations, with peaks around 435 ppmv. Both differ from the 900 m
configuration, which shows broader distributions centered at higher values (around 440-450 ppmv). The narrower distributions
in the 100 m and 300 m simulations thus indicate that finer resolution suppresses the high-mixing ratio episodes that broaden the
observed distribution.

In summer (Figures 10b, 10d), all three model resolutions produce distributions with higher peaks and slightly narrower
shape compared to observations, although the modal concentration remains close to the observed value (around 425 ppmv). This
indicates that while the general central tendency is captured across resolutions, the model tends to over-concentrate probability
around the mean concentration during convective summer conditions.

For the logarithmic plots (Figures 10e, 10f, 10g, 10h), which emphasize the high-concentration tails, the differences between
model resolutions become more pronounced. In winter, the 900 m simulation exhibits a sharp decline in probability density
around ~500 ppmyv, while in summer the drop occurs near ~460 ppmv, diverging from the observations and failing to reproduce
the gradual tail of rare, high-concentration CO- events. In contrast, the 300 m and 100 m LES simulations better capture the
observed tail behavior, with the 100 m configuration providing the closest match, although it occasionally produces minor
spurious peaks in the tail not present in the measurements. These anomalies occur at very low probability densities (below
5 x 10™%) and are consistent with the time series analysis in Section 3.6. They likely arise from the accumulation of local
emissions combined with insufficient mixing in stable boundary layers, a well known challenge in winter, where fine-resolution
simulations sometimes overestimate episodic peaks and may generate artificial rare event variability. While these artificial
fluctuations are minor in terms of overall probability, they highlight the increased sensitivity of fine-resolution LES to localized
emissions and turbulent transport, which enhances high-concentration events but can also amplify variability beyond observed
levels.

These distributional analyses are consistent with the plume, transect, and time series results. In winter, the 300 m and 100 m
LES simulations produce narrower central distributions, reflecting high resolution grids’ ability to preserve localized emission
maxima, whereas the 900 m simulation yields broader distributions due to spatial averaging. In summer, all resolutions show
similar linear-scale distributions, indicating that the central tendency is captured regardless of grid spacing. Across both seasons,
the logarithmic-scale PDFs reveal that finer resolutions better capture high concentration tails, although the 100 m simulation

occasionally introduces minor spurious peaks at very low probabilities. Overall, the PDFs confirm that horizontal resolution
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EGUsphere\

strongly influences the representation of extreme concentrations and localized plume structure, complementing the spatial and

temporal analyses.
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Figure 10. Probability density functions (PDFs) of CO2 mixing ratios from WREF simulations and in-situ measurements aggregated across
all stations. The left panels correspond to Picarro observations and the right panels to Mid-cost sensor measurements. Winter (January) and
summer (June) distributions are shown for each instrument type. Panels (A) present PDFs on a linear scale, while panels (B) show the same

distributions on a logarithmic scale to better highlight differences in the distribution tails and high concentration events.

540 3.8.2 Taylor diagram analysis of WRF-simulated CO- mixing ratios compared to observations

Taylor diagrams (Figure 11) provide an integrated assessment of WRF-simulated CO5 against observations from the Picarro

(Figures 11a, 11b) and mid-cost (Figures 11c, 11d) networks for winter and summer 2024, allowing evaluation of how horizontal
resolution affects the balance between capturing variability and minimizing error.

The results show that in both seasons the 100 m simulation exhibits the highest standard deviation, closely approaching the

545 observed variability and indicating an improved representation of sub-kilometer urban CO, variability. In contrast, the 900 m

mesoscale simulation substantially underestimates variability at both Picarro and mid-cost stations.
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For the Picarro stations, two distinct groups emerge in the 100 m and 300 m simulations. Stations located within Paris (JUS
at 23 m and 33 m above ground, and CDS) exhibit standard deviations closely matching observations, demonstrating that
high-resolution simulations effectively capture urban variability. Stations outside Paris, however, show variability similar to the
900 m mesoscale simulation, indicating a more limited impact of increased resolution at these sites. This pattern is consistent in
both winter and summer. Correlation coefficients and RMSD remain relatively similar across resolutions in winter, whereas in
summer, higher-resolution simulations improve correlations and reduce RMSD compared with the 900 m configuration. For
urban stations, as illustrated by the time series analysis in section 3.6, higher-resolution simulations improve the representation
of peak events and short-term variability, but may also introduce occasional overestimations, which can in turn influence the
statistical metrics represented in the Taylor diagrams.

For the mid-cost network, a similar pattern is observed; however, since most stations are located within Paris, the variability
exhibits a broader spread rather than forming distinct groups. In winter, the 900 m simulation produces slightly higher correlation
coefficients and smaller RMSD compared with the 100 m and 300 m runs. In summer, by contrast, the higher-resolution
simulations (300 m and 100 m) yield the highest correlations and lowest RMSD relative to the 900 m mesoscale configuration.

Overall, the 100 m simulation provides the closest representation of observed variability across both networks, whereas
the 900 m run tends to smooth the temporal signal and underestimates the amplitude of short-term enhancements. The Taylor
diagrams highlight the importance of horizontal resolution for representing urban CO, variability. Increasing resolution enhances
the model’s ability to reproduce observed temporal variability and, particularly in summer, leads to higher correlations and
reduced RMSD relative to the 900 m configuration. In winter, correlations and RMSD remain relatively similar across resolutions,
and higher-resolution simulations can occasionally exhibit slightly larger RMSD due to stronger representation of localized
emission peaks and short-term fluctuations. Coarser resolutions, in contrast, smooth these fluctuations, leading to lower standard
deviations and underestimation of extreme CO, enhancements while maintaining comparable correlation levels.

These findings reinforce earlier observations from the time series and PBLH analyses: higher resolution improves sensitivity
to local variability and better captures standard deviations, whereas coarser resolutions underestimate variability. An important
factor influencing these statistics is the interaction between grid resolution and station location, producing a "double penalty"”
effect. In high-resolution simulations (100 m), CO, peaks may be either missed or captured depending on whether the station
falls within the grid cell containing the enhancement: a station outside the peak cell records lower concentrations, whereas a
station intersecting the peak captures it accurately. In contrast, coarse-resolution simulations (900 m) smooth the plume over
a larger area, reducing the likelihood of extreme over or underestimation. However, this smoothing masks fine-scale spatial
variability, so apparent agreement with observations does not necessarily imply a more realistic representation of the underlying
plume. This effect likely contributes to the observed differences in standard deviation, RMSD, and correlation across resolutions

and between the Picarro and mid-cost sensor networks.
3.9 Impact of spatial aggregation on CO- and XCO, plume structure and implications for urban inversions

Having established the resolution dependent differences in plume structure, gradients, temporal variability, and statistical

performance, we now examine whether spatial aggregation of high resolution simulations LES-run (100 m and 300 m) to 900 m
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Figure 11. Taylor diagrams comparing WRF-simulated CO, mixing ratios with observations from the Picarro (a, b) and mid-cost (c, d)
networks for winter (10-31 January) and summer (01-20 June) 2024. The diagrams summarize model performance in terms of correlation,
standard deviation, and root-mean-square difference (RMSD) relative to observations. Colored symbols indicate the horizontal resolution of
the WRF simulations: mesoscale at 900 m and LES at 300 m and 100 m. The corresponding colored stars show the aggregate statistics across

all stations for each resolution, providing an overall measure of model skill.
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yields behavior comparable to the native mesoscale 900 m simulation. This analysis focuses on both near-surface CO, at 35 m
above ground level and total column XCOs for winter (10-31 January 2024) and summer (01-20 June 2024). The 35 m level
lies within the surface layer, above the first model level at 10 m, which helps avoid near-surface numerical noise while still
capturing clearly expressed emission plumes. This framework allows us to assess how aggregation affects the representation of
urban plume patterns relevant for inversion applications.

Table 3 provides an overview of domain-averaged consistency metrics for both tracers across seasons and periods, offering a

quantitative basis for the spatial analysis presented in the following subsections.

Table 3. Domain averaged consistency metrics between aggregated high resolution LES run (100 m and 300 m) and native mesoscale 900 m
WREF simulations for CO2 mixing ratio at 35 m above ground level and XCO». Metrics are computed grid-cell by grid-cell over the time
dimension and then averaged across the full domain, with minimum and maximum values reflecting the spatial variability across all grid
cells. Results are reported for winter and summer, separated into daytime and nighttime periods. Root Mean Square Error (RMSE) and Mean

Absolute Error (MAE) are given in ppmv, symmetric relative error (Esym) in %, and R denotes the Pearson correlation coefficient.

Winter Summer
Tracer Period Metric
300 m — 900 m 100 m — 900 m 300 m — 900 m 100 m — 900 m
Mean Min Max |Mean Min Max | Mean Min Max | Mean Min Max
RMSE | 11.64 438 30.27 | 1099 4.65 36.05| 245 0.75 13.01 | 2.84 0.65 24.13
MAE 732 284 2289 | 673 297 2567 | 1.12 0.19 9.18 | 1.29 0.16 1540
Daytime
Esym | 33.69 23.07 56.52|28.77 18.83 53.13 |59.11 36.62 86.14|61.05 38.72 88.4
R 0.67 027 092 | 070 027 092 | 0.74 048 093 | 0.68 0.36 0.90
CO-
RMSE | 1550 7.60 4445|1658 7.68 52.77| 6.75 2.03 1850 | 821 2.13 23.96
MAE 921 462 2440| 956 481 2824 370 1.15 1094 | 418 1.11 14.27
Nighttime
Egym | 29.08 23.58 38.81|27.60 22.51 3845|5594 41.10 63.21 | 55.68 42.17 63.74
R 0.63 038 0.80 | 063 047 0.78 | 0.57 026 080 | 0.54 0.11 0.80
RMSE | 047 0.19 1.10 | 049 022 1.15 | 0.15 0.06 038 | 0.17 0.06 0.50
MAE 0.26 0.11 063 | 028 0.12 0.69 | 0.05 0.01 0.19 | 0.05 0.01 023
Daytime
Esym | 21.13 13.76 33.65|22.06 1590 33.50|57.92 45.04 72.10|59.27 44.34 73.18
R 0.79 057 094 | 078 054 094 | 075 041 092 | 071 036 0.92
XCO-
RMSE | 029 0.19 052 | 034 021 063 | 0.04 0.02 0.15| 0.06 0.02 0.20
MAE 0.16 0.10 033 | 020 0.12 042 | 0.02 0.01 0.07 | 0.02 0.01 0.09
Nighttime
Egym | 15.14 1125 2572 18.09 14.81 2522 |48.26 38.54 56.15|50.71 3820 63.02
R 085 071 091 | 0.80 0.64 0.89 | 090 0.51 097 | 0.85 046 097
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3.9.1 Effect of spatial aggregation on near surface CO; (35 m AGL)

As summarized in Table 3, aggregation reproduces the main spatial and temporal patterns of CO2, but noticeable differences
remain. RMSE values are systematically larger in winter than in summer, reflecting enhanced variability under stable boundary-
layer conditions. The symmetric relative error (Esyn,) values are higher in summer, consistent with a weaker atmospheric signal
and reduced absolute concentration gradients. Correlation coefficients exhibit a clear dependence on diurnal stability, with
generally higher agreement during daytime and reduced performance at night, highlighting the influence of boundary-layer
structure on aggregation consistency. Overall, while aggregation captures the dominant behavior of the native 900 m simulation,
it does not fully reproduce the variability and magnitude of near-surface CO-, with discrepancies varying with season and time
of day. These differences are further examined through the spatial patterns and their analysis below.

Figure 12 presents the mean CO5 enhancement fields at 35 m above ground level, with winter daytime and nighttime cases
given in Figures 12a and 12b. A clear contrast between daytime and nighttime conditions is evident. During winter daytime,
mean concentrations are generally lower and exhibit similar large scale spatial patterns across all three configurations. The
aggregated 100 m and 300 m simulations produce slightly higher and more spatially concentrated enhancements near emission
hotspots, whereas the native 900 m run displays a broader and more spatially diffused plume structure. This behavior is consistent
with a well-developed and efficiently mixed planetary boundary layer (PBL), as indicated by comparable daytime PBL heights
across resolutions, with the 900 m configuration showing a slight overestimation. Under these convective conditions, enhanced
vertical mixing reduces concentration gradients and limits resolution dependent differences.

In contrast, winter nighttime conditions (Figure 12b) reveal substantially larger discrepancies. The aggregated high-resolution
simulations exhibit markedly higher CO, mixing ratios over the Paris area compared to the native 900 m run. This reflects
the shallower nocturnal boundary layers simulated at 100 m and 300 m resolution, consistent with the earlier analysis of the
diurnal PBLH cycle. Reduced vertical mixing at night amplifies near-surface accumulation, sharpens concentration gradients,
and intensifies local plume maxima. The native 900 m simulation, by contrast, produces a smoother and weaker enhancement
due to stronger effective mixing and spatial averaging. These pronounced differences arise because, while vertical resolution is
consistent across simulations, the effective transport differs with horizontal resolution. Higher-resolution simulations better
resolve local flow structures and turbulence intermittency, which limits vertical mixing in shallow nocturnal boundary layers
and promotes CO2 accumulation near emission sources. It is worth noting that, as described in the methodology (Section 2.2),
emissions are released at the lowest model level (10 m); this may amplify near-surface accumulation, particularly under the
stable nocturnal conditions better resolved at finer resolution. Additionally, the 35 m observation height corresponds to the
second model level, making it sensitive to reduced mixing in the lowermost layer, whereas the coarser 900 m grid effectively
reduces concentration gradients due to horizontal averaging across the larger grid cells.

Figures 12c and 12d present the corresponding summer daytime and nighttime averages. The overall behavior is qualitatively
similar to winter: aggregated high resolution simulations maintain more concentrated plume structures and higher local
amplitudes compared to the native 900 m configuration. However, absolute concentration enhancements are substantially

lower in summer. The winter daytime mean near surface enhancements (averaged over 10-31 January 2024) locally exceed
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45 ppmv, whereas summer enhancements are generally below 15 ppmv, reflecting stronger atmospheric mixing and reduced net
accumulation during the warmer season.

These results demonstrate that spatial aggregation of high resolution simulations does not fully reproduce the plume structure
and magnitude of a native 900 m simulation. Differences are modest during well mixed daytime conditions but become

pronounced at night, when boundary layer dynamics strongly control plume confinement and amplification.
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Figure 12. Mean CO; enhancement fields at 35 m above ground level for winter (10-31 January 2024) and summer (01-20 June 2024). Panels
show daytime (left) and nighttime (right) averages for each season. Each map compares the native 900 m simulation with the 100 m and 300 m
simulations aggregated to 900 m resolution. The fields represent CO2 mixing ratio (background subtracted). The figure illustrates how spatial

aggregation influences plume magnitude, spatial extent, and concentration gradients under contrasting boundary layer conditions.

Figures 15a and 15b present the spatial distribution of gy, between the aggregated (100 m and 300 m mapped to 900 m)
and the native 900 m simulations for winter daytime and nighttime conditions. These maps complement the mean fields shown
in Figure 12 by quantifying where aggregation preserves plume structure and where systematic distortions occur.

During winter daytime, Fgy., values are primarily concentrated within the urban core of Paris and in the vicinity of major
point sources. These sources form an approximate triangular configuration, with prominent emitters located north, southwest,

and southeast of the Paris metropolitan area, as well as additional sources farther southeast. In these regions, maximum FEjgy,
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locally exceed 40%. The spatial pattern closely mirrors the enhanced and more concentrated plume structures seen in the
aggregated simulations in Figure 12. E,., values are highest along sharp emission gradients, where sub-grid variability resolved
at 100-300 m cannot be perfectly preserved through spatial averaging. In contrast, areas weakly influenced by plumes exhibit
substantially lower Fgyp,, values, often below 20%, indicating that background regions and smoothly varying fields are more
robust to aggregation.

Winter nighttime conditions (Figure 15b) display a different structure. Esy,,, becomes more spatially homogeneous, with
values typically ranging between 28-34% across much of the domain. Although elevated errors remain near major point sources,
the contrast between plume affected and background areas is less pronounced than during daytime. This behavior is consistent
with the shallower nocturnal boundary layer discussed previously: enhanced confinement increases overall concentration levels
in the aggregated high resolution runs, producing broader domain wide differences relative to the native 900 m simulation rather
than sharply localized discrepancies.

A similar but seasonally amplified behavior is observed in summer (Figures 15¢ and 15d). During daytime, Ey.,, values again
peak near strong emission sources, but values can reach up to 70%, substantially higher than in winter. This increase reflects the
smaller absolute plume amplitudes in summer (Figure 12); when background mixing is stronger and perturbations are weaker,
even moderate absolute differences translate into larger gy, values. Interestingly, during summer nighttime, the near point
source grid cells sometimes exhibit lower Eg,r, values compared to surrounding areas. This suggests that under certain stable
conditions, aggregation can partially smooth extreme local maxima in a way that reduces proportional differences relative to the
native coarse resolution simulation.

An interesting feature is that E,, at the exact grid cell containing a major point source is sometimes lower than in the
surrounding grid cells. This behavior likely reflects differences in plume concentration and spatial spreading between resolutions.
In the high resolution simulations (100-300 m), emissions remain strongly concentrated near the source before being aggregated
to 900 m. When averaged to the coarser grid, the central enhancement may still align reasonably well with the native 900 m
maximum, resulting in a comparatively smaller proportional difference at that specific grid cell. In contrast, the surrounding
grid cells are more sensitive to differences in plume dispersion and wind direction. As discussed in Section 3.6, a bias in wind
direction can lead to lateral plume displacement, and this effect is more pronounced at finer resolution where concentration
gradients are stronger. Since time-averaged enhancements in neighboring cells depend on how frequently and consistently
the plume is advected toward them, resolution-dependent differences in plume width and lateral dilution are amplified in the
surrounding cells relative to the source cell itself. The native 900 m simulation tends to produce a broader and smoother plume
due to numerical diffusion and coarser mixing, while the aggregated high-resolution fields retain sharper gradients and more
localized structure, further contributing to larger g, values in neighboring cells. This pattern therefore reflects not only
differences in plume magnitude, but also differences in spatial distribution and dispersion characteristics across resolutions.

Overall, the Egyy, analysis confirms the conclusions drawn from the mean fields: spatial aggregation does not uniformly
reproduce the native 900 m plume structure. gy, values are strongly modulated by boundary layer dynamics and plume

intensity. Daytime differences are primarily localized around sharp emission gradients, whereas nighttime differences reflect
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broader structural changes linked to vertical confinement and mixing. Moreover, the larger Egyn, values in summer highlight the

sensitivity of proportional metrics to seasonal variations in plume amplitude.
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Figure 13. Spatial distribution of Esy, between aggregated high resolution simulations (100 m and 300 m mapped to 900 m) and the native
900 m simulation for CO2 at 35 m above ground level. Panels show daytime (left) and nighttime (right) conditions for winter (top row; 10-31
January 2024) and summer (bottom row; 01-20 June 2024). Esyr, is computed on CO2 perturbations (background subtracted) to isolate plume
differences. The figure highlights how spatial aggregation modifies plume magnitude and structure under contrasting seasonal and boundary

layer regimes.
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3.9.2 Effect of spatial aggregation on vertically integrated XCO-

To evaluate consistency at the column scale relevant for satellite retrievals, the same analysis was applied to XCOs. As indicated
in Table 3, XCO; exhibits substantially lower RMSE and reduced variability compared to near-surface CO2, consistent with the
smoothing effect of vertical column integration. Correlation coefficients indicate good overall agreement between aggregated
and reference simulations, with generally higher values during daytime and reduced performance at night, reflecting a stronger
sensitivity to boundary-layer stability even at the column scale. Summer conditions are further characterized by increased
Egym, consistent with weaker atmospheric gradients and reduced signal strength. Overall, aggregation captures the dominant
large-scale structure of XCOs, although discrepancies are more pronounced in summer. The spatial characteristics of these
differences are discussed in the following paragraphs.

Figures 14a and 14b show that in winter, daytime XCO, enhancements typically range between about 0.5 and 2 ppmv, while
nighttime values are slightly lower (approximately 0.5—1.5 ppmv). The diurnal contrast is therefore opposite to that observed
near the surface: daytime column enhancements are larger because the deeper and more efficiently mixed boundary layer allows
surface emissions to influence a larger fraction of the atmospheric column. At night, the shallow stable boundary layer traps
CO4, close to the surface; since XCO,, retrievals are less sensitive to near-surface layers due to the shape of the averaging kernel,
the latter may amplify apparent differences by weighting plumes differently in the vertical, especially when high-resolution
simulations place peaks slightly above or below the kernel’s center of sensitivity.

Despite the reduced amplitude, resolution-dependent differences remain visible in the spatial structure of XCOy. Aggregated
high-resolution simulations (100 m and 300 m mapped to 900 m) display finer spatial gradients and localized plume signatures
that are largely smoothed in the native 900 m simulation. As in the near-surface CO; case, this behavior reflects the fact
that simple spatial aggregation does not fully reproduce the dynamical smoothing inherent in a coarser-resolution model run.
Sub-grid heterogeneities in emissions and vertical mixing remain partially preserved after aggregation, producing residual
small-scale variability that would otherwise be diffused in the native coarse-resolution simulation. Additional differences can
also arise from small displacements of emission plumes due to local wind patterns or variations in PBLH, which can alter the
period-averaged XCOy maps.

During summer (Figures 14c, 14d), the same structural behavior is observed but with substantially smaller amplitudes.
Daytime XCO5 enhancements generally range from about 0.02 to 0.35 ppmv, while nighttime values are typically very small
(around 0.03-0.14 ppmv), approaching zero over most of the domain except in the immediate vicinity of strong emission sources.
As in winter, differences between aggregated and native simulations remain discernible, indicating that the effects of spatial
aggregation on plume structure persist even when the column signal itself is weak.

These results are consistent with the behavior observed for CO5 at 35 m: aggregation of high-resolution simulations does
not fully reproduce the plume magnitude and spatial structure of a native coarse resolution run. Although the discrepancies
are smaller for XCO» due to vertical averaging, residual spatial variability and localized enhancements remain detectable,

highlighting that aggregation and native coarse resolution simulations are not dynamically equivalent.
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Figure 14. Mean XCO2 enhancement fields for winter (10-31 January 2024) and summer (01-20 June 2024). Panels show daytime (left) and
nighttime (right) averages for each season. Each map compares the native 900 m simulation with the 100 m and 300 m simulations aggregated
to 900 m resolution. The fields represent XCO2 (background subtracted). The figure illustrates how spatial aggregation influences plume

magnitude, spatial extent, and gradients under contrasting boundary layer conditions.

Quantitatively, aggregation from 100 m to 900 m produces systematically larger Fq,r, values than aggregation from 300 m to
900 m, reflecting the larger scale mismatch and the stronger small-scale variability resolved at finer resolution (Figure 15).

For winter (10-31 January 2024; Figures 15a and 15b), daytime Ey, values typically range from about 13-34% for the 300 m
to 900 m aggregation (mean ~21%) and from roughly 16-34% for the 100 m to 900 m aggregation (mean ~22%). Nighttime
Egym values are generally smaller, averaging about 15% (11-26%) for the 300 m aggregation and about 18% (15-25%) for the
100 m aggregation. The spatial distribution of these Fg,, values closely reflects the structure of the mean XCO; fields discussed
earlier (Figures 14a and 14b). In particular, the largest Eyy, values occur in and around the Paris urban area, where strong local
emission gradients and complex sub-grid variability are present. The spatial distribution of high-emission facilities around Paris,
particularly those situated along the city’s periphery, appears to shape the observed error patterns.

During daytime, the deeper and well-mixed boundary layer allows emissions from these sources to influence a larger fraction

of the atmospheric column, leading to stronger horizontal gradients and larger discrepancies between aggregated and native
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simulations. At night, the boundary layer becomes shallow and stable, trapping emissions near the surface and reducing their
contribution to the column integrated signal over the urban core. Consequently, Fg,., values over central Paris are generally
lower at night than during the day, although elevated Ey,,, values persist near individual point sources where nocturnal plumes
remain highly localized and therefore sensitive to model resolution.

For summer (01-20 June 2024; Figures 15¢ and 15d), Egyp, values are substantially larger, with daytime mean Fgy.,, of about
59% for the 100 m to 900 m aggregation (range 44—73%) and about 58% for the 300 m aggregation (45-72%). Nighttime Fgyp,
values remain similarly high, averaging approximately 51% (38—-63%) for the 100 m aggregation and about 48% (39-56%) for
the 300 m aggregation. These larger Fgyr, values are primarily a consequence of the much weaker XCO5 signal in summer, as
shown in the mean fields (Figures 14c and 14d). Because column enhancements are typically very small during this period, even
minor absolute differences between aggregated and native simulations translate into large Fg,, values.

Overall, these results confirm the behavior already suggested by the mean XCO; fields: although aggregation preserves
the general spatial structure of the column signal, it does not fully reproduce the magnitude and spatial variability simulated
by the native coarse resolution model. This difference reflects the fact that simple spatial averaging cannot replicate the
effective smoothing and transport representation inherent to the native 900 m simulation, where sub-grid emission heterogeneity,
atmospheric mixing, and local transport processes are dynamically represented at the model scale. The discrepancy increases as
the aggregation scale gap widens (100 m versus 300 m) and becomes particularly pronounced when the underlying atmospheric
signal is weak, as in summer. Nevertheless, the preservation of localized spatial structures suggests that aggregated high
resolution simulations may still provide valuable information for inversion frameworks seeking to retain emission driven spatial

signals while operating at coarser computational grids.

4 Discussion

Because atmospheric transport and dispersion are primarily controlled by wind fields and boundary-layer dynamics, the ability
of the model to reproduce near-surface meteorological conditions is a critical prerequisite for accurately simulating urban CO4
distributions. The comparison with observations shows that the different model configurations reproduce the overall temporal
variability of wind speed, temperature and relative humidity but systematic differences emerge as the horizontal resolution
changes. The 900 m simulation generally provides smoother wind fields and smaller variability due to the spatial averaging
inherent to coarser grid spacing. In contrast, the higher-resolution simulations (300 m and 100 m) resolve finer-scale flow
structures and stronger local variability. While this increased variability improves the representation of localized flow patterns, it
can also lead to larger point-wise errors when evaluated against individual meteorological stations. These results highlight the
challenges associated with the so-called turbulence "gray zone", where model grid spacing becomes comparable to the dominant
turbulent eddies but is still too coarse to fully resolve them. Similar sensitivity to meteorological forcing has been reported in
the intercomparison of high-resolution transport models by Brunner et al. (2023) which showed that even turbulence resolving

models remain strongly dependent on boundary layer structure and wind field accuracy.
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Figure 15. Spatial distribution of Esy, between aggregated high resolution LES simulations (100 m and 300 m mapped to 900 m) and the
native 900 m simulation for XCOs. Panels show daytime (left) and nighttime (right) conditions for winter (top row; 10-31 January 2024) and
summer (bottom row; 01-20 June 2024). Esym is computed on XCO, perturbations (background subtracted) to isolate plume differences. The

figure highlights how spatial aggregation modifies plume magnitude and structure under contrasting seasonal and boundary layer regimes.
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The results presented in this study demonstrate that horizontal resolution strongly influences the simulation of urban CO,
plumes and atmospheric transport over the Paris metropolitan region. Differences between mesoscale (900 m) and turbulence-
resolving simulations (300 m and 100 m) affect plume morphology, concentration variability, and agreement with observations.
These findings highlight both the advantages and limitations of high-resolution modeling for representing urban atmospheric
transport and interpreting multi-scale observations.

The comparison between winter and summer simulations highlights the strong role of boundary-layer dynamics in controlling
the sensitivity of COs fields to model resolution. During winter, the planetary boundary layer is typically shallow and frequently
stable, which limits vertical mixing and promotes the accumulation of CO; near the surface. Under these conditions, horizontal
concentration gradients become stronger and differences between model resolutions are amplified. High-resolution simulations
therefore produce larger local enhancements and sharper plume structures than the 900 m configuration. In contrast, summer
conditions are characterized by deeper and more convective boundary layers, which enhance vertical mixing and reduce
near-surface gradients. As a result, differences between model resolutions become less pronounced. This seasonal dependence is
consistent with observational evidence reported in Mitchell et al. (2018), where boundary-layer dynamics were identified as a
primary driver of temporal variability in urban COs,. It should be noted that differences in PBLH definitions between model
and observations may also contribute to discrepancies: in the simulations, PBLH is computed from model output using a bulk
Richardson number criterion, whereas observations are derived from aerosol-layer detection using STRATfinder. Because this
gradient-based approach may occasionally identify elevated residual layers rather than the layer closest to the surface (Kotthaus
et al., 2020), observed nighttime PBLH may be subject to additional uncertainty. These results reinforce the conclusion that the
benefits of high-resolution modeling are strongest under stable conditions when transport is less diffusive and plume structures
are more distinct.

The analysis of plume morphology confirms that coarse resolution simulations tend to smooth concentration fields and dilute
localized emission signals. In the 900 m simulation, emission plumes appear broader and less intense, reflecting numerical
diffusion and spatial averaging across heterogeneous emission sources. In contrast, the LES simulations at 300 m and 100 m
preserve sharper gradients and stronger concentration peaks, providing a more detailed representation of urban emission
variability. However, the improved representation of plume structure at high resolution also increases sensitivity to errors in
wind direction and emission location. Even slight shifts in plume position relative to observation sites can produce substantial
differences in simulated concentrations. Consequently, discrepancies between modeled and observed concentrations at individual
stations may partly reflect representativeness effects rather than purely model deficiencies.

Comparisons with the ground-based observation networks reveal a trade-off between simulated variability and conventional
error metrics. The 100 m simulation reproduces observed temporal variability more realistically, reflecting its ability to resolve
localized plumes and fine-scale transport structures. However, this increased variability can also produce larger apparent errors
when a monitoring station lies outside the simulated plume grid cell. Conversely, the 900 m simulation averages concentrations
over larger grid cells, smoothing plume structures and reducing variability. While this smoothing decreases the physical realism
of the simulated plume field, it may incidentally improve statistical metrics such as root-mean-square deviation (RMSD),

particularly during winter when concentration gradients are strongest. A similar trade-off was identified in Brunner et al. (2023),
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where models with more realistic plume variability did not necessarily outperform simpler models in standard evaluation
metrics. This apparent contradiction reflects representativeness errors, which are also emphasized in Turnbull et al. (2019) where
mismatches between model resolution and observation scale were shown to significantly affect inferred emissions. Together,
these studies highlight the need to interpret model-data mismatches in the context of spatial representativeness rather than purely
model skill.

The total column XCO4 comparisons against TCCON measurements demonstrate that resolution effects propagate vertically
through the atmospheric column. LES simulations reproduce enhanced variability in total column COg, indicating that improved
representation of near-surface plume structures can influence the vertically integrated signal. Nevertheless, occasional mismatches
highlight the sensitivity of XCOs to boundary-layer dynamics and vertical mixing processes.

Aggregation experiments highlight that averaging high-resolution simulations to a coarser grid does not reproduce the same
spatial and temporal structures as a native mesoscale simulation. Although aggregation preserves the general location of major
plumes, it significantly modifies plume magnitude and spatial gradients because the underlying atmospheric transport and
turbulent mixing processes differ across resolutions. In other words, the coarse-resolution simulation represents transport
processes that are dynamically consistent with its grid spacing, whereas the aggregated LES fields simply smooth fine-scale
variability without reproducing the corresponding mesoscale transport dynamics. This difference is reflected in the magnitude of
the aggregation errors. For near-surface CO2, domain-mean Egyr, values reach approximately 30-35% during winter daytime
conditions and exceed 50% during summer when plume amplitudes are weaker. For column-integrated XCOs, vertical integration
reduces absolute differences but substantial discrepancies remain, particularly near strong emission sources. The persistence
of these differences indicates that sub-grid plume variability contributes significantly to the simulated concentration field and
cannot be fully represented by simple spatial averaging. The larger Ey, values observed in summer primarily reflect the weaker
absolute signal associated with enhanced convective mixing. When plume amplitudes are small, even modest absolute differences
introduced by aggregation translate into larger gy, values. In winter, by contrast, stronger emission accumulation within
the shallow boundary layer produces larger plume amplitudes and more coherent spatial gradients, which reduces the relative
impact of aggregation. These findings highlight an important limitation when comparing models and observations operating at
different spatial scales. Satellite retrievals and some observational networks integrate signals over footprints that are substantially
larger than the spatial scales resolved by LES simulations. If the model fields are aggregated to match these footprints without
accounting for sub-grid plume variability, significant representation errors may be introduced. Such mismatches can propagate
directly into atmospheric inversion frameworks, where the relationship between emissions and observed concentrations depends
critically on the spatial consistency between model transport fields and observational footprints. Overall, the aggregation
experiments demonstrate that high-resolution simulations contain physically meaningful variability that is not preserved when
fields are simply averaged to coarser grids. This result emphasizes the need for careful treatment of scale mismatches in urban
greenhouse gas monitoring systems and inversion frameworks.

Although the 100 m simulations provide the most detailed representation of plume structure and variability, this resolution
does not fully resolve the entire spectrum of urban turbulence. Interactions between urban morphology and atmospheric

turbulence often occur on spatial scales smaller than 100 m. Processes such as street-canyon circulations and localized shear
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layers therefore remain partially unresolved and must still be parameterized, introducing uncertainties in near-surface transport
and dispersion. Additional uncertainties arise from emission inventories and meteorological conditions. Small positional errors
in emission sources or uncertainties in temporal emission can strongly influence simulated concentrations in high-resolution
models. Similarly, errors in wind speed, wind direction, or planetary boundary layer height can substantially modify plume
transport and dispersion. This trade-off has also been emphasized in prior urban CO5 studies, where higher-resolution models
improved plume realism but exposed the limitations of comparing grid-cell averages directly with point observations (Gaudet
et al., 2017).

Despite these limitations, the results demonstrate the clear added value of high-resolution modeling for capturing fine-scale
plume structures and intra-urban variability. Such capabilities are particularly important for atmospheric inversion systems
and satellite-based monitoring frameworks that aim to attribute emissions to specific urban sectors or sources. However, the
combined evidence from this study and prior work (Lauvaux et al., 2016; Gaudet et al., 2017; Turnbull et al., 2019; Brunner
et al., 2023) indicates that careful consideration must be given to spatial resolution, observational representativeness, and scale
mismatch. In particular, the interaction between model resolution and observational footprint remains a key challenge for future

urban greenhouse gas monitoring systems.

5 Conclusion

This study evaluated the impact of the model resolution and physics on the simulation of CO; plumes over Paris using the
WRF-GHG framework at resolutions of 900 m, 300 m and 100 m. Our results demonstrate that resolution strongly influences
plume fidelity. High-resolution runs (100 m) better capture plume structures and gradients compared to mesoscale simulations,
reducing numerical diffusion and capturing episodic emission events. However, these benefits come with trade-offs: finer
resolutions increase computational cost, and may amplify biases related to PBL dynamics. Higher-resolution runs reproduce
observed variability more realistically but are more sensitive to representativeness errors at observation sites, whereas coarser
(900 m) simulations smooth the variability, producing reduced physical realism.

Importantly, our results indicate that the differences observed between LES and mesoscale simulations are not primarily due
to model physics, but rather to aggregation errors associated with coarse spatial averaging of heterogeneous emission fields.
While the 900 m configuration provides better meteorological performance, especially for wind speed and direction, it fails
to represent fine-scale emission structures because local point sources are spatially diluted. Thus, the discrepancy between
resolutions reflects the inability of coarse grids to aggregate high-resolution emission variability, rather than a deficiency of the
transport model itself.

Boundary layer representation is a critical factor controlling model performance. In winter, mesoscale (900 m) simulations
systematically overestimate daytime PBLH by 100-250 m, whereas LES (100 m and 300 m) better capture both the diurnal cycle
and urban spatial gradients, particularly within the dense urban core. At night, LES tends to underestimate PBLH, contributing
to excessive surface COy accumulation. In summer, morning PBLH growth is well captured by all simulations, but LES

underestimates afternoon maxima, and the 900 m simulation declines slightly earlier than observations.
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Our results highlight the importance of improved turbulence schemes and assimilation of vertical profile data. Vertical and
horizontal resolution effects are tightly coupled: errors in near-surface transport propagate to the total column XCO5 and
inter-station gradients, affecting both surface network interpretation and satellite-based inversion accuracy.

Finally, the analysis underscores the importance of observation representativeness in model evaluation. Model-observation
agreement depends on how sensor locations align with grid cells, as small spatial offsets can lead to large apparent discrepancies
at high resolution. Taken together, our results indicate that horizontal resolutions of approximately 100-300 m are a minimal
requirement for accurately representing intra-urban CO variability, whereas coarser ( 1 km) grids systematically underestimate
spatial contrasts and peak intensities, not because of intrinsic model deficiencies, but due to scale-dependent aggregation of
emissions and transport fields, an effect that must be explicitly addressed in future urban inversion systems.

Looking ahead, a hybrid inversion framework could mitigate the resolution-dependent challenges identified in this study.
Running inversions at high spatial resolution (100-300 m) using detailed emission fields, while constraining transport with
interpolated meteorological outputs from the more robust 900 m simulations, would preserve fine-scale emission realism without
compromising wind accuracy. Such an approach would reduce aggregation errors while maintaining computational feasibility.
Future work should focus on integrating these findings into urban inversion systems to enhance the accuracy and robustness of
emission estimates. In particular, further research is needed to quantify how scale effects and aggregation errors propagate into
flux inversions, and to determine whether sub-kilometer modeling provides measurable improvements in inferred emissions. The
effective assimilation of high-resolution LIDAR observations will also be critical for constraining boundary layer dynamics and
improving transport representation. Overall, hybrid approaches that couple mesoscale and LES configurations offer a practical
compromise between computational cost, physical realism, and inversion accuracy. The Paris case study provides a transferable
framework for future applications, demonstrating how multi-scale modeling and dense observations can be combined to design

robust, next generation urban CO5 monitoring and verification systems.

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 accessible through the AERIS data
portal at https://www.aeris-data.fr. The Copernicus Global Digital Elevation Model is available at https://doi.org/10.5069/G9028PQB.
The CAMS Greenhouse Gas Reanalysis dataset can be accessed through the Copernicus Atmosphere Data Store at https://doi.org/10.2
4380/8fck-9w87. The hybrid 100-m global land cover dataset with Local Climate Zones used for WRF model configuration is available
on Zenodo at https://zenodo.org/records/7670653. Paris TCCON column CO- data are available from the CaltechDATA repository at
https://data.caltech.edu/records/6¢jSy-spd74. Near-surface COq station data were obtained from the ICOS Carbon Portal and can be accessed
at https://data.icos-cp.eu/portal/. The planetary boundary layer height (PBLH) data from the Qualair platform are accessible through the IPSL
Compute and Data Centre server at https://thredds-x.ipsl.fr/thredds/catalog/catalog.html. The Airparif emission inventories and the PBLH data
from the Urbisphere network are confidential and are not publicly available. Readers interested in accessing these datasets should contact the

respective data providers directly.
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