
09 May 2026

POLITECNICO DI TORINO
Repository ISTITUZIONALE

Three-dimensional pollutant dispersion in tree-lined urban canyons: Combined wind-tunnel and LES analysis / Fellini,
Sofia; Majumdar, Dipanjan; Salizzoni, Pietro; Van Reeuwijk, Maarten. - In: ATMOSPHERIC ENVIRONMENT. - ISSN
1352-2310. - 367:(2026). [10.1016/j.atmosenv.2025.121748]

Original

Three-dimensional pollutant dispersion in tree-lined urban canyons: Combined wind-tunnel and LES
analysis

Publisher:

Published
DOI:10.1016/j.atmosenv.2025.121748

Terms of use:

Publisher copyright

(Article begins on next page)

This article is made available under terms and conditions as specified in the  corresponding bibliographic description in
the repository

Availability:
This version is available at: 11583/3007651 since: 2026-02-16T07:56:13Z

Elsevier



•

•

•

•

•

A

D
3

K
V
S
U
P

h
R

Atmospheric Environment 367 (2026) 121748 

A
1

 

Contents lists available at ScienceDirect

Atmospheric Environment

journal homepage: www.elsevier.com/locate/atmosenv  

Three-dimensional pollutant dispersion in tree-lined urban canyons: 
Combined wind-tunnel and LES analysis
Sofia Fellini a ,∗, Dipanjan Majumdar b , Pietro Salizzoni c,a, Maarten van Reeuwijk b
a Department of Environmental, Land and Infrastructure Engineering (DIATI), Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129 Turin, Italy
b Department of Civil and Environmental Engineering, Imperial College London, London, SW7 2AZ, UK
c Ecole Centrale de Lyon, CNRS, Universite Claude Bernard Lyon 1, INSA Lyon, LMFA, UMR5509, 69130, Ecully, France

H I G H L I G H T S

LES and wind-tunnel data reveal 3D pol-
lutant dispersion in street canyons.
Vegetation modifies turbulence, increas-
ing spanwise pollutant variability.
Average street pollution shows no sys-
tematic dependence on tree number or 
drag.
Tree drag tuning aligns numerical simu-
lations with experimental measurements.
Integrated experimental–numerical ap-
proach advances urban air quality mod-
eling.

 G R A P H I C A L  A B S T R A C T

 R T I C L E  I N F O
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 A B S T R A C T

Vegetation is increasingly used in urban areas to improve microclimate and reduce pollutant exposure, yet its 
effect on pollutant dispersion within street canyons remains complex. This study combines high-resolution wind 
tunnel experiments and Large-Eddy Simulations (LES) using uDALES to provide a detailed three-dimensional 
characterization of airflow and pollutant concentration along the canyon.

Special attention is given to the consistent scaling of velocity and scalar fields, using friction velocity 
and canyon geometry as reference quantities, and to the role of tree drag length in aligning the aerodynamic 
resistance of physical and numerical vegetation. The simulations reproduce key mean-flow structures, including 
large-scale recirculations, but tend to underestimate turbulent kinetic energy and local scalar fluxes.

By jointly analyzing high-resolution wind-tunnel experiments and LES, we (i) confirm the spanwise and 
longitudinal concentration patterns observed experimentally, (ii) assess their sensitivity to the modeled tree 
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drag, (iii) provide the first detailed experimental–numerical comparison of rooftop mean and turbulent mass 
fluxes, showing that bulk canyon ventilation exhibits no systematic dependence on tree number or drag 
intensity, and (iv) identify the specific strengths and limitations of each approach. This integrated analysis 
offers novel insights into the interplay between trees, turbulence, and boundary-layer forcing, informing 
strategies for modeling urban ventilation and pollutant dispersion in tree-lined streets.
1. Introduction

Urban air pollution and heat stress are among the most pressing 
challenges in modern cities. In densely built environments, street 
canyons—urban corridors flanked by continuous buildings—tend to 
trap traffic-emitted pollutants, where restricted ventilation hinders 
their removal (Vardoulakis et al., 2003; Salizzoni et al., 2009; Fellini 
et al., 2020). Urban vegetation is increasingly promoted as a nature-
based strategy to mitigate these adverse effects. Trees in particular can 
improve thermal comfort through shading and evapotranspiration and 
remove airborne pollutants via dry deposition (Janhäll, 2015; Santiago 
et al., 2017; Revelli and Porporato, 2018; Busca and Revelli, 2022). 
However, trees also modify flow dynamics, acting as porous obstacles 
that increase drag and potentially hinder ventilation and pollutant 
dispersion within street canyons (Abhijith et al., 2017; Grylls and van 
Reeuwijk, 2022). Depending on vegetation density, crown porosity, 
and arrangement, the net effect of trees can be either beneficial or 
detrimental to local air quality (Jeanjean et al., 2017; Grylls and van 
Reeuwijk, 2022; Maison et al., 2024).

Beyond the average pollution level in the street, urban air quality 
is critically shaped by the spatial distribution of pollutants within the 
canyon, which determines where high-exposure zones arise. This distri-
bution is controlled by how turbulence and secondary flows transport 
pollutants across the canyon volume, and is strongly modulated by the 
presence of trees. Recent high-resolution wind-tunnel measurements 
have revealed spanwise heterogeneity in tree-lined canyons (Fellini 
et al., 2022; Del Ponte et al., 2024; Fellini et al., 2025), with alternating 
accumulation zones and low-concentration corridors repeating along 
the canyon axis. Such patterns have been consistently observed across 
different geometrical configurations, including a continuous canyon 
extending along the wind-tunnel length, a short canyon with lateral 
intersections, and a long canyon laterally closed. In addition to vege-
tation, spatial variability can also arise from spanwise modulations of 
the overlying boundary layer, particularly above cubic-like roughness 
elements such as buildings (Reynolds et al., 2007; Perret and Savory, 
2013; Vanderwel and Ganapathisubramani, 2015; Perret et al., 2019). 
These secondary motions may penetrate into the urban canopy and 
couple with canyon recirculation. Understanding whether such patterns 
arise within street canyons, how they interact with vegetation, and 
whether they control ventilation pathways is fundamental for assessing 
pollutant exposure and evaluating the effectiveness of urban greening 
strategies.

Even with advanced instrumentation, wind-tunnel experiments pro-
vide only a partial picture. The limited number of measurement points 
and the physical constraints of instrumentation hinder a full three-
dimensional characterization of flow and scalar fields. Near-wall re-
gions, which are especially critical for pedestrian exposure, are partic-
ularly challenging: steep concentration gradients and restricted experi-
mental access make them difficult to resolve reliably.

Numerical simulations, particularly Reynolds-Averaged Navier–
Stokes (RANS) and Large-Eddy Simulations (LES), can complement 
experiments by providing continuous, three-dimensional fields of ve-
locity and concentration. RANS models have been extensively applied 
to urban canopies to estimate mean flow and pollutant distributions in 
both idealized and realistic configurations (e.g., Gromke et al., 2008; 
Buccolieri et al., 2011; Jeanjean et al., 2015). However, their reliance 
on simplified turbulence closures and schematic representations of 
vegetation limits their ability to capture unsteady mixing processes. 
2 
By resolving large turbulent structures, LES offers a more faithful 
description of the interaction between vegetation drag, coherent ed-
dies, and scalar transport (Salim et al., 2011; Moonen et al., 2013; 
Merlier et al., 2018). Still, LES outcomes remain highly sensitive to 
how vegetation is parameterized (e.g., drag coefficient, morphology, 
spatial distribution) (Buccolieri et al., 2018; Fu et al., 2024; Majumdar 
et al., 2025). Another critical aspect is the consistency between exper-
imental and numerical boundary layers: reproducing friction velocity, 
turbulence intensity, and boundary-layer depth is essential to ensure 
dynamically meaningful comparisons. In this respect, scaling flow 
and scalar fields with appropriate reference quantities, and ensuring 
consistency in the aerodynamic resistance of trees across physical and 
numerical representations, are key to establishing a robust comparison 
framework (Gromke, 2011).

For these reasons, experiments and simulations should be viewed 
as complementary rather than alternative approaches. On one side, 
simulations can be validated and constrained by experimental evidence; 
on the other, experiments gain interpretative power through the three-
dimensional, highly resolved insights offered by LES. This reciprocity 
is particularly valuable when assessing urban ventilation, where both 
mean transport and turbulent exchange contribute to pollutant re-
moval, especially in the presence of vegetation, whose aerodynamic 
effects require explicit and carefully parameterized representation in 
simulations.

Previous comparisons between numerical models and wind-tunnel 
data have mainly focused on basic diagnostics. RANS validations have 
typically been restricted to mean wall concentrations and velocity fields 
in single cross-sections of street canyons, with or without trees (Gromke 
et al., 2008; Buccolieri et al., 2011; Jeanjean et al., 2015). LES valida-
tions have likewise often focused on wall concentrations or on a limited 
set of vertical profiles, both for empty canyons (Llaguno-Munitxa et al., 
2017; Chatzimichailidis et al., 2019; Zheng et al., 2021) and for veg-
etated canyons, where tree porosity effects were also explored (Salim 
et al., 2011; Moonen et al., 2013; Merlier et al., 2018). More advanced 
LES assessments have been attempted in canyons without trees, for 
example through comparisons with time-resolved PIV in wind-tunnel 
experiments (Kellnerová et al., 2018), or in the field for vegetated street 
canyons (Resler et al., 2021). Overall, the majority of the validations 
discussed above have primarily retained a quasi-2D perspective and ex-
amined an isolated canyon within a rough-wall boundary layer, rather 
than a canyon embedded in a continuous urban canopy. Consequently, 
they could not capture the spanwise flow structures that develop above 
building canopies and may modulate in-canyon pollutant dispersion. 
Despite recent progress, it remains unclear whether LES can capture 
the spanwise heterogeneity and longitudinal organization of pollutant 
fields revealed by high-resolution wind-tunnel studies of tree-lined 
canyons (Fellini et al., 2022; Del Ponte et al., 2024).

The present work addresses this gap by combining high-resolution 
wind-tunnel experiments with LES within a consistent framework. The 
comparison extends beyond conventional diagnostics based on single 
profiles or wall measurements, encompassing three-dimensional ve-
locity and concentration fields both within and above the canyon. 
Specifically, our objectives are to: (i) evaluate whether LES can repro-
duce the spanwise and longitudinal concentration patterns identified 
experimentally; (ii) investigate the sensitivity of these patterns to the 
parameterization of tree drag; (iii) conduct, for the first time, a detailed 
experimental–simulation comparison of rooftop mean and turbulent 
mass fluxes across the canyon–atmosphere interface, in order to assess 
whether LES captures the ventilation processes that govern pollutant 
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exchange; and (iv) determine whether experiments and simulations 
provide consistent insights into the role of vegetation in modulating 
overall canyon ventilation, thereby delineating the specific strengths 
and limitations of each approach.

By pursuing these objectives, we aim to clarify how the interplay be-
tween trees, turbulent structures, and boundary-layer forcing influences 
canyon ventilation, and to establish a cross-methodological framework 
for urban air quality modeling.

2. Methodology

2.1. Wind tunnel experiment

The experiments (Fellini et al., 2022; Del Ponte et al., 2024) were 
conducted in the atmospheric wind tunnel at the Laboratoire de Mé-
canique des Fluides et d’Acoustique (LMFA) at the École Centrale de 
Lyon. The wind tunnel’s test section (Fig.  1) was 12 m in length, 
3.5 m in width, and 2 m in height. To reproduce an urban-like rough 
boundary layer, the floor was covered with an array of wooden and 
polystyrene blocks (50 cm wide, 10 cm high), spaced 10 cm apart in 
the spanwise direction and 20 cm in the streamwise direction. This 
generated a regular network of square street canyons with 𝐻∕𝑊 = 1
(where 𝐻 is the building height and 𝑊  the street width), intersected 
by wider perpendicular canyons (𝐻∕𝑊 = 0.5). This configuration 
was chosen to avoid channeling effects and to replicate tree-lined 
boulevards (Fellini et al., 2022). The incoming boundary layer was 
allowed to develop along 9 m of roughness fetch before reaching the 
reference canyon, ensuring a fully rough turbulent regime.

The reference canyon, perpendicular to the wind direction, was 
located at a distance of approximately 9 m from the beginning of 
the test section and had dimensions 𝐿 = 1.0 m (canyon length), 
𝑊 = 0.2 m, 𝐻 = 0.1 m (Fig.  1.b). Lateral closures with polystyrene 
blocks confined the canyon spanwise extent, enabling the definition of a 
control volume for rooftop mass balance calculations (see Section 4.6). 
The previous work by Fellini et al. (2022) has shown that spanwise 
closures do not significantly alter the transverse structure of the flow 
or dispersion patterns when compared to an effectively infinitely long 
canyon, ensuring that the observed flow features are representative of 
a fully developed canyon.

We adopt a Cartesian coordinate system (𝑥, 𝑦, 𝑧), where 𝑥 is the 
streamwise direction(aligned with the incoming wind (with 𝑥 = 0 at 
the upwind wall of the reference canyon), 𝑦 is the spanwise direction 
(perpendicular to the wind, with 𝑦 = 0 at the canyon centerline), and 
𝑧 is the vertical direction (with 𝑧 = 0 at the street floor).

Urban vegetation was represented by porous plastic model trees 
arranged in two lateral rows. Each tree had a crown of width and depth 
𝑊𝐶 = 𝐿𝐶 = 4.5 cm and height 𝐻𝐶 = 6.5 cm, mounted on a 2 cm trunk 
for a total height 𝐻𝑇 = 8.5 cm (Fig.  1.c). Three tree densities were 
tested: zero (no trees), half  (7 trees per row, trunk spacing 14 cm), 
and full (14 trees per row, spacing 7 cm). Aerodynamic properties of 
the trees were independently characterized in a small-scale wind tunnel 
(see Section 3.2).

Pollutant emissions were simulated by a linear ethane source, 65 cm 
long (𝐿𝑠), positioned at street level along the canyon axis (yellow line 
in Fig.  1). The source design ensured uniform lateral release (Marro 
et al., 2020).

Concentrations were measured using a Flame Ionization Detector 
(FID) with a constant sampling frequency of 1000 Hz. For each sam-
pling point, we fixed an acquisition time of 2 min which was assessed to 
provide a reliable estimate of the mean concentration. Moreover, before 
and after each acquisition, the background concentration was recorded 
by stopping the emission for 15 s (and leaving time for the transients 
to settle). The velocity field was characterized above the obstacles by 
two-component Hot-Wire Anemometry (HWA) at 4000 Hz with a 1-
minute acquisition time, and within the canyon by a three-component 
Laser Doppler Anemometer (LDA). The LDA was coupled with the FID 
3 
to resolve vertical turbulent mass fluxes inside the canyon and at the 
roof. Typical acquisition rates were 1500 Hz, with at least 250,000 
samples per point. LDA–FID synchronization and cross-correlation pro-
cedures followed the methodology of Marro et al. (2020). For each 
sampling point, the full measurement window was used to compute 
flow statistics, and convergence up to second-order moments was ver-
ified (see Fellini et al. (2022) and Del Ponte et al. (2024) for more 
details).

2.2. uDALES simulations

Numerical simulations were performed with uDALES, a multi-
physics micro-climate modeling framework specifically developed for 
studying the built environment at microscale resolution (Suter et al., 
2022; Owens et al., 2024). uDALES has been successfully validated 
against controlled laboratory experiments, including studies of pollu-
tant dispersion around tall-building clusters (Lim et al., 2022).

The code performs LES of the incompressible Navier–Stokes equa-
tion under the Boussinesq approximation. The turbulence is resolved 
up to the grid scale and the subgrid-scale (SGS) turbulence is modeled 
following Vreman (2004). The SGS eddy diffusivity for the passive 
scalar is computed from the SGS eddy viscosity through a constant 
turbulent Prandtl number, 𝑃𝑟𝑡 = 0.33, consistent with recommendations 
for neutral-flow LES (Deardorff, 1980; Dai et al., 2021). The effects of 
urban surfaces are modeled in terms of a novel conservative immersed 
boundary method (Owens et al., 2024). The building geometry is 
specified as a triangulated surface which consists of a list of triangular 
facets in terms of their three vertices in 3D Cartesian space. Wall 
functions are used to model surface fluxes (e.g., shear stress) which are 
then converted to appropriate source/sink terms to apply in the right 
hand side of the momentum equation (Owens et al., 2024).

uDALES is equipped with a ‘grey-scale’ tree model, capable of sim-
ulating tree drag, deposition, shading and evaporation (Grylls and van 
Reeuwijk, 2021). Trees are represented in the domain by volumetric 
cuboid blocks consisting of several computational grid cells. The com-
bined inertial and viscous losses due to the tree presence are modeled 
through a volumetric momentum sink term applied directly into the 
right-hand side of the governing equation at those grid cells which 
fall within the tree block. The momentum sink 𝐒𝐮 can be expressed 
as (Finnigan, 2000): 
𝐒𝐮 = −𝑎𝐶𝑉

𝑑 |𝐮|𝐮 , (1)

where 𝐶𝑉
𝑑  is the volumetric drag coefficient, 𝐮 is the local velocity, 

and 𝑎 is the one-sided leaf-area density. Here, the ‘‘one-sided’’ leaf-area 
density refers to the leaf area per unit canopy volume computed by 
considering only one side of each leaf (i.e., half of the total physical 
leaf area). This definition follows standard practice in canopy-flow 
modeling (Oke et al., 2017). Representative values for the parameters 
𝑎 and 𝐶𝑉

𝑑  account for the natural variability due to different tree 
species, sizes, ages and meteorological conditions (see Section 3.2 for 
the adopted values in this study).

uDALES simulation follows the experimental set-up and tree ar-
rangements exactly except the fact that the computational set-up di-
mensions in uDALES is full-scale (m scale), i.e. the dimensions are 
100 times larger than the experimental scale (cm scale); see Fig.  1. 
The computational domain size is 𝐿𝑥 × 𝐿𝑦 × 𝐿𝑧 = 1200 m × 360 m ×
110 m, and the number of grid points is 𝑁𝑥 × 𝑁𝑦 × 𝑁𝑧 = 2400 ×
720 × 220, resulting in a uniform 0.5 m resolution in all directions. 
Thus, along the 𝑧-direction, 20 grid points are resolved within the 
street canyon and 13 within the tree crown. The adopted resolution 
of 0.5 m is consistent with recommendations for obstacle-resolving 
LES (e.g., Xie and Castro, 2006) and comparable to recent uDALES 
studies of vegetated canyons (e.g., Grylls and van Reeuwijk, 2022). 
Importantly, this resolution was selected to provide sufficient detail 
at the street scale while accurately reproducing the boundary layer 
above the entire three-dimensional urban canopy, making it possible 
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Fig. 1. (a) Sketch of the urban canopy in the test section of the tunnel. The blocks delimiting the reference street canyon are colored gray. (b) Top view of 
the street canyon model for different tree density configurations: Zero, Half, Full, where the yellow line represents the pollutant source. (c) Sketch of the front 
view of the street. (d) Computational domain in uDALES. (e) Top and (f) front views of the street canyon (Half  configuration) in the computational domain. The 
coordinate system is shown in red.
to investigate potential secondary flows within the boundary layer. The 
good agreement with wind-tunnel data (see Section 4) further supports 
the suitability of this choice.

In order to solve the flow governing equations, periodic lateral 
boundary conditions are applied in both 𝑥 and 𝑦 directions, whereas 
a free-slip condition is used at the top of the computational domain. A 
no-slip condition is imposed at all building and street surfaces via wall 
functions. The use of periodic lateral boundaries for the velocity field in 
neutral ABL LES is standard and widely accepted in the literature (Stoll 
et al., 2020; Nazarian et al., 2020; Auvinen et al., 2020; Blunn et al., 
2022). Even though periodic boundaries prevent perturbations from 
exiting the domain, a statistically steady state is achieved as shear 
production is balanced by surface drag and SGS dissipation after the 
initial transient.

For the pollutant concentration, an inflow–outflow boundary condi-
tion is applied instead along the 𝑥-direction to prevent scalar accumu-
lation within the domain. This consists of a Dirichlet condition (𝑐 = 0) 
at the inlet and a convective outflow condition (𝜕𝑐∕𝜕𝑡 + 𝑢out 𝜕𝑐∕𝜕𝑥 = 0) 
at the outlet, where 𝑢out is the area-averaged outflow velocity along 𝑥. 
The scalar concentration evolves passively and does not influence the 
flow-field solution.

In the uDALES simulations, the wind is driven by a constant pressure 
gradient along 𝑥-direction, 
𝜕𝑃
𝜕𝑥

= −
𝜌𝑢2∗
𝐿𝑧

, (2)

where 𝜌 = 1.2 kg∕m3 is the air density and 𝑢∗ = 0.253 m∕s is the 
domain-averaged friction velocity. Formally, the denominator should 
be expressed as 𝑉𝑓∕(𝐿𝑥𝐿𝑦), where 𝑉𝑓  is the volume occupied by the 
fluid within the domain. However, for sufficiently small blockage ra-
tios, this approximation introduces negligible error and the use of 𝐿𝑧
remains valid. The pressure gradient is added as a body force to the 
streamwise momentum equation.

The flow simulation is advanced in time using an adaptive time-
stepping, limited by both the Courant–Friedrichs–Lewy criterion and 
4 
the diffusion number. The total simulation time corresponds to 346 
characteristic time scales, defined as 𝑇 = 𝐻∕𝑢∗, which represents the 
typical time for momentum to be transferred across the canyon height. 
Statistical averages were computed over the last half of the simulation 
(≈173𝑇 ). This averaging period is longer than those commonly used in 
similar studies (e.g., Xie and Castro, 2006) and was verified to yield 
stable mean and turbulent statistics throughout the canyon and the 
roughness sub-layer.

For the pollutant emission, uDALES uses a volumetric scalar source 
model. A line source is assumed to be at the same location on the 
ground within the canyon and of the same length as was in the 
experimental setup. We assume that the influence of this line source is 
seen by the surrounding grid points, following a Gaussian distribution 
around the line source, i.e. the scalar input is maximum on the given 
line source and its influence decreases exponentially as the distance 
between the grid points and the line source increases. In our numerical 
implementation the influence of the line source is seen only at the grid 
points that are within 3𝜎 [m] distance from the line source; 𝜎 [m] being 
the standard deviation. Thus, any grid point at a perpendicular distance 
of 𝑟 [m] from the line source gets influenced by the line source segment 
between −

√

9𝜎2 − 𝑟2 and 
√

9𝜎2 − 𝑟2. Denoting the strength of the line 
source as 𝑆 [

g m−1 s−1
]

, the rate of concentration 𝑐cell
[

g m−3 s−1
]

exerted at any grid point is given by,

𝑐cell = ∫

√

9𝜎2−𝑟2

−
√

9𝜎2−𝑟2

𝑆
𝛥𝑥𝛥𝑦𝛥𝑧

𝑒−
(

𝑟2+𝑙2
)

∕2𝜎2 d𝑙

= (2𝜋)1∕2 𝑆
𝛥𝑥𝛥𝑦𝛥𝑧

𝜎 𝑒−𝑟
2∕2𝜎2 erf

(
√

9𝜎2 − 𝑟2

2𝜎2

)

, (3)

where 𝛥𝑥 × 𝛥𝑦 × 𝛥𝑧
[

m3] is the volume of the grid cell, and erf( ⋅ )
indicates the Gaussian error function. The rate of total amount of scalar 
going into the computational domain 𝑄uDALES

𝑒𝑡 [g∕s] is given by,

𝑄uDALES =
∞ 𝜋

2 2𝜋 𝐿𝑠 𝑆 𝑒−𝑟
2∕2𝜎2 𝑟2 sin𝜙 d𝑙 d𝜃 d𝜙 d𝑟
𝑒𝑡 ∫0 ∫0 ∫0 ∫0 𝛥𝑥𝛥𝑦𝛥𝑧
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=
21∕2𝜋3∕2𝑆𝐿𝑠𝜎3

𝛥𝑥𝛥𝑦𝛥𝑧
. (4)

3. Aligning wind tunnel experiments with LES

3.1. Urban boundary layer

The interaction between the canyon and the overlying turbulent 
boundary layer plays a central role in determining flow and pollu-
tant exchange processes in the streets. Ensuring comparability be-
tween wind tunnel (WT) and LES therefore requires particular care in 
reproducing the boundary layer.

In the WT, the boundary layer developed over an idealized urban 
canopy composed of regularly spaced blocks, with Irwin spires at 
the inlet and metallic nuts on the rooftops enhancing surface rough-
ness (Irwin, 1981; Fellini et al., 2022). Measurements showed that the 
flow approached quasi-equilibrium near the reference canyon, with a 
boundary-layer thickness of 𝛿 ≈ 1.1 m (𝛿∕𝐻 ≈ 11), consistent with 
atmospheric conditions (Perret et al., 2019). The free-stream velocity 
was 𝑈∞ = 5 m∕s, yielding 𝑅𝑒𝐻 = 1.25 × 104. Above the roughness 
sublayer, a logarithmic inertial layer was observed; fitting this region 
gave a friction velocity 𝑢∗ = 0.29 m∕s, with displacement height 𝑑 =
0.094 m and roughness length 𝑧0 = 10−3 m. See Fellini et al. (2022) for 
more details.

In uDALES, the flow is generated using a prescribed pressure gra-
dient that drives the flow along the 𝑥-direction, as described in Sec-
tion 2.2. The periodic boundary conditions in both horizontal direc-
tions, the free-slip condition at the top of the domain, and the no-slip 
boundary condition at all solid surfaces lead to the formation of a 
fully developed boundary layer. In this setup, the domain average 
streamwise velocity, ⟨𝑢⟩𝑥𝑦 = (𝐿𝑥𝐿𝑦)−1 ∫

𝐿𝑦
0 ∫ 𝐿𝑥

0 𝑢d𝑥d𝑦, reaches a value 
of ⟨𝑢⟩𝑥𝑦|𝑧=𝐿𝑧

= 4.36 m∕s at the top of the domain, and ⟨𝑢⟩𝑥𝑦|𝑧=𝐻 = 𝑈𝐻 =
0.692 m∕s at the building height. To ensure consistency with the WT, 
the local 𝑢∗ was obtained from the Reynolds shear stress profile in the 
inertial sublayer, giving 𝑢∗ = 0.24 m∕s.

These differences in boundary-layer formation underline that WT 
and LES inevitably differ in scale and turbulence-generation mecha-
nisms: the WT produces a developing boundary layer, whereas LES 
yields a fully developed one. Consequently, scaling with 𝑈∞, as com-
monly done in experimental and numerical studies (e.g., Allegrini et al., 
2013; Peng et al., 2020; Fellini et al., 2022), is not appropriate here, 
since 𝑈∞ does not exist in a fully developed boundary layer. More 
importantly, accurately scaling turbulence is essential for capturing 
flow dynamics within the canyon. In shear layers (and in the absence of 
buoyancy), turbulence is typically proportional to the friction velocity 
𝑢∗ (Pope, 2000), which therefore serves as the appropriate reference 
velocity for our comparison. However, for this scaling to be valid, 
the canyon flow in both the experiment and simulation must be in 
a Reynolds number–independent regime. This condition is met when 
𝑅𝑒𝐻 = 𝑈𝐻𝐻∕𝜈 > 103 (Shu et al., 2020), where 𝑈𝐻  is the characteristic 
velocity at roof height (𝐻), and 𝜈 the kinematic viscosity of air. This 
condition is satisfied in the here presented wind tunnel experiments. 
The LES is independent of Reynolds number by definition as neither the 
turbulence model nor the wall-functions rely on the molecular viscosity 
of the fluid.

Fig.  2 compares vertical profiles of mean and turbulent quantities 
in the inertial sublayer from uDALES (lines) and WT data (symbols). 
Experimental profiles were sampled at four horizontal locations within 
a geometrically periodic unit, defined as the smallest repeating ele-
ment of the building array (gray area in the inset in Fig.  2.a). This 
unit consists of one square building together with the characteristic 
street widths that separate it from its neighbors: 𝐻∕𝑊 = 1 in the 
streamwise (parallel-to-wind) direction and 𝐻∕𝑊 = 0.5 in the spanwise 
(perpendicular-to-wind) direction. Sampling within this unit captures 
the flow variability associated with the two canyon orientations. LES 
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results were averaged over the corresponding area of the computational 
domain.

The mean velocity profile (Fig.  2.a), normalized by 𝑢∗, shows a loga-
rithmic region above the canopy (𝑧∕𝐻 > 2) in both datasets, indicating 
a well-developed inertial layer. The Reynolds shear stress 𝑢′𝑤′∕𝑢2∗ (Fig. 
2.b) forms the expected plateau in LES, while WT values show greater 
scatter, partly due to the known 10%–20% underestimation of hot-
wire anemometry (HWA). For this reason, 𝑢∗ from WT data was not 
derived from the Reynolds stress, but instead obtained by fitting the 
mean velocity profile to the logarithmic law, as described earlier.

Standard deviations of velocity components (Fig.  2.c) reveal that 
LES slightly overestimates 𝜎𝑢 and underestimates 𝜎𝑣 and 𝜎𝑤, yet cap-
tures the overall turbulence trends. The resulting turbulent kinetic 
energy, defined as 𝑘 = (𝜎2𝑢 + 𝜎2𝑣 + 𝜎2𝑤)∕2, profiles (Fig.  2.d) are in 
reasonable agreement, though LES slightly underestimates 𝑘 near the 
rooftop (𝑧∕𝐻 ≈ 1), implying reduced turbulence levels within the 
canyon compared to WT.

Slight discrepancies in the velocity standard deviations and in 𝑘 near 
the rooftop height (𝑧∕𝐻 ≈ 1) can be explained by several factors. First, 
underestimation of 𝑘 and fluctuation intensities in the near-wall region 
is a well-known limitation of LES, consistently reported in previous 
studies (Nakajima et al., 2018; Ikegaya et al., 2019; Wang et al., 2021), 
and generally attributed to grid resolution constraints, the absence of 
turbulent inflow, and the difficulty of resolving wall-generated turbu-
lence in complex geometries (see also Section 4.3). Second, in the wind 
tunnel, additional roughness was introduced by metallic nuts placed on 
building rooftops to promote boundary-layer development (Salizzoni 
et al., 2008). This treatment likely enhanced turbulence locally around 
𝑧∕𝐻 ≈ 1, contributing to the higher 𝑘 observed experimentally. Third, 
differences in boundary-layer development may also play a role: while 
the WT layer was slowly evolving in the streamwise direction, the use 
of periodic boundaries in uDALES enforced a statistically stationary 
state and provided greater averaging convergence. These contrasting 
conditions further explain the discrepancies between the two datasets.

Accurate representation of turbulence is crucial for correctly captur-
ing pollutant dispersion processes (Jiao and Takemi, 2024, 2025). Later 
in Section 4, we will discuss how the observed underestimation of tur-
bulent kinetic energy affects the 𝑘 inside the canyon, the canyon-scale 
concentration fields, and the overall ventilation efficiency.

3.2. Tree drag

The reduced-scale model trees used in the wind tunnel experiments 
were characterized by estimating their drag coefficient (𝐶𝑑) and aero-
dynamic porosity (𝛼𝐿), following the approach of Manickathan et al. 
(2018). The classical drag coefficient was defined as 

𝐶𝑑 =
2𝐹𝑑

𝜌𝑎𝑈2
ref𝐴𝑓

, (5)

where 𝐹𝑑 is the bulk drag force measured on a single tree, 𝜌𝑎 the air 
density, 𝑈ref  the upstream reference velocity, and 𝐴𝑓  the projected 
frontal area. The force was measured in a closed-circuit wind tunnel 
with a 30 × 30 cm test section using a load cell, while 𝑈ref  was obtained 
from a Pitot tube (Fellini et al., 2022). The frontal area was extracted 
from tree images processed into binary masks and refined using the 
alpha-shape method (Zhu et al., 2021). This yielded 𝐴𝑓 = 0.0021 m2.

In Fig.  3.b the experimental drag coefficient is shown as a function 
of the tree Reynolds number (𝑅𝑒𝑇 = 𝑈ref𝐻𝑇 ∕𝜈, where 𝐻𝑇  is the tree 
height), for four different faces of a single model tree, obtained by 
rotating the tree’s vertical axis in 90◦ intervals. Except for the values 
at low speeds (where the experimental uncertainty is large), the drag 
coefficient rapidly converges to 1.07.

The aerodynamic porosity 𝛼𝐿 (Guan et al., 2003) was estimated as 

𝛼𝐿 =
∬𝐴𝑓

𝑢(𝐿𝐶 , 𝑦, 𝑧)d𝑦d𝑧

∬ 𝑈 d𝑦d𝑧
, (6)
𝐴𝑓 ref
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Fig. 2. Vertical profiles of turbulent quantities: (a) mean streamwise velocity 𝑢∕𝑢∗, (b) Reynolds shear stress −𝑢′𝑤′∕𝑢2∗, (c) turbulent kinetic energy 𝑘∕𝑢2∗, and (d) 
standard deviations of velocity components 𝜎𝑢∕𝑢∗ (black), 𝜎𝑣∕𝑢∗ (blue), 𝜎𝑤∕𝑢∗ (red). Markers represent wind tunnel measurements at four (𝑥, 𝑦) positions within a 
spatially periodic unit (see the gray area in the inset in panel a). Black lines denote uDALES profiles averaged over the same horizontal locations. The horizontal 
dashed line indicates the canyon height 𝐻 .
Fig. 3. (a) Numerical setup for estimating the bulk drag coefficient. (b) Drag coefficient as a function of 𝑅𝑒𝑇  for different leaf area density (and drag lengths). 
The experimental 𝐶𝑑 was measured for four different alignments (reported by different markers) of a single model tree, obtained by rotating the vertical axis of 
the tree at 90◦ intervals. Numerical simulations were performed keeping 𝐶𝑉

𝑑 = 0.2 as a constant.
where 𝑢(𝐿𝐶 , 𝑦, 𝑧) is the time-averaged velocity measured downstream of 
the tree (𝑥 = 𝐿𝐶 ). This parameter quantifies the fraction of airflow pass-
ing through the tree crown relative to the airflow diverted around it. 
Velocity measurements were performed on a dense grid behind the tree, 
and spatial interpolation was used to properly estimate 𝑢(𝐿𝐶 , 𝑦, 𝑧). The 
aerodynamic porosity for a single tree was found to be approximately 
0.26.

As mentioned in Section 2.2, the drag exerted by trees is modeled 
in uDALES as a volumetric sink term parameterized using 𝑎 and 𝐶𝑉

𝑑
(Eq. (1)). Note that the volumetric drag coefficient 𝐶𝑉

𝑑  used in the 
numerical simulation is different from the classical drag coefficient 𝐶𝑑
measured from wind tunnel experiment using Eq. (5), and it is not 
straightforward to map one onto the other. Majumdar et al. (2025) 
recently developed an analytical model linking the parameters typically 
used in wind tunnel experiments (𝐶 , 𝛼 ) with those adopted in CFD 
𝑑 𝐿
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simulations (𝑎, 𝐶𝑉
𝑑 ). They identified the drag length, 𝓁𝑑 = (𝑎𝐶𝑉

𝑑 )−1, as 
the key metric to characterize local tree drag, and derived the following 
relation between 𝓁𝑑 and aerodynamic porosity: 

𝓁𝑑

⎡

⎢

⎢

⎣

1.27 + 0.55

(

𝑊𝐶𝐻𝐶

𝓁2
𝑑

)0.33
⎤

⎥

⎥

⎦

= −
2𝐿𝐶

ln(𝛼2𝐿)
(7)

where, as a reminder, 𝑊𝐶 and 𝐻𝐶 are the width and height of the 
tree crown. Applying this formulation to the model trees used here 
(𝐿𝐶 = 𝑊𝐶 = 4.5 cm, 𝐻𝐶 = 6.5 cm, 𝛼𝐿 = 0.26) gives 𝓁𝑑 = 1.2 cm. 
For the full-scale uDALES simulations, the 𝓁𝑑 must be scaled according 
to geometric scaling (Majumdar et al., 2025), hence for the simulations 
𝓁𝑑 = 1.2 m. With 𝐶𝑉

𝑑 = 0.2 (Buccolieri et al., 2018), this implies a leaf 
area density 𝑎 = (𝓁𝑑𝐶𝑉

𝑑 )−1 = 4.14 m2∕m3. As pointed out in Majumdar 
et al. (2025), the full-scale 𝓁  of the model trees used in experiments is 
𝑑



S. Fellini et al. Atmospheric Environment 367 (2026) 121748 
significantly lower than values reported in field studies (they estimate 
10 < 𝓁𝑑 < 34 m), which may lead to an overestimation of the drag 
effect imposed by trees.

To validate the proposed approach for matching tree drag in
uDALES, we performed a dedicated simulation replicating the small 
wind tunnel setup where a single model tree was characterized
(Fig.  3.a). According to the methodology described above, the tree was 
represented as a cuboid with properties 𝐶𝑉

𝑑 = 0.2 and 𝑎 = 4.136 m2∕m3. 
The total drag force 𝐹𝑑 exerted on the tree was obtained by integrating 
the momentum sink term 𝑆𝑢 (Eq. (1)) over the tree volume: 

𝐹𝑑 = 𝜌𝑎 ∫𝑉
𝑆𝑢 d𝑉 , (8)

and converted into a bulk drag coefficient, 

𝐶𝑑 =
2𝐹𝑑

𝜌𝑎𝑈2
ref𝐴f

=
2 ∫𝑉 𝑆𝑢 d𝑉
𝑈2
ref𝐴f

. (9)

The simulation yielded 𝐶𝑑 = 1.09, in excellent agreement with the ex-
perimental value of 1.07 (Fig.  3b). The aerodynamic porosity computed 
from the simulated velocity field (𝛼𝐿 = 0.28) also closely matched the 
measured value (0.26). As expected, no Reynolds-number dependence 
was observed in uDALES, since the canopy model does not rely on 
molecular viscosity. These results confirm that the drag length is the 
key parameter for reproducing tree drag in LES.

For the uDALES simulations, the experimentally derived 𝓁𝑑 = 1.2
m was taken as the reference case. To explore sensitivity and to 
represent more realistic vegetation properties, two additional values 
were considered: 𝓁𝑑 = 4.9 m and 𝓁𝑑 = 10.2 m. These values, are more 
consistent with the range reported in field studies (10–30 m, Majumdar 
et al. (2025)), and correspond to weaker aerodynamic resistance. As 
discussed later, these reduced-drag cases improved the match with 
wind-tunnel concentration patterns, highlighting the strong sensitivity 
of canyon ventilation to vegetation drag.

4. Wind-tunnel – LES comparison

This section presents a systematic comparison between wind tunnel 
experiments and uDALES simulations for different canyon configura-
tions, with and without vegetation. The goals are (i) to evaluate the 
ability of uDALES to reproduce experimentally observed flow and dis-
persion patterns, and (ii) to investigate how vegetation drag influences 
mean flow structures, turbulence, scalar concentrations, and ventilation 
efficiency.

Table  1 summarizes the analyzed cases. Three experimental setups 
with increasing tree density were reproduced in LES, each identified by 
a label (Id) encoding the setup type (E for experiment, S for simulation), 
the vegetation density — z (zero), h (half), or f  (full) — and the drag 
length 𝓁𝑑 , rounded to the nearest meter (1, 5, or 10). For clarity, the 
discussion mainly focuses on the zero and full cases, which represent 
the two extreme vegetation scenarios. The mean fields analyzed in the 
following sections represent time-averaged values, obtained at each 
grid point (numerical) or measurement location (experimental), using 
the averaging periods described in Sections 2.1 and 2.2.

4.1. Vertical profiles of mean flow and turbulent kinetic energy inside the 
canyon

Fig.  4 presents vertical profiles of key flow quantities simulated in 
uDALES, spanwise-averaged (𝑦) and extracted at the canyon centerline 
(𝑥∕𝐻 = 1). Results are shown for the empty canyon (Sz, in orange) and 
for the densely vegetated cases (Sf 1, Sf 5, Sf 10, in blue). The LES results 
are compared with wind tunnel measurements for the corresponding 
configurations (Ez, Ef ).

Panel (a) shows the mean streamwise velocity (𝑢), which displays 
the characteristic S-shape, with positive peaks near rooftop height and 
negative values in the lower canyon. Vegetation mainly affects the 
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Table 1
Summary of experimental and numerical configurations for the three canyon 
setups: an empty canyon (zero-z), a sparsely vegetated canyon (half-h), and a 
densely vegetated canyon (full-f ). The Id encodes the Experiment or Simulation 
type (E/S), the canyon configuration (z/h/f ), and an integer indicating the 
drag length in meters. In the experiment, each plastic tree has dimensions 
𝐻𝑇 = 8.5 cm, 𝑊𝐶 = 𝐿𝐶 = 4.5 cm, and 𝐻𝐶 = 6.5 cm. In the simulations, each 
tree is modeled as a cuboid with 𝑊𝐶 = 𝐿𝐶 = 4.5 m and 𝐻𝐶 = 6.5 m, with the 
base starting 2 m above ground level.
 Setup Id Type N◦ 𝓁𝑑 𝐶𝑣

𝑑 𝑎 𝐶𝑑 𝛼𝐿  
 trees [m] [m2∕m3]  
 Empty
zero (z)

Ez Exp 0 – – – – –  
 Sz Sim 0 – – – – –  
 Sparsely 
vegetated
half  (h)

Eh Exp 14 1.2 × 10−2 – – 1.07 0.26 
 Sh1 Sim 14 1.2 0.2 4.14 1.09 0.28 
 Sh5 Sim 14 4.9 0.2 1.02 0.87 0.53 
 Sh10 Sim 14 10.2 0.2 0.49 0.63 0.74 
 Densely 
vegetated
full (f )

Ef Exp 28 1.2 × 10−2 – – 1.07 0.26 
 Sf 1 Sim 28 1.2 0.2 4.14 1.09 0.28 
 Sf 5 Sim 28 4.9 0.2 1.02 0.87 0.53 
 Sf 10 Sim 28 10.2 0.2 0.49 0.63 0.74 

lower part of the canyon, where tree drag slows down the recirculating 
flow.

Panel (b) reports the mean vertical velocity (𝑤). As expected, values 
are close to zero at the canyon center, reflecting the symmetry of the 
recirculation cell. A slightly positive vertical velocity is observed in the 
vegetated canyon, suggesting a mild asymmetry in the position of the 
recirculation cell. Differences among the three drag cases are minor.

Fig.  4.c presents the turbulent kinetic energy (𝑘) profiles. In all con-
figurations, 𝑘 peaks in the rooftop shear layer and decreases sharply to-
ward the canyon bottom. LES underestimates 𝑘 in the canyon core: the 
reduction is about 30% in the empty case, and ranges from 20% to 40% 
in the vegetated canyon, depending on the applied drag length. This 
behavior is consistent with the boundary-layer results (Section 3.1): 
turbulence, already underestimated at 𝑧∕𝐻 ≈ 1, is further damped 
within the canyon. This stronger underestimation inside the canyon 
compared to the overlying boundary layer arises from the increased 
flow complexity within the canyon, including interacting shear layers 
and wall effects in the experiments, which are more difficult to fully re-
solve in LES. Systematic underprediction of turbulence in the roughness 
and canopy sublayer is well documented (Xie et al., 2004; Lim et al., 
2009), typically attributed to limited resolution in high-shear regions, 
reduced lateral fluctuation levels, and wall models tuned to reproduce 
mean drag rather than turbulence intensities. Recent studies also indi-
cate that mismatches in shear levels between LES and experiments can 
alter turbulence production and further contribute to 𝑘 underestimation 
within the canopy layer (Teng et al., 2025; Mishra et al., 2025). Among 
the vegetated cases (blue lines in Fig.  4.c), the lowest drag (𝓁𝑑 =
10) provides the closest agreement, as weaker tree-induced damping 
partially compensates for the general LES underestimation of 𝑘.

4.2. Spatial structure of the mean velocity field

Fig.  5 shows the mean streamwise velocity (𝑢) along the canyon 
mid-plane (𝑥∕𝐻 = 1). Both wind tunnel data (a1, b1) and LES (a2–b4) 
capture the canonical recirculation cell, with positive velocities near 
rooftop and negative values near the ground. LES generally produces 
a thinner rooftop shear layer than the experiments, consistent with the 
reduced streamwise velocity at 𝑧∕𝐻 = 1 seen in Fig.  2.a.

In the empty canyon, LES (Fig.  5.a2) reproduces the lateral vari-
ability observed in the wind tunnel (a1), with undulations along the 
canyon axis of wavelength ∼4𝐻 . The position of velocity minima differs 
slightly between WT (𝑦∕𝐻 ≈ −1.5, 2) and LES (𝑦∕𝐻 ≈ −3, 1), indicating 
a lateral shift in the recirculation pattern. These lateral undulations are 
intrinsic to the canyon flow and are not expected to result from the 
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Fig. 4. Vertical profiles averaged over 𝑥 and 𝑦 of (a) mean horizontal velocity (𝑢), (b) mean vertical velocity (𝑤), and (c) turbulent kinetic energy (𝑘) obtained 
in uDALES within the urban canyon. Orange refers to the empty canyon (zero) while blue refers to the densely vegetated one (full). Different markers and line 
styles correspond to different drag coefficients for the modeled trees. Circles denote the experimental point measurements taken at 𝑥∕𝐻 = 1 and averaged along 
y. The green background in the graphs highlights the region occupied by tree crowns.
canyon being laterally closed, as previous work has shown that closed 
and effectively infinitely long canyons produce the same patterns in 
scalar fields (see Section 2.1). They also do not appear to depend on 
the lateral boundary conditions, as similar undulations are observed in 
both the wind tunnel (solid walls) and the LES (periodic boundaries), 
with a characteristic wavelength different from the domain width.

When vegetation is introduced (full configuration), the lateral vari-
ability is modulated by the tree spacing, as observed in both the wind 
tunnel (b1) and the LES (b2–b4). Increasing tree drag (low 𝓁𝑑 , b4) 
makes the undulations align with the tree positions (dashed lines), 
while for weaker drag (high 𝓁𝑑 , b2) the velocity field reflects two 
dominant scales: the canyon width and the tree spacing. This dual-scale 
interaction is also visible in the experiments, where neither scale fully 
dominates the flow pattern.

Fig.  6 shows the mean vertical velocity field (𝑤). In the empty 
canyon, both WT (a1) and LES (a2) reveal a periodic structure with 
wavelength ≈4H, consisting of alternating updraft and downdraft re-
gions along the canyon axis. These updrafts coincide with zones where 
the shear layer at the canyon top thins, reflecting the continuity con-
straint: reduced streamwise velocity is compensated by upward motion 
to conserve mass.

When vegetation is introduced (full case, Fig.  6.b1–b4), the verti-
cal velocity field becomes more homogeneous along the canyon axis, 
and the contrast between updraft and downdraft regions is reduced. 
Nevertheless, localized updrafts are still visible in both WT and LES. 
As the tree drag increases, the spacing between these updrafts becomes 
narrower and more regular, following the periodicity imposed by the 
tree arrangement. This trend is clearest in the high-drag case (b4), 
where vertical updrafts predominantly occur between the tree crowns 
above the canopy, while beneath the canopy, localized updrafts emerge 
directly beneath the tree locations. This apparent inversion — where 
vertical velocities increase at the tree positions rather than in the gaps 
— can be explained by the redistribution of momentum within the 
canopy layer. The high drag exerted by tree crowns significantly slows 
down the horizontal flow beneath the crowns (see 𝑢 pattern in Fig. 
5.b4), inducing local pressure build-up. This pressure gradient redirects 
part of the horizontal momentum into vertical motion, generating 
localized updrafts beneath the trees.

The streamlines in Fig.  7, obtained from uDALES simulations, com-
plement the velocity fields shown in Figs.  5 and 6 by providing an 
integrated view of canyon-scale circulation. Streamlines were initial-
ized at street level along the canyon centerline (yellow dots), allowing 
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comparison between the empty canyon (Sz, panels a1–a3) and the 
densely vegetated case (Sf 1, panels b1–b3).

In the empty canyon, a well-defined recirculation cell develops, 
organized along the canyon axis. Velocities peak near rooftop height, 
and air exits predominantly through three regions: one central and 
two at the lateral edges. Together with Figs.  5–6, these streamlines 
suggest that the flow field is structured into laterally converging and 
diverging recirculation cells, each of size of approximately 2H along 
both the 𝑥- and 𝑦-axes. The arrows in panel a2 indicate regions of lateral 
convergence and outflow, helping to visualize the organization of the 
recirculating cells.

In the full configuration, vegetation profoundly reshapes the flow. 
At street level (Fig.  7.b3), the flow is confined by the trees toward 
the central region of the canyon, with air reaching the upwind wall 
only through the gaps between trunks. Velocity magnitudes are strongly 
reduced compared to the empty canyon. The recirculating pattern, 
which in the tree-free case already consists of laterally converging and 
diverging cells, becomes further disrupted and segmented by the tree 
drag. Vegetation thus superimposes secondary spatial scales on the 
canyon circulation, reducing its coherence and altering the pathways 
through which ventilation occurs.

In addition to the in-canyon flow features, uDALES simulations also 
reveal spanwise variations in the boundary layer above the rooftops. 
Fig.  8 illustrates spanwise modulations of the mean streamwise velocity 
on a vertical plane at the canyon centerline (𝑥∕𝐻 = 1). Velocity profiles 
are extracted along horizontal lines at different heights (𝑧∕𝐻 = 0.5, 1, 
1.5, 2, 2.5, and 3). For clarity, only two configurations are shown: Sz
and Sf 1.

Spanwise heterogeneity in rough-wall boundary layers has been 
widely documented in the literature (e.g., Perret and Savory, 2013; 
Perret et al., 2019; Reynolds and Castro, 2008; Vanderwel and Ganap-
athisubramani, 2015), beginning with Reynolds et al. (2007), who first 
identified secondary flows with characteristic wavelengths related to 
canopy geometry within the inertial sublayer.

Consistent with these studies, Fig.  8 shows spanwise periodicity 
governed by a length scale of about 6H, with velocity fluctuation 
amplitude decreasing with height. In the empty canyon (Fig.  8.a), these 
spanwise structures in the lower boundary layer couple with the canyon 
flow, producing internal spanwise variations with a wavelength of 
approximately 4H, reflecting the coupling between the overlying flow 
and the canyon geometry.
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Fig. 5. Two-dimensional sections of mean horizontal velocity (𝑢) on the vertical plane at canyon centerline (𝑥∕𝐻 = 1). Wind Tunnel Experiment: (a1) empty 
canyon (zero - Ez), (b1) densely vegetated canyon (full - Ef ); circles indicate measurement points. uDALES Simulations: (a2) empty canyon (zero - Sz); (b2–b4) 
densely vegetated canyon (full - Sf ) with decreasing 𝓁𝑑 (increasing 𝐶𝑑). Bottom-left sketch: location of the section plane.

Fig. 6. Two-dimensional sections of mean vertical velocity (𝑤) on the vertical plane at canyon centerline (𝑥∕𝐻 = 1). Wind Tunnel Experiment: (a1) empty canyon 
(zero - Ez), (b1) densely vegetated canyon (full - Ef ); circles indicate measurement points. uDALES Simulations: (a2) empty canyon (zero - Sz); (b2–b4) densely 
vegetated canyon (full - Sf ) with decreasing 𝓁𝑑 (increasing 𝐶𝑑). Bottom-left sketch: location of the section plane.
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S. Fellini et al.

Fig. 7. uDALES simulations for the empty canyon (zero, Sz, left) and the densely vegetated canyon (full) with high tree drag (Sf 1, right). (a1–b1) Streamlines 
of the velocity field, colored by velocity magnitude. (a2–b2) Top view of the streamlines, with arrows indicating regions of lateral convergence and outflow. 
(a3–b3) Streamlines in the core of the canyon. (a4–b4) Time-averaged pollutant concentration on the vertical plane at 𝑦∕𝐻 = 1.

Fig. 8. Spanwise profiles of mean streamwise velocity 𝑢∕𝑢∗ at different heights (𝑧∕𝐻 = 0.5, 1, 1.5, 2, 2.5, 3) along a vertical plane at the canyon centerline 
(𝑥∕𝐻 = 1). Panel (a) shows the empty canyon configuration (Sz), while panel (b) corresponds to the densely vegetated case (Sf 1), with maximum vegetation 
drag. The characteristic wavelengths of the spanwise velocity variations are indicated: about 6H above the canopy, 4H inside the empty canyon, and 3∕4H inside 
the vegetated canyon.
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Fig. 9. Two-dimensional sections of turbulent kinetic energy (𝑘) on the vertical plane at canyon centerline (𝑥∕𝐻 = 1). Wind Tunnel Experiment: (a1) empty 
canyon (zero - Ez), (b1) densely vegetated canyon (full - Ef ); circles indicate measurement points. uDALES Simulations: (a2) empty canyon (zero - Sz); (b2–b4) 
densely vegetated canyon (full - Sf ) with decreasing 𝓁𝑑 (increasing 𝐶𝑑). Bottom-left sketch: location of the section plane.
In the densely vegetated canyon (Fig.  8.b), the amplitude of span-
wise fluctuations is markedly reduced. Vegetation thus damps large-
scale spanwise structures while introducing additional periodicity with 
a shorter wavelength of ∼3∕4H, comparable to the tree spacing, further 
modifying the three-dimensional flow within the canyon.

4.3. Turbulent kinetic energy inside the canyon

To conclude the analysis of the flow field within the canyon, Fig. 
9 presents the turbulent kinetic energy (𝑘) in the central spanwise–
vertical plane of the canyon. In all configurations, 𝑘 reaches signif-
icantly higher values in the shear layer at rooftop height (𝑧 = 𝐻) 
compared to the canyon interior: approximately twice as large in the 
empty canyon and up to five times greater in the densely vegetated 
case.

In the absence of trees (left panels), turbulence generated in the 
shear layer penetrates into the canyon, as expected for a wake-
interference regime (Oke, 1988), typically associated with aspect ratios 
𝑊 ∕𝐻 > 1.5. In contrast, the flow in the vegetated canyon behaves 
more like a skimming-flow regime (Oke, 1988), with a partial de-
coupling between the turbulent eddies above and those inside the 
canyon (Salizzoni et al., 2011; Marucci and Carpentieri, 2019; Fellini 
et al., 2020).

Consistently with the boundary-layer analysis (Fig.  2) and the re-
sults shown in Fig.  4, LES underestimates 𝑘 at rooftop height (𝑧∕𝐻 ≈ 1); 
combined with the challenges of resolving wall-generated turbulence 
inside the canyon, this leads to weaker turbulence levels compared 
to the experiments. Averaging 𝑘 over the cross-sections shown in 
Fig.  9 confirms this tendency: LES underestimates 𝑘 by about 38% 
in the empty canyon, and by 40%–57% in the vegetated cases, with 
the discrepancy increasing as tree drag strengthens. Within the veg-
etated canyon, increasing drag produces a clear fingerprint in the 𝑘
11 
field, characterized by spatially heterogeneous damping of turbulence 
throughout the volume. Among the tested drag scenarios, the lowest 
drag length (𝓁𝑑 = 10 m) yields the closest match with wind tunnel 
measurements, as the weaker damping partly compensates for the 
general underestimation of turbulent kinetic energy by LES.

4.4. Spatial distribution of pollutant concentrations

Figs.  10 and 11 compare mean pollutant concentration fields on 
vertical cross-sections at different streamwise locations (𝑥∕𝐻) within 
the canyon. Concentrations are expressed in nondimensional form as 

𝑐∗ =
𝑐𝑢∗𝑊𝐿
𝑄𝑒𝑡

, (10)

where 𝑢∗ is the friction velocity of the approaching boundary layer, 
𝑊  and 𝐿 are the width and length of the canyon, and 𝑄𝑒𝑡 is the 
ethane mass flow rate [g/s]. This non-dimensionalization is derived 
from the pollutant mass balance over the canyon control volume (see 
the Appendix for details). In this framework, the average canyon con-
centration scales as 𝑄𝑒𝑡∕(𝑢𝑑 𝑊 𝐿), where 𝑢𝑑 is a bulk vertical exchange 
velocity at roof level (see Section 4.6). Since 𝑢𝑑 is driven by turbulent 
transport near the canyon top, it is natural to scale it — and thus 
concentration — with the friction velocity 𝑢∗, which characterizes the 
momentum and turbulence input from the boundary layer. As discussed 
in Section 3.1, 𝑢∗ provides a more robust scaling than the free-stream 
velocity 𝑈∞, especially in a fully developed boundary layer such as 
in LES, where 𝑈∞ is not well defined. Using 𝑢∗ as the velocity scale 
therefore ensures consistency between the two setups and captures the 
dominant physical mechanisms driving pollutant transport.

Fig.  10 compares the experimental data (left panels, configuration 
Ez) and uDALES simulations (right panels, Sz) for the empty canyon. 
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Fig. 10. Mean normalized concentration fields (𝑐∗) on vertical cross-sections at various streamwise positions (𝑥∕𝐻) within the empty canyon (zero) configuration. 
Left: wind tunnel measurements (Ez) with circles representing the measuring points; right: uDALES simulations (Sz).
Each row corresponds to a vertical 𝑦–𝑧 cross-section at a given stream-
wise location, from the upwind wall (𝑥∕𝐻 = 0.1) to the downwind wall 
(𝑥∕𝐻 = 1.9).

Both datasets display the characteristic pattern of street canyons 
with perpendicular wind and a central line source (e.g., Fellini et al., 
2020; Bazdidi-Tehrani et al., 2023): concentrations are lowest near the 
downwind wall, where clean air entrains from above, and increase 
toward the upwind wall due to accumulation. This streamwise gradient 
is also evident in panel a4 of Fig.  7, which shows a vertical cross-section 
aligned with the wind direction at 𝑦∕𝐻 = 0.

The influence of the finite source extent along 𝑦 is also clear: for 
|𝑦∕𝐻| > 3.25 concentrations drop sharply outside the emission zone, 
while within it they remain fairly homogeneous. Finally, LES capture 
the sharp near-ground concentration peak (𝑧 → 0), directly linked to 
the source location. This region, corresponding to pedestrian level, is 
difficult to resolve in wind-tunnel experiments—highlighting the added 
value of LES in quantifying near-wall pollutant transport in complex 
geometries.

Fig.  11 presents the concentration fields for the densely vegetated 
canyon. As with the velocity analysis, experimental results (Ef, left 
column) are compared with uDALES simulations for three vegetation 
drag lengths: Sf 10, Sf 5, and Sf 1. Vertical dashed lines mark the 
positions of the tree trunks along the 𝑦-axis. In the experimental data, 
the concentration field exhibits two nearly symmetric accumulation 
zones (located at |𝑦∕𝐻| ≈ 2) and a clear low-concentration region 
around the canyon center (𝑦∕𝐻 ≈ 0) (Fellini et al., 2022; Del Ponte 
et al., 2024). Here, the average concentration is approximately half 
that measured in the accumulation zones. This pattern persists across 
all 𝑥∕𝐻 locations, suggesting that it arises from the overall impact of 
vegetation on canyon-scale recirculation rather than from the exact 
placement of individual trees.

Compared to the empty canyon (Fig.  10), the vegetated config-
uration exhibits a steeper concentration gradient along the 𝑥-axis: 
12 
pollutant levels increase near the upwind wall, while remaining nearly 
unchanged at the downwind wall. This behavior is consistent with 
previous findings (e.g., Gromke et al., 2008; Buccolieri et al., 2009), 
which reported enhanced accumulation near the upwind wall due to 
vegetation-induced flow modifications.

The LES reproduce these overall trends, but the degree of spanwise 
heterogeneity depends strongly on the drag parameterization. In the 
low-drag case (Sf 10), the concentration field is relatively smooth, sim-
ilar to the empty canyon. With intermediate drag (Sf 5), accumulation 
zones appear more distinct, although still less sharply than in the ex-
periments. With high drag (Sf 1), strong spanwise modulation emerges, 
with alternating high- and low-concentration bands aligned with the 
tree positions. Since these features are absent in the experimental data, 
this suggests that Sf 1 overestimates the tree drag, producing excessive 
confinement and artificial compartmentalization of the scalar field.

The comparison between panels a4 and b4 of Fig.  7 confirms the 
different spatial distribution of pollutants in the vegetated canyon 
(Sf 1) with respect to the empty one (Sz), with a clear confinement 
of the pollutant near the upwind wall and a noticeable decrease in 
concentration toward the downwind wall.

4.5. Vertical scalar fluxes across the canyon roof

Figs.  12 and 13 show the vertical pollutant fluxes at rooftop level 
(𝑧∕𝐻 = 1), separating the mean contribution 𝑤𝑐 from the turbulent 
term 𝑤′𝑐′. Analyzing these fluxes is essential to understand the vertical 
exchange between the street canyon and the overlying boundary layer. 
Minor numerical oscillations visible in the LES fields (Figs.  12 and 13) 
are artifacts of the central-difference discretization scheme.

In the non-vegetated canyon, experiments (Fig.  12.a1) show the 
expected pattern: negative fluxes near the downwind wall, where clean 
air enters, and positive fluxes near the upwind wall, where polluted 
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Fig. 11. Mean normalized concentration fields (𝑐∗) on vertical cross-sections at various streamwise positions (𝑥∕𝐻) within the densely vegetated (full) canyon. 
Left: wind tunnel experiment (Ef ), with circles indicating the measurement points. Right three columns: uDALES simulations with increasing vegetation drag, 
from 𝓁𝑑 = 10.2 (Sf 10), to 𝓁𝑑 = 4.9 (Sf 5), and 𝓁𝑑 = 1−2 (Sf 1). Vertical dashed lines denote the positions of trees along the spanwise direction (𝑦-axis).
air is expelled. uDALES (Fig.  12.a2) reproduces both magnitude and 
spatial distribution, and further resolves near-wall regions of intensi-
fied exchange. Weak spanwise oscillations, consistent with the vertical 
velocity field (Fig.  6), are captured in both setups.

In the vegetated canyon, 𝑤𝑐 becomes strongly modulated along 
𝑦. Experiments (Fig.  12.b1) display alternating zones of upward and 
downward fluxes, linked to tree spacing. LES reproduces this footprint, 
though with increasing fragmentation as vegetation drag increases: 
from Sf 10 to Sf 1, upward fluxes are progressively confined to the inter-
tree gaps, while tree locations act as barriers. This spatial fragmentation 
reflects the influence of trees on scalar exchange and suggests that 
vegetation not only modifies recirculation within the canyon but also 
channels the upward pollutant transport through localized vertical 
corridors.

Fig.  13 complements this analysis by presenting the turbulent com-
ponent of the vertical mass flux, 𝑤′𝑐′. In all configurations, the flux is 
positive, confirming the consistent role of turbulence in transporting 
pollutants upward. LES data closely match the experimental trend, 
capturing the relatively homogeneous distribution.

In the empty canyon, LES fluxes (Fig.  13.a2) are lower than the 
experimental values (a1), with a reduction of approximately 25%. This 
behavior is consistent with the underestimation of turbulent kinetic 
energy in the rooftop shear layer discussed in Section 3.1. The re-
duced turbulent energy weakens vertical mixing efficiency, resulting 
in noticeably lower 𝑤′𝑐′ in the simulations.

In the vegetated canyon, the experimental data (Fig.  13.b1) show 
an enhancement of turbulent mass flux, with average values at roof 
level increasing by about 20% compared to the empty canyon. In 
contrast, LES results show no such enhancement: average values remain 
nearly unchanged and even decrease slightly (by about 1%–2%) as 
vegetation drag increases from Sf 10 to Sf 1. This suggests that while the 
wind tunnel captures a modest roof-level enhancement, likely linked 
to canopy–shear layer interactions, the simulations do not reproduce 
this effect and instead yield nearly constant fluxes across vegetation 
scenarios.
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4.6. Canyon ventilation

Pollutant ventilation in street canyons plays a central role in de-
termining urban air quality. A commonly used indicator of ventilation 
efficiency is the vertical bulk exchange velocity, 𝑢𝑑 (Salizzoni et al., 
2009; Soulhac et al., 2011; Kim et al., 2018), which quantifies the effec-
tive rate at which pollutants are removed from the canyon volume and 
transported to the overlying atmosphere. Larger values of 𝑢𝑑 indicate 
more efficient pollutant removal. This parameter is also widely used 
in operational urban air quality models, where it controls pollutant 
propagation and dilution at the neighborhood scale (Soulhac et al., 
2011; Fellini et al., 2021).

The vertical bulk exchange velocity (𝑢𝑑) can be directly derived 
from the pollutant mass balance within the street canyon, as detailed 
in the Appendix: 

𝑢𝑑 =
𝑄𝑒𝑡

𝐶𝑣𝑜𝑙𝑊𝐿
(11)

where 𝐶𝑣𝑜𝑙 is the pollutant concentration averaged in the canyon vol-
ume, 𝑄𝑒𝑡 is the mass flow rate of ethane at the source, the product 𝑊 𝐿
provides the area of the canyon boundary surface at the roof height.

Table  2 compares the uDALES-based estimates of 𝑢𝑑 (from Eq. (11)) 
with wind tunnel values from Fellini et al. (2022). In all cases, LES 
predictions of 𝑢𝑑∕𝑢∗ are lower than the experimental values. This 
discrepancy is consistent with the higher pollutant concentrations ob-
served in LES (Figs.  10–11), especially near the source region, at 
pedestrian level, and along the upwind wall—areas that are particularly 
difficult to probe in the wind tunnel. Part of this lower exchange 
efficiency may be related to the underestimation of turbulent kinetic 
energy in the LES, which reduces turbulent mixing and the vertical 
transport of pollutants within the canyon.

Nevertheless, the uDALES simulations reproduce the overall exper-
imental trend, showing no systematic variation in exchange velocity 
with increasing tree density. This contrasts with the results of Grylls and 
van Reeuwijk (2022), who reported a systematic decrease in 𝑢  when 
𝑑
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Fig. 12. Two-dimensional sections of mean vertical mass fluxes (𝑤𝑐) at the canyon roof (𝑧∕𝐻 = 1). Wind Tunnel Experiment: (a1) empty canyon (zero - Ez), 
(b1) densely vegetated canyon (full - Ef ); circles indicate measurement points. uDALES Simulations: (a2) empty canyon (zero - Sz); (b2–b4) densely vegetated 
canyon (full - Sf ) with decreasing 𝓁𝑑 (increasing 𝐶𝑑). Bottom-left sketch: location of the section plane.
Table 2
Comparison of the vertical exchange velocity 𝑢𝑑∕𝑢∗ obtained from wind tunnel experiments and uDALES 
simulations (source-based method, Eq. (11)). For vegetated configurations, uDALES results are shown for different 
drag lengths 𝓁𝑑 and corresponding drag coefficients 𝐶𝑑 .
 Configuration Exp uDALES simulations
 𝐶𝑑 = 1.07 𝓁𝑑 → ∞ m 𝓁𝑑 = 10.2 m 𝓁𝑑 = 4.9 m 𝓁𝑑 = 1.21 m 
 𝐶𝑑 = 0 𝐶𝑑 = 0.63 𝐶𝑑 = 0.87 𝐶𝑑 = 1.09  
 Empty (zero) (Ez) 0.43 (Sz) 0.30 – – –  
 Sparsely vegetated (half ) (Eh) 0.37 – (Sh10) 0.29 (Sh5) 0.30 (Sh1) 0.30  
 Densely vegetated (full) (Ef ) 0.40 – (Sf 10) 0.30 (Sf 5) 0.31 (Sf 1) 0.30  
trees were added to a canyon. The discrepancy can be explained by 
key differences between the two studies: (1) their canyon had an aspect 
ratio of 𝐻∕𝑊 = 1, compared to 𝐻∕𝑊 = 0.5 here; (2) vegetation was 
represented as idealized 2D hedgerows, whereas in the present work 
trees are resolved with a three-dimensional geometry; (3) their vegeta-
tion occupied about 75% of the canyon plan area, versus a maximum 
of 28% in the present setup. These differences highlight that the impact 
of vegetation on canyon ventilation depends not only on its overall 
density, but also on its spatial arrangement and three-dimensional 
structure. Additionally, Table  2 shows negligible differences in 𝑢𝑑∕𝑢∗
across the various drag length configurations (𝓁𝑑), despite the clear 
influence of vegetation drag on the spatial distribution of pollutants. 
This suggests that while tree-induced drag strongly modulates local 
concentration patterns within the canyon, it has a limited impact on 
the volume-averaged concentration, and thus on the overall exchange 
velocity.

An alternative method for computing 𝑢𝑑 directly from the vertical 
mass fluxes at roof level in uDALES is presented in the Appendix and 
compared with the values discussed here.
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5. Conclusions

This study addressed a topic of high relevance for the development 
of green solutions in urban areas: the impact of trees on airflow, pollu-
tant dispersion, and ventilation efficiency in street canyons. To investi-
gate this, we compared high-resolution wind tunnel experiments with 
Large-Eddy Simulations (LES) performed using uDALES, thereby gain-
ing new insights into the role of trees in modulating canyon ventilation 
and identifying key considerations for relating numerical simulations to 
laboratory measurements in vegetated urban environments.

The analysis of the boundary layer above the canopy highlighted 
the importance of using the friction velocity (𝑢∗) and the building ge-
ometry (𝐻) as reference scales for comparing velocity and scalar fields. 
Because experimental and numerical boundary layers are generated 
through fundamentally different procedures, their vertical structure 
cannot be expected to match exactly. What is essential, however, is 
that the portion of the boundary layer governing canyon–atmosphere 
exchange is consistent across the two approaches. In this respect, 𝑢∗
captures the dynamic forcing that drives ventilation processes, while 
𝐻 reflects the geometric confinement of the canyon. Beyond its role 
in momentum scaling, 𝑢  also provided a coherent velocity reference 
∗



S. Fellini et al. Atmospheric Environment 367 (2026) 121748 
Fig. 13. Two-dimensional sections of turbulent vertical mass fluxes (𝑤′𝑐′) at the canyon roof (𝑧∕𝐻 = 1). Wind Tunnel Experiment: (a1) empty canyon (zero - Ez), 
(b1) densely vegetated canyon (full - Ef ); circles indicate measurement points. uDALES Simulations: (a2) empty canyon (zero - Sz); (b2–b4) densely vegetated 
canyon (full - Sf ) with decreasing 𝓁𝑑 (increasing 𝐶𝑑). Bottom-left sketch: location of the section plane.
Fig. A.14. Vertical profiles of normalized concentration fluxes for configura-
tion Sz. Solid blue: total scalar flux (𝑤𝑐∗); dashed orange: mean advective flux 
(𝑤∗ 𝑐∗); dotted yellow: turbulent flux (𝑤′𝑐′

∗
); dash-dotted purple: subgrid-scale 

flux. The vertical dashed black line denotes the target flux corresponding to 
the source strength.

for pollutant concentration and ventilation metrics, such as the bulk 
exchange velocity 𝑢𝑑 .

Tree drag length (𝓁𝑑) was identified as a crucial parameter for align-
ing the aerodynamic resistance of simulated trees with experimental 
measurements. However, even when drag was tuned, the model did 
not fully reproduce the canyon velocity and dispersion fields: better 
agreement was obtained with reduced drag, likely because LES under-
estimates turbulent kinetic energy in the empty canyon and the lower 
tree drag partly compensates for this deficiency. The simplified cuboid 
representation of trees in LES, compared to the realistic morphologies 
of the wind tunnel, also likely contributed to discrepancies in the scalar 
fields.
15 
The simulations revealed secondary flow structures in the boundary 
layer and their extension into the canyon. Vegetation introduced an 
additional length scale that modified the flow topology: with increas-
ing tree density, the velocity field became more uniform along the 
canyon axis, while pollutant concentrations developed marked span-
wise variability. These effects, though apparently contradictory, can be 
reconciled by considering the vegetation-induced reduction in turbu-
lent kinetic energy and scalar fluxes, which reduces mixing efficiency 
and enhances concentration heterogeneity.

A central novelty of this work was the unprecedented comparison 
of mean and turbulent mass fluxes at the canyon roof. LES captured 
the dominant ventilation mechanisms, and the bulk vertical exchange 
velocity (𝑢𝑑) showed no systematic dependence on tree number or drag 
intensity. This outcome, while specific to the studied configuration 
(perpendicular wind, 𝐻∕𝑊 = 0.5, lateral tree placement), differs 
from previous studies and highlights the strong sensitivity of venti-
lation metrics to flow configuration, vegetation representation, and 
boundary-layer forcing.

In conclusion, this study highlights both the potential and the 
limitations of LES in representing the complex interactions between 
turbulent flow, vegetation, and pollutant transport in street canyons. 
While LES underestimates turbulent kinetic energy, particularly near 
the canyon roof and within the canyon core, which affects turbulent 
mixing, vertical mass fluxes, and the bulk exchange velocity 𝑢𝑑 , the 
simulations nonetheless reproduce the mean flow and concentration 
fields as well as the key ventilation mechanisms observed in the wind 
tunnel. Further work is needed to advance vegetation representation, 
especially regarding morphological complexity and scalar dispersion, 
and to improve the treatment of near-wall turbulence processes that 
govern canyon ventilation. At the same time, high-resolution wind-
tunnel experiments remain indispensable as the benchmark for model 
evaluation. Ultimately, the integration of synchronized experiments 
and LES establishes a cross-methodological framework that leverages 
the strengths of both approaches and advances urban microclimate and 
air quality modeling. 
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Table A.3
Comparison of the vertical exchange velocity 𝑢𝑑∕𝑢∗ obtained from wind tunnel experiments and uDALES 
simulations (flux-based method, Eq. (A.3)). For vegetated configurations, uDALES results are shown for different 
drag lengths 𝓁𝑑 and corresponding drag coefficients 𝐶𝑑 .
 Configuration Exp uDALES simulations
 𝐶𝑑 = 1.07 𝓁𝑑 → ∞ m 𝓁𝑑 = 10.2 m 𝓁𝑑 = 4.9 m 𝓁𝑑 = 1.21 m 
 𝐶𝑑 = 0 𝐶𝑑 = 0.63 𝐶𝑑 = 0.87 𝐶𝑑 = 1.09  
 Empty (zero) (Ez) 0.43 (Sz) 0.27 – – –  
 Sparsely vegetated (half ) (Eh) 0.37 – (Sh10) 0.26 (Sh5) 0.27 (Sh1) 0.27  
 Densely vegetated (full) (Ef ) 0.40 – (Sf 10) 0.27 (Sf 5) 0.28 (Sf 1) 0.27  
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Appendix. Analysis of scalar flux balance and ventilation diagnos-
tics

The vertical bulk exchange velocity can be directly related to the 
pollutant mass balance within the canyon. A street canyon can be 
conceptualized as a control volume characterized by a volume-averaged 
concentration 𝐶𝑣𝑜𝑙 and scalar fluxes across the boundary surfaces at 
the roof height (with an area of 𝐿𝑊 ) and at the lateral edges (two 
rectangles with an area of 𝐻 𝑊 ). The general mass balance for this 
volume is expressed as: 

𝑉
d𝐶𝑣𝑜𝑙
d𝑡 +∫

𝐿∕2

−𝐿∕2 ∫

𝑊

0

[

𝑤𝑐
]

𝑧=𝐻d𝑥d𝑦+∫

𝐻

0 ∫

𝑊

0

[

𝑣𝑐
]𝑦=𝐿
𝑦=0 d𝑥d𝑧 = 𝑄𝑒𝑡, (A.1)

where 𝑉  represents the volume of the canyon, 𝑄𝑒𝑡 is the mass flow rate 
of ethane at the source, and 𝑤𝑐 and 𝑣𝑐 denote the mass fluxes of the 
passive scalar in the vertical and longitudinal directions, respectively.

Assuming steady-state conditions (d𝐶𝑣𝑜𝑙∕d𝑡 = 0) and impermeable 
lateral boundaries (𝑣𝑐 = 0), the balance simplifies to: 

∫

𝐿∕2

−𝐿∕2 ∫

𝑊

0

[

𝑤𝑐
]

𝑧=𝐻d𝑥d𝑦 = 𝑄𝑒𝑡. (A.2)

Following Salizzoni et al. (2009) and Soulhac et al. (2013), the net 
vertical flux at the rooftop can be written as the product of the bulk 
exchange velocity (𝑢𝑑) and the concentration difference between the 
canyon and the external flow (𝐶𝑒𝑥𝑡): 

𝑢𝑑 (𝐶𝑣𝑜𝑙 − 𝐶𝑒𝑥𝑡)𝑊𝐿 =
𝐿∕2 𝑊

[

𝑤𝑐
]

𝑧=𝐻d𝑦d𝑥. (A.3)
∫−𝐿∕2 ∫0
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Given that 𝐶𝑣𝑜𝑙 ≫ 𝐶𝑒𝑥𝑡 in typical urban conditions, the external 
concentration is often neglected, yielding Eq.  (11).

Eqs.  (11) and (A.3) offer two alternative methods to estimate 𝑢𝑑
from experimental or numerical data. The first is based on the ratio 
between the known source emission rate and the volume-averaged 
canyon concentration, while the second relies on direct integration of 
the vertical scalar flux across the rooftop.

The flux-based estimate of 𝑢𝑑 was computed by integrating the 
net vertical scalar flux 𝑤𝑐 at the rooftop (Eq.  (A.3)). Although this 
method is theoretically equivalent to the source-based formulation 
(Section 4.6), the resulting estimates in Table  A.3 show that the flux-
based values of 𝑢𝑑∕𝑢∗ are consistently 8%–12% lower than those ob-
tained with the source-based approach (Table  2) across all configura-
tions. This systematic discrepancy highlights an imbalance between the 
pollutant flux injected into the domain and the net flux measured at the 
rooftop in the simulation.

To further investigate this imbalance, Fig.  A.14 presents vertical 
profiles of the scalar flux components for configuration Sz, derived by 
integrating the normalized vertical fluxes across horizontal planes at 
varying elevations 𝑧. The total vertical scalar flux (𝑤𝑐∗) does not fully 
align with the injected flux, particularly at the rooftop level (𝑧∕𝐻 =
1). The turbulent flux component (𝑤′𝑐′

∗
) is notably underestimated 

within the shear layer, while the subgrid-scale (sgs) flux provides 
only partial compensation. This indicates that both mesh resolution 
and subgrid modeling limit the accurate representation of turbulent 
transport processes in this region. Moreover, possible leakage of scalar 
(through the building surfaces) associated with the implementation of 
immersed boundary method in uDALES (Suter et al., 2021) may be 
one reason behind this error. On the other hand, discrepancies in the 
flux balance observed near the ground can be attributed to the scalar 
emission being modeled as a volumetric source distributed over several 
grid cells (see Section 2.2). This spread influences the local scalar fluxes 
and contributes to the overall imbalance near the ground.

In light of these findings, the source-based approach provides a 
reliable and consistent framework for estimating 𝑢𝑑 in LES studies, 
as it directly reflects the known pollutant input and captures the 
global ventilation dynamics within the canyon. While the flux-based 
method offers valuable diagnostic insights, revealing local imbalances 
in scalar fluxes at the rooftop, these discrepancies are inherent to the 
numerical resolution and subgrid-scale modeling adopted in LES. Such 
differences highlight the complexity of turbulent transport at fine scales 
and suggest avenues for further refinement, particularly in resolving 
rooftop fluxes and enhancing subgrid representations.

Data availability

The experimental dataset (Fellini et al., 2025) is available at: https:
//zenodo.org/records/15633150. We provide concentration, velocity, 
and turbulent mass fluxes data within the canyon, and the characteri-
zation of the flow field above the buildings.

https://zenodo.org/records/15633150
https://zenodo.org/records/15633150
https://zenodo.org/records/15633150
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