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ect of roadside vegetation barriers
as a near-road air pollution mitigation strategy†
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Parikshit Deshmukhd and K. Max Zhang *a

Communities located in near-road environments experience elevated levels of traffic-related air pollution.

Near-road air pollution is a major public health concern, and an environmental justice issue. Roadside green

infrastructure such as trees, hedges, and bushes may help reduce pollution levels through enhanced

deposition and mixing. Gaussian-based dispersion models are widely used by policymakers to evaluate

mitigation strategies and develop regulatory actions. However, vegetation barriers are not included in

those models, hindering air quality improvement at the community level. The main modeling challenge

is the complexity of the deposition and mixing process within and downwind of the vegetation barrier.

We propose a novel multi-regime Gaussian-based model that describes the parameters of the standard

Gaussian equations in each regime to account for the physical mechanisms by which the vegetation

barrier deposits and disperses pollutants. The four regimes include vegetation, a downwind wake,

a transition, and a recovery zone. For each regime, we fit the relevant Gaussian plume equation

parameters as a function of the vegetation properties and the local wind speed. Furthermore, the model

captures particle deposition, a major factor in pollutant reduction by vegetation barriers. We

parameterized the multi-regime model using data generated from a fields-validated computational fluid

dynamics (CFD) model, covering a wide range of vegetation properties and meteorological conditions.

The proposed multi-regime Gaussian-based model was evaluated across 9 particle sizes and a tracer gas

to assess its capability of capturing dispersion and deposition. The multi-regime model's normalized

mean error (NME) ranged between 0.18 and 0.3, the fractional bias (FB) ranged between −0.12 and 0.09,

and R2 value ranged from 0.47 to 0.75 across all particle sizes and the tracer gas for ground level

concentrations, which are within acceptable ranges for air quality dispersion modeling. Even though the

multi-regime model is parameterized for coniferous trees, our sensitivity study indicates that it can

provide useful predictions for hedges/bushes vegetative barriers as well.
Environmental signicance

Around 45 million people live within 100 m of major roadways in the U.S. alone. Communities located in near-road environments experience elevated levels of
traffic-related air pollution, which makes it a major public health concern and an environmental justice issue. Roadside vegetation barriers such as trees,
hedges, and bushes reduce pollution levels through enhanced deposition and mixing. However, there are no tools suitable for regulators and communities to
assess the effectiveness of pollutant reduction by vegetation barriers. We present a novel multi-regime framework to resolve the physical mechanisms in
a computationally efficient, Gaussian-basedmodel. Themodel evaluation shows its performance is within acceptable ranges for dispersionmodeling and can be
adapted into the regulatory modeling system for wide adoption.
Engineering, Cornell University, Ithaca,

nvironmental Protection Agency, Durham,

.S. Environmental Protection Agency, Ann

USA

tion (ESI) available. See DOI:

the Royal Society of Chemistry
1. Introduction

In communities near large roadways, people can be exposed to
elevated traffic-related air pollution (TRAP) as they live, work
and attend school. Exposures to TRAP have been associated
with numerous adverse health effects including heart and
respiratory diseases and premature mortality.1 In the U.S., an
estimated 45 million people live and around 3.2 million
students attend school within 100 m of major roadways,2,3 with
many more communities at risk worldwide. Furthermore,
people of low income and ethnic minority suffer
Environ. Sci.: Adv., 2024, 3, 411–421 | 411

http://crossmark.crossref.org/dialog/?doi=10.1039/d3va00220a&domain=pdf&date_stamp=2024-02-29
http://orcid.org/0000-0002-3324-6571
https://doi.org/10.1039/d3va00220a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3va00220a
https://pubs.rsc.org/en/journals/journal/VA
https://pubs.rsc.org/en/journals/journal/VA?issueid=VA003003


Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
/1

2/
20

26
 8

:3
2:

23
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
disproportionately from exposure to TRAP.4,5 In summary, near-
road air pollution is a major public health concern, and an
environmental justice issue.

Roadside vegetation has been shown to be an option to help
alleviate the health burden and mitigate near-road air
pollution.6–8 The effectiveness of vegetation barriers to mitigate
TRAP depends on many factors such as vegetation properties
(size and density) and local urban conditions.9–12 Field
measurements13,14 or computational uid dynamics (CFD)
modeling15,16 can be used to evaluate the effectiveness of
pollutant reduction by vegetation barriers. However, local
communities oen lack the technical expertise and resources to
perform eld measurements or computationally intensive
model simulations. A recent study demonstrated the potential
of using machine learning tools to create a cloud-based design
tool for roadside vegetation barrier designs.17 While the
machine learning approach is very resource-efficient to the
users, it provides little insight into the physical mechanisms by
which the vegetation barriers affect air pollutants. Furthermore,
it is challenging to integrate the machine learning model into
existing regulatory models making them inaccessible to regu-
lators and decision makers as they aim to nd evaluation tools
to assess the impact of roadside vegetation on pollutant
reduction.

Widely used for regulatory and human exposure assessment
purposes, Gaussian-based dispersion models provide mathe-
matical descriptions of pollutant transport in the atmosphere.
Those models describe the statistical behaviors of diffusion and
advection, and incorporate parameterization schemes, devel-
oped using wind tunnels18 and eld measurement data.19

Previous studies have proposed formulations within the
Gaussian modeling framework to account for the inuence of
roadside solid barriers on pollutant dispersion.20–22

However, incorporating the effect of roadside vegetation
barriers into the Gaussian modeling framework is much more
complex than solid barriers for multiple reasons. First, unlike
solid barriers, the physical mechanisms by which vegetation
barriers affect pollution dispersion depend on the barriers'
porosity. Second, pollutants can deposit on the leaves of vege-
tation, resulting in pollutant reduction so the effect of deposi-
tion needs to be properly described. Third, there is a lack of
high-resolution spatial pollutant concentration datasets,
making it challenging to develop such a model. To the best of
our knowledge, there are no studies that have developed
a dispersion model to characterize pollutant concentrations
downwind of vegetation barriers.

We propose a multi-regime approach to parameterize the
Gaussian plume equations to describe the dispersion and
deposition of air pollutants for roadside vegetation barriers. To
the best of our knowledge, this is the rst time that the effect of
roadside vegetation barriers has been incorporated into
a Gaussian-based dispersion model, which then enables
potential future integration into the existing regulatory models
providing policymakers and communities with a tool to assess
vegetation barriers designs and their impact on pollutant
reduction. This tool can be used to generate effective urban
412 | Environ. Sci.: Adv., 2024, 3, 411–421
green designs that mitigate TRAP for many local communities
in dire need of improvements in local air quality.

The proposed model captures the physical mechanisms by
dening four regimes within and downwind of the vegetation.
In each regime, the Gaussian plume equation parameters are
characterized as a function of the vegetation properties and
wind speed. We conducted 75 high-delity CFD simulations,
using the Comprehensive Turbulent Aerosol Dynamics and Gas
Chemistry (CTAG) model, to train and test the proposed
parameterized Gaussian-based model. Those simulations
covered a wide range of vegetation barriers and wind speeds; in
addition, the CTAG model has been validated against various
eldmeasurement studies to ensure that it can properly capture
both the aerodynamic and deposition impacts of the vegetation
barrier.

This paper is organized as follows. Section 2 describes the
CTAG model and computational domain. Section 3 discusses
the proposed multi-regime approach and the steps to parame-
terize the Gaussian equations. Section 4 assesses the perfor-
mance of the parameterized Gaussian-based model and
discusses its limitations. Finally, Section 5 highlights the
conclusions of this study.
2. Methods
2.1 The CTAG model and simulations

2.1.1 Vegetation representation. This study focused on
coniferous vegetation since this species generally does not lose
its leaves in the winter, hence experiences little seasonal impact,
and is dense close to ground level, which are important char-
acteristics to mitigate TRAP. There are two parameters charac-
terizing the vegetation density, i.e., leaf area density (LAD) and
leaf area index (LAI). The LAD describes the leaves surface area
per unit volume within the vegetation and is used to evaluate
the vegetation drag on the ow, and particle deposition on the
vegetation as highlighted in the following sections. The LAD
prole for conifers vegetation was used following eqn (1):23

LADðzÞ ¼ Lm

�
h� zm

h� z

�n

exp

�
n

�
1� h� zm

h� z

��
;

where n ¼
8<
:

6 0# z# zm

0:5 zm # z# h

(1)

Lm is the maximum LAD within the vegetation, z is the height,
zm is the height at which Lm occurs (zm = 0.4 h), h is the vege-
tation height, and n is a t parameter. LAI measures the pro-
jected area of leaves per ground surface area. If the LAI value
and LAD prole are known, Lm can be obtained using eqn (2).

LAI ¼
ðh
0

LADðzÞdz (2)

2.1.2 CTAG: model, computational domain and boundary
conditions. The CTAG model is designed to resolve the ow
eld including turbulent reacting ows, aerosol dynamics, and
gas chemistry in complex environments.24–26 In this paper, we
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Vegetation properties of the various barriers explored in this
study

H (m) W (m)

LAI = 11 LAI = 7 LAI = 4

Lm (m−1) Lm (m−1) Lm (m−1)

2 2.5 7.5 4.81 2.75
4 5 3.75 2.4 1.38
6 8 2.5 1.6 0.92
8 10.5 1.88 1.2 0.69
10 13 1.5 0.96 0.55
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employed the Large Eddy Simulation (LES) model to resolve the
ow and turbulence. The semi-implicit method for pressure
linked equation (SIMPLE) algorithm was used to couple the
velocity–pressure equations, and a second-order upwind dis-
cretization scheme was used for the momentum and scalar
transport equations. For the LES simulations, the dynamic
Smagorinsky model was implemented to account for the sub-
grid turbulent viscosity.27 The CTAGmodel is described in more
detail in Section 2.1.4.

Fig. 1 displays a vertical and top view of the CTAG compu-
tational domain, which we employ to generate training data to
develop the parameterized Gaussian-based model. The domain
dimensions were 60 m in the vertical direction, 60 m along the
driving direction, and 250 in the spanwise direction. Two zones,
of height 3 m and width 14 m, were used to represent emission
sources from two-way traffic. Two other zones were used to
represent two rows of vegetation. The vegetative barrier was
implemented as close as possible to the highway, with a 5 m
distance between the traffic zone and the vegetative barrier, to
account for the highway shoulder designated for emergency
use. In addition, the vegetative barrier spanned the total width
of the domain to describe an innitely long barrier. The domain
consisted of 7.5 million cells with uniform mesh of sizing 0.492
m. Fig. S1 in the ESI† shows a side view of the mesh that was
uniform. A mesh sensitivity study, with a mesh of 0.38 m and
a total of 14.7 million cells, showed little difference compared to
the original mesh, indicating that it accounts for the turbulent
kinetic energy (TKE) produced in the domain (Fig. S2†). The
applied boundary conditions were a neutral atmospheric
boundary layer (NABL) velocity prole at the inlet,28 pressure
outow at the outlet, and symmetry boundary conditions for the
top of the domain and the sides, thus simulating an innitely
long barrier. Details on the applied NABL at the inlet are
provided in Section S1 of the ESI.†

2.1.3 CTAG-generated dataset. We employed the CTAG
model to generate data that reected a wide range of applicable
vegetative barriers and urban conditions. The explored height
range of vegetative barriers varied from 2 to 10 m. The width to
height ratio of the vegetation was 2 : 3, which represents conif-
erous vegetation, and was used in previous studies.29,30 The
vegetation barrier consisted of two rows of vegetation to ensure
that it had no gaps in it; therefore, the barrier's width to height
ratio was 4 : 3. In addition, we explored three LAI values 4, 7, and
11 to reect various vegetation density values which account for
a wide range of vegetation (Asner et al., 2003). Different urban
Fig. 1 A sketch of the CTAG computational domain used in this study (a

© 2024 The Author(s). Published by the Royal Society of Chemistry
conditions were considered by covering a range of velocities
from 1 to 5 ms−1 at a height of 10 m. In total, we simulated 75
cases which highlighted 5 different barrier heights, 5 different
velocities, and three different LAI values as shown in Table 1.
The 75 CTAG-generated cases were randomly split into 60 cases
to train the parameterized Gaussian-based model, and 15 cases
to test it representing an 80/20% split. The test cases were not
used in any training to ensure rigorous evaluations. In addition
to the 75 cases, we simulated 5 other cases with no barrier at ve
different wind speeds to normalize the results and understand
the impact of the barrier compared to no vegetation.

2.1.4 Vegetation drag and size-resolved particle deposition
in CTAG. Since it is computationally prohibitive to explicitly
model the vegetation elements, such as leaves and branches,
the effects of vegetation were spatially averaged and included as
source terms in the governing equations.31 The drag induced by
vegetation is accounted for by including a sink term to the
momentum equations:32

Si = −rCdLAD(z)Uui, (3)

where Si is the sink term, Cd (=0.3) is the plant drag coefficient,
LAD(z) is the LAD prole, U is the velocity magnitude of the ow,
and ui is the velocity in the direction of interest.

We simulated 9 different particle sizes that ranged from 15 to
253 nm, to account for traffic exhaust emissions.13 The particle
sizes are small, so they are assumed to trace the uid ow. In
addition, we simulated a tracer gas that does not experience
deposition to isolate the effects of barrier on pollutant disper-
sion. To model the particle dispersion, a scalar transport
equation was used, and a sink term was included to account for
deposition (eqn (4)).

Sd(Dp) = rVd(Dp)Np( ~Dp)LAD(z) (4)
) top view; (b) side view.

Environ. Sci.: Adv., 2024, 3, 411–421 | 413
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where Np(~Dp) is the average particle concentration of a particle
size Dp, and Vd(Dp) is the deposition velocity adopted from
a widely used dry deposition model.33 To assess if the proposed
multi-regime parametrized Gaussian-based model captured the
deposition and dispersion of the vegetation barrier, the
performance for each of the 9 particle sizes and the tracer gas is
provided. The governing equations for momentum, dispersion,
and deposition are included in Section S2 of the ESI.† The CTAG
model highlighted in this section aligns with those used in our
previous studies.10,11,15

2.1.5. CTAG model evaluation. Tong et al.15 assessed the
CTAG model against eld measurements conducted by Hagler
et al.13 Those measurements included ultrane particle size
distributions (PSD) which were collected behind a near-road
barrier consisting of 6–8 m tall conifer vegetation. The CTAG
model showed good agreement with the PSD from the eld
measurements, indicating that it captures deposition on the
vegetative surfaces. Hashad et al.11 also evaluated the aero-
dynamic performance of the CTAG model by comparing the
mean velocity and Reynold stress to that obtained by eld
measurements in a maize canopy,34 highlighting good perfor-
mance by the CTAG model.
3. A multi-regime approach to
parameterize Gaussian-based plume
equations

The purpose of our study was to try to parameterize the
Gaussian-based plume equations to describe how the pollutant
concentration decays downwind of a vegetative barrier. To do
so, we propose a multi-regime approach based on the physical
mechanisms by which the barrier disperses pollutants. The
overall goal was to use variables such as the vegetation prop-
erties (dimensions and density) and local wind speed condi-
tions to characterize the Gaussian plume parameters.
3.1. Gaussian plume equations

Gaussian plume dispersion models have been widely used to
describe pollutant dispersion in various atmospheric conditions.
Our study focuses on an innitely long emission source and
Fig. 2 The multi-regime approach is defined by four different regimes w

414 | Environ. Sci.: Adv., 2024, 3, 411–421
vegetation barrier. The Gaussian plume equation for an innitely
long emission source, where the concentration is horizontally
uniform, and only a function of the downwind distance (x) and
vertical height (z), can be obtained using eqn (5).

Cðx; zÞ ¼ A

szU
ffiffiffiffiffiffi
2p

p
 
exp

 
� 1

2

�
z� zs

sz

�2
!

þ exp

 
� 1

2

�
zþ zs

sz

�2
!!

(5)

where A is the emission rate, U is the plume velocity, zs is the
source height, and sz is the vertical plume spread dened as one
third of the plume width, i.e., the distance from the ground to
edge of the plume that has the lowest concentration. One third
was chosen since the vertical spread sz also denotes the stan-
dard deviation of the Gaussian distribution, and 99.73% of the
plume concentration falls within 3 standard deviations. The
plume velocity was evaluated using the mass weighted plume
velocity described by eqn (6):

U ¼
Ð h
0
uCdzÐ h

0
Cdz

(6)

where h is the height of the plume, C is the spatial concentra-
tion, and u(z) is the velocity at different heights.
3.2. Multi-regime approach

The vegetation barrier affects the uid ow within and around
the barrier, inuencing both particle deposition and disper-
sion. By analyzing the physics of the ow induced by the barrier,
we can determine characteristic regimes to parameterize the
ow. Using a single-regime model is challenging. For example,
the behavior of the mean plume velocity behind the barrier is
highly non-linear (Fig. 5a) and difficult to parameterize within
a unifying set of equations. By contrast, a multi-regime
approach allows separate parameterization in each regime.
Fig. 2 shows the four regimes of the proposed parametrized
Gaussian-based model which were based on the ow charac-
teristics. Regime I is located within the vegetation where leaves
induce drag on the ow and particles deposit on the vegetation,
and its length corresponds to the vegetation barrier's width.
hich include the vegetation, wake, transition, and recovery zones.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The parametrized Gaussian-based model aims to use simple
user input to evaluate the key parameters and use them to obtain the
pollutant concentration using the Gaussian plume equations.
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Regime II is the vegetation wake, which is characterized by low
velocity and turbulence, resulting in reduced pollutant disper-
sion, and its length depends on the vegetation properties and
was parameterized as highlighted in Section 3.5. Regime III is
a transition regime where there is high turbulence, and velocity
recirculation for some cases (Fig. 2). The simulation results
suggest that the extent of the transition zone could be approx-
imated as three barrier heights (3H) to simplify the model.
Finally, in regime IV the TKE produced by the barrier starts
decaying and the velocity starts to recover to the NABL prole.
Furthermore, the inuence of the turbulence, generated by the
barrier, spans a height of approximately 2.2H which will affect
pollutant dispersion. By identifying those zones, the behavior of
the different Gaussian parameters can be analyzed and tted for
each zone.
Fig. 4 The steps involved in parameterizing the key parameters of the G
Gaussian-based model.

© 2024 The Author(s). Published by the Royal Society of Chemistry
3.3. Overview of the multi-regime parameterized Gaussian-
based model

Fig. 3 illustrates the overall model development process, which
aims to use easily obtained input features, to describe the
relevant parameters of the proposed model in each zone iden-
tied in themulti-regime description. The user input consists of
ve main features: Wind speed at height 10 m (U10), vegetation
barrier height (H), width (W), LAI, and maximum LAD, Lm.
There are 5 key parameters that need to be parameterized: One
spatial parameter (wake length, lwake), and 4 relevant parame-
ters of the Gaussian plume equations that include U, sz, A, and
zs. Note that the emission source rate, A, was parameterized in
order to account for particle deposition by the barrier, and the
source height, zs, to account for potential changes in the plume
peak location due to the vegetation.
3.4. Parameterization process

Fig. 4 depicts the parameterization steps. The Gaussian equa-
tion parameters of interest were rst obtained from the simu-
lated training cases and analyzed in each of the four regimes of
the proposed parametrized Gaussian-based model. Then, based
on the behavior of the parameter in each regime, either
a constant, linear, or quadratic t was used to describe that
parameter. The slope of the linear and quadratic parameteri-
zation was then tted as a function of the ve features including
the vegetation properties and velocity. To perform the tting for
the slopes of interest, an iterative process was followed. First,
the slope was tted as a function of each of the ve main
features. Then, the feature with the best t, determined by the
highest R2, was used to normalize the slope. Aer that, the
normalized slope was described as a function of the remaining
features by repeating the same tting process. This process
stopped when the R2 of the t was less than 0.2 which indicates
that the t was almost independent of the remaining features
and also ensured the parametrized Gaussian-based model did
not become overly complex. A detailed example of this tting
process is provided in Section S3 of the ESI.† The following
sections present the parameterization for each parameter.
aussian plume equations in each of the regimes of the parametrized

Environ. Sci.: Adv., 2024, 3, 411–421 | 415
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Fig. 5 (a) Mean plume velocity and (b) normalized plume width versus distance across the four regimes of the multi-regime approach for one of
the training cases obtained from the LES simulation as well as the proposed fit of the multi-regime approach.
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3.4.1 Wake length, lwake. The length of the wake regime will
depend on the vegetation properties. From the CTAG simula-
tions, the length of the wake regime was evaluated and then
tted as a function of the vegetation characteristics. Eqn (7)
shows the parameterized equation that describes lwake as
a function of the vegetation height, width, and density (Lm).
Velocity did not strongly inuence the wake length as high-
lighted in Section S4 in the ESI and Fig. S5.†

lwake = (3.03W−2.086 + 0.1042) (39Lm
−0.7284)H (7)

3.4.2 Source height, zs. The highest concentration occurs at
the source height (z = zs). Dispersion models that describe the
plume characteristics behind solid barriers, sometimes involve
a source-shi such that the maximum concentration occurs at
barrier height (zs = H).20 This accounts for the plume being
vertically displaced upwards since the solid barrier is imper-
meable and forces the ow to go around it. Vegetation is
a porous medium, so a large portion of the plume goes through
it. We assumed that there was no source shi, in other words,
the source height was assumed to be zero (zs = 0) in each zone,
which indicates that the maximum concentration occurred at
ground level, which agrees with the observed data (Fig. S6†).
This produced favorable results, as highlighted in the results
section. We also explored another model that assumes a source
height shi that occurs in regime III and slowly decays in
regime IV. However, the original model with no source shi
performed better. A source shi can capture the behavior for
certain cases that reect very dense vegetation, which is high-
lighted in Section S5 of the ESI.† In those cases, the turbulence
and recirculation generated in regimes III and IV were strong,
causing the concentration to be well-mixed and almost uniform
with respect to height, and then slowly recovered to ground level
further downwind in regime IV. It is important to note that even
416 | Environ. Sci.: Adv., 2024, 3, 411–421
for those cases, the proposed parametrized Gaussian-based
model with no source shi also produces favorable results
(Section S5†).

3.4.3 Mean velocity, U. The mean velocity tted for use in
the multi-regime parametrized Gaussian-based model was ob-
tained by calculating the plume-weighted mean velocity from
the CTAG simulations using eqn (6). Fig. 5a shows the mean
plume velocity for one of the training cases. The velocity
decreased in regime I due to drag, then it further reduced in
regime II (wake). In regime III, due to recirculation, the velocity
reached a minimum before slowly recovering in regime IV. A
linear tting was chosen for regimes I, II, and III and a power t
was used for regime IV. The power t in regime IV accounted for
the mean plume velocity that will form an asymptote to the
upstream velocity further downwind of the barrier. Fig. 5a
highlights the proposed tting, while eqn (8)–(11) show the
functions that were used for each regime.

U1 = Ui + C1(x), whereC1 = 0.022Lm
−1.231 − 0.0149 (8)

U2(x) = U1(x1) + C2(x − x1), where

C2 = (0.089Lm + 0.8) (−0.002U10) (9)

U3(x) = U2(x2) + C3(x − x2), where

C3 = (0.003LAI − 0.008) (0.44U10 − 0.33) (10)

U4(x) = U3(x3) + C4(x − x3)
C5, where

C4 = (−0.44Lm
−1.82 + 1.19) (0.054U10 − 0.016),

C5 = (0.13Lm
−2.11 + 0.49) (0.36U10

−18.68 + 0.96) (11)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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x1,x2, and x3, are the locations of the boundaries between the
different regimes, and since the tting needed to be contin-
uous, the value of the mean plume velocity is the same at those
locations. The values of the tting constants C1 to C5 were ob-
tained for each of the training cases and tted as a function of
the vegetation properties and local wind speed following the
tting procedure highlighted earlier. The initial velocity, Ui, can
be approximated as the velocity at the mid-plume height at the
start of the vegetation.

3.4.4 Vertical plume spread, sz. Fig. 5b shows the plume
width (3 times the vertical spread, sz) for one of the training
cases. The plume spread increases strongly within the vegeta-
tion; as the ow slowed down due to drag, it expanded in the
vertical direction thus advecting the plume with it. In regime II,
the plume spread growth rate decreased as the wake was char-
acterized by low turbulence and velocity, hence there was no
effective mechanism to disperse pollutants. In regime III, the
plume width experienced an increase as a result of the turbu-
lence and recirculation in the transition zone. That growth was
maintained until the plume exited the high TKE regime which
extended to approximately to a height of 2.2H. Aer the plume
exited that regime, the effects of the vegetation became
minimal, and the plume growth was predominantly dominated
by the local atmospheric conditions.

We used a linear tting for each of the four regimes as it
described the plume spread growth well, while keeping the
parametrized Gaussian-based model simple as highlighted in
Fig. 5b and eqn (12)–(15). Since the turbulence-related effects of
the barrier on the plume are dominant up to a height of 2.2H,
the tting only applies to that height range. Aer the plume
exits that regime, (plume width >2.2H) the plume growth is
dictated by the local atmospheric conditions and equations that
describe the vertical dispersion for near surface source can be
used:35–37

sz1(x) = szi + B1(x), whereB1 = 0.037H−1.505 + 0.07 (12)

sz1(x) = sz1(x1) + B2(x − x1), whereB2 = 0.013 (13)

sz3(x) = sz2(x2) + B3(x − x2), where

B3 = (6.95 × 10−4)H × LAI (14)

sz4(x) = sz4(x3) + B3(x − x3), where

B4 = (6.95 × 10−4)H × LAI (15)

The initial vertical spread, szi, is integral as it provides the
starting point for tting the parametrized Gaussian-based
model. Studies for near-surface source releases can describe
the vertical dispersion for plumes in roadway settings with no
roadside barriers. The presence of roadside vegetation will
cause the incoming plume to expand because the ow slows due
to the drag imposed on it. By evaluating the plume width for no
barriers against that with roadside vegetation, we were able to
obtain the following equation to account for the increase in
plume width at the start of the vegetation and obtain the initial
vertical spread,

szi = sa (0.042H + 1.118) (0.02873LAI + 0.7883) (16)
© 2024 The Author(s). Published by the Royal Society of Chemistry
where sa is the vertical dispersion obtained for near-source
release applications with no roadside barriers.

3.4.5 Emission source, A. Particles deposit on leaves as the
plume passes through the vegetation canopy. To incorporate
particle deposition in the multi-regime parametrized Gaussian-
based model, the emission source term in the Gaussian equa-
tions needs to be modied, otherwise the model will over-
estimate pollutant concentration downwind of the barrier. To
account for particle deposition, a mass balance was conducted
before and aer the vegetation to evaluate the particle reduction
due to deposition for each of the training cases. When tting
the concentration reduction, in addition to using the ve
parameters in the tting process, the particle deposition
velocity was also included since it is highly correlated to the
particle deposition as highlighted in eqn (4). Factors such as
vegetation width, local wind speed, Lm, and deposition velocity
are necessary to evaluate particle reduction due to deposition as
displayed in eqn (17). Since deposition occurs only within the
vegetation, the emission source strength, A1, is modied only in
regime I. For the remaining regimes downwind of the barrier,
the emission sources A2, A3, and A4 remain constant (eqn (18))
because only dispersion due to the barrier affects the particle
concentration.

A1(x) = A(1 − x ((−0.224U10 + 1.68) (0.057Lm
0.2246) − 0.046)

log(vd) + (−0.23U10 + 1.69) (0.48Lm
0.16 − 0.41)) (17)

A2, A3, A4 = A1(x = W) (18)

3.4.6 Evaluation criteria. Four different metrics were used
to evaluate the multi-regime parametrized Gaussian-based
model. These statistical metrics included the normalized
mean error (NME), the coefficient of determination (R2), the
fractional bias (FB), and the factor-of-two observation (FAC2).
Section S6 in the ESI† describes how those metrics were calcu-
lated. The ground level concentration at 30 different locations
for each test case, within and downwind of the vegetation 0.5H
apart and extending to 15H downwind of the barrier, was used
to assess the parametrized Gaussian-based model. Ground-level
concentrations tended to be the highest and most relevant for
human exposure, so it was benecial to assess the parametrized
Gaussian-based model's capability in capturing this level. We
also assessed how the parametrized Gaussian-based model
predicted the vertical concentration by evaluating those vertical
proles at the same locations of the ground-level analysis. To
ensure that 30 locations were sufficient in providing a reliable
assessment of the parametrized Gaussian-based model,
a sensitivity analysis comparing the results of 30 to that of 60
locations (Fig. S7†) was conducted and showed similar results
indicating its adequacy.
4. Results and discussion
4.1 Ground level analysis

For clarity, Fig. 6 shows the ground-level concentrations for the
15 test cases predicted by the parametrized Gaussian-based
Environ. Sci.: Adv., 2024, 3, 411–421 | 417
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Fig. 6 CTAG (LES) versus the parameterized Gaussian-based model using the multi-regime approach for normalized ground level concen-
trations for all 15 test cases evaluated at 30 locations within and downwind of the barrier. (a) 15 nm; (b) 22 nm; (c) 30 nm; (d) 43 nm; (e) 60 nm; (f)
88 nm; (g) 126 nm; (h) 253 nm; (i) tracer gas.
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model against that from our CTAG simulations for 8 particle
sizes and the tracer gas, while Fig. S8† shows the concentration
for the remaining particle size 180 nm. The concentrations were
normalized by the no-barrier ground-level concentrations at
each respective wind speed located at the roadside front of the
vegetation barrier. The NME ranged between 0.18 and 0.3, the
FB ranged between −0.12 and 0.09, and the FAC2 ranged
between 0.93 and 0.98 across all particle sizes and the tracer
gas, which is within an acceptable range. The R2 value ranged
from 0.47 to 0.75. The lowest R2 of 0.47 was from the 15 nm
particle size. This is likely due to the smallest size experiencing
strong deposition compared to other particle sizes (30–253 nm)
and since the parametrized Gaussian-based model is tted for
all particles, there might be a slight bias towards the size frac-
tion with the majority number of particles. Overall, the
parametrized Gaussian-based model showed favorable perfor-
mance and was capable of capturing pollutant concentration
418 | Environ. Sci.: Adv., 2024, 3, 411–421
behavior downwind of vegetative barriers. We also provide the
concentrations versus downwind distance plots for particle sizes
15 and 253 nm at three different heights: ground level,
breathing height, andmid-canopy for all test cases in Section S9
of the ESI.† Those plots demonstrate that there is reasonable
agreement between the proposed Gaussian model and CTAG
simulations and that the model can capture the downwind
pollutant decay.

4.2 Vertical prole analysis

Fig. 7 shows the average R2, FB, and NME across all the vertical
proles within the vegetation to 15H downwind of the barrier,
averaged across all 15 test cases for each particle size and the
tracer gas. For most particle sizes and the tracer gas, the R2

value is $0.76, but the R2 value is lower for particles 15 and
22 nm. As discussed earlier, that could be due to the parame-
trized Gaussian-based model being biased towards the majority
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Evaluation metrics for the parameterized Gaussian-based model using the multi-regime approach averaged across all the vertical
locations fromwithin the vegetation to 15H downwind of the barrier. The averagemetrics are listed for all 9 particle sizes and the tracer gas (a) R2;
(b) FB; (c) NME.

Fig. 8 CTAG (LES) versus the parameterized Gaussian-based model normalized ground level concentrations for all 4 cases of vegetation with
a single row of vegetation. (a) 15 nm; (b) 253 nm.
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of particles (30–253 nm) which do not experience as much
deposition as particles 15 and 22 nm. The FB was negative
across all particle sizes and tracer gas, which indicates that the
parameterized Gaussian-based model tended to slightly
underestimate the vertical concentrations (Fig. 7b), however, it
was within a satisfactory range. Finally, the NME ranged from
0.38 to 0.45 which is acceptable. We also performed the same
analysis for each of the four regimes and we report the R2, FB,
and NME for them in Section S10 of the ESI.†We also compared
normalized vertical concentration proles at three different
locations for all test cases for particle sizes 15 and 253 nm and
included them in Section S11 of the ESI.†
4.3 Sensitivity analysis: single row of vegetation and hedges/
bushes

The parameterized Gaussian-based model was parameterized
on cases that reect barriers with two rows of vegetation.
However, implemented vegetation barriers can consist of fewer
or more rows. In areas where there is limited planting space,
one row of vegetation could be the only viable option. To explore
whether the parameterized Gaussian-based model is robust
© 2024 The Author(s). Published by the Royal Society of Chemistry
enough to capture the behavior of vegetation barriers with
a single row of vegetation, we conducted a sensitivity analysis.
We simulated four cases that represented vegetation with
a single row to test the performance of the parameterized
Gaussian-based model. The parameters of those cases are listed
in Table S4 the ESI.† Fig. 8 shows the ground-level concentra-
tions for the 4 single row test cases predicted by the parame-
terized Gaussian-based model versus that from our LES
simulations for particle sizes of 15 and 253 nm. The results
show that the parameterized Gaussian-based model predicted
the concentrations for a single row of vegetation with R2 value
0.44–0.70 and an NME of 0.17–0.24, indicating favorable
performance at predicting concentrations for single row vege-
tation barriers.

Since the simulated cases represent coniferous vegetation, it
is important to understand whether the parameterized
Gaussian-based model will be applicable to other types of
vegetation. Studies have shown that hedges and bushes are
effective roadside vegetation barriers and tend to have
a uniform LAD prole with respect to height. We simulated 4
cases with uniform LAD proles and compared the results to
that of a coniferous LAD prole. The predicted concentrations
Environ. Sci.: Adv., 2024, 3, 411–421 | 419
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were similar for both proles with some discrepancies for
deposition-dominated scenarios which is discussed in Section
S13 of the ESI.† This highlights that the parameterized
Gaussian-based model can provide useful predictions for
vegetative barriers designed from hedges or bushes.
4.4 Limitations

There are many factors that could inuence pollutant concen-
tration that were not considered in this study which included
wind direction, vehicle-induced turbulence, presence of build-
ings, and atmospheric stability. Capturing all those effects
would require substantial simulations which is computationally
expensive and could be an area of future study. Therefore, we
focused on exploring the effects of a wide range of vegetation
with varying dimensions and density. Furthermore, the
performance of the parameterized Gaussian-based model was
ideal within the parameter space explored in this study.
5. Conclusion

We developed a multi-regime approach that parameterized the
Gaussian plume equations to characterize pollutant dispersion
and deposition by roadside vegetation barriers. The parame-
terized Gaussian-based model accounted for the physical
mechanisms of the barrier-related pollution dispersion. This
occurred by identifying and capturing the behavior in four
regimes: the vegetation, wake, transition, and recovery regimes.
Deposition and dispersion were considered by describing the
Gaussian plume equations parameters (mean plume velocity,
vertical spread, emission rate, and source height) in each of the
four regimes. To describe these parameters, a t based on the
vegetation properties and local wind speed was conducted.
Seventy-ve high-delity CFD simulations using the CTAG
model, reective of a wide range of vegetation barriers (heights
2–10 m, width: 2.5–13 m, LAI: 4–11) and wind speed (1–5 ms−1),
were used to develop and evaluate the parameterized Gaussian-
based model. The proposed model was therefore applicable to
a wide range of vegetation barrier designs. The multi-regime
parameterized Gaussian-based model's normalized mean
error (NME) ranged between 0.18 and 0.3, the fractional bias
(FB) ranged between −0.12 and 0.09, and R2 value ranged from
0.47 to 0.75 across all particle sizes and the tracer gas for ground
level concentrations. The proposed model is the rst to
parameterize the Gaussian plume equations to describe the
deposition and dispersion effects of vegetation barriers and can
be used to help predict pollutant concentrations downwind of
vegetation barriers.
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