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a b s t r a c t

Urban vegetations are widely used as one of the mitigation approaches to combat the public health
threat from air particulate matter (PM) pollution for urban residents. However, vegetation effect at the
points of interest (e.g. leeward wall, windward wall, pedestrian-level) in street-canyon from different
vegetation configurations on the air quality is still not well established. We, therefore, used the numerical
simulation approach to evaluate vegetation effect (VE) for different vegetation configurations (VCs) (e.g.
tree or tree-shrub plantings in two sides and either side of windward or leeward) with several tree
species on the traffic-originated PM pollutants in a street-canyon under a perpendicular wind. The total
VE varied from �4.0% to 20.6% while pedestrian-level VE from �3.5% to 15.4% depending on different
VCs. Cypress species have better total VE varying from 3.5% to 11.5% and pedestrian-level VE from 4.8% to
10.9% than the other species for same VC due to its higher deposition velocity. For those only trees used
cases, the best VEs (pedestrian-level VE: 3.3%e10.9%; total VE: 2.1%e11.5%) were found on the leeward
side planting where is closer to the higher polluted domain and had less obstructions for wind move-
ment. We found that two sides planting of enhanced tree-shrub configuration by Cypress in the street-
canyon was an optimal strategy to improve the total VE by 19.3%e20.6% and pedestrian-level VE 14.1%
e15.4%, as well as mitigate the highly concentrated PM in the street center. The VE for the leeward wall
was significantly correlated with aerodynamic parameter (CdLAD) (P < 0.001) while VEs for the wind-
ward wall and pedestrian level with deposition parameter (LADvd) (P < 0.001). Clearly, street-canyon air
quality can be improved by making good use of pressure loss coefficient of vegetation to alter pollutants
distribution and selecting vegetation with high deposition velocity to filter more pollutants. Our research
provides insights for urban planners and designers to develop the best management practices of urban
forestry.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Air quality in the built environment is a primary concern for
people living in urban areas (Wu et al., 2018). Road traffic emits a
variety of harmful pollutants in the form of particulate matter
(PM10, PM2.5, and UFP) (Abhijith et al., 2017) and gaseous chemical
pollutants (NOx, SOx, CO, and O3) (Haakman et al., 2020). The
gaseous pollutants may also form secondary particles that are
generally smaller than 2.5 mm using nucleation, condensation, or
coagulation (Dzier _zanowski et al., 2011). Thus, road traffic-
originated emissions commonly constitute the primary source for
atmospheric particulate pollution in urban streets (Gromke and
Ruck, 2012) and have multiple adverse health effects on urban
residents (Song et al., 2016). Urban structures with streets and
buildings of different sizes and shapes have complex wind patterns.
Street-canyon as the typical architectural structure can be heavily
polluted regions within a city because of the reduced air exchange,
vortices formed by wind flow, and the subsequent recirculation of
traffic-generated pollution between surrounding buildings
(Jeanjean et al., 2015).

Given the high levels of pollutant exposure for pedestrians and
residents in roadside buildings, it is therefore of great importance
to adopt appropriate measures to mitigate traffic-induced air
pollution in street-canyons (Xue and Li, 2017). Vegetation planting
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is one of the most popular means for improving the outdoor and
indoor environment (Mochida et al., 2008). Several field studies
have shown that vegetation can significantly alter the pollutant
distribution within street-canyons (Al-Dabbous and Kumar, 2014).
Specifically, trees have the potential to affect local air qualitymainly
in two ways (Xue and Li, 2017): aerodynamic effect (Gromke et al.,
2016) and deposition effect (Litschke and Kuttler, 2008). In terms of
aerodynamic effect, vegetation obstructs the airflow and decreases
air ventilation (Xue and Li, 2017). Denser tree crowns can lower the
flow velocity (Hofman et al., 2016), reduce the air exchange with
the surroundings at the canyon roof and ends (Gromke, 2011), thus
produce a higher pollutant concentration (Gromke and Ruck, 2012),
which are confirmed by wind tunnel experiments and numerical
simulations. However, these studies have only considered the
impact of plants on the flow field and have failed to take deposition
effect into account, which may lead to overestimation in pollution
level (Xue and Li, 2017). Plants have the capability of filtering out
particulate matters from the atmosphere (Beckett et al., 2000;
Terzaghi et al., 2013) by deposition onto leaf surfaces (Mitchell
et al., 2010). Full-scale field measurements showed that trees
could accumulate pollutants (Salmond et al., 2013) and tree canopy
density, leaf area index, and air velocity are the most effective
factors affecting the attenuation coefficient of PM2.5 in street-
canyons (Jin et al., 2014).

In-situ fieldmeasurements, wind tunnel tests, as well as the CFD
simulations failed to reach a consensus on whether or not the
roadside trees/vegetation universally mitigate air quality in the
street-canyon (Abhijith et al., 2017). These inconclusive findings
suggest that it is necessary to explore the local vegetation effects
under different scenarios as impacted by multiple interacting fac-
tors (Buccolieri et al., 2018). For instance, the impact of the same
roadside vegetation may vary under different wind directions in
the street-canyon: most effective reduction in pollutant concen-
tration under parallel wind direction; trapping more pollutants to
increase the pollution concentration under perpendicular wind
direction (Buccolieri et al., 2018). Understanding how to alleviate
the heavily polluted region in a street-canyon by vegetation is
essential for developing sound tree planting practices. However,
most of the previous studies have only evaluated the effect of a
single factor such as wind direction (Di Sabatino et al., 2008; Kumar
et al., 2008), the street-canyon aspect ratio (Gromke, 2013; Gromke
and Ruck, 2012), or the aerodynamic effect (Buccolieri et al., 2009;
Gromke et al., 2016) or/and deposition effect (Hong et al., 2017; Xue
and Li, 2017) of vegetation on pollutant concentration in a street-
canyon. The impact of different vegetation configurations and
tree species have not been explored and documented even though
such information is vital for developing best management practices
in urban forestry. Also, there are limited opportunities for
increasing tree density within a street-canyon environment due to
space constraints (Salmond et al., 2013). Intensive labor and re-
sources consumption for in-situ measurements of air pollutants,
the numerical simulation approach using the CFD have beenwidely
used to investigate the urban pollutant transportation, movement,
and deposition under different boundary and initial conditions
with the goal of providing an urban design reference for urban air
quality management (Toparlar et al., 2017).

We, therefore, used a numerical simulation approach to eval-
uate vegetation effect (VE) for vegetation configurations (VCs) with
several tree species on the dispersion, deposition, and distribution
of traffic-originated fine particulate pollutants in a street-canyon
under perpendicular wind direction. Our study objectives were
to: (1) quantify the difference in the VEs between different VCs
with several tree species (i.e., Populus, Pinus and Cupress); (2)
evaluate the VE inside a street-canyon from multiple perspectives;
(3) explore the governing mechanism of vegetation parameters on
the VE, and (4) elucidate an optimal VC strategy using a series of
simulations and comparisons. Our research provides insights for
urban planners and designers to develop the best management
practices of urban forestry for maximizing the air purification
capability of roadside vegetation.

2. Methodology

2.1. Scenario descriptions

A generic urban street-canyon of 180m length (L), 36mwidth (W)
and18mheight (H) (i.e., the street aspect ratiosW/H¼2andL/H¼10)
formed by two parallel aligned buildings of 180 m � 18 m � 18m
(L � H � H) with a distance of 36m (2H) was investigated (Fig. 1A).
Previous results showed that the tree canopy space has little effect on
pollutant concentrations under the perpendicular wind (Buccolieri
et al., 2011). Therefore, avenue-like design of planted mature trees
and shrubs extending over the entire street length with neighboring
canopies was used for our study (Gromke and Ruck, 2009). Various
scenarios for VCs are provided in Fig. 1B and C. Only vegetation can-
opies were modeled while trunks were not (Xue and Li, 2017),
because their volume is quite small comparedwith the canopies and
has little impact on the flow (Yang et al., 2020). Road vegetationwere
parameterized in the four following arrangements: (I) trees planted
on two sides of the street (Fig. 1B (b) and 1C (i)), (II) trees planted on
the windward side of the street (Fig. 1B (c) and 1C (i)) or the leeward
side of the street (Fig.1B (d) and 1C (i)), (III) tree-shrub configurations
(Fig.1B (e) (f) and 1C (j)) and (IV) enhanced tree-shrub configurations
(Fig. 1B (g) (h) and 1C (k) (l)).

To evaluate the influence of different vegetation species on
pollutant concentration, the establishment of specific parameters
to describe vegetation is important. Three typical tree species Pine
(Pinus), Cypress (Cupress), and Poplar (Populus) were selected, as
the three tree species have a significant difference in dry deposi-
tion velocities (vd) (Freer-smith et al., 2005). A drag coefficient (Cd)
is dependent on the species and for most vegetations ranging from
0.1 to 0.3 (Katul et al., 2004). In this study, we set Cd ¼ 0.2 for
Poplar to reflect an average value (Gromke and Blocken, 2015) and
Cd ¼ 0.25 for Pine and Cypress because the drag coefficient of
Poplar canopy is smaller than that of conifers (Koizumi et al.,
2010). Leaf area density (LAD, total leaf area divided by the total
volume of vegetation, m2 m�3) is another significant parameter
for assessing vegetation effects (Vos et al., 2013), and we desig-
nated three levels of LAD of 0.5, 1, 2 for trees. As hedges were
generally denser than trees, we have set 4 m2 m�3 for shrub LAD
(Vos et al., 2013). Dry deposition velocities are highly related to
the vegetation species and particle diameters (Jeanjean et al.,
2016). For outdoor air pollution, fine particulate matter poses
the greatest threat to human health (Lelieveld et al., 2015).
Therefore, we focused on fine particulate matter PM2 in our study.
Overall, 20 study cases, 3 validation cases, and 1 reference case
were set up (Table 1).

2.2. CFD model

Three-dimensional steady-state simulations were performed to
study the vegetation impact on air quality in a street-canyon via the
ANSYS Fluent software (ANSYS, Inc., PA, U.S.A.). The computational
domain and grid were generated by ICEM CFD (ANSYS, Inc., PA,
U.S.A.).

2.2.1. Computational domain and boundary conditions
The computational domain (Xue and Li, 2017) and boundary

conditions (Gromke et al., 2008) (Fig. 2) were made by the rec-
ommendations. For the inlet boundary (Buccolieri et al., 2009), a



Fig. 1. Investigated scenarios: (A) street-canyon model size, (B) Cross-sectional view of VC; (C) Longitudinal view of VC.
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Table 1
Investigated cases set up with different VCs.

VC Case
Name

VC description Leaf area
density (m2

m�3)

Drag
coefficient

PM2 deposition
velocity (m s�1)

Schematic
diagram Fig. 1B
and C

Two sides planting CPine-Pine Pine on two sides 0.5,1,2 0.25 0.018 (b) & (i)
CCypress-

Cypress

Cypress on two sides 0.5,1,2 0.25 0.046

CPoplar-

Poplar

Poplar on two sides 0.5,1,2 0.2 0.008

Leeward side
planting

CPine-0 Pine on the leeward side 2 0.25 0.018 (d) & (i)
CCypress-0 Cypress on the leeward side 2 0.25 0.046
CPoplar-0 Poplar on the leeward side 2 0.2 0.008

Windward side
planting

C0-Pine Pine on the windward side 2 0.25 0.018 (c) & (i)
C0-Cypress Cypress on the windward side 2 0.25 0.046
C0-Poplar Poplar on the windward side 2 0.2 0.008

Tree-Shrub
configuration

CTree-

Shrub1

Cypress-Shrub on two sides 2e4 0.25e0.3 0.046e0.02 (e) & (j)

CTree-

Shrub2

Cypress-Shrub on two sides 2e4 0.25e0.3 0.046e0.05 (e) & (j)

CTree-

Shrub-Tree

Cypress on two sides and Shrub on the longitudinal street axis 2-4-2 0.25e0.3-
0.25

0.046e0.05-0.046 (f) & (j)

Enhanced Tree-
Shrub
configuration

CTree

down-Shrub

Cypress-Shrub on two sides with the central part of Cypress canopy (y/
H from-2 to 2) vertically extending down by 0.17H

2e4 0.25e0.3 0.046e0.05 (g) & (k)

CTree-Shrub

up

Cypress-Shrub on two sides with the central part of Shrub (y/H from-2
to 2) vertically extending up by 0.08H

2e4 0.25e0.3 0.046e0.05 (h) & (l)

Reference CReference Treeless 0 0 0 (a)
Validation CValidation1 Treeless 0 0 0 (a)

CValidation2 Trees on two sides 2 0.265 0 (b) & (i)
CValidation3 Trees on two sides 4 0.3325 0 (b) & (i)

Fig. 2. Bird’s eye view of the computational domain and boundary conditions.
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power-law profile for mean velocity (Eq. (1)), turbulent kinetic
energy, k (m2 s�2) (Eq. (2)), and turbulence dissipation rate ε (m2

s�3) (Eq. (3)) for a neutrally stratified atmospheric boundary layer
(Gromke et al., 2008) were adopted:

uðzÞ¼uHðz=HÞa (1)

where uðzÞ is the wind speed at height z, uH ¼ 4.70 m s�1 is the
mean velocity at height H and an empirical constant a¼ 0.30 in the
wind tunnel experiment was used as reference (Buccolieri et al.,
2009).
k¼
�
u2*

. ffiffiffiffiffiffi
Cm

q �
ð1� z = dÞ (2)

ε¼
�
u3*

.
ðkzÞ

�
ð1� z = dÞ (3)

Where u* ¼ 0.52 m s�1 is the friction velocity, d is the boundary
layer depth (m), Cm ¼ 0.09 is a coefficient used to define the eddy
viscosity in turbulence models and k ¼ 0.4 is the von K�arm�an
constant.

2.2.2. Airflow model
Reynolds-Averaged Navier-Stokes (RANS) equations were

solved with the Reynolds stress turbulent model (RSM) (Buccolieri
et al., 2009; Endalew et al., 2009). RSM model has better perfor-
mance in predicting flow field and complex dispersion process than
the k-ε model (Gromke et al., 2008). The SIMPLE scheme was used
for the pressure-velocity coupling, and the discretization schemes
were set second-order upwind (Liu et al., 2017).

2.2.3. Vegetation model
Vegetation was represented by setting porous fluid zones that

were assigned to additional terms in the governing equations (Qin
et al., 2019; Xue and Li, 2017) to model its aerodynamic and
deposition impact. The momentum loss Sm was added to the mo-
mentum equation as the sink term to model the aerodynamic ef-
fect, by adding a pressure loss coefficient to the vegetation zone to
account for the inertial resistance induced by the vegetation
(Jeanjean et al., 2017). The momentum sink term of vegetation
canopy was modeled as follows:

Sm ¼ � ð1 =2ÞrCdLADUui (4)

where Sm is themomentum loss by vegetation (kgm�2 s�2); r is the
air density (kg m�3); U is the local mean wind speed (m s�1), ui is
the i� th direction wind speed, (m s�1), and CdLAD is defined the
pressure loss coefficient (m�1).
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Changes of turbulence kinetic energy (Sk, Eq. (5)) and turbulence
dissipation rate (εk, Eq. (6)) were added to the transport equation as
the source terms of k and ε, respectively (Mochida et al., 2008), to
represent the turbulence due to branches and leaves. The source
terms were given by (Sanz, 2003):

Sk ¼ rCdLAD
�
bpU

3 � bdUk
�

(5)

εk ¼ rCdLADðε = kÞ
�
C
ε4bpU

3 � C
ε5bdUk

�
(6)

where the constants bp ¼ 1.0, bd ¼ 3.0 (Katul et al., 2004) and
C
ε4 ¼ C

ε5 ¼ 1.5 (Sanz, 2003) were adopted.
2.2.4. Traffic emissions simulation
The line sources were simulated by separating four volume at

street ground-level in the geometry and defining the four volumes
as separate fluid zones for emitting pollutant (Salim et al., 2011).
The line sources exceed the street-canyon by 0.92H on each side to
simulate the traffic emission of the intersections (Fig. 4). The
emission rate of each line Q was set at 0.01 kg s�1 of PM2 for
investigated cases and of Sulfur hexafluoride (SF6) used in wind
tunnel experiments for validation cases.
2.2.5. Dispersion modeling
For pollutant dispersion, the advection-diffusion equation was

used (Gousseau et al., 2011; Gromke et al., 2008). In turbulent flows,
ANSYS Fluent predicts the mass diffusion according to:

J¼ � ðrmDþmt = SctÞVY (7)

where D is the molecular diffusion coefficient for the pollutant in
the mixture, mt is the turbulent viscosity, Y is the mass fraction of
the pollutant, and rm is the mixture density. The turbulent viscosity
is computed as mt ¼ rmðCmk2 =εÞ. The turbulent Schmidt number is
computed as SCt ¼ mt=ðrmDtÞ, where Dt is the turbulent diffusivity.
SCt is an important parameter in diffusion simulation. Previous
studies have reported a series values of SCt , such as 0.2e1 (Gromke
et al., 2008), 0.5 (Gromke and Blocken, 2015; Jeanjean et al., 2015),
0.7 (Salim et al., 2011) and 1 (Vranckx et al., 2015; Xue and Li, 2017)
for different research cases based on different turbulent models. SCt
depends strongly on the flow topology and source characteristic
(Blocken et al., 2008). In this study, the SCt has been optimized to be
1.0 according to the comparison with wind tunnel data (Gromke,
2013), which is consistent with the same numerical and experi-
mental scenarios (W/H ¼ 2) investigated by previous works
(Vranckx et al., 2015; Xue and Li, 2017).
Fig. 3. VEs on investigated areas.
2.2.6. Vegetation effect on the particle concentration
The deposition effect of vegetation on the particulate matter

was modeled as an additional sink term and added in the conser-
vation equation below:

V , ðruYÞ¼V , ½ðrmDþmt = SctÞVY � þ Sdeposition (8)

Sdeposition is the mass of particles deposited by vegetation per
cubic meter (kg m�3). The deposition effect of vegetation modeled
by a concentration source term as follows (Ji and Zhao, 2014; Xue
and Li, 2017),

Sdeposition¼ � LADvdC (9)

where C is the local concentration (kg m�3), defined by C ¼ Y, rm.
2.2.7. Normalized simulated concentration
The simulated concentration data were normalized as previous

literature (Gromke, 2013) to facilitate validation and comparison
according to:

Cþ ¼CmuHH∕ðQT = LÞ (10)

where Cm is the simulated concentration, Cþ is the normalized
concentration and QT=L is the emission rate per unit length of the
source (kg m�1 s�1).
2.2.8. Vegetation effect (VE)

(1) Quantified vegetation effect (VE)

Vegetation effect (VE) was evaluated by relative change rate (%),
which was calculated as the deviation in area-averaged normalized
PM concentration per investigated area between each case with
vegetation and the reference case according to the following
equation:

VE ð%Þ¼
�
CReference �CVegetation

�.
CReference � 100% (11)

A positive VE (þ %)means that vegetation could decrease the PM
concentration (e.g., beneficial effect), while the negative VE (- %)
means that vegetation could increase the PM concentration (e.g.,
deteriorative effect).

(2) VEs on investigated areas

The VE inside street-canyon was evaluated from multiple per-
spectives of each VC: leeward and windward, representing the
investigated area that outdoor vehicular particles easily penetrate
indoors via doors/windows (Chen et al., 2012; Ji and Zhao, 2015),
ventilation systems and building cracks etc (Yang et al., 2020);
pedestrian level, representing the investigated area that gives high
level of pollutant exposure for pedestrians; the total VE: evaluate
the overall effect of each VC.

From Fig. 3, the VEs of the leewardwall andwindwardwall were
evaluated by the paralleled planes at 0.75m away from building A
and building B inside the street-canyon; the VE of the pedestrian
level was evaluated by the horizontal plane at mean breathing
height (1.5m) inside the street-canyon; the total VE was evaluated
by the sum of area-averaged normalized PM concentration of
leeward wall, windward wall, and pedestrian level in each VC.



Fig. 4. Computation grids.
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2.3. Grid insensitive solutions and model validation

The numerical model was validated against the wind tunnel
database (http://www.codasc.de) provided by CODASC. The wind
tunnel data and simulation data were analyzed using MATLAB
software (MathWorks Inc.).
2.3.1. Grid insensitive solutions
A grid sensitivity study indicated that a cell count of 20 per

building height and 12 per canyonwidth is sufficient for reasonable
grid insensitive solutions (Gromke and Blocken, 2015). The hex-
ahedral cell counts in this CFD study meeting the requirements
(Fig. 4). In addition, we compared normalized concentration dis-
tribution of the treeless case by medium and fine grid resolutions
and there is of little difference (result was not presented), so the
medium grid is adopted to save computation time. The final
number of the structured grids used for all simulations was
approximately 750,000 (Buccolieri et al., 2009).
2.3.2. Model validation
The pollutants distribution pattern was well reproduced by

simulations and the relative difference was within 20% in most
positions, especially for leeward wall (Fig. 5 a1, b1, c1), although
relative deviations were as much as 40% in some position of
windward wall (Fig. 5 a2, b2, c2) due to small absolute values of
pollutant concentration. The largest relative deviations were at
street ends due to lower pollutant concentrations.

Statistical analysis was conducted according to the instruction
(Hanna and Chang, 2012) to evaluate the overall model perfor-
mance. Several recommended metrics were adopted, including the
average concentration, the fractional bias (FB), the normalized
mean square error (NMSE), the fraction of predictions within a
Fig. 5. Normalized concentration distribution of wind tunnel (the right of each panel) and
windward wall of three validation cases.
factor of two of observations (FAC2) and the relation coefficient (R).
Hanna and Chang (2012) recommended a set of acceptance
criteria: �0.3 < FB < 0.3, NMSE < 1.5, FAC2 > 0.5, R > 0.8. In Table 2,
all metrics are within acceptable criteria. Overall, the validation
shows that the numerical model is suitable for predicting the
airflow and pollutant dispersion within the street-canyon.

3. Results

3.1. VEs for different VCs

For the reference case (i.e., CReference, Treeless), the normalized
PM concentration distribution pattern was in Fig. 6CReference. PM
concentration of the leeward wall was larger than that of the
windward wall in the treeless street-canyon. PM concentration on
the windward wall, leeward wall, and pedestrian level were all
decreased from the street center to the street ends. The following
sections are compared with the Reference case.

3.1.1. VEs by two sides planting
Two sides planting led to the higher PM concentration near the

leeward wall and a lower PM concentration near windward
compared with that of the reference case (Fig. 6, Trees on both side
panel). The VEs by two sides planting were in Fig. 7A. Leeward wall
VE was negative and decreased with LAD increase, while windward
wall VE was positive and increased with LAD increase for the same
tree species. Pedestrian-level VE was positive and increased with
LAD for Cypress and Pine, however, pedestrian-level VE of Poplar
was positive only for LAD¼ 2. For the same LAD, the windward wall
VE and the pedestrian-level VE of the Cypress were maximum and
of Poplar were minimum. Collectively, the maximum positive VE
was achieved by Cypress with LAD ¼ 2.

3.1.2. VEs by one side planting
The patterns of particle distribution were similar to the two

sides planting (Fig. 6 Trees on the windward side and Trees on
leeward side panels). The VEs by one side planting were in Fig. 7B.
The VEs of pedestrian level and windward wall were remained
positive and the leeward wall VE were remained negative by one
side planting. Across the three species, Cypress had the best VE. For
the same tree species, pedestrian-level VE and leeward wall VE by
the leeward side planting were better than those by the windward
side planting. Compared to different sides planting, negative
leeward wall VE for leeward side planting was least.

3.1.3. VEs by tree-shrub configurations
In the above, the Cypress had a better VE than the other tree
the relative difference of simulated data (the left of each panel) near leeward wall and

http://www.codasc.de


Table 2
Statistical analysis for overall model performance.

Validation cases Wall Mean normalized concentration Statistical analysis metrics

Wind tunnel Numerical simulation Relative difference (%) FB NMSE FAC2 R

CValidation1 Leeward 14.96 14.07 �5.97 0.062 0.033 1 0.894
Windward 5.14 6.15 19.85 �0.181 0.118 0.986 0.977

CValidation2 Leeward 20.76 16.02 �22.81 0.258 0.090 1 0.944
Windward 3.83 4.05 5.79 �0.056 0.222 0.991 0.886

CValidation3 Leeward 20.89 18.10 �13.36 0.143 0.045 1 0.945
Windward 3.46 4.18 20.64 �0.187 0.206 0.983 0.906

Fig. 6. Distribution of simulated PM concentration near the leeward wall, windward wall, pedestrian level for all cases.
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species. Therefore, Cypress and Shrub were arranged for Tree-
Shrub configuration to see if the VE could be further increased.
We evaluated the different deposition velocity of Shrub in Tree-
Shrub configurations to find out if there are different VEs for the
same VC. The patterns of particle distribution were similar to the
only Tree used cases (Fig. 6 Tree-Shrub configuration panel and
Enhanced Tree-Shrub configuration panel). The VEs by Tree-Shrub
configurations were in Fig. 7C. The VE of Cypress-Shrub on two
sides with a higher vd for Shrub (CTree-Shrub 2) was better than that of
CTree-Shrub 1 with a lower vd. The pedestrian-level VE for Cypress-
Shrub on two sides (CTree-Shrub 2) was better than Cypress on two
sides and Shrub on the street axis (CTree-Shrub-Tree) with the same vd.
The VEs by two enhanced cases (CTree down-Shrub and CTree-Shrub up)
were better than the other Tree-Shrub configuration cases, and
their VEs on leewardwall were less than�8.5%, whichwas the least
of all simulated cases. The higher concentration on the central area
of both the leeward and windward walls was mitigated by the two
enhanced Tree-Shrub cases (Fig. 6). Overall, the VE of CTree down-

Shrub was best of all.
3.2. VEs comparison for all VCs

An overview of the pedestrian-level VE and the total VE for
various VCs is depicted in Fig. 8. The total VE varied from �4.0% to
20.6% while pedestrian-level VE from�3.5% to 15.4% depending on
different VCs. The mean VEs of the total and the pedestrian-level
were 5.0% and 5.2%, respectively. From all VCs comparisons, the
best pedestrian-level VE (14.1% and 15.4%) and total VE (19.3% and
20.6%) were found by enhanced cases, especially by the case of CTree
down-Shrub. For those only Tree used cases, the best VEs (pedestrian
level: 3.3%e10.9%; total effect: 2.1%e11.5%) were found by leeward
side planting, while the worst VEs (pedestrian level: �3.5%-4.8%;
total effect: �4.0%-3.5%) were found by windward side planting.
We also found that the VE of Cypress (pedestrian level: 4.8%e10.9%;
total VE: 3.5%e11.5%) was better than the other two species for the
same VC. Compared to Cypress on two sides (CCypress-Cypress), adding
a row of shrub on the street axis between the Cypress (CTree-Shrub-

Tree) significantly increased the total VE, however, decreased the
pedestrian-level VE. In general, the role of vegetation in the street-
canyon had a positive effect in most cases when considering
deposition effect even under perpendicular wind direction.
3.3. Impact of vegetation parameters on the VE

In terms of deposition effect, VE highly depends on the leaf area
density (LAD) and the deposition velocity (vd). In terms of aero-
dynamic effect, VE depends on drag coefficient (Cd) and leaf area
density (LAD). Therefore, the parameters LADvd and CdLAD driving



Fig. 7. VEs on the leeward wall, windward wall and pedestrian level of different tree species by (A) two sides planting, (B) one side planting and (C) Tree-Shrub configurations.
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the VEs of two sides planting were analyzed.
3.3.1. Deposition parameter (LADvd)
The VE against LADvd for the leeward wall was different from

that for the windward wall and pedestrian level (Fig. 9A). The VE of
leeward wall decreased as the LADvd increased. Conversely, VEs for
windward wall and pedestrian level were significantly increased
(P < 0.001) against the increase in LADvd.
3.3.2. Aerodynamic parameter (CdLAD)
Contrasting relationships of VEs and aerodynamic parameters

(CdLAD) were found between the leeward wall and pedestrian
level/windward wall (Fig. 9B). The VE for the leeward wall was
significantly decreased (P < 0.001) as the CdLAD increase, while the
VEs for both the windward wall and pedestrian level increased
against the increase in CdLAD.
4. Discussion

4.1. Leeward and windward

Fine particulate pollution levels near the building in the street-
canyon is of great concern for indoor residents and workers
(Karottki et al., 2015). For the perpendicular wind, two dominating
flow phenomena in the street-canyon, a canyon vortex in the
central part and corner eddies at the ends. The higher concentra-
tions on the leewardwall thanwindwardwall in the treeless street-
canyon, which is mainly controlled by horizontally rotating canyon
vortex (Gromke and Ruck, 2007). This vortex drives air from the
building roof flow downward into the windward wall and then
towards leeward wall (Gromke et al., 2016). As a result, the pol-
lutants concentration on the windward wall is diluted and traffic
pollutants were accumulated on the leeward wall. Moreover, the
higher PM concentration were found in the street center than the
street ends (Buccolieri et al., 2009). The canyon vortex is the only



Fig. 8. The pedestrian-level VE and the total VE for all VCs.

Fig. 9. Relationships between VE and vegetation parameters: Panel (A) represents deposition parameter (LADvd) and panel (B) represents aerodynamic parameter (CdLAD). In each
panel, (a) leeward wall, (b) pedestrian level, and (c) windward wall.
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source of air exchange for the canyon center part, while for the
street ends, a better ventilation due to the superposition of both the
canyon vortex and corner eddies (Gromke and Ruck, 2007). For the
perpendicular wind, the introduction of vegetation into the street-
canyon could increase the PM concentration near the leeward wall
and reduce the PM concentration level near the windward
(Buccolieri et al., 2018). Compared to treeless case, the lowest
negative VEs (�8.3% and �8.5%) for the leeward wall were found in
two enhanced cases. Vegetation act as flow obstacles that reduces
the flow velocities, with the smaller flow velocities implying a
reduced air volume flux in the canyon vortex (Gromke et al., 2008),
so the pollutant was less diluted (Ji and Zhao, 2014).

4.2. Pedestrian level

Fine particulate pollution level at the breath-height of
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pedestrians in the street-canyon is a primary concern for the
walkers and bikers (Karottki et al., 2015), as the fine particles can be
easily breathed into pulmonary alveoli (Chen et al., 2016) resulting
in more cardiovascular and respiratory diseases (Hofman et al.,
2013). Compared to other VCs, CTree-Shrub2, CTree down-Shrub and
CTree-Shrub up could make VE reach to 11.6e15.4% in pedestrian-level
and 16.5e20.6% in total, respectively (Fig. 8). The reason may be the
larger leaf area density, higher deposition velocity and closer dis-
tance to the source of traffic pollutant provided by the shrub. The
sidewise shrub limited the lateral dispersion in the bottom part of
the street canyon (Gromke et al., 2016), thus more traffic PM
circulate between the vegetation and more particles are deposited.
A planting design should consider this condition by providing as
great a plant surface as possible near the emission source without
significantly reducing air exchange (Litschke and Kuttler, 2008). As
a result, the leeward side planting had a better VE than windward
side planting and two sides planting, because the tree on the
leeward side are closer to the higher polluted area compared to
windward side planting under the perpendicular wind. At the same
time, the obstructing effect of vegetation of leeward side planting is
less reduced compared with two sides planting. Compared to CCy-
press-Cypress, the CTree-Shrub-Tree significantly reduced the pedestrian-
level VE because the shrub on the street axis hindered the pollutant
dispersion of the pedestrian level, however, the total VE was
improved due to more PM deposition. The planting position and
the VC may be more critical than the volume of vegetation.
Collectively, vegetation had a regionally beneficial impact on street
air quality by 0.1%e15.4% at pedestrian level and 0.3%e20.6% in
total, which is an important finding with regard to air quality issues
in street-canyons (Jeanjean et al., 2015).

4.3. Impact of vegetation parameters on the VE

4.3.1. Deposition parameter (LADvd)
Overall, the deposition effects are larger for increased LAD and vd

(Buccolieri et al., 2018). However, the larger LADmay also cause the
aerodynamic effect for reducing the ventilation; the vd may be the
most important vegetation parameter for the selection roadside
vegetation to improve air quality inside the street-canyon (Xue and
Li, 2017). The range of dry deposition velocities in the literature is
very wide, as dry deposition velocities are highly dependent on the
vegetation species and particle sizes (Jeanjean et al., 2016). In this
study, the Cypress VE was better than the other species for same VC
(Fig. 8) due to high vd of Cypress that can accumulate more particles
on the leaves. For different VCs, the VE of CTree-Shrub 2 was better
than that of CTree-Shrub 1 (Fig. 7C) due to a higher vd for the shrub.
The deposition amount and efficiency can be promoted by
increased vd, and the air quality in the street-canyon may be ulti-
mately improved (Janh€all, 2015).

4.3.2. Aerodynamic parameter (CdLAD)
The pressure loss coefficient (CdLAD) ranging between 0.04 and

1.35 m�1 for common tree species (Xue and Li, 2017) is a critical
aerodynamic parameter that affects airflow and pollutant trans-
port. Poplar has less drag coefficient than Cypress and Pine. The
wind permeability of Poplar canopy is larger than conifer canopy
due to the difference in the flexibility of the leaves (Koizumi et al.,
2010). In addition, there is a complex aerodynamic implication of
vegetation canopy resistance. For example, aerodynamic effect of
vegetation can decrease the wind velocity but increase the turbu-
lence (Mochida et al., 2008). Trees can alter the flow pattern, tur-
bulent exchange of mass, and consequently affect pollutant
concentration (Buccolieri et al., 2011). For the perpendicular wind,
the aerodynamic drag was unfavorable for the leeward wall but
favorable for the windward wall. This is due to the drag force of
vegetation that blocked the flow of air and pollutant transportation
(Gromke and Ruck, 2012). Similarly, the impermeable screen
covered with hedge effectively shield the footpath from the
elevated traffic concentrations, leading to lower concentrations at
the footpath with respect to the scenario without vegetation (Vos
et al., 2013). The enhanced Tree-Shrub configurations could
reduce negative VE of the leeward wall and mitigate highly
concentrated pollution of the leeward and windward wall in the
street center, because we were making good use of aerodynamic
effect to change the flow field and alter pollutant distribution
(Jeanjean et al., 2017). Therefore, the aerodynamic effect of roadside
vegetation to change the flow field for reducing the pollutant level
in a street-canyon can be significant.

5. Conclusions

This study investigated the aerodynamic and deposition effects
of different vegetation configurations with several tree species on
traffic-induced PM pollutant in a street-canyon. To do so, the study
quantified the VEs for VCs and explored the governing mechanism
of vegetation parameters on VEs. We concluded that vegetation can
improve street-canyon air quality for the most investigated VCs
under the perpendicular wind. More specifically, we found that an
optimal VC strategy could reduce street-canyon traffic emissions by
20.6%. The VE can be promoted by making good use of the aero-
dynamic effect to alter pollutants distribution and selecting vege-
tation with a high deposition velocity to filter more pollutants. An
optimized planting designmay bemore important than the volume
of the vegetation in terms of PM reduction. The above-mentioned
results could offer an effective guide for urban planners in vege-
tation planting design for the creation of a healthier urban
environment.
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