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Aerodynamic and deposition effects of street trees on PM2.5 1 

concentration: from street to neighborhood scale   2 
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Abstract 4 

In this study, large eddy simulation (LES) is adopted to evaluate the aerodynamic and deposition 5 

effects of street trees on fine particulate matter (PM2.5) concentration within street canyons. The 6 

Extended Nonperiodic Domain LES for Scalar Transport (ENDLESS) is used to allow exploration of 7 

vegetation effects at a neighborhood scale (up to 100 canyons) while maintaining a reasonable resolution 8 

required to resolve flow patterns within each canyon. We investigate three emission scenarios: (i) only 9 

local traffic emissions within the canyon (the first canyon in the urban environment); (ii) only 10 

background pollution originating from the upwind canyons; and (iii) a combination of scenarios (i) and 11 

(ii). Numerical results show that the presence of trees has different effects on the PM2.5 level within 12 

canyons in different emission scenarios and at different spatial scales. At the street scale with only local 13 

traffic emissions, aerodynamic effect of trees results in an increase in the concentration near leeward 14 

walls and a decrease in the concentration near windward walls, which overwhelms the deposition effect. 15 

On the other hand, trees have a negligible impact on the transport of background pollution into the 16 

canyon or its distribution within the canyons. The deposition has beneficial effects that only manifest in 17 

a considerable way at the neighborhood scale. Finally, the effect of trees on a simple operational urban 18 
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pollution model (OUPM) is investigated. After modifications for aerodynamic and deposition effect of 19 

trees, the predictions of the OUPM show good agreement with LES results. 20 

Keywords: Large Eddy simulation (LES); Pollutant deposition; Street canyon; Urban vegetation; 21 

Urban pollution model 22 

1 Introduction 23 

Elevated concentrations of fine particulate matter (PM2.5) in urban areas are a growing concern 24 

due to its effect on human health and climate (Pope et al., 2002; Pöschl, 2005). Traffic emissions 25 

generally constitute an important source of aerosol precursor gases and primary ultrafine particles in the 26 

ambient air (Maricq et al., 1999; Zhu et al., 2002). Under unfavorable meteorological conditions (e.g., 27 

weak wind speeds and shallow planetary boundary layers), the interplay of local traffic emissions and 28 

regional emissions can result in severe pollution episodes in megacities such as Beijing, China (Zhao et 29 

al., 2013; Guo et al., 2014).  30 

One possible remediation strategy to help improve the ambient air quality in urban regions is to 31 

increase the urban vegetation coverage. This strategy is based on the collection capability of vegetation 32 

because it provides large surface areas for the absorption and deposition of gases and particles (Lovett, 33 

1994; Beckett et al., 2000; Freer-Smith et al., 2004; Freer-Smith et al., 2005). Numerous field studies 34 

have provided evidence that the increase in vegetation coverage is related to lower particle pollution in 35 

urban areas (Cavanagh et al., 2009; Yin et al., 2011; Chen et al., 2015; Irga et al., 2015; Yli-Pelkonen 36 

et al., 2017; Chen et al., 2019). In contrast, a few field studies have reported contradictory results 37 

showing that urban vegetation such as forests or barriers have an insignificant effect reducing PM 38 

concentrations (Setala et al., 2013; Brantley et al., 2014). Particularly, increasing PM2.5 levels were 39 

observed within street canyon by Jin et al. (2014). There are two possible reasons for this: (i) vegetation 40 

influences airflow via drag forces, which may contribute to the accumulation of PM in specific locations 41 

within the urban environment; and (ii) as particle removal by deposition varies widely depending on the 42 
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characteristics of vegetation, particles, and wind, this effect may not be very efficient at times. The 43 

complexity of this problem calls for an accurate assessment of the effects of urban vegetation on PM 44 

concentrations in urban environments. 45 

In recent decades, many studies have been undertaken to investigate the effects of urban vegetation 46 

on PM. Janhäll (2015), Abhijith et al. (2017) and Buccolieri et al. (2018) have provided comprehensive 47 

reviews. Britter and Hanna (2003) suggests that the flow and dispersion in urban area can be addressed 48 

at four scales: regional (up to 100~200 km), city (up to 10~20 km), neighborhood (up to 1~2 km), and 49 

street (less than 100~200m). At street scale, the problematic air pollution within street canyon is a 50 

research hotspot because of the potentially high traffic volume and poor ventilation conditions. Wind 51 

tunnel and computational fluid dynamics (CFD) studies indicate that the aerodynamic effect of 52 

vegetation reduces ventilation and circulation and favors increased pollutant concentration within the 53 

idealized two-dimensional (2D) canyon, especially on the leeward side (Ries and Eichhorn, 2001; 54 

Gromke and Ruck, 2007; Buccolieri et al., 2009; Buccolieri et al., 2009; Gromke and Ruck, 2012; 55 

Moonen et al., 2013; Wang et al., 2018). Recently, a few numerical studies sought to consider both 56 

aerodynamic and deposition effect. Vos et al. (2013) and Vranckx et al. (2015) found that aerodynamic 57 

effect appears to overshadow the pollutant removal capacity of vegetation at single street scale. 58 

Meanwhile, Xue and Li (2017) and Santiago et al. (2017) suggested that deposition can also be a major 59 

effect both for street canyon geometry and for cube geometry. In city-scale studies, Jeanjean et al. (2016, 60 

2017) argued that the aerodynamic effect is stronger than the deposition effect and highlighted the 61 

importance of local meteorology. However, all of these studies are based on Reynolds-averaged Navier–62 

Stokes models and use constant deposition velocity Vd, which is decoupled from local wind velocities. 63 

Further, most studies only considered the condition with local traffic emission at street scale. In fact, 64 

background pollution can dominate severe air pollution scenarios.  65 

Additionally, although the microscale CFD simulations provide detailed information and help 66 

understand the dispersion and deposition process, the computational cost makes it unfeasible for 67 

practical applications. Typically, simplified models based on street canyon models or street network 68 
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models are used for operational purposes (Namdeo and Colls, 1996; McHugh et al., 1997; Soulhac et 69 

al., 2011). To the best of our knowledge, however, most of them have not considered the effect of trees 70 

within streets canyons. 71 

Therefore, the objectives of this study are: 72 

(1) to evaluate the aerodynamic and deposition effect of trees in canyons under different emission 73 

scenarios;  74 

(2) to examine the effect of leaf area index (LAI) on the dispersion and deposition at the street and 75 

neighborhood scales; and 76 

(3) to devise a strategy to include the effect of trees in operational urban pollution model (OUPM). 77 

To better represent turbulence, the simulations are conducted with large eddy simulation (LES) 78 

models. The canonical 2D street canyon is employed, which has been widely adopted to study both 79 

ventilation and pollutant dispersion in wind tunnel (Meroney et al., 1996; Pavageau, 1996; Pavageau 80 

and Schatzmann, 1999; Brown et al., 2000) and CFD studies (Cui et al., 2004; Wong and Liu, 2013; 81 

Michioka et al., 2016; Wang et al., 2018). To evaluate the effect of vegetation on different sources of 82 

pollution, we investigated three emission scenarios: (i) only local traffic emissions; (ii) only background 83 

field pollution originating from upwind canyons; and (iii) a combination of scenarios (i) and (ii).  84 

The rest of this paper is organized as follows: Section 2 describes the numerical model and 85 

simulation set-ups. Model validation is briefly presented in Section 3. The results and discussion are 86 

presented in Section 4, and in Section 5, we draw the conclusions.  87 

2 Methodology 88 

2.1 LES 89 

2.1.1 Flow over street canyon with vegetation 90 

The LES model together with an immerse boundary method (IBM) is employed to simulate the 91 

flow over an urban geometry and a drag force is used to represent the effects of vegetation. For brevity, 92 
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only important features of the numerical model are presented here and the readers may refer to Anderson 93 

et al. (2015) and Li et al. (2016) for more details on the IBM and Pan et al. (2014) for the canopy model. 94 

In the present study, only the neutrally stratified boundary layer is considered, and the turbulence caused 95 

by vehicle motion is assumed to be negligible. Under these conditions, the spatially filtered three-96 

dimensional (3D) momentum equation for incompressible air flows is written as  97 

 d
1 p

t U
w

� ��  � � �� � � �
w
u u u τ B F  , (1) 98 

where u  is the filtered velocity, � �1 / pU �  is the filtered pressure gradient force, τ  is the subgrid-99 

scale (SGS) momentum flux, B is the immersed boundary force representing the effect of solid obstacles 100 

immersed in the flow, and Fd is the additional drag force imposed by the vegetation. 101 

For simplicity, the urban setting is modeled as a sequence of 2D canyons, with the wind blowing 102 

perpendicular to the buildings to study the worst ventilation case. The buildings are modeled using a 103 

ghost-cell immersed boundary method (Tseng and Ferziger, 2003). The immersed boundary force B is 104 

zero within the fluid and nonzero inside the buildings (it is adjusted to maintain zero velocity inside the 105 

buildings).  106 

The drag force used to represent the effects of the trees on the flow is given by (Shaw and Schumann, 107 

1992; Pan et al., 2014) 108 

 � � � �d dC a � �F P u u  , (2) 109 

where Cd is the drag coefficient (assumed to be constant in this study), a(z) is the two-sided leaf area 110 

density (LAD), and x x x y y y z z zP P P � �P e e e e e e  is the projection coefficient tensor to project the LAD 111 

into streamwise (x), spanwise (y), and vertical (z) directions (here we use a typical drag coefficient 112 

d 0.2C   and identical projections onto the three orthogonal planes given by 1/ 3x y zP P P   ). 113 

The momentum equations are solved using a pseudo-spectral approach in the horizontal direction 114 

and a second-order, centered, finite-difference scheme in the vertical direction. The Lagrangian scale-115 

dependent dynamic Smagorinsky SGS model (Bou-Zeid et al., 2005) is employed to close the equations 116 
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and a second-order Adams–Bashforth scheme is used for temporal integration. To reduce the error from 117 

Gibbs phenomenon around the buildings, a cubic interpolation smoothing method is applied before 118 

computing the horizontal spectral derivatives (Li et al., 2016). 119 

2.1.2 Dispersion and deposition of pollutant 120 

The focus of the present work is on exhaust particles from traffic emissions, which are 121 

predominantly in the ultrafine range (Maricq et al., 1999; Zhu et al., 2002). At this particle size, the 122 

gravitational settling and inertial effects can be neglected; hence, the particles are transported as passive 123 

tracers and their diameter only affects the deposition process. The particle concentration is thus governed 124 

by the following advection-diffusion equation:  125 

  src
C

d
C C S q
t

w
� ��  � � � �

w
u π , (3) 126 

where C  is the filtered particle concentration [g m−3], 𝛑𝐶 is the SGS concentration flux [g m−2 s−1] 127 

(computed using a dynamic SGS viscosity with a constant SGS Prandtl number, SGSPr 0.4 ), srcq  is the 128 

local particle release rate [g m−3 s−1], and dS  is the rate of particle deposition on the canopy elements 129 

[g m−3 s−1]. The sink term can be expressed as  130 

 d dS v CD g  , (4) 131 

where Dg  is a geometric factor with a unit of m−1 and includes the effects of leaf density and 132 

morphology (here set to /a S ), and dv  is the deposition velocity on the vegetation element. Instead of 133 

using a single constant deposition velocities in the whole field, a dynamic deposition model is adopted 134 

as 135 

 d Dv E u  , (5) 136 

where DE  is the collection efficiency, formulated as  137 

 1/2 2/3
p1.88Re Sc 2 /D lE d d� � �  .  (6) 138 
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Here Re /ld Q u  is the Reynolds number, BSc / DQ  is the Schmidt number, pd is the aerodynamic 139 

diameter of particles, ld  is the characteristic dimension of the vegetation elements (chosen as 0.001 m), 140 

and Q  is the kinematic viscosity of air. BD  is the diffusivity for the particles in the air as a consequence 141 

of Brownian motion expressed as  142 

 � �B C B p= / 3D C k T dSP . (7) 143 

Here Bk  is Boltzmann constant, T is the absolute temperature, P  is the dynamic viscosity of air, and 144 

CC  is the Cunningham correction factor, which is calculated by 145 

 p

p

=1+ 2.514 0.8exp 0.55C

d
C

d
O

O
ª º§ ·

� �« »¨ ¸
© ¹¬ ¼

, (8) 146 

where O  is the mean free path of air (66 nm at a temperature of 20℃). 147 

The two terms in the right-hand side of Eq. (6) denote the deposition on the foliage corresponding 148 

to Brownian diffusion and interception, respectively. Note that the only change compared to the ultrafine 149 

particle deposition model developed by Lin et al. (2018) is the inclusion of the second term on the right-150 

hand side of Eq. (6). As we are only interested in particles smaller than 1 Pm (in both Aitken and 151 

accumulation mode), the effects of impaction and gravitational sedimentation can be neglected (Petroff 152 

et al., 2008). The model has been implemented in LES and has been shown to produce mean 153 

concentration and turbulent fluxes of ultrafine particles in agreement with observations over a Scots 154 

pine forest (Lin et al., 2018). 155 

A finite-volume method (FVM) with the bounded advection scheme SMART (Gaskell and Lau, 156 

1988) is adopted to avoid unphysical oscillations and negative concentrations near localized sources and 157 

sinks. To obtain the velocity field needed for the finite-volume discretization (Fig. S1 in the Supplement), 158 

the conservative interpolation of Chamecki et al. (2008) is adopted with a modification to account for 159 

the buildings (see Supplement for details). In addition, by using FVM instead of the pseudo-spectral 160 

approach, the particle concentration does not need to be smoothed inside buildings.  161 

We also adopted the Extended Nonperiodic Domain LES for Scalar Transport (ENDLESS) 162 

approach developed by Chen et al. (2016). ENDLESS uses a velocity field simulated in a smaller domain 163 
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to simulate a scalar field on a much larger scale (Fig. 1). In this study, the velocity field is simulated 164 

over a small number of canyons (i.e., at the street scale) at a fairly high resolution and employed to 165 

simulate concentrations plumes at the neighborhood scale (100 canyons). The use of periodic boundary 166 

conditions in the velocity field enables recycling of the small domain. In the present application, the 167 

scalar fields are extended only in the streamwise direction. The concentration at the downstream 168 

boundary in a given domain is used as inflow at the upstream boundary in the next domain, so that the 169 

evolution of plumes larger than the velocity field domain can be calculated. Even though ENDLESS 170 

produces artificial correlations at distances larger than the velocity field domain, it has been shown that 171 

single point statistics are in excellent agreement with the traditional LES approach (Chen et al., 2016; 172 

Chen et al., 2018). Technical details of implementation and computational cost, as well as a detailed 173 

assessment of the approach are presented in Chen et al. (2016). 174 

 175 

 176 

Fig. 1 (Color online) The simple sketch of the ENDLESS framework (in x-z plane). 177 

2.2 Simulation set-up 178 

 179 

Fig. 2 (Color online) (a) Computation domain for flow field. The gray solid squares, black dots, and green 180 

shadow represent the buildings, line traffic sources, and leaf area, respectively; (b) The vertical profile of the 181 
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normalized leaf area density (a) normalized by its mean value LAI/h. 182 

The simulations of flow fields are performed on a box domain of length 8 4 4x y zL L L h h hu u  u u , 183 

including four street canyons (Fig. 2a). The height of canyons h is set to 15.5 m and the aspect ratio 184 

c/h w is set to 1, where cw  is the width of the canyon (equal to the width of the building, bw ). Thus, 185 

the flow within canyons is characterized by “skimming flow” (Oke, 1988), which is adverse for the 186 

ventilation and exchange of pollutants. Two line sources with releasing rate / 2q  [g m−1s−1] each are 187 

placed within canyons to represent the traffic emissions. LAI is the vertical integral of LAD (denoted 188 

by a as before). Most LAI of trees is in the range 3–10 (Teske and Thistle, 2004). For example, Norway 189 

spruce has an LAI of 10.5 with a height of 8 m, and Bur oak has an LAI of 3.04 with a height of 17.43 190 

m. To test the effect of crown density, seven simulations are performed with different two-sided LAI (0, 191 

0.5, 3, 6, 9, 12, 15). Thus, the range of LAI can cover cases from no vegetation, very sparse, to very 192 

dense. For all these simulations, normalized LAD distributions are the same and tend to be homogeneous 193 

between 3.5m z hd d  (Fig. 2). The LAD below 3.5 m is set as 0 to ensure the open space for vehicles. 194 

The effect of trunks is neglected. Although fairly idealized, this setup is fairly representative of many 195 

urban regions in China. 196 

The flow is driven by a constant pressure gradient of 2 / zu LW  in the streamwise momentum 197 

equation, where uW  is a nominal friction velocity scale and is set to 0.45 m/s. A log-law wall model is 198 

adopted on the surface of obstacles and at the ground (Anderson et al., 2015). A stress-free condition is 199 

applied at the top boundary, and periodic boundary conditions are employed in the horizontal directions. 200 

For particle field, exhaust particle number distribution is observed comprising two modes, one with 201 

a mean diameter below 30 nm and another with a mean diameter approximately 70 nm (Karjalainen et 202 

al., 2014). Even though inertial effects can be neglected, collection efficiency still shows strong 203 

dependence on particle diameter (note that 1
B pD d �v  so that the Brownian diffusion term is 204 

proportional to 2/3
pd  while interception increases linearly with pd ). As expected from the reduction in 205 

deposition velocity with increasing particle size in this range (see Fig. S3 in Supplement), p 15d  nm 206 

is selected for its high collection efficiency. Control cases with 0dv   are conducted to evaluate the 207 
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aerodynamic effect. These two cases bound the behavior of most particle sizes in the range of interest. 208 

The concentration at the domain inlet was set to zero and an open boundary condition was adopted at 209 

the outlet. Because the deposition on the vegetation is more than 10 times more efficient than on the 210 

building surfaces (Roupsard et al., 2013), the deposition on the building surfaces is neglected in this 211 

study. Hence, the no-flux condition was used on all surfaces of the canyons and the ground. For the top 212 

boundary, an impermeable boundary condition is used because the vertical velocity is set to w = 0 at the 213 

top and the SGS diffusivity also vanishes.  214 

To study the development of plume and assess the deposition effect at the neighborhood scale, the 215 

concentration domain was extended in the streamwise direction to 25 Lx employing the ENDLESS 216 

approach (Fig. 3). In all simulations, clean air conditions were specified for the inflow concentration 217 

boundary condition. Thus, air pollution within the first canyon was only caused by local emissions while 218 

air pollution within the downwind canyons were also affected by transport from upwind canyons (this 219 

transport of pollution from upwind canyons is referred to as “background pollution”, even though this 220 

is not the most common use of this terminology). In this study, we are interested in three emission 221 

scenarios: (i) only local traffic emissions; (ii) only background field pollution originating from upwind 222 

canyons; (iii) a combination of scenarios (i) and (ii). The air quality within the first canyon and the 97th 223 

canyon can be a good proxy for scenarios (i) and (iii). Hereafter, these two canyons are referred to as 224 

CA1 and CA3 (Fig. 3a). To evaluate scenario (ii), we ran additional simulations with only one scalar 225 

domain and without local emissions (Fig. 3b). The time series of concentration of the x-z plane between 226 

Domain 24 and Domain 25 in ENDLESS simulation with LAI = 0 were recorded and then used as the 227 

inflow boundary condition for the Background simulation. Thus, concentrations in the Background 228 

simulation are all caused by upwind pollution. The first canyon near the inflow boundary in the 229 

Background simulation is referred to as CA2 (Fig. 3b). It should be stressed that all the inflow pollution 230 
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of the Background simulation is the same in different LAI cases, whereas the background pollution in 231 

CA3 will be affected by different LAI in upwind canyons.  232 

 233 

 

Fig. 3 The canyons representing three emission scenarios: (i) only local traffic emissions (CA1); (ii) only 234 

background pollution (CA2); (iii) a combination of (i) and (ii) (CA3). The dotted lines represent the leeward and 235 

windward y-z planes within canyons, which are used for latter analysis.  236 

All the simulations are performed with a constant grid spacing of = /17h' . Additionally, a 237 

sensitivity test with double resolution showed that the resolution adopted here is enough to capture the 238 

main characteristics of flow and concentration fields.  239 

2.3 Averaging and notation 240 

Simulations were performed for a period of 60T  ( /T h uW ) for the flow to achieve statistically 241 

steady state, and then another 160T with the pollution sources. The second half of the pollution period, 242 

when the plume is already in a statistical steady state, was used for data collection.  243 

Given the 2D geometry, all variables of interest (generically represented by � �, , ,X x y z t ) are 244 

averaged in time and in the spanwise (cross-flow) direction, which is indicated as � �,X x z . For specific 245 

analysis, further averages in the streamwise direction are represented by � �
x

X z , while averages over 246 
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the entire canyon volume are denoted by 
C

X  and defined as 247 

 
C

c

d dX x z
X

hw
: ³³  , (9) 248 

where :  is the region within the canyon in x-z plane. In addition, � �leeX z  and � �winX z  represent 249 

the temporal and spanwise average variable at x = xlee and x = xwin, respectively (which is 1.5'  outside 250 

the walls to avoid the influence of the walls and corners, see Fig. 3). 251 

Finally, we define three normalized canyon-averaged bulk variables: the canyon-averaged 252 

normalized concentration *

C
C ; the normalized spatial concentration variance *

CV ; and the canyon-253 

averaged normalized deposition velocity *
dV : 254 

 *

C
C

= Cu hC
q
W  , (10) 255 

 
2

*2 C
2*

C

C
C

V
V   , (11) 256 

 
c* C

*

C

d
d

hw S
V

q C
 ,  (12) 257 

where � �� �2
2 * *
C CC

, /C x z C NV  �¦ , CN  is the number of nodes within the canyon. The variation 258 

of these four dimensionless variables with the canyon number (n) will be discussed in a later section. 259 

 260 

2.4 Validation 261 

The code for the LES model has been validated using wind tunnel measurements for turbulence 262 

around 3D cubes (Anderson et al., 2015; Li et al., 2016), and validated using field measurements for 263 

ultrafine particle deposition (Lin et al., 2018). To evaluate the model accuracy for turbulence and 264 

pollutant dispersion within and above continuous street canyons, we simulated a configuration used in 265 

several wind tunnel measurements (Meroney et al., 1996; Pavageau, 1996; Pavageau and Schatzmann, 266 
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1999; Brown et al., 2000). The configuration was identical to the 2D street canyons with a unity aspect 267 

ratio, while the height of ribs is 0.06 m in the wind tunnel experiments. Four simulations with three 268 

types of computational domain ( 4 2 4h h hu u , 8 4 4h h hu u , and 8 4 8h h hu u ) and two types of mesh 269 

( = /17h' and = / 31h' ) were conducted. For brevity, more details of the validation set-up and the 270 

comparison of results are shown in the Supplement. The mean flow and turbulence statistics of all three 271 

simulations agree well with wind tunnel measurements. Results indicate that the case with 272 

computational domain of 4 2 4h h hu u  and resolution of = /17h'  (WT424-17) can provide an 273 

accurate prediction of flow statistics within and near canopy. Even though fine LES results show better 274 

agreement with measurements, WT424-17 can reproduce most of the main features of the 275 

concentration field. It should also be noted that a resolution of / 16h  is widely used in LES 276 

simulations of flow over urban-like topographies (Boppana et al., 2014; Anderson et al., 2015; Li and 277 

Wang, 2018), and is considered adequate to resolve the main characteristics of the flow and scalar 278 

plume in the present simulation. To test the sensitivity of results to the computational domain in 279 

ENDLESS scenarios, we run three cases with different velocity domains to mimic the dispersion of 280 

plume (details can be found in Supplement). Results show that concentration fields using ENDLESS 281 

with a velocity domain of 8 4 4h h hu u  agree well with those obtained from a traditional LES 282 

simulation with a velocity domain of 20 10 4h h hu u (Fig. S8). Considering the computational cost to 283 

extend the scalar domain to reach a neighborhood scale using ENDLESS, we adopt the computational 284 

domain of 8 4 4h h hu u  and resolution of = /17h' in this study. 285 

3 Results and Discussion  286 

3.1 Effects of trees on canyon particle concentration with different emission conditions 287 

Before evaluating the effects of trees on canyon particle concentration, we first explore how the 288 

trees affect the flow within canyons. With an aspect ratio of 1, the skimming flow (as noted by Oke 289 

(1988)) drives an isolated clockwise mean flow vortex within the canyon in the control case. The trees, 290 
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treated as a sink of momentum, strongly weaken the vortex and reduce the circulation within the canyon 291 

(Fig. 4).  292 

 293 

 294 

Fig. 4 (Color online) Mean wind vectors and magnitude of normalized velocity in the street canyon for 295 

simulation (a) LAI 0 and (b) LAI 6. 296 

The profiles of horizontally averaged turbulence statistics are presented in Fig. 5. Strong reduction 297 

in the mean flow and turbulence intensity can be observed within the canyon due to the increase in the 298 

LAI. The air exchange rate � �roof roof
AER 1/ 2 ' ' dw w w

*
*� �³  at the roof level is usually employed 299 

to represent the rate of removal of airflow in street canyons (Xie et al., 2006; Cheng et al., 2008). 300 

Similarly, vertical air exchange rate � �VAER / 2w x
w uWV �  represents ventilation within and 301 

above canyons. Due to the mean flow vortex, the mean vertical motion contributes a large portion of the 302 

ventilation within the canyon, while above the roof, the vertical ventilation is controlled by turbulence 303 

(Fig. 5c). Although the VAER at the roof level shows very weak reduction with the variation of LAI, 304 

VAER within the canyon strongly diminishes with increasing LAI. This suggests that vegetation might 305 

still worsen pedestrian-level air quality. 306 
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Fig. 5 (Color online) Vertical profiles of normalized (a) mean streamwise velocity, (b) turbulent kinetic energy, 307 

and (c) vertical air exchange rate. The finer lines in (c) represent the standard deviation part 〈𝜎𝑤〉𝑥/(2𝑢𝑠). 308 

 

 

  

Fig. 6 (Color online) The particle concentration distribution without deposition effect for ENDLESS simulations 309 

(a) LAI 0 and (b) LAI 6 (without deposition) and Background simulations (c) LAI 0 and (d) LAI 6 (without 310 
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deposition).  311 

Fig. 6 shows the particle concentration distribution of ENDLESS simulations and Background 312 

simulations. Although the height of the computational domain (62 m) is lower than the typical height of 313 

atmospheric boundary layer (between 100 and 1000 m), our simulations represent a rough 314 

approximation of the concentration build-up in an urban environment. Note that the aerodynamic effect 315 

of trees produces a more heterogeneous distribution of concentration in the presence of local sources 316 

(Fig. 6 a, b), while no difference can be found in Background simulations (Fig. 6 c, d). 317 

 318 

Fig. 7 (Color online) Vertical profiles of normalized mean concentrations on the leeward and windward side in 319 

CA1 (a and b), CA2 (c and d), and CA3 (e and f) canyon (only considering aerodynamic effect). 320 
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 321 

Fig. 8 (Color online) Similar to Fig. 7, but deposition effect is included. 322 

Fig. 7 and Fig. 8 show the profiles of normalized mean concentration near the leeward and 323 

windward wall excluding and including deposition effect, respectively. When deposition effect is 324 

excluded, increases in canopy LAI lead to considerable increase in concentration near the leeward wall 325 

and decrease near the windward wall under the local emission condition (Fig. 7 a, b). This is a direct 326 

consequence of the weakening of the mean circulation inside the canyon (Fig. 4) and is in agreement 327 

with wind tunnel measurements (Gromke and Ruck, 2007) and other numerical simulations (Salim et 328 

al., 2011; Xue and Li, 2017). In scenario CA2 (Fig. 7 c, d), little difference can be observed between the 329 

leeward and windward side concentrations, indicating that the background concentration has a fairly 330 

uniform impact on concentrations within the canyon. With the increase in LAI, the negligible reduction 331 

of concentrations within CA2 suggests that the aerodynamic effect of trees can be neglected for 332 

background pollution at street scale. Additionally, the concentration distribution suggests that the 333 

background concentration above the canyon is a good proxy for concentrations everywhere in the 334 

canyon in the absence of local sources. As expected, the CA3 cases are almost equivalent to the 335 

combination of CA1 and CA2 cases. It is noteworthy that the results for scenarios CA1 and CA2 are 336 

general, while the scenario CA3 implies a specific combination between local and background sources 337 

of pollution that, in our case, is valid only for the 97th canyon. In this specific case, the concentrations 338 
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in the leeward wall are dominated by local sources, while most of the contribution to concentrations in 339 

the windward wall originates from the background. We expect that for canyons with less upwind 340 

pollution (e.g., 10th or 20th), both walls will be locally dominated, while further downwind background 341 

levels would dominate the entire canyon. 342 

Negligible difference can be observed between Fig. 7 (a)–(d) and Fig. 8 (a)–(d), indicating that 343 

deposition effect has limited impact at a street scale whenever the local traffic (CA1) or background 344 

pollutant (CA2) is considered. On comparing Fig. 8 (e)–(f) with Fig. 7 (e)–(f), weak reduction of 345 

concentration in both leeward and windward side can be observed when deposition effect is included in 346 

CA3. The background concentrations in Fig. 8 are impacted by trees in upwind canyons in CA3 cases, 347 

while they are the same in all CA2 cases. An increase in LAI implies an increase in deposition and a 348 

slower increase in background levels with the number of canyons. This effect is clearly seen on the 349 

concentrations above the canyon in Fig. 8. (e), (f), where a reduction in concentration with increasing 350 

LAI can be observed. 351 

To show the effect of trees more quantitatively and intuitively, the canyon-average concentrations 352 

〈𝐶̅∗〉C are normalized by the values of the control cases (LAI = 0) in Fig. 9. The deposition mechanism 353 

has a positive effect on the average air quality for all the three scenarios (solid symbols versus open 354 

symbols). This effect is most noticeable in CA3 because the trees have a considerable impact in reducing 355 

the build-up of background pollution. As an overall net negative effect, the aerodynamic effect is very 356 

pronounced for the local source (CA1). The aerodynamic effect of vegetation is negligible for the 357 

background pollution (CA2). Because CA2 has a constant background concentration (i.e., not sensitive 358 

to LAI), it can be interpreted as an assessment of the entrainment of background pollution into the 359 

canyon. The results presented here show that the presence of trees has only a very small impact on this 360 

entrainment.  361 
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Fig. 9 (Color online) The relative change in the canyon-averaged normalized concentrations for CA1 (blue 362 

circles), CA2 (orange triangles), and CA3 (black diamonds). Solid and open symbols represent results with and 363 

without deposition, respectively.  364 

When analyzing scenario CA3, one needs to keep in mind that this includes the contribution of 365 

both local and background pollution, and that the relative contributions change with the number of 366 

upwind canyons. Therefore, results are valid for the set-up with 100 canyons, and conclusions would 367 

likely be different with a considerably different number of canyons, e.g., 10 or 1000. For the present 368 

conditions, in general, there is a modest improvement in air quality when deposition is included and a 369 

comparable deterioration of air quality in the absence of deposition (e.g., particle sizes for which the 370 

deposition process is not very efficient).  371 

3.2 Effects of trees on dispersion and deposition at neighborhood scale 372 

  

Fig. 10 (Color online) Increase in canyon-averaged normalized concentration with the number of canyons in 373 
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ENDLESS simulations: (a) without deposition and (b) with deposition. 374 

According to the discussion in Section 3.1, when only considering the aerodynamic and deposition 375 

effect, the presence of trees is harmful to canyon average air quality with local emissions and shows 376 

negligible benefit with the same background pollutant. At the neighborhood scale, however, the build-377 

up of deposition effect of trees within canyons can contribute to cleaner air in the downwind area. Fig. 378 

10 shows the development of canyon-averaged concentration *

C
C  as a function of canyon number n 379 

(n can also be interpreted as the distance from the upwind edge of the urban area, where air is assumed 380 

to be unpolluted). The case LAI = 0 serves as a reference, showing the increase in average concentrations 381 

with distance from the edge promoted by the accumulation of the pollution in the form of an increasing 382 

background concentration. Increasing LAI has a negative effect on the local emissions, reducing 383 

ventilation and trapping more pollutants within the canyon. This is clear in the large increase in 384 

concentrations in the first canyons, where pollution is dominated by local sources. In the absence of 385 

deposition (Fig. 10a), all the different LAI cases approach the no LAI case as distance from the urban 386 

edge increases. This is because the background pollution becomes the dominant contribution and the 387 

reduced ventilation becomes unimportant. The denser the vegetation, the farther from the edge this 388 

convergence occurs, as denser vegetation increases the importance of local pollution sources. 389 

When deposition is included (Fig. 10b), an interesting change in behavior is observed. The first 390 

canyons still have greatly enlarged concentrations due to reduced ventilation. However, the curves for 391 

different LAIs cross the LAI = 0 case, which means that the inclusion of vegetation has a beneficial 392 

effect on air quality. This happens because deposition reduces the rate of increase of the background 393 

pollution, which eventually becomes the dominant contribution. Sensitivity simulations with a smaller 394 

friction velocity (𝑢𝜏 = 0.2 m/s, not shown here) show that the transition point from aerodynamic-395 

dominated effects to deposition-dominated effects (i.e., from concentration enhancement to 396 

concentration reduction by trees) moves closer to the city edge. Thus, while this transition is expected 397 

to occur for most wind conditions, the precise location will vary depending on wind speed. 398 

Next, the normalized canyon-average concentration variances *2
CV  and deposition velocities *

dV  399 
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are shown in Fig. 11. The former can be used to represent the extent of mixing or homogeneity of 400 

pollutant concentration. Increasing LAI considerably increases the heterogeneity of the concentration 401 

distribution due to reduced mixing within the canyon. This implies higher localized concentrations near 402 

the leeward wall and reduced concentrations near the windward wall. However, with an increase in the 403 

distance from the urban edge, background pollution contribution becomes more important and the 404 

distribution of concentration within the canyon becomes more homogeneous.  405 

It is also interesting to note that *
dV  is not very sensitive to the concentration distribution (Fig. 406 

11b), especially when LAI is small. The reason may be related to the nearly uniform distribution of the 407 

LAD in the canyon in our simulations. When LAI is very large, smaller  in the first canyon can be 408 

observed compared to  in downwind canyons. This is further discussed in the next section. 409 

  

Fig. 11 (Color online) (a) Normalized spatial variance of mean concentration within canyon; (b) normalized 410 

deposition velocities. 411 

3.3 Representing effects of vegetation in operational urban pollution models  412 

The results and discussions in the last section imply that urban vegetation plays different roles at 413 

different spatial scales. For urban planners, designing or managing urban vegetation requires an accurate 414 

evaluation of the effect of trees. Nevertheless, using CFD model to predict air quality and assess the 415 

effect of trees at the city scale is always difficult because of the computational cost. Thus, operational 416 

or “fast responding” models like ADMS-Urban (McHugh et al., 1997; Carruthers et al., 2000; Righi et 417 

al., 2009) or SIRINE (Soulhac et al., 2011; Soulhac et al., 2012; Salem et al., 2015) play an important 418 

*
dV

*
dV
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role in practical applications. However, few of these models have considered the aerodynamic and 419 

deposition effect of urban vegetation. On the other hand, assessment of deposition on vegetation at city 420 

scale also requires concentration data, e.g., i -TREE model (Hirabayashi et al., 2012). In this study, we 421 

present an investigation of the effects of vegetation on the operational urban pollution model (OUPM) 422 

using LES result. 423 

Some key features of the OUPM are: (1) the urban boundary layer is decomposed into the external 424 

atmosphere and urban canopy; (2) the external flow is always modeled as boundary layer flow based on 425 

Monin–Obukhov similarity theory and dispersion is represented by a Gaussian plume model; and (3) 426 

the urban canopy is treated by simplified street canyon model, and the concentration is usually assumed 427 

uniform within the canyon. According to the two-domain assumption, the exchange of pollutants 428 

between the external atmosphere and street canyon is crucial to a careful model.  429 

In this section, we use the ENDLESS results to develop an approach to incorporate the effect of 430 

trees into operational models. First, we consider the cases without trees.  431 

The concentration in an urban canopy can be assumed to consist of two parts, i.e., from local 432 

emissions within canyon and external background concentration: 433 

 * * *
L BC C C

C C C �  , (13) 434 

where *
L C

C  is the part originating from the local emissions and *
B C

C  is the part originating from 435 

the background concentration. As noted in Section 2, the asterisk denotes the normalized process, the 436 

angle bracket denotes a spatial averaging process, where the subscript C refers to canyon averaging. For 437 

brevity, the overbar denoting the averaging operator in time and the spanwise (cross-flow) direction is 438 

omitted in the latter part. Various factors affect the value of *
L C

C , such as the specific placement and 439 

emission rate of local sources, turbulence intensity, geometry of buildings, aspect ratio of canyon, 440 

location, and density of trees, and particle size. As it is not the objective of this study to formulate *
L C

C , 441 

we assume *
L C

C  is known for all LAI cases, which is equal to the concentration in CA1 denoted by 442 

� �*

C
1C  (see Fig. 12a).  443 
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For *
B C

C , it is determined by the background concentration and the flow statistics. As the flow 444 

statistics are the same for all canyons in our simulations, the variance of *
B C

C  with distance only 445 

depends on the background concentration. According to Eq. (13) and the assumption of *
L C

C , *
B C

C  446 

can be expressed as a function of canyon number (n), and can be obtained by 447 

 � � � � � �* * *
B C C C

1C n C n C � . (14) 448 

To relate *
B C

C  to the background concentration, we define the mean normalized concentration 449 

above the canyon � �*
RC n  as an indicator of background concentration as  450 

 � �
� �

� � b

1.18 *

1 +*

R
b

, d d

0.2

z h nl

z h n l w
C x z x z

C n
hw

 

 � 
³ ³

 , (15) 451 

where n is the nth canyon, and l is the sum of the width of building and canyon ( b c b+ 2l w w w  ). Note 452 

that this concentration is the average over a layer of depth 3/17 h (≈0.18h) above the canyon n.  453 

As local emissions also contribute to the concentration above canyons, we can quantify this by 454 

using � �*

R
1C  as a reference for the effects of local emissions, and remove this “local contribution” 455 

from the total concentration for any other canyon. Thus, we define the net normalized background 456 

concentration *
B R

C (shown in Fig. 12b) as 457 

 � � � � � �* * *
B R R R

1C n C n C � . (16) 458 

It can be observed in Fig. 13 that *
B R

C  nearly converges with different LAI when the deposition 459 

effect is excluded, while the increase in LAI generally contributes to a lower *
B R

C  in far downwind 460 

areas when including the deposition effect. 461 

According to the simulation set-ups, � �*
B R

C n  can also be broken down into the accumulation of 462 

the dispersion of upwind emissions. Defining � �*
1 R

C n  as the normalized background concentration 463 

at canyon n resulting from the emissions from the first canyon (see Fig. 12c), � �*
B R

C n  can be 464 

calculated as 465 
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 � � � �
*
B *R

1 R
2

0 , 1

, 1
n

i

n
C n

C i n
 

 ­
° ® !°̄¦

 . (17) 466 

Thus, � �*
1 R

C n  can be obtained from LES results as 467 

 � � � � � �* * *
1 B BR R R

= 1 1C n C n C n n� � !，  . (18) 468 

 469 

 470 

Fig. 12 (Color online) The schematic diagram of (a) plume calculated by LES, (b) accumulated background 471 

concentration *
B R

C , and (c) background concentration resulting from the first canyon *
1 R

C . 472 

  

Fig. 13 (Color online) The net normalized background concentration: (a) without deposition and (b) with 473 
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deposition. 474 

As the dispersion of pollutants above the canopy is commonly modeled by a Gaussian plume model, 475 

we assume � �*
1 R

C n  can be approximated by the Gaussian diffusion function for a line source. Here, 476 

we define another coordinate system, ' 'x z� , as seen in Fig. 12 (a), and assume that emissions from 477 

the first canyon can be approximated as a line source at ' 0, ' 0x z  , which contributes to a 478 

concentration field � �1 ', 'C x z . Thus, � �1 ', 'C x z can be modeled as 479 

 � �
2

1 2

2 '', ' exp
22 zz

q zC x z
u VS V

§ ·
 �¨ ¸

© ¹
 , (19) 480 

where q  is the emission rate, zV  is the dispersion coefficient (which is a function of x, can be simply 481 

modeled as bax in neutral stratification, where a and b are empirical parameters), and u  is the mean 482 

wind velocity. According to the normalizing process shown in Eq. (10), we assume � �*
1 R

C n  can be 483 

approximated by the normalized concentration in the center point along the roof (i.e., 484 

� �� �1 b2 1 ,0 /C n w u h qW� ) of nth canyon, so it can be simplified to: 485 

  . (20) 486 

Here, *= /u u uW , where su U  and Us is the average streamwise velocity at height 1 / 1.5z h� d487 

(which is about 7.0 m/s). * /z z hV V  is the modified vertical dispersion coefficient, which can be 488 

modeled as � �* -1 b
z A nV  . Therefore, A = 0.28 and b = 0.62 are determined by fitting the approximation 489 

to the LES results (LAI 0 case). The value of A depends on the scaling and is difficult to compare with 490 

other studies. The value of b is close to another LES simulation conducted by Wong and Liu (2013), 491 

which is 0.671 for canyons with an aspect ratio of 1. The difference may arise from the difference of 492 

emission set-up and computational domain. It is clear that A and b are usually determined by the 493 

turbulence of boundary layer. However, because this study is not designed for a realistic boundary layer, 494 

we do not intend to discuss the effect of vegetation on these two parameters. Future research is needed 495 

to extend this study to a more realistic urban boundary layer. Using the Gaussian plume model, 496 

� �*
1 * *R

2 /

z

C n
u

S
V

 



 

 26 

� �*
B R

C n can be calculated using Eq. (17), which shows good agreement with the LES results (Fig. 497 

13a) 498 

In the ENDLESS scenario, concentration within the canyon resulting from background pollution499 

� �*
B C

C n  is not exactly equal to due to the heterogeneity. However, the relationship 500 

between � �*
B C

C n  and � �*
B R

C n is approximately linear with the variation of distance for all cases 501 

(Fig. S9 in Supplement). This suggests a simple model of transport of background pollution into the 502 

canyon expressed as 503 

 � � � �* *
B BC R

ERC n C n  , (21) 504 

where ER is an exchange rate obtained from the LES results using a linear fit. When the effect of 505 

vegetation is excluded, the ER is approximately 0.95 (Fig. 14a).  506 

  

Fig. 14 (Color online) The variation of (a) exchange rate (solid circles and open circle represent ER0 and ERdep 507 

calculated by fitting LES results, open triangles represent ERdep
 calculated by Eq. 23) and (b) normalized 508 

canyon-averaged deposition velocity with the change in LAI (solid circles represent condition with local 509 

emission, and open circles and open triangles represent condition with background concentration calculated by 510 

ENDLESS simulations or Background simulations). 511 

So far, if *
L C

C , the emission rate q, the exchange rate ER and the flow features ( u , dispersion 512 

coefficients A and b) are determined, the canyon-averaged concentration can be calculated using the 513 

operational dispersion model. Here we defined the relative error between OUPM and LES results: 514 

 � �* *

C COUPM LES
= 100%RE C C� u . (22) 515 

� �*
B R

C n
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Fig. 15a shows that the present OUPM can well predict the concentration without trees. However, 516 

if trees are included, the discrepancies between results by the present operational model and LES 517 

simulations become apparent. Thus, further modifications need to be made. 518 

First, we considered the aerodynamic effect of trees in the operational model. According to our 519 

LES results, increase in the crown density of trees contributes to a redistribution of particle concentration 520 

and an overall increase of *
L C

C  within canyons (Fig. 9). For instance, *
L C

C  with all-sided LAI 12 is 521 

13% larger than that without trees. Except for *
L C

C , ER values reduces from 0.9451 to 0.8826 when 522 

LAI increases from 0 to 15. This may be due to the increase in the heterogeneity of the concentration. 523 

In fact, vegetation should also affect the turbulence in the outer layer to influence the dispersion 524 

coefficients. For instance, Giometto et al. (2017) showed that vegetation can increase the roughness 525 

length and displacement height in a boundary layer-scale study. In ENDLESS simulations, however, due 526 

to the marginal aerodynamic effect of trees on the dispersion of pollutant above canyon (not showed 527 

here), the dispersion parameters (A and b) keep nearly constant with the variation of trees. By modifying 528 

*
L C

C  and ER, the differences between operational model and LES results are controlled under 5% 529 

when the deposition velocity is 0 (Fig. 15b). However, when the deposition effect is considerable, the 530 

overestimation of OUPM is also noticeable. 531 

When the deposition effect is included, *
L C

C  decreases compared to the case without deposition 532 

with the same LAI (Fig. 9). The deposition effect can be easily associated with normalized canyon-533 

averaged deposition velocity *
dV . We denote *

dV  in CA1 as *
,LdV  and  in CA2 as *

,BdV . When LAI 534 

is small,  is almost equal to , while it increases higher than  when LAI is large (Fig. 14b). 535 

This might be because the dense canopy results a higher concentration in the pedestrian area (Fig. 6), 536 

while the LAD is 0 in this region (Fig. 2). Here, we use  to evaluate the deposition effect of 537 

vegetation on the ER and the transport of plume above the canopy. 538 

The deposition effect results in a reduction of ER with an increase in LAI (Fig. 14a). By introducing 539 

a flux exchange coefficient J , the exchange rate in the presence of deposition (denoted by ERdep) can 540 

be related to *
dV  and to the ER without deposition (denoted by ER0): 541 

*
dV

*
,BdV *

,LdV *
,LdV

*
,BdV
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 dep 0*
,B

1ER ER
1 dVJ

 
�

. (23) 542 

� � ,R2 / wJ S V  according to Soulhac et al. (2011), and is approximated to 3.0 in this study. Fig. 14 543 

(a) shows that Eq. (23) works well to predict depER . Detailed deducing process is posted in 544 

Supplementary.  545 

Further, the deposition should also be considered when calculating the background concentration 546 

. The deposition can be treated as negative sources if the deposition flux can be determined. 547 

For ENDLESS model, however, a solution of advection-diffusion equation with constant deposition 548 

velocity dV  on the surface based on a constant eddy-diffusivity assumption can be used to calculate 549 

� �1 ', 'C x y  directly (Smith, 1962; Rao, 1981; Horst, 1984): 550 

 � �
2

2
1 2

'2 '', ' exp 1 2 2 exp erfc
22

d

z zz

V xq zC x z
uu

S [ [
V VS V

§ ·ª º
 � �¨ ¸« »

© ¹¬ ¼
 , (24) 551 

in which,  552 

 
'' 2

2
d

zz

V xz
u

[
VV

 �  . (25) 553 

Similarly, we assume � � � �� �*
1 1 bR

= 2 1 ,0 /C n C n w u h qW�  and Eqs. (24) and (25) can be 554 

approximated as 555 

 � � � � � �* * *2 *
1 * *R

2 / 1 2 exp erfc
z

C n
u

S S[ [ [
V

ª º �¬ ¼  and (26) 556 
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. (27) 558 

More detailed deducing process can be found in Supplement. If *
,B 0dV  , the solution Eq. (26) can be 559 

reduced to the Gaussian plume model Eq. (20).  560 

Finally, the RE can reduce to under 5% for all cases after introducing canyon deposition velocity 561 

*
,BdV  and modifying *

L C
C  and ER (Fig. 15c). This suggests that the OUPM can be a good tool to 562 

J

� �*
B R

C n
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predict pollution even when the vegetation effect is included. Nevertheless, parameterization is needed 563 

for more complex and realistic situations in the future. 564 

  

 

Fig. 15 (Color online) The relative error between the canyon-averaged concentration computed by OUPM and 565 

LES: (a) OUPM without trees, (b) OUPM with aerodynamic effect of trees, and (c) OUPM with both 566 

aerodynamic and deposition effects of trees. Dashed lines indicate an error of 5%. 567 

4. Conclusions 568 

In this study, LES were performed using ENDLESS to evaluate the effect of street trees on air 569 

quality under different emission scenarios and at different scales. For local emissions, increasing 570 

vegetation reduces flow within the canyon, increasing concentrations in the vicinity of the leeward wall 571 

and reducing concentrations in the windward wall. The deposition effects are smaller than aerodynamic 572 

effects. On the other hand, vegetation has almost no effect on the transport of background pollution into 573 

the canyon or its distribution within the canyon, which tend to be uniform. However, when a sequence 574 
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of canyons is used to investigate the neighborhood scale problem, vegetation works as a particle sink 575 

has a large impact in reducing the rate of increase of background pollution with distance from the urban 576 

edge. Thus, we conclude that the two effects of vegetation usually mentioned in the literature work at 577 

different spatial scales: while reduced ventilation has clear detrimental effects at the canyon scale, the 578 

deposition (or filtration effect) has beneficial effects that only manifest in a considerable way at a larger 579 

scale. Consequently, an assessment of the true effect of trees on air quality must consider these two 580 

distinct spatial scales. Our results suggest that for pollutants with large deposition velocities (such as 581 

particles with a diameter smaller than 30 nm or larger than 10 μm), the presence of vegetation is 582 

predominantly beneficial at urban scales, especially for areas with much lower local pollution than 583 

background transport pollution. Meanwhile, for small deposition velocities, the presence of vegetation 584 

is negligible at these large scales. The reduced ventilation is problematic only for the first few dozen 585 

canyons where concentration patterns are dominated by local sources. 586 

In addition, this study investigates the aerodynamic and deposition effect of trees on the 587 

establishment of the OUPM. Results show that the aerodynamic effect contributes to an increase in 588 

concentration from local emissions and a decrease in the ER of background pollution into the canyon. 589 

The introduction of canyon-averaged deposition velocity can describe the deposition effect well. With 590 

these modifications, the predictions of OUPM show good agreement with the LES results, which 591 

suggests that OUPM can be an efficient and economic tool for investigating urban air quality, even for 592 

more complex canopies.  593 

In this study, we did not attempt to cover the large parameter space needed to fully characterize the 594 

effects of trees on PM2.5 in urban environments. Results are expected to depend on urban geometry and 595 

configuration, meteorological conditions, particle size and emission, and vegetation characteristics and 596 

distribution within the urban environment. Clearly, a complete exploration of all these effects is 597 

challenging, and future research should perhaps focus on identifying the parameters that have a stronger 598 

impact on the results. However, it is clear that these future studies should encompass both the canyon 599 

and neighborhood scales, and that the ENDLESS approach may be beneficial in exploring these effects. 600 
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