Revised Manuscript with No Changes Marked Click here to view linked References %

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

2 concentration: from street to neighborhood scale

3 Xinlu Lin'*, Marcelo Chamecki 2, Xiping Yu *

4 Abstract

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

6  effects of street trees on fine particulate matter (PM2.5) concentration within street canyons. The
7  Extended Nonperiodic Domain LES for Scalar Transport (ENDLESS) is used to allow exploration of
8  vegetation effects at a neighborhood scale (up to 100 canyons) while maintaining a reasonable resolution
9  required to resolve flow patterns within each canyon. We investigate three emission scenarios: (i) only
10 local traffic emissions within the canyon (the first canyon in the urban environment); (ii) only
11 background pollution originating from the upwind canyons; and (iii) a combination of scenarios (i) and
12 (ii). Numerical results show that the presence of trees has different effects on the PM2.5 level within
13 canyons in different emission scenarios and at different spatial scales. At the street scale with only local
14 traffic emissions, aerodynamic effect of trees results in an increase in the concentration near leeward
15  walls and a decrease in the concentration near windward walls, which overwhelms the deposition effect.
16  On the other hand, trees have a negligible impact on the transport of background pollution into the
17  canyon or its distribution within the canyons. The deposition has beneficial effects that only manifest in

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

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

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

Urban pollution model

1 Introduction

Elevated concentrations of fine particulate matter (PM2.5) in urban areas are a growing concern
due to its effect on human health and climate (Pope et al., 2002; Pdschl, 2005). Traffic emissions
generally constitute an important source of aerosol precursor gases and primary ultrafine particles in the
ambient air (Maricq et al., 1999; Zhu et al., 2002). Under unfavorable meteorological conditions (e.g.,
weak wind speeds and shallow planetary boundary layers), the interplay of local traffic emissions and
regional emissions can result in severe pollution episodes in megacities such as Beijing, China (Zhao et
al., 2013; Guo et al., 2014).

One possible remediation strategy to help improve the ambient air quality in urban regions is to
increase the urban vegetation coverage. This strategy is based on the collection capability of vegetation
because it provides large surface areas for the absorption and deposition of gases and particles (Lovett,
1994; Beckett et al., 2000; Freer-Smith et al., 2004; Freer-Smith et al., 2005). Numerous field studies
have provided evidence that the increase in vegetation coverage is related to lower particle pollution in
urban areas (Cavanagh et al., 2009; Yin et al., 2011; Chen et al., 2015; Irga et al., 2015; Yli-Pelkonen
et al., 2017; Chen et al., 2019). In contrast, a few field studies have reported contradictory results
showing that urban vegetation such as forests or barriers have an insignificant effect reducing PM
concentrations (Setala et al., 2013; Brantley et al., 2014). Particularly, increasing PM2.5 levels were
observed within street canyon by Jin et al. (2014). There are two possible reasons for this: (i) vegetation
influences airflow via drag forces, which may contribute to the accumulation of PM in specific locations

within the urban environment; and (ii) as particle removal by deposition varies widely depending on the
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characteristics of vegetation, particles, and wind, this effect may not be very efficient at times. The
complexity of this problem calls for an accurate assessment of the effects of urban vegetation on PM
concentrations in urban environments.

In recent decades, many studies have been undertaken to investigate the effects of urban vegetation
on PM. Janhill (2015), Abhijith et al. (2017) and Buccolieri et al. (2018) have provided comprehensive
reviews. Britter and Hanna (2003) suggests that the flow and dispersion in urban area can be addressed
at four scales: regional (up to 100~200 km), city (up to 10~20 km), neighborhood (up to 1~2 km), and
street (less than 100~200m). At street scale, the problematic air pollution within street canyon is a
research hotspot because of the potentially high traffic volume and poor ventilation conditions. Wind
tunnel and computational fluid dynamics (CFD) studies indicate that the aerodynamic effect of
vegetation reduces ventilation and circulation and favors increased pollutant concentration within the
idealized two-dimensional (2D) canyon, especially on the leeward side (Ries and Eichhorn, 2001;
Gromke and Ruck, 2007; Buccolieri et al., 2009; Buccolieri et al., 2009; Gromke and Ruck, 2012;
Moonen et al., 2013; Wang et al., 2018). Recently, a few numerical studies sought to consider both
aerodynamic and deposition effect. Vos et al. (2013) and Vranckx et al. (2015) found that aerodynamic
effect appears to overshadow the pollutant removal capacity of vegetation at single street scale.
Meanwhile, Xue and Li (2017) and Santiago et al. (2017) suggested that deposition can also be a major
effect both for street canyon geometry and for cube geometry. In city-scale studies, Jeanjean et al. (2016,
2017) argued that the aerodynamic effect is stronger than the deposition effect and highlighted the
importance of local meteorology. However, all of these studies are based on Reynolds-averaged Navier—
Stokes models and use constant deposition velocity V4, which is decoupled from local wind velocities.
Further, most studies only considered the condition with local traffic emission at street scale. In fact,
background pollution can dominate severe air pollution scenarios.

Additionally, although the microscale CFD simulations provide detailed information and help
understand the dispersion and deposition process, the computational cost makes it unfeasible for

practical applications. Typically, simplified models based on street canyon models or street network
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models are used for operational purposes (Namdeo and Colls, 1996; McHugh et al., 1997; Soulhac et
al., 2011). To the best of our knowledge, however, most of them have not considered the effect of trees
within streets canyons.

Therefore, the objectives of this study are:

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

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

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

To better represent turbulence, the simulations are conducted with large eddy simulation (LES)
models. The canonical 2D street canyon is employed, which has been widely adopted to study both
ventilation and pollutant dispersion in wind tunnel (Meroney et al., 1996; Pavageau, 1996; Pavageau
and Schatzmann, 1999; Brown et al., 2000) and CFD studies (Cui et al., 2004; Wong and Liu, 2013;
Michioka et al., 2016; Wang et al., 2018). To evaluate the effect of vegetation on different sources of
pollution, we investigated three emission scenarios: (i) only local traffic emissions; (ii) only background
field pollution originating from upwind canyons; and (iii) a combination of scenarios (i) and (ii).

The rest of this paper is organized as follows: Section 2 describes the numerical model and
simulation set-ups. Model validation is briefly presented in Section 3. The results and discussion are

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

2 Methodology
2.1 LES
2.1.1 Flow over street canyon with vegetation

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

flow over an urban geometry and a drag force is used to represent the effects of vegetation. For brevity,
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only important features of the numerical model are presented here and the readers may refer to Anderson
etal. (2015) and Li et al. (2016) for more details on the IBM and Pan et al. (2014) for the canopy model.
In the present study, only the neutrally stratified boundary layer is considered, and the turbulence caused
by vehicle motion is assumed to be negligible. Under these conditions, the spatially filtered three-

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

@+ﬁ-Vﬁ=—lVﬁ—V-T+B+Fd , (1)
ot o,
where a is the filtered velocity, (1 / p)Vﬁ is the filtered pressure gradient force, T is the subgrid-

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

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

For simplicity, the urban setting is modeled as a sequence of 2D canyons, with the wind blowing
perpendicular to the buildings to study the worst ventilation case. The buildings are modeled using a
ghost-cell immersed boundary method (Tseng and Ferziger, 2003). The immersed boundary force B is
zero within the fluid and nonzero inside the buildings (it is adjusted to maintain zero velocity inside the
buildings).

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

1992; Pan et al., 2014)

F,=—C,(aP)-(j0]a) , 2
where Cq is the drag coefficient (assumed to be constant in this study), a(z) is the two-sided leaf area
density (LAD), and P=Pe e +Pee + Pe_e_ isthe projection coefficient tensor to project the LAD
into streamwise (x), spanwise (y), and vertical (z) directions (here we use a typical drag coefficient
C, =0.2 and identical projections onto the three orthogonal planes given by P, = P =P =1/3).

The momentum equations are solved using a pseudo-spectral approach in the horizontal direction
and a second-order, centered, finite-difference scheme in the vertical direction. The Lagrangian scale-

dependent dynamic Smagorinsky SGS model (Bou-Zeid et al., 2005) is employed to close the equations
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and a second-order Adams—Bashforth scheme is used for temporal integration. To reduce the error from
Gibbs phenomenon around the buildings, a cubic interpolation smoothing method is applied before

computing the horizontal spectral derivatives (Li et al., 2016).
2.1.2 Dispersion and deposition of pollutant

The focus of the present work is on exhaust particles from traffic emissions, which are
predominantly in the ultrafine range (Maricq et al., 1999; Zhu et al., 2002). At this particle size, the
gravitational settling and inertial effects can be neglected; hence, the particles are transported as passive
tracers and their diameter only affects the deposition process. The particle concentration is thus governed
by the following advection-diffusion equation:

oC

E+u-vé=v-nc—sd+qm, (3)

where C is the filtered particle concentration [g m =], m¢ is the SGS concentration flux [g m2s™!]
(computed using a dynamic SGS viscosity with a constant SGS Prandtl number, Pryg =0.4), g, isthe
local particle release rate [g m>s7!], and S, is the rate of particle deposition on the canopy elements

[¢ m3s7']. The sink term can be expressed as
Sy =av,C (4)

where a, is a geometric factor with a unit of m™' and includes the effects of leaf density and
morphology (here setto 4/ ), and v, is the deposition velocity on the vegetation element. Instead of
using a single constant deposition velocities in the whole field, a dynamic deposition model is adopted

as
v, =[lE, , (5)
where E,, is the collection efficiency, formulated as

E,=188Re™"*Sc™’ +2d,/d, . (6)
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Here Re= |ﬁ| d, /v isthe Reynolds number, Sc=v /D, isthe Schmidt number, dp is the aerodynamic
diameter of particles, d, is the characteristic dimension of the vegetation elements (chosen as 0.001 m),
and v isthe kinematic viscosity of air. D, is the diffusivity for the particles in the air as a consequence

of Brownian motion expressed as
Dy=CckyT / (37ud,) . (7)

Here k; is Boltzmann constant, T is the absolute temperature, x is the dynamic viscosity of air, and
C. 1is the Cunningham correction factor, which is calculated by
C. —1+i{2.514+ O.8exp[—0.55£ﬂ , ()
d, A
where A is the mean free path of air (66 nm at a temperature of 20°C).

The two terms in the right-hand side of Eq. (6) denote the deposition on the foliage corresponding
to Brownian diffusion and interception, respectively. Note that the only change compared to the ultrafine
particle deposition model developed by Lin et al. (2018) is the inclusion of the second term on the right-
hand side of Eq. (6). As we are only interested in particles smaller than 1 pum (in both Aitken and
accumulation mode), the effects of impaction and gravitational sedimentation can be neglected (Petroff
et al.,, 2008). The model has been implemented in LES and has been shown to produce mean
concentration and turbulent fluxes of ultrafine particles in agreement with observations over a Scots

pine forest (Lin et al., 2018).

A finite-volume method (FVM) with the bounded advection scheme SMART (Gaskell and Lau,
1988) is adopted to avoid unphysical oscillations and negative concentrations near localized sources and
sinks. To obtain the velocity field needed for the finite-volume discretization (Fig. S1 in the Supplement),
the conservative interpolation of Chamecki et al. (2008) is adopted with a modification to account for
the buildings (see Supplement for details). In addition, by using FVM instead of the pseudo-spectral

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

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

approach developed by Chen et al. (2016). ENDLESS uses a velocity field simulated in a smaller domain
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to simulate a scalar field on a much larger scale (Fig. 1). In this study, the velocity field is simulated
over a small number of canyons (i.e., at the street scale) at a fairly high resolution and employed to
simulate concentrations plumes at the neighborhood scale (100 canyons). The use of periodic boundary
conditions in the velocity field enables recycling of the small domain. In the present application, the
scalar fields are extended only in the streamwise direction. The concentration at the downstream
boundary in a given domain is used as inflow at the upstream boundary in the next domain, so that the
evolution of plumes larger than the velocity field domain can be calculated. Even though ENDLESS
produces artificial correlations at distances larger than the velocity field domain, it has been shown that
single point statistics are in excellent agreement with the traditional LES approach (Chen et al., 2016;
Chen et al., 2018). Technical details of implementation and computational cost, as well as a detailed

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

inflow :
boundary Eutﬂc:iw
condition —» iboundary
rcondition
periodic scalar field extended domain

jobwern M
condition

velocity field LES domain

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

2.2 Simulation set-up

(a) 47 - ‘ - (b) |
3 L
N2t S 0.5
1
0 .o .o oo oo 0
0 2 4 6 0 1 2
x/h ah/LAI

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

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

The simulations of flow fields are performed on a box domain of length L x L XL =8hx4hx4h,
including four street canyons (Fig. 2a). The height of canyons 4 is set to 15.5 m and the aspect ratio
h/w,issetto 1, where w, is the width of the canyon (equal to the width of the building, w, ). Thus,
the flow within canyons is characterized by “skimming flow” (Oke, 1988), which is adverse for the
ventilation and exchange of pollutants. Two line sources with releasing rate g/2 [gm 's™'] each are
placed within canyons to represent the traffic emissions. LAI is the vertical integral of LAD (denoted
by a as before). Most LAI of trees is in the range 3—10 (Teske and Thistle, 2004). For example, Norway
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
m. To test the effect of crown density, seven simulations are performed with different two-sided LAI (0,
0.5, 3, 6,9, 12, 15). Thus, the range of LAI can cover cases from no vegetation, very sparse, to very
dense. For all these simulations, normalized LAD distributions are the same and tend to be homogeneous
between 3.5m <z <h (Fig.2). The LAD below 3.5 m s set as 0 to ensure the open space for vehicles.
The effect of trunks is neglected. Although fairly idealized, this setup is fairly representative of many
urban regions in China.

The flow is driven by a constant pressure gradient of u’/ L, in the streamwise momentum
equation, where u_ is a nominal friction velocity scale and is set to 0.45 m/s. A log-law wall model is
adopted on the surface of obstacles and at the ground (Anderson et al., 2015). A stress-free condition is
applied at the top boundary, and periodic boundary conditions are employed in the horizontal directions.

For particle field, exhaust particle number distribution is observed comprising two modes, one with
a mean diameter below 30 nm and another with a mean diameter approximately 70 nm (Karjalainen et
al.,, 2014). Even though inertial effects can be neglected, collection efficiency still shows strong
dependence on particle diameter (note that D, oc dp’1 so that the Brownian diffusion term is
proportional to dpy3 while interception increases linearly with d,). As expected from the reduction in
deposition velocity with increasing particle size in this range (see Fig. S3 in Supplement), d, =15nm

is selected for its high collection efficiency. Control cases with v, =0 are conducted to evaluate the
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aerodynamic effect. These two cases bound the behavior of most particle sizes in the range of interest.
The concentration at the domain inlet was set to zero and an open boundary condition was adopted at
the outlet. Because the deposition on the vegetation is more than 10 times more efficient than on the
building surfaces (Roupsard et al., 2013), the deposition on the building surfaces is neglected in this
study. Hence, the no-flux condition was used on all surfaces of the canyons and the ground. For the top
boundary, an impermeable boundary condition is used because the vertical velocity is set to w = 0 at the
top and the SGS diffusivity also vanishes.

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

concentration domain was extended in the streamwise direction to 25 L, employing the ENDLESS

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

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

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

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

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

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

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

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

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

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

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

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

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

Background simulation is referred to as CA2 (Fig. 3b). It should be stressed that all the inflow pollution

10
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of the Background simulation is the same in different LAI cases, whereas the background pollution in

CA3 will be affected by different LAI in upwind canyons.

(a) ENDLESS simulation

Domain 1 E Domain 25
C=0 C,.(y.2.t ) outflow condition
CAl : X > CA3 >
o ©
Xiee ] Xwin - Fiee  Xuin ’

Cou (152,1) outflow condition
> CA2 >

©)

Fig. 3 The canyons representing three emission scenarios: (i) only local traffic emissions (CA1); (ii) only
background pollution (CA2); (iii) a combination of (i) and (ii) (CA3). The dotted lines represent the leeward and

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

All the simulations are performed with a constant grid spacing of A=h/17 . Additionally, a
sensitivity test with double resolution showed that the resolution adopted here is enough to capture the

main characteristics of flow and concentration fields.

2.3 Averaging and notation

Simulations were performed for a period of 607 (7 =h/u,) for the flow to achieve statistically
steady state, and then another 1607 with the pollution sources. The second half of the pollution period,
when the plume is already in a statistical steady state, was used for data collection.

Given the 2D geometry, all variables of interest (generically represented by X (x, v, Z,Z)) are
averaged in time and in the spanwise (cross-flow) direction, which is indicated as X (x, z) . For specific

analysis, further averages in the streamwise direction are represented by <)? > (z), while averages over

11
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the entire canyon volume are denoted by <)? >C and defined as

HQ Xdxdz

(K)e="0 2

where Q is the region within the canyon in x-z plane. In addition, X, (Z) and X, (Z) represent
the temporal and spanwise average variable at x = xic and x = xwin, respectively (whichis 1.5A outside
the walls to avoid the influence of the walls and corners, see Fig. 3).

Finally, we define three normalized canyon-averaged bulk variables: the canyon-averaged
normalized concentration <5 *>C; the normalized spatial concentration variance G*C; and the canyon-

averaged normalized deposition velocity V; :

<5*>C:< _”Th> : (10)

q
n_ O 11
O-C <6*>Z s ( )
* hwc<‘“§d>
vi=—\ 12
d q<C*>C ( )

— 2
where ol = Z(C ’ (x,2) —<C *>C) / N, N isthe number of nodes within the canyon. The variation

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

2.4 Validation

The code for the LES model has been validated using wind tunnel measurements for turbulence
around 3D cubes (Anderson et al., 2015; Li et al., 2016), and validated using field measurements for
ultrafine particle deposition (Lin et al., 2018). To evaluate the model accuracy for turbulence and
pollutant dispersion within and above continuous street canyons, we simulated a configuration used in

several wind tunnel measurements (Meroney et al., 1996; Pavageau, 1996; Pavageau and Schatzmann,

12
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1999; Brown et al., 2000). The configuration was identical to the 2D street canyons with a unity aspect
ratio, while the height of ribs is 0.06 m in the wind tunnel experiments. Four simulations with three
types of computational domain (4hx2hx4h, 8hx4hx4h,and 8hx4hx8h) and two types of mesh
(A=h/17 and A=h/31) were conducted. For brevity, more details of the validation set-up and the
comparison of results are shown in the Supplement. The mean flow and turbulence statistics of all three
simulations agree well with wind tunnel measurements. Results indicate that the case with
computational domain of 4hx2hx4h and resolution of A=h/17 (WT424-17) can provide an
accurate prediction of flow statistics within and near canopy. Even though fine LES results show better
agreement with measurements, WT424-17 can reproduce most of the main features of the
concentration field. It should also be noted that a resolution of /16 is widely used in LES
simulations of flow over urban-like topographies (Boppana et al., 2014; Anderson et al., 2015; Li and
Wang, 2018), and is considered adequate to resolve the main characteristics of the flow and scalar
plume in the present simulation. To test the sensitivity of results to the computational domain in
ENDLESS scenarios, we run three cases with different velocity domains to mimic the dispersion of
plume (details can be found in Supplement). Results show that concentration fields using ENDLESS
with a velocity domain of 8hx4hx4h agree well with those obtained from a traditional LES
simulation with a velocity domain of 204 x10kx4h (Fig. S8). Considering the computational cost to
extend the scalar domain to reach a neighborhood scale using ENDLESS, we adopt the computational

domain of 8hx4hx4h and resolution of A=h/17 in this study.

3 Results and Discussion

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

Before evaluating the effects of trees on canyon particle concentration, we first explore how the
trees affect the flow within canyons. With an aspect ratio of 1, the skimming flow (as noted by Oke

(1988)) drives an isolated clockwise mean flow vortex within the canyon in the control case. The trees,

13
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treated as a sink of momentum, strongly weaken the vortex and reduce the circulation within the canyon

(Fig. 4).

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

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

The profiles of horizontally averaged turbulence statistics are presented in Fig. 5. Strong reduction
in the mean flow and turbulence intensity can be observed within the canyon due to the increase in the

oo +1/2w'w'

T

LAI The air exchange rate AER = J‘r(ﬂg . )dF at the roof level is usually employed
to represent the rate of removal of airflow in street canyons (Xie et al., 2006; Cheng et al., 2008).
Similarly, vertical air exchange rate VAER = <|sz| + 0'W>X /(2u,) represents ventilation within and
above canyons. Due to the mean flow vortex, the mean vertical motion contributes a large portion of the
ventilation within the canyon, while above the roof, the vertical ventilation is controlled by turbulence
(Fig. 5c). Although the VAER at the roof level shows very weak reduction with the variation of LAI,

VAER within the canyon strongly diminishes with increasing LAIL This suggests that vegetation might

still worsen pedestrian-level air quality.

14
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307 Fig. 5 (Color online) Vertical profiles of normalized (a) mean streamwise velocity, (b) turbulent kinetic energy,

308 and (c) vertical air exchange rate. The finer lines in (c) represent the standard deviation part (o,,),/(2us).
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309 Fig. 6 (Color online) The particle concentration distribution without deposition effect for ENDLESS simulations
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deposition).

Fig. 6 shows the particle concentration distribution of ENDLESS simulations and Background
simulations. Although the height of the computational domain (62 m) is lower than the typical height of
atmospheric boundary layer (between 100 and 1000 m), our simulations represent a rough
approximation of the concentration build-up in an urban environment. Note that the aerodynamic effect
of trees produces a more heterogeneous distribution of concentration in the presence of local sources

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

Without deposition
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Fig. 7 (Color online) Vertical profiles of normalized mean concentrations on the leeward and windward side in

CAl (a and b), CA2 (c and d), and CA3 (e and f) canyon (only considering aecrodynamic effect).
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Fig. 8 (Color online) Similar to Fig. 7, but deposition effect is included.

Fig. 7 and Fig. 8 show the profiles of normalized mean concentration near the leeward and
windward wall excluding and including deposition effect, respectively. When deposition effect is
excluded, increases in canopy LAI lead to considerable increase in concentration near the leeward wall
and decrease near the windward wall under the local emission condition (Fig. 7 a, b). This is a direct
consequence of the weakening of the mean circulation inside the canyon (Fig. 4) and is in agreement
with wind tunnel measurements (Gromke and Ruck, 2007) and other numerical simulations (Salim et
al., 2011; Xue and Li, 2017). In scenario CA2 (Fig. 7 c, d), little difference can be observed between the
leeward and windward side concentrations, indicating that the background concentration has a fairly
uniform impact on concentrations within the canyon. With the increase in LAI, the negligible reduction
of concentrations within CA2 suggests that the aerodynamic effect of trees can be neglected for
background pollution at street scale. Additionally, the concentration distribution suggests that the
background concentration above the canyon is a good proxy for concentrations everywhere in the
canyon in the absence of local sources. As expected, the CA3 cases are almost equivalent to the
combination of CA1 and CA2 cases. It is noteworthy that the results for scenarios CAl and CA2 are
general, while the scenario CA3 implies a specific combination between local and background sources

of pollution that, in our case, is valid only for the 97th canyon. In this specific case, the concentrations
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in the leeward wall are dominated by local sources, while most of the contribution to concentrations in
the windward wall originates from the background. We expect that for canyons with less upwind
pollution (e.g., 10th or 20th), both walls will be locally dominated, while further downwind background
levels would dominate the entire canyon.

Negligible difference can be observed between Fig. 7 (a)—(d) and Fig. 8 (a)—~(d), indicating that
deposition effect has limited impact at a street scale whenever the local traffic (CA1) or background
pollutant (CA2) is considered. On comparing Fig. 8 (e)—(f) with Fig. 7 (e)—(f), weak reduction of
concentration in both leeward and windward side can be observed when deposition effect is included in
CA3. The background concentrations in Fig. 8 are impacted by trees in upwind canyons in CA3 cases,
while they are the same in all CA2 cases. An increase in LAI implies an increase in deposition and a
slower increase in background levels with the number of canyons. This effect is clearly seen on the
concentrations above the canyon in Fig. 8. (e), (f), where a reduction in concentration with increasing
LAI can be observed.

To show the effect of trees more quantitatively and intuitively, the canyon-average concentrations
(C*)¢ are normalized by the values of the control cases (LAI = 0) in Fig. 9. The deposition mechanism
has a positive effect on the average air quality for all the three scenarios (solid symbols versus open
symbols). This effect is most noticeable in CA3 because the trees have a considerable impact in reducing
the build-up of background pollution. As an overall net negative effect, the aerodynamic effect is very
pronounced for the local source (CA1). The aerodynamic effect of vegetation is negligible for the
background pollution (CA2). Because CA2 has a constant background concentration (i.e., not sensitive
to LAI), it can be interpreted as an assessment of the entrainment of background pollution into the
canyon. The results presented here show that the presence of trees has only a very small impact on this

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

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

without deposition, respectively.

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

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

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

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

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

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

deposition process is not very efficient).

3.2 Effects of trees on dispersion and deposition at neighborhood scale
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Fig. 10 (Color online) Increase in canyon-averaged normalized concentration with the number of canyons in
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ENDLESS simulations: (a) without deposition and (b) with deposition.

According to the discussion in Section 3.1, when only considering the aerodynamic and deposition
effect, the presence of trees is harmful to canyon average air quality with local emissions and shows
negligible benefit with the same background pollutant. At the neighborhood scale, however, the build-
up of deposition effect of trees within canyons can contribute to cleaner air in the downwind area. Fig.
10 shows the development of canyon-averaged concentration <5 : >C as a function of canyon number n
(n can also be interpreted as the distance from the upwind edge of the urban area, where air is assumed
to be unpolluted). The case LAI = 0 serves as a reference, showing the increase in average concentrations
with distance from the edge promoted by the accumulation of the pollution in the form of an increasing
background concentration. Increasing LAI has a negative effect on the local emissions, reducing
ventilation and trapping more pollutants within the canyon. This is clear in the large increase in
concentrations in the first canyons, where pollution is dominated by local sources. In the absence of
deposition (Fig. 10a), all the different LAI cases approach the no LAI case as distance from the urban
edge increases. This is because the background pollution becomes the dominant contribution and the
reduced ventilation becomes unimportant. The denser the vegetation, the farther from the edge this
convergence occurs, as denser vegetation increases the importance of local pollution sources.

When deposition is included (Fig. 10b), an interesting change in behavior is observed. The first
canyons still have greatly enlarged concentrations due to reduced ventilation. However, the curves for
different LAIs cross the LAl = 0 case, which means that the inclusion of vegetation has a beneficial
effect on air quality. This happens because deposition reduces the rate of increase of the background
pollution, which eventually becomes the dominant contribution. Sensitivity simulations with a smaller
friction velocity (u, = 0.2 m/s, not shown here) show that the transition point from aerodynamic-
dominated effects to deposition-dominated effects (i.e., from concentration enhancement to
concentration reduction by trees) moves closer to the city edge. Thus, while this transition is expected
to occur for most wind conditions, the precise location will vary depending on wind speed.

. . . *) o . o . *
Next, the normalized canyon-average concentration variances o . and deposition velocities V,
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are shown in Fig. 11. The former can be used to represent the extent of mixing or homogeneity of
pollutant concentration. Increasing LAI considerably increases the heterogeneity of the concentration
distribution due to reduced mixing within the canyon. This implies higher localized concentrations near
the leeward wall and reduced concentrations near the windward wall. However, with an increase in the
distance from the urban edge, background pollution contribution becomes more important and the
distribution of concentration within the canyon becomes more homogeneous.

It is also interesting to note that V, is not very sensitive to the concentration distribution (Fig.
11b), especially when LAI is small. The reason may be related to the nearly uniform distribution of the
LAD in the canyon in our simulations. When LAl is very large, smaller V; in the first canyon can be

observed compared to Vd* in downwind canyons. This is further discussed in the next section.
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Fig. 11 (Color online) (a) Normalized spatial variance of mean concentration within canyon; (b) normalized

deposition velocities.

3.3 Representing effects of vegetation in operational urban pollution models

The results and discussions in the last section imply that urban vegetation plays different roles at
different spatial scales. For urban planners, designing or managing urban vegetation requires an accurate
evaluation of the effect of trees. Nevertheless, using CFD model to predict air quality and assess the
effect of trees at the city scale is always difficult because of the computational cost. Thus, operational
or “fast responding” models like ADMS-Urban (McHugh et al., 1997; Carruthers et al., 2000; Righi et

al., 2009) or SIRINE (Soulhac et al., 2011; Soulhac et al., 2012; Salem et al., 2015) play an important
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role in practical applications. However, few of these models have considered the aerodynamic and
deposition effect of urban vegetation. On the other hand, assessment of deposition on vegetation at city
scale also requires concentration data, e.g., i -TREE model (Hirabayashi et al., 2012). In this study, we
present an investigation of the effects of vegetation on the operational urban pollution model (OUPM)
using LES result.

Some key features of the OUPM are: (1) the urban boundary layer is decomposed into the external
atmosphere and urban canopy; (2) the external flow is always modeled as boundary layer flow based on
Monin—Obukhov similarity theory and dispersion is represented by a Gaussian plume model; and (3)
the urban canopy is treated by simplified street canyon model, and the concentration is usually assumed
uniform within the canyon. According to the two-domain assumption, the exchange of pollutants
between the external atmosphere and street canyon is crucial to a careful model.

In this section, we use the ENDLESS results to develop an approach to incorporate the effect of
trees into operational models. First, we consider the cases without trees.

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

emissions within canyon and external background concentration:

() =(C0)+(Go)e - (13)
where <5L >C is the part originating from the local emissions and <5; >C is the part originating from
the background concentration. As noted in Section 2, the asterisk denotes the normalized process, the
angle bracket denotes a spatial averaging process, where the subscript C refers to canyon averaging. For
brevity, the overbar denoting the averaging operator in time and the spanwise (cross-flow) direction is
omitted in the latter part. Various factors affect the value of <Cz >C , such as the specific placement and
emission rate of local sources, turbulence intensity, geometry of buildings, aspect ratio of canyon,
location, and density of trees, and particle size. As it is not the objective of this study to formulate <CL >C ,

we assume <CL >C is known for all LAI cases, which is equal to the concentration in CA1 denoted by

<C*>C (1) (see Fig. 12a).
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For <C; >C , it is determined by the background concentration and the flow statistics. As the flow
statistics are the same for all canyons in our simulations, the variance of <C; >C with distance only
depends on the background concentration. According to Eq. (13) and the assumption of <CE >C , <C ;; >C

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

(Ca)e (m)=(C")e (m)~(€"). () (14)
To relate <C;>C to the background concentration, we define the mean normalized concentration

above the canyon Cj (n) as an indicator of background concentration as

J-z:I.IShJ-(nI C*(x,z)dxdz

* _ Jz=h n=1)l+w,
(€ ) )= 0.2hw, ’ (13)

where n is the nth canyon, and [ is the sum of the width of building and canyon (/ = w, *w, = 2w, ). Note
that this concentration is the average over a layer of depth 3/17 & (=0.18k) above the canyon n.

As local emissions also contribute to the concentration above canyons, we can quantify this by
using <C ' >R (1) as a reference for the effects of local emissions, and remove this “local contribution”
from the total concentration for any other canyon. Thus, we define the net normalized background
concentration <CB >R (shown in Fig. 12b) as

(€ () =(C"), (m)~{c"), ). (16

It can be observed in Fig. 13 that <CB >R nearly converges with different LAI when the deposition
effect is excluded, while the increase in LAI generally contributes to a lower <C; >R in far downwind
areas when including the deposition effect.

According to the simulation set-ups, <C; >R (n) can also be broken down into the accumulation of
the dispersion of upwind emissions. Defining <C1* >R (n) as the normalized background concentration
at canyon n resulting from the emissions from the first canyon (see Fig. 12c), <C;>R (n) can be

calculated as
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466 (Ch), (M)=1 o\ /. : (17)

467  Thus, <C1* >R (n) can be obtained from LES results as

468 (@), (m)=(cy), (n)=(Cy), (n=1), n>1 . (18)

469
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471 Fig. 12 (Color online) The schematic diagram of (a) plume calculated by LES, (b) accumulated background
472 concentration <C;>R , and (¢) background concentration resulting from the first canyon <Cl* >R.
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473 Fig. 13 (Color online) The net normalized background concentration: (a) without deposition and (b) with
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deposition.

As the dispersion of pollutants above the canopy is commonly modeled by a Gaussian plume model,
we assume <C1*>R (n) can be approximated by the Gaussian diffusion function for a line source. Here,
we define another coordinate system, x'—z', as seen in Fig. 12 (a), and assume that emissions from
the first canyon can be approximated as a line source at x'=0,z'=0, which contributes to a

concentration field C, (x', z ') . Thus, C, (x', Z ') can be modeled as

o 2 z”
C (x'z )Z\/z—ﬁ—qﬁaexp[—?j , (19)

where ¢ is the emission rate, o is the dispersion coefficient (which is a function of x, can be simply
modeled as gx” in neutral stratification, where a and b are empirical parameters), and j is the mean
wind velocity. According to the normalizing process shown in Eq. (10), we assume <C1* >R (n) can be
approximated by the normalized concentration in the center point along the roof (i.e.,

C (2(n _1) Wb,o) uh/ g ) of nth canyon, so it can be simplified to:

(), (n)= 2/x : (20)

—k ok
u o,
Z

Here, & =it /u_, where it =U, and U is the average streamwise velocity at height 1<z/h<1.5

(which is about 7.0 m/s). (7: =0,/ h is the modified vertical dispersion coefficient, which can be
modeled as 0': = A(n-l)b . Therefore, A= 0.28 and b = 0.62 are determined by fitting the approximation
to the LES results (LAI O case). The value of A depends on the scaling and is difficult to compare with
other studies. The value of b is close to another LES simulation conducted by Wong and Liu (2013),
which is 0.671 for canyons with an aspect ratio of 1. The difference may arise from the difference of
emission set-up and computational domain. It is clear that A and b are usually determined by the
turbulence of boundary layer. However, because this study is not designed for a realistic boundary layer,
we do not intend to discuss the effect of vegetation on these two parameters. Future research is needed

to extend this study to a more realistic urban boundary layer. Using the Gaussian plume model,
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<C;>R (n) can be calculated using Eq. (17), which shows good agreement with the LES results (Fig.
13a)

In the ENDLESS scenario, concentration within the canyon resulting from background pollution
<C; >C (n) is not exactly equal to <C; >R (n) due to the heterogeneity. However, the relationship
between <CB >C (n) and <C; >R (n)is approximately linear with the variation of distance for all cases
(Fig. S9 in Supplement). This suggests a simple model of transport of background pollution into the

canyon expressed as
(Ch) (n)=ER(C}) (n) , 1)

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

vegetation is excluded, the ER is approximately 0.95 (Fig. 14a).
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Fig. 14 (Color online) The variation of (a) exchange rate (solid circles and open circle represent ERg and ERep
calculated by fitting LES results, open triangles represent ERgep calculated by Eq. 23) and (b) normalized
canyon-averaged deposition velocity with the change in LAI (solid circles represent condition with local
emission, and open circles and open triangles represent condition with background concentration calculated by

ENDLESS simulations or Background simulations).

So far, if <CE >C, the emission rate g, the exchange rate ER and the flow features (# , dispersion
coefficients A and b) are determined, the canyon-averaged concentration can be calculated using the

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

. —<c*>c )x100% . (22)
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Fig. 15a shows that the present OUPM can well predict the concentration without trees. However,
if trees are included, the discrepancies between results by the present operational model and LES
simulations become apparent. Thus, further modifications need to be made.

First, we considered the aerodynamic effect of trees in the operational model. According to our
LES results, increase in the crown density of trees contributes to a redistribution of particle concentration
and an overall increase of <CL >C within canyons (Fig. 9). For instance, <CZ >C with all-sided LAI 12 is
13% larger than that without trees. Except for <Cz >C , ER values reduces from 0.9451 to 0.8826 when
LAI increases from 0 to 15. This may be due to the increase in the heterogeneity of the concentration.
In fact, vegetation should also affect the turbulence in the outer layer to influence the dispersion
coefficients. For instance, Giometto et al. (2017) showed that vegetation can increase the roughness
length and displacement height in a boundary layer-scale study. In ENDLESS simulations, however, due
to the marginal aerodynamic effect of trees on the dispersion of pollutant above canyon (not showed
here), the dispersion parameters (A and b) keep nearly constant with the variation of trees. By modifying
<CE >C and ER, the differences between operational model and LES results are controlled under 5%
when the deposition velocity is 0 (Fig. 15b). However, when the deposition effect is considerable, the
overestimation of OUPM is also noticeable.

When the deposition effect is included, <CL >C decreases compared to the case without deposition
with the same LAI (Fig. 9). The deposition effect can be easily associated with normalized canyon-
averaged deposition velocity Vd*. We denote V; in CAl as V;vL and V; in CA2 as V;,B . When LAI
is small, V, , isalmostequalto V, ,while it increases higher than V, when LAl is large (Fig. 14b).
This might be because the dense canopy results a higher concentration in the pedestrian area (Fig. 6),
while the LAD is 0 in this region (Fig. 2). Here, we use V;’B to evaluate the deposition effect of
vegetation on the ER and the transport of plume above the canopy.

The deposition effect results in a reduction of ER with an increase in LAI (Fig. 14a). By introducing
a flux exchange coefficient y , the exchange rate in the presence of deposition (denoted by ERgep) can

be related to <Vd*> and to the ER without deposition (denoted by ERy):
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~ (\/57[) /o, according to Soulhac et al. (2011), and y is approximated to 3.0 in this study. Fig. 14
(a) shows that Eq. (23) works well to predict ER,, . Detailed deducing process is posted in
Supplementary.

Further, the deposition should also be considered when calculating the background concentration
<C; >R (n) . The deposition can be treated as negative sources if the deposition flux can be determined.
For ENDLESS model, however, a solution of advection-diffusion equation with constant deposition
velocity V, on the surface based on a constant eddy-diffusivity assumption can be used to calculate

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

C (x', )\/_uaexp( J[lzzn

} 24)

in which,

V,x'
\/_G J_u (25)

Similarly, we assume <C1*>R(n):C1(2(n—1)wb,0)uTh/q and Egs. (24) and (25) can be

approximated as

<C1*>R(n) \{tm[l—%/_f exp( )erfc(f*)] and (26)

2(n-1)Vv;,

uo
27)
More detailed deducing process can be found in Supplement. If V;’B =0, the solution Eq. (26) can be
reduced to the Gaussian plume model Eq. (20).
Finally, the RE can reduce to under 5% for all cases after introducing canyon deposition velocity

V;ﬁB and modifying <CE >C and ER (Fig. 15c). This suggests that the OUPM can be a good tool to
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563  predict pollution even when the vegetation effect is included. Nevertheless, parameterization is needed

564  for more complex and realistic situations in the future.
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n
565 Fig. 15 (Color online) The relative error between the canyon-averaged concentration computed by OUPM and
566  LES: (a) OUPM without trees, (b) OUPM with aerodynamic effect of trees, and (¢) OUPM with both

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

568 4. Conclusions

569 In this study, LES were performed using ENDLESS to evaluate the effect of street trees on air
570  quality under different emission scenarios and at different scales. For local emissions, increasing
571  vegetation reduces flow within the canyon, increasing concentrations in the vicinity of the leeward wall
572 and reducing concentrations in the windward wall. The deposition effects are smaller than aerodynamic
573  effects. On the other hand, vegetation has almost no effect on the transport of background pollution into

574  the canyon or its distribution within the canyon, which tend to be uniform. However, when a sequence
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of canyons is used to investigate the neighborhood scale problem, vegetation works as a particle sink
has a large impact in reducing the rate of increase of background pollution with distance from the urban
edge. Thus, we conclude that the two effects of vegetation usually mentioned in the literature work at
different spatial scales: while reduced ventilation has clear detrimental effects at the canyon scale, the
deposition (or filtration effect) has beneficial effects that only manifest in a considerable way at a larger
scale. Consequently, an assessment of the true effect of trees on air quality must consider these two
distinct spatial scales. Our results suggest that for pollutants with large deposition velocities (such as
particles with a diameter smaller than 30 nm or larger than 10 um), the presence of vegetation is
predominantly beneficial at urban scales, especially for areas with much lower local pollution than
background transport pollution. Meanwhile, for small deposition velocities, the presence of vegetation
is negligible at these large scales. The reduced ventilation is problematic only for the first few dozen
canyons where concentration patterns are dominated by local sources.

In addition, this study investigates the aerodynamic and deposition effect of trees on the
establishment of the OUPM. Results show that the aerodynamic effect contributes to an increase in
concentration from local emissions and a decrease in the ER of background pollution into the canyon.
The introduction of canyon-averaged deposition velocity can describe the deposition effect well. With
these modifications, the predictions of OUPM show good agreement with the LES results, which
suggests that OUPM can be an efficient and economic tool for investigating urban air quality, even for
more complex canopies.

In this study, we did not attempt to cover the large parameter space needed to fully characterize the
effects of trees on PM2.5 in urban environments. Results are expected to depend on urban geometry and
configuration, meteorological conditions, particle size and emission, and vegetation characteristics and
distribution within the urban environment. Clearly, a complete exploration of all these effects is
challenging, and future research should perhaps focus on identifying the parameters that have a stronger
impact on the results. However, it is clear that these future studies should encompass both the canyon

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