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Vertical forests have been constructed as environmentally friendly solutions for air quality and urban heat
problems. With an expectation to provide insights into the value of vertical forests, we examined the impact of
these structures on flows and distribution of fine particles in step-up street canyons using a computational fluid
dynamics (CFD) model. The CFD model was rigorously validated against wind-tunnel experiments and accurately
simulated particle deposition efficiency by tree leaves under varying wind speed and leaf area density (LAD)
conditions, as well as the flow structures in step-up street canyons. We analyzed the characteristics of flows and
fine particle distributions in step-up street canyons for different LADs and tree deposition velocities. Despite a
substantial reduction in fine particles through dry deposition, the fine particles emitted from two line-type
sources within the street canyon increased by 20-25% in the canyon’s lower layer due to a 14-20% reduction
in wind speed. This study sheds light on the complex flow structures and pollutant distributions surrounding
vertical forests and highlights the need for a comprehensive evaluation and optimal design of these structures.

1. Introduction

The International Agency for Research on Cancer, which is a member
agency of the World Health Organization, classifies air pollution and
fine particulate matter (PM) as Group 1 carcinogens (Loomis et al.,
2013). In addition, the public’s understanding of the dangers posed by
fine dust has increased. Smaller PM grains remain in the air longer,
which increases the risk of inhalation and deposition deep in the res-
piratory system. Moreover, long-term exposure to PM causes diseases
such as asthma, lung disease, and cardiovascular disease (World Health
Organization, 2006, Mukherjee and Agrawal, 2017). Accordingly,
various approaches to reduce PM and improve air quality are being
established nationally and internationally, along with fundamental so-
lutions to PM control such as pollution-source regulation and reduced
reliance on coal to reduce fine dust (McNabola et al., 2013; Gallagher
et al., 2015; Irga et al., 2015; Mukherjee and Agrawal, 2017; Hewitt
et al., 2020; Su et al. 2021).

One approach to reducing PM is to create green infrastructure, such
as urban forests or green spaces, as part of urban planning (Hewitt et al.,
2020). Trees provide city dwellers with healthy indoor and outdoor
living conditions by improving air quality and by ameliorating the
thermal environment through evapotranspiration (Gago et al., 2013;
Irga et al., 2015; Chen et al. 2021). Green infrastructure has contributed

to improving the sustainability of cities worldwide. For instance, Stutt-
gart, Germany, has a long-standing tradition of incorporating green
spaces such as parks and green roofs into its urban design (Claus and
Rousseau, 2012; Irga et al., 2017), which has been shown to improve air
quality and reduce the urban heat island effect. To enhance the quality
of air, mitigate the urban heat island effect, and promote overall sus-
tainability, similar plans for green infrastructures (street tree planting,
green roofs, and park development) have been implemented in New
York, Tokyo, Hong Kong, and Singapore (Foster et al., 2011; Aflaki et al.,
2017; Irga et al., 2017; Kumar et al. 2019).

In densely populated metropolitan areas that often lack green and
open spaces, trees can be planted on building roofs and walls in addition
to planting them in the ground. Recently, Stefano Boeri’s project gave a
birth of a new type of architecture in which vegetation is vertically
planted in cantilevered balconies on the exterior walls of buildings,
creating a so-called vertical forest (Boeri, 2015). A representative
example of a vertical forest is the Bosco Verticale in Milan, Italy. About
800 trees and tens of thousands of other plants were vertically planted
around the building, providing about 30,000 m? of green space on a
building site of about 3,000 m? (Boeri, 2015), establishing a large area of
green space in a small area of the inner city. This successful creation of a
vertical forest within a limited area has been followed by several new
vertical projects in recent years, including the ‘Vertical Forest’ in Italy,
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‘Park Royal on Pickering’ in Singapore, ‘Tao Zhu Yin Yuan’ in Taiwan,
‘Easyhome Huanggang Vertical Forest’ in China, ‘Planeta Building’ in
Spain, ‘ACROS Fukuoka’ in Japan, ‘Nanjing Vertical Forest’ in China,
and ‘One Central Park’ in Australia. More are expected to be established
in the future.

Trees can be thought of as porous obstacles that decrease the speed of
air flow as wind passes through their leaves by reducing the dynamic
pressure. Densely planted trees provide excellent protection against
strong flows by reducing flow speeds downwind of their canopies by
more than 50%. Trees therefore act as effective windbreaks and provide
shelter in areas that experience frequent strong winds (Bird, 1998;
Brandle et al., 2004). However, trees can potentially reduce air quality
in areas with frequent weak winds (Gromke et al., 2008), which has led
to research into the effects of trees on air quality in typical urban street
canyons, including sources of pollution. Although green infrastructure
has been proposed as a solution to improve air quality in urban areas,
several previous studies have shown that the impact of green infra-
structure on air quality is very complex and depends on the layout of
buildings and trees. Gromke et al. (2008) showed that trees in the center
of a street canyon increase (decrease) pollutant concentrations at the
wall surface of the upwind (downwind) building. Vos et al. (2013)
conducted an experiment that analyzed 19 different vegetation design
scenarios along roadsides, with the majority leading to a decline in air
quality. Santiago et al. (2017) found that while vegetation has a depo-
sition effect reducing pollutant concentrations near roadsides, it in-
creases concentrations in heavily trafficked streets by reducing
ventilation. Barwise and Kumar (2020) noted the potential harm from
biogenic volatile organic compounds (BVOCs) and pollen emitted in
large quantities by certain plants in green infrastructure and emphasized
the importance of choosing appropriate vegetation for each site. In street
canyons, the distribution of pollutants depends on surrounding condi-
tions such as building and street aspect ratios, pollutant source locations,
wind speeds, and wind directions. Abhijith et al. (2017) have also shown
that trees and hedges can affect air quality in street canyons when the
surrounding conditions are otherwise the same. The impact of green
infrastructure on air quality is intricate and influenced by multiple
factors, including the characteristics of the urban environment and
vegetation. Hence, more in-depth studies are necessary to comprehend
vegetation’s role in enhancing or deteriorating air quality.

This study aimed to investigate the effects of vertical forests on
pollutant dispersion in step-up street canyons. A step-up street canyon is
defined as a street canyon whose height of the upwind building is
smaller than the downwind building. We analyzed the complicated
interaction between vegetation and air quality, emphasizing the signif-
icance of considering the aerodynamic and deposition effects in
reducing pollutant concentrations. For this, we performed numerical
simulations of pollutant dispersion using a computational fluid dy-
namics (CFD) model with a dry deposition parameterization scheme.
The fine-particle concentrations simulated by the CFD model were
validated against those measured in a wind tunnel by Huang et al.
(2013). The CFD model was then applied to the simulations of air flows
and pollutant dispersion in step-up street canyons with the same
building configurations as those in Addepalli and Pardyjak (2013). To
determine the effects of vertical forests on air flows and pollutant
dispersion, we considered the potential configurations in which vertical
forests could be established on the walls and roofs in the step-up street
canyons. Section 2 describes the CFD model with dry deposition
parameterization schemes and presents the validation results. The
simulation results of air flows and pollutant dispersion are analyzed in
section 3, and the results and conclusions are given in section 4. The
findings in this study can hopefully inform urban planners, architects,
and environmental scientists about designing and implementing more
effective green infrastructures and contribute to developing sustainable
solutions for improving air quality in urban areas.
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2. Numerical model description
2.1. Computational fluid dynamics model

The CFD model used in this study was the same as that used in Kang
et al. (2020). The model originated from a non-commercial CFD model
developed by Argonne National Laboratory (Lee and Park, 1994). This
model has been continuously improved through previous studies (Baik
and Kim, 1999; Kim and Baik, 1999; Kim and Baik, 2004; Baik et al.,
2007; Kim et al., 2012; Park et al., 2016; Kang et al., 2017). The CFD
model was based on unsteady (time dependent) Reynolds-averaged
Navier-Stokes equations, which assume a three-dimensional, non--
hydrostatic, non-rotating, Boussinesq airflow system. The renormaliza-
tion group (RNG) k-¢ turbulence closure scheme suggested by Yakhot
et al. (1992) was employed for turbulence parameterization. The gov-
erning equations were numerically solved using a finite volume method
in a staggered grid system and the semi-implicit method for
pressure-linked equations (SIMPLE) algorithm (Patankar, 2018). To
reflect the effects of the turbulent boundary layer near the solid wall
surfaces, we implemented the wall boundary conditions suggested by
Versteeg and Malalasekera (1995).

Trees decrease wind speed by reducing dynamic pressure, and
consequently, they can change the production rate of turbulence kinetic
energy (TKE, k) and TKE dissipation (¢) (Ries and Eichhorn, 2001;
Balczo et al., 2009). To account for the pressure loss caused by trees,
Kang et al. (2017) implemented tree parameterization terms (Green,
1992; Ries and Eichhorn, 2001; Balczo et al., 2009) in the equations of
momentum, TKE (k), and TKE dissipation rate (¢) as follows:

du; du; R
= — ¢y LAD-U;-|U|. 1

dl tree dl org nC “ I ‘ ( )

dk dk

—| == 4@l AD|U) — 4n’c,LADK|U|. (2)

dt tree dt org

The second last (source) and last (sink) terms of the right-hand side
in equation 2 indicate the conversion of mean kinetic energy into TKE
and the cascade of TKE from large to small scales by tree leaves,
respectively. Based on the Kolmogorov relation (Launder and Spalding,
1974), the source and sink terms in equation 2 are associated with those
in the equation of the TKE dissipation rate:

de
dt

_ de
T dr

3¢
+>-n

o7 2y LAD|UJ® — 6n°c LADE|U|. 3)

tree org

Here, the subscripts tree and org indicate the prognostic equations
with and without the parameterization terms of the tree’s drag,
respectively. The stand density, n., indicates the area fraction of the
vertically projected tree coverage and ranges from O (no tree) to 1 (full
tree coverage in the grid cell), and c, is the leaf-drag coefficient. The leaf
area density (LAD) is defined as the total one-sided leaf area per unit
volume. U; is the i mean velocity component (i = 1, 2, 3), and |U|
represents wind speed. For further details, see Kang et al. (2020).

In this study, we added the parameterization term for dry deposition
on tree leaves to the equation of pollutant transport. Dry deposition is
parameterized by means of a downward flux in the last term of the
transport equation as follows (Zhang et al., 2001, Neft et al., 2016):

oC oC

9 ,9C _ r’c o
ot Tor

0% 0x;

(cw) — LAD-V,-C. @

Here, C is the mean concentration of a given pollutant species in air
and D is the molecular diffusivity of the pollutant. V; is the dry depo-
sition velocity. For details about V;, see Zhang et al. (2001) and Neft
et al. (2016). The factors ¢ and u; are fluctuations from the respective
means of C and U;. The turbulent flux of pollutants, — cuj, is parame-
terized in terms of grid-resolvable variables as follows:
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boundary condition

celling/floor  : solid wall (wall function)
inflow : unchanged with time
lateral/outflow : zero-gradient

z -

227 cm
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Fig. 1. Overview of the numerical configuration for validation against the wind-tunnel experiment of Huang et al. (2013).

Table 1
Summary of leaf area density (LAD), inflow wind speed, and drag coefficient (c4)
used in three LAD scenarios.

21lcm 2lem 2lcm 2lcm
—, < > (f—
= | \ \ =
v v v v
x (cm) 0-21 21-42 42-63 63-84
LAD (m? m™®) scenario uniform 263 263 263 263
increasing 176 241 307 371
decreasing 405 334 262 191
inflow wind speed scenario low 0.3ms ! withcqy = 0.46
medium 0.6 m s~ with cq = 0.40
high 0.9ms ! withcy = 0.35

7

)

Here, the eddy diffusivity of the pollutant concentration, K, is
determined by the eddy diffusivity of momentum (v,) and turbulent
Schmidt number (Sc;) (K¢ = v:/Sc.). The eddy diffusivity of momentum
is defined as v, = C,, k?/e [here, C, (= 0.0845) is the empirical constant
of the RNG k — ¢ turbulence closure scheme, and Sc, is 0.9]. For details
about V, see Zhang et al. (2001) and Neft et al. (2016).

2.2. Model validation

We previously validated simulated results against empirical mea-
surements from wind tunnel and field experiments to verify the accuracy
of tree drag parameterization as implemented in the CFD model (Kang
etal., 2017 and 2020). The pollutant concentrations simulated with the
drag parameterization scheme approximated those measured by
Gromke et al. (2008). The statistical validation indices of the pollutant
concentrations simulated on both the upwind and downwind walls in
street canyons were comparable to those simulated by a large-eddy
simulation (LES) model (Moonen et al., 2013). In addition, the CFD
model accurately reproduced the wind speeds and TKEs measured in
field experiments by Kurotani et al., (2001). The root-mean-square er-
rors (RMSEs) for wind speeds and TKEs were comparable to those
simulated by the LES model in Qi and Ishihara (2018). Both of these
validation exercises implied that the CFD model could successfully
implement realistic drag parameterizations. Further details of these
validations can be found in Kang et al. (2017, 2020).

In this study, we conducted a validation of the dry deposition scheme
implemented in the CFD model by comparing the simulated particle
deposition efficiency with particle deposition measured in wind-tunnel
experiments by Huang et al. (2013). For comparison, we conducted
simulations in the same configuration as Huang et al. (2013) (Fig. 1).

The numerical domain measured 227 cm in length (x-direction), 17 cm
in width (y-direction), and 18.5 cm in height (z-direction). The grid sizes
were uniform (0.5 cm) in three directions, and the numbers of cells were
454, 34, and 37 in the x-, y-, and z-directions, respectively. Trees were
filled from x = 90-174 cm, and particle concentrations were detected at
five points (every 21 cm from x = 90 cm).

We considered three scenarios using different LAD distributions with
downwind distance: uniform LAD, linearly increasing LAD, and linearly
decreasing LAD (Table 1). For each LAD scenario, we conducted simu-
lations using three inflow wind speeds: low (0.3 m s_l), medium (0.6 m
s’l), and high (0.9 m sh. Leaf-drag coefficients of 0.46, 0.4, and 0.35
corresponded to inflow wind speeds of 0.3, 0.6, and 0.9 m s_l, respec-
tively (Neft et al., 2016). The particle diameters were set from 5 nm to 95
nm at intervals of 5 nm, which yielded 19 diameter classes.

Figure 2 shows the relationship between the particle deposition ef-
ficiency and the cumulative leaf area index (LAI) for different inflow

X
speeds in the LAD scenarios. LAI was defined as LAI = / LAD(x)dx, and
0

the particle deposition efficiency was averaged over the complete range
of particle diameters. The deposition efficiency was proportional to the
cumulative LAD but varied inversely with the wind speed. The CFD
model reproduced measured deposition efficiency in the uniform and
increasing LAD scenarios for low and medium wind speeds better than
for the decreasing LAD scenario. The CFD model overestimated depo-
sition efficiencies in the uniform and increasing LAD scenarios for high
wind speeds but underestimated it in the decreasing LAD scenario. These
results were similar to those of Huang et al. (2013). The CFD model
overestimated the penetration of small (< 50 nm) particles in the
decreasing LAD scenario, which contributed to underestimating the
measured deposition efficiency.

Because information on particle diameters was lacking in the mea-
surements, we averaged deposition efficiency over the 19 particle di-
ameters. The correlation coefficient (R) between measured and
simulated particle deposition efficiencies was close to 1.0, and the
fraction of predictions within a factor of 2 was 1.0. The RMSE was
comparable to that reported by Huang et al. (2013). These results
demonstrated that the deposition parameterization scheme imple-
mented in the CFD model reproduced the measured efficiency of particle
deposition with reasonable accuracy. We therefore investigated the drag
and deposition effects of vertical forests on flows and particle concen-
trations in step-up street canyons using the same building configurations
as Addepalli and Pardyjak (2013) and Park et al. (2020).

2.3. Simulation setup

We used the same step-up street canyon configuration as the one
used in wind tunnel measurements by Addepalli and Pardyjak (2013)
and simulations by Park et al. (2020) (Fig. 3). The street-canyon width
was 32 m (S), the height of the upwind building (building A) was 57.6 m
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Fig. 2. Comparison of particle deposition efficiency in this study using measured and simulated deposition from Huang et al. (2013) in the (a) uniform, (b)
increasing, and (c) decreasing LAD scenarios for low (left), medium (middle), and high wind speeds (right).

(1.8 S), the height of the downwind building (building B) was 96 m (3 S),
and the length of the buildings was 96 m (Fig. 3a). The grid sizes were
1.6 m in the all three directions, and there were 360 cells in the x-di-
rection, 260 in the y-direction, and 180 in the z-direction. We conducted
additional simulations with different grid resolutions to see whether the
CFD model depended on grid size in simulating the step-up street canyon
flows in the absence of trees. The results showed no marked difference in
flow pattern with increasing grid sizes (Fig. Al).

Figure 3b shows the top, side, and three-dimensional views of the
step-up street canyon with a vertical forest. The configuration of the
vertical forest in this study was motivated by the vertical forest in Milan,
Italy consisting of 800 trees (480 large trees and 300 small trees) and
approximately 15,000 plants. In the CFD simulations, trees and plants
were represented by parameters linked to leaf attributes, such as LAD,
ne, ¢4, and V4. We assumed that trees existed up to a distance of 3.2 m
from the walls and roof. The tree-planting rate per grid was about 50%,
and c; was 0.2 (the average value of urban vegetation) (Gromke and
Blocken, 2015; Buccolieri et al., 2018). The investigation of the impact
of LAD on flow and pollutant dispersion was conducted by considering
four cases with LADs of 0.5, 1.0, 1.5, and 2.0 m> rn’3, which encompass

the LAD ranges of various tree and vegetation species observed in the
vertical forest. The deposition velocity (V4) ranges from 0.1 to several
cms~}, depending on the vegetation and pollutant species, as well as the
particle size (Buccolieri et al., 2018; Giardina and Buffa, 2018). For each
LAD case, we set deposition velocities from 0.0 to 3.0 cm s~ in 0.2-cm
s! increments. The deposition velocities considered in this study lay
within the range of those for ultrafine particles (< 0.1 um in diameter)
and fine particles (< 2.5 pm in diameter) (Vos et al., 2013; Buccolieri
et al., 2018; Giardina and Buffa, 2018). We assumed that non-reactive
pollutants (fine particles) were emitted at a rate of 10 g s~! from
line-type sources located at the center of the first grid cells from the
ground within the street canyon (red lines in Fig. 3a). The vertical
profiles of wind, TKE, and the TKE dissipation rate at the inflow
boundary were specified by equations 6-10:

U(z) = Us (Z ) (6)

Hiy

V(z) =0, )
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(b)

X-Z
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(cross-sectional diagram) (3D vertical forest configuration)

Fig. 3. (a) The numerical domain and building configuration considered in this study, and (b) top, side, and three-dimensional views of the step-up street canyon
with a vertical forest. Trees are planted on the exterior walls and roofs of buildings.

(a)  wind tunnel (no tree) CFD (no tree)
35 § :

45 41 05 0 05
xIS

Fig. 4. Streamlines and contours of the vertical wind components at the canyon center (y/S = 0) (a) measured by Addepalli and Pardyjak (2013) and simulated in (b)
the absence of and (c) presence of trees in this study. The vertical wind components were normalized by Uz = 4.32 m s™1.

W(z) =0, 8 Hp = 96 m, and the power-law exponent (a) is 0.21. The constants C,,
U., 6, and « represent the empirical constant (0.09), friction velocity

k(z) = +U2 ( _ 5)27 © (0.26 m s~ 1), boundary layer depth (1000 m), and von Kdrman constant
C/ > s (0.4), respectively. The CFD simulations were numerically integrated,

with a time step of 0.5 s, up to 3600 s when the mean fields reached the
s quasi-steady state.

£(2) Kz

(10)

where Uy is wind speed at the downwind building height (4.32 m s™1),
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Fig. 5. Streamlines and contours of TKE (upper panel) and vorticity (lower panel) in the (a and c) absence of and (b and d) presence of trees. TKEs and vorticities

were normalized by U2 and Uy/Hg, respectively.
3. Results and discussion
3.1. Flow characteristics

First, we examined how well the CFD model reproduced the flow
structures measured in the wind tunnel by Addepalli and Pardyjak
(2013). We then investigated the effects of vertical forests on flow pat-
terns in the step-up street canyon. Figure 4 shows the measured and
simulated streamlines and contours of the vertical wind components at
the canyon center (y/S = 0). For comparison, the vertical wind com-
ponents were normalized by U (4.32m s’l). Measured airflows collided
with building B (Fig. 4a), forming a stagnation point. The airflow
separated around the stagnation point, with one part descending the
wall of building B (WB) and the other part ascending. The descending
flow further separated around the street-canyon center close to ground
level. Part of this separated flow proceeded toward building A and
contributed to the formation of the primary vortex in the street canyon.

Another part of the separated flow went toward building B and formed
the corner vortex. Meanwhile, other flows separated from the leading
edge of building A and B to form rooftop recirculation zones.

In the absence of trees, the CFD model reproduced measured flow
structures such as the primary and corner vortices and the rooftop
recirculation zones but underestimated the magnitude of the corner
vortex and rooftop recirculation zones (Fig. 4b). Descending and
ascending flows below and above the stagnation point became weaker in
the presence of trees because of the drag exerted by the trees planted on
WB. The near-wall attenuation in flow speed increased the velocity
gradient along WB (Fig. 4c). Subsequently, the vortices inside the
canyon changed in intensity and shape. Overall, the updraft and
downdraft of the primary and corner vortices were weakened, the center
of the primary vortex shifted slightly toward the upper left, and the
corner vortex increased in size.

The inclusion of a vertical forest on the buildings significantly
changed the in-canyon TKE and vorticity (w = 9% — 9Y) distributions
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Fig. 6. The wind vectors and the contours of wind speeds and wind-speed differences near (a) building B (x/S = 0.475) and (b) building A (x /S = —0.475) in the
absence and presence of trees.
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Fig. 7. The wind vectors and the contours of the wind speeds and wind-speed differences at z/S values of (a) 0.025, (b) 0.225, (c) 0.525, (d) 1.375, and (e) 1.675 in
the absence and presence of trees.

(Fig. 5). The trees decreased the TKEs over the central and updraft parts turn was caused by decreased updraft wind speeds near building A and a
of the primary vortex (Figs. 5a and 5b). The decrease in TKE was caused reduced downdraft between the primary and corner vortices (yellow
by the reduction in velocity gradient within the primary vortex, which in dashed line in Fig. 4c). The reduction in velocity gradient also weakened
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Fig. 8. Three-dimensional (left panel), side (middle panel), and top (right panel) views of streamlines around the step-up street canyon in the (a, b, and c) absence of

and (d, e, and f) presence of trees.

the negative vorticity within the primary vortex (Figs. 5¢ and 5d). By
contrast, trees increased the TKEs near building B and over the down-
draft components of the primary and corner vortices. The weakened
near-wall and among-vortices downdrafts contributed to increased ve-
locity gradients and TKEs in the surrounding areas. Compared with the
no-tree case (Fig. 5¢), the maximum vorticity near the center of the
corner vortex decreased slightly, and positive vorticity extended widely,
even to the stagnation point (Fig. 5d). As a result, the primary vortex
decreased, while the corner increased, in size. Similar vortex changes
due to roughness or vegetation on building exterior walls have been
reported in previous studies (Fellini et al., 2020; Li et al., 2022). The
vortex structure change inside the step-up street canyon was more sig-
nificant than in the even-notch street canyon (Li et al., 2022).

We analyzed changes to within-canyon flow characteristics in detail.
Figure 6 shows the wind vectors and contours of the wind speeds and
wind-speed differences near the wall of building A (WA) and WB in the
absence and presence of trees. The airflow colliding with WB diverged
upward, outward, and downward at the stagnation points near z/S =
2.6. The downdraft dominated between the stagnation points and a
convergence zone corresponding to the upper boundary of the corner
vortex. The trees on WB weakened the near-wall downdraft, the updraft
of the corner vortex, and the outward flows near the WB’s edge. The
significant reduction of the downdraft in the presence of trees induced
the rise of the convergence zone up to z/S = 1.0, compared to z/S = 0.5
in the absence of trees. The airflow diverged upward and outward near
WA. In the presence of trees, the speeds of the diverged flows decreased
overall, an effect that principally occurred below z/S = 1.5 and near the
lateral boundaries of the street canyon.

Trees caused significant changes in flow patterns with height (Fig. 7).
Divergence zones and the boundaries of the primary and corner vortices,
at z/S = 0.025, 0.225, and 0.525, moved toward building A

(Figs. 7a-7c¢). Trees also induced a divergence of the flow near building
Batz/S =1.375 (Fig. 7d), which implied horizontal and vertical growth
of the corner vortex. Although the outward flows strengthened, the
reverse flow became weak, resulting in reduced wind speeds in the low
levels (Figs. 7a-7c¢). The streamwise flow in the upper part of the pri-
mary vortex also weakened slightly, but trees contributed to greater
within-canyon wind speeds by strengthening outward flows in the
higher levels (Figs. 7d and 7e). The movement of the divergence zone
toward building A resulted in increased wind speeds (0.0 < x/S < 0.2)
at z/S = 0.025 (Fig. 7a).

Figure 8 summarizes the flow characteristics around the step-up
street canyon in the absence and presence of trees. In the absence of
trees (Figs. 8a-8c¢), the airflows above building A collided with building
B, inducing a downdraft along WB (@ in Fig. 8a). Figures 8a and 8b
illustrate the divergence of the downdraft near the ground, after which
one part flowed out of the street canyon (®, ®) and the other moved
toward building A (i.e., reverse flow). The reverse flow diverged near
WA, inducing outward flow near the ground (®), upward flow through
the side-wall recirculation (®; refer also to Fig. 8 in Park et al., 2020),
and an updraft along WA (®). The primary vortex laterally extended to
the outside of the canyon, forming a portal vortex through which a part
of the airflow flowed to the outside of the canyon (®).

The vertical forest significantly changed the size and intensity of flow
structures within the primary and corner vortices (Figs. 8d-8f). The
primary vortex became small while the corner vortex grew vertically.
The intensity of the vortices decreased due to the drag exerted by the
trees. Trees weakened the downdraft (@ in Fig. 8d) and near-ground
outflows through the lateral boundaries of the street canyon (@, ©, @
in Figs. 8d and 8e). In the presence of trees, the side-wall recirculation
and upward flow (® in Fig. 8a) beside building A disappeared. Instead,
the outward flow near building A (© in Fig. 8d) was directed toward the
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Fig. 10. Wind vectors and contours of the dimensionless concentrations (C*) and C* differences near (a) building B (x/S = 0.475) and (b) building A (x/S = —0.475)

in the absence and presence of trees.

downwind region just after escaping from the street canyon. In the
absence of trees, the side-wall recirculation resulted from detouring of
the inflow toward building A (Tominaga and Stathopoulos, 2016; Park
et al., 2020). However, trees on the side wall of building A reduced the
reverse flow of the side-wall recirculation, increased TKE and turbulent
diffusivity of momentum, made the detoured flow permeate the
near-wall region of building A, and therefore hampered growth of the
side-wall recirculation. As the side-wall recirculation disappeared, the
detoured flows approached the street canyon and directed outward
flows from the street canyon in the streamwise direction. The airflow
through the portal vortex formed a wider outflow from the street canyon
than it did in the absence of trees (@ in Fig. 8e).

These results indicate the degree of accuracy with which the CFD
model reproduced the measured flow structure in a step-up street

canyon and described in detail how a vertical forest could change flow
structures. We also analyzed how the LAD of the vertical forest influ-
enced average wind speeds over street-canyon surfaces (WA, WB, and
the street surface) and in three layers: within-canyon lower layer (0 < z/
S < 0.9), within-canyon upper layer (0.9 < z/S < 1.8), and above-
canyon layer (1.8 < z/S < 3.0) (Fig. 9). Trees reduced near-wall and
within-canyon average wind speeds in proportion to LAD. Wind-speed
reduction was maximized on WA (e.g., 63.6% at LAD = 2.0) and mini-
mized at the street surface (6-15%) (Fig. 9a). However, wind-speed
reductions became significant in both the upwind (48.5%) and down-
wind (43.1%) pedestrian pathways at LAD = 2.0. Within-canyon wind
speeds were reduced by approximately 14-20%, with the greatest
reduction in the within-canyon lower layer being about twice the
reduction in the within-canyon upper layer. However, above-canyon
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the absence and presence of trees.

wind speeds increased slightly at LAD < 1.0 (Fig. 9b).

3.2. Dispersion characteristics

We investigated the distributions of non-reactive fine particles with
diameters of less than 2.5 pm in the absence and presence of trees
around the step-up canyon. Figure 10 shows the wind vectors and
contours of the dimensionless fine-particle concentrations (C™) and
differences in C*™ between WA and WB. The variable C* = CUsH2 /Q,
where C is the fine-particle concentration and Q; is the total emission
rate. We assumed that the LAD of trees was 1.0 m? m~° and that the V4 of
fine particles was 1 cm s~}

In the absence of trees, fine-particle concentrations were high near
the ground on both WA and WB. This distribution of fine particles
occurred because they were directed from their emission source toward
WA and WB by the primary and corner vortices. On WB, steep gradients
of fine-particle concentration occurred along the convergence zone of
the downdrafts and updrafts, with low and high concentrations,
respectively. On WA, fine particles were transported up to the roof level
by the updrafts of the primary vortex. In the presence of trees on WB, the
convergence zone moved upward (the vertical growth of the corner
vortex), and fine particles reached the convergence zone. In the absence
of trees, the vertical extension of the fine-particle distribution allowed
fine-particle concentrations to increase above the convergence zone
(violet dashed line in Fig. 10a) and decrease below it (violet dashed line
in Fig. 10a). Reduced wind speeds (Fig. 9) increased fine-particle

10

concentrations near the ground on WB in the presence of trees.

On WA, fine-particle concentrations increased near the ground (z/S
< 0.5) and slightly decreased at z/S = 0.5 in the presence of trees. In the
absence of trees, fine particles reached the roof level outside WA (y/S > |
1.5|) due to the side-wall recirculation, and they were also transported
to the outside of WB (y/S > |1.5]). In the presence of trees, the side-wall
recirculation and its pumping of fine particles disappeared, which
decreased concentrations outside of the street canyon.

The vertical forest significantly changed the distribution of fine-
particle concentrations but not their overall pattern (Fig. 11). Concen-
trations were high at z/S = 0.025 (close to the road emission) and z/S =
0.225, except near the street-canyon center, a region of the downdraft
with low concentration, significantly increasing due to the wind-speed
reduction caused by the vertical forest (Figs. 11a and 11b). At z/S =
0.525, the high-concentration region near WB extended toward the
street-canyon center due to the growth of the corner vortex (Fig. 11c). In
the presence of trees, concentrations decreased in the within-canyon
upper layer (z/S = 1.375 and 1.675), despite the concentration in-
crease in the within-canyon lower layer (Figs. 11d and 11e). The out-
ward flows at z/S = 0.025 and 0.225 were enhanced by the vertical
forest and transported more fine particles to the outside of the street
canyon. These outward flows contributed to the concentration decreases
at z/S = 0.5 on WB (Fig. 10) and at z/S = 1.375 and z/S = 1.675.

We examined the effects of LAD on the dimensionless concentrations

(C™) averaged over eight sections of the street canyon: WA, WB, WA and
WB pedestrian passages, street surface, within-canyon lower layer,
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lower layer.

upper layer, and the above-canyon layer in Fig. 9 (Fig. 12). Regardless of

LAD, the vertical forest increased C in the pedestrian passages near WA
and WB, at the street surface, and in the within-canyon lower layer. This
result came about because average wind speeds were inversely pro-
portional to LAD (Fig. 9). In the within-canyon lower layer, average

wind speeds were 73-81% of those in the absence of trees, and C*
increased by 20-25%. The increase in pollutant concentration propor-
tional to LAD was also derived in green infrastructure scenarios
(Gromke et al., 2008; Vos et al., 2013; Abhijith et al., 2017). However,

C* in WB decreased as LAD increased. The increase of LAD resulted in
the vertical growth of the corner vortex, and consequently induced a
wide spread of particles in the corner vortex and extensive deposition on
the leaves of trees on WB. The nonlinear combination of the trees’ drag
and dry deposition resulted in the nonmonotonic variation of C* with
the increase in LAD.

Next, we investigated the extent to which trees in the vertical forest
contributed to reducing fine-particle concentrations (Fig. 13). To
accomplish this, we conducted additional experiments at deposition

11

velocities of 0.0-3.0 cm s~ at 0.2-cm s~ ! increments. We calculated the

concentration rates changed by the deposition process (CRDP) and by
aerodynamic (i.e., drag) and deposition processes (CRAD) using equa-
tions 11 and 12:

-
CRDP (%) = ‘+j‘V:° x 100, an
Clree, Vq=0
Coee — Gy
CRAD (%) = e —mo-tree 5 (), 12)
Cno—Lree
where C, ... and C{., indicate C* in the absence and presence of trees,
respectively, and C. v,—o i C™ at a deposition velocity (V4) of 0,

indicating the case with the tree drag parameterization and without the
deposition process.

CRDP was inversely proportional to LAD up to —42.7% on WA and
—41.7% on WB. Values of CRAD were dominantly negative (that is,
concentrations were reduced by trees) on WA, except at Vq < 0.01 m s *
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and LAD < 1.0 or 1.5 (Fig. 13a). On WB, CRADs were positive at CRDPs
< —17.4% (Fig. 13b), implying that concentration reductions due to
deposition were proportionately larger than concentration increases
caused by reductions in wind speed. On WB pedestrian passage, the
street surface, and the within-canyon lower layer, CRADs were always
positive (Figs. 13c-13f), meaning that the concentration increase
induced by aerodynamic processes was greater than the corresponding
decrease produced by dry deposition processes in the low layer of the
street canyons.

Figure 14 summarizes the characteristics of fine-particle distribu-
tions around the step-up street canyon in the absence and presence of
trees. At the street-canyon center, fine-particle concentrations were
relatively low due to the low concentrations in the downdraft (® in
Fig. 8a). A portion of the fine particles was transported toward upwind
and downwind buildings along the portal and corner vortices. Some of
these particles were also transported outside the street canyon via out-
ward airflows (@-@ in Figs. 8a and 8b). Trees decreased near-wall and
within-canyon wind speeds, weakened or eliminated the side-wall
recirculation (® in Fig. 8b), and increased the size of the corner vor-
tex. Fine particles emitted from the street surface were not transported
to the upper-canyon layer as much as they were in the absence of trees.
Instead of being transported toward the side-wall recirculation, fine
particles were transported outside the street canyon through the out-
ward flow (@ in Fig. 8e) near the upwind building (Fig. 14a).

Despite the considerable reduction of fine particles through dry
deposition and their direct outward transport (@, ©, @ in Fig. 8d), fine-
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particle concentrations increased in the lower layer of the street canyon
because of reduced wind speeds in the portal vortex. This result is
similar to that of Santiago et al. (2017). Because of nonlinear in-
teractions between factors promoting increased (wind-speed reduction)
and decreased (dry deposition) fine-particle concentrations (Zhang
et al.,, 2020), it was difficult to judge whether the vertical forest
decreased fine-particle concentrations in the street canyon. Meanwhile,
CRAD enabled us to derive intuitive deductions about the effect of tree
cover on fine-particle concentrations. Based on the CRAD distributions,
trees increased fine-particle concentrations principally in the
within-canyon lower layer, indicating the vertical forest’s potential to
increase fine-particle exposure to pedestrians except in WA. It also
decreased concentrations in the upper layer within and outside the street
canyon, implying the vertical forests’ benefit to surrounding areas in
fine-particle concentrations (Fig. 14b).

4. Summary and conclusions

We investigated the effects of vertical forests on air flows and
pollutant dispersion in step-up street canyons. To achieve this, we
implemented the dry deposition parameterization scheme in a CFD
model, which was validated against empirical data obtained using a
wind tunnel. Comparisons with the results of wind-tunnel measurements
and previous simulations showed that the CFD model used in this study
reproduced measured particle deposition efficiencies with reasonable
accuracy. We used the CFD model to investigate the effects of trees on
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fine-particle flows and dispersal in step-up street canyons with and
without vertical forests. We conducted simulations in the absence of
trees to investigate the accuracy with which the CFD model reproduced
the measured flow characteristics of the chosen building configuration.
We then conducted simulations at LADs of 0.5-2.0 m? m~> in 0.5-m?
m 2 increments and deposition velocities of 0.0-3.0 cm s~ in 0.2-cm
s™! increments. The CFD model without trees accurately reproduced
the primary and corner vortices in the street canyon as well as the
recirculation zones above and beside buildings.

We then investigated the airflow characteristics and fine-particle
distributions in the presence of the trees in the simulated step-up
street canyons. The vertical forest significantly changed flow patterns,
TKE, and vorticity, principally by decreasing average wind speeds in the
street canyon. Trees weakened the downdraft near the downwind
building wall (WB), thereby increasing the velocity gradient and TKEs
along WB. The trees also decreased the updraft near the upwind building
wall (WA) and the velocity gradients and TKEs around the primary
vortex. The center of the primary vortex slanted slightly toward building
A and the corner vortex grew vertically. Average wind speeds in the
within-canyon lower layer were reduced by 14-20%, and the greatest
reductions in the average wind speed (up to 63.6%) were observed near
WA.

We examined distributions of non-reactive pollutants (fine particles)
around the step-up canyon in the absence of trees. The fine particles
emitted from two separate line sources were transported toward the
upwind and downwind building by the portal and corner vortices. Fine
particles flowing toward the upwind building were transported to the
roof level by updrafts from the primary vortex, into the side-wall
recirculation, and to the outside of the street canyon through the
lateral boundary. Fine particles flowing toward the downwind building
concentrated inside the corner vortex. In the presence of trees, fine
particles emitted from the street surface were not transported to the
upper-canyon layer as much as they were in the absence of trees. Despite
the considerable reduction of fine particles due to dry deposition and
direct escape from the street canyon near the upwind building, fine-
particle concentrations increased in the lower layer of the street
canyon because of reduced wind speeds in the portal vortex and outward
flows. The trees of the vertical forest principally increased fine-particle
concentrations in the within-canyon lower layer and decreased con-
centrations in the upper layer inside and outside of the street canyon.

Vertical forests offer several advantages (exchanging carbon dioxide
and oxygen, improving air quality, decreasing energy consumption in
buildings, and alleviating the urban heat island effect). However, when
implementing a vertical forest as a green infrastructure solution, it is
required to consider both the cost and sustainability implications. Also,
wind speed reduction by vertical forests may negatively affect ground-
level air quality, highlighting the significance of proper placement and
design of these structures. Hopefully, this study will clarify the under-
standing of the complicated flow structures and pollutant distributions
in step-up street canyons with vertical forests.

However, it should be noted that this study was conducted under
idealized street canyon configurations, ignoring the detailed and real-
istic designs because of the computational resource limitations. Further
research is needed to understand the effect of vertical forests on air
quality in different urban environments and under varying conditions.
In future research, we will further investigate the effects of vertical
forests on air quality using scenarios that account for background fine-
particle concentrations and emissions. Further the following studies
will be conducted shortly regarding vertical forests and buildings’
complex and realistic forms.

The English in this document has been checked by at least two
professional editors, both native speakers of English. For a certificate,
please see: http://www.textcheck.com/certificate/RifLkg
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