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Abstract

Vegetation is known for enhancing air quality. However, vegetation on urban roads can either
increase or decrease exposure to air pollutants. The health of pedestrians and cyclists is particularly
of great concern since they are exposed directly to air pollutants, unlike drivers. Dispersion of air
pollutants is necessary for exposure reduction on urban roads. The local factors, including street
geometry, meteorological conditions, and physical characteristics of vegetation, influence the
dispersion of pollutants. There is a lack of framework for planning urban road vegetation to disperse
air pollutants. This study summarizes the literature on the influence of local factors; analyses the
interrelation between the local factors on the dispersion of air pollutants by trees and hedgerows. It
provides a conceptual framework to provide clarity in planning urban roadside vegetation to enhance
the air quality for roadside users.

Keywords: Urban roadside vegetation; Dispersion of air pollutants; Well-being of the roadside users;
Conceptual Framework

1 Introduction

Urban vegetation is widely known for enhancing air quality. Ambient pollutants are reduced by
vegetation through absorption and deposition, as well as dilution through dispersion (Garland, 2001).
Vehicular traffic on urban roads is one of the main contributors to air pollutants in cities (World
Health Organization, 2022). Accumulated air pollutants over a prolonged period in urban streets are
detrimental to the health of road users. The health of roadside users, i.e., pedestrians and cyclists, are
particularly at risk from traffic-borne air pollution since they are exposed directly to the pollutants,
unlike drivers, who are partially protected. The ability of the street vegetation to disperse air pollutants
plays a significant role in reducing roadside users’ exposure to traffic-borne air pollutants.

Studies on the dispersion of air pollutants in street canyons have examined the influence of wind
conditions (Baik & Kim, 1999; Huang et al., 2019); street geometrical characteristics (Hunter et al.,
1992; Oke, 1988); variations in surface temperature (Xie et al., 2005; Xie et al., 2007). Studies have
looked into the effect of vegetation on pollution dispersion in street canyons (Amorim et al., 2013;
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Buccolieri et al., 2009; Gromke et al., 2016; Li et al., 2016). There are reviews on the deposition and
the dispersion of air pollutants by street vegetation (Abhijith et al., 2017; Janhall, 2015). In addition,
Hewitt et al., (2020) discussed where and how certain vegetation forms improve air quality in
different urban environments. Trees and hedgerows are common street elements. However, there is
no clarity on planning trees and hedgerows in street canyons to reduce roadside users’ exposure to air
pollutants. Hence, a conceptual framework for planting trees and hedgerows to disperse air pollutants
is worth developing. This study provides a conceptual framework for planning trees and hedgerows
to enhance the dispersion of traffic-borne pollutants in street canyons.

2 Local Parameters
2.1 Street Geometry

Local urban spatial form and building regulations determine the geometrical characteristics of urban
roads. ‘Aspect ratio’ is used to express the geometry of street canyons. ‘Aspect ratio’ is defined as
the ratio of the building height (H) and the width of the street (W). Aspect ratios fall into one of three
categories: shallow, which has aspect ratios less than 0.5; regular, which has aspect ratios between
0.5 and 2; and deep, which has aspect ratios greater than 2 (Abhijith et al., 2017; Vardoulakis et al.,
2003). Street canyons are subcategorized into short, medium, and long based on the street canyon
length (L) and street canyon height (H). The short canyon has L/H = 3; the medium canyon has L/H
~ 5; and the long street canyon has L/H = 7 (Vardoulakis et al., 2003).

When the wind direction is perpendicular to the street canyon, as shown in Figure 1, the airflow
regime, i.e., the number of vortex formations and strength of the vortex, varies according to the street
aspect ratio (Oke, 1988) and street canyon length (Hunter et al., 1992). In an isothermal condition,
three types of airflow regimes are observed by Oke (1988), as shown in Figure 2. When H/W < 0.33,
the vortex formed at the windward and leeward walls, has no interactions, as shown in Figure 2 (a),
which is known as ‘isolated roughness flow.” When 0.33 > H/W <0.66, the vortex near the windward
and the leeward wall interfere, as shown in 2 (b), which is known as ‘wake interference flow” When
H/W > 0.66, a single complete vortex is formed as shown in 2 (c), which is known as ‘skimming
flow.” The transitions between airflow regimes occur at critical combinations of aspect ratio and
length ratio (Hunter et al., 1992). Shallow and short-street canyons are better ventilated.
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Fig. 1: Formation of vortex and eddies in a square street canyon (H/W=1)
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Fig. 2: Airflow regime in street canyons

Trees form a relatively complicated flow field, and the street aspect ratio does not influence the
formation of vortices in the presence of trees (Wang et al., 2020). A study conducted by Buccolieri
et al. (2009) showed that the effect of trees on the dispersion of pollutants decreases with an increase
in aspect ratio, irrespective of the form and arrangement of trees. A study by Zhu et al. (2022) showed
that a central greenbelt and a greenbelt on the leeward side of the street canyons are effective in
pollutants’ dispersion in street canyons having lower aspect ratios with aspect ratios less than 0.67.

2.2 Wind Direction

Typically, the wind directions perpendicular, parallel, and oblique to the street canyons are studied.
When the wind is perpendicular to the street axis, the pollutants accumulate at the leeward bottom
with a greater concentration at the canyon’s centre. When the wind is oblique to the street axis, the
pollutants build up at the leeward side of the downwind part of the canyon. When the wind is parallel
to the street canyon, the pollutants accumulate in the downwind area (Vardoulakis et al., 2003; Yazid
etal., 2014).

Studies show that trees perform better at dispersing pollutants when the wind is parallel to the street
axis. For example, Amorim et al. (2013) in Portugal showed that when the wind direction was roughly
45°, CO concentration was increased by 12% in the street canyon with an aspect ratio of 0.33. When
the wind is parallel, trees decreased CO concentration by 16% in the street canyon with an aspect
ratio of 0.75. A study by Gromke & Ruck, (2012) showed that wall averaged pollutant concentration
was higher in street canyon with avenues of trees compared to the tree-less street canyon. Wall
averaged pollutant concentration in street canyon with avenues of trees was highest for oblique wind
and lowest for parallel wind. Zhu et al. (2022) showed that a central greenbelt and a greenbelt on the
leeward side of the street canyons are effective in reducing pollutants exposure of roadside users
when the wind direction is almost perpendicular in street canyons with an aspect ratio less than 0.67.

A study by Gromke et al. (2016) showed that the presence of a central hedgerow in a street canyon
of an aspect ratio of 0.5 reduced the area-averaged reduction of pollutant concentration by 46-61%
at pedestrian head height level on the leeward side. Two sideways-arranged hedgerows reduced area-

1098



averaged pollutant reduction on the leeward side between 18 and 39% at pedestrian head height. In
the case of parallel wind direction, two sideways arrangements of hedgerows reduced the area-
average pollutant concentration up to 60% at the head height of the pedestrians.

2.3 Wind Speed

Lower wind speeds weaken street ventilation by reducing vertical air mixing between the in-canyon
volume air and the air above in the atmosphere. Higher wind speed enhances vertical air mixing by
strengthening the vertices and has a significant role in pollutants’ dispersion Zhang et al., (2015).

Niroobakhsh et al. (2021) revealed that an increase in ambient wind speed does not affect the number
of vertices; however, it increases turbulence intensity and strength of the vertices. Nazridoust and
Ahmadi (2006) observed the vanishing of the secondary vortex at the bottom upwind corner when
the wind speed increased to 20 m/s from 1 m/s in a regular street canyon. Further, Baik and Kim
(1999) observed the merging of the two secondary vertexes into a primary vortex at the canyon bottom
in a deep street canyon when the wind speed increased from 1m/s to 4m/s. Additionally, the study
found a threshold for the wind speed above which the number of vortices did not change.

Ries and Eichhorn (2001) observed an increase in volume averaged pollutant concentration when the
speed was reduced to 5m/s from 6 m/s in a street canyon with an aspect ratio of 0.5 in the presence
of trees. A study by Zhu et al. (2022) on Qianfoshan Road in Jinan, China, showed that a central
greenbelt and a greenbelt on the leeward side of the street canyons are effective in pollutant exposure
reduction in moderate to higher wind speeds. The study found an increase in exposure to PM2.5 when
the wind speed was 2.45m/s and perpendicular to the street axis. When the wind speed increased from
2.451t0 4.7 m/s, 4.7 to 6.7 m/s, and 6.7 to 9.35 m/s, the residence time of PM2.5 decreased by 78%,
51%, and 40%, respectively.

A study by Li et al. (2016) showed that the optimum height of a hedgerow is 1.1 meters for the
dispersion of pollutants in street canyons of an aspect ratio between 0.3 and 1.67. The study revealed
that the dispersion of pollutants by hedgerows is not sensitive to wind speed when the wind is
perpendicular to the street canyons.

2.4 Surface Temperature

According to the solar zenith angle and the weather during the day, buildings and street surfaces heat
up. Studies by Xie et al. (2005) on a regular street canyon showed that when the leeward facade is
heated, the airflow pattern remains the same as in the isothermal case. However, the vortex acquires
greater strength due to upward advection flux along the leeward wall produced by buoyancy flux.
Consequently, the pollutant concentration decreases when the windward wall is heated. On the other
hand, when the windward facade is heated, the upward buoyancy flux produced opposes the
downward advection flux and forms two contra-rotating vertexes. As a result, pollutant
concentrations increase on the windward side. When the ground surface is heated, the buoyancy flux
produces two counter-rotating vortices: one near the upper leeward wall and the other near the lower
portion of the windward wall. With an increase in temperature, the clockwise vortex on the windward
side expands, and the contraclockwise vortex on the leeward wall shrinks. As a result, pollutants
accumulate on the windward side. However, overall, the pollutant concentration decreases in the
street canyon when the ground is heated.

Di Sabatino et al. (2015) revealed that trees in the street canyon reduce the temperature at the bottom
of the facade in a Mediterranean climate during the day. However, trees trapped heat closer to the
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ground and released the heat at night time. As a result, night time air and facade temperatures were
higher in street canyons with trees than in street canyons without trees. In addition, the tree crown
hindered vertical air exchange and created thermal stratification, which caused reversal airflow. As a
result, volume-averaged concentration in the bottom of the street canyon increased.

3 Intrerelation between the Meteorological Conditions, Street Geometry, and Dispersion of
Pollutants by Street Vegetation

Dispersion of pollutants by street trees is lower at lower wind speeds (Ries & Eichhorn, 2001).
Pollutant concentrations are higher when the wind directions are perpendicular and oblique to the
street canyon axis (Zhang et al., 2015; Huang et al., 2019). The presence of trees in street canyons
slows down the airflow velocity (Buccolieri et al., 2011; Wang et al., 2020). Trees perform better
when the ambient wind direction is parallel to the street axis (Amorim et al., 2013; Gromke & Ruck,
2012). The dispersion of pollutants by street trees decreases with an increase in aspect ratios
(Buccolieri et al., 2009). When the street canyon ratio is less than 0.67 with optimal tree spacing, the
Central Greenbelt (trees and hedgerows) and leeward greenbelt have the potential to disperse
pollutants even when wind direction is perpendicular to the street axis (Zhu et al., 2022). Variation
in wind direction, i.e., perpendicular to parallel, has more influence than the variation in aspect ratio
between 0.33 to 0.75 on the dispersion of pollutants (Amorim et al., 2013). Variations in wind speed
considerably influence the dispersion of pollutants by street trees (Zhu et al., 2022). Dispersion of
pollutants by street trees increased with an increase in wind speed; however, not at the same rate (Zhu
et al., 2022). Diurnal temperature influences the dispersion of pollutants by street trees (Di Sabatino
etal., 2015).

Central hedgerows reduce wall-averaged pollutants at pedestrian height for perpendicular wind
directions in shallow street canyons (Gromke et al., 2016). A sideways arrangement of two hedgerows
performs better in pollutants’ dispersion when the wind is parallel to the street axis (Gromke et al.,
2016). The effect of hedgerows on pollutant dispersion is less sensitive to changes in wind speed (Li
etal., 2016).

There is no simple association between the meteorological conditions and the dispersion of pollutants
by street vegetation. Therefore, planning urban road vegetation for the dispersion of pollutants
necessitates local investigations. Field experiments can be resource intensive as well as time-
consuming. Hence, Computational Fluid Dynamics (CFD) method is popular among researchers.
Software such as Ansys Fluent (Buccolieri et al., 2009; Gromke et al., 2016), Open Foam (Jeanjean
et al., 2016; Jeanjean et al., 2017), and ENVI-met (Vos et al., 2013; Wania et al., 2012) are used in
the investigations.

4 Conceptual Framework for Planning Urban Road Vegetation for Dispersion of Air Pollutants
This study recommends the below parameters in the simulations:

1. Street geometrical characteristics: the typical length of an urban block, building height, and
coverage according to the local regulation.

2. Street orientation: orientation of the local street patterns such as gridiron, radial, and circular
according to the prevailing wind direction.

3. Meteorological conditions: the seasonal variations, hourly variations.

4. Vegetation: physical characteristics such as height, width, vertical coverage, and leaf area density
(LAD).
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5. Pollutants’ Emission Rate: calculated using the Annual Average Daily Traffic (AADT)

Figure 3 shows the theoretical framework for planning trees and hedgerows for pollutants’
dispersion in urban streets.

Figure 3 shows the conceptual framework for planning trees and hedgerows for dispersion of
pollutants by street vegetation.
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Fig. 3: Conceptual Framework for Planning Urban Road Vegetation for Pollutants’ Dispersion

5 Conclusion

Street geometry plays a crucial role in street ventilation. Vertical air exchange is higher in shallow
street canyons than in regular and deep street canyons. Vegetation has less effect than street
geometrical characteristics on the dispersion of pollutants. Hence, vegetation is suitable for shallow
street canyons.

Trees perform better in the dispersion of pollutants when the prevailing wind is parallel to the street
axis. Hedgerows perform better than trees in pollutant exposure reduction when the wind is
perpendicular to the axis in shallow and regular street canyons. At low wind speeds, street trees are
less effective at dispersing pollutants. Dispersion of pollutants by hedgerows is less sensitive to wind
speed when the wind is perpendicular to the street axis. Therefore, the physical form of vegetation
plays a crucial role in the dispersion of pollutants.

Changes to any parameter, including the meteorological parameters, vegetation form, and street
geometry, can considerably influence pollutant dispersion by street vegetation. Therefore, all the local
parameters should be considered together in the simulations to plan urban road vegetation to reduce
roadside users’ exposure to pollutants.
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