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ARTICLE INFO ABSTRACT
Handling Editor: Zorana Jovanovic Andersen Cities are constantly evolving and so are the living conditions within and between them. Rapid urbanization and
Keywords: the ever-growing need for housing have turned large areas of many cities into concrete landscapes that lack
Pollution exposure greenery. Green infrastructure can support human health, provide socio-economic and environmental benefits,
Physical and mental health and bring color to an otherwise grey urban landscape. Sometimes, benefits come with downsides in relation to its
Environmental health impact on air quality and human health, requiring suitable data and guidelines to implement effective greening
Passive control strategies. Air pollution and human health, as well as green infrastructure and human health, are often studied

City greening together. Linking green infrastructure with air quality and human health together is a unique aspect of this

article. A holistic understanding of these links is key to enabling policymakers and urban planners to make
informed decisions. By critically evaluating the link between green infrastructure and human health via air
pollution mitigation, we also discuss if our existing understanding of such interventions is sufficient to inform
their uptake in practice.

Natural science and epidemiology approach the topic of green infrastructure and human health very differ-
ently. The pathways linking health benefits to pollution reduction by urban vegetation remain unclear and the
mode of green infrastructure deployment is critical to avoid unintended consequences. Strategic deployment of
green infrastructure may reduce downwind pollution exposure. However, the development of bespoke design
guidelines is vital to promote and optimize greening benefits, and measuring green infrastructure's socio-eco-
nomic and health benefits are key for their uptake. Greening cities to mitigate pollution effects is on the rise and
these need to be matched by scientific evidence and appropriate guidelines. We conclude that urban vegetation
can facilitate broad health benefits, but there is little empirical evidence linking these benefits to air pollution
reduction by urban vegetation, and appreciable efforts are needed to establish the underlying policies, design
and engineering guidelines governing its deployment.
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1. Introduction

Actions to reverse the impacts of anthropogenic sources of air pol-
lution are being undertaken in different ways around the world.
However, a dependency on fossil fuels remains to support our transport,
industry and energy sectors with 80% of global energy supplies having
been produced by fossil fuels in 2018 (EIA, 2019). In conjunction with a
demographic shift due to urban migration, with 66% of the global
population expected to live in cities by 2050 (UN, 2014), the con-
centrations of people and pollution coincide. Substantial progress has to
be made in decarbonization and climate change mitigation in the pro-
vision of services to these ever-growing urban centres. In particular, air
pollution in the built environment continues to present a societal
challenge and is foreseen to be a problem that may linger for decades to
come.

Cities provide opportunities for a large population to access cen-
tralized services, yet this often comes with an array of consequences
including air, noise and light pollution. Focusing on ambient air quality,
exceedances of guidance levels set by the World Health Organization
(WHO) are evident and linked with an estimated 6.5 million premature
deaths globally each year, the majority of which are suffered by urban
populations (Landrigan et al., 2018). Transport emissions are a large
contributor to air pollution in cities around the world and contribute to
a range of health problems such as respiratory and cardiovascular dis-
eases (Heal et al., 2012). For instance, Karagulian et al. (2015) analysed
studies conducted in 529 cities of 51 countries to estimate the global
averages of urban PM concentration. They reported that traffic emis-
sions contributed 25% of PM;, concentrations, followed by industrial
activities (18%). Contributions of traffic emissions and domestic fuel
burning constituted shares of 25% and 20%, respectively to urban
PMS, 5 concentrations. This study also mentioned that traffic is the main
source of urban PM, s concentrations in many regions such as India,
Southwestern Europe and Brazil and that the domestic fuel burning is
an emerging source in some regions like Africa and Central and Eastern
Europe. Furthermore, Crilley et al. (2017) carried out a source appor-
tionment study at a roadside environment (Marylebone Road) in central
London, UK. They also reported transport emissions as the major con-
tributor, at about 32% of PM,s, followed by secondary inorganic
aerosols at about ~21%. Therefore, targeting different methods to
control traffic-related air pollution is fundamental in protecting the
health of our urban populations (Kumar et al., 2015, 2016).

Green infrastructure is seen as a potential means to mitigate pol-
lution impacts. The definition of the term depends upon the context in
which it is used. It can refer to trees and vegetation that provide eco-
logical benefits in urban areas, and also to engineered structures such as
sustainable urban drainage systems (Benedict and McMahon, 2006).
Here, we use the term to refer to street trees, hedges, bushes, green
walls, green roofs and green spaces (parks). The interaction between
green infrastructure design (e.g., species selection, spatial positioning)
and air pollutants can positively or negatively affect personal exposure
and thus human health (Abhijith et al., 2017). The effects depend on
the conditions of the surrounding built environment, as well as the type,
location, and configuration of GI. The built-environment can be clas-
sified into open-road and street canyons type topographies. Open-road
environments are roadsides that are not affected by surrounding
buildings, having no or low-rise single-storey buildings, and are gen-
erally situated in peri-urban and rural areas. On the other hand, street
canyons generally have single to multi-storey buildings on both sides of
the roads and are situated in urban centres. The wind flow conditions
inside the street canyons can be isolated roughness flow, wake inter-
ference flow or skimming flow, depending on their aspect ratio i.e. the
building height (H) to street width (W) ratio (Oke, 1988). The street
canyons can usually be termed as shallow (H/W < 0.5), deep (H/
W = 2) or in-between (0.5 < H/W < 2) (Vardoulakis et al., 2003,
Abhijith et al., 2017). When the aspect ratio reaches a certain threshold,
tall trees in street canyon environments can increase pollutant
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concentrations at ground level by restricting dispersion. Since ventila-
tion conditions could differ in different types of street canyons due to
wind flow, it is important to make appropriate choices concerning the
provision of green infrastructure (GLA, 2019). For example, GI can lead
to poor air quality in deep street canyons (Abhijith et al., 2017) as
opposed to shallow street canyons, as highlighted in GLA (2019). In
open road conditions, roadside vegetation of sufficient height, thick-
ness, and coverage can reduce downwind pollution concentrations
through deposition and enhanced turbulence (Abhijith and Kumar,
2019; Deshmukh et al., 2018); while highly porous vegetation with
gaps can have no or even increased downwind pollutant concentrations
(Baldauf, 2017).

GI and air pollution interactions in street canyons are complex, re-
sulting in a positive or negative impact on air quality based on the
aspect ratio and GI types. The pros and cons clearly suggest that par-
ticular characteristics of green infrastructure may be sensitive to local
environmental and social circumstances. Informed design is key to
ensure benefits over adverse impacts, and to maximize the potential for
those benefits (Van den Berg et al., 2010). This is highlighted by a range
of research studies (Supplementary information, SI, Table S1) and nu-
merous review articles (e.g., Abhijith et al., 2017; Carifanos and
Casares-Porcel, 2011; Gallagher et al.,, 2015; Lee and Maheswaran,
2011; Shaneyfelt et al., 2017; Eisenman et al., 2019a). Yet there is a
lack of consensus on issues related to human health, economics and
social co-benefits of air pollution mitigation via green infrastructure
(Fig. 1). In particular, the topics that are discussed in this paper need
attention, including design guidelines for green infrastructure place-
ment; quantitative assessments of their exposure reduction potential;
and the impacts they bring to overall air quality and health outcomes.

A wealth of studies associate the positive impacts of green spaces
with health benefits such as enhanced immune functioning and reduced
chronic diseases and mental health disorders (Section 2). The re-
lationship between urban greening — defined as organised or semi-or-
ganised efforts to introduce, conserve, or manage outdoor vegetation in
cities (Eisenman, 2016; Feng and Tan, 2017) - and human health is
covered briefly to develop the context of the article. Our main focus lies
in presenting a holistic view of the nexus between air pollution, green
infrastructure and human health to help fast-track informed decision-
making on the exploitation and management of green infrastructure in
cities. This can help bridge the gap between research and policy. We
present best-practice pathways to inform decision-makers related to
green infrastructure interventions in the built environment. Depending
on the local (street) and city scales, vegetation types and their place-
ment and density could alter air quality and both increase or decrease
public exposure to air pollution. We discuss whether cities have suffi-
cient knowledge to exploit the potential benefits and avoid the un-
desirable consequences of green infrastructure impacts on human
health via air pollution mitigation. By critically evaluating the link
between green infrastructure and human health via air pollution miti-
gation, we consider if our existing understanding of such interventions
is sufficient to inform their uptake in practice.

2. The nexus between green infrastructure and human health

Some studies link green infrastructure with health benefits
(Suppakittpaisarn et al., 2017), but others have highlighted reserva-
tions due to poor study quality and high levels of heterogeneity
(Twohig-Bennett and Jones, 2018). The benefits of green infrastructure,
while not always claiming direct cause and effect, may include reduced
cardiovascular disease, stroke, diabetes and overall mortality (Gascon
et al.,, 2016) as well as reduced circulatory disease (Mitchell et al.,
2011), obesity (Sanders et al., 2015), morbidity from respiratory dis-
eases including asthma and other atopic conditions (Lambert et al.,
2017), and improved longevity of senior citizens (Takano et al., 2002),
pain control (Han et al., 2016), postoperative recovery (Devlin and
Andrade, 2017), child cognitive development (Kellert, 2005) and
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Fig. 1. Conceptual diagram showing the linkages of air pollution sources, greening options, optimised benefits and unintended consequences. This shows (reading
from the top to the bottom) linking of mitigation of air pollutants through green infrastructure installations (e.g., trees and hedges) with improved physical and
mental health, socio-economic outcomes and unintended consequences. PM: particulate matter < 10 pm (PM;0) and < 2.5 pm (PM, 5) in diameter; UFP: ultrafine

particles (< 0.1 um); BC: black carbon; SO,: sulphur dioxide; NO,: nitrogen oxides.
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immune function (Hartig et al., 2014). The evidence is not restricted to
one part of the world. Pereira et al. (2012) showed an inverse asso-
ciation between levels and variability of neighborhood greenness and
coronary heart disease or stroke in Australia. The likelihood of hospi-
talization and self-reported heart disease was lower for those living in
neighborhoods with highly variable greenness compared with those
with low variability in greenness. Similarly, researchers from The
Netherlands, Australia and the United Kingdom have demonstrated
significant associations between neighborhood greenness and reduced
likelihood of having type 2 diabetes mellitus (Bodicoat et al., 2014). A
longitudinal study of approximately 575,000 adults in Canada asso-
ciated a reduction in mortality, especially from respiratory diseases,
with an increase in residential green space (Villeneuve et al., 2012).
Similar results were reported in a larger Canadian study (Crouse et al.,
2017) and in the United Kingdom (Mitchell et al., 2011). Access to
neighborhood greenness and green space have also been associated
with reduced risk of stress, clinical anxiety and depression, psychiatric
morbidity, and mortality from circulatory diseases for populations
below retiring age (Hartig et al., 2014; Frumkin et al., 2017). Attrac-
tive, accessible greenspace can improve community identity and sense
of place, improve aesthetics, and provide a place for gathering and
social interaction (Wolch et al., 2014). Improved social capital has been
linked to reduced stress and improvements in mental health and overall
health and well-being (Hong et al., 2018). Cross-sectional studies in the
United Kingdom have demonstrated associations between the quality
of, and access to, green space with reduced psychological distress in
adults (Watts et al., 2013) and reduced depressive symptoms in ado-
lescents and pregnant women (Coombes et al., 2010), with stronger
effects in inactive and disadvantaged groups. Evidence from long-
itudinal research supports the benefit of green space for mental health
improvements; for instance, improved alertness in children with at-
tention deficit disorder (Pataki et al., 2011). Evidence for the positive
effects of natural environment exposure in later life is also accumu-
lating. A cross-sectional study in the United Kingdom linked a reduction
in depression, anxiety symptoms and their co-occurrence in older
communities with access to green space (Sugiyama et al., 2008).

A recent report by the WHO (2016) advocates implementation and
evaluation of targeted, evidence-based green space interventions to
promote health of urban residents. The report underscores that links
between green space access and health are likely to be complex and
interacting, with variations across developed and developing countries.
For example, access to green space may produce health benefits
through various pathways, some of which may interact and offer both
direct and indirect benefits, and which may have a synergistic effect
(WHO, 2016). The potential mechanisms underlying links between
green infrastructure and human health remain unclear. Researchers
have proposed various models to explain the observed relationship
(Markevych et al., 2017). Hartig et al. (2014) suggested interacting
pathways through which access to green infrastructure could result in
improved health outcomes through better air quality, enhanced phy-
sical activity, stress reduction, and greater social cohesion. This re-
search is essential for assessing health benefits of urban green spaces in
varying global contexts (e.g., high, middle and low income countries)
and in cities with different urban design characteristics, to enable the
adaptation of context-specific green infrastructure policies and inter-
ventions. Lachowycz and Jones (2014) emphasized physical activity,
engagement with nature and relaxation, and social activities and in-
teractions as major pathways to health. Villeneuve et al. (2012) pro-
posed a model emphasizing physical activity, respiratory health and
resilience to heart-related illness. The authors do not quantify the
specific contribution of each pathway, however, poor air quality is
known to be linked to adverse health outcomes (HEIL 2019), especially
cardiovascular (Requia et al., 2018; Warburton et al., 2019) and re-
spiratory disease (Sciaraffa et al., 2017). Emerging evidence suggests
that air pollution may also affect the brain and is possibly linked to
dementia (Peters et al., 2019) and cognitive decline (Power et al.,
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2016). There is also evidence linking air pollution with early-life effects
such as low birth weight (Pedersen et al., 2013). Kuo (2015) suggests a
central role for enhanced immune functioning as a pathway between
nature and health, recognizing that there may be multiple pathways,
some of which may interact and offer both direct and indirect benefits
(Porcherie et al., 2018). The adverse effects of air pollution may act
through similar direct and indirect patho-physiological mechanisms
(Chin, 2015). Other possible pathways include improved sleep via re-
duced noise pollution exposure, stress reduction, improved social sup-
port (Linton et al., 2015) and/or increased physical activity (Kredlow
et al., 2015). Poor sleep has itself been correlated with a reduction in
quality of life, increased risk of chronic diseases such as cardiovascular
and respiratory disease and type 2 diabetes, as well as mental health
problems and premature death (Cappuccio et al., 2011). However, a
major confounder of these studies is sociodemographic and socio-eco-
nomic differences between populations, with areas where there is more
green space often having wealthier, healthier occupants who have
healthier lifestyles and/or diets and better access to preventative and
curative health care services. Conversely, deprived areas often have less
green space and poorer occupants with less access to health care ser-
vices. Research into the relationship between nearby green space and
sleep has been limited to cross-sectional observational studies so far.
There are plausible theories as to why green spaces may promote
healthier sleep, but more research is needed to draw solid conclusions.
For instance, a study of sleep duration in Australia reported that par-
ticipants with greater amounts of nearby land cover constituting some
form of green space generally have a higher number of hours of sleep
per night compared with peers in areas with less green cover (Astell-
Burt et al., 2013). That result was not explained by measures of psy-
chological distress or physical activity, indicating that the physical re-
moval and/or psycho-acoustic modification of noise via green space
may be the dominant pathway. A second study of sleep duration con-
ducted in the United States found similar results (Grigsby-Toussaint
et al., 2015). However, a third study in Canada found no association
between nearby green space and sleep duration (Chum et al., 2015). In
addition to restoration and instoration-based domain pathways, more
green space may also reduce exposure to noise and artificial light in the
evenings, which are contributors to sleep and circadian disruption
(Skeldon et al., 2017). A number of similar examples can also be seen
for stress reduction, social cohesion, physical activity and noise re-
duction in SI Section S1.

The literature on the short- and long-term health consequences of
green infrastructure is largely positive but leaves a number of open
questions. Limited research examines the relative merits of different
kinds of green infrastructure for improved health, and only a few
longitudinal or interventional studies are available (Nieuwenhuijsen
et al., 2017). Systematic reviews on the impact of green infrastructure
on chronic health problems are heterogeneous, often using weaker
observational designs with short periods of follow-up. Standardized
methods for assessing the quality of green infrastructure and evalua-
tions of the effectiveness of green prescriptions - a health professional's
written advice to be physically active in nature as part of a person's
health management - are needed. Further work is also needed to
identify the mechanisms linking observed human health to nature
contact, and should look to provide information on susceptible popu-
lations who may benefit most from green spaces, and where, when, how
much, and what type of green space is needed (Nieuwenhuijsen et al.,
2017).

Studies that are on a larger scale, for a wider range of communities,
as well as longitudinal, are needed to examine different co-benefits of
green infrastructure on human health. There is also little work that
examines the influence of urban green space and sense of meaning on
nature connectedness and the positive effects on the sense of commu-
nity. While there is evidence to suggest that green space could benefit
physical activity (Coombes et al., 2010), findings are mixed (Hillsdon
et al., 2006). This may be partly because many studies focus on narrow
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geographical areas, self-reported physical activity or health behaviors,
and short-term health outcomes. Furthermore, uncertainty still exists
regarding the ways in which green space influences physical activity
(i.e., the type, access, size and use of green space) and the relationships
between green space and context-specific behavior (i.e., physical ac-
tivity type and intensity). A greater understanding of the ways in which
green space influences specific types of physical activity would enable
urban designers and landscape architects to design green space that
targets specific physical activity behaviors. There is some evidence that
green streets encourage active travel (Heath et al., 2006) and reduce
roadside pollution (Abhijith et al., 2017), although only a small number
of studies have been undertaken that address both factors simulta-
neously. Importantly, there is little empirical evidence of respiratory or
other health benefits owing to air quality improvement via urban trees
(Eisenman et al., 2019a; Eisenman et al., 2019b). Therefore, the lin-
kages between green infrastructure and improved health via air quality
improvement remain to be adequately quantified. Researchers have
highlighted that addressing this gap will aid the development of policy
to drive the implementation of green infrastructure for public health
improvements and air pollution abatement (Abhijith et al., 2017).

3. The nexus between air pollution, green infrastructure and
human health

A general hypothesis exists that green infrastructure affects ambient
air quality and thereby human health and wellbeing in both positive
and negative ways (Fig. 2). Therefore, it is important to synthesize the
evidence relating to green infrastructure's impact on the concentrations
of specific pollutants and relate this to human health effects (RCPCH,
2016). Air pollution is a complex mixture of nano to micro-sized par-
ticles and gaseous pollutants. Particulate matter of various size ranges
(PM;o, PM, 5, PM;, ultrafine particles [UFP]) and gaseous pollutants
(NO,, SO,, CO and Os3) are some of the important pollutants in the
urban environment (Fig. 1; SI Table S2). Exposure to these pollutants
has been linked with respiratory and cardiovascular diseases (EEA,
2017). The quantification of changes in the air dispersion or chemical
reactions of these air pollutants brought about by green infrastructure
can allow evaluation of direct or indirect effects of green infrastructure
on local and regional air quality.

The removal of atmospheric pollutants by urban vegetation has
been of particular interest (Bealey et al., 2007; Litschke and Kuttler,
2008). Vegetation leaves have been shown to remove atmospheric
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particles by dry deposition onto their surfaces (McDonald et al., 2007;
Nowak et al., 2006), and absorb gaseous pollutants through their sto-
mata (Harris and Manning, 2010; Nowak et al., 2006; Yin et al., 2011).
Furthermore, vegetation, especially trees, could play a role in im-
proving air quality in urban areas through increased deposition rates of
particulate matter and/or absorption of gaseous pollutants. Deposition
varies among particles of various sizes, according to the U-shaped
parabolic curve of deposition velocity, showing minimum values be-
tween 0.1 and 1.0 um and suggesting that both ultrafine and coarse
particles are more susceptible to deposition onto vegetation surfaces
(Janhall, 2015). A review summarising the potential magnitude of air
pollution reduction via urban vegetation canopies found that average
published deposition values corresponded to an estimated 1% reduction
of PM;, across urban areas (Litschke and Kuttler, 2008). Urban trees
may also indirectly contribute to improved air quality via reduced en-
ergy demand, especially when cities energy production is managed
using coal as a fuel source, by cutting air conditioning demand in hot
weather through the provision of shading and the cooling effects of
evapotranspiration (Akbari et al., 1997). However, they may also lead
to a reverse effect by increasing the need for heating energy during cold
weather conditions (Simpson and McPherson, 1998) and contribute to
air pollution by emitting hydrocarbons (Benjamin and Winer, 1998).
The reduction in temperature due to increased shade and evapo-
transpiration promotes chemical reactions to reduce ozone concentra-
tions (Nowak et al., 2000). Previous studies have estimated that about
1t CO (percentage removal from total CO emissions, 0.03%), 14t NO,
(0.50%), 17 t PM;( and PM, 5 (3.35%), and 1t SO, (0.50%) via 27.8%
green space in Strasbourg city (France), and 1320 tPM;o and PM,s;
2740t NO, via 8.1% green space in Auckland (New Zealand) are re-
moved annually by vegetation, especially trees (Cavanagh and
Clemons, 2006; Selmi et al., 2016). Air pollution removal varies mainly
with levels of tree cover and of air pollutant concentrations. Estimates
of pollution removal make various assumptions about factors such as
deposition rates and leaf surface area, while further studies are still
required to provide a comprehensive database for urban areas. This
calls for more research to accurately quantify the air quality benefits of
different green infrastructure forms at local and regional scales (Pataki
et al., 2011; Salmond et al., 2016).

Certain vegetation species can also release significant amounts of
reactive gases, known as biogenic volatile organic compound (bVOC)
emissions. As discussed in the subsequent text, these compounds can
condense and react with other species (hydroxyl ions and nitrate
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Fig. 2. Schematic diagram showing the air quality benefits and downsides of green infrastructure in the built environment.
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radicals) to form small-sized secondary particles that can remain sus-
pended for a relatively long time in the ambient air. These particles can
appreciably affect the chemistry of air pollutants in local, regional, and
even global scales. The most vital reactive bVOCs are isoprene, mono-
terpenes, and sesquiterpenes, which can govern the production and loss
of ozone and the formation of secondary organic aerosols (Calfapietra
et al., 2013). For instance, emissions of isoprene (with substantial levels
of NOx) contribute to the formation of ground-level ozone in urban
areas, whereas monoterpenes and sesquiterpenes can increase PM, s
and PM,, concentrations (Churkina et al., 2017). Moreover, bVOC
emissions from vegetation are highly reactive, with atmospheric life-
times in the order of seconds to hours. After release into the ambient
air, they react rapidly with air oxidants, mainly the hydroxyl ions and
nitrate (NOs3) radicals, and also ozone molecules (Churkina et al.,
2017). The reactions of bVOCs with these oxidants produce secondary
organic compounds such as ozone and stable organic nitrate, which
could be transported across great distances (Churkina et al., 2017).

The quantity of bVOC emissions from plants and their reactions in
the atmosphere dictate how plants affect atmospheric chemistry.
Although it is understood that the short-term retention of atmospheric
particles by urban vegetation can reduce ambient pollutant con-
centrations, the effectiveness of plants as a long-term alternative to
other measures is still under debate. Therefore, understanding the role
of bVOC emissions in the formation of aerosols in the atmosphere, and
understanding the reaction of urban and anthropogenic emissions with
bVOC emissions is important for understanding the role of vegetation in
urban environments. The bVOC emission potential, as well as the up-
take characteristics of vegetation, varies with their size and species.
Individual studies have provided information on certain trees and plant
species in different parts of the globe (Emmerson et al., 2019; Li et al.,
2019). Open-access tools such as i-Tree (Tools for Assessing and
Managing Community Forests; https://www.itreetools.org/tools) pro-
vide a valuable database on tree species, besides options to quantify
benefits and ecosystem services of community trees and forests. While
the chemistry is fairly well understood, the quantification of bVOC
emissions generated by green infrastructure in specific cities and their
contribution to airborne particles is still a grey area in research. In
addition, the World Urban Database and Access Portal Tool (WUDAPT;
http://www.wudapt.org/wudapt/) is another type of complementary
database that provides climate-relevant information on urban centres
across the world in the form of local climate zones using remote sensing
imagery (Hammerberg et al., 2018). It also captures variations across
urbanised landscapes (Ching et al., 2014; Hammerberg et al., 2018).
Such a database could complement dispersion modelling, which to-
gether with deposition component in the i-Tree model, could support
the multidisciplinary assessment of GI impacts on pollutant con-
centrations at city scale.

There is also much less information on the air pollution health ef-
fects mediated by green infrastructure than on green infrastructure and
health (Section 2). A widely used approach for estimating human health
benefits of air pollution mitigation via vegetation is the deposition
component in i-Tree model that can be combined with BenMAP (En-
vironmental Benefits Mapping and Analysis Program) to calculate the
number and economic value of air pollution-related deaths and illnesses
(EPA, 2018). Using this approach, Hirabayashi and Nowak (2016) at a
national scale estimated that the highest reductions in human mortality
rates associated with air pollution removal via green infrastructure
across the United States were associated with the reductions in PM, 5
and Os. Additional modelling studies of air pollution reduction via
green infrastructure estimated one mortality case per year in each of the
10 cities examined in the United States (Nowak et al., 2013), translating
to a reduction of 850 mortalities across the country (Nowak et al.,
2014). The cumulative reduction of 30 mortality cases each year was
estimated in a study of 86 cities in Canada (Nowak et al., 2018), which
was proportionally less than previous studies due to lower pollutant
concentrations and a shorter in-leaf season for the green infrastructure.
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The accuracy and public policy usefulness of results from the
modelling studies can, however, be argued, like any other model
(Kumar et al., 2011), owing to the assumptions such as the use of re-
lationships developed elsewhere to sites that vary in plant species, site
characteristics, climatic and environmental conditions (Saebo et al.,
2017). Others have noted concerns pertaining to the propagation of
error and marginal magnitude of effect (Pataki et al., 2011; Whitlow
et al., 2014). Importantly, citywide deposition modelling does not ac-
count for the heterogeneity of urban landscapes and other important
mechanisms such as air dispersion, bVOC emissions, pollen production,
and synergistic interactions between pollen and air pollution.. How-
ever, these modelling assessments offers limited options for estimation
of the health benefits associated with green infrastructure interventions
via air pollutants reduction. For instance, Tiwari et al. (2019) reviewed
the limitations of microscale and macroscale air pollutant dispersion
models to evaluate green infrastructure impacts. This work also high-
lighted an increase in uncertainty, owing to, for example, the combined
effects of allergenic pollen and air pollutants on human health
(D'Amato et al., 2007), the transformation of air pollutants in the pre-
sence of bVOCs (Churkina et al., 2017) and altering exposure in mi-
croenvironments (Gallagher et al., 2015), while assessing the holistic
effects of green infrastructure and air pollution on human health. Fur-
ther, a lack of understanding of the combined effects of air pollutants
and allergenic pollen, individual's air pollutant exposure and their
health data, results in uncertainties in air pollution health risk assess-
ments. These uncertainties restrict planners and policymakers in
adopting model-based solutions in the real world.

At a local scale, the placement of green infrastructure between the
source (traffic emissions) and receptor (those walking, cycling) along
roadsides could act as a natural filtering barrier. In open-road condi-
tions, where either there are no buildings or buildings are at a distance
from both sides of the road, a continuous line of thick vegetation bar-
riers is found to reduce downwind pollutant reductions by up to 60%
(Abhijith et al., 2017). This reduction depends on several factors, such
as the porosity, width, and height of the barrier as well as vegetation
species (Baldauf, 2017). However, if there are gaps in such barriers and
their porosity is high, for example during leaf-off seasons, it could result
in similar or even increased downwind concentrations since pollutants
can pass through or move around the gaps (Ghasemian et al., 2017;
Hagler et al., 2012). Street canyon conditions, where buildings are in
close vicinity to both sides of the road, are more challenging, and the
placement of trees becomes critical because they can obstruct the free
exchange of polluted air inside the canyon with clean air above. When
the height-to-width ratio (aspect ratio) of a street is > 0.5, the use of
tall-growing vegetation (trees) is not recommended (Abhijith et al.,
2017). Such configurations are commonplace in urban environments
and their impact on air quality and human health is rarely considered in
practice, most likely due to a lack of awareness of the risks and benefits.
Where aspect ratios are < 0.5, a cautious choice should be made be-
tween trees and hedges to harvest their best potential and avoid si-
tuations of worsened air quality in the street canyon close to ground
level (Abhijith et al., 2017). Of course, similar considerations apply for
the selection of species that are low pollen and low bVOC emitting
(Willis and Petrokofsky, 2017; Kumar et al., 2019).

At the local scale, there is nearly no evidence translating reduced
pollution exposure due to vegetation into direct health benefits, and the
interpretation of health benefits can only be made by linking them with
reduced exposure due to vegetation barriers. For instance, some studies
suggest that allergy sufferers require lower concentrations of pollen
exposure to trigger allergy symptoms when already exposed to traffic-
related air pollution (Emberlin, 1998; Salmond et al., 2016), suggesting
that careful thought needs to be given to the species of vegetation used
(Carinanos and Casares-Porcel, 2011; Chen et al., 2017). An increase in
vegetation has been linked with a decrease in the prevalence of asthma
among children and adults in urban populations (Donovan et al., 2018),
but to what extent air quality improvement by vegetation is a mediating
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mechanism for such links is unclear. For example, this study hypothe-
sizes that observed benefits may be explained by greater and more di-
verse microbial exposure in vegetated spaces. Furthermore, the com-
plexity of green infrastructure at local scales presents the most obvious
challenge in delivering green space for improved air quality, but there
is limited evidence to relate local conditions to local benefits in terms of
reduced health problems and mortality rates. There is a wealth of evi-
dence linking the exposure to airborne PM and the occurrences of
diseases such as cardiovascular (Du et al., 2016) and cerebrovascular
(Leiva et al., 2013; Zhang et al., 2011), coronary artery (Ruckerl et al.,
2006), respiratory (Zanobetti et al., 2003), ischaemic heart (Burnett
Richard et al., 2014), lung cancer mortality (Laden et al., 2006) and
cardiopulmonary mortality (Pope III et al., 2002). Populations exposed
to PM over the long periods have a much greater incidence rate of
cardiovascular diseases and heightened mortality rate (Anderson et al.,
2012). For example, Lelieveld et al. (2015) linked 3.3 million pre-
mature deaths per year worldwide with the exposure to outdoor PM, s;
the highest per capita mortality is found in the Western Pacific region
(1.463 million), followed by Southeast Asia (0.65 million) and Eastern
Mediterranean (0.286 million). Most health-related policies usually
consider such pieces of evidence but policies associating particular in-
terventions (e.g., green infrastructure) with specific health effects are
rare. Recently, PHE (2019) carried out a rapid review of air pollution
interventions, including green infrastructure, to improve air quality and
public health. It also highlighted that sources of outdoor air pollution
are well understood and that the reduction in emissions from motor
traffic, promotion of active travel and use of green infrastructure would
lead to appreciable reductions in the burden of disease and savings to
healthcare systems. However, a major gap is that there is little quan-
tification of the impact of such intervention measures.

Of course, the ultimate strategy to reduce air pollution emissions in
cities is to control air pollution at the source. The primary method is
through setting vehicle emission standards and standards for other
sources in general. However, these can take a long time to implement
and are not always as effective as planned, and so other emissions and
exposure reduction strategies are also needed. A number of recent and
exploratory intervention methods include implementation of source
control through low emission zones in cities i.e., placing restrictions on
traffic entering an area; (Ellison et al., 2013), restrictions on heavy
goods vehicles entering the city centre (Tang et al., 2017), road space
rationing schemes such as Rodizo restricting person car use for one-day
per week (Rivasplata, 2013) or odd-even car trials restricting personal
cars having the last digit of their registration number as even on odd
dates and vice-versa (Kumar et al., 2017). Another much more pre-
valent strategy is the promotion of walking, bicycling, use of public
transport, and other non-motorized means of travel, collectively re-
ferred to as active commuting or active travel: this can substitute for
short car trips, saving emissions from car travel (Neves and Brand,
2019). The adaptive use of obsolete or underused urban infrastructure,
such as rail corridors, underutilized back alleys, urban streets, aban-
doned transport or utility corridors, and remediated brownfields into
green infrastructure for walking and biking, informal play and exercise,
and social interaction are also effective strategies to reduce air pollution
(Wolch et al., 2014). Use of green infrastructure at a local scale can be
considered as an exposure control strategy via engineering the pathway
between the source and receptor. Considering public acceptability, the
relative size of the potential health benefits of urban vegetation, the
additional co-benefits outside air pollution reduction such as diverse
ecological services (Endreny et al, 2017) and natural capital
(Chenoweth et al., 2018), suggest that urban green infrastructure
should receive due consideration when passive pollutant abatement
options are appraised by policymakers. Passive control methods include
the use of common urban features such as low boundary walls, trees,
on-street parking, hedgerows, green walls, photocatalytic coatings and
noise pollution barriers. These methods control air quality through
manipulation of natural air pollutant dispersion patterns in built-
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environments passively, without additional energy requirements. They
have the potential to reduce pollution exposure hence improving and
protecting human health in urban areas (Gallagher et al., 2015;
McNabola, 2010).

There are substantial differences in how natural science and epi-
demiology approach the topic of green infrastructure and health. As
noted in an interdisciplinary review addressing links between urban
trees, air quality, and asthma, there are substantial gaps in how natural
scientists and public health researchers address this issue: natural sci-
entists tend to focus on air pollution reduction while epidemiologists
focus on pollen production. Importantly, there is currently little em-
pirical evidence of asthma reduction or other respiratory health benefits
owing to air pollution reduction by urban trees (Eisenman et al.,
2019a). Based on these findings, a call for more epidemiological re-
search on links between urban trees, air quality, and asthma has been
issued to better inform landscape planning and design (Eisenman et al.,
2019b).

4. Informing urban planners of best practice green infrastructure
adoption

Effective planning, implementation and preservation of green in-
frastructure has the potential to lead the way in sustainable urban de-
velopment by delivering a framework for improved public health and
quality of life, while also bringing about nature conservation and other
environmental improvements (Tzoulas et al., 2007; Van den Berg et al.,
2010). At the city or regional scales, most studies assessing urban ve-
getation and air quality rely upon models, and further empirical evi-
dence of actual human health benefits is required. At a local scale, the
evidence is based on site-specific experimental investigations, where
interactions of air pollutants with green infrastructure are assessed and
quantified based on the change in concentration of specific pollutants.
These experimental investigations allow validation of models that can
extrapolate results to similar site conditions at city scales. Conse-
quently, guidance for urban planners should be based on an ever-ex-
panding and more-informed database of results from research in-
vestigations, taking into consideration the green infrastructure
intervention itself (tree, hedge, green wall or green roof), its char-
acteristics, the pollutants, and the setting (e.g., urban roadside, city
park, peri-urban residential area, suburban industrial area).

Efforts to translate research findings into practical guidelines for
using GI to improve air quality in near-road environments is evident in
recent literature (Baldauf, 2017; Ferranti et al., 2017; GLA, 2019;
Hewitt et al., 2019; SMAQMD, 2017). Baldauf (2017) presents favour-
able physical attributes and vegetation characteristics for improved air
quality outcomes in open-road conditions (i.e. highways) using GI in
the U.S. In the UK, the GLA (2019) presents broad level recommenda-
tions on GI's effectiveness for improving air quality in open-road and
street canyon environments for London. The Sacramento Metropolitan
Air Quality Management District in California, USA (SMAQMD, 2017)
has taken this further by developing their own planning, installation
and maintenance documentation based on the EPA guidelines and in-
line with local requirements and governing regulations. Their guidance
provides detailed vegetation configurations and an extensive species
planting list to meet local requirements. Practitioners and policymakers
in this setting need to be informed by evidence and guidance such as
reported by Ferranti et al. (2017) and Hewitt et al. (2019), as they offer
top-down policy, clear interventions and a conceptual framework for GI
implementation to improve air quality, with Hewitt et al. (2019) out-
lining a flow chart of logical pathways to minimise negative feedback
and maximize improvements in urban built environment. GLA (2019)
also presents a flow chart to identify the most suitable GI for built en-
vironment conditions while a most recent document complements it by
including advice on plant species selection (Kumar et al., 2019).

In general, these guidelines and decision support tools present the
first steps in translating research to practice in the field. It is clear that
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Fig. 3. A conceptual framework showing two ways of promoting green infrastructure initiatives through top-down and bottom-up approaches.

detailed guidance is more advanced for open road conditions (e.g.
Baldauf, 2017) than for complex urban built environments (i.e. street
canyon conditions). Further research is required to accelerate best
practice guidelines for the built environment that can inform and align
with local restrictions such as species selection.

4.1. Governance and implementation of green infrastructure interventions

There are essentially two approaches to promoting green infra-
structure initiatives: top-down (government-led, through financial
support and/or regulation) and bottom-up (grassroots initiatives), as
shown in Fig. 3. Both approaches present their own case- and site-
specific challenges, relating to the technical, economic, environmental
and social considerations for a given project. Therefore, suitable gui-
dance is required to successfully implement a green infrastructure
project and ensure a positive outcome and the evidence base is not
always available. However, as Sldtmo et al. (2019) outlines, and taking
Europe as an example, green infrastructure policies are currently
available in only 11 of the 32 countries surveyed.

Top-down green infrastructure initiatives can be delivered at var-
ious scales, and it is viewed that policies or strategies need to be driven
by national governments (Sldtmo et al., 2019), but it can be delivered
by regional and local authorities or different types of organizations. For
example, Mazza et al. (2011) reviewed 100 initiatives from across 27
European Union member states. Of these, 52 initiatives were at a na-
tional scale while the remainder were regional or local. Most of the
initiatives were led by governments, while 15 were driven by organi-
zations, such as environmental non-governmental organizations, re-
search institutes and businesses (Mazza et al., 2011).

As in traditional infrastructure projects, the key to successful de-
livery is effective stewardship and financing (Young and McPherson,
2013). For example, a way to encourage uptake of green infrastructure
projects is through prioritization of funds by governments at various
levels (e.g., federal, state and local levels) (Dunn, 2010). Funding can
produce important social co-benefits such as poverty alleviation
through the creation of local job opportunities, particularly when al-
located to poor localities (Celik and Ogus Binatli, 2018; Dunn, 2010).

Singapore is an exemplary case for the effective planning of green
infrastructure. It was referred to as a City in a Garden in the 1960s, and
more recently as a biophilic city (Ali Cheshmehzangi, 2014; Newman,

2014). The first Singapore Green Plan was released in 1992 by the then
Ministry of the Environment, followed in 2002 by a new 10-year na-
tional plan, developing a national approach of integrated planning, and
subsequent long-term plans including the 2012 National Climate
Change Strategy. Green infrastructure planning in Singapore is now
well integrated with the planning of the social and economic dimen-
sions of the city, facilitating multi-functional benefits (Newman, 2014).
Other initiatives in Singapore include Horticulture Park, which has
been set up to demonstrate and experiment with green walls and green
roofs, and the Park Connector Network, which is an island-wide net-
work of linear parks that connect major green areas and residential
locations (Newman, 2014).

In contrast to Singapore, England's National Planning Policy
Framework, which sets out the government's planning policies (DCLG,
2012), makes few references to green infrastructure, with it only being
mentioned in passing in relation to adaptation to climate change. Re-
cently, £60 million funding was pledged in the 2019 United Kingdom
budget for planting millions of more trees across England, including
£10 million for trees in urban streets on the basis of a matching con-
tribution from local authorities, charities and community groups. In
addition, at a more local level in England, there are examples of suc-
cessful green infrastructure planning and implementation. For example,
the Cambridgeshire Green Infrastructure Strategy, which sets out local
plans for delivering green infrastructure, has comprehensive objectives
which include green walls and roofs. It has achieved £21.9 million in
direct investment since 2004, out of which £8 million was secured from
Government Growth Funding (CCC, 2011; Mell, 2016).

Some green infrastructure policy initiatives have been driven by the
associated co-benefits of their implementation rather than air pollution
mitigation. This has been seen in the direct application of green roof
systems for stormwater management provisions, which has been de-
livered through the United States Federal Water Pollution Control Act
at a national level, and The Seattle City Council Resolution 31,459
(2013) at the state level (SCC, 2015). Other examples exist of design
guidance for green streets in Denver, Portland and Philadelphia, as well
as incentives in Chicago and Seattle that support the implementation of
green infrastructure in the United States (Carter and Fowler, 2008;
Dunn, 2010; Newell et al., 2013).

Technology and building standards can support important policy
options to promote green infrastructure implementation (Carter and
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Fig. 4. Summary of purported linkages and research gaps between green infrastructure, air pollution and human health.

Fowler, 2008; Weber et al., 2006). For instance, building codes in
Tokyo (Japan), Linz (Austria) and Basel (Switzerland) require new
private/public buildings and car parks to have a percentage of their
rooftops greened (Carter and Fowler, 2008; Ngan, 2004).

Various tools have also been developed to facilitate the embedding
of green infrastructure initiatives in urban planning. For example,
Weber et al. (2006) developed a tool to help prioritize areas of highest
ecological significance and vulnerability to development, identifying
and ranking elements at multiple spatial scales to help decision-making
about conservation, restoration and development in the state of Mary-
land, United States (Benedict and McMahon, 2012; Weber et al., 2006).

In summary, government-sponsored schemes for green infra-
structure projects in polluted localities have the potential to yield
multiple co-benefits, such as poverty alleviation by generating em-
ployment. A dedicated land area for green infrastructure and formal
planning programs with community input are required for this to suc-
ceed (Schilling and Logan, 2008). The successful widespread uptake of
green infrastructure initiatives relies largely on government support,
whether at federal, state or local levels (Irga et al., 2017). This can be
through financial incentives or through regulations, but whichever
route is taken, adequate funding needs to be prioritized for city
greening projects.

4.2. Research to policy: continuously bridging the knowledge gap

Cities are constantly evolving and so are the differences in living
conditions within and between them. In parallel, the knowledge base of
evidence for implementing green infrastructure interventions is also
increasing. Yet, in some other cases, planning policy is key to protecting

existing green infrastructure (McWilliam et al., 2015). Planners and
practitioners need to access data, in a suitably digestible form, which
can inform their decisions on placing green infrastructure in a new
setting, or indeed on managing existing green spaces. Examples such as
GLA (2019) and Baldauf (2017), from the United Kingdom and the
U.S.A. respectively, have taken steps towards transforming knowledge
generated from research to practical guidance in design and im-
plementation. However, the availability of data surrounding green in-
frastructure's impacts on air pollution mitigation and human health and
wellbeing is not well documented and does not translate for all sce-
narios. It varies considerably between urban areas, and no universal
standards exist to detail the optimal amount or characteristics of ve-
getation, leaving practitioners in a difficult position.

The global policies and initiatives for encouraging green infra-
structure best practices show that governments at federal, state and city
levels have a critical role in implementing green infrastructure in urban
town planning (Sldtmo et al., 2019), and facilitating opportunities for
integrating urban development, public health promotion and wider
environmental benefits (Mell et al., 2017). The availability of integrated
tools that could allow assessment of green infrastructure for pollution
reduction and health benefits is limited; some early examples exist but
need to be disseminated (Isely et al., 2010). In addition, some tools that
can support the planning and implementation of green infrastructure
have been identified by Sldatmo et al. (2019) but they are not universally
recognised or applied in an effective manner. There is also a need to
develop flexible guidance that can address localized requirements ra-
ther than generalized best practice (Madureira and Andresen, 2014).
These tools and policies are required simultaneously, and the validation
of their potential should be measured as they support the design of



P. Kumar, et al.

green and pollution-resistant urban environments.
4.3. Research gaps in the current knowledge base

The health, social, economic and environmental benefits of green
infrastructure for urban areas are well-documented, as is the potential
for green infrastructure to mitigate air pollution at a local scale if de-
signed and implemented properly. However, the economic impacts
relating to green infrastructure and human health needs further re-
search to support the economic case to drive changes in planning and
policy (Bowen and Lynch, 2017). Implementing green infrastructure
can lead to multiple socio-economic and environmental impacts which
include increasing property values, reducing the risk of local flooding
and increasing biodiversity. The benefits of green infrastructure dom-
inate the rationale for several cities implementing greening policies.
Importantly, there is evidence to support substantial reductions in
urban runoff, local atmospheric cooling, and improvements in human
health that do not appear to be related to pollutant concentrations
(Pataki et al., 2011). What is currently lacking is a clear understanding
of the complex relationship of air pollution health effects mediated by
green infrastructure, which may not always present a positive outcome
and validates gaps in knowledge in this area (Fig. 4).

With the ongoing focus on case studies in the field of green infra-
structure research (iSCAPE, 2019), there is a growing awareness of the
need for improved understanding of its impact on air pollution and
human health. There is an abundance of literature linking green in-
frastructure, especially parks and green spaces, with human health and
wellbeing, and the interlinkage between trees and hedges with air
pollution. However, there is limited evidence of the causal links be-
tween green infrastructure interventions and measured health benefits
in quantitative terms (e.g., reduced mortality, hospital admissions, life
years, and mental disorders). There is scant attention on the develop-
ment of rigorous models in order to predict the real-time impacts of
vegetation on air quality at different stages, time points and across
geographical scales. However, the lack of validated models capable of
predicting air quality impacts from varying green infrastructure designs
restricts researchers' ability to quantify the associated health impacts
(Tiwari et al., 2019). Therefore, integrated models are required that can
simulate the holistic impact of green infrastructure on air quality for
quantifying their health benefits. The role of green infrastructure in-
terventions in human health needs to be prioritized as a research area.
In addition, future work needs to cohesively attain knowledge in this
field at local, regional and global scales. Firstly, there is a lack of ex-
isting universal standards or guidelines on the deployment of green
infrastructure and the assessment of optimal amounts or their char-
acteristics for improvements in health. Secondly, there is a lack of high-
quality monitoring and evaluation of what works (and what does not)
over the long periods that it can take for green infrastructure to become
established and for behaviors to settle. Thirdly, there are nearly no
research studies that have monitored green infrastructure impacts
across a range of spatial scales and across lengths of time (e.g., long-
itudinal studies and natural experiments).

5. Actions to maximize successful knowledge exchange

To ensure effective knowledge exchange is achieved relating to
green infrastructure, air pollution abatement and improving human
health, the following actions have been outlined to extend the impact of
green infrastructure beyond its current economic, environmental and
societal functions.

o Informing practitioners, urban planners and policymakers about the
role of green infrastructure interventions on air pollution mitigation
and human health is key for the dissemination, implementation and
uptake of scientific research into practice. The development of re-
search briefs based on research findings and simple guidance to
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support effective implementation (e.g. design characteristics for
green infrastructure by Baldauf (2017)), can give key stakeholders
confidence in the delivery of green infrastructure solutions to air
quality and health. Presenting the evidence from scientific case
studies in a manner that can be easily applied in practice will en-
courage uptake of local air pollution mitigation measures at the
local scale. This evidence also needs to be provided in an open-ac-
cess database with contextual classifications (pollutant and climatic
characteristics based on geographical location) can maximize the
effectiveness of such interventions. Furthermore, the co-benefits of
green infrastructure must be considered in the modes of commu-
nication to key stakeholders.

e Develop tools and services to support practitioners to achieve best
practice in the selection and positioning of green infrastructure (e.g.
decision-making flowchart for positive air quality interventions by
Hewitt et al. (2019)). This can be achieved by ensuring the multiple
benefits of green infrastructure are considered in the early design
phase of projects to maximize its potential for increasing recreation,
urban heat island mitigation, place-making and aesthetic impacts of
green infrastructure. It may also be useful to consider the potential
of how the impacts of green infrastructure are incorporated into
educational programming, economic development, public health,
and community building initiatives, to enhance knowledge ex-
change and consider the direct and indirect benefits of green in-
frastructure on human health.

® A continuation of research on the inter-relationship between green
infrastructure and air pollution is important to fill scientific research
gaps (Section 4.3). Recent studies by Deshmukh et al. (2018),
Abhijith and Kumar (2019) and Eisenman et al. (2019a) are ex-
amples of progressive research which is improving our under-
standing of interactions between green infrastructure and air pol-
lutants, to inform better design and lead to better health outcomes.
In doing so, documenting environmental characteristics affecting
dispersion and plant characteristics influencing deposition will
provide a more robust evidence base to inform strategies to improve
urban air quality.

Taken together, this three-pronged approach can offer the promise
of enhancing human health and wellbeing and reducing pollution.

6. Conclusions and future outlook

Green infrastructure such as trees and green roofs are instrumental
for health, socio-economic and environmental benefits; and air pollu-
tion mitigation is one of the most commonly cited benefits. This may
explain why cities are revisiting traditional practices of implementing
greening into their landscapes. Yet, green infrastructure can present
some downsides in relation to air quality when positioned in the wrong
place or planting the wrong species, from the perspective of air pollu-
tion dispersion and bVOC/pollen emissions, respectively. Therefore,
planners and practitioners need clear and practical guidance in a sui-
tably digestible form that can inform their decisions on green infra-
structure selection and design of new projects, or indeed managing
existing green spaces to ensure positive outcomes are achieved. Two
questions that remain: (i) how can green infrastructure effectively mi-
tigate air pollution exposure and lead to health improvements in pol-
luted locations, and (ii) have policymakers and urban planners suffi-
cient information to implement green infrastructure strategies to ensure
improved air quality?

A holistic approach is presented here for the nexus between air
pollution, green infrastructure and health, topics usually studied in
isolation, but which together are key to enabling policymakers and
urban planners to make informed decisions. The availability of data
surrounding green infrastructure's impact on air pollution mitigation is
not well documented and does not translate for all scenarios. Despite
recent examples of advancements in research in the field and the
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emergence of design guidelines for effective green infrastructure design
and implementation in different contexts for urban air pollution miti-
gation, significant work is still required to generate best practice that
has transferability to local requirements. Green infrastructure guide-
lines in terms of species selection vary considerably within urban areas,
and no universal standards exist to detail optimal amounts, types and
locations of vegetation, leaving practitioners in a challenging position.

While a wealth of studies relate the positive impacts of green spaces
with health benefits such as enhanced immune functioning and reduced
chronic diseases and mental health disorders, the underlying pathways
linking green infrastructure and human health remain unclear.
Importantly, there is little empirical evidence that these positive health
outcomes are related to air pollution reduction through urban vegeta-
tion. At roadside locations where people are directly exposed to emis-
sions, vegetation has been found to have mixed effects, with reductions
and increases in pollution under different conditions. As such, the de-
velopment of decision support tools and services can help ensure a
positive outcome based on green infrastructure interventions that have
universal recognition, and ensuring a positive outcome in decision-
making will help build confidence in driving top-down initiatives by
national governments.

We conclude that urban greening can generate potentially broad
health benefits such as reduced chronic diseases, the risk of stress and
psychiatric morbidity and can offer diverse ecosystem services.
However, there is little empirical evidence linking these health out-
comes to air pollution reduction from urban vegetation, and optimal
guidelines for its deployment in the built environment are yet to be
established. Therefore, further research and an international and col-
laborative approach to advancing this field are necessary to accelerate
the successful development of tools and services, implementation of
guidance and policy, and promotion of green infrastructure as a me-
chanism to improve human health through air pollution mitigation.
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