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HIGHLIGHTS

e A taxonomy of built-up and green space indicators affecting air quality was developed.
o Effects of built-up and green spaces on air quality across different scales are compiled.
e Research emphasises air pollution phenomena over processes and outcomes.

e Green spaces, at micro- to meso-scale, do not necessarily enhance air quality.

e Vegetation planting interventions should consider the surrounding built-up areas.

ABSTRACT

Understanding how to design and plan built-up and green spaces in cities is essential for achieving optimal outdoor air quality. While several studies have inves-
tigated how different indicators of built-up and green spaces impact air quality across various spatial scales (macro, meso, and micro), the findings and evidence
remain fragmented and largely inaccessible to urban designers, planners, and policymakers. To bridge this gap, we conducted a systematic literature review of 61
peer-reviewed publications to: (1) provide an overview of the literature addressing the impacts of built-up and green spaces on air quality, including key areas of
investigation (emission, dispersion, deposition, exposure, etc.), the pollutants studied (particulates, gases), and the quantitative methods used (numerical, physical,
and empirical models); (2) develop a taxonomy of built-up and green space indicators that influence air quality at different spatial scales, such as urban canyon aspect
ratios, vegetation size, and land-use and land-cover compositions; and (3) synthesize quantitative evidence on how these indicators affect air quality (positively,
negatively, insignificantly, or variously) across scales. The taxonomy and synthesized evidence offer actionable, evidence-based insights for urban planning, design,
and policy to improve air quality at different spatial scales. Additionally, the review highlights several under-explored areas for future air quality research, such as the
impact of vegetation configuration.

1. Introduction

Air pollution is a major global health risk, causing around 4.2 million
premature deaths yearly (WHO, 2024). Cities, home to over half the
world’s population, are the first to bear the cost of air pollution. Air
pollution can be recognised across a range of spatial scales. At the
macro-scale, the impact of the density of built-up and green spaces on air
quality is controversial (Berghauser Pont et al., 2021). On the one hand,
dense cities contribute to lower emissions by encouraging high resi-
dential densities with mixed land uses, which decreases car dependency
and traffic-related emissions (Yuan et al., 2017). On the other hand,
dense cities can result in higher population-weighted exposures to air

pollution (Carozzi and Roth, 2023). A dispersed and polycentric urban
form has been shown to be associated with better air quality (She et al.,
2017). This can be attributed to decentralising emission sources and
enhancing pollutant dispersion by providing more green and open
spaces. At the micro-scale, air pollution is often associated with
decreased wind flow and natural ventilation, especially in urban can-
yons (Voordeckers et al., 2021b). Although vegetation is often recog-
nised as a measure to mitigate urban air pollution at this scale, it can also
lead to negative consequences. For example, trees with big canopies can
obstruct wind flow, reduce ventilation, and lead to higher pollutant
concentrations (Janhall, 2015).

In urban planning and design practice, the aforementioned
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controversy has resulted in a limited understanding of how to plan and
design built-up and green spaces to achieve maximum air quality po-
tential in cities. In this paper, we argue that there are at least three
factors underlying this controversy, which are often hard to address in a
single study.

Firstly, there are various areas of air quality investigation, such as
emission, concentration, and exposure. This means that the same urban
intervention (e.g., expansion of green infrastructure) might have
different, even opposite, implications for the different areas of air
quality investigation. Existing reviews often examined one or two areas
in isolation (Abhijith et al., 2017; Janhall, 2015). One recent study
indicated that expanding green infrastructure can alleviate urban air
pollution to a certain extent but cannot compensate for the injustices
caused by pollution exposure (Jennings et al., 2021). Therefore,
thinking through all areas of air quality investigation is crucial to
informing policymakers, urban planners, and designers in decision-
making.

Secondly, previous studies examining the impact of built-up and/or
green spaces on air quality have focused on reducing air pollution
through one of two main approaches: (1) the optimisation of built-up (or
urban form) indicators such as land use mix (Li et al., 2023b); and (2) the
planning and design of green infrastructure, such as urban forests (Han
et al., 2020) with a focus on vegetation characteristics such as plant
species (Barwise and Kumar, 2020; Diener and Mudu, 2021). However,
none of these studies have integrated both built-up and green spaces in
their investigations. This integration is important because while urban
green spaces provide significant environmental, health, and socio-
economic benefits, including air pollution reduction (Kumar et al.,
2019; Riondato et al., 2020), their effectiveness depends on the sur-
rounding built-up space. For example, in open road environments, trees
with low and wide porosity canopies lead to pollutant reductions in the
downwind direction (Abhijith et al., 2017). However, in urban canyons,
trees with big canopies can deteriorate air quality (Janhall, 2015).

Thirdly, different urban interventions can have different impacts on
air quality depending on the scale. For example, Venter et al. (2024)
found that while vegetation can have positive effects on air quality at the
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city scale, it can exacerbate air pollution at the street-level. However,
previous studies have mainly focused only on one scale or urban unit.
One commonly studied urban unit is the urban canyon, which is rec-
ognised as a bottleneck area due to traffic emissions and lack of
dispersion (Huang et al., 2021; Tomson et al., 2021; Voordeckers et al.,
2021b). Therefore, a better understanding of the characteristics of built-
up and green spaces at different scales is essential for developing urban
interventions that effectively improve air quality.

Based on the above background, the aim of this paper is twofold.
Firstly, better understand how built-up and green spaces (through a
variety of indicators that describe their characteristics such as size,
spatial structure, configuration, etc.) are linked to air quality. Secondly,
support urban planning decision-making at different scales by synthe-
sizing scientific evidence about the impacts of different indicators of
built-up and green spaces on air quality.

To achieve these aims, this paper systematically reviews and pro-
vides an overview of the scientific literature that addresses the impact of
built-up and green spaces on air quality. This paper is structured as
follows. Section 2 explains the review method, followed by a detailed
analysis of the review results in Section 3. In Section 4, we discuss the
results, implications for future research, and proposals for implementing
urban interventions (planning, design, and policy). Finally, Section 5
presents the conclusions.

2. Review method

The systematic review included three main steps (Fig. 1). Firstly,
relevant publications were retrieved from a multidisciplinary scientific
database (Section 2.1). Secondly, irrelevant publications were filtered
out (Section 2.2). Thirdly, the current state of the art of the included
publications was reviewed, and the final sample of publications was
analysed in depth using a predefined analytical method (Section 2.3).

2.1. Publications search procedure

We searched for relevant scientific publications in the Scopus
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(=] .
ks Records identified from Scopus Duplicate records r'emoved
2 (n=1061) g before screening
e (n=4)
- .
Records screened Records marked as ineligible:
(0=1057) P no author or abstract
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Reports sought for retrieval

(n=1054)
)
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Q
=
Publications selected for in depth analysis
(n=58)

Fig. 1. A flow diagram of the systematic review process.
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database. A query composed of three sets of keywords related to (1)
built-up spaces, (2) green spaces, and (3) air quality was used (Table S1).
The search was performed on February 26, 2023, on the title, abstract,
and keywords fields. The search was restricted to publications written in
English, published from the start of the database coverage to 26
February 2023. It resulted in 1061 publications, from which duplicates
(n = 4) and records without authors or abstracts (n = 3) were removed.

2.2. Inclusion and exclusion criteria

Two inclusion and exclusion criteria were applied to the retrieved
publications. Firstly, we included only publications that studied the
impact of the built environment on outdoor air quality. By built envi-
ronment, we refer to “the human-made space in which people live, work,
and recreate on a day-to-day basis. It includes the buildings and spaces
we create or modify” (Roof and Oleru, 2008: 24). Buildings, green
spaces, water, and other facilities (e.g., transportation facilities such as
streets and parking spaces) are main elements of the built environment
(Seyedrezaei et al., 2023). Therefore, irrelevant publications, for
example focusing on vegetation for urban biomonitoring (Hofman et al.,
2013) or the micro-morphological characteristics (e.g., leaf surface) of
specific tree species (Zhao et al., 2019) were excluded.

Secondly, since this paper aims to synthesize empirical evidence
about the impacts of built-up and green spaces on air quality, the pub-
lications should use quantitative methods. Therefore, publications about
literature reviews, method development, qualitative research, and
viewpoints were excluded. Based on the criteria above, 61 publications
(Table S2) were selected for the systematic literature review and anal-
ysis of the full text.

2.3. Extraction and analysis of data and synthesis of evidence

As a first step, spreadsheets were used to classify the 61 publications
based on different areas of air quality investigation (emission, deposi-
tion, dispersion, etc., defined later in Section 3.1.1), different pollutants
discussed, and various quantitative methods used (Table S3). This is an
important step because, besides it provides an overview of the current
state of the art, it also ensures a deep understanding of the impacts of
built-up and green space indicators on air quality. The first author
reviewed and classified publications independently. Whenever it was
difficult to designate a classification for a publication because of the
complexity or lack of information, the three authors discussed it to reach
an agreement. More specifically, we proposed areas of air quality
investigation based on the conceptual frameworks provided by previous
studies (Oke et. al., 2017: 295; Schweitzer and Zhou, 2010), with the
addition of the specific areas investigated by publications we reviewed.
Air pollutants were classified according to their physical state of matter
(particulate matter or gas). The different quantitative analytical
methods used to investigate the impact of built-up and green spaces on
air quality were classified into three major groups: numerical models,
physical models, and empirical models (Oke et al., 2017: 44).

Then, three publications investigating the health impacts of air
quality, such as the prevalence and incidence of some diseases that
might be caused by intaking air pollutants (e.g., asthma and lung can-
cer), were further excluded (Table S3). This is because the impact of
built-up and green spaces on health is complex and, besides air pollu-
tion, this impact can be mediated by other factors, such as physical ac-
tivity, walkability, and accessibility to health-related services.
Moreover, a few recent reviews have addressed this issue (Hankey and
Marshall, 2017; Qiu et al., 2021). Next, the 58 publications were
examined to identify the indicators of built-up and green space and their
impact on air quality. However, considering that air pollution occurs at
different spatial scales, the results were synthesised based on three
common horizontal scales: micro (up to 100 x100 m); meso (from 100 x
100 m to 10 x 10 km), and macro (10 x 10 km and larger) (Oke et al.,
2017:17). Furthermore, each of these scales was classified into different
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urban units. By urban units, we mean “the hierarchical scale sequence of
physical features that when amalgamated resemble the urban form. The
smallest units are facets (walls, roofs), several of which create urban
elements (buildings, trees), which combine to form urban blocks, which
together form neighborhoods and many neighborhoods represent a
synthetic city” (Oke et al., 2017: 484).

Then, to understand the impact of each indicator on air quality, we
classified the examined or reported impact of indicators of built-up and
green spaces on air quality in each study as either significant (positive/
negative relationship), insignificant, or various depending on the
context. A positive relationship means that when the assessed value of
the indicators of built-up and green spaces increases, the measured or
simulated air pollution value decreases, corresponding to better air
quality and vice versa. On the other hand, a statistically insignificant
relationship means there was a weak relationship between the indicators
of built-up and green spaces and air quality, or there was not enough
data. Various relationships mean that the relationship between the in-
dicators of built-up and green spaces and air quality varies in different
contexts. Finally, the percentage of evidence pieces (rather than the
percentage of studies) reported by the 58 publications were summarised.
We aimed to present the findings in a communicable way for designers,
planners, and policymakers, showing the overall impact of the built-up
and green space indicators on air quality (considering different areas of
air quality investigation and air pollutants). Therefore, if one publica-
tion addressed more than one area of air quality investigation (e.g.,
emission, concentration) or various pollutants, it provided more than
one piece of evidence to the analysis.

3. Results
3.1. An overview of the current state of the art

3.1.1. Areas of air quality investigation

The review showed that there are at least eight areas of investigation
related to the air quality (Table 1). These can be generally organised into
three categories: processes, phenomena, and outcomes. The air pollution
processes are the mechanisms and activities that lead to (1) emission, (2)
dispersion, and (3) deposition. Air pollution phenomena are observable
events and occurrences related to air quality (e.g., reduced visibility).
They are measured by (4) pollutant concentration, (5) atmospheric

Table 1
Categories of areas of air quality investigation and their definitions.
Category Area of air quality Definition
investigation
Processes Emission Pollutants originating from anthropogenic
and natural sources are released into the
atmosphere (Oke et al., 2017: 298).
Dispersion Pollutants are transported by airflow (Oke
et al., 2017: 299).
Deposition Pollutants are transported by turbulent
mixing to surfaces like vegetation leaves (
Oke et al., 2017: 301).
Phenomena  Concentration Overall levels of pollutants in the
atmospheric environment (Schweitzer and
Zhou, 2010).
Atmospheric visibility The horizontal opacity of the atmosphere
at the point of observation (Fu et al.,
2018).
Urban particulate The phenomenon of higher pollutant
matter island effect concentrations in urban areas is gradually
fading into surrounding areas (Huang
et al., 2019).
Outcomes Exposure The level of interaction between

individuals and pollutants present in the
air (Schweitzer and Zhou, 2010).

The health outcomes of the human body
with the impact of intaking pollutants (
Schweitzer and Zhou, 2010).

Health impacts
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visibility, and (6) urban particulate matter island effect. When pollut-
ants exist in the atmosphere for sufficient concentration or periods of
time, they can lead to adverse outcomes. The outcomes of air pollution
include (7) exposure and (8) health impacts.

As shown in Fig. 2, air pollution phenomena were the most studied
category of the areas of air quality investigation in the selected 61
publications, accounting for 63% of all publications. This was followed
by the processes (23%) and outcomes (14%). Specifically, the most
studied areas of air quality investigation was concentration, followed by
dispersion (12%), atmospheric visibility (11%), exposure (8%), depo-
sition (6%), health impact (6%), emission (5%), and urban particulate
matter island effect (2%).

3.1.2. Examined air pollutants

As for air pollutants, Fig. 3 shows that gaseous pollutants were the
most investigated, accounting for 56%, while particulate pollutants
were the second most studied at 44%. The most studied pollutant overall
was fine particulate matter (PMj 5), accounting for 27% of the reviewed
publications, probably because of its well-documented health impacts
and significant presence in urban environments (Feng et al., 2016).
Besides PM; 5, the most frequent air pollutants investigated by the
publications we reviewed included coarse particulate matter (PM;),
Nitrogen Dioxide (NOs3), Sulfur Dioxide (SO3), Carbon Monoxide (CO),
and Ozone (Os3). This is because these pollutants are measured to
calculate air quality index (AQI), which are used to communicate with
the public about air quality. Black carbon and greenhouse gases (GHGs),
such as CH4 and N0, were the least studied pollutants.

3.1.3. Quantitative methods

Our systematic review showed that empirical models were the most
applied methods, accounting for 76% of all publications (Fig. 4). This
was followed by numerical models (22%) and physical models (2%).

Considering that previous studies have examined quantitive methods
in more detail (see, e.g., Lin et al., 2019; Zhang et al., 2023), here we
focused more on the different methods in relation to their applicability
in the planning practice. Fig. 5 shows the relationship between different
analytical methods (middle), their scales of application (left), and areas
of air quality investigation (right) in the reviewed publications. Most
empirical models were applied by publications at the macro- and meso-
scale, and only a few publications used empirical models at the micro-

. Processes . Phenomena Outcomes
Health impact Emission
6% 5%
Exposure Dispersion
8% 12%
Urban particulate matter
island effect p
2%

Deposition
Atmospheric visibility 6%

11%

Concentration
50%

Fig. 2. Frequency of occurrence of areas of air quality investigation in the
reviewed publications. Percentages show the frequency of each area’s occur-
rence, considering that multiple areas may have been investigated within the
same publication.
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CcO
10%

PMio
SO2 16%

Black carbon
NO: 1%
14%

Fig. 3. Frequency of occurrence of different air pollutants in the reviewed
publications. Percentages show the frequency of each pollutant’s occurrence,
considering that multiple pollutants may have been investigated within the
same publication.

p Numerical models
¢ 22%

Physical models

Empirical models | o | 2%

76%

Fig. 4. Frequency of occurrence of applied quantitative methods in the
reviewed publications. Percentages show the frequency of each method’s
occurrence, considering that multiple methods may have been investigated
within the same publication.

scale. Empirical models were used to study all eight areas of air qual-
ity investigation. Numerical models were mainly applied by publications
we reviewed at the micro-scale because they are computationally
expensive. They addressed dispersion, deposition, concentration, and
exposure to air pollution. Only one publication we reviewed (Gromke
and Ruck, 2012) discussed the impact of built-up and green spaces on air
pollution dispersion at the micro-scale using wind tunnel experiments,
which is an example of a physical model.

3.2. Indicators of built-up and green spaces and their impact on air
quality across spatial scales

The main results of this systematic literature review are: (1) an
original taxonomy identifying the indicators of built-up and green
spaces that influence air quality across multiple spatial scales; and (2)
the synthesis of scientific evidence about their impact on air quality.

Table 2 shows the classification of spatial scales, urban units, ele-
ments, and indicators (or groups of indicators) of built-up and green
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Fig. 5. Connections between scale of built-up and green spaces (left), quantitative methods (middle), and areas of air quality investigation (right).

Table 2

Classification of scales, urban units, elements, group of indicators, and indicator(s) of built-up and green spaces (Readapted from Oke et al., 2017: 19). The asterisk (*)
refers to a group of indicators. The full list of indicators, sub-indicators, references, and their definitions are provided in Table S4.

Scale Unit Specific characteristics of (or elements that define) each unit Group of indicators Indicators
Built elements Green elements Other relevant
elements/
characteristics
Micro- Facet Roof, wall Green roof, green wall - - Percentage of the vegetation cover on roofs
scale and walls of buildings
Urban canyon Street, flanking Street vegetation (tree Flanking roadside - Aspect ratio
buildings and hedge) wall, parked car View factor Sky view factor, building view factor, green
view factor
Vegetation size Vegetation height, trunk height, hedge
length, canopy width, canopy dimension
Canopy characteristic ~ Leaf area index, leaf area density, canopy
porosity*
Vegetation Tree spacing, tree stand density, vegetation
configuration relative position
- Vegetation canopy coverage percentage
- Flanking roadside wall height
- The angle of parked cars
Meso- Block Cluster of buildings ~ Green land use zones - Building Building height*, building width, spacing
scale (e.g. green space, park, configuration between buildings, total building area,
wood, and green belt) average building volume, the standard
deviation of building height*
Block layout Block enclosure*, roughness of buildings
and vegetation*
Block density Building density*,green space density*
Neighborhood Built land use - Neighborhood Area and density of different types of land
zones (e.g. composition use zones
residential, — Green space accessibility
industrial) Transportation Road length*, road connectivity*
networks
Spatial mixing degree  Land use mix degree*, land use evenness
of different land uses
Macro- City and urban Urban and built-up ~ Forest, open shrub, Population, bare soil Dwelling size Total population, rural population,
scale agglomeration land covers grass, and farm land and water land population density*

covers

covers

City composition

Spatial mixing degree
of different land
covers

Degree of clustering

Fragmentation and
isolation

Shape complexity

Shape elongation

Area and density of different types of land
covers

Land cover mix degree, land cover
evenness*

Degree of clustering of different types of
land covers

Fragmentation and isolation of different
types of land covers

Shape complexity of different types of land
covers

Shape elongation of different types of land
covers

spaces. Due to space limitations, the full list of sub-indicators and their
definitions are provided in Table S4. The impact of the indicators of
built-up and green spaces on air quality is discussed per scale in the
following sub-sections and summarised in Tables 3, 4, and 5. As outlined
in Section 2.2.3, the tables show the overall impact of each indicator

(negative, positive, insignificant, or various) based on the percentage of
evidence pieces collected from the 58 publications. However, it should
be noted that in some cases, the overall impact was calculated only
based on evidence from one or a few publications. Therefore, the tables
also include a column showing the number of pieces of evidence used to
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Table 3
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The impact of indicators of built-up and green spaces on air quality at the micro-scale. N denotes the number of evidence pieces that the percentage reported is
calculated upon (one paper can contain multiple pieces of evidence). The asterisk (*) refers to a group of indicators.

(@
Indicators of built-up and green spaces Impact of indicators of built-up and green spaces on air quality N
Negative Insignificant  Various Positive
3 Percentage of the vegetation cover on roofs and 0% 0% 339% 0 3
S walls of buildings ’ ° o emm—67%
Aspect ratio -44%, — 26% 30% 0% 27
View factor
Sky view factor -100% ——————— 0% 0% 0% 1
Building view factor 0%  100% 0% 0% 1
Green view factor 0% 0% 0% ——100% 2
Vegetation size
Vegetation height 0% 0% 100% 0% 2
= Trunk height 0% 100% 0% 0% 1
S Hedge length 2100 e— 0% 0% 0% 2
g Canopy width 0% 0% 100% 0% 1
g Canopy dimension -100% ——————— 0% 0% 0% 1
£ Canopy characteristic
- Leaf area index -38% — 62% 0% 0% 13
Leaf area density -25% w— 0% 75% 0% 8
Canopy porosity* 0% 50% 0% — 50% 4
Vegetation configuration
Tree spacing 0% 0% 0% — | 00% 2
Tree stand density =509 n— 50% 0% 0% 4
Vegetation canopy coverage percentage -25% w— 0% 0% — 7 5%, 4
Flanking roadside wall height 0% 0% 0%  e—]00% 1
(b)
Indicators of built-up and green spaces Positive impact of indicators of built-up and green spaces on air quality N.
Vegetation configuration
L
= . . i Double-rowsWindward Leeward Centre
S Vegetation relative position 17% 33% 33% 7
g
]
£
- The angle of parked cars Parallel to the street Perpendicular to the street b
50% 50%

calculate each percentage. While these indicators could have been
removed from the analysis, we opted to retain them to highlight areas
where future research is needed to provide more evidence. In any case,
the reported evidence of these indicators should be interpreted with
caution. Table S5 provides the detailed impacts of these indicators on
different areas of air quality investigation and air pollutants.

Fig. 6 shows that the macro-scale was the most frequent scale studied
(42%). The city and urban agglomeration was the only unit investigated
at the macro-scale. The meso-scale comprised neighborhoods and
blocks, accounting for 29% and 10% of the selected publications,
respectively. The micro-scale was the least studied scale, accounting for
19% of the 58 publications. Urban canyons and facets were the two units
belonging to this scale, making up 17% and 2% of all the publications,
respectively. The following sub-sections discuss the indicators of built-
up and green spaces and their impact on air quality at each of these
scales (with their urban units), drawing insights from the reviewed
publications.

3.2.1. Micro-scale

3.2.1.1. Facet. The facet unit can be recognised by its directional aspect
(Oke et al., 2017: 18). The buildings’ roofs and walls, with different
surface materials, were the main urban facets. The only indicator

applied by two publications was the percentage of vegetation cover on
roofs and walls of buildings, which showed a positive relationship with
air quality in 67% of cases and various outcomes in the remaining 33%
(Table 3a). Optimum pollutant capture did not occur at 100% vegetation
cover on roofs and walls (Viecco et al., 2021). Instead, 50% to 75% of
green roof coverage on low-rise buildings and 25% of green wall
coverage was found to achieve the highest PM; 5 capture. Overall, to
optimise the pollutant capture capability of green walls and roofs,
vegetation coverage ratio, building height, and proximity to the
pollutant source should be considered.

3.2.1.2. Urban canyon. The urban canyon unit is formed by a street and
its flanking buildings (Oke et al., 2017: 19). Street vegetation, flanking
roadside walls, and parked cars were other elements in urban canyons
that were proven to impact air quality. Relevant indicators at this unit
include aspect ratio (the ratio of the building height to the street width),
view factors, vegetation size (height, length, width, and dimension),
canopy characteristics (leaf area index, leaf area density, and canopy
porosity), vegetation configuration (tree spacing, tree stand density,
vegetation relative position), vegetation canopy coverage percentage,
flanking roadside wall height, and the angle of parked cars. The aspect
ratio, applied by 11 out of 15 publications, was the most crucial and
commonly used indicator. The height of flanking roadside walls, which
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Table 4
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The impact of indicators of built-up and green spaces on air quality at the meso-scale. N. denotes the amount of evidence that the percentage reported is based on (one
paper can contain multiple pieces of evidence). The asterisk (*) refers to a group of indicators.

Impact of indicators of built-up and green spaces on air quality

Indicators of built-up and green spaces Negative Insienificant Various Positive N.
Building configuration
Building height* -50% — 7% 0% — 33 6
Building width 0% 0% 0% —— ]00% 1
Spacing between buildings 0% 0% 0% — 100% 2
Total building area 0%  100% 0% 0% 1
) Average building volume -67% — ()% 0% mm— 33% 3
2 The standard deviation of building height* -75% — (0% 0% m— 25% 4
2 "Block layout
Block enclosure* 0%  100% 0% 0% 2
Roughness of buildings and vegetation* -07% — 33% 0% 0% 3
Block density
Building density* -73% — 3% 0% = 3% 15
Green space density* -33% wmmm 339 0% mm— 33% 3
Neighborhood composition
Urban construction area -67% — ()% 0% m— 33% 3
Urban construction area density -67% —— ()% 17% = 17% 6
High-rise building area -100% m————— (% 0% 0% 1
Low-rise building area -100% —————— ()% 0% 0% 1
High-rise high-density building area -100% m———— (% 0% 0% 1
High-rise low-density building area 0%  100% 0% 0% 1
Compact mid-rise area -75% — ()% 0% = 25% 4
Compact low-rise area -50% — 259 0% m— 25% 4
Large low-rise area S75% —— 259 0% 0% 4
Dense trees area -25% wmm (% 0% — 5% 4
Scattered trees area -25% wmm o 25% 0% m— 50% 4
Bush, scrub area -25% mmm 259 0% — 50% 4
Low plants area -25% wmm 25% 0% — 50% 4
Residential area* 1% ® 50% 0% — 43% 14
3 Number of points of interest of residential building 0%  100% 0% 0% 1
£ Residential area density -14% = 0% 0% — 6% 7
é Industry area -50% —40% 0% = 10% 10
.%ﬂ Number of points of interest of industrial facilities-100% ———— (%, 0% 0% 3
z Industry area density* -13% = 38% 13% — 38% 8
Transportation network area -100% ———— () 0% 0% 1
Number of points of interest of transportation facilities -67% ——— ()%, 33% 0% 3
Transportation network area density -50% m— 300, 4% = 7% 28
Other built-up area 0% 91% 0% = 9% 11
Number of points of interest of other built-up area -50% — 79 0% — 43%, 14
Other built-up area density -50% —— 339, 0% = 17% 6
Park area -13% = 63% 0% m— 25% 8
Park area density -25% mmm 19% 13% — 44% 16
Green space accessibility 0%  100% 0% 0% 2
Transportation networks
Road length* -50% — 7% 17% = 17% 6
Road connectivity* -41%, w— 539, 0% " 6% 17
Spatial mixing degree of different land uses
Land use mix degree* -22% wmm 1% 0% — 67% 9
Land use evenness 0% 0% 0% — 100% 2

are constructed to protect nearby houses, sky view factor, building view
factor, and vegetation size indicators (e.g., trunk height, canopy width,
canopy dimension) were each applied by only one study in the reviewed
publications.

As for the impact of the aforementioned indicators on air quality,
Table 3a shows that better air quality can be generally associated with a
higher green view factor, more tree spacing, a higher percentage of
vegetation canopy coverage, and higher flanking roadside walls.
Conversely, a higher sky view factor, representing a wider canyon, a
longer hedge, and bigger tree canopy dimensions can worsen air quality.
Building view factor, trunk height, and leaf area index showed a sta-
tistically insignificant relationship with air quality in the reviewed
publications. Various effects were observed on air quality improvement
or degradation when different aspect ratios were combined with various

green space characteristics. For example, when the value of the aspect
ratio was low (e.g., 0.2), increasing vegetation height, tree canopy
width, and leaf area density resulted in better air quality, and vice versa
when the value of the aspect ratio was high (e.g.,1.0 and 5.0) (Wang
et al., 2018).

The impacts of some indicators on air quality at the unit of the urban
canyon were controversial or unclear. Two pieces of evidence showed
that canopy porosity and tree stand density had statistically insignificant
impact on air quality. Conversely, other two pieces of evidence
concluded that higher canopy porosity and lower tree stand density
were associated with better air quality. Similarly, b shows that the
correlation between vegetation relative position and air quality remains
unclear. One publication indicated that planting trees in two rows in
canyons is more beneficial for air quality. Another concluded that the



C. Wuetal

Table 5
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The impact of indicators of built-up and green spaces on air quality at the macro-scale. N. denotes the amount of evidence that the percentage reported is based on (one
paper can contain multiple pieces of evidence). The asterisk (*) refers to a group of indicators.

Indicators of built-up and green spaces

Impact of indicators of built-up and green spaces on air quality

N.
Negative Insignificant  Various Positive
Dwelling size
Total population -07% —— 33% 0% 0% 3
Rural population -100% —————— 0% 0% 0% 1
Population density* -57% — 33% 7% I 3% 30
City composition
Total city area -25% ~—m 25% 25% m— 25% 4
Built-up area -50% - — 40% 3% = 8% 40
Built-up area density* -52% — 24% 24% 0% 25
Built-up proportion difference -100% ——————— 0% 0% 0% 2
Vegetation area -10% m 30% 0% — 60% 10
Vegetation area density* -17% wm 17% 8% — 58% 24
Forest area 9% m 45% 0% — 55% 22
Forest area density -11% m 16% 0% — 749, 19
Open shrubland area -100%  ———— 0% 0% 0% 1
Grassland area 0% 30% 10% — 60% 10
Grassland area density -11% = 1% 0% — 8% 9
Water area 8% = 42% 13% m— 38% 24
Water area density* -6% m 72% 17% " 6% 18
Farmland area -56% — 22% 0% m— 22% 18
Farmland area density -31% ~— 19% 25% m— 25% 16
Bare soil area -6% m 69% 25% 0% 16
Bare soil area density -22% = 44% 33% 0% 9
Spatial mixing degree of different land covers
Land cover mix degree -33% — 33% 33% 0% 3
§ Land cover evenness* -20% = 13% 7% — 60% 15
= Degree of clustering
] Total city area degree of clustering® 9% m 45% 18% m— 27% 11
%n Built-up area degree of clustering* -29% w— 24% 12% — 34%, 41
& Vegetation area degree of clustering* -67% — 0% 11% m— 22% 9
_:gv Forest area degree of clustering* -19% mm 52% 0% m— 30% 27
5 Grassland area degree of clustering* -27% — 7% 33% mm— 33% 15
2 Water area degree of clustering*® 4% 1 71% 21% " 4% 24
g, Farmland area degree of clustering*® -29% w—— 61% 0% = 1% 28
&) Bare soil area degree of clustering* 0% 75% 25% 0% 16
Fragmentation and isolation
Total city area fragmentation and isolation* -20% = 20% 0% — 60% 5
Built-up area fragmentation and isolation* -14% wm 43% 7% m— 36% 28
Vegetation fragmentation and isolation -40% - — 20% 20% == 20% 5
Forest area fragmentation and isolation* -22% w—— 57% 0% m— 22% 37
Grassland area fragmentation and isolation* -25% ~—m 58% 8% = 8% 12
Water area fragmentation and isolation* -3% 1 69% 11% = 17% 35
Farmland area fragmentation and isolation* 8% m 76% 3% = 13% 38
Bare soil area fragmentation and isolation* 0% 71% 29% 0% 14
Shape complexity
Total city area shape complexity 0% 50% 50% 0% 2
Built-up area shape complexity* 8% = 25% 33% mm— 33% 12
Vegetation area shape complexity 0% 33% 0% — 67% 3
Forest area shape complexity™* 0% 20% 60% = 20% 5
Grassland area shape complexity* 0% 100% 0% 0% 5
Water area shape complexity* 0% 20% 40% — 40% 5
Farmland area shape complexity* -20% == 60% 20% 0% 5
Bare soil area shape complexity 0% 100% 0% 0% 1
Shape elongation
Built-up area shape elongation 0% 80% 0% = 20% 5
Forest area shape elongation 0% 100% 0% 0% 1
Grassland area shape elongation 0% 100% 0% 0% 1
Water area shape elongation 0% 100% 0% 0% 1
Farmland area shape elongation 0% 0% 100% 0% 1

vegetation planted windward, i.e., the side facing the direction from
which the wind is blowing, was beneficial for reducing air pollution
exposure. One publication demonstrated that the vegetation in the
centre of the street or leeward, i.e., the side facing the direction towards
which the wind is going, was beneficial for the dispersion of PMjy 5 and

CO. The presence of parallel (0°) and perpendicular (90°) roadside car
parking was proven to be better for air quality than cars parked at 30°,
45°, or 60° (Abhijith and Gokhale, 2015).

Overall, the specific combination of different aspect ratios of urban
canyons and street vegetation characteristics can create distinct micro-
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Fig. 6. Frequency of occurrence of spatial scales and units of built-up and green
spaces. Percentages show the frequency of each unit’s occurrence, considering
multiple units may have been investigated within the same publication. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

environments, which have different potentials for improving air quality
dispersion and deposition or mitigating personal exposure to pollutants
(Zhu et al., 2022). In broad canyons, where the value of the aspect ratio
is low (e.g., 0.2), taller trees, wider tree canopy, and higher leaf area
density lead to better air quality, and vice versa in narrow canyons,
where the value of the aspect ratio is high (e.g., 1.0 and 5.0) (Wang et al.,
2018).

3.2.2. Meso-scale

3.2.2.1. Block. A block unit is a cluster of buildings that is surrounded
by streets (Oke et al., 2017: 19). Built-up and green spaces were
measured by building configuration, block layout, and block density.
Building configuration includes building height, width, area, volume,
spacing between buildings, and the standard deviation of building
height. The block layout concernes the block enclosure and the rough-
ness of buildings and vegetation. Indicators that measured building and
green space densities were added to the block density category. Building
density, applied by seven out of nine publications, was the most
commonly used indicator. Building width and total building areas were
applied only once across the reviewed publications.

Table 4 shows that, generally, an increase in building width and
spacing between buildings led to better air quality. The building area
and block enclosure had no statistically significant relationship with air
quality. More than half of the evidence collected indicated that a higher
building, a bigger average building volume, and a higher standard de-
viation of building height (i.e., higher variation in building heights)
were associated with worse air quality. Also, poorer air quality was
related to a larger roughness of buildings and vegetation and a higher
building density. However, the impacts of green space density on air
quality were controversial.

3.2.2.2. Neighborhood. The neighborhood unit includes various func-
tional land use zones, e.g., industrial, residential, and park. It can also be
defined by its capacity to modify local climates, such as the local climate
zones (LCZs) (Stewart and Oke, 2012). Neighborhood characteristics
such as composition, accessibility to green spaces, transportation net-
works, and spatial mixing degree of different land uses were discussed in
the reviewed literature. The neighborhood composition was evaluated
by the area and density of different land use zones. Road length and
connectivity were the main indicators of the transportation network.
The spatial mixing degree of different land uses was mainly related to
land use mix degree and land use evenness. Transportation network area

Landscape and Urban Planning 257 (2025) 105304

density, applied by nine out of 25 publications, was the most used in-
dicator. The area of different LCZs (e.g., compact mid-rise, dense trees),
and green space accessibility, were applied only once across the
reviewed publications.

As shown in Table 4, more than half of the evidence showed that, at
the neighborhood unit, larger dense trees, scattered trees, bush, scrub,
and low plant areas contributed to better air quality. Also, the higher
density of residential areas (Irin and Habib, 2016), land use mix degree,
and land use evenness positively affected air quality. On the contrary,
more than half of the evidence demonstrated that larger areas and
higher densities of urban construction led to worse air quality. High- and
low- rise building areas, high-rise high-density building areas, compact
mid- and low-rise areas, and large low-rise areas all had a negative
impact on air quality. Similarly, increasing the values of indicators
measuring the composition of some artificial areas, like the area of in-
dustry and transportation networks and the density of transportation
network areas and other built-up areas were associated with worse air
quality. An increase in the number of points of interest of industrial
facilities (factories, industrial parks, and industry facilities), trans-
portation facilities (gas stations, bus stops, and parking lots), and other
built-up facilities (restaurants, business buildings, and educational in-
stitutions) affected air quality negatively. The growth in road length was
related to poor air quality.

More than half of the evidence showed that high-rise low-density
building areas, residential areas, park areas, had a statistically insig-
nificant relationship with air quality. The number of points of interest of
residential buildings and other built-up areas (commercial and educa-
tional) had insignificant effects on air quality. Green space accessibility
had a statistically insignificant relationship with air quality. Besides,
road connectivity did not show a significant relationship with air qual-
ity. There is still inconsistency in findings regarding the impact of the
density of industry area and park area on air quality.

Overall, poorer air quality was related to higher building density,
higher buildings, higher variation in building heights, and lower land
use mix degree. Increasing the values of indicators measuring the areas
and density of built-up spaces like urban construction areas, trans-
portation networks, and other built-up areas results in a negative effect
on air quality. However, there is still a lack of consistent findings
regarding how the density of green spaces and parks can impact air
quality.

3.2.3. Macro-scale

3.2.3.1. City and urban agglomeration. Cities experience more severe
pollution than suburban and rural areas (Huang et al., 2019). An urban
agglomeration “comprises a city or town proper and the suburban fringe
or thickly settled territory lying outside, but adjacent to, its boundaries”
(European Environment Agency, 1998).

Cities and urban agglomerations can be generally classified by their
land cover zones, like built-up, forest, and water. Dwelling size, city
composition, spatial mixing degree of different land uses and land
covers, degree of clustering, fragmentation and isolation, shape
complexity, and shape elongation were the seven groups of indicators
applied. Besides dwelling size, most of other indicators were measured
by landscape metrics (Mcgarigal, 2015), quantifying the compositions
and configurations of land cover patterns. We classified these indicators
of landscape metrics into different groups according to their original
definition and application in the reviewed publications. Total popula-
tion, rural population, and population density were applied to measure
dwelling size. The city composition included the area and density of land
cover zones. The spatial mixing degree of different land covers was
mainly related to land cover mix degree and land cover evenness. In-
dicators related to the degree of clustering were used to measure the
degree of aggregation or clumping of land cover patches. Fragmentation
and isolation were the physical disintegration of continuous areas into
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smaller land cover patches (Mcgarigal, 2015). Indicators belonging to
shape complexity reflected the complexity of the shape of land covers.
Shape elongation was representative of the degree of linear growth
patterns of land cover patches, for example, along rivers and valleys (Lu
et al., 2018). Population density, investigated by 18 out of 26 publica-
tions at this unit, was the most applied indicator. Shape elongation of
forest, grassland, farmland, and water was applied only once across the
reviewed publications.

As shown in Table 5, more than half of the evidence showed that a
larger total population, a larger rural population, and a higher popula-
tion density led to worse air quality. Among the city composition in-
dicators that led to poorer air quality were an increase in built-up areas,
higher built-up area density, a more significant difference between the
proportions of built urban and suburban areas, and expansion of open
shrubland and farmland areas. Conversely, the larger areas and densities
of nature land covers, such as forest and grassland, correlated with
better air quality. Water area density and bare soil area showed an
insignificant impact on air quality. This review shows that there is still a
general lack of consistent findings regarding how total city area, water
area, farmland area density, and bare soil area density can impact air
quality.

The majority of evidence showed the positive impacts of land cover
evenness on air quality. In total, 67% of the evidence indicated that a
higher degree of clustering of vegetation areas was related to worse air
quality. The relationships between the degree of clustering of forest
area, water area, farmland area, bare soil area, and air quality were
statistically insignificant. The relationship between the land cover mix
degree, degree of clustering of total city area, built-up area, grassland
area, and air quality remains unclear. More fragmentation and isolation
of the total city area positively affected air quality. The relationship
between fragmentation and isolation of forest area, grassland area,
water area, farmland area, bare soil area, and air quality was statistically
insignificant. There is a lack of consensus inconsistent findings regarding
the correlation between fragmentation and isolation of built-up areas,
vegetation areas, and air quality.

A more complex shape of vegetation area was proven to impact air
quality positively by three pieces of evidence. The shape complexity of
the grassland area, farmland area, and bare soil area had a statistically
insignificant correlation with air quality. The relationship between the
shape complexity of the total city area, built-up area, forest area, water
area, and air quality remains unclear. Shape elongation of farmland was
related to worse air quality in second-level administrative cities, while it
had an insignificant influence on air quality in bigger cities in China (Li
and Huang, 2020). Besides farmland, the shape elongation of all kinds of
land covers had a statistically insignificant relationship with air quality.

Overall, increasing built-up land and farmland generally worsened
air quality because of the dense anthropogenic emissions and use of
pesticides and fertilisers (Li and Huang, 2020). However, forests and
grasslands had opposite effects (Lu et al., 2018). More than half of the
evidence showed positive impacts of land cover evenness on air quality.
A more complex shape and less clustered distribution for vegetation
areas can improve air quality.

4. Discussion

This review demonstrates the complexity of the impact of built-up
and green spaces on air quality. This complexity stems from the fact
that there are different areas of air quality investigation, various pol-
lutants, and various indicators of built-up and green spaces.

4.1. On the current state of the art, future research, and implications for
urban planning, design, and policy

Proper management and mitigation of air pollution require a
coherent understanding of all areas of air quality investigation. We
found that more than 60% of the publications we reviewed focused on
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phenomena, which means observable events and occurrences related to
air quality such as concentration and atmospheric visibility. This points
out that research has given great attention to monitoring and observing
pollutants while paying less attention to the potential contribution of
action and intervention through planning, design, and policies to reduce
emissions and human exposure. A recent study shows that urban design
interventions can help to mitigate air pollution exposure (Voordeckers
et al., 2024). It demonstrated that adjusting the positions of traffic lanes
to the leeward direction and adding low boundary walls according to the
local contexts can reduce pedestrian exposure to NO, by up to 8.0% on
average. Future research can focus on proposing design and planning
strategies to reduce emissions, enhance dispersion and deposition, and
mitigate concentration and people’s exposure to pollutants.

Based on eight areas of air quality investigation, we propose strate-
gies for practitioners on how to address air pollution in urban environ-
ments. Firstly, to decrease traffic emissions, urban air quality
management policies can focus on reducing private car usage,
enhancing public transport, improving traffic flow, reducing speed
limits, and implementing low-emission zones (Voordeckers et al.,
2021a). Establishing mixed land use neighborhoods (e.g., residential,
administrative, commercial, etc.) can increase the proximity between
residents and their destinations, potentially reducing the length and
frequency of automobiles, enhancing walking and cycling and, in turn,
decreasing emissions of automobiles. Secondly, enhancing pollutant
dispersion and ventilation through planning ventilation corridors and
maintaining sufficient spacing between buildings can reduce the time
that pollutants stagnate and avert the accumulation of air pollutants
(Yang et al., 2020). Thirdly, vegetation enhances deposition by
capturing particulate matter on leaf surfaces and facilitating gas ab-
sorption through stomatal uptake. However, vegetation should be
selected and planned carefully since it can also block ventilation and
pollutant dispersion, especially in dense urban areas, thereby causing
more pollutant concentration (Lindén et al., 2023). Fourthly, monitoring
air pollution phenomena, like pollutant concentration, atmospheric
visibility, and urban particulate matter island effect, by satellite
platform-based sensors, aerial platform-based sensors, official moni-
toring stations, or mobile measurements can help to identify the pollu-
tion sources (Singh et al., 2021). Also, sharing the monitoring results and
including citizens in the measurements of air pollution through citizen
science initiatives can help raise public awareness (Air-Break, 2022).
This can result in stronger policies to address air pollution and changes
in travel behaviour, for example, shifting from driving private vehicles
to public transportation, waking, and cycling. Lastly, to reduce people’s
exposure and health impact to air pollutants, urban planners and poli-
cymakers can segregate pollutant sources and citizen activities. For
example, at the macro-scale, strategic planning can position factories in
the downwind direction of urban areas to create separation from resi-
dential areas, schools, and healthcare facilities (Giles et al., 2011). At the
micro-scale, designers can align traffic lanes downwind and add barriers
between traffic lanes and pedestrian routes to minimize pollutant
exposure (Voordeckers et al., 2024).

Besides the six most studied air pollutants, including PMy 5, PMy,
NO3, SO2, CO, and Og, future research is encouraged to focus more on
other less-studied hazardous pollutants. For example, there are many
medium- to long-lived pollutants that exist in cities, like nitrogen oxides
(NO), carbon dioxide (CO3), lead (Pb), non-methane volatile organic
compounds (VOCs), and polycyclic aromatic hydrocarbons (PAHs), all
of which impact human health and ecosystems (Oke et al., 2017: 296).

For each scale, specific methods are effective for investigating the
impact of built-up and green spaces on air quality. At the micro-scale,
validated numerical models, physical models, and empirical models
are complementary. Computational Fluid Dynamics (CFD) models, as a
type of numerical model, are essential tools in urban design and
decision-making for studying the complex interactions between changes
in built-up and green spaces and the emission, dispersion, deposition,
concentration, and exposure of air quality. It is important to validate the
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simulation results of CFD models by either wind tunnel tests or field
measurements (Allegrini et al., 2014). Besides, CFD models require
input parameters and meteorological drivers from field measurements
(Oke et al., 2017: 76). The application of physical models, e.g., wind
tunnel tests, is still limited for urban design and planning becasue of the
high cost of the equipment and models (Abohela and Sundararajan,
2024). Empirical models can help designers and planners understand the
effects of spatial characteristics on pollution concentration and expo-
sure. At the micro-scale, high spatial resolution air quality data can be
collected by mobile air quality monitoring where the data is scarce (Hu
et al., 2021). At meso- and macro- scales, designers and planners can
apply empirical models to investigate the correlation between the air
pollution phenomena from monitoring stations (Zeng et al., 2022) or
remote sensing (Gheshlaghpoor et al., 2023) and indicators of built-up
and green spaces. Empirical models can also contribute to predicting
continuous air quality (Li et al., 2023a) using high resolution built-up,
green spaces, meteorological, and demographic data. Numerical
models at the meso-scale, e.g., WRF/CMAQ (Xu and Chen, 2021), which
couple the Weather Research and Forecasting model with a chemistry-
transport model, can be applied by planners and designers to capture
spatial form and air quality at a larger scale.

4.2. On the indicators of built-up and green spaces and their impact on air
quality, future research, and implications for urban design and planning

This work reviewed various built-up and green space indicators and
their impact on air quality. Fig. 7 shows the connection between the
different scales of indicators of built-up and green spaces and seven
areas of air quality investigation from left to right. The majority of
publications at the micro-scale focused on pollution dispersion, while
most of the publications at the meso- and macro-scales analysed the
pollution concentration. More details will be discussed in the following
sections.

4.2.1. Micro-scale

At the micro-scale, the green space-related indicators in our review
focused only on the characteristics of individual vegetation, such as tree
height and canopy porosity, while overlooking the possibility of
combining different types or forms of vegetation in street greenery
design. Recent studies indicated that a combination of trees and hedge
barriers were effective at minimizing pedestrians’ exposure to pollutants
(Jeong et al., 2022). We suggest future research consider the complex
configuration of different vegetation types, species, and forms in the
analysis of air quality at urban canyons and elevate vegetation as a
quintessential feature in urban morphology studies.

Also, although recent studies indicated that view factors (e.g., sky
view factor, building view factor, and green view factor) are promising
for predicting air quality in urban canyons (Ganji et al., 2020), they were
applied by only two of the publications we reviewed. These indicators
can be derived through various urban data sources, such as street view

Micro-scale
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Meso-scale
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39
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images, 3D building databases, satellite visibility data, and fish-eye
images (Miao et al., 2020), hence are becoming more and more acces-
sible. Including view factors in future studies can help explore this topic
with greater geographical coverage and temporal granularity.

Current research has mainly focused on assessing the impact of
canyon geometry and street vegetation on pollutant dispersion, expo-
sure, deposition, and concentration of pedestrians or cyclists at the
micro-scale (see Fig. 7). Urban canyons have been pointed out as hot
spots in terms of air pollution, and high levels of pollution concentration
can cause pollution-related diseases in the exposed population
(Ehrnsperger and Klemm, 2022). Built-up and green spaces impact air
quality at urban canyons through the combined impacts of deposition
and dispersion (Janhall, 2015), and dispersion is generally considered as
the dominant mechanism (Barwise & Kumar, 2020; Tomson et al.,
2021). However, one publication we reviewed indicated that pollutant
removal due to deposition can counterbalance the enhancement by
insufficient dispersion under some vegetation planting scenarios and
wind conditions (Morakinyo and Lam, 2016). Similarly, Barwise and
Kumar (2020) demonstrated that deposition can serve as an essential
additional mechanism for reducing pollutant concentration when
vegetation is positioned and maintained effectively. This indicates the
necessity of choosing the proper vegetation type and form by consid-
erin