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Abstract: Green infrastructure is a nature-based solution that supports sustainable development and
restores urban, suburban, and peri-urban environments. Using a multi-scale evaluation, this study
explores the impact of the application of green infrastructure, as a form of atmospheric cleansing, on
tropospheric nitrogen dioxide. The impacts are not limited to specific green infrastructure treatments
nor geographic location and land use type. Using both site-specific stationary air monitoring and
coarser resolution satellite derived remote sensing, this study demonstrates the nature-based remedia-
tion effect of green infrastructure on nitrogen dioxide concentrations in Southern Ontario, Canada. At
these scales, remote sensing and stationary air monitoring observations support the hypothesis that
green infrastructure can cleanse the atmosphere by reducing nitrogen dioxide through scavenging by
trees and dense vegetation at the neighbourhood level, consistent with the findings from microscale
field campaigns. The study showed a clear link between compact, built-up, industrialized areas and
higher nitrogen dioxide levels at the mesoscale, particularly notable to the west of the city of Toronto.
Nature-based solutions provide an opportunity to address the impacts of urbanization, increase
climate resilience, and support healthy urban environments.

Keywords: green roofs; green walls; urban vegetation; urban forestry; tree-based intercropping;
air pollution; built environment; urban design

1. Introduction

Deployment of nature-based solutions (NbS) is gaining recognition globally as an
essential planning and design practice to increase urban resilience and promote sustainable
development. The International Union for Conservation of Nature has defined NbS as
“actions to protect, sustainably manage, and restore natural or modified ecosystems, that
address societal challenges effectively and adaptively, simultaneously providing human
well-being and biodiversity benefits” [1–3]. The NbS concept has been articulated at the
intersection of science and policy, encompassing research from across different disciplines,
such as atmospheric physics, chemistry, environmental science, environmental studies,
ecology, sociology, political science, engineering and architecture to name a few, and thus
providing an interdisciplinary linkage between specialists and generalists. While there is
agreement that NbS can address challenges such as climate change, understanding their
characteristics, how they work as a complex intervention, and the multiple co-benefits
that can be leveraged through strategic application, is essential to demonstrating how NbS
can truly enhance resilience and sustainability. In this study, the potential for atmospheric
cleansing of nitrogen dioxide is explored as one of these co-benefits.

Air pollution is a key challenge for urban sustainability. In urban areas, air quality is
influenced by local pollution sources such as industrial and transportation emissions [4].
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These air pollutant sources contribute to the accumulation of greenhouse gases and particu-
late matter that have longer term impacts on climate. Solar and terrestrial radiation interact
with air pollutants affecting the energy balance of the Earth and changing the climate [5,6].
Climate change influences air pollution through changes in the intensity, duration and
frequency of various meteorological phenomena including atmospheric blocking, heat
waves, and precipitation extremes [6–11]. In urbanized areas, activities including agricul-
tural production, building functions, energy generation, fossil fuel combustion, industrial
processes, land use and natural resource development, and transportation, all generate
greenhouse gas (GHG) emissions [12]. Agricultural activity accounts for approximately
25 percent of total global GHG emissions and 8 percent of total provincial GHG emissions
in Ontario, Canada [13,14]. The built environment accounts for approximately 20 percent
of total global and 24 percent of Ontario’s total GHG emissions [12,14]. Industry accounts
for approximately 30 percent of total global and 28 percent of Ontario’s total GHG emis-
sions [14,15]. Transportation accounts for approximately 23 percent of total global and
35 percent of Ontario’s total GHG emissions [14,16].

Nitrogen dioxide (NO2), the specific focus of this study, is an abundant gaseous
pollutant generated predominantly in urbanized settings [17]. High concentrations of
nitrogen dioxide occur in areas with dense built form requiring heating and cooling capacity,
heavy industrial land use, and high volumes of vehicular traffic [18]. Thus, nitrogen dioxide
has become a marker of progress and economic development. It is also an identified air
pollutant of public health concern across urbanized areas [19–22]. Exposure to elevated
levels of nitrogen dioxide can lead to adverse health outcomes that include respiratory
illnesses and disease such as asthma and lung cancer, in addition to increased mortality
and morbidity [23–28].

In this study, the remediative effect of nature-based solutions (NbS) on tropospheric
nitrogen dioxide is explored. As noted above, the International Union for Conservation
of Nature has defined NbS as “actions to protect, sustainably manage, and restore natural
or modified ecosystems, that address societal challenges effectively and adaptively, simul-
taneously providing human well-being and biodiversity benefits” [1–3]. This umbrella
definition includes five classifications of ecosystem-based approaches, one of which is
green infrastructure [1–3]. The nature-based remediation effect of green infrastructure
can reduce concentrations of air pollutants such as nitrogen dioxide and increase climate
resilience across urban, suburban, and peri-urban environments. The focus of this study is
the atmospheric cleansing potential of green infrastructure on nitrogen dioxide concentra-
tions in Southern Ontario, Canada. In the following section, green infrastructure as an NbS
is reviewed.

Literature Review

Green infrastructure provides multiple benefits, including the regulation of tempera-
ture and mitigation of the intensity of the urban heat island, in addition to abatement of
gaseous pollutants such as ozone and nitrogen dioxide [29–41]. Research has shown that
green infrastructure can reduce urban GHG emissions, improve building energy efficiency,
and sequester carbon dioxide [29,30,34,38,40,42–47]. In addition to reducing the carbon
footprint arising from conventional food production and distribution, green infrastruc-
ture such as urban agriculture systems provide multiple ecosystem services [38–41,48,49].
Urban agriculture systems can improve food security while reducing pressures on con-
ventional agriculture when industrial-scale production is impacted by meteorological
extremes [40,49–51]. Tree-based intercropping systems are another example of green infras-
tructure that can reduce agricultural GHG emissions through increased canopy cover and
decreased reliance on fertilizers and pesticides [52,53]. These systems can provide carbon
sinks in the woody biomass of the trees and through enhanced soil carbon capacity [53].

Applications of green infrastructure, such as green roofs and walls, have demonstrated
an improvement in air quality and regulation of temperature, in addition to improving
human health outcomes associated with air pollution and extreme heat [35,38–41,54–64].
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Deposition and immobilization of localized air pollutants such as ozone, nitrogen dioxide,
and particulate matter occurs through the application of green roofs, green walls, and urban
vegetation and forestry, which can ameliorate local air quality [32,33,35–37,44,54,60,63–67].

Common functions, shared across applications of green infrastructure, are illustrated
in Figure 1, as well as others that are exclusive to specific forms. Within this study, green
infrastructure applications have been grouped into five categories that include green roofs,
green walls, urban vegetation and forestry, urban agriculture systems, and tree-based inter-
cropping systems. Each application is a nuanced nature-based intervention with unique
characteristics and a range of co-benefits including air pollutant amelioration, biodiver-
sity and pollinator support, building energy efficiency, carbon sequestration, temperature
regulation, and stormwater management.
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Green roofs are characterized as extensive or intensive, depending on substrate depth.
Extensive roofs weigh less and have a shallower depth, which facilitates building retrofits
and enables sloped roof installation. Intensive green roofs have a deeper soil layer, which
allows for more variety in the type of vegetation used [30]. Green walls are vertical surfaces
overlaid by vegetation or configured with planted structures affixed to the building surface
and automatically irrigated [43,70]. Urban vegetation and forestry systems can include
bioswales, shrubs, rain gardens, trees, and woodlots [35,54,70]. Urban agriculture systems
include growing roofs, rooftop gardens, and community gardens [48,71,72]. Tree-based
intercropping systems are croplands interspersed with trees and shrubs [52].

Green infrastructure research to date has primarily focused on specific applications and
discrete benefits [32–37,42,43,45,46,53,54,57,60,62,63,67,73–81]. Studies of the air quality
benefits of green infrastructure have examined individual applications of green infrastruc-
ture [35–37,54,66,67]. Anderson and Gough (2020) [38], in a field campaign in Southern
Ontario, Canada, measured the potential of multiple applications of green infrastructure to
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reduce air pollutant concentrations at the microscale and site level, including green roofs,
green walls, urban vegetation and forestry, urban agriculture systems, and tree-based inter-
cropping systems (Figure 1). This field-based study undertook data collection using a range
of green infrastructure applications and different morphologies to evaluate how different
green infrastructure applications ameliorate air pollution, across location, geography, and
land-use type. A reduction in nitrogen dioxide in nearly every instance was observed with
an average reduction of 0.11 parts per million (ppm) across all sites and applications of
green infrastructure, as reproduced in Figure 2 [38].
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Test [38].

This observed reduction of 0.11 ppm in nitrogen dioxide across all green infrastructure
sites and applications, representing an average reduction of 65 percent [38]. A total of nine
individual field study sites (Figure 3) were evaluated across different urban, suburban
and peri-urban environments within the five green infrastructure categories as shown in
Figure 1 from [38]. Consistent field-based results were reported in [35–37]. These studies
provide the microscale foundation for the current work which demonstrates atmospheric
cleansing by exploring the same nitrogen dioxide reduction potential at local and regional
scales. For the mesoscale, the relevant form of green infrastructure shifts and is largely
focused on urban vegetation and forestry.

Thus, building on this collective work we have undertaken to evaluate the air quality
benefits of green infrastructure at the site level and microscale, this comparative analysis
seeks to evaluate the nature-based remediation effect at the neighbourhood level and
meso-scale by answering the following questions:

(1) Is there a measurable nature-based remediation effect in tropospheric nitrogen dioxide
concentrations using a range of green infrastructure applications (Figure 1) across
different morphologies in Ontario, Canada, regardless of location, geography, or land
use type?

(2) Are the nature-based remediation effects of green infrastructure on nitrogen dioxide
concentrations visible by satellite imagery?

(3) Do parts of Ontario, Canada have higher concentrations of nitrogen dioxide due to
the density of built-up surfaces or proximity to point sources?

This study evaluates how nature-based solutions can play a role in reducing nitrogen
dioxide concentrations at a city scale. Remote sensing and stationary air monitoring
measurements were used to evaluate the impacts of green infrastructure on nitrogen
dioxide concentrations in Southern Ontario, Canada.
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2. Methods

The previously published microscale results showed that green infrastructure can
provide a sink for air pollutants at the site level [35–38,54,67]. Together, these studies
provide a lens to evaluate how different green infrastructure applications can ameliorate
air pollution at coarser scales. Two data sets were examined to assess the potential impact
of green infrastructure at coarser scales.

The first analysis used remote sensing from July to October 2018. The analysis of
this spatial data set sought to understand the spatial differences in nitrogen dioxide based
on surface source/sink considerations informed by the microscale results of Anderson
and Gough (2020) [38] and others [35–37]. This was accomplished using the spatial dis-
tribution of nitrogen dioxide column densities observed by the Sentinel-5P satellite at
approximately a one-kilometre resolution, and the normalized difference vegetation index
(NDVI) observed by the Landsat-8 satellite. This allowed for a correlation of nitrogen diox-
ide distribution and NDVI to urbanized areas and changes over different land use types.
Nitrogen dioxide column densities are visible by satellite and are not precisely identical to
nitrogen dioxide concentrations measured in-situ as undertaken during a microscale field
campaign [38].

The second analysis was carried out to address the potential complication of using
column integrated satellite derived nitrogen dioxide; hourly nitrogen dioxide data from
five provincial air monitoring stations was retrieved and analyzed for the June to October
period for 2017 and 2018 to augment and contextualize the satellite data. This data is
measured and recorded hourly, and made publicly available by the Ontario Ministry of
the Environment, Conservation, and Parks (i.e., http://www.airqualityontario.ca, accessed
on 10 July 2022). Data was accessed for the summer periods of 2017 and 2018 period,
coincident with [38] and the satellite data described above, for four locations in Toronto,
Ontario and one in Guelph, Ontario.

2.1. Study Areas

The Anderson and Gough (2020) field study evaluated a total of nine individual
field study sites across different urban, suburban and peri-urban morphologies [38]. To

http://www.airqualityontario.ca
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build on those results and investigate the air quality benefits of green infrastructure at
the neighbour level and meso-scale, five provincial air monitoring stations (Figure 3) in
proximity to the individual field microscale study sites [38,82], were selected to analyze
neighbourhood-level nitrogen dioxide data, in addition to the nitrogen dioxide column
densities shown through the larger scale satellite imagery. The four Toronto locations are
designated Toronto West (43.71◦ N, 79.54◦ W), Toronto East (43.75◦ N, 79.27◦ W), Toronto
North (43.78◦ N, 79.47◦ W) and Toronto Downtown (43.66◦ N, 79.39◦ W), as shown in
Figure 3. The air intake at Toronto West is 8 m, 4 m at Toronto North and Toronto East
and 10 m at Toronto Downtown. The Guelph location (43.55◦ N, 80.26◦ W) is a peri-urban
setting, and the intake is at 4 m.

The Guelph air monitoring station is located at the edge of the Exhibition park in a
residential area of this small city (Figure 3). The Toronto West station is located near the
intersection of major provincial highways in an industrial section of this large metropolitan
city, and is adjacent to a large industrial region to the west of the station. The Toronto
Downtown station is located at the busy intersection of Bay and Wellesley streets in the
downtown core, located east of the University of Toronto St. George campus. The Toronto
East station is located at a busy residential intersection in an eastern suburb of Toronto,
Ontario, Canada. The Toronto North station is centrally located near the northern boundary
of the city. Significant industrial areas exist to the west and northwest of the air monitoring
stations, with substantial green space to the east.

2.2. Data Collection

During the satellite data collection campaign, high-resolution data of nitrogen dioxide
concentrations captured by TROPOMI (TROPOspheric Monitoring Instrument), located
aboard the Sentinel-5P satellite developed by the European Space Agency, were retrieved
and analyzed. The data set “Sentinel-5P OFFL NO2: Offline Nitrogen Dioxide” was
accessed via Google Earth Engine (GEE), a cloud-based geospatial analysis platform [83].
Data set availability begins on June 28 of 2018 and continues onwards with a spatial
resolution of 1113.2 m. TROPOMI measures the total vertical column of nitrogen dioxide
but can differentiate between tropospheric and stratospheric columns as well. Since most
air pollution resides in the troposphere, the mean tropospheric vertical column of nitrogen
dioxide was calculated for the period from 1 July to 31 October 2018.

Additionally, GEE was also used to calculate the mean NDVI for the period of June 1
to October 31 of 2018 from the Landsat-8 satellite. NDVI was calculated as a normalized
difference of Bands 4 and 5 of the Operational Land Imager (OLI) sensor aboard Landsat-
8 [84]. NDVI was originally accessed in 30 m spatial resolution but was later resampled in
GIS to the native resolution of the nitrogen dioxide data set (1113.2 m) using the nearest
neighbour interpolation method. NDVI and nitrogen dioxide correlation analysis was then
performed. GIS and statistical analysis of nitrogen dioxide and NDVI data was completed
using ArcGIS Pro 2.9.0. software. The satellite data were augmented by the observations of
nitrogen dioxide collected at the five provincial air monitoring stations (Figure 2) for the
period from June to October in 2017 and 2018.

3. Results

The data collected through remote sensing and station observations were used to
evaluate the impact of green infrastructure on nitrogen dioxide concentrations.

3.1. Meso-Scale Nitrogen Dioxide Abatement

As shown in Figure 4, NDVI is a measure of relative biological productivity. Areas in
green are high in productivity, reflective of treed and vegetated landscapes, while areas of
orange have low productivity.

In comparison to Figure 5, areas with peak levels of nitrogen dioxide coincide with
the industrialized neighbourhoods immediately to the west of Toronto (i.e., northern Peel
region). Figure 5 represents the net balance of sources and sinks of nitrogen dioxide. This
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includes areas of nitrogen dioxide production (i.e., industry as well as vehicular traffic)
and uptake (i.e., green infrastructure reductions of nitrogen dioxide concentrations as
demonstrated in [38]).
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There is a strong east/west gradient of nitrogen dioxide across the Greater Toronto
Area as a result of higher distributions of urban vegetation and forestry and less industrial
activity, in addition to the presence of a large urban forest at the east end of Toronto, Rouge
National Urban Park. The park was formally created in 2011 and has been expanded since
to consist of 79.1 square km. It is the largest urban park in North America and is largely
forested and available to the public for hiking and camping.

As shown in Figure 6, there is a correlation between NDVI distribution and nitrogen
dioxide concentrations. The mobile nature of nitrogen dioxide and the combination of
sources and sinks that determine nitrogen concentrations, lead to a relatively low correlation
of R2 = 0.14. However, this is reflective of areas of high nitrogen dioxide concentrations
linked to areas of low vegetation and biological productivity. It should also be noted that
nitrogen dioxide is highly mobile (e.g., airborne) and prevailing winds tend to flow from
the west in Southern Ontario, which can influence the location of pollutant concentrations.
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3.2. Air Monitoring Station Observations of Nitrogen Dioxide

Table 1 shows the monthly averaged nitrogen dioxide concentrations (ppb) from June
to October of 2017 and 2018, coincident with the satellite data collection campaign, for the
five provincial air monitoring stations (Figure 2). These values are qualitatively compared
to the satellite observations of nitrogen dioxide shown in Figure 5. The satellite observations
of nitrogen dioxide are a column of integrated tropospheric measurements, whereas the air
monitoring station data is a location (geographical and height) sampling of the atmosphere.
The locations of the five air monitoring stations are indicated in both Figures 4 and 5. While
2017 was higher in nitrogen dioxide concentrations than 2018, the two years displayed the
same spatial distribution as is indicated by the relative rankings of the five locations. For
both years, the Guelph station had the lowest nitrogen dioxide values and Toronto West had
the highest nitrogen dioxide concentrations, followed by the Toronto Downtown station.
Of the four Toronto station locations, Toronto North had the lowest values of nitrogen
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dioxide, followed by Toronto East. This pattern is consistent with the satellite-based data
in Figure 5 with the possible exception of the Toronto North station, which shows higher
values for the satellite-based data than Toronto East station. As the two data sets are not
measuring nitrogen dioxide in the same fashion (the satellite value is a vertical column
average of the tropospheric nitrogen dioxide and the air monitoring stations are a sampling
at one height), this may account for the discrepancy. The peak value at the Toronto West
station appears well-linked to the large, localized area of nitrogen dioxide adjacent and
upstream (west) of the Toronto West station, in an area of low NDVI distribution. The much
lower values at the Guelph station are consistent with the satellite data and an area of high
NDVI productivity as well as lower industrialization. In this respect, the Guelph site can be
considered as a “control” site for the other four more urbanized sites in the Toronto area.

Table 1. NO2 (ppb) measured at five provincial air monitoring stations from June to October in 2017
and 2018.

Year/Month Nitrogen Dioxide (NO2) Values (ppb) by Station

2017 Toronto East Toronto North Toronto Downtown Toronto West Guelph

June 10.48 7.99 10.92 12.57 3.80

July 9.28 7.20 10.78 11.83 3.28

August 9.31 7.81 11.06 12.32 4.04

September 13.07 10.56 14.00 15.67 5.77

October 11.14 10.80 12.63 15.49 6.20

Average NO2 10.66 8.87 11.88 13.57 4.62

Ranking 3 4 2 1 5

Year/Month Nitrogen dioxide (NO2) values (ppb) by station

2018 Toronto East Toronto North Toronto Downtown Toronto West Guelph

June 7.74 6.86 9.89 11.00 4.02

July 7.75 7.51 9.34 10.62 3.79

August 7.76 7.32 9.33 10.90 3.67

September 6.77 6.47 8.35 9.67 3.96

October 9.38 10.24 10.89 9.93 5.19

Average NO2 7.88 7.68 9.56 10.42 4.13

Ranking 3 4 2 1 5

4. Discussion

The results of the two data collection campaigns demonstrate that green infrastruc-
ture has reduced nitrogen dioxide concentration. Analyses of the data collected to mea-
sure the potential of green infrastructure to reduce nitrogen dioxide concentrations is
consistent with the hypothesis that green infrastructure can remediate air pollution in
Southern Ontario, Canada, regardless of location, geography, or land-use type. The
potential of green infrastructure to remediate air pollution is well-established in the
literature [30–33,35–38,40,51,63,66,77–80]. In this work, we used these microscale results
to provide both a source and sink lens rather than just a source lens to interpret the atmo-
spheric distribution of nitrogen dioxide. The microscale results that demonstrate nitrogen
dioxide uptake by various forms of green infrastructure enable us to interpret larger scale
results not only from a source perspective, that is, emissions, industrial and vehicular, but
also from a sequestering of pollutants perspective. Thus, a non-industrial area has not just
a lack of emissions, but an active sequestering of pollutants such as nitrogen dioxide by
the natural vegetation, and this provides a more nuanced lens to interpret the large-scale,
satellite data.
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Thus, the two data analyses utilized remote sensing and stationary air monitoring
observations to assess the potential of green infrastructure to reduce nitrogen dioxide
concentrations at the coarser mesoscale and neighbourhood levels. The analysis of the
remote sensing data underscores the linkages between high nitrogen dioxide concentrations
and low NDVI distribution that can be clearly seen in the area just west of Toronto and the
Toronto West air monitoring station. The analysis of the stationary air monitoring data from
the Toronto West station confirms this finding with the highest recorded nitrogen dioxide
levels of all five provincial air monitoring stations, which was consistent for both 2017 and
2018 and more generally as found in [85]. This is indicative of persistence behaviour that
is illustrated by the 2018 satellite data results. The location of this station is reflective of
the local urban morphology that includes major transportation arteries in an industrial
section of the city. Land use is a significant factor in emissions of nitrogen dioxide. As
illustrated in Figures 7 and 8, these land use maps show a large industrial zone (classified
as ‘employment’ in Figure 7 and ‘commercial/industrial’ in Figure 8) that stretches from
the west end of the city of Toronto across into the region of Peel (located immediately west
of Toronto). We also note the substantially lower values for the Guelph site (Table 1), which
in some respects serves as a “control site” for comparison to the highly industrialized
Toronto area.
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This large, industrialized zone corresponds with the areas of low NDVI distribution
(Figure 4) and higher nitrogen dioxide concentrations (Figure 5). Similarly, the ‘employ-
ment zones’ illustrated in Figure 9, correspond with the areas of lower NDVI distribution
(Figure 4) and higher nitrogen dioxide concentrations (Figure 5) across the province. As
illustrated in Figure 9, Guelph is a small, peri-urban municipality located in a largely rural
area with low levels of industrial land use. This land use pattern is well-reflected in the
higher NDVI distribution (Figure 4) and lower nitrogen dioxide concentrations (Figure 5).
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Analysis of the stationary air monitoring data for the Guelph station also confirms this find-
ing with the lowest recorded levels of nitrogen dioxide of the five provincial air monitoring
stations. This is reflective of the local morphology of the Guelph air monitoring station,
which is situated at the edge of a large park in a residential neighbourhood.
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Additionally, the designated ‘employment areas’ across the city of Toronto in Figure 9
depict industrial zones that correspond with areas of lower NDVI distribution (Figure 4)
and higher nitrogen dioxide concentrations (Figure 5). Proximity to major transportation
arteries provides additional and diffuse sources of nitrogen dioxide that contribute to
its wider dispersal. Observations gained from the Landsat-8 satellite affirm that green
infrastructure reduces nitrogen dioxide concentrations through high NDVI distribution
of trees and dense vegetation at the neighbourhood level. This is consistent with the
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microscale findings [35–38] that demonstrate multiple applications of green infrastructure
from trees to green roofs, can reduce nitrogen dioxide concentrations. At the mesoscale,
results show there is a link between compact, built-up, industrialized areas and higher
nitrogen dioxide levels in Southern Ontario, Canada.
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This work also provided an opportunity to explore a more nuanced source/sink frame-
work for understanding nitrogen dioxide concentrations rather than examining it from
an emissions (source) perspective solely. The regions of relatively lower nitrogen dioxide
corresponded to sink regions characterized by natural vegetation (high NDVI). Thus, the
results of the microscale analysis [35–38] inform how to interpret coarser scale observations.

Green infrastructure provides a multi-faceted strategy to remediate air pollution.
Multiple applications of green infrastructure can significantly reduce air pollutant con-
centrations of nitrogen dioxide in urbanized and industrial settings, as evidenced in this
study. Because there are different applications of green infrastructure with potential to
improve air quality, the question emerges as to the nature of the most appropriate solution.
While trees demonstrate peak uptake of air pollutants, combined applications of green
infrastructure such as green roofs and walls, in addition to urban trees and shrubs, can
be beneficial because they have fewer space requirements than conventional forests or
woodlots, making them an ideal strategy to remediate point source air pollution in in-
dustrialized areas [80]. Additionally, continuity of form and size impact performance of
tree planting strategies [35,74,79]. For example, a single tree is less effective in reducing
air pollution than an urban forest. Due to their roadside proximity, hedgerows can be an
effective alternative to filter particulate matter and reduce traffic-related air pollution in
street canyons [60,67,74,78], while large scale green roof implementation and green walls
can reduce air pollutant concentrations in urbanized settings [57,65,67,75,76]. When imple-
menting green infrastructure applications to remediate air quality, streetscape geometry
and orientation, configuration of the application, and wind flows must be considered to
maximize efficacy [35,60,67,77,81].
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This study presents a unique methodology for evaluating the remediation effect
of NbS on air pollution and the prioritizing of neighbourhoods for green infrastructure
implementation. This information can be valuable for the development of air quality
remediation plans at both the site and neighbourhood levels. Future research areas of
interest include: (1) undertaking a similar set of field studies over a multi-year period to
incorporate seasonal variation; and (2) conducting a regional comparison to evaluate the
potential of NbS to reduce air pollution across different morphologies and land use zones.

5. Conclusions

This work examined the following three research questions:

(1) Is there a measurable nature-based remediation effect in tropospheric nitrogen dioxide
concentrations using a range of green infrastructure applications across different
morphologies in Ontario, Canada, regardless of location, geography, or land use type?

(2) Are the nature-based remediation effects of green infrastructure on nitrogen dioxide
concentrations visible by satellite imagery?

(3) Do parts of Ontario, Canada have higher concentrations of nitrogen dioxide due to
the density of built-up surfaces or proximity to point sources?

Using the collective work of [35–38], which showed at the microscale the remediative
effect of green infrastructure of a range of types on sequestering air pollutants, the results
of this study, answer the first of the research questions in the affirmative and support the
notion of green infrastructure as an atmospheric pollutant cleanser using nitrogen dioxide
as a case study at both the neighbourhood level and mesoscales in Ontario, Canada. At
the mesoscale, answering the second question, remote sensing, as well as stationary air
monitoring, support the hypothesis that green infrastructure can reduce nitrogen dioxide
concentrations through high NDVI distribution of trees and dense vegetation at the neigh-
bourhood level, consistent with the findings of a microscale field campaign [38] and other
similar microscale studies [35–37]. Additionally, as presented in detail in the Discussion,
we answer the third research question and show there is an unsurprising link between
compact, built-up, industrialized areas and higher nitrogen dioxide levels at the mesoscale,
particularly notable to the west of the city of Toronto. This work explored a more nuanced
source/sink framing for understanding nitrogen dioxide spatial distribution rather than
examining it solely from an emissions’ source perspective. The regions of relatively lower
nitrogen dioxide corresponded to sink regions characterized by natural vegetation (high
NDVI), indicative of the green infrastructure of urban vegetation and forestry.

While the nature-based remediation effect may vary across individual applications of
green infrastructure, it can effectively reduce air pollution by optimizing the built environ-
ment, and leveraging the co-benefits of temperature regulation, stormwater management,
biodiversity and pollinator support, and enhanced food security. In addition to air pollution
abatement, the broad application of green infrastructure can increase climate resilience,
providing a multi-faceted nature-based solution to the challenges presented by different
urban, suburban, and peri-urban environments.
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