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Abstract: Urban air pollution is a significant threat to both the environment and public health. Primarily
originating from traffic emissions, particulate matter is identified as the most prevalent and toxic pollutant in
cities. In recent years, street vegetation has emerged as a nature-based solution to improve urban air quality.
However, to achieve this goal, proper placement of vegetation is crucial. This study critically investigates how
different street tree placement strategies affect the local air quality, based on a model calibrated using existing
air quality measurements from one of the most polluted streets in Glasgow. We then test the local air quality
effects of tree orientation, spacing, shape, porosity, size, species, and wind directions. The findings suggest that
trees effectively enhance air quality, particularly when implemented on the leeward side of the street. To
achieve optimal effectiveness, the spacing of trees require careful alignment with the aspect ratio, as haphazard
planting could lead to unfavorable results. The insights on improving air quality in Glasgow's street canyons,
complements the objectives of the ‘Glasgow Avenues Programme’ and can be included in its Low Emission
Zones to co-benefit the environment and the wellbeing of the local community.

Keywords: urban air pollution; particulate matter; street trees; nature-based solutions; urban street canyon;
ENVI-met

1. Introduction

Urban air pollution is one of the biggest environmental threats and health concerns of our time.
It is primarily driven by vehicular traffic emissions and is closely interact with climate change [9, 43].
In an urban setting, street canyons pose a significant threat to pedestrian air quality due to limited
dispersion. The physical structure of street canyons traps pollutants at pedestrian level, and create
microclimatic conditions that can further amplify the health risks associated with air pollution [7, 36,
48].

Among urban air pollutants, Particulate Matter (PM) stands out as the most frequent and
hazardous pollutant, posing a significant threat to public health [34, 36]. Categorized by its aerosol
size as PM2s and PMuio, finer PM:zs particles readily penetrate the lungs and long-term exposure can
cause respiratory infections, lung cancer, pulmonary diseases, cardiovascular diseases, premature
deaths and even exacerbate the impact of Covid-19 [51].

The World Health Organization (WHO) and the European Union (EU) have established air
quality guidelines for particulate matter (PM) concentrations in cities. These guidelines, designed to
protect public health, specify safe limits for both annual and 24-hour averages [11, 52]. For PM:s, the
WHO recommends an annual mean of 5 pg/m? and a 24-hour mean of 15 pug/m3, while the EU sets
limits of 25 pg/m? for annual mean and 50 pg/m? for 24-hour mean. For PMio, the WHO recommends
an annual mean of 15 pug/m? and a 24-hour mean of 45 pg/m?, while the EU sets a limit of 40 ug/m?
for annual mean. Despite these established safe limits, nearly 96% of Europe’s urban population —
approximately 450 million people — were exposed to PMzslevels exceeding WHO health guidelines
in 2020 [11]. As a result, the European Commission implemented countermeasures such as stricter
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vehicle emission standards, cleaner fuels, transport modelling and air quality monitoring to combat
urban air pollution [10]. Currently, over 250 Europe cities, have adopted Low Emission Zones (LEZs)
to support these efforts [35, 46].

Glasgow has been facing its own battle with air pollution. For decades, it has the dubious
reputation as Scotland's most polluted city for NO2 and PM concentrations, mainly due to increasing
vehicular traffic and the city's historic layout of narrow streets [26]. Periodically exceeding safe limits
set by Scottish authorities, around 400 premature deaths are estimated annually in Glasgow [26].
Furthermore, air pollution health impacts cost the National Health Service (NHS) up to £2 billion
annually [15].

Consequently, Glasgow City Centre was declared as an Air Quality Management Area (AQMA)
in 2004, specifically targeting NO2 and PM reductions. This declaration led to a series of initiatives,
such as the Air Quality Action Plans and the 2013 Glasgow City Centre Strategy to move away from
the ‘car-oriented’ to a ‘sustainable mobility’ model [30]. Among these efforts, the recent
implementation of Low Emissions Zone, ‘Glasgow Avenues Programme’ and carbon neutrality plans
highlights Glasgow's commitment to align with broader European efforts to tackle air pollution and
create a healthier, more sustainable future for its residents [13, 14, 16, 17].

While LEZs offer significant health benefits and dominantly improve air quality their
implementation often imposes logistic challenges to its residents and businesses and at times increase
traffic in areas outside the LEZs. [6, 24, 33, 35]. In this context, researchers, and urban planners,
worldwide, are increasingly exploring nature-based solutions (NBS) such as street trees, to improve
air quality and human health. Studies have highlighted their positive influence on dispersion
patterns, aerodynamic effects, and pollutant deposition [27, 23, 53, 54]. However, evidence also
suggests that under certain conditions, street trees can obstruct wind flow, potentially leading to
localised pollutant accumulation [2]. The impact of street trees on air quality ultimately depends on
a complex interplay of factors, including meteorological conditions, urban geometry, emission levels,
and particle sizes [54].

This dynamic interplay between street trees, urban planning, and LEZs emphasizes the need for
further research and careful consideration in designing and implementing air quality interventions.
Glasgow's ambitious sustainability goals and ongoing trials of LEZs and Avenues Programme
provide a valuable case study for exploring the synergies associated with these strategies. Based on
Glasgow's urban structure, meteorological patterns, traffic flow dynamics, and existing green
infrastructure, this research aims to develop evidence-based tree placement and configuration
strategies to maximise air quality benefits and minimise potential drawbacks. By employing a holistic
approach that integrates LEZs, optimized urban planning, and strategic greening initiatives, Glasgow
can continue its journey towards cleaner air and a healthier future for its residents.

2. Materials and Methods

2.1. Study Area

Hope Street in Glasgow City Centre was selected as the primary study area - Test Site (Figure
1). It is a bustling north-south corridor, a major bus route and provides access to Glasgow Central
Railway Station. With a narrow street geometry and high traffic volumes, Hope Street exemplifies
Glasgow's pollution problem, thus making it an ideal setting to study the potential of trees to mitigate
urban air pollution. For a controlled comparison, an east-west oriented Sauchiehall Street serves as
the Control Site. As the first street to have been transformed into an ‘Avenue,” Sauchiehall Street is
the city's only street featuring a row of trees, offering a real-world testbed for evaluating the influence
of vegetation on air pollution mitigation.
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Figure 1. Most polluted to least polluted streets in the City Centre (Black, red, and deep orange,
representing streets which breach air quality legal limits) — 2013. Data source: Glasgow Public Realm

Design + Maintenance Guide.

2.2. Data Collection
Historic street-level air pollution in Hope Street (including live PM emission data) was obtained
from the existing Hope Street Kerbside Measuring Station. Additionally, to facilitate a real-time

comparison, air quality, air temperature and relative humidity (RH) monitoring was conducted on

Hope Street and Sauchiehall Street wusing two Smart Citizen 21 Kits (SCKs,

https://www.aqmd.gov/ag-spec/sensordetail/fablab---smart-citizen-kit-v2.1). SCKs are a low-cost,
modular hardware component designed to engage citizens in air quality monitoring and raise
awareness on environmental issues [37]. These sensors monitor PM concentrations based on aerosol
shape, colour, and composition, making them ideal for air quality monitoring [41]. One SCK was
strategically positioned at the Hope Street Kerbside Measuring Station for direct data comparison,
while the other was placed on a traffic light at a height of 2m on Sauchiehall Street (Figure 2).
Monitoring was conducted for three consecutive days from 14th June 2022 and for 24 hours on 22nd

June 2022.
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Figure 2. Location of the two Smart Citizen 2.1 monitors and the sensor board.
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To gather comprehensive data on factors affecting air quality, the study employed continuous
week-long observations in both streets, recording daily traffic flow, pedestrian activity levels, and
canyon geometry through aspect ratio calculations at key points. In Sauchiehall Street, the study also
examined street trees, mapping their in-canyon placement, species, size, and crown geometry to
support scenario formulation for subsequent analysis.

2.3. Data Analysis and Correlation

While SCKs is a promising tool for measuring air quality, it had limitations that can affect data
accuracy. Placing SCKs in a closed container and the configuration of the device can overheat the
device influence its readings. Studies report potential errors of around 1.3°C in temperature and -
10% in RH under such conditions [8]. Additionally, as these sensors lack inbuilt dryers to remove
water vapor from the measurement samples, RH can influence PM measurements, potentially
leading to miscalculations and altered results [28, 41]. To account for such variations in the device's
heat emission, measured temperature and RH datasets were calibrated and adjusted. The datasets
underwent further refinement using statistical correlation tests and Root Mean Square Error (RMSE)
analyses, to identify potential outliers and ensure accuracy. Subsequently, the data was cross-
referenced with readings from the Kerbside Measuring Station (Reference Station) to ensure validity.

2.4. Modelling and Simulations

To simulate the potential impact of street trees on air quality within congested urban canyons,
this study employed ENVI-met 5.0.3 microclimate modelling software. A 400m x 420m model domain
was created replicating the busiest section of Hope Street, due to its representativeness of typical
urban canyon in Glasgow, with high traffic volume, narrow geometry, and zero green cover. This
model included a detailed gridded street layout with 17 representative building blocks ranging from
36m to 40m in height and the prominent Glasgow Central Station. Simulations were focused on 16th
July 2022, which exhibited the highest data accuracy among the collected measurements and
represented a typical summer day in Glasgow.

To calibrate the ENVI-met model and ensure its accuracy, several Validation Models (VMs) were
simulated using different combinations of ENVI-met parameters and emission sources, with an aim
to obtain output that led to the best agreement with the measured temperature, relative humidity
(RH), and PM concentrations. The emission source, representing traffic and other background
sources, was set to emit multiple pollutants, at a height of 0.3m above ground level for all simulations.
Background concentrations of each pollutant were determined based on emission levels during
minimum traffic hours (01:00h to 00:04h). For all simulations, a recorded wind speed of 3.5 m/s in
perpendicular (270°) direction (westerly inflow, easterly outflow) was used, and the particle
deposition velocity was set constant at 0.45. The VM exhibiting the lowest bias, lowest RMSE, and
highest R? was chosen as the Base Model (BM), to serve as the foundation for subsequent simulations
incorporating various street tree scenarios.

2.5. Research Framework and Scenario Study

This study systematically assessed the impact of street tree on local air quality dynamics in urban
canyons through context-specific scenarios based on four key parameters outlined in the Glasgow
Public Realm Design + Maintenance Guide (PRD+MG). This includes, (i) tree species suitable for
urban environments, (ii) crown geometry (size, shape, and porosity) to influence wind flow and
pollutant dispersion, (iii) tree spacing for optimised canopy coverage and pollutant disposition, and
(iv) in-canyon placement (leeward or windward) to maximise air quality benefits.

Two studies were conducted focused on Hope Street to understand the complex relationship
between tree characteristics and air quality. The Sensitivity Study examined six distinct scenarios,
each featuring a different tree spacing and placement strategy optimized for the BM as illustrated in
Figure 3. Three scenarios explored the impact of a row of leeward trees with different spacings, while
the remaining focused on a row of windward trees. All scenarios incorporated tree species identified
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at their semi-maturity size in Sauchiehall Street, allowing for realistic comparisons. To conduct a
street wide assessment, simulated pollutant concentrations from the six scenarios were averaged
separately for multiple receptors positioned at a height of 1.8m along both the leeward and windward
pavements.

Based on the optimal scenario for tree growth identified in the Sensitivity Study, the Case Studies
then delved deeper into this scenario, investigating how specific characteristics of individual trees
affect the outcome. As depicted in Figure 3, seven distinct case studies were simulated, each exploring
variations in configuration attributes and wind directions. Accordingly, Cases C1, C2 and C3
examined tree size, shape, porosity, respectively, and C4 investigated four alternative tree species,
namely, Acer buergerianum (Trident Maple), Pinus sylvestris (Scotch Pine), Tilia cordata (Littleleaf
Linden) and Sorbus intermedia (Swedish Whitebeam), chosen for their suitability in UK roadsides with
high pollutant tolerance and low VOC and pollen emission. Case 5 (C5) introduced low-level hedges
to increase vegetation volume for the optimal scenario while C6 and C7 investigated the impact of
oblique (225°) and parallel (180°) wind on air quality, respectively.

In-Canyon Leeward Placement In-canyon Windward Placement
Scenario 01 Scenario 02 Scenario 03 Scenario 04 Scenario 05 Scenario 06
Canopy Gap: [.2m Canopy Gap: fm Canopy Gap: [im - [2m Canopy Gap: [.2m Canopy Gap: fm Canopy Gap: [0n - 12m
No. of Trees: 56 No, of Trees: 34 No, of Trees: 28 No, of Trees: 62 No, of Trees: 33 No, of Trees: 27
Stand Density: 6.2% Stand Density: 3.58% Stand Density: 3.1% Stand Density: £.9% Stand Density: 3.7% Stand Density: 3.0%
1 | 1 I | |
1 | ] [} I |
) | [} I | |
[} | 1 [} | |
) | 1 ) | |
1 1 1 I 1 |
i) L]
In-Canyon Leeward Placement In-canyon Windward Placement
Case 01 Elsdih Case 03 Case 04 Case 05 Case 06 and 07
- Increased Canopy Porosity § . . o . i
[ncr:laa:dllmsm anlnd :;:1:!:. Ciuw Geonietry: Splierical “To study the effect on Acset ofd.lﬂ‘nu.n tree species Additional row o!’ hedges Case niil.:gs;?zg:*“q“c
- )ens.lly 4 To understand its influence particle dispersion, To investigate (he Tn_und.cls.!xnd [he impact of "
To analyse the impact of tree on particle T dtion acd i P of using better increasing green cover Case 07: Impact of parallel
size variations on air quality effects trees through vegetation types winds {1807
— ]

Figure 3. Scenarios and Case Studies; a) Overview of the 06 street tree scenarios for Hope Street, b)
Overview of the 07 Cases developed for the optimal scenario identified in the Sensitivity Study.

3. Results
3.1. Data Analysis

3.1.1. Existing Particle Matter Dynamics in Hope Street

Data from the Kerbside Station offers insights into Hope Street's PM profile (Figure 4). For over
a decade, PM emissions in Hope Street consistently exceeded annual safe limits, with a brief respite
in 2020 due to COVID-19 restrictions [12]. However, emissions started rising in 2021 with traffic
returning to pre-pandemic levels [15]. The weekly averaged PMuo levels in 2021 regularly exceeded
both the Scottish and WHO annual limits. Conversely, PMzslevels stayed mostly within the annual
Scottish legal limits, however, consistently surpassed the stricter WHO guidelines, highlighting a gap
between legal constraints and public health benchmarks. The hourly variation in PMio emissions
reinforces a direct link between vehicular activity. PMio peaked during rush hours between 6:00 AM
and 6:00 PM, followed by a significant drop during off-peak hours (10:00 PM and 1:00 AM), and on
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weekdays. PM2s, however, exhibited a less defined pattern, suggesting elevated background levels
with a peak during morning traffic hours between 06:00h and 12:00h. Throughout the day PM2slevels
exceeded the WHO safe limits. Annual PM records from the Kerbside Station do not reveal clear
trends or consistent seasonal variations.

Despite the current concerns, the data shows a gradual decrease in overall PM emissions in Hope
Street compared to a decade ago, suggesting potential progress towards cleaner air. However, the
persistent increase and the breaching of legal limits suggests that Glasgow is far from achieving its
air quality targets, especially as traffic volumes continue to rise and temporary interventions
introduced during the pandemic appear insufficient when restrictions are relaxed [12].

[ 8 12 18 23 o 6 12 18 23 o B 12 18 20
1 L 1 1 L 1 L1 1 1 1 1 1 1 1 1 1 1 1 1 1
Monday Tuesday Wednesday Thursday Friday Saturday Sunday

PM;o (ngm™)

PMzs (ugm™)

Glasgow Byres Road
Glasgow Townhead

- Gilasgow High Street Glasgow Broombill Glasgow Kerbside
Glasgow Nithsdale Road Glasgow Dumbarton Road Glasgow Anderston

Figure 4. Hourly averaged PM emissions of a typical week in Hope Street —2021. Data source: Annual
Statistics Reports, 2022.

3.1.3. Interplay of Traffic Flow, Aspect Ratios, and Street Trees

Hope Street experienced an average daily traffic volume of 8,000 vehicles, 1,800 of which were
buses. Peak hours, from 10:00 to 12:00 and 16:00 to 18:00, witnessed a significant rise in activity,
followed by a notable decline after 20:00. This pattern coincided with pedestrian influx, particularly
around Glasgow Central Railway Station, suggesting a strong link between traffic and human
activity. The street itself is roughly 18m wide, including pavements. Near Glasgow Central, buildings
reach a towering 40m, creating a narrow canyon with an aspect ratio of 1.6. Near the Sauchiehall
Street intersection, the building heights in Hope Street averages to about 12m, creating a shallower
canyon with an aspect ratio of 0.95.

In contrast, Sauchiehall Street maintains a consistent 0.6 aspect ratio with buildings averaging
20m in height. Additionally, it hosts four distinct tree species known for absorbing CO2 and PMuo in
urban environments [45], namely, Norway Maple, Field Maple, Common Hornbeam, and Ginkgo
biloba, all currently at their semi-mature stage. Their characteristics are detailed in Table 1.

Table 1. Characteristics of trees found in Sauchiehall Street utilised for the research.

Tolerance to

Street Species Crown Shape, Density Mature Size Pollutants vocC Pollen
Acer platanoides ‘Deboral Columnar, Dense Large High Low High
(Norway Maple)

Acer campestre “William Caldwell (FleldFastigiate, Dense Medium Moderate Low Moderate
Maple)

Carpinus betulus ‘Fastigiata Columnar, Dense Medium Moderate Low High
(Common Hornbeam)

Ginkgo biloba Pyramidal, Moderate Large Moderate Moderate Moderate
(Maidenhair Tree) Y ’ &

3.1.3. Calibration and Limitations of Smart Citizen Kits (SCKs)
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A statistical analysis was conducted to evaluate SCK data collected from Hope Street and
Sauchiehall Street (Figure 5). Measured temperature exhibited variations ranged from 2°C to 7.3°C
compared to reference data due to device heating, with the highest bias on June 22n. June 16t
measurements showed the highest correlation with the reference data and the lowest RMSE for both
temperature and RH, making the data viable for simulations (Table 2).
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Figure 5. Comparison of measured (green) and reference (blue) Temperature and RH datasets.

Table 2. The respective Bias, RMSE and R? of measured and reference Temperature and RH

datasets.
Temperature Relative Humidity
14 Jun 15 Jun 16 Jun 22 Jun 14Jun 15Jun 16 Jun 22 Jun
Bias 0.6 °C 1.6 °C 1.53°C 5.18°C 154% 2.75% 2.8% 4.9%
RMSE 1.98°C 295°C 1.6 °C 2.5°C 6.2% 7.5% 5.49% 10.6%
R 0.3 0.81 0.84 0.83 0.41 0.28 0.82 0.56

Statistical analysis of PM data revealed variations in measured PMio and PM2sranging from 1.9
to 5.11 ug/m? and 2.5 to 5.6 pug/m?, respectively, compared to the reference station (Figure 6). Notably,
the device recorded identical values for both PMio and PM:s, despite marked differences in the
reference data, particularly evident on 14 June 2022. Therefore, none of the measured data showed
any correlation with the reference data. However, the highest bias and the lowest RMSE was shown
on the 16 June 2022 (Table 3).
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Figure 6. Comparison of measured (orange) and reference (green) PM datasets.
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Table 3. The respective Bias, RMSE and R? of measured and reference PM datasets.

Temperature Relative Humidity
14 Jun 15 Jun 16 Jun 22 Jun 14Jun  15]Jun 16Jun 22 Jun
Bias (ug/m?) -7.0 -8.0 -4.85 -7.59 -1.88 -2.14 -1.09 -1.16
RMSE 7.8 8.3 5.2 7.9 35 2.2 1.6 2.1
R2 0.05 0.10 0.21 0.24 0.0 0.49 0.31 0.13

3.2. Sensitivity Analysis

3.2.1. Impact of In-Canyon Tree Placement on Particle Matter Reduction

Figure 7 shows the relative difference in averaged PMio and PM2s concentrations across
windward and leeward receptors for the six scenarios. Negative values indicate pollutant reduction
(improved air quality), while positive values indicate deterioration. All scenarios showed similar
behaviour for both PMio and PMzs, with the most pollutant reductions observed around the vegetated
pavements.

6.0 - 5.65
5.23 B PM

50 A PMas
40 A4 Leeward
1.0 [] Windward

20 - 1.65 1.95

1.0 4 045 069

0.0
-1.0
-2.0
-3.0
-4.0

30 509 512 5.13
512 513 517 —
60 4 S 547 552

-7.0
8.0 4 762 775
-9.0

% Change in Concentration

Scenario 01 Scenario 02 Scenario 03 Scenario 04 Scenario 05 Scenario 06

Figure 7. Relative difference in averaged PMiw and PM2s concentrations for 06 tree placement
scenarios across leeward and windward receptors, comparatively to the BM.

Previous studies show that avenues like street canyons with perpendicular wind typically
experience higher particle concentrations on the leeward side and lower concentrations on the
windward side, as windward vegetation disrupts air flow within the canyon, creating vortices that
trap pollutants on the leeward pavement [39, 50] In line with this, windward tree scenarios (5-04, S-
05, S-06) significantly reduced PM on their respective windward side, while simultaneously
deteriorating the air quality on the leeward side. Smaller gaps between windward trees, however,
worsened leeward air quality. Conversely, increasing the canopy gap from 1.2m to 6m initially
improved windward air quality, but expanding the gap to 10m did not show further benefits,
suggesting a potential threshold point for increasing canopy gaps to improve air quality.

Leeward scenarios (S-01, 5-02, S-03), however, reduced PM more effectively across the entire
leeward pavement than windward scenarios. Furthermore, widening the canopy gaps between
leeward trees further improved leeward air quality, likely due to higher wind turbulence which
enhanced air circulation, aerodynamic effect, and particle dispersion more effectively [29, 47, 49].
However, its impact on the windward air quality showed variations with increasing gaps, possibly
due to changes in wind vortex patterns caused by the specific configuration.
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Overall, leeward scenarios outperformed both the base scenario and windward scenarios.
Notably, S-03, with its wider canopy gaps, significantly reduced particle concentrations, highlighting
the positive influence of strategic tree spacing on air quality.

3.2.2. Temporal Distribution of Particles in the Street Canyon

Figure 8a and 8b illustrates the impact of tree placement on hourly leeward particle
concentrations, compared to the base model (BM). Unlike windward scenarios, leeward trees
significantly reduced both PMio and PM25 concentrations relative to the BM. However, both PMio and
PM2s5 exceeded WHO limits throughout the day across all scenarios. PMio concentrations surpassed
Scottish legal limits during peak traffic hours (7:00h-13:00h and 15:30h-18:30h), while PMo2s
concentrations remained within legal limits throughout the day. Overall, scenarios S5-01, S-20 and S-
03 consistently exhibited lower concentration levels compared to both the base model and windward
scenarios, highlighting their efficacy in improving leeward air quality.

Figure 8c and 8d reveals improved windward air quality under all scenarios compared to the
BM, regardless of tree placements or canopy gap sizes. PMio concentrations exceeded Scottish legal
limits during peak hours, while windward PMos levels fell within the Scottish legal limit (10 pg/m3)
throughout the day. Notably, both PMio and PM25 concentrations exceeded WHO limits throughout

the day.
® BM == 501 §02 — S03 S04 505 — 506 o PMI0 Scottish Annual Limit-18 pgim®  ——— PM2.5 Scottish Armual Limis -10 pg/m?
——— PMI0WHO Annual Limit -15 jgim* PM2.S WHO Annanl Limit - § pgim*
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24 #) Leeward PM10 ¢} Windward PM10
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n
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B
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2
= 18 o =
517 o W
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PM25 (ug/m3)

Time (h) Time {h}

Figure 8. Leeward and Windward distribution of hourly averaged PMio and PM:s in all scenarios.

3.2.3. Spatial Distribution of Particles in a Street Canyon

Tree placement significantly influences air quality, but its effectiveness depends on the canyon
geometry. As seen in Figure 9, receptors near shallow canyon intersection appear to have achieved
maximum particle reduction without trees. However, introducing trees have led to particle
accumulation and worsened air quality in these areas (e.g., B and C on the leeward side, Q and R on
the windward side).

Within deeper canyons, leeward air quality at receptors A, F and G remained unaffected by
leeward trees, but deteriorated with windward trees compared to the base model. Windward
receptors (P, U, V) generally benefited with windward trees with slight deteriorations at specific
receptors with leeward trees. This trend suggests that trees in deeper canyons can reduce wind speed,
potentially causing particle accumulation. However, scenarios with 10m canopy gaps (5-03 and S-06)
reduced most particles from the respective tree placement sides (leeward and windward),
highlighting that planting trees in deeper canyons need strategic placement to maximise air quality
enhancement.

Conversely, trees seem to improve air quality at receptors near intersections (D, E, H on the
leeward side; S, T, W on the windward side), likely due to corner eddies and vortexes created by
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perpendicular winds that facilitate particle dispersion and deposition. In addition, PMio
concentrations remained within Scottish legal limits at shallower canyon receptors and near
intersections (B, C, D, E, H, Q, R, S, T, W), whereas deeper canyon receptors (A, F, G, P, U, V) exceed
these standards. Notably, all scenarios exceed the stricter WHO legal limits for both PM10 and PM2s
on both sides of the street except at receptors B & C.

Ly ﬁ _: 3
5 Windward Side
Receptors AP B/Q C/R D/S ET F/U GV H/W
Aspect Ratio 1.72 1.01 1.01 1.02 1.68 1.51 1.71 0.92
i) * BM == 801 s02 — §03 -« S04 s08 — 506
24 » ) Leeward PMI0 by Windward PMI0

1o -
¥ ) Leeward PM2.5 djWindward PM2.5

PMLS (ug/m3)

g Q R 5 T u v w

PMIG WHO Annual Limit -15 pg/m3 v« === PMLS Scottish Arnnual Limit -0 pg/m3 PM2.5 WHO Annusal Limit - § pgim3

PMI0 Scottish Annual Limit -18 pg/m3

Figure 9. i) Receptors points for the spatial analysis of PM along with their respective aspect ratios. ii)
Particle distribution at receptors along leeward and windward canyon wall for 06 scenarios. a)
Leeward PMio distribution, and b) Windward PMio distribution c¢) Leeward PMas distribution, d)
Windward PM:2s distribution.

3.3. Case Study Analysis

Derived from the sensitivity analysis, this section investigated the impact of specific tree
properties and wind directions on street level air quality using Scenario 5-03 as a baseline. Therefore,
all cases featured a row of leeward trees spaced 10m apart. Outputs were averaged across 08 specific
leeward and windward receptors at a height of 1.8m.

3.3.1. Optimising Vegetation Configurations for Air Quality

Figure 10 illustrates the relative difference in daily averaged particle concentrations in C1, C2,
C3, C4 and C5 with reference to S-03.
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Figure 10. Percentage change in averaged PMiw and PMas for 5-03, C1 (size variation), C2 (shape
variation), C3 (porosity variation), C4 (variation in species) and C5 (addition of hedges) on leeward
and windward side of the street compared to BM.

The cases with increased tree size (C1) and reduced crown porosity (C3) led to higher overall
particle concentrations compared to S-03. However, leeward concentrations on both cases were still
improved compared to the BM likely due to enhanced deposition effect, but windward
concentrations increased significantly, due to higher aerodynamic resistance of larger trees [19, 50]
and denser canopy acting like a barrier, causing particle accumulation [1, 3, 21, 38]. In C1, the total
deposition mass increased by 26 pg/m?® compared to S-03, and the vertical profiles revealed higher
particle concentrations in the middle of the street further emphasising the results. These two cases
confirmed that larger and denser trees may weaken canyon ventilation and trap particles, especially
during perpendicular winds, compared to smaller trees.

Modifying the crown shape from cylindrical to spherical (C2) and introducing alternative tree
species (C4), however, yielded air quality improvements, similar to S-03, with higher reductions on
the leeward side. This suggests that spherical crowns, with their potentially altered aerodynamic flow
patterns, may offer slight advantages over cylindrical ones and selecting tree species based on their
ecological characteristics and tolerance levels can offer significant advantages for air quality
improvement. Notably, evergreen coniferous species like Pinus sylvestris offer year-round air
cleansing, while deciduous species like Tilia cordata and Acer buergerianum provide larger surface
areas for particle capture through their intricate leaf structures [40]

Similarly, introducing hedges alongside the S-03 configuration (C5) improved air quality
compared to the BM. However, C5's overall performance was slightly inferior to 5-03, likely due to
its higher aerodynamic resistance caused by the denser vegetation cover [22]. Conversely, C5 showed
a 52% higher total deposition mass compared to S-03, likely due to its higher surface area and
proximity to pollution sources [2, 50].

3.3.2. Street Geometry and Wind Direction Shaping Air Quality

As shown in Figure 11 and 12, oblique (C6) winds led to the highest daily particle reduction
throughout the street, including during peak hour (10:00 am - 3:00 pm), compared to parallel (C7)
and perpendicular (S-03) winds. This aligns with existing literature, which attributes this benefit of
oblique winds to the corkscrew flow pattern which arises from the interplay between superposition
of horizontal wind blowing along the street axis, vertical obstructions such as trees and corner eddies
near intersections [5, 25].


https://doi.org/10.20944/preprints202404.1898.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 April 2024 d0i:10.20944/preprints202404.1898.v1

12

0.0

-0 1

20 4

30 1 2.8 2.7
4.0 9
-5.0 4
6.0 4 -5.3 56

-6.0

-1.0 1

ELE
9.0 82

-8.6

100 4

PMI10
EIN poups e T
Fapi -1 111 PM2.5

130 4 Leeward ||

140 Windward
{50 139 42

S 03 - Perpendicular C6 - Oblique C7 - Parallel

% Change in Concentration

Figure 11. Relative difference in particle concentrations for C6 and C7 compared to S-03.

# 503 - Perpendicular Winds — €6 - Oblique Winds — €7 - Parallel Winds

.—"—I—.."—\\m '/._._H—C-H
B — : L L . S

% change in PM10
EaximE

Yo change in PM2.5
<

Leeward Pavement Windward Pavement

Figure 12. Relative difference of hourly averaged leeward and windward behaviour of PM1and PM2s
concentrations under perpendicular (270°), oblique (225°) and parallel (180°) winds.

Parallel winds yielded mixed results, while offering overall daily particle reduction and
potential drawbacks compared to perpendicular winds during peak traffic hours (10:00 am - 3:00
pm), as shown in Figure 13. This inefficiency seemed to have occurred during peak hours when
increased vehicles acted as a barrier and emitted more particles, intensifying pollutant at pedestrian
levels. Additionally, presence of trees seems to have reduced the velocity of the horizontal flow,
pushing particles along the canyon, creating stagnant zones with high concentrations towards the
street end during peak hours.
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Figure 13. Horizontal distribution of particles under perpendicular (270°), oblique (225°) and parallel
(180°) wind directions at pedestrian level (1.8m).

Perpendicular winds offer the lowest overall daily particle reduction compared to both oblique
and parallel winds. This can be attributed to two main factors: First, tree crowns blocking corner
eddies crucial for dispersion [20]; Second, west-to-east ambient winds occurring above the canyons
disrupting the internal helical flow pattern within the canyon [7], leading to higher concentrations.

Despite these challenges, S-03 tree configuration significantly improved air quality under all
three wind directions, with leeward PMio reductions up to 13.9% and leeward PM:s up to 14.2%
compared to the BM. This makes S-03 an optimal choice for air quality enhancement in Hope Street.

4. Discussion

The fight against air pollution demands more than temporary solutions [32, 42], especially in
cities facing significant health concerns due to high PM levels. While existing research [19, 20, 21, 50]
has established a positive link between street trees and air quality improvement, it often lacks
detailed analysis of optimal tree placement and impact on diverse pollutants. This study bridges this
gap by analysing the interplay between street geometry, wind direction, and specific tree parameters
to identify strategic tree configurations for maximising PM reduction in the complex urban setting of
Hope Street, Glasgow.
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This study confirms that trees are indeed an effective solution, capable of reducing PM by up to
28% under optimal conditions. It identified unique nature-based solutions for urban planners and
policymakers, providing a strategic mix of tree types, spacing, and configurations tailored to Hope
Street's diverse street geometry. These strategies provide a roadmap for Glasgow's Avenues
Programme and Cycle by Design, contributing to its ambitious goal of becoming a climate-resilient,
sustainable city by 2036.

However, Glasgow's air quality challenges require a multi-pronged approach. This research also
highlights the synergistic potential of combining strategic tree planting with the planned LEZ in
Glasgow. While the LEZ targets a promising 60% NOx reduction through stricter vehicle emissions,
its effectiveness can be amplified by 32.65% through strategic tree placement. This "co-improvement"
extends beyond NOX, as trees address non-tailpipe PM sources like tire wear and resuspension,
offering an additional 28% reduction in PM1o and PMzs, and further offer a 4% reduction in harmful
ground-level ozone, demonstrating the value of moving beyond single-pronged solutions.

It is important to acknowledge that even with the combined benefits of LEZs and strategic tree
planting, PM concentrations in Hope Street still exceed legal limits during peak hours. This
underlines the need for further research and exploration of additional strategies like optimised traffic
management, speed limits, etc. [44]. However, careful planning and consideration of potential
unintended consequences are crucial to ensure the success of such multi-pronged approaches.

5. Implication for Street Design and Policy Making

This study complements Glasgow's existing air quality efforts by providing practical, site-
specific design criteria for planting trees strategically in the City Centre, drawing on the principles of
the Public Realm Design Strategy. Figure 14 visually illustrates these site-specific criteria, offering
city planners insights for maximum air quality improvement. Paragraph numbers below refer to the
in-figure numbers in Figure 14:

1. Individual trees provide better air quality improvement in street canyons compared to
combinations with dense understory vegetation such as hedges or thick bushes, especially in
narrower streets. While hedges offer stronger particle reduction, their high maintenance, space
requirements, and potential accessibility issues make them less practical in many settings. Trees,
on the other hand, offer broader benefits beyond air quality alone.

2. Tailoring tree species and characteristics to Glasgow's unique urban canyons is crucial to
increase air quality benefits. Securing effective ventilation and adequate daylight penetrations
is important to improve dispersion, pedestrian comfort and building views.

a. Low-porosity trees in cylindrical or spherical shapes demonstrate better performance in dispersing

pollutants.

b. Maintaining a strategic height of 8-10 meters and a crown diameter of 3-5 meters could strike a crucial

balance.

c. Species like Acer platanoides 'Deborah’, Acer campestre "William Caldwell’, Carpinus betulus

"Fastigiata’, and Ginkgo biloba, in their semi-mature stage, exhibit ideal porosity and crown shapes
for optimal particle capture.

3.  Tree placement in Glasgow streets should follow the wind patterns. For north-south streets, such
as Hope Street, placing trees towards the leeward (westerly) side is ideal due to dominant
westerly winds. In east-west streets, such as Sauchiehall Street, trees on the south (leeward) side
offers similar benefits during southern winds.

4. Integrating walking and cycling tracks between the building line and strategically placed trees
on the leeward side of streets offers a dual-pronged solution. As the row of trees, optimised for
wind direction, filters pollutants, it creates a healthier corridor for pedestrians and cyclists,
reducing their exposure to pollutants and providing additional protection from moving
vehicles.

5. Street tree spacing for air quality enhancement require an approach tailored to the specific street
canyon geometry. This is because dense tree rows, while naturally appealing, can
counterintuitively trap pollutants and increase pedestrian exposure if not carefully planned.

a.  For compact shallow street canyon geometries (AR = 1), maintaining a 10-meter gap between tree

canopies strikes the perfect balance, allowing for efficient air circulation and particle capture.
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b. For deeper street canyon geometries (AR > 1.5), planting isolated trees with ample spacing is

recommended, as wind speeds relatively reduces towards the centre of the street.

6. Inlong urban canyons with reduced wind speeds towards the centre, strategically placing trees
with larger canopy gaps is recommended. This approach ensures adequate ventilation and
pollutant dispersion even in areas where canyon geometry might otherwise hinder airflow.

7. Placement of trees near intersections can be counterproductive as it obstructs corner eddies and
hindering wind flow into street canyons. In such areas, exploring alternative strategies like green
walls or smaller shrubs might be more effective.

8. Focus on the trade-off between existing natural ventilation and tree placement. In areas with
building setbacks, which already benefit from strong natural airflow can potentially diminish
due to the marginal impact of additional tree-based filtration.

To ensure the long-term benefits of the proposed tree planting guidelines, their implementation
should be adapted to Glasgow’s short, medium, and long-term timeframes. This flexibility allows for
adjustments based on future changes in the urban landscape and potential redevelopment plans.
Moreover, these findings can be extended beyond Glasgow, offering potential solutions for other
Scottish cities facing similar challenges.
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Figure 14. A Visual Guide: 7 Street tree planting implications for urban planners in Glasgow City

Centre.

6. Limitations and Possible Future Directions

This study employed ENVI-met simulations to explore the potential impact of street trees on
Glasgow's air quality. However, inherent software limitations and time constraints impacted the
comprehensiveness of the simulations. The software's pre-defined settings restricted defining crucial
parameters like variable wind speeds or specific pollutant source inputs, hindering the accuracy of
real-world pollutant dynamics. Its short timeframe, focusing solely on a single summer day restricts
the understanding of seasonal variations in PM levels, particularly crucial for deciduous trees whose
foliage changes significantly throughout the year.
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Additionally, the research timeframe limited the study to six scenarios and seven case studies,
primarily focusing on tree placement in urban canyons and spacing between canopies. While it
considered some variations in crown configurations, it lacked a comprehensive assessment of how
other factors like different tree heights, porosities, and vegetation types (e.g., trees vs green walls)
influence PM reduction. Additionally, the exclusive focus on PM, the dominant pollutant in Glasgow,
overlooks other significant urban pollutants like CO, COz, and SO, limiting the understanding of the
overall impact of trees on air quality. Notably, the study did not consider the impact of wet deposition
on trees or, crucially, the influence of diverse weather conditions (solar radiation, wind speed,
precipitation, etc.) on PM levels. These factors, as past studies suggest (4, 31), can significantly affect
PM levels.

Finally, the study's scope was limited to roadside PM concentrations in Glasgow. Future
research could expand the analysis to encompass other urban areas like squares and parks, providing
a more holistic understanding of trees' role in enhancing urban air quality and climate resilience
across diverse landscapes.
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Figure A1. Percentage change in various other pollutants in S-03 in comparison to the Base Model.
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