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Understanding Spatial Variability of Air Quality in Sydney: Part 2-A
Roadside Case Study

Abstract

Motivated by public interest, the Clean Air and Urban Landscapes (CAUL) hub deployed instrumentation to
measure air quality at a roadside location in Sydney. The main aim was to compare concentrations of fine
particulate matter (PM2.5) measured along a busy road section with ambient regional urban background
levels, as measured at nearby regulatory air quality stations. The study also explored spatial and temporal
variations in the observed PM2.5 concentrations. The chosen area was Randwick in Sydney, because it was
also the subject area for an agent-based traffic model. Over a four-day campaign in February 2017, continuous
measurements of PM2.5 were made along and around the main road. In addition, a traffic counting
application was used to gather data for evaluation of the agent-based traffic model. The average hourly PM2.5
concentration was 13 µg/m3, which is approximately twice the concentrations at the nearby regulatory air
quality network sites measured over the same period. Roadside concentrations of PM2.5 were about 50%
higher in the morning rush-hour than the afternoon rush hour, and slightly lower (reductions of <30%) 50 m
away from the main road, on cross-roads. The traffic model under-estimated vehicle numbers by about 4 fold,
and failed to replicate the temporal variations in traffic flow, which we assume was due to an influx of traffic
from outside the study region dominating traffic patterns. Our findings suggest that those working for long
hours outdoors at busy roadside locations are at greater risk of suffering detrimental health effects associated
with higher levels of exposure to PM2.5. Furthermore, the worse air quality in the morning rush hour means
that, where possible, joggers and cyclists should avoid busy roads around these times.
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Abstract: Motivated by public interest, the Clean Air and Urban Landscapes (CAUL) hub deployed

instrumentation to measure air quality at a roadside location in Sydney. The main aim was to compare

concentrations of fine particulate matter (PM2.5) measured along a busy road section with ambient

regional urban background levels, as measured at nearby regulatory air quality stations. The study

also explored spatial and temporal variations in the observed PM2.5 concentrations. The chosen

area was Randwick in Sydney, because it was also the subject area for an agent-based traffic model.

Over a four-day campaign in February 2017, continuous measurements of PM2.5 were made along

and around the main road. In addition, a traffic counting application was used to gather data for

evaluation of the agent-based traffic model. The average hourly PM2.5 concentration was 13 µg/m3,

which is approximately twice the concentrations at the nearby regulatory air quality network sites

measured over the same period. Roadside concentrations of PM2.5 were about 50% higher in the

morning rush-hour than the afternoon rush hour, and slightly lower (reductions of <30%) 50 m away

from the main road, on cross-roads. The traffic model under-estimated vehicle numbers by about

4 fold, and failed to replicate the temporal variations in traffic flow, which we assume was due to

an influx of traffic from outside the study region dominating traffic patterns. Our findings suggest

that those working for long hours outdoors at busy roadside locations are at greater risk of suffering

detrimental health effects associated with higher levels of exposure to PM2.5. Furthermore, the worse

air quality in the morning rush hour means that, where possible, joggers and cyclists should avoid

busy roads around these times.

Keywords: PM2.5; fine particulate pollution; air quality; traffic emissions; traffic modelling

1. Introduction

Increased levels of ambient air pollution can lead to numerous health impacts, including

respiratory and cardiovascular morbidity, and increased mortality from diseases, such as lung

cancer. Cohen et al. [2017] [1] analysed data from the 2015 Global Burden of Diseases Study and found

that exposure to ambient PM2.5 was the fifth-ranking global mortality risk factor and the cause of

4.2 million deaths, and 4.2% of global disability-adjusted life-years. Certain groups in the population

are more susceptible to health impacts from pollution exposure, including children, the elderly, and
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individuals with pre-existing cardio-pulmonary diseases [2]. Children are particularly vulnerable

due to their developing systems, higher inhalation rates, and increased mouth to nose breathing

ratio, which facilitates particle movement into the lungs and increases particulate matter dosage [3,4].

Goldizen et al. [2016] [5] suggested that pollutant exposure can interrupt respiratory development

and cause long-term damage at certain periods during children’s growth and development stages.

Numerous studies have reported significant associations between PM2.5 exposure and incidences

of asthma and respiratory infections in children (e.g., [6,7]) and increased post-neonatal infant

mortality [8]. Additionally, emerging evidence suggests that long-term PM2.5 exposure is linked to

impaired neurological development, cognitive function [9,10], and affected lung development [11–13].

Although Sydney experiences occasional extreme pollution events from bushfires and dust storms

(e.g., [14,15]), a recent NSW study analysing the sources of measured PM2.5 concluded that the highest

contributor to the total PM2.5 was motor vehicle exhaust [16]. Primary sources of PM2.5 include

combustion processes and the resulting emission of carbonaceous particles (elemental and organic

carbon). Motor vehicle emissions are a significant source of ultra-fine (<0.1 µm) and fine particles

(<2.5 µm), which are emitted directly as carbonaceous particles, or produced in nucleation mode from

rapidly-cooling tailpipe emissions [17,18]. Computational fluid dynamic modelling for vehicle exhaust

emissions has shown that exhaust exiting from a vehicle tailpipe slowly expands and the evolving

aerosol remains at a near-ground level in calm air [19]. Despite improvements to the reduction of

particulate emissions in motor vehicle exhaust through the introduction of catalytic converters and

strict emission standards, urban atmospheric pollution is largely characterised by appreciable levels of

PM2.5 from traffic sources.

Pedestrians experience increased levels of pollutants at the roadside compared to non-roadside

conditions due to closer proximity to the pollution source and the entrainment of pollutants by

street canyon effects [20,21]. Roadside PM2.5 exposure is generally worse during commuting periods

because peak roadside concentrations of PM2.5 correspond to peak traffic hours [22,23]. Additionally,

exhaust emissions from heavy vehicles have been reported to result in a significant increase in PM2.5

concentration from mobile roadside measurements [22,24,25]. Higher levels of PM2.5 are also expected

at ‘hotspots’, such as traffic intersections, bus stops, and areas of increased congestion, characterised

by high vehicle density and stop-start traffic conditions [26,27]. Stop-start conditions are characterised

by sharp acceleration/deceleration and frequent gear shifts and are a key contributor to urban traffic

PM2.5 emissions [28]. Kumar et al. [2017] [29] reported that in comparison to the total roadside

route surveyed, traffic intersections showed an increase of 7% and 10% in the morning and afternoon,

respectively, and bus stops resulted in a 12% and 21% increase in PM2.5 concentration.

The concentration of airborne traffic emissions cannot be measured in all locations where they

might be hazardous, but modelling can provide estimates, wherever the necessary data is available.

Agent-based models of traffic simulate the movements of individual vehicles (agents) over the road

network. The development of these models requires iterative cycles of testing and refinement. One

of the objectives of this study was to generate data to validate a traffic simulation and an emissions

modelling framework. The framework of free, open-source software was being developed to reduce the

costs to public authorities of estimating traffic emissions. Existing practice generally involves councils,

or other organisations, engaging consultants who use expensive commercial software packages.

Numerous studies have investigated the spatial distribution of particulate matter in relation

to roadways. A decreasing trend of atmospheric pollutants with increasing distance away from a

main road has been observed, although the rate of decay varies considerably between studies and

the pollutant studied [30–32]. Vertical spatial distribution of PM2.5 has also been studied, with one

study finding that PM2.5 concentration decreased exponentially with height [33]. This study identified

differences in air quality exposure for members of the population of different heights. Children and

infants in prams (otherwise known as a baby stroller or buggy) are closer to vehicle tailpipe height

(approximately 30 to 60cm above ground level), and hence are at risk of larger PM2.5 exposure than

adults [4]. Studies have noted an increase in ultra-fine and particulate matter concentrations at a
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lower pram height in comparison to adult breathing height [34,35], but the results of such studies vary

considerably. Kumar et al. [2017] [29] noted that PM2.5 exposure at pram height was 5% lower in

the morning and 10% higher in the afternoon in comparison to adult height. However, Galea et al.

[2014] [36] reported PM2.5 concentrations were lower at pram height compared to adult height. PM2.5

exposure at child-height provides a measure of the largest potential for health impacts and is hence of

crucial importance to understand. Some previous studies investigating roadside exposure are listed in

Table 1 along with the sampling heights.

The 2016 Census showed that approximately 478,000 Australians (5.2%) commuted by means

of active transport (walking or cycling), and a further 1,288,000 Australians (14%) commuted by bus,

indicating some periods of walking to/from bus stops [37]. A 2015 report of surveys of Australian

parents and children concluded that approximately half of the children used active transport (defined

as any locomotion on foot, bicycle, etc.) to travel to and from school every week, with an average

commuting time of 18 minutes [38]. Hence, a significant part of the Australian population may be

at risk for PM2.5 exposure during regular commutes to work and school, particularly alongside busy

roads. A previous Sydney-based study collected roadside data and reported an average PM2.5 level of

12.8 µg/m3, but noted that 10% of trips exceeded the 24-hour standard [22]. Hence, it is important to

understand the spatio-temporal behaviour of PM2.5 along main roads, measured at a height to identify

the maximum potential for health hazards. Additionally, public air quality alerts are an important

feature, which enable vulnerable members of the public to minimise their time outside during episodes

of poor air quality. These are based on measurements made at air quality monitoring sites, hence it is

important to understand whether these stations reflect personal exposure at roadside conditions.

Personal PM exposure monitoring is an expanding field of study with the emergence of mobile

air quality technologies, and a number of studies have investigated roadside urban pollutant

monitoring [39–43]. However, there remains a limited dataset investigating PM2.5 exposure of

children or infants in prams, and a lack of recent detailed roadside pollutant analysis within Sydney.

Due to a lack of such studies, there is minimal information regarding how representative the NSW Air

Quality Monitoring stations are of Sydney’s roadside air quality.

The Clean Air and Urban Landscapes (CAUL) hub is a project of the National Environmental

Science Program, which is funded by Australia’s Department of the Environment and Energy. CAUL

research was partially driven by issues raised by the public at a number of “roadshow” events, during

which CAUL researchers met with stakeholders and members of the community. A question that was

often asked by members of the public was some variation of “how does the background air quality

reported for my area relate to my likely exposure when I am outside?” Whilst we recognize that

we cannot provide a specific answer for any individual member of the public to this question, we

nevertheless attempted to address this issue by a combination of two separate measurement campaigns:

1. The WASPSS-Auburn campaign (Western Air-Shed Particulate Study for Sydney in Auburn)

provides an assessment of whether the local air quality monitoring stations give a good

representation of pollutant concentrations at a site representative of a suburban balcony setting.

The findings from this campaign are reported in a companion paper (“Understanding Spatial

Variability of Air Quality in Sydney: Part 1—a Suburban Balcony Case Study” [44]).

2. The RAPS campaign (Roadside Atmospheric Particulates in Sydney), described in this paper,

provides a comparison of PM2.5 concentrations (at infant breathing height), near a busy road to

reported PM2.5 from nearby statutory monitoring stations.

The findings of the RAPS campaign are presented here along with some concluding comments on

both the RAPS and the WASPSS-Auburn campaigns.
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Table 1. Summary of relevant studies investigating PM2.5 roadside exposure.

City Pollutants Study Design Instruments Used Author (year)

Guildford, UK
PMC, PNC, PM

(0.25–32 µm)

Measurements at multiple heights over a 2.7 km route to a
primary school during drop-off and pick-up school periods.

PMC range: 14.1–78.2 µg/m3

PM: GRIMM EDM 107
PNC: P-Track 8525 (TSI) Dylos

DC1700
Kumar et al 2017 [29]

Barcelona, Spain UFP (0.02 µm–1 µm)
Measurements taken on three streets at 0.55 m and 1.70 m

heights over 10 days, 2 hours per day.
UFP at 0.55m: 48,198 ± 25,296 pt/cm3

UFP: P-TRAK 8525 (TSI)
Garcia-Algar et al

2015 [35]

Edinburgh (UK) PM2.5

Mobile sampling undertaken at 0.74 m and 1.36 m heights
over six weekdays.

PM2.5 range at 0.74 m: 5.9–46.6 µg/m3

PM2.5: SidePak AM510 (TSI)
fitted with PM2.5 impactor.

Galea et al. 2014 [36]

Nebraska, USA PM2.5

Data collected at a 1.5 m height on a 2 km walking route
over 48 outings (total measurements for 20 h).

Average PM2.5 range: 0.9–16.6 µg/m3

PM2.5: TSI Optical Particle Sizer
(0.3–10 µm)

Bereitschaft 2015 [24]

Switzerland UFP (10–700 nm)

Measurements collected using a bicycle pulling a child
trailer at bicycle-rider and trailer height along routes of

varying traffic density.
Average UFP number concentration: 11,522/cm3

UFP: DiSCmini (Matter Aerosol)
Burtscher and

Schüepp 2012 [45]

Nairobi, Kenya PM2.5

Mobile data collected at adult breathing zone height at three
sampling sites within the CBD, and two sites at rural

background locations. Data collected for a total of 110 hours
over 10 days.

Average PM2.5 concentration (rural/urban): 10.7 µg/m3/

98.1 µg/m3

PM2.5: Anodized aluminium
cyclone (BGI Inc, Waltham, MA)
and Teflon filter. Vacuum pump
flow rates recorded using mass
flow meter (TSI Model 4199).

Kinney et al. 2011 [31]

California, USA FP

Stationary monitoring at six locations for six hours over
three days. Backpack-height mobile measurements collected

for a 2 hr period over 2 to 3 routes at the six locations.
FP range: 20–70 µg/m3

PM2.5: DustTrak Aerosol
Monitor (TSI)

Boarnet et al. 2011 [46]

New Jersey, USA PNC, PM2.5, CO. BC,

Two simultaneous samplings measured at backpack-height,
on sets of parallel streets one block in distance over 5

locations.
PM2.5 mass range: 0.27–46.5 µg/m3

PM2.5: SidePak monitor
BC: Micro-Aethalo meter

CO: Langan T15
Ho Yu et al. 2016 [47]
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Table 1. Cont.

City Pollutants Study Design Instruments Used Author (year)

Londrina, Brazil PM2.5, BC

Data collected using instrumented bicycles along main and
side-streets in the city centre, covering a distance of 215 km

in nine sessions over 2 months.
Average PM2.5 concentration (morning): 8.61 µg/m3

BC: AE51 Microaethalometer
(Aethlabs)

PM2.5: DustTrak 8520 (TSI)
Targino et al. 2016 [25]

Australian studies

Sydney, Australia PM2.5

Measurements taken at adult breathing height, 39 trips of a
2.2 km circuit.

Average PM2.5 concentration: 12.8 µg/m3

PM2.5: AM510 SidePak Personal
Aerosol

Greaves et al. 2008 [22]

Queensland
(Tingalpa &

Murrarie), Australia
PM1, PM2.5 and PM10

Measurements taken at increasing distances away from a
main road perpendicularly (15–375 m).

Particle size: APS Model 3310A
& SMPS Model 3934 (TSI)

PM1, PM2.5, PM10: DustTrak
8520 (TSI)

Hitchins et al.
2000 [30]

Brisbane, Australia
Particle number size
distribution (PNSD)

and PM2.5

Measurements taken at a total of 11 heights on three office
buildings situated near busy roads.

Average PM2.5 street-level concentration (Building C,
morning): 17.70 µg/m3

PNSD: Scanning Mobility
Particle Sizers (SMPSs) (TSI

3934), 8.5–400 nm.
PM2.5: DustTrak aerosol

monitors (TSI 8520)

Quang et al. 2012 [48]
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2. Experiments

2.1. Roadside Atmospheric Particulates in Sydney (RAPS)

Through the RAPS campaign, we aim to address the following questions:

• Are there significant hotspots at traffic lights and intersections as have been observed in

overseas studies?

• Does roadside exposure to pollution vary significantly with the time of day?

• How different are roadside PM2.5 concentrations from those measured at nearby air quality

monitoring stations?

• How well can our agent-based traffic model predict traffic in the Randwick study area?

The RAPS campaign study area, Randwick, is a metropolitan area located 6 km away from the

Sydney central business district. Randwick is home to extensive suburban areas, numerous recreational

parks and public institutions, including schools, a large public hospital, and a major university (the

University of New South Wales) located on the main road, Anzac Parade. The area has a growing

population of approximately 140,000, which has increased by 20% over the last decade (ABS 2016,

2006). A New South Wales Office of Environment and Heritage (OEH) air quality monitoring station

is located approximately 2 km southeast of the study site, which records meteorological variables

and particulate matter (including PM2.5 and PM10). In terms of public transportation, Randwick is

currently only served by buses, leading to high pedestrian activity, including waiting at bus stops and

walking along footpaths.

2.2. Measurement Route and Study Area

The route chosen was along a major road, Anzac Parade, which is a 4 to 6 lane main road which

connects to the major M1 motorway at the northern end. The sampling route along Anzac Parade

stretched for approximately 3 km, from the northern location 1 near the intersection of two busy

roads, south to the roundabout at location 8 (see Figure 1). To investigate the behaviour of PM2.5 with

increasing distance away from a main road, two transects were conducted perpendicular to Anzac

Parade, extending 220 m (4 blocks) along Day Avenue and back to Anzac Parade, and 260 m along

University Mall and back to Anzac Parade (Figure 1). Day Avenue was selected as it represented a

typical Sydney residential street: Two lanes with single/double storey houses on either side. University

Mall was chosen as it is a pedestrianized street (a part of the University of New South Wales campus)

to provide a scenario to show how concentrations of pollution changed with distance away from

the traffic.

The route was designed to include numerous bus stops and traffic intersections along the main

road and to incorporate areas of varying traffic volume. For example, the main road of Anzac Parade

was expected to result in a higher traffic volume than the residential Day Avenue. Data was collected

from the 13th to 16th February 2017 from 0700 to 1900 h (local time), a time period which represented

normal school-hour and work-week traffic conditions. The total length of the route was 7.0 km, which

took an average of approximately 3 hours to cover, including waiting times for counting traffic at

intersections (see next section for details).

2.3. Data Collection and Analysis

2.3.1. PM2.5 Measurements

A DustTrak DRX Aerosol Monitor (Model 8533, TSI Inc.) was used to measure PM2.5 concentrations

for all mobile data collection. This utilises a 90◦ light-scattering laser photometer and has an aerosol

concentration range of 0.001 mg/m3 to 150 mg/m3 with a resolution of ±0.1% (for a reading of

0.001 mg/m3). Air was drawn into the sensing chamber continuously using a diaphragm pump

at a flow rate of 3.0 L/min. PM2.5 concentrations were measured at a time resolution of 5 seconds.
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The instrument’s zero calibration was set before the beginning of each section of the route using a

Polyethersulfone Membrane zero filter. DustTrak DRX monitors are calibrated with Arizona Road

Dust (ISO 12103-1) in-factory, which is representative of a wide range of ambient aerosols and enables

calculation of the photometric calibration factor and of the size calibration factor. While DustTrak 8533

monitors have some limitations (discussed in Section 2.3), these monitors have been successfully used

in previous aerosol studies and have particular benefits in mobile monitoring due to their portable

nature and concentration range detected (e.g., [46,49–51]).

 

 

Figure 1. Route map outlining main road (Anzac Parade) and side streets (Day Ave and University

Mall). Traffic counting locations defined in red circles, intersection names corresponding to numbered

locations are outlined in Appendix A. Earlwood and Rozelle Air Quality Monitoring Stations identified

by yellow dots.

During the testing phase for the project, the DustTrak was mounted on a trolley, but this proved

cumbersome to manoeuvre. During the main RAPS campaign, the DustTrak was mounted in a pram,

referred to as the Mobile Air Quality Station (MAQS), to mimic the roadside particulate exposure that

an infant in a pram or a child would experience (shown in Figure 2). The instrument was situated at

a height of 0.78 m and a team of nine students alternated shifts in pushing the MAQS following the

route shown in Figure 1. Data collection began at the intersection of Day Avenue and Anzac Parade

and followed this route: Anzac Parade heading south; Day Ave heading west; Day Ave heading east;

Anzac Parade heading south to location 8; Anzac Parade heading north; University Mall heading

east; University Mall heading west; and then Anzac Parade heading north. This route was repeated

throughout the day. A total of 71 sections were walked over the four days, resulting in approximately

68 km walked overall.
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Figure 2. Image of the pram mounted Mobile Air Quality Station (MAQS).

Throughout the data collection campaign, the MAQS was pushed within 1 m of the road, always

on the sidewalk, and field notes were taken to record the presence of any influences that could result in

an increased PM2.5 concentration (such as heavy-duty vehicles, roadworks, construction sites, and

pedestrian smokers). Additionally, the time was recorded when each road intersection was reached

to compare with and validate the Global Positioning System (GPS) data recorded, and the time and

location was recorded at each traffic-counting site. When calculating average PM2.5 concentrations,

outliers were identified using the “boxplot.stats” function in the statistical package, “R” [52], which

identifies outliers as exceeding 1.5 times the inter-quartile range.

A number of studies have shown the DustTrak to be influenced by humidity and aerosol

composition, which interferes with the light-scattering techniques employed, resulting in an

overestimation of PM2.5 [53–55]. A comparative study completed at a similar time to the field

campaign (July 2015–January 2017) evaluated the correlation between two DustTrak 8533-DRX units

and the FEM BAM5014i at a site located in the NSW Air Quality monitoring network (Newcastle Air

Quality Monitoring Station) [54]. This study reported the BAM:DustTrak PM2.5 ratio was 1.00:1.43

(for a non-heated inlet) and we have adjusted down all the raw PM2.5 data collected with the DustTrak

by this factor to provide our best estimate of PM2.5 concentrations from the measurements.

2.3.2. Traffic Counting

One of the aims of the RAPS campaign was to evaluate the performance of the agent-based

modelling framework in the study area. Vehicle counts were performed by individuals visually at

8 intersections and signalised pedestrian crossings along Anzac Parade whilst completing repeated

roadside transects as part of the MAQS monitoring campaign. Each time the traffic monitoring location

was visited as part of these transects, traffic monitoring was conducted for three consecutive periods at

each location. One traffic counting period was defined as one red to green to red traffic light cycle.

Instead of cumbersome, expensive off-the-shelf devices, the traffic counters used tablets with the

web-based SMART Traffic Counter app ([56], Figure 3). They counted vehicles traversing the exit

lanes of each intersection (only vehicles travelling along Anzac Parade were counted). The app is

browser-based, and can be used on any device with a touch-screen. In this study, it was installed

on computer tablets with mobile phone network connections. It classified vehicles into 6 categories:

Cars, buses, motorcycles, and 3 sizes of trucks. Counts were date-stamped to the local internet time,

geo-located using the device’s GPS, and stored in a cloud-based database. Where network connection

was absent or poor, data was stored locally until reception improved. The app was very well received

by the field workers, since it was easy to use, had a familiar-looking interface, and gave near-instant

feedback of the data stored. There was the added benefit that it removed the extra time required for

transcription and eliminated the errors that are incurred by entering data from a paper-based system.
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Figure 3. SMART Traffic Counter app, showing (from top left down): map of user’s location, ‘start’

timer button, buttons for counting vehicles (with running totals displayed beneath), ‘undo’ button to

correct erroneous counts, ‘end’ timer button, fields for operator name and notes, ‘save’ button, and

table displaying saved counts.

2.4. Traffic Emissions Modelling Framework

The traffic emissions model framework (Open Source Traffic Emissions Framework) comprised 4

parts (Figure 4): A synthetic population, and chained simulations for traffic, emissions, and dispersion.

The synthetic population ([57]) of 110,000 residents of south-east Sydney gives a detailed model of the

population of vehicle drivers in the area and their trips (such as to work, to school, or for shopping)

each day. Fleet age was derived from registration data. These trips were then implemented as a route

on the road network by an agent-based traffic model [58,59]. This model includes the capacity for

re-routing, based on expected/perceived conditions ahead. Some drivers (‘agents’ within the model)

will just take the shortest path to their destinations; others will change direction according to the state

of local traffic. This approach reduces processing demands and means that the model scales well to

large road networks.

The model locates each vehicle on a road segment (link) on the network for every 1-second

time-step. Vehicles remain on a link for a time that depends on link properties, such as length, speed

limit, capacity, and the number of other cars present. The mesoscopic level of detail does not account

for lane-changes, acceleration, and braking. Traffic emission simulations are most accurate when

they are informed by detailed vehicle movement data [60]. In translation software, second by second

speed/time data was added, according to road size and traffic conditions, modelled in the Australian

Composite Urban Emissions Drive Cycle. For every second, for every vehicle, the software calculated

a parameter (“operating mode” or “opmode”) derived from vehicle type, speed, and acceleration.

This data was aggregated to 60-minute intervals and input to the emissions software, MOtor Vehicle
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Emissions Simulator (MOVES) [61]. This software is created and maintained by the United States

Environmental Protection Agency (US EPA). It is freely available and the latest version, MOVES

2014b, was released in December 2018 ([61]). Both inputs and outputs are detailed; it calculates a

comprehensive suite of pollutants, including emissions from exhaust, crankcase leaks, fuel evaporation,

brake wear, and tyre wear, accounting for variations related to starting, running, idling, accelerating,

and braking. The Operational Street Pollution Model (OSPM) was chosen to model dispersion [62].

OSPM is a reasonably straightforward framework for simulating dispersion in street canyons.

 

 
Figure 4. Structure of the traffic emission modelling framework (modified from Forehead and

Huynh [60]).

3. Results and Discussion

3.1. Spatial Variability and Pollution Hotspots

Significant spatial variability in PM2.5 was observed along the main road (Anzac Parade).

In addition, average PM2.5 concentrations along Anzac Parade were approximately 30% higher overall

than PM2.5 measured perpendicular to the main road (on Day Avenue and University Ave).

Figure 5 shows the spatial variation of PM2.5 along Anzac Parade averaged over all study days

separating morning and afternoon time periods. These averages provide an indication of the spatial

variability observed in the study period. Along Anzac Parade, areas of increased PM2.5 concentration

(or “hotspots”) were noted at traffic intersections and areas of roadworks (shown by the dark red area

between 33.908◦S and 33.910◦S in Figure 5a). The construction work provides an unwanted additional

pollution source, since this is not typically present at urban roadside locations. The measurements

made in this area (33.908◦S and 33.910◦S) were removed from the dataset to avoid this bias (for an

indication of the magnitude of this potential bias: If the construction area data is retained, the average

PM2.5 measured along the route is larger by 3%). While the average calculated PM2.5 concentration of

13 µg/m3 is within the World Health Organization (WHO) safe threshold of 25 µg/m3 (daily average

mean), these “hotspot” areas along the main road largely exceed this number.

While there is evidence of increased concentrations at traffic intersections (seen most clearly in

Figure 5a at the intersection of streets), the average change in PM2.5 with increasing distance from

the intersection varied considerably between all intersections studied (locations 1, 2, 3, 5, 6, and 7),

suggesting the influence of more local mixing factors on pollutant dispersion. Nevertheless, RAPS

data as plotted in Figure 5 provides qualitative evidence of increased pollution at traffic lights and

intersections that can result from stop-start and acceleration patterns at these points. It is clear from

Figure 5 that roadside PM2.5 concentrations are highly spatially variable. This means that if a long-term
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roadside air quality monitoring station were to be established, then the average concentration of PM2.5

measured would depend strongly on where the station was located. It is not obvious that such a

roadside air quality monitoring station would enable a better understanding of overall roadside PM2.5

levels that can be deduced by estimating increases in PM2.5 at the roadside over regional concentrations

(as measured in nearby regional air quality monitoring stations). In Section 3.3, we attempt to estimate

what the average increase of PM2.5 was at the roadside compared to the regional background during

the RAPS campaign. This estimate is an indicative measure of the likely increased exposure to PM2.5

that can be expected at roadside locations compared to the concentrations measured at regulatory

monitoring sites. In the longer term, the use of several fixed sensors, along a number of major roads,

would provide a more detailed and accurate assessment of roadside air quality in Sydney than a full

scale permanent monitoring station at a single location.

 

8 

7 

6 

5 

4 4 

5 

6 

7 

8 

Figure 5. (a) (left) Averaged morning and (b) (right) averaged afternoon raw PM2.5 concentrations

observed during 13th to 16th 2017 (along Anzac Parade only). All data was binned into longitudinal

gridpoints at an interval of 0.0002 decimal degrees (the smallest spatial resolution available), averaged

within each bin, and plotted. Traffic-counting locations are indicated by the corresponding number

labels on the figure.

3.2. Temporal Variability in Observed PM2.5 Concentrations

The overall average roadside PM2.5 concentration measured was 13 µg/m3, with daily average

PM2.5 concentrations varying only slightly between days of data collection. Daily average PM2.5

concentrations ranged from 10 to 15 µg/m3. A more noticeable variation was observed between runs

collected on the same day, depending on the time of day and location.
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Periods of heightened vehicle activity were identified—the morning ‘rush hour’ was defined from

7:00 to 9:30, a midday period was defined from 9:30 to 16:00, and an afternoon rush period was defined

from 16:00 to 19:00. Overall, PM2.5 averages appear to be significantly higher in the morning rush hour

(with a mean and standard deviation of 15 ± 3 µg/m3) compared to the midday and afternoon periods

(both with a mean of 11 µg/m3 and standard deviations of ±2 to 3 µg/m3) (Figure 6). Morning, midday,

and afternoon PM2.5 levels were shown to be normally distributed. Morning PM2.5 concentration was

shown to be statistically significantly different to midday and afternoon PM2.5 concentrations using

Welch’s unequal variances t-test (p-values = <0.0005). Midday PM2.5 was shown to not be statistically

significantly different from afternoon PM2.5 levels (p-value = 0.494).

 

 

Figure 6. Boxplot of PM2.5 concentration along Anzac Parade in the morning (07:00–09:30), midday

(09:30–16:00), and afternoon (16:00–19:00). The black lines are the median values, and the box includes

the upper and lower quartiles (inter-quartile range). The whiskers extend to 1.5× the inter-quartile

range. For clarity, outliers were removed from the figure if they exceeded beyond the edge of the

whiskers. Only sections along Anzac Parade were included, to ensure that any measurements taken at

a distance from the main road would not influence apparent temporal variations.

Average traffic volume (based on traffic counts) varied within 10% of the mean vehicle count

recorded at morning, midday, and afternoon hours, hence increased PM2.5 of this magnitude is unlikely

due to increased traffic volume (Appendix B). These findings are in agreement with existing roadside

studies, which have identified similar patterns due to influences from traffic emissions [29]. Additional

effects leading to this heightened PM2.5 concentration in the morning may include a lower boundary

layer height associated with the diurnal temperature cycle and a reduction in associated wind-speed,

which limits atmospheric mixing [63,64]. Over the study period, the average wind speed and air

temperature measured at the Randwick Air Quality Monitoring site was approximately 30% and 12%

lower in the morning compared to the afternoon, respectively (Appendix C). The significantly worse

PM2.5 pollution experienced in the morning rush-hour implies that this is a bad time for individuals to

choose to engage in high intensity exercise, such as jogging or cycling, near main roads.

3.3. Comparison with Air Quality Monitoring Station Data

The primary aim of the RAPS study was to try to answer the question posed at the Clean Air and

Urban Landscapes public forums, by providing an estimate of how much worse PM2.5 pollution was

at the roadside than at the nearby ambient air quality monitoring stations. This task was complicated

by the fact that during the RAPS campaign period, PM2.5 data at the closest OEH monitoring station

(Randwick at 33◦ 56’ 00”S, 151◦ 14’ 31” E) was not available. For this reason, PM2.5 data from the next

closest monitoring stations were used instead, Earlwood at 33◦ 55’ 04” S, 151◦ 08’ 05” E (about 10
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km to the west of Randwick) and Rozelle at 33◦ 51’ 57”S, 151◦ 09’ 45” E (about 8 km to the northeast

of Randwick).

We therefore firstly set out to determine how comparable PM2.5 concentrations were at the three

sites, Randwick, Earlwood, and Rozelle, when all stations were measuring PM2.5. Data were extracted

from the OEH database from 1/4/2017 to 30/11/2018 (20 months) from all three sites for daytime hours

only (07:00–19:00) to align with measurement times in the RAPS campaign.

Figure 7 shows the diurnal and monthly patterns of PM2.5 measured at each site. The diurnal

pattern recorded at each of the three sites is similar, observing an increase in PM2.5 throughout the

morning, decreasing to the afternoon, and a peak again approaching midnight. The monthly averages

show that some variation exists between the three sites, although this variation is lowest during

summertime months. Overall, the three stations predominantly show similar variations in PM2.5

concentrations. This provides qualitative evidence that the data from these sites is broadly comparable

and the three air quality stations are measuring similar regional ambient PM2.5 concentrations. In other

words, Randwick is not significantly more (or less) polluted than the other sites in the summertime.

 

Figure 7. Comparison of PM2.5 data at Randwick, Rozelle, and Earlwood Air Quality Monitoring

stations (1/04/2017–30/11/2018). (Left): Diurnal variation of PM2.5 and (right): monthly variation of

PM2.5 at each station. Shading corresponds to the 95% confidence interval with respect to the mean.

In order to provide more quantitative evidence, a statistical analysis was conducted to compare the

20 months of data from Randwick, to the data from the Rozelle and Earlwood air quality monitoring

stations. We found that the PM2.5 observations from the three sites were generally comparable, with

both stations reporting an index of agreement of 0.99 compared to Randwick (perfect agreement would

have an index of agreement of 1.0) [65]. The mean bias between Randwick and Rozelle was 0.17 µg/m3

(equivalent to a normalized mean bias of 2.2%) and between Randwick and Earlwood was 0.51 µg/m3

(equivalent to a normalized mean bias of 6.9%). From this we concluded that use of the Rozelle and

Earlwood PM2.5 data in place of the missing PM2.5 data from the ambient air quality monitoring station

at Randwick is justified, within an uncertainty of ±10%.

The next step was to compare the roadside measurements made during the RAPS campaign

to the coincident measurements made at Rozelle and Earlwood. Table 2 shows the average PM2.5

concentration (along with the 1σ standard deviation) recorded at each monitoring station and at the

roadside in Randwick during the RAPS campaign. In this analysis, only the PM2.5 data measured on

the main roads was used. Concentrations are given for the whole campaign and separately for the

morning, noon, and afternoon times described in Section 3.2 so that temporal patterns may be seen.

The side-street data is shown in comparison to the main road and ambient air quality monitoring

stations in Figure 8 to illustrate the broad-scale spatial variability.
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Table 2. Comparison of hourly average PM2.5 concentrations between roadside (main streets only)

and air quality monitoring stations. Estimated roadside increase in PM2.5 is calculated as Randwick

Roadside minus the mean of Earlwood and Rozelle. Overall results are shown along with morning

rush (07:00–09:30), midday (09:30–16:00), and afternoon rush (16:00–19:00) times.

Site Morning Midday Afternoon Overall

Earlwood (µg/m3) (E) 6 (±2) 7 (±5) 6 (±4) 6 (±4)

Rozelle (µg/m3) (R) 8 (±3) 9 (±5) 6 (±4) 8 (±5)
Randwick Roadside (DustTrak)

(µg/m3) (RR)
15 (±3) 11 (±2) 11 (±3) 13 (±3)

Estimated roadside increase (µg/m3)

RR−
∑

(E,R)
2

8 (±3) 3 (±2) 5 (±3) 6 (±3)

Overall, during the RAPS campaign, roadside PM2.5 concentrations were approximately double

those measured at Rozelle and Earlwood, with roadside values on main roads increased by an

estimated 6 µg/m3 over regional ambient values. During the morning rush-hour period, roadside

PM2.5 concentrations were more than twice the background amounts as measured at Earlwood and

Rozelle (with an increase of 8 µg/m3 over ambient background PM2.5 values). Statistical testing using

the Mann-Whitney test (for non-normally distributed data) showed that roadside PM2.5 levels were

found to be statistically significantly different in comparison to Rozelle and Earlwood monitoring

stations over morning, midday, and afternoon periods (all p-values < 0.005). It should be noted that

there are larger differences between observations at Rozelle and Earlwood for this short time period

than were found for variations between months in the 20-month record described above (Figure 7).

This temporal variation will contribute further uncertainty to our findings regarding the magnitude of

roadside increases in PM2.5.

 

σ

𝑅𝑅 − ∑(𝐸, 𝑅)2

Figure 8. Data averaged across the whole of the Roadside Atmospheric Particulates in Sydney (RAPS)

campaign’s sampling times, along Anzac Parade (Randwick Roadside), on University Avenue and Day

Avenue (Randwick Side Streets), and at Rozelle and Earlwood Office of Environment and Heritage

(OEH) monitoring stations. The black lines are the median values, and the box includes the upper and

lower quartiles (inter-quartile range). The whiskers extend to 1.5× the inter-quartile range. For clarity,

outliers were removed from the figure if they exceeded beyond the edge of the whiskers.

The PM2.5 observations from the ambient air quality monitoring stations at Earlwood and Rozelle

did not exhibit the substantially higher PM2.5 concentrations during the morning rush-hour time

(07:00–09:30) compared to the midday (09:30–16:00) and afternoon rush (16:00–19:00) times. This

provides further evidence that the morning rush increases in the Randwick roadside measurements
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are likely due to the local traffic emissions being emitted into a stable atmosphere with low mixing and

reduced dispersion due to a low planetary boundary layer height at this time of day [63,64]. Increases

in PM2.5 concentrations such as these are therefore likely to be replicated alongside other major roads

of similar traffic volume within the greater Sydney region. While the exact level of PM2.5 increases

will vary between sites and on different days, this study provides an indicative estimate of the likely

magnitude of that increase on main roads of 6 µg/m3 and for side-streets of 3 µg/m3. In addition,

increases are expected to be significantly worse in the morning peak traffic times (8 µg/m3) compared

to other times during the day (averaging approximately 4 µg/m3). Given that the Australian legislative

target for PM2.5 concentrations is 8 µg/m3 or less, averaged over the year [66], these increases represent

a significant additional air quality risk to those who spend significant amounts of time roadside in

their typical day.

The RAPS campaign was motivated by public interest in the possible discrepancy between PM2.5

concentrations measured at ambient air quality monitoring stations and those experienced by citizens

as they go about their daily business in the vicinity of busy roads. The increases of PM2.5 over ambient

background levels measured during the RAPS campaign can only be considered indicative of the likely

increases that may be experienced at busy roadside locations in Sydney, since the RAPS campaign

gathered data for a single area over four days at one time of the year. Nevertheless, the increases over

ambient background PM2.5 concentrations observed during RAPS were substantial and significant,

such that we infer the following generalisations:

• Roadside PM2.5 concentrations by main roads are likely to be significantly higher than indicated

by the nearby ambient air quality monitoring stations.

• Actual concentrations of PM2.5 are highly variable with hotspots near major intersections and

places where vehicles accelerate (e.g., bus-stops).

• This means that locating a single air quality monitoring station at a roadside location will only

show the pollution levels at that one specific location: Measurements at a large number of locations

are needed to estimate pollution exposure for pedestrians as they walk along main roads.

• The increases in PM2.5 concentrations estimated here of 6 µg/m3 overall and 8 µg/m3 during the

morning rush hour provide our first indicative estimate of likely additional exposure to PM2.5

(over the ambient air quality) for pedestrians walking along main roads in Sydney.

• We recommend walking along side-streets where possible, since the traffic related increase in

PM2.5 of 3 µg/m3 that we observed on the side-streets was approximately half that observed along

the main streets.

• Extra thought should be given to locating al fresco dining outlets along main roads given the

likely additional exposure for those working roadside all day long.

3.4. Testing the Traffic Model

Our traffic model’s performance was disappointing, with predicted traffic volume poorly correlated

to actual traffic counts and an overall four-fold underestimation of traffic volume by the model.

The model did predict significant variation in the PM2.5 emissions along the main road in a similar

fashion to the highly variable concentrations observed, with hotspots predicted in certain links and at

intersections. This is illustrated in Figure 9 with the modelled PM2.5 emissions in g.hr−1 shown on

the left hand-side and an example of one day’s measured PM2.5 concentrations in µg/m3 shown on

the right-hand side. The modelled emissions show very substantial spatial variation with hotspots

at junctions and traffic lights and lower values along free-flowing sections of the road, much like

the observations. As well as some inaccuracies in the predicted traffic volumes there is also a large

discrepancy around the site of construction work, which highlights this additional temporary source

of additional PM2.5 pollution in the area that is not associated with traffic.

The four-fold under-prediction of traffic volume by the model had two major causes: The model

did not account for vehicles that came from outside the study area and heavy vehicles were not
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modelled. Heavy duty (diesel) vehicles comprise approximately 22% of PM2.5 emissions from total

vehicles in the NSW Greater Metropolitan Region, whereas light-duty vehicles (diesel and petrol)

account for 18% of PM2.5 emissions [67]. Hence, a significant factor in PM2.5 emissions is missing from

the model by not including heavy vehicles.

(a) Modelled PM2.5 concentrations (b) Measured PM2.5 concentrations

−Figure 9. (a) Modelled PM2.5 emissions in g hr−1 (red shaded area indicates where heavy construction was

present), (b) uncorrected DustTrak measured PM2.5 concentrations inµg/m3 shown on the right-hand side.

Through traffic and vehicles from outside the area were likely to have been a significant fraction

of the traffic on Anzac Parade. A number of sites in the area may account for traffic volume, including

Sydney airport to the south, the University of New South Wales set on this arterial road, and a major

hospital next to the university. The road is also heavily used by public buses.

This first testing of an agent-based traffic model within one suburb of Sydney has shown that

modelling of a much larger area will be needed for accurate modelling of traffic volumes. Due to the

very large computing resources required to scale up to a much greater area, this was not possible

within this study. Nevertheless, the model’s ability to correctly capture the large spatial variability

of PM2.5 emissions (which are replicated in the resulting observed concentrations) indicate that this

approach shows some promise for future studies using a much larger area in the model.

4. Summary and Conclusions

Motivated by questions posed at public forums run by the Clean Air and Urban Landscapes hub,

we aimed to estimate to what extent the air quality deviated from that reported by the legislative
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monitoring network in NSW at two case study sites. The first case study was the Auburn-WASPSS

campaign, which aimed to represent a typical second-story suburban balcony (reported in a companion

paper [44]), whilst the second was a busy roadside location (the RAPS campaign reported here).

During the RAPS campaign, roadside PM2.5 concentrations were measured to indicate the personal

exposure of a vulnerable demographic (in-pram babies). Mean roadside PM2.5 concentrations were

13 µg/m3 (approximately double those at the nearby regulatory air quality network sites), representing

an increase of ~6 µg/m3 above regional background values. Our analysis showed that roadside PM2.5

concentrations during the morning rush hour are approximately 50% higher than during other parts of

the day, and increases on side-streets were approximately half those measured on the main roads.

Hotspots along the main road corresponded to areas of increased traffic congestion, resulting in a

higher PM2.5 exposure. The RAPS campaign provided evidence that the PM2.5 exposure at a roadside

level is not accurately represented by air quality monitoring stations, which largely underrepresent

PM2.5 concentrations and do not reflect increased exposure in a roadside environment with close

proximity to traffic.

The agent-based traffic model significantly under-estimated the numbers of vehicles and emissions

estimates by about 4 times (in comparison to measurement amounts). This was most likely due to

omission of through traffic and heavy vehicles. The modelling framework showed promise, but the

study demonstrated the need to generate more comprehensive input data for the traffic model over a

much wider region.

Our findings suggest that those working for long hours at busy roadside locations are at greater risk

of suffering detrimental health effects associated with higher levels of exposure to PM2.5. Furthermore,

the worse air quality in the morning rush hour means that, where possible, joggers and pedestrian/cyclist

commuters should avoid busy roads around these times to reduce repeatedly increased PM2.5 exposure.

Further studies quantifying the health impacts of these roadside PM2.5 increases are recommended to

evaluate the impact on susceptible populations, including infants and the elderly.

We conclude from the WASPSS-Auburn campaign that the existing air quality monitoring network

in New South Wales provided a good representation of the air quality at the Auburn balcony site

selected for this study. Although this result cannot be generalised to all balconies, it demonstrates the

effectiveness of a regional air quality monitoring network in western Sydney. In contrast, roadside

PM2.5 concentrations observed in the RAPS campaign were significantly increased over those measured

at nearby air quality monitoring stations. Nevertheless, the very high spatial variability measured

at roadside locations implies that roadside air quality could not simply be evaluated by locating an

air quality monitoring station at a single roadside location. Estimates of average increased roadside

pollution levels above the regional background are needed (such as the 6 µg/m3 estimated in this

study). Improved estimates could be made in the future by a network of fixed roadside sensors that

operate year-round. We conclude that the existing air quality monitoring network in New South Wales

is fit for purpose, but could be supplemented by public outreach programmes that alerted people to

the increased pollution levels that are commonly present at high traffic areas and simple steps that can

be taken to minimise exposure.
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Appendix A

Table A1. Traffic counting locations and description.

Location Number Location Description

1
Pedestrian crossing North of

Anzac Pde and Allison St.
Pedestrian crossing over a 6-lane road, golf

course and parkland surrounding.

2 Anzac Pde and Goodwood St.
Traffic intersection of a 6-lane road and a
2-lane road, building height 1-5 stories.

3 Anzac Pde and Todman Ave.
Traffic intersection of a 5-lane road and a

6-lane road, building height 2 stories.

4 Anzac Pde and High St.
Traffic intersection of a 6-lane road and a
4-lane road, building height 1-2 stories.

5 Anzac Pde and University Mall.
Traffic stop intersecting 6-lane road and large
pedestrian walkway. At time of study period,

only 4 traffic lanes operational.

6 Anzac Pde and Barker St.
Traffic intersection of two 4-lane roads,
building height ranges from 1-8 stories.

7 Anzac Pde and Strachan St.
Traffic intersection of two 4-lane roads,

building height approximately 2 stories.

8
Pedestrian crossing above the

9-ways roundabout.
Pedestrian crossing over 4-lane road, building

height approximately 2 stories.

Appendix B

 

Figure A1. Total traffic count calculated as the sum of cars, buses, trucks, and bikes. Data includes all

eight traffic monitoring stations, and is separated into morning (07:00–09:30), midday (09:30–16:00),

and afternoon (16:00–19:00). The black lines are the median values, and the box includes the upper and

lower quartiles (inter-quartile range). The whiskers extend to 1.5× the inter-quartile range. For clarity,

outliers were removed from the figure if they exceeded beyond the edge of the whiskers.
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Appendix C

 

Figure A2. (left) Hourly wind speed (m/s) and (right) hourly air temperature (◦C) measured at the Randwick Air Quality Monitoring site (33◦ 56’ 00”S, 151◦ 14’ 31”E).

Data subsetted into morning (07:00–10:00), midday (10:00–16:00), and afternoon (16:00–19:00) sections to align with temporal study subsets. The black lines are the

median values, and the box includes the upper and lower quartiles (inter-quartile range). The whiskers extend to 1.5× the inter-quartile range. For clarity, outliers were

removed from the figure if they exceeded beyond the edge of the whiskers. Data retrieved from NSW OEH, https://www.environment.nsw.gov.au/AQMS/search.htm.

https://www.environment.nsw.gov.au/AQMS/search.htm
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