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Introduction
As part of CAUL Project 1 a study of spatial and temporal air quality variability has been
undertaken in Sydney. The spatial variability study was motivated by requests made from
the public during the CAUL roadshows. Many people wanted to know how the air quality in
a typical suburban area, or a busy roadside, compared to the air quality measured at the
OEH network sites (which are typically located in parks away from any individual nearby
source). In order to try to answer this question, we set about designing two different
measurement campaigns:
1. WASPSS-Auburn (Western Air-Shed Particulate Study for Sydney in Auburn) – to
assess whether the OEH monitoring stations give a good representation of air quality
in a typical suburban setting.
2. RAPS – (Roadside Atmospheric Particulates in Sydney) – to assess how fine
particulate pollution levels near a busy road compared to the OEH reported air
quality levels.
A short description of these campaigns is given below, followed by a summary of activities
in 2017. Drafts of three scientific papers currently in preparation (and one completed
conference paper) are included as appendices.
WASPSS-Auburn
A measurement site was established in Auburn, Western Sydney, on the roof of a building at
2 Percy St, Auburn NSW (-33.854, 151.037). This site was considered representative of a
typical suburban balcony setting.

Mirror

Instrument

Figure 1. Location of WASPSS-Auburn site, with the open-path (marked in red ) between the roof
of the Master Plumbers Association building at 2 Percy Street and the mirror arrays located on
the roof of the Council Building within the Auburn CBD.
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CAUL has worked from May 2016 to September 2017 in partnership with NSW Office of
Environment and Heritage (OEH) to undertake measurements at the WASPSS-Auburn site.
OEH provided, installed and calibrated a mobile air quality “POD” . The air quality POD in
Auburn is fixed with multiple instruments to carry out measurements of pollutants of interest.
The following instruments are included:
•

Teledyne NOx + O3 Analyser – Model T204

•

Teledyne CO Analyser – Model T300

•

Fluorescence SO2 Analyser – Model 100E

•

Thermo Scientific TEOM Series Model 1405-DF

•

Environics Multi-Gas Calibrator – Model 6100

•

Environics Zero Air Generator – Model 7000

•

Aurora 3000 – Multi Wavelength

•

Calibration Gases

•

Telemetry – Automatic Communication

•

Meteorology – Wind Speed/Direction, Temperature and Humidity

In addition the University of Wollongong operated an open-path Fourier transform
spectrometer (OP-FTS) and a Differential Optical Absorption Spectrometer (DOAS) to
measure integrated average concentrations across the open path shown in Figure 1.

RAPS – (Roadside Atmospheric Particulates in Sydney)
Measurements for PM2.5 were conducted using a DustTrak DRX aerosol monitor by TSI
instruments (DustTrak). The instrument was capable of measuring a range of PM, including
PM10, PM1, and PM2.5. It is a light-scanning laser photometer, which gives real time PM
readings, logs PM every 5 seconds, and is battery powered. It operates by passing a beam of
light through a fixed sample volume and detecting the amount of scattering induced by
particles in the sample. The scattering of light is used to gather information on the refractive
index, shape, and size of the particles. The DustTrak was either transported either on a
trolley, which we called the MAQS ( Mobile Air Quality Station ) or in a pram – to better
represented the breathing height of an infant (see Figure 2).
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Figure 2. Photos from the RAPS campaign: top-left is the MAQS on a test run in Randwick; topright is the DustTraks and weather station & GPS in the pram and bottom is the team during
sampling on Anzac Parade in Randwick during the main campaign’s test phase.
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Randwick was chosen because of the availability of high resolution traffic modelling in the
area. Test measurements were made in 2016 and in January 2017, with the main campaign
running over four consecutive days from 13th to 16th February 2017. Measurements were
made along routes that ran next to the main road “Anzac Parade” and included a few side
streets. Figure 3 shows two examples of the routes taken, coloured by the concentration of
PM2.5 recorded at the various locations.

Figure 3: examples of roadside sampling routes, coloured by PM2.5 concentrations.

Overview of Activities and Outputs in 2017
•

Work has continued to gain an understanding of Indigenous knowledge of
the seasons. We are working on a scientific paper describing our findings
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•
•

•

•

and what we can understand about air quality by applying this knowledge.
(see Appendix 1)
The WASPSS-Auburn campaign has been completed and all the data has
been QA/QCed and submitted to the PANGAEA database for publication
The RAPS campaign was completed and the data has been finalised and will
be submitted to AURIN for public release. A conference paper describing some
of the results from the RAPS campaign has been accepted by ISNGI (see
Appendix 2)
A paper is in preparation that focuses on the long open-path measurements from
WASPSS-Auburn and ammonia emissions from traffic, entitled “Ammonia
emissions measured in an urban environment in Sydney, Australia using Open
Path FTIR spectroscopy” (see Appendix 3)
A paper is in preparation that combines data from WASPSS-Auburn and
RAPS to answer the question about how the air quality in a typical suburban
area, or a busy roadside, compared to the air quality measured at the OEH
network sites (see Appendix 4). The main findings are that the air quality
stations give a good indication of air quality at our suburban balcony site
(WASPSS-Auburn) and that roadside PM2.5 concentrations are on average
double the concentrations at the nearby regulatory air quality network sites.
Also, roadside concentrations of PM2.5 were about 50% higher in the
morning rush-hour than the afternoon rush hour suggesting that that, where
possible, joggers and cyclists should avoid these times for their daily
exercise.

In order to present a more detailed idea of the work progressing in this aspect of the project,
the outlines of scientific papers in preparation are presented as appendices.
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Appendix 1: Paper 1:
Understanding Seasonal Variability of Air Quality in Sydney using
Indigenous Knowledge of Weather Cycles
Stephanie Beaupark, Clare Paton-Walsh, Élise-Andrée Guérette, Les Bursill, Jade
Kennedy and ….? … Need to offer co-authorship to OEH people…
……….and other Aboriginal elders who did not wish to be individually named.
1

Centre for Atmospheric Chemistry, University of Wollongong, Wollongong, New
South Wales 2522, Australia
University of Wollongong, Wollongong, New South Wales 2522, Australia

2

NSW Office of Environment and Heritage, Sydney, NSW, Australia

Abstract
The Clean Air and Urban Landscapes (CAUL) Hub (see www.nespurban.edu.au/ ) has
conducted research to better understand the drivers of poor air quality in the Sydney basin
and surrounds. One aspect of this research is to characterise the seasonal variability of air
quality in the region. However, the commonly used (European) description of the seasons
(summer, autumn, winter, spring) does not fully represent the annual weather patterns that
actually occur in the Sydney basin. In an attempt to find a more holistic way of describing
Australian seasons, and thus variations in air quality in the Sydney basin, it was decided to
research Indigenous perspective of seasons and weather patterns.
Traditionally Indigenous people lived alongside the land and understood that its processes,
including weather patterns, are not as predictable and simple as the four European seasons of
Summer, Autumn, Winter and Spring. In this paper we describe our efforts to discover if
traditional Indigenous knowledge can define a more meaningful set of seasons or natural
cycles for the greater Sydney region. We used the understanding that we gained to create a
set of Indigenous ‘seasons’ based on traditional concepts of weather for the Sydney region.
Finally, this calendar is used to explore seasonal variability of air quality in the Sydney basin,
to better understand the drivers of pollution events.

Introduction
The negative health impacts of poor air quality on urban populations are well established
[Beelen et al., 2014; Brunekreef and Holgate, 2002; Cohen et al., 2005; Dockery et al.,
1993; Lim et al., 2012; Pope and Dockery, 2006]. A recent study estimated that worldwide,
more than 3 million pre-mature deaths were caused by outdoor air pollution, with PM2.5
(particulate matter less than 2.5 µm in diameter) the primary culprit [Lelieveld et al., 2015].
Long-term exposure to elevated concentrations of ozone is also known to be linked with
negative health outcomes [Jerrett et al., 2009]. Whilst the air quality in Australian cities is
generally very good compared to many other parts of the world, occasional poor air quality
events occur that expose the population to heightened health risks [Barnett et al., 2012; He
et al., 2016; Rea et al., 2016; Reisen et al., 2013; Reisen et al., 2011].
PM2.5, ozone and other atmospheric pollutants can exhibit strong annual variability, as the
source strength of precursor pollutants and the atmospheric conditions that affect chemical
processing in the atmosphere, change with the seasons [Barnaba et al., 2010; Jaffe et al.,
2005; Kandlikar, 2007; McCarthy et al., 2007; Oltmans and Levy Ii, 1992; Rastogi et al.,
2016; Wang et al., 2016]. Photochemical production of ozone peaks in the summertime when
the temperatures and radiation levels are highest [Oltmans and Levy Ii, 1992], along with
emissions of biogenic volatile organic compounds, that are precursors to the production of
ozone and secondary organic aerosols [Emmerson et al., 2016; Guenther et al., 2012]. In
contrast, PM2.5 emissions from domestic wood-heaters peak in the coldest months (ref).
The Clean Air and Urban Landscapes (CAUL) Hub (see www.nespurban.edu.au/ ) has
conducted research to better understand the drivers of poor air quality in the Sydney basin
and surrounds. One aspect of this research is to characterise the seasonal variability of air
quality in the region. However, the commonly used (European) description of the seasons
(summer, autumn, winter, spring) does not fully represent the annual weather patterns that
actually occur in the Sydney basin due to the Australian climate being more extreme and
variable compared to the European climate (REFERENCE).
In an attempt to find a more holistic way of describing Australian seasons, and variations in
air quality in the Sydney basin, it was decided to research Indigenous perspective of seasons
and weather patterns. To draw upon the depth of Indigenous knowledge to compliment
existing scientific methods of analysing the Australian climate (Leonard, S et al
2013)(Bohensky, E et al 2013)(Prober, S et al 2011). The western scientific method is
complementary to indigenous knowledges as both are based on an accumulation of
observations over time and generations (Roös 2015). Traditionally Indigenous people lived
alongside the land and understood that its processes, including weather patterns, are not as
predictable and simple as the four European seasons of Summer, Autumn, Winter and Spring
(Giblett, R 2012)(Entwisle, T 2014). In this paper we describe our efforts to discover if
traditional Indigenous knowledge can define a more meaningful set of seasons or natural
cycles for the greater Sydney region. We used the understanding that we gained to create a
set of Indigenous ‘seasons’ based on traditional concepts of weather for the Sydney region.

Finally, this annual weather cycle is used to explore seasonal variability of air quality in the
Sydney basin, to better understand the drivers of pollution events.

Approaches to gaining an understanding of Indigenous knowledge of
the seasons
The custodial relationship of Australian Indigenous culture with the world around them is
intrinsic to their existence (Green, D Billy, J Tapim, A 2010). The interconnected relationship
between the people and the land, animals, plants and thus weather, comes with knowledge
surrounding resource availability that has been passed down through generations over
thousands of years (Green, D Billy, J Tapim, A 2010)(Prober, S et al 2011). Recently there
has been a movement in the scientific community to translate this deep knowledge, and an
acknowledgement that it can be valuable when applied to current research, to achieve greater
understanding of the Australian landscape (Bohensky, E et al 2013). In contrast, scientific
research relies on Western methods of viewing the world, which can clash with the differing
views of the traditional Indigenous people (Bohensky, E et al 2013)(Green, D et al 2010).
This cultural gap is indicative of differing worldviews: Instead of fitting the workings of the
world into a ‘box’ as western society has historically done, to the Indigenous people, this
‘box’ does not exist. Indigenous people acknowledge that the world is bigger than they are,
and will continue its processes without their presence. There is no control over how the world
functions, Indigenous people have taken the time to understand the land in a meaningful way
that has allowed them to coexist rather than dominate the environment (Green, D et al 2010).
However as scientific research has evolved, in recent years it has begun to resemble the
Indigenous worldview of conservation and coexistence, making Indigenous knowledge and
western science more compatible partners in research. There has been a trend in retrofitting
these Indigenous ideas into an inverted version of the arbitrary European cultural model of
how nature functions, grouped into twelve months split into four seasons (Giblett, R 2012).
This inhibits the fact that traditionally Indigenous peoples had an alternative, more complex
way of understanding the world around them including weather, and its relationship with
availability of resources (Giblett, R 2012)(Prober, S et al 2011). It is a difficult process to
translate the complex concepts of Indigenous knowledges for understanding by eurocentric
methods of thinking and analysis without oversimplifying and commodifying the Indigenous
line of thought (Haynes 2010).

Introduction to Sydney language group and gathering knowledge from that
community
The goal of this project was to work as partners with willing traditional knowledge holders of
the Sydney area and interview them about their knowledge and experiences concerning
seasonal weather patterns in order to create an indigenous seasonal calendar for the Sydney
region, specifically Western Sydney.
The Indigenous language group located in the Western Sydney area is the Darug people
(Bursill, L et al 2007). Due to the close proximity of the Darug people and the northern
Dharawal people to their south were interviewed. Since knowledges surrounding weather
were identified by the research group as theoretically similar, and a combination of
knowledges was used in the duration of this project.
Generally more information on Dharawal knowledge was found in comparison to Darug.
This was mainly a result of Sydney being the centre of colonisation, so a lot of knowledge
was thought to be lost with the elders who have passed away. The gathering of knowledge
was also affected by cultural differences between language groups, as throughout the
interviews conducted, it was revealed that the Darug people could be more protective of their
knowledge than the Dharawal people.
From the knowledge holders that were interviewed, the perspective of weather pattern
knowledge relates to indicators including knowledge of food availability and animal
behaviours, which leads to knowledge of land management for the availability of food.
Current food availability is an indicator of past weather, and current weather is an indicator of
future food availability. Each factor is interdependent and varies throughout time (Prober, S
et al 2011). This is the opposite of western belief, where the workings of weather is thought
to be independent, predictable, and controllable to a degree.

Figure 1: Indigenous climate framework (interrelationship between weather, food
availability, animal behaviour/current plant life, and land management)

Contributors of Indigenous knowledge communicated that there is no recognition of strict
seasons within an Indigenous climate framework. Traditionally, combinations of words were
used to describe current climatic conditions. These words were also linked to what food was
available at the time or shortly after (Prober, S et al 2011)(O’Connor & Prober, 2010). The
combination of words e.g, hot/wet, subsequently correspond to the availability of certain
foods (Prober, S et al 2011). The signs from flora or fauna also enable the prediction of
weather within their local ecosystem (O’Connor & Prober, 2010).

As a result of the Indigenous spiritual connection to land, a deep knowledge of the workings
of the environment has been passed on through generations, including an intricate
understanding of weather cycles and the corresponding indicators of past and future weather
events. This all revolves around the availability of food throughout changes in weather often
indicated by phenological events (O’Connor & Prober, 2010). This is supported by
archaeological examination of campsite residue, ‘middens’, as it is revealed that this is proof
of seasonal variation in pollens, seeds, animal and fish/shellfish types and species, identifying
the movement patterns of communities related to seasonal availability (Bursill YEAR)(Roös,
P 2015).

The landscape has changed significantly in the last 200 years of colonisation, in the Sydney
region especially there is very little land left untouched by colonisation. Even locations that
have been preserved, such as national park areas, have changed since the Indigenous peoples
have been unable to continually remain custodians of the land and pass on knowledge to
future generations. Further, the traditional seasonal indicators no longer exist. This dramatic
change in landscape has made it difficult for traditional knowledges to be applied as the
introduction of built environments have resulted in a loss in vegetation and driven animals
away.

However, Indigenous knowledge is a process, where the people continuously learn new
knowledges and pass it on through generations. Oral tradition allows for flexibility of
knowledge: nothing is static (Goodall, H 2008). This project focuses on the adaptability of
Indigenous culture to the changes in landscape, where indigenous concepts are adapted to
understand the workings of the current landscape and by extension, increase our
understanding of weather patterns (Roös, 2015).

This project aims to avoid superficial engagement with Indigenous knowledge, as we
recognise that Indigenous knowledges are dynamic and change with the landscape (Haynes
2010). Indigenous culture is contextually adaptive with a goal to survive by looking after
each other, and be custodians of the sacred land around them. They recognise with respect
that every aspect of life is interconnected, and do not attempt to oversimplify the natural
world as western culture does in attempt to understand and control. The Indigenous lifestyle
is based on ethics rather than placing human lives above the environment as Western culture
has traditionally done. Western belief systems often separate nature from culture, and have
created assumptions that indigenous knowledge fits within their own viewpoint of nature
being somewhat predictable, that there is set unchanging rules and beliefs that have been
passed on over the thousands of years that indigenous peoples have inhabited the Australian
landscape (Muir, C et al 2010). This paper reinforces that is not the case.

In the duration of the process of collecting and writing information, there was active
communication with the contributors of knowledge to ensure their consent and that the
interpretation of knowledge was correct as per the AIATSIS ethical guidelines (2012). The
contributors to the knowledge collected in the duration of this project had the option to have
their names associated with this research or to remain anonymous. In gathering this
knowledge from Indigenous knowledge holders, this acknowledges and reinforces the
importance of the sacred knowledge held by the Indigenous peoples of the Western Sydney
area as their intellectual property where aspects of the knowledge must remain confidential
(Green, D Billy, J Tapim, A 2010)(Nicholls, S et al 2016)(Stoianoff & Roy 2016).
This project acknowledges that certain people within the Indigenous community have the
authority to share this knowledge as well as hear the depth of this knowledge. It is also
understood that each family/clan may have different views on this topic, and know that the
views presented through interviews will likely not represent the beliefs held by everyone
within the Sydney area. The findings were compared to the air quality data collected in
Sydney to see if it corresponds to the Indigenous view of seasons/weather patterns.

The objective of the interviews was to find knowledge surrounding:
● General weather patterns annually and over extended periods in the Sydney area
(traditional knowledge and observations of current landscape)
● Seasonal indicators within the biophysical landscape, both traditional and new. This
consists of flora and/or fauna species that enable the prediction of weather within the
local ecosystem of western Sydney. Expected to be sources of food such as animals,
flowers, roots, seeds, and fruits.
● Biogeographical and knowledge differences of Sydney language group, and the
further south language group Dharawal. Also to determine if there are differences
between Eastern and Western Sydney.

Due to time restrictions this was not fully achieved, however a conceptual Indigenous
seasonal calendar was created. The annual weather cycles created in this project was based on
Indigenous weather concepts, excluding the other factors of indigenous knowledge that

would be essential in creating a conclusive Indigenous seasonal calendar, such as biological
seasonal indicators, and language.

Annual weather cycles for Sydney based on Indigenous Concepts (and
a 30 year climatology for the region)
Rather than create an Indigenous Seasonal calendar from the traditional knowledge of the
Darug people, this project achieved the conversion of Indigenous weather concepts to the
European seasonal concepts for comparison of data from the Sydney region. These seven
‘seasons’, or annual weather cycles, are very broad, however, give a general overview of our
findings that there is no established seasons recognised in Indigenous culture.
As discovered through interviews, the time of year in indigenous culture is based on the
temperature, rainfall, wind and availability of food including animals, flowers, roots, seeds,
and fruits (Bursill). The time of the year is overall referred to in terms of hot or cold, and wet
or dry. This is also evident in one of the cycles discussed in Frances Bodkin’s book
Dharawal Seasons and Climatic Cycles, where the ‘Mugong Cycle’ is based on temperature,
wind and rainfall patterns over an extended period. This concept was applied to the yearly
cycle rather than the extended period cycle in the formation of western sydney ‘seasons’.
The annual weather cycles were formed using indigenous concepts of weather, the ‘Sydney
Olympic Park’ monthly climate statistics from the Bureau of Meteorology website we used
(see http://www.bom.gov.au/climate/averages/tables/cw_066195.shtml). In combining the
various data for factors including temperature, rainfall and wind speed over the last thirty
years between 1981 and 2010, this was fitted into the Indigenous description of times of year
including ‘wet/hot’, and ‘windy’. The data that was used included: mean minimum
temperature; mean maximum temperature; mean rainfall; decile 5 (median) rainfall; mean
number of days of rain; mean 9am temperature; mean 3pm temperature; mean 9am wind
speed; and mean 3pm wind speed (see figure 2). The seven ‘seasons’ of Western Sydney that
have resulted from this research include:

1.

Hot/wet (heavy rain February)

2.

Cooler/drier

3.

Cool/wet (becoming windier)

4.

Cold (less wet/becoming windier)

5.

Windy (becoming warmer/dry)

6.

Warm/dry (getting wetter)

7.

Hot/dry

This process was used since the indigenous peoples traditionally relied on observation both
from their own lives and from knowledge that had been passed on from previous generations.
The analysis of data was not in depth, so each factor was ranked by month, highest numbers
to lowest. These rankings were placed on the chart with representative circles where
darker/larger means most, and smaller/pale circles are least. For example, the greatest rainfall
was found to be during February so this was placed on the chart as a large black circle, and
the driest month was August so the circle was smaller and pale in colour.

There was difficulty grouping which months showed the greatest similarity in order to assign
each ‘season’. This process was highly subjective since each month differs greatly between
the three factors to be considered, especially in transition months of March to May, and
August to November.

Figure 2: Drawing to relate rainfall, wind speed and temperature for the derivation of the
Indigenous interpretation of ‘seasons’ (from the Bureau of Meteorology ‘Sydney Olympic
Park’ statistics)

To explore this further, a comparison of data between Observatory Hill and Sydney Olympic
Park was conducted. This resulted in a different set of seasons for each location confirming
the observations communicated during interviews. Observatory Hill was found to have six
seasons due to the generally more consistent nature of the rainfall and wind speed in
comparison to Sydney Olympic Park. However, throughout the year an additional distinct
‘season’ was formulated from the Sydney Olympic Park climate data.
Calendar months were used as a means of data interpretation, however in Indigenous
knowledge the European months are insignificant and meaningless (Woodward 2010)
OTHER WEST LOCATIONS

Discussion of Results and Future Actions
The outcome above is not a complete account of Indigenous knowledge towards seasons and
weather patterns - it is an interpretation of Indigenous weather concepts to be able to move
forward with data interpretation for this project due to the limited timeframe. This concept
should be explored further as a larger project to make a full seasonal calendar by the
Indigenous community. In order to engage with the intricacies of Indigenous ecological
knowledges, this would require cross cultural collaboration with a variety of knowledge
holders representing each family/clan from the Indigenous community of Sydney via active
focus groups (O’Connor, M. H. & Prober, S. M. 2010)(Roös 2015)(Woodward 2010).
This would achieve correct and ethical documentation of the perspectives and knowledges
within the Indigenous community. This can be achieved by building strong relationships with
a foundation of mutual benefit within the Indigenous community, communication of goals of
the project as well as intentions to protect and preserve Indigenous knowledge as per the
AIATSIS ethical guidelines, communicated via a printed information sheet (see appendix).
As well as ongoing communication throughout every stage of the project with those within
the community who offer knowledge to have an opportunity to provide feedback (Woodward
2010). The local language and the seasonal indicators, both traditional and new since
colonisation, would be explored and interpreted into an accessible resource for both
academia, and the Indigenous community. To show respect for the people and their
knowledges, this must occur on the terms of the Indigenous contributors. This would occur
on country and according to the customs of their people, with a flexible timeframe to
accommodate the lives of the contributors (Muir, C et al 2010)(Woodward 2010). This
resource would become a means for elders to pass on knowledge to future generations of the
Indigenous community of Sydney (Green, D Billy, J Tapim, A 2010)(Prober, S et al
2011)(Woodward 2010). Historically there has been little documentation since traditionally
indigenous knowledge has been passed on orally. Documentation of Indigenous knowledge
and concepts for future generations is essential to avoid further loss of knowledge in future
generations (Green, D Billy, J & Tapim, A 2010)(Nicholls, S et al 2016).

Even so, this may not fully represent the Australian climate as a whole over extended periods.
In comparison to Europe, extended cycles in Australia may have a larger influence in climate
variability, extremes of longer timescales as acknowledged in the concept of el nino and la
nina cycles (BOM REFERENCE). As suggested by Bodkin (2006), there may be extended

weather cycles recognised by Indigenous culture, so it is likely the findings of this paper will
not be able to represent cycles of weather to its full extent. This is a topic that requires further
exploration as it could add more consistencies to data analysis over long periods.

During interviews, differences between eastern and western Sydney were identified. Separate
seasonal calendars for each location would be required, and further differences between
locations are to be identified, including seasonal indicators and language describing each time
of the year. There may be conflicting opinions on aspects of Indigenous knowledges within a
community, such as language and translation, particularly spelling since there was
traditionally no written language in Indigenous culture (Green, D Billy, J Tapim, A
2010)(Attembrow, V 2003)(Walsh, M Yallop, C 1993). Ongoing communication minimises
the occurrence of this.
Due to the complex history of post colonial Australia between indigenous and nonindigenous people, there is tension, distrust, hurt, and isolation within the Indigenous
community, as well as the wider community of Australia towards Indigenous peoples. This
loss of connection with each other has further reinforced the loss of connection to knowledge.
This difficult past has caused disconnection between Indigenous people to the intricacies of
the indigenous concept framework. Projects such as creating a calendar of annual cycles that
is embedded with Indigenous knowledge aid in rebuilding social relationships, where
knowledge can be brought together, rekindling their ecological relationship to the land (Muir,
C et al 2010).

Annual Cycles in Air Quality in Sydney
Composite annual cycles - Monthly averaged air quality data (2005-2015) at Chullora,
coloured by season

Quick notes
1.
2.
3.
4.
5.
6.
7.

Hot/wet (heavy rain February):
Cooler/drier: plateau for O3, CO (more obvious at other locations)
Cool/wet (becoming windier): transition
Cold (less wet/becoming windier): max CO, NOx, min O3
Windy (becoming warmer/dry): sharp gradients
Warm/dry (getting wetter): max O3 (all sites)
Hot/dry

Summary and Conclusions
In summary we do not claim that this conceptual seasonal calendar for Sydney is a better
representation of traditional Indigenous knowledge of weather patterns than others that exist,
but simply that it is the best representation that we could make that was acceptable to the
individual Elders and knowledge holders that we were able to consult.

Ongoing relationships and further collaboration with indigenous communities can be
mutually beneficial in helping increase scientific understanding as well as create accessible
resources for the participating Indigenous community. This process can both recover
traditional knowledges and create new knowledges of the current landscape. Input of time
and communication can aid in relearing knowledges for the post-colonial landscape via
application of Indigenous concepts. Keeping indigenous knowledge authentic is essential
when applying indigenous knowledge and concepts to scientific research to avoid
commodifying and oversimplifying to agree with western viewpoints (Haynes 2010).
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Abstract
The cleanliness of the air we breathe in our cities is vitally important for our health. Airborne
pollutants from traffic such as nitrogen oxides, heavy metals, volatile organic carbon compounds and
ultrafine particles have a range of serious effects. These include damage to the heart similar to the
damage from smoking, exacerbation of asthma, bronchitis, cancer, diabetes and damage to the
unborn. Children and the aged are particularly susceptible to harm. Unfortunately, exposure to
pollutants is worst when travelling in ways that are otherwise beneficial such as walking, cycling or
using public transport. Driving a car is generally less hazardous, because of the effective filtration in
modern vehicle ventilation systems.
We have taken the first steps towards creating an app that will allow travellers to choose a safer route
to their destination. The app will display data from Internet of Things (IoT) sensors on a map, to show
traffic pollution and noise hot-spots in real time. Freely available, low-power, long-range (LoRaWAN)
wireless networks are becoming increasingly common. The associated IoT sensors are cheap and their
batteries can last for 2 years. Unfortunately, for now, air quality sensors are of variable quality and
reliability, but audio sensors (microphones) are a well-established technology. Research has shown
that noise measurements from portable microphones can be used as a proxy for exposure to airborne
black carbon near roads. This study was designed to evaluate the potential of IoT sensors for
measuring noise and evaluating noise data as a proxy for air quality parameters. The sensors used in
the study were supplied in a portable housing for personal exposure monitoring.

Key Words
traffic pollution, active transport, IoT, internet of things, sensors, SMART Traffic Counter

Introduction
Local Airborne pollution from traffic is a significant health hazard worldwide for the people who live in
cities, towns and villages 1. It is claimed that emissions from Diesel engines pose a higher risk of cancer
than emissions from any other air pollutant 2. Although traffic emissions are not the major fraction of
airborne pollution in cities, they are possibly the major source of airborne pollution for people,
because traffic occupies space close to walkways, residences and workplaces. The traffic intensity on
the nearest road to a person’s home address was linked to mortality in a long-term study 3. Evidence
of harm from traffic pollution is abundant and mounting; it affects multiple systems of the body:
cardiovascular damage similar to that from smoking or diabetes 4, airway inflammation, respiratory
function
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; children are particularly susceptible to lung damage and disease 8. Although traffic

emissions are more harmful than noise 9, noise pollution is also recognised as a significant health
problem. There are reports of numerous health effects, including cardiovascular disease, cognitive
impairment, sleep disturbance and tinnitus. The cost of noise to health in south-east Europe is
estimated at over a million disability-adjusted life years 10.
Reducing the usage of private vehicles is essential for reducing the levels of harmful pollutants and
noise. Passenger vehicles are by far the most numerous vehicles on city roads, in 2016 they comprised
75.1% of the Australian fleet 11. Less crowded roads are beneficial not just because there are fewer
polluting vehicles, but also due to reduced traffic congestion. The production of traffic emissions is
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worst on congested roads: there are many vehicles and excessive power consumption in the stop-start
driving that is inevitable in congested conditions. Fuel usage and the production of harmful emissions
is proportional to the power produced by vehicle engine 12. In addition, traffic is the major source of
noise in urban environments 13.
There is a need for reliable, cheap, quick and easy methods to gather data linked to the actual effects
of traffic on urban air quality. Walking and cycling have many benefits to health, both physical and
psychological. However, a common reason for people to avoid exercising when commuting in cities is
the prospect of exposure to polluted air and noise around the roads. Unfortunately, this fear is well
founded. Methods of commuting that are otherwise desirable can expose people to greater levels of
air pollution than they would experience travelling in cars with filtered air circulation systems. When
comparing different modes of travel to work, the greatest rates of exposure to ultrafine particles have
been found for those walking or cycling along highly trafficked routes and using buses 14. Travelling by
bicycle, bus, automobile, rail, walking and ferry exposes commuters to concentrations of pollution
that can elicit acute effects 15. In the future, the hazard is likely to be avoided by reducing pollution to
consistently safe levels, through the use of cleaner engine technologies and electric vehicles. Until this
happens, commuters’ exposure could be reduced by providing them with up to date information
about the locations of hot-spots of traffic congestion and emissions. The most convenient method
would be via on-line maps of their commuting route with an overlay showing noise/traffic pollution.
This would help people to make the best choice of travel options. Until recently, the major barriers to
providing the data for such a system are the cost and logistical challenges of measuring noise and
traffic pollution.
Sound has been found to be a useful method for measuring traffic in a number of applications. For
heavy vehicles, the engine noise is the louder signal, but in light vehicles the tyre sounds become
louder than engine noise at greater speeds 16. Vehicles can be detected with microphones measuring
sound in 2 main bands of frequency: 100 to 200 Hz and 1 to 2 kHz. The lower frequencies are engine
noise; tyre noise is in the higher frequency band and its volume is proportional to the speed of traffic.
The use of both measurements can be used to estimate traffic density and speed 17. A study trialled a
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sound-based traffic counting system that was found to be effective enough to replace traditional,
more expensive technologies such as laser, inductive loop or radar. An array of low-cost microphones
was located at the roadside and signals were analysed with local post-processing. Unfortunately, this
system required continuous communication between the sensors, so that power consumption was
too high to allow the use of batteries
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. Calibration to local conditions is important, particularly

because the sounds caused by tyre interactions with the road change with the conditions of the road
surface. This is particularly due to roughness of the road surface and the presence of water. There can
be much variation from predicting noise based upon road categories 19. In a Belgian study that used
portable instruments that each contained a noise and a particle sensor, the relationship between
vehicles and sound was extended to show a correlation between the exposure of cyclists to black
carbon with noise measurements 20.
Developments in sensor technologies, the “Internet of Things” coupled with readily available
microphones, could make it possible to use noise measurements as a proxy for air quality. IoT sensors
can be deployed without the need for an external power supply, lasting years on a battery. A
comprehensive network could be deployed for a fraction of the cost of traditional air-quality
monitoring. For now, IoT air quality sensors are of variable quality and reliability, often with detection
limits above the concentrations required. Microphones are a cheap and stable technology, so that
deploying a network of sound sensors might be a simple, effective alternative to using more expensive
packages of multiple air quality sensors.
In this study we evaluated the use of noise measurements to estimate a range of pollutants. By
measuring noise, particulates: PM1 (particulate matter < 1 µm diameter), PM2.5 PM10 and the gases
NO2, NO, CO and O3, quantified the capability and limitations of the various sensing technologies. We
collected the measurements and vehicle counts at controlled intersections on a major road for 3 days
in February 2017.

Materials and methods
Anzac Parade is a major road in south-eastern Sydney, New South Wales. It connects the city centre
with parklands, residential suburbs and the coast. This study concentrated on the section of Anzac
Parade that runs south from Moore Park, through Kensington to Kingsford (Fig. 1). The northern end
was the pedestrian crossing 180 m north of the intersection with Dacey Avenue and Alison Street; the
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Acoustical Society (DEGA), 5740-5746.
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population. International Journal of Environmental Research and Public Health, 13.
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southern end was the pedestrian crossing 50 m north of the Nine-ways roundabout. This stretch of
Anzac Parade normally has 2 lanes in each direction and bus lanes for much of its length. Due to
unavoidable circumstances, the study took place while the road was part of a large project to install a
new light rail system. Care was taken to avoid noise and emissions interference from construction
equipment. Bus lanes were temporarily removed and a 50 km h-1 speed limit was imposed. The
dividing strip in the centre of the road was replaced by roadworks for much of the route (Fig 2),
leaving 2 lanes in each direction

Figure 1. Map showing section of Anzac Parade covered by study; red dots show sampling locations.
Rectangle on inset map shows study area in a large-scale map of south-east Sydney. Sydney Harbour is
the waterway to the north of study area, Botany Bay to the south. Base map Stamen Toner Light.
for the study. Measurements were made at 8 locations along the route (Fig. 1), chosen to give the
strongest signals for the sensors to measure. It was expected that local air pollution and traffic noise
would be most severe at these locations, because of vehicles queuing and accelerating away from
traffic lights. These were at the pedestrian crossings at the north and south ends, at University Mall
and at 5 controlled (traffic lights) intersections. At each location, measurements of air quality and
noise were made while vehicles were counted.

Figure 2. Anzac Parade showing roadworks for light rail construction down the centre of the street.
Measurements were taken between the hours of 7:00 am and 6:30 pm, to capture the heaviest
volumes of traffic. Air quality and noise measurements were taken every minute with an AS510
portable air quality monitor (Atmospheric Sensors Ltd., Hatley St. George, UK). It was equipped with a
collection of low-cost sensors, as used in IoT applications. It measured noise, particulates: PM1
(particulate matter < 1 µm diameter), PM2.5 PM10 and the gases NO2, NO, CO and O3. The monitor was
designed to increase the reliability of individual measurements by providing corrections based upon
cross-correlation between measurements of multiple parameters. The instruments were mounted in
an open pram, placed to ensure good air circulation. The pram was wheeled along the pavement next
to the road and stopped at the 8 locations for stationary measurements and traffic counts. The pram
was chosen because it was a robust platform for negotiating kerbs and it placed the instruments at
the height of an infant or a child’s head. Vehicles were counted by two people, one on each side of
Anzac Parade on the exit sides of the intersection or crossing. The counters communicated with each
other using portable radios. Counts were performed and stored to a database using the “SMART
Traffic Counter” app on touch-screen computer tablets. It was developed for this study and is planned
to be released for wider use following its evaluation. The first version of the app used in this study
classified vehicles into 4 categories: cars, trucks, buses and motor cycles). Counts were date-stamped
to local internet time and stored in a cloud-based database. Counting was started when the traffic
signals turned green for straight-through traffic flow and stopped when the traffic light turned red.
Both sides of the road were counted at the same time, the results were summed. To allow for
variability, 5 repeat counts were performed at each location.

Results and Discussion
Cars were by far the major component (average 85.5%, SD 5.5%) of the traffic counted on Anzac
Parade. Trucks were 7.9% (SD 6.0%) and buses 6.8% (SD 2.3%) of the traffic. The busiest location was
the northernmost crossing, just north of the confluence with 2 other major roads: Alison Rd and Dacey
Ave, where the average count was 79 cars minute-1 (SD 10.8), the quietest was the next intersection
south (Goodwood Street) with 31 cars minute-1 (SD 7.2). There were 42 counts, each with 5 replicates;
motor cycles were rare (average 2.7% SD 3.4). The SMART Traffic Counter was quickly mastered by
users and performed reliably for the duration of the study. The database performed well and made
data retrieval and analysis straightforward.
Measurements from the AS510 monitor were not obtained directly from the instrument, but from the
manufacturers after they had processed the raw voltage outputs from the sensors. There were a
number of readjustments to the calculations required over time. The relationship between noise
measurements and vehicle counts was poor. This was probably due to the differences in acoustics at
different locations, and perhaps the quality of the microphone was not sufficient for the task. This
suggests that sound sensors are likely to need in-situ calibration before use when located in street
settings. There were difficulties in obtaining meaningful data for nitrous oxide (NO) and ozone (O3),
since the concentrations in the air were below the sensors’ detection limits. Preliminary results
suggested that the best relationship between sound and airborne pollutants was for PM1. This varied
at the different locations, the correlation coefficient ranged from 0.10 to 0.80. The closest agreement
between the air quality sensors was for CO and PM1; however, the correlation coefficient was only
0.43. Data from the study suggested that CO and airborne particles were the most promising
measurements from IoT sensors for measuring air quality.
A major conclusion that we drew from the study was that at ambient concentrations low-cost sensors
may not perform as well as manufacturers claim. Even if sensors behave well in chamber studies at
high concentrations it does not mean that they will be fit for purpose for monitoring urban air quality
at levels typically found in Australian cities. Portable, low cost multi-parameter air quality sensors are
a recent innovation and the errors associated with some of the measurements may be large. Caution
needs to be exercised when choosing instruments, particularly if the vendor does not provide
information about the sensors that they use. If the make and model of the sensor can be found, online data sheets can help with the selection process.
Comparisons between the instruments used in the study and high-quality stationary instruments are
in progress. Better understanding the limitations of the data will assist in its further evaluation. The

first version of the SMART Traffic Counter was very effective and was well received by users. A
shortcoming was that it only had one category for trucks. This was found to be a significant limitation,
since the pollution released by a heavy goods vehicle is much greater than for a small delivery truck.
This has been addressed in the new version of the app, which provides 3 categories for trucks. For the
study, as soon as the deficiency was noted, intermittent counts of heavy vehicles were added to the
data.

Next Steps
Further research is planned to test the performance of sensors and the value of sound as a proxy for
AQ measurements. Instead of ready-made packages, individual sensors will be used together, each
chosen for their performance characteristics. We will test a network of IoT sensors and develop a
dashboard interface to display sensor data on a map. Furthermore, future work will include
accounting for the effects of meteorology, particularly rainfall. The low cost of the sensors will allow
for targeting of locations where people gather, such as pedestrian crossings and bus stops. This will
provide localised estimates of pollution concentration, potentially allowing for improvement in the
design of these facilities.
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Appendix 3: Paper 3:
Ammonia emissions measured in an
urban environment in Sydney, Australia
using Open Path FTIR spectroscopy
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Abstract
Vehicle emissions are a major contributor to poor urban air quality. Ammonia (NH3) is produced in
the catalytic converter of light petrol vehicles and emitted to the atmosphere in the exhaust. NH3 is
the major atmospheric alkaline species available to react with acidic nitrate and sulphate to form
fine particulate matter (PM2.5). PM2.5, even at low levels, is recognised as a major health risk.
Atmospheric NH3 can be difficult to measure with high sensitivity or high temporal resolution due to
the rapid absorption of NH3 onto sampling surfaces. An open-path Fourier transform infra-red (OPFTIR) spectrometer was deployed over 11 months at a site in western Sydney to measure
atmospheric NH3 at high temporal resolution (5 min) and high sensitivity (< 1 ppb) over an extended
measurement path (~500m). The OP-FTIR simultaneously measured carbon monoxide (CO) and
carbon dioxide (CO2), also emitted in vehicle exhaust, allowing direct comparison to the measured
NH3. In addition the OP-FTIR was located adjacent to an air quality monitoring station with in-situ
measurements that included NO2, NOx and NO.
Atmospheric NH3 levels ranged from 0.5 to 20 ppb. A diurnal variation was evident with a maximum
in the morning and a smaller peak in the evening. A strong correlation (r2 = 0.6 to 0.75) between the
measured CO and NH3 was noted, with the correlation varying with time of day and day of week. A
similar, but opposite, variation in the ratio of CO and NOx was also noted. Here we explore the
potential for OP-FTIR spectroscopy to identify and quantify gaseous species from vehicle exhaust
emissions and other emission sources relevant to urban air quality.
Introduction
Why NH3:
•
•
•
•

Particulate matter and health effects
Secondary inorganic particles
Proportion of particulate in other urban environment
Proportion of particulate matter in Sydney urban environment – Sydney particulate study
o High levels of VOC’s

Sources of NH3:
•
•
•

Agriculture
Wetlands, sewerage and water treatment works
Catalytic converters
o Equations for formation
o Influences on production

Previous measurements and techniques:
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Abstract
Tasked by public interest, the Clean Air and Urban Landscapes (CAUL) hub set out to measure air
quality at two case study locations within Sydney. The aim was to compare PM2.5 concentrations at
a typical suburban site and at a busy roadside location, with ambient regional urban background
levels as measured at nearby regulatory air quality stations. Ambient air quality measurements were
made at a temporary location on the roof of a two story building in the Sydney suburb of Auburn, to
simulate a typical suburban balcony site. During the 18 month measurement campaign,
concentrations of carbon monoxide were slightly higher, nitrogen oxides were similar and PM2.5
and PM10 were lower at the suburban balcony site, than at the closest permanent air quality
stations. Therefore we concluded that the existing air quality network provides a good
representation of typical pollution levels at the Auburn ‘balcony’ site.
A much shorter campaign, was run over a few days in Randwick, Sydney to assess roadside pollution
levels, with the focus on fine particulate matter (PM2.5). Average PM2.5 concentrations of 17µgm3
were measured, which is approximately double the concentrations at the nearby regulatory air
quality network sites. Roadside concentrations of PM2.5 were about 50% higher in the morning
rush-hour than the afternoon rush hour. 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 cyclists should avoid these times for their daily exercise.
Key words: PM2.5, Air quality, Traffic emissions,

1. Introduction
PM2.5 Pollution and Health

It is well understood that 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] analysed data from the 2015 Global Burden of Diseases
Study and found that exposure to ambient PM2.5 was the cause of 4.2 million deaths, as the fifthranking global mortality risk factor, and 4.2% of global disability-adjusted life-years.
Within the population, certain groups are susceptible to health impacts from pollution exposure,
including children, the elderly and individuals with pre-existing cardio-pulmonary diseases [Segalin et
al., 2017]. 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 PM dosage [Saadeh and Klaunig, 2014]. [Goldizen et al., 2016] 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 [Clark et al., 2010; Gehring et al., 2010], and increased postneonatal infant
mortality [Woodruff et al., 2006]. Additionally, emerging evidence suggests that long-term PM2.5
exposure is linked to impaired neurological development, cognitive function [Basagana et al., 2016;
Sunyer et al., 2015] and affected lung development [Gehring et al., 2013; Zwozdziak et al., 2016].
PM2.5 Pollution and Traffic and Infants
Primary sources of PM2.5 include combustion processes and the resulting emission of carbonaceous
particles (elemental and organic carbon). Motor vehicle emissions substantiate a significant source
of ultra-fine (>0.1 um) and fine particles (>2.5 um), which contribute both carbonaceous particles in
Aitken mode, and emissions in nucleation mode formation of PM2.5. In this instance, particles
nucleate on tailpipe emissions that quickly cool on release [Brines et al., 2015; Kumar et al., 2014].
Children and infants in prams are closer to vehicle tailpipe height (approximately 30-60cm above
ground level), and hence are at risk for larger PM2.5 exposure than adults. Computational fluid
dynamic modelling for vehicle exhaust emissions has shown that exhaust exiting from a vehicle
tailpipe slowly expands and the evolving aerosol remains constrained to a near-ground level in calm
air [Albriet et al., 2010]. Additionally, PM2.5 concentration can be enhanced at the near-tailpipe
vicinity due to the presence of a recirculation vortex in the near-wake region of the vehicle
[Carpentieri et al., 2012]. Although the extent of such a vortex depends on numerous factors such as
wind speed and vehicle shape, [Hidy et al., 2009] observed exhaust entrainment within the vortex,
causing integrated mass in the near-wake region to be greater than expected by up to 130-150% (in
comparison with simple advection downwind). 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 such traffic contributions.
Due to a number of influencing parameters; including a closer proximity to the pollution source and
entrainment of pollutants by street canyon effects, roadside pollutant levels are significantly larger
for pedestrians[Kumar et al., 2015; Steinle et al., 2013], Additionally, roadside PM2.5 exposure is
compounded during commuting periods whereby peak concentration of PM2.5 have been observed

to correspond to peak traffic hours due to an increased density of traffic [Greaves et al., 2008].
Exhaust emissions from heavy vehicles have been reported to result in a significant increase in PM2.5
concentration from road-side mobile measurements [Bereitschaft, 2015; Greaves et al., 2008;
Targino et al., 2016]. Higher levels of PM2.5 concentration 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 [Anju Goel and Kumar, 2015; Schneider et al., 2015]. This is
due to the sharp increase and decrease in acceleration/deceleration which is associated with
frequent gearshift in stop-start conditions and forms a key contributor to urban traffic PM2.5
emissions [Choudhary and Gokhale, 2016]. A few studies have observed the spatial variability of
PM2.5 along main roads; [Kumar et al., 2017] reported that in the morning and afternoon
respectively, traffic intersections showed an increase of 7% and 10%, and bus stops resulted in a 12%
and 21% increase in PM2.5 concentration. A decreasing trend with increasing distance away from
main roads has been observed for many atmospheric pollutants; [Kinney et al., 2011] reported a
decrease in PM2.5 concentration by approximately 80% and 85% from roadside concentrations at
30m and 100m away respectively (downwind). [Wang et al., 2006] reported a slightly lower rate of
decay, where PM2.5 concentrations decreased by 11% and 18% at 30m and 155m respectively. A
Queensland study observed a similar decrease of PM2.5 with increasing distance from a main road;
reporting PM2.5 concentrations at 75% of road-side levels at 150m with wind coming from the main
road, and 65% for wind parallel to the road [Hitchins, 2000]. This study concluded that at 15m and
150m away from the main road, PM2.5 concentration was approximately 7 times and 3.5 times
higher than the urban average respectively.
Numerous studies have observed the vertical spatial behaviour of particulate matter, wherein PM2.5
concentration decreases exponentially with height [A. Goel and Kumar, 2016]. [Garcia-Algar et al.,
2015] reported that UFP concentrations were approximately 10% higher at pram height (0.55m)
than adult breathing height (1.7m). Similarly, [Buzzard et al., 2009] observed that at pram height
(~0.85m), the maximum PM concentrations averaged short-term (1.5s & 2.5s) were approximately
double that of those recorded at adult height (~1.65m). [Kumar et al., 2017] 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, 2014] reported PM2.5 concentrations were lower at
pram height compared to adult height. PM2.5 exposure at child-height is of crucial importance to
understand, as certain chemical compositions of particulate matter can have toxic effects, especially
when compounded with the vulnerability of children’s developing systems. A summary of studies
investigating roadside exposure is given in Table 1.

City

Table 1: Summary of relevant studies investigating PM2.5 roadside exposure.

Guildford,
UK

Barcelona,
Spain

Pollutants
investigated
PMC, PNC
PM (0.25-32
μm)

UFP
(201000 nm)

Study Design

Instruments used

Measurements at pram height (0.7m)
and baby-carrying height (1.4-1.6m)
over a 2.7km route to a Primary
School during drop-off and pick-up
school periods.
Measurements taken on three streets
at both stroller height (0.55m) and
adult height (1.70m) over 10 days for

PM: GRIMM EDM 107
PNC: P-Track 8525 (TSI)
(0.2-1μm), Dylos DC1700
(0.5 - 2.5 μm)
UFP: P-TRAK 8525 (TSI)

Author
(year)
Kumar.
et.al. 2017

GarciaAlgar
et.al. 2014

2 hours per day.
Mobile sampling undertaken at pram
height (0.74m) and adult breathing
zone height (1.36m) over three, 1hour periods over six weekdays.
Stationary data collected at adult
breathing height (1.65m) and stroller
height (0.85m) near a main road.

Edinburgh
(UK)

PM2.5

Morgantown
,
West
Virginia
(USA)

PM
(mass
and number
counts),
NOx, CO, CO2

Nebraska,
USA

PM2.5

Switzerland

UFP (10
700nm)

New
York
City, USA

PM2.5,
PM10-2,5

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.

Hong Kong

CO, PM2.5

Roadside measurements collected at
adult breathing height (1.5m) at three
urban sites. 4 sampling points were
sampled at each site with increasing
distances away from a main road.

California,
USA

FP

Stationary monitoring at six locations
for three, 2-hour periods over three
days. Mobile measurements collected
at backpack-height for a 2-hr period
over 2-3 routes at the six locations.

New Jersey,
USA

PNC, PM2.5,
CO. BC,

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

-

Data collected at 1.5m height on a
2km walking route over 48 outings
(total measurements for 20h).
Measurements collected using a
bicycle pulling a child trailer at both
bicycle-rider height and at trailer
height along routes of varying traffic
density.
Instruments fitted on a baby stroller,
measurements
collected
along
pedestrian walkway of major road.

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

Galea.
et.al. 2014

UFP & PM1: Fast-responsde
particle
spectrometer
(Cambustion DS500)
NOx: EcoPhysics CLD-822
CO & CO2: Horiba AIA-200
PM2.5: Optical Particle
Sizer (OPS) (TSI) (0.3-10μm)

Buzzard
et.al.2009

UFP: DiSCmini
Aerosol)

Burtscher
&
Schüepp.
2012

(Matter

Bereitscha
ft. 2015

PM2.5: Unico 240 Cyclones,
Teflon filter and quartz
fiber filter.

Peltier.
et.al. 2011

PM2.5:
Air
sampling
instruments: used anodized
aluminium cyclone (BGI Inc,
Waltham, MA) and Teflon
filter. Flow rates of vacuum
pump recorded using SKC
rotameters pre-calibrated
with mass flow meter (TSI
Model 4199).
PM2.5: DustTrak 8520 (TSI)
CO:
Collected
using
sampling bags, analysed
with gas filter correction CO
analyser
(Model
48,
Thermo
Environmental
Instruments Inc)
PM2.5: DustTrak Aerosol
Monitor (TSI)

Kinney, P.
et.al.
2011.

PM2.5: SidePak monitor
BC: Micro-Aethalo meter
CO: Langan T15

Ho
Yu.
et.al.
2016.

Wang,
et.al.2006

Boarnet,
et.al. 2011

Londrina,
Brazil

PM2.5, BC

Australian studies
Sydney,
PM2.5
Australia

Queensland
(Tingalpa &
Murrarie),
Australia

PM1, PM2.5
and PM10

Data collected using instrumented
bicycles along main and side-streets in
the city centre, covering a distance of
215km in nine sessions over 2
months.

BC:
AE51
Microaethalometer
(Aethlabs)
PM2.5: DustTrak 8520 (TSI)

Targino,et
.al. 2016

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

PM 2.5: AM510 SidePak
Personal Aerosol

Greaves,
et.al. 2007

Measurements taken at increasing
distances away from a main road
perpendicularly (from 15-375m) for
15 min each point - seven complete
sets collected.

Particle size: APS Model
3310A & SMPS Model 3934
(TSI)
PM1,
PM2.5,
PM10:
DustTrak 8520 (TSI)

Hitchins,
et.al 2000.

While personal PM exposure monitoring is an expanding field of study with the emergence of mobile
air quality technologies, there remains a limited dataset of investigating PM2.5 exposure for children
or infants in prams. Often, measurements are conducted at adult breathing height, or collected
using bicycles or motor vehicles for pragmatic benefits during data collection. Studies largely have
focused on collecting data at solely main roads, or through the use of stationary measurements
collected at increasing distances/heights away from the road. Additionally, there is a lack of a
comprehensive road-side pollutant analysis within Sydney, especially at pram height.
PM2.5 Pollution and Sydney
Although Sydney experiences occasional extreme pollution events from bushfires and dust storms
(e.g.[Y C Chan et al., 2005; Rea et al., 2016]), 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 [Crawford
et al., 2016]. In NSW, measured PM2.5 concentrations are generally at or below the 24-hour average
standard (25 µg/m3), but exceed the annual average standard of (8 µg/m3) [EPA, 2015]. 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 [Greaves et al., 2008].
A 2015 report of surveys of Australian parents and children concluded that approximately half of
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 [AHKA, 2015]. In combination
with walking time encompassed within modes of public transport (e.g: walking from bus and train
stations), children in Australia may be at risk for PM2.5 exposure during regular commutes to school,
particularly alongside busy roads. Hence, it is important to understand the extent of roadside PM2.5
exposure for children, and to identify the spatio-temporal behaviour of PM2.5 along main roads.

In February 2017, the daily average of PM2.5 was 8.5µg/m3 for Chullora (a western suburb of Sydney),
in comparison to 138.4 µg/m3 at Delhi, India (CPCB, 2017), and 21.1 µg/m3 at London (London Air,
2017). Methods used to gather such ambient air quality data largely utilise fixed-site monitoring
stations (often located in local parks) that measure background pollutant concentrations. However,
this data may not be representative of pollutant concentrations in urban environments where
members of the public spend most of their time. In particular, due to rapid population growth in
Sydney, there are increasing numbers of high-rise apartment blocks being built, such that more
people are spending larger amounts of time on suburban balcony settings.
PM2.5 Pollution and Balconies
As noted above, PM2.5 concentrations can vary rapidly with height near roads ([A. Goel and Kumar,
2016], [Garcia-Algar et al., 2015], [Buzzard et al., 2009]). Several other studies have found that
PM2.5 concentrations decrease with altitude more generally in urban environment. For instance in
Guangzhou, China, it was found that the concentration of PM2.5 on a balcony at 24 m was only 64%
of that measured at 3m above the ground [Li et al., 2005]. This is similar to findings from a study in
Hong Kong [L Y Chan and Kwok, 2000]. However, this decrease does not continue linearly with
altitude, as at a height of 36m the concentration of PM2.5 decreased to just 58% of the maximum.
This tapering of decreasing PM2.5 with altitude was also noted in a study in Macao [Wu et al., 2002].
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. CAUL research was
partially driven by research posed by the public at a number of “roadshow” events. A recurring
question posed by members of the public was “how does the background air quality reported for my
area relate to my likely exposure when I am outside?” Although we acknowledged that we cannot
answer this question for any particular individual, we nevertheless set about trying to address this
problem via the use of two separate case studies:
1. The RAPS campaign (Roadside Atmospheric Particulates in Sydney), provides an assessment
of how PM2.5 concentrations at infant breathing height, near a busy road in the Sydney City
metropolitan area, compare to reported air quality levels from nearby statutory monitoring
stations. Spatial and temporal variability of PM2.5, relevant to members of the public
seeking to minimise their exposure to fine particulate matter, are also explored.
2. WASPSS-Auburn (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.

2. Roadside Atmospheric Particulates in Sydney (RAPS)
2.1 Site description

The RAPS campaign study area, Randwick, is a metropolitan area located 6km away from the Sydney
CBD, which is comprised of high suburban areas, numerous recreational parks and public institutions
including schools and a major university (UNSW) located on the main road, Anzac Parade. The area
has a growing population of approximately 140, 000, which has increased 20% over the last decade
(ABS 2016, 2006). A NSW OEH (Office of Environment & Heritage) air quality monitoring station is
located approximately 2km southeast of the study site, which records meteorological variables, fine
particles (by nephelometry) and PM10. Randwick is currently only served by buses, leading to high
pedestrian activity which is characterised by waiting at bus stops and walking along footpaths.
2.2 Study design
2.2.1 Route characteristics
The route was constructed along the major road, Anzac Parade; a 4-6 lane main road which connects
to the major M1 motorway at the northern end. The route along Anzac Parade stretched for
approximately 3km, which has been sectioned into four parts for analysis - Section ‘A’ at the
northern end extends from the intersection of A.P and Dacey Avenue to the intersection of A.P and
Day Ave (2.2km). Section B at the southern end extends from AP & Day Avenue to the intersection of
A.P and Gardeners road; a distance of 0.8km. To investigate the behaviour of PM2.5 with increasing
distance away from a main road, two perpendicular transects to AP were conducted extending 220m
(4 blocks) along Day Avenue and back to AP (Section ‘D’), and 260m along University Mall and back
to AP (Section ‘U’). Day Avenue was selected as it represented a typical Sydney residential street; a
2-lane street with single/double story houses on either side. University Mall was chosen as it is a
pedestrianized street as part of the University of New South Wales to provide a scenario which
minimised road-side pollution exposure to provide a background level of PM2.5 (See Figure 1).
Each section within the overall route has been divided into two based on the direction of travel,
wherein the suffix ‘N’ denotes a northward direction of travel, and the suffix ‘S’ denotes an overall
southward direction. For sections U and D, the suffix of ‘1’ indicates the direction of travel is
perpendicularly away from Anzac Parade, and the suffix of ‘2’ indicates the direction of travel is
towards Anzac Parade.
The route was designed to include numerous bus stops and traffic intersections along the main road,
and incorporate areas of varying traffic volume. For example, the intersection with Dacey Avenue at
the northern end of section ‘A’ combines two major roads, and is expected to result in a higher
traffic volume than the residential Day Avenue street in section ‘D’. Data was collected on the 13th
to 16th of February from 0700-1900 h (local time), a time period which represented normal schoolhour and work-week traffic conditions. The total length of the route was 7.0km, which took an
average of approximately 3 hours, including waiting times counting traffic at intersections.

Section A, Anzac Parade

Section B, Anzac Parade

Section D, Day Avenue

Section
Mall

U,

University

Figure 1 Map showing the overall route taken. Section A (red) & B (blue) are along Anzac Parade. Section D
(yellow) is along Day Avenue, a short road perpendicular to the West of Anzac Parade. Section U (green) is
University Mall, a perpendicular pedestrianised road West of Anzac Parade.

2.3 Instrumentation
A DustTrax DRX Aerosol Monitor (Model 8533, TSI Inc.) was used to measure PM2,5 concentration 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). The flow rate of 3.0 L/min was drawn into the sensing chamber continuously using a
diaphragm pump and reported PM concentrations at a time resolution of 5 seconds. To ensure a
high quality of data, the instrument was calibrated to zero 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 size calibration factor.

DustTrax 8533 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 (Rizza,.
et.al. 2017, Ulanova, et.al. 2016, Jiao & Frey, 2013, Orru. et.al. 2014, Boarnet, et.al. 2011).

2.4 Data collection and analysis
The DustTraks 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. The
instruments were situated at a height of 0.78m and a team of nine students alternated shifts in
pushing the MAQS following the route outlined in Section 2.2.1. Data collection began at the
intersection of Day Avenue and Anzac Parade, and followed the route of: AS, D1, D2, BS, BN, U1, U2,
AN, which was repeated throughout the day. A total of 71 sections were walked over the four days,
resulting in approximately 68km walked overall.
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 GPS data recorded, and the time and location was recorded at
each traffic-counting site.

3. Findings from the RAPS Campaign
Overall concentrations
The daily average PM2.5 concentration varied slightly between days of data collection. Average PM2.5
concentration was calculated to be within 1 ug/m3 for each day of data collection (16.8 – 17.0 ug/m3)
, with the exception of the 16th February which had a total average of 21.6 ug/m3. A more noticeable
variation was noted between runs collected on the same day, depending on time of day and
location.
Table 2 shows the mean, minimum, median and maximum of PM2.5 for all days assessed, divided into
each section. Average minimum values were within 1 ug/m3 for all sections analysed, though the
maximum values recorded were significantly higher along the main road, likely due to an increased
level of local PM2.5 source contributions.
Spatial variability of PM2.5 concentration have been observed along the main road; Anzac Parade,
with increased variability at distances increasingly away from the main road. Average PM2.5
concentrations along Anzac Parade were slightly higher overall than sections perpendicular to the
main road, although the difference between sections (A, B and U, D) was minimal (between 3 -5
ug/m3).

PM2.5 (ug/m3)

Section of route
Figure 2: Boxplot of PM2.5 concentrations for each section. The unshaded area shows sections along Anzac
Parade, and the shaded area shows sections perpendicular to Anzac Parade.

Table 2: Statistical data of all route sections:

Anzac Parade PM2.5 (ug/m3)

Mean ± SD

Perpendicular to Anzac Parade PM2.5
(ug/m3)

AN

AS

BN

BS

D1

D2

U1

U2

18 ± 13

18 ± 35

19 ± 13

17 ± 10

13 ± 5

16 ± 11

12 ± 4

15 ± 10

Min (Med) 6 (15) 423
Max

7
(15) 6 (16) 6 (14) 7 (12) 31
496
357
254

8 (12) 6 (11) 7 (13)
105
33
107

Spatial variability
Figure 3 shows the spatial variation of PM2.5 corresponding to sections AN, BS, D1 and U2 recorded
consecutively on February 14th and 15th. These runs had averages which were most similar to the
overall averages calculated for the entire set of data, and provide a representative view of trends
observed in the study period.
(a) 14/02/2017

(b) 15/02/2017

Figure 3: Overall spatial variability of PM2.5 recorded along route. (a) 7:47-9:39 AM on the 14th February,
and (b) 7:05-9:40 on the 15 February 2017.

Along Anzac Parade, areas of increased PM2.5 concentration can be noted occurring in the same
places which correlate to areas of congestion including traffic intersections and roundabouts, and
areas of roadworks (shown by the large red area on both images below). While the average PM2.5
concentration calculated is within the WHO safe threshold of 25 ug/m3 (daily average mean), these
areas along the main road largely exceed this number into unsafe levels, up to 20 times greater than
the recommended exposure.

Temporal variability:
Overall, PM2.5 averages appear to be slightly higher in the morning and with a larger range, ranging
from 17 - 27 ug/m (mean of 21 ug/m ), compared to a range of 13 - 20 ug/m (mean of 16 ug/m ) in
the afternoon, as shown in Figure 3. These findings corroborate with existing roadside studies, which
have identified similar patterns due to influences from traffic emissions (Kumar et.al. 2017).
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
windspeed which limits atmospheric mixing.
3

3

3

3

Figure 4: PM2.5 concentration in the morning (from 6:00 – 12:00) and the afternoon (from midday- end of
data collection period (6 - 7pm). This data has been taken from sections along Anzac Parade (has not used
data collected perpendicular to the main road).

Comparison with Air Quality Monitoring station data
In order to compare roadside air quality measurements with that of the local air quality monitoring
stations, a statistical analysis has been conducted. During the field collection period, the closest OEH
monitoring station (Randwick) had not yet begun recording PM2.5 concentrations, hence data from
the closest monitoring stations (Earlwood and Rozelle) have been compared against Randwick using
six months of data from March to October 2017.
Table 3: Statistical analysis of OEH monitoring stations

Randwick v.

FAC2

MB

MGE

NMB

NMGE

RMSE

r

COE

IOA

Earlwood

0.608

1.088

4.292

0.152

0.599

6.322

0.662

0.044

0.522

Rozelle

0.620

0.544

3.929

0.076

0.549

5.784

0.648

0.123

0.561

Both Earlwood and Rozelle Air Quality Monitoring stations reflect the PM2.5 patters exhibited at
Randwick similarly, although occasionally there are more pronounced peaks at the Randwick

monitoring station which are not captured by either station. Rozelle has a higher IOA and an r factor
with a small positive NMB and smaller RMSE, hence it can be identified as more correlated to the
Randwick monitoring station.
Figure 5: Comparison of OEH monitoring station PM2.5 data
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Having established a fair correlation between PM2.5 concentration at Randwick and the surrounding
monitoring stations, DustTrak observational data was statistically compared against the Earlwood
and Rozelle Air Quality Monitoring station data over the same time period as roadside data
collection. Each station exhibited a negative Index of Agreement, and had a poor correlation
coefficient with a NMB of up to -0.685.
Table 4: Statistical comparison of roadside v. Air Quality monitoring station PM2.5 data

DustTrak v.

FAC2

MB

MGE

NMB

NMGE

RMSE

r

COE

IOA

Earlwood

0.237

-11.508

11.508

-0.685

0.685

12.428

-0.015

-2.753

-0.467

Rozelle

0.325

-9.748

10.168

-0.561

0.585

11.364

0.155

-1.856

-0.300

Table 5 shows the average PM2.5 concentration recorded at each monitoring station and at the
roadside in Randwick. During operational hours when roadside data was collected, averages during
the morning (6 – 9 AM), noon (10 AM – 3 PM) and afternoon (4 – 7 PM) were overall lower than
roadside measurements by up to 16.4 ug/m3 in the morning, 10.6 ug/m3 at noon and 8.7 ug/m3 in
the afternoon. Notably, the difference between roadside and Air Quality monitoring stations was
smallest during the afternoon with higher variability during the morning.

Table 5: Comparison of average PM2.5 concentration between roadside and Air Quality monitoring stations.

Earlwood

Rozelle
(ug/m )

Randwick Roadside Roadside
– Roadside
–
3
3
3
(DustTrak) (ug/m )
Earlwood (ug/m )
Rozelle (ug/m )

Morning

5.6 (± 2.7)

8.8 (±5.0)

22.0 (±3.7)

16.4

13.2

Noon

4.5 (±2.6)

7.2 (±4.6)

15.1 (±2.4)

10.6

7.9

Afternoon

5.6 (±4.0)

5.3 (±3.9)

14.3 (±2.4)

8.7

9.0

3

(ug/m )

3

These results have indicated that the nearby operational Air Quality Monitoring stations do not
provide a reasonable representation of roadside PM2.5 exposure and largely underrepresent
roadside conditions. Additionally, such monitoring stations do not reflect the increased spatiotemporal variability of PM2.5 at a roadside level, and do not reflect potential areas of increased PM2.5
exposure at hotspot locations.
Additional research has being conducted to investigate whether a suburban setting at an increased
height and distance away from direct emissions is by the appropriate Air Quality Monitoring
stations.

4. The Western Air-Shed Particulate Study for Sydney (WASPSSAuburn)
WASPSS-Auburn was a sub-project of the Clean Air and Urban Landscapes hub’s aimed at assessing
air quality at a site representative of a suburban balcony setting. Auburn is a suburb in Western
Sydney that is located approximately 19km from downtown Sydney, with residential, business and
industrial areas as well as numerous parks and sporting complexes.
On the 23rd of May 2016 a mobile air quality measuring station (termed a “POD”) was placed on site
(with the assistance of a mobile crane) on the roof of a commercial business known as the Master
Plumbers Association, at 151.037oS 33.855oE. The POD was then wired up, inspected and then
calibrated. The site is situated next to a major rail passageway, several industrial and commercial
warehouses and is across the road from a sporting complex. There is also an arterial road that is
situated approximately 300m north of the site.
The POD is a mobile compact air quality station that complies with the Australian standards for the
measurement of ambient air quality, which is in accordance with the National Environmental
Protection (Ambient Air Quality) Measure (NEPM). The NEPM guidelines for ambient air quality are
the regulations followed in Australia for measuring air quality. The air quality POD was fitted with
the following instruments to carry out measurements of pollutants of interest:
• Teledyne NOx + O3 Analyser – Model T204
• Teledyne CO Analyser – Model T300
• Fluorescence SO2 Analyser – Model 100E
• Thermo Scientific TEOM Series Model 1405-DF
• Environics Multi-Gas Calibrator – Model 6100
• Environics Zero Air Generator – Model 7000

•
•
•
•

Aurora 3000 – Multi Wavelength
Calibration Gases
Telemetry – Automatic Communication
Meteorology – Wind Speed/Direction, Temperature and Humidity

The OEH carry out the measurements through the implementation of strategically placed measuring
stations around the state. This allows the OEH to provide current data online publicly and is
presented as ambient concentrations as well as air quality index. (OEH, 2017).
The data from the Auburn site from 25th May 2016 to 30th July 2017 was compared with three other
selected monitoring sites in western Sydney, located at Chullora, Liverpool and Prospect.
Add map and photos of Auburn site

5. Findings from the WASPSS- Auburn Campaign
(Need to trim this…….)

Wind Speed

Figure 6 – Daily (left), Seasonal (middle), weekly (right) Time variation plot of windspeed at Auburn,
Chullora, Liverpool and Prospect

The hourly time variation analysis reveals a temporal trend of wind speed that is common to all
four sites. The wind speed is lowest overnight and into the morning (23:00 – 06:00). The time at
which each site is at its peak is between 12:00 – 18:00. The analysis shows Liverpool and
Prospect experience the highest wind speeds, followed by Chullora and Auburn experiencing a
lower wind speed.

The seasonal graph (middle) shows that all four sites follow the same yearly trend, which is
unsurprising since these sites are all relatively close geographically. The seasonal trend shows
that during autumn and into the winter the wind speed dips and increases to a peak in spring.
The most noticeable feature on these three graphs is that overall Auburn experiences the lowest
wind speeds all year round, when compared to the other sites. This may be due to the
positioning close to buildings dampening the measured wind speed at Auburn, compared to the
measurements at the more open areas where the permanent air quality stations (at Chullora,
Liverpool and Prospect) are.

Temperature

Figure 7 – Daily (left), Seasonal (middle), weekly (right) Time variation plot of temperature at Auburn,
Chullora, Liverpool and Prospect

The time variation analysis shows that Auburn is warmer overnight and during early hours of the
morning than the other sites. The daily analysis also shows the temperatures at all sites are
comparable, with Auburn being slightly higher by 1 ˚C (Celsius). The mean bias of Auburn
compared with each site is as follows; Chullora -0.9 ˚C, Liverpool -1.0 ˚C and Prospect -0.9 ˚C
(mod stats in R). This negative result indicates that the permanent sites are slightly cooler on
average than the Auburn site. This may be related to the urban heat island effect, since the
Auburn instrument is located on a concrete roof, whilst all other stations are located within
parkland areas.
The yearly graph is a good representation of the cyclic nature of heating and cooling during the
seasons with temperature being highest at around 25 ˚C during summer, then a cooling is
evident during autumn into winter, where the temperature is lowest and then the heating reoccurring during spring into summer. The yearly graph also supports that each of the sites are
comparable with regards to temperature.

The weekly trend again shows that Auburn is slightly warmer of up to 1 ˚C than the other three
sites, which means that Auburn could potentially generate more photochemical ozone; however
there are more variables to consider.

Carbon Monoxide (CO)

Figure 8 – Daily (left), Seasonal (middle), weekly (right) Time variation plot of CO at Auburn, Chullora,
Liverpool and Prospect

The daily cycle of carbon monoxide shows bimodal peaks and a midday trough. One peak is in
the morning approximately 6am and a secondary one at approximately 6pm. These peaks
suggest the source of carbon monoxide is consistent with the morning peak hour traffic and then
the build-up of pollution within the nocturnal boundary layer.
The seasonal graph shows that the highest concentrations of CO were during the colder months
at the end of autumn into winter, which is show with all sites. This increase in CO is most likely
from the use of wood fire heaters. The seasonal graph also indicates which suburb has the
highest yearly average and in order from highest to lowest is; Auburn, Liverpool, Chullora and
finally prospect which is much lower than the others.
The weekly graph is a good representation of the variability of CO around various suburbs in
Sydney where Prospect shows a CO concentration of around 100ppm, Chullora 300ppm,
Liverpool 350ppm and Auburn 400ppm. The weekly graph also shows consistent levels of CO
throughout the week, where there is no evidence of an increase or a decrease over the
weekend.

Nitrogen oxides (NOx)

Figure 9 – Daily (left), Seasonal (middle), weekly (right) Time variation plot of NOx at Auburn, Chullora,
Liverpool and Prospect

The daily cycle of NO, NO2 and NOx follow a very similar bimodal pattern of a peak concentration
in the morning around 7:00am with a trough between 11:00am and 5:00pm. The secondary
peak is between 5:30pm – 10:00pm. This pattern aligns with the increase and decrease in traffic
from the commute to and from work with the evening rush hour combining with the descent of
the nocturnal boundary layer to produce a broader evening peak in concentration. It is well
know that NO is produced directly from vehicle emissions and that NO2 is a secondary pollution
from the reaction of NO and O3 as discussed earlier and shown in equation (c). The daily graph
also shows that concentration of NOx is highest early morning in Liverpool, most likely due to a
higher volume of traffic.
The yearly graph shows that the concentration of NO, NO2 and NOx are highest in the cooler
months; this is due to the pollutants becoming trapped in the colder boundary layer, where
there would also be poor mixing with lower wind speeds and less UV. This seasonal graph also
shows that the oxides of nitrogen are lowest during the warmer months (Nov – Mar); this
correlates with the highest peaks of ozone.
The weekly graph shows that the oxides of nitrogen are highest during the week and lower over
the weekend; this is most likely due to the decrease in activity over the weekend being out of
business hours and less trucks on the road. This feature is shown across all sites. An additional
feature is that Prospect is reasonably lower than the other sites and also that Liverpool has the
highest daily concentration in the morning, this may indicate the level of traffic on the roads for
the morning commute.

Ozone (O3)

Figure 10 – Daily (left), Seasonal (middle), weekly (right) Time variation plot of O3 at Auburn, Chullora,
Liverpool and Prospect

The time variation analysis in Figure 10 illustrates the temporal nature of the diurnal ozone cycle
as shown above with all sites following the same trend on a daily basis with the concentration of
ozone being lowest in the morning, increasing from morning through to the afternoon and then
decreasing overnight. This trend is due to the photochemistry required for the production of
ozone and the decrease is due to the titration of ozone by NO overnight. The Auburn site is
missing data for ozone, especially during the summer months which may be the reason for
lowered average concentration. However it can be seen that the main differences in ozone
concentration is shown during summer.
The weekly trend on the far right shows that on a weekly basis the concentrations of ozone are
relatively stable during the week and increase from Friday and peak on Saturday. This is anticorrelated to the weekly NOx cycle and thus the peak O3 concentrations at the weekend is most
likely the result of a reduction of NOx titration of O3 caused by reduced traffic emissions. The
weekly graph shows that Auburn on average has lower ozone levels compared to the other sites.
The seasonal graph in the centre shows again that all sites follow the same general trend of
ozone concentrations being higher in the warmer months with greater sunlight hours; it also
shows that overall the concentration of photochemical ozone is higher in other sites than
Auburn particularly earlier on in the year.

PM2.5

Figure 11 – Daily (left), Seasonal (middle), weekly (right) Time variation plot of

PM2.5 at Auburn, Chullora, Liverpool and Prospect

The time variation plot in Figure 11 shows that there are some similarities and differences
between the sites with regards to PM2.5. The daily plot shows that Chullora overall has higher
concentrations throughout the day, particularly in the early morning, this may be due to a higher
volume of traffic. The four sites follow a similar bimodal trend where the PM2.5 is highest early
morning and again in the evening. The higher concentration of PM2.5 during the evening and into
the night is most likely the particulates being trapped within the cold nocturnal boundary layer.
There is also a trough during the day where the PM2.5 concentration lowers due to the reduction
of traffic and more dilution due to a higher and more turbulent boundary layer. Auburn shows
comparable results to the other sites with a mean bias with each site as follows: Chullora 1.29
µg/m3, Liverpool 1.42 µg/m3 and Prospect 0.640 µg/m3. This positive result shows that each
permanent site sees slightly higher concentrations of PM2.5 compared to the Auburn site.
The yearly trends show very similar patterns at all sites except for a large peak for Chullora at
the beginning of autumn. The other sites don’t show this feature. This localised event at Chullora
was traced to a fire that occurred on the 23rd of February at a recycling plant (The Daily
Telegraph, 2017). Figure 13 shows the magnitude of the fire and figure 14 demonstrates how
wide spread the emissions of a fire of this size and spread. This also shows how a single pollution
event can impact on the data, particularly with smaller time-series. The dip in Auburn data
around this time of year corresponds with the measurement equipment being offline so the
instrument did not capture as much data during Feb-Mar. All sites follow the same trend and
have a comparable mean concentration of PM2.5 through April to mid-August except for
Liverpool which diverges due to an increased concentration. The annual cycle also shows two
peaks, the peak during winter will be a result of wood-heater emissions. The second peak in
summer is due to PM2.5 forming from a combination of both secondary photochemical processes

which are more active in summer months and most likely as a result of bushfires that are more
common in spring and early summer.
The weekly graph shows that Auburn has the lowest concentration of PM2.5 and increases in the
following order Prospect, Liverpool and finally Chullora which has the highest average, however
Liverpool does show a sharper increase over the weekend when compared to the other sites.
Wood-fire heater emissions are most likely responsible for higher emissions over the weekends.

6. Summary and conclusions
This study has identified trends and personal exposure for a number of pollutants in two varying
scenarios; at the roadside and in a suburban environment. At a roadside level, data was collected to
indicate the personal exposure of a vulnerable demographic (in-pram babies). Data analysis has
shown that PM2.5 concentrations follow a temporal pattern, and have increased levels particularly in
the morning. Hotspots along the main road were identified which correspond 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
at a roadside environment with closer proximity to traffic emission sources.
In the suburban environment, the WASPSS-Auburn campaign provided evidence of temporal
patterns for the daily, weekly and monthly timescales of all pollutants. Daily peaks are observed in
the morning and afternoon at all sites during peak hour traffic with a typical trough during business
hours where traffic has reduced. The concentrations of ozone and PM2.5 are highest over the
weekends, whereas the other pollutants tend to reduce over the weekend. Carbon monoxide
remains stable throughout the week. The temperature and wind speed are similar across all sites.
Auburn has an overall higher concentration of carbon monoxide than any other site; however
Auburn has the lowest overall concentration of ozone and PM2.5 with some variability due to
localised events such as bushfires. The concentrations of sulphur dioxide and oxides of nitrogen are
similar across all sites with Liverpool having the highest overall concentration. The scatterplot
reveals the correlation of PM2.5 and CO is best shown at Auburn when compared to the permanent
sites. The seasonal scatterplot of CO vs PM2.5 shows the variation in the concentrations of both
pollutants and that the highest concentrations are seen during winter and a lesser extent in autumn.
The polar plots show that Auburn is least affected by the wind and contains localised areas of higher
PM2.5 concentrations, as seen also with Chullora and Prospect. There were several exceedances in
Auburn for both PM2.5 daily limits and both hourly and 4-hourly limits for ozone during the
measurement campaign. Chullora also showed exceedances of PM2.5 over several days which are
attributed to a local fire at a recycling plant and back burning.
The findings of this report conclude that overall Auburn has comparable results with the three
permanent sites. Therefore the existing air quality measuring network can be seen as being a good
representation of the air quality in western Sydney. The data also shows there is a need to continue
to monitor pollution levels as several exceedances were detected during the measuring period. The

notion that Auburn has higher concentrations of the measured pollutants can be disregarded as
Auburn has lower concentrations of pollutants with the exception of carbon monoxide.
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