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ABSTRACT
Air quality in Sydney is good compared to many other parts of the world, however poor
air quality events occasionally occur in Sydney that exceed national ambient air pollution
guidelines. Poor air quality events may be caused by natural or anthropogenic processes. Poor
air quality is well known to have adverse impacts on health and is associated with in increased
mortality and hospital admissions for respiratory and cardiovascular diseases.
In this thesis air quality patterns in Sydney were examined, with particular interest in
Western Sydney and the potential of urban air pollution hotspots. Historical (10 year) air
quality observations of from six fixed sites within the Office of Environment and Heritage
(OEH) air quality monitoring network were analysed to determine an east/west relationship. A
temporary monitoring station was established in Auburn, Western Sydney and compared to
surrounding monitoring stations to determine the presence (or absence) of an air pollution
hotspot in an urban/residential/industrial area. The pollutants used in the analysis included;
Nitrogen oxides (NOx) = Nitrogen oxide (NO) + Nitrogen dioxide (NO2), Ozone (O3), Carbon
monoxide (CO), Sulfur dioxide (SO2) and Particulate matter less than 10 and 2.5 micrometres
(PM10 and PM2.5 respectively). Analysis was undertaken using the “Openair” and “stats”
packages in R.
The results of the east/west analysis indicate that on average western sites have higher
concentrations of air pollution. Earlwood is an exception to the east/west relationship, which
is likely caused by the proximity of the station to Sydney airport. At all sites the highest
concentration for pollutants (excluding O3) occur in the morning (7:00-9:00am) and during the
evening (7:00 – 11:00pm) on weekends and during winter. O3 highest concentrations occur
early-afternoon (1:00 – 4:00pm), on weekends and during summer. Spatial analysis of polar
bivariate plots identified persistence of NO and CO at western sites and evidence of air quality
impact from the Sydney airport at Earlwood. Exceedances occasionally occurred for O3, PM10
and PM2.5 and were more common at western sites. Across all sites negative trends were evident
for NOx (including NO and NO2) and positive trends for O3.
Furthermore, the results of the Auburn/western sites analysis indicate air pollution on
average at the Auburn site is higher or comparable with surrounding western sites.
The findings of this study suggests that air pollution at western sites is higher than that
at eastern sites. A hotspot in Auburn is was not clearly evident as observations were comparable
to surrounding sites, despite the influence of local emissions, further local spatial analysis is
required to confirm this. This study has important implications for future planning and
management of air pollution in Sydney, particularly in regards to issues such as increasing
population in Western Sydney and new developments such as the second Sydney airport at
Badgerys Creek. Air pollution in Sydney, if not managed effectively, will result in increased
mortality and hospital admission for respiratory and cardiovascular diseases associated with
air pollution.
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1 INTRODUCTION
1.1

Background

Poor air quality in urban centres is a globally important issue facing current policy makers. The
main cause of poor air quality can be attributed to trace gases and particles in the atmosphere,
although only making up a small portion of the atmosphere at approximately 0.03% of dry air
trace gasses and particles are highly reactive and have a significant impact on atmospheric
processes. Polluted air is known to have an adverse impact on impact health where populations
are centred (Mayer, 1999) leading to increases in mortality and hospital admission related to
respiratory and cardiovascular disease (Brunekreef et al., 2002). Reports by the World Health
Organisation (WHO) indicate that in 2014, 92% of the world’s population was exposed to
PM2.5 air pollution concentrations that were above the annual mean WHO Air Quality
Guidelines of 10 µg/m3 (World Health Organisation, 2016). Polluted air is the result of local
and regional anthropogenic processes in combination with a number of natural processes. The
Greater Metropolitan Region (GMR) of Sydney generally experiences very good air quality in
comparison to major cities in other countries. However, occasional poor air quality events do
occur in Sydney (Barnett, 2012). Poor air quality events that exceed national standards and are
a major cause of concern for health and the environment. Poor air quality events in Sydney are
influenced by a variety of natural (i.e. bushfires and dust-storms) and anthropogenic (motor
vehicle and wood-fire heating) sources and atmospheric conditions (synoptic and mesoscale
features).

Air pollution observations are used by researchers to derive empirical explanations for
atmospheric processes. Examples of previous research using air pollution observations include;
characterisation of tropospheric ozone, air toxics, poly aromatic hydrocarbons and particles
(Finlayson-Pitts et al., 1997), identification of air pollution major emission sources (Watson et
al., 2001) and characterisation of temporal (Filella et al., 2006) and spatial patterns (Jerrett et
al., 2005) of air pollution in urban and semi-urban environments. Air quality research is used
by regulators to reduce exposure of the population to air pollution. This is achieved by targeting
emitters identified from air quality studies as having a significant negative impact on air
quality. In turn this reduces the potential risk of the population developing adverse health
effects associated with air pollution.
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Sydney has an extensive Air Quality monitoring network operated by the Office of
Environment and Heritage (OEH), which currently includes sites located in Sydney, Hunter
(upper, lower), Newcastle and Wollongong. Pollutants measured at these sites are outlined in
the National Environment Protection Measure (NEPM) guidelines for ambient air quality
(National Environment Protection Council). In Sydney, the record of measurements for some
pollutants extends back to the 1950s and extensive monitoring has been carried out since 1992.
The

data

is

publically

available

on

the

Office

of

Environment

website

environment.nsw.gov.au/AQMS. The longevity and access to data makes this monitoring
program a useful resource for researchers interested in characterising air quality in Sydney
Greater Metropolitan Region.
1.2

Research Aims and Objectives

A detailed record of Sydney air quality is available based on previous and ongoing efforts by
the Office of Environment and Heritage in establishing and maintaining its air quality
monitoring network. Development in air quality monitoring technology has allowed for
increased mobility of instruments, as such OEH have developed a mobile air quality station
that can be used for emergency monitoring and research. Despite this extensive database and
improvements in technology, the literature reveals that further work can be done using this data
and air quality tool to improve our understanding of temporal and spatial air quality patterns in
Sydney. Consequently, this research aims to utilise this record and mobile instrument and
conduct a two-part assessment of the spatial and temporal patterns of air quality in Western
Sydney. The first part will aim to determine whether the air quality is worse in Western Sydney
than Eastern Sydney using the previous 10 years of observations at six fixed sites in the OEH
air quality monitoring network. The second part will utilise mobile air quality monitoring
technology to assess the presence (or absence) of an air pollution hotspot in Western Sydney.

The above aims will be accomplished by fulfilling the following research objectives;
1) Review spatial and temporal patterns of air pollution in Sydney to determine if air
pollution is worse in Western Sydney (compared to Eastern Sydney);
2) Characterise the air quality at an urban location (Auburn), as a case study to
understand how one specific location typical of a residential area differs from its
closest permanent air quality stations; and
3) Identify potential sources of air pollutants in Western Sydney, Australia.
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1.3

Project Rational

Air pollution has been shown to have adverse effects on human health, particularly in regards
to respiratory and cardiovascular related illnesses. In urban environments health impacts
associated with air pollution are enhanced. This is due to the high density of air pollution
emitting sources such as motor vehicles, railway corridors, industrial processes and many
others. Some locations in cities may be further enhanced due to meteorology, topology or the
rate of emissions, these locations are known as ‘hotspots’. Hotspots have the potential to
drastically increase exposure of the local population to health effects. The spatial and temporal
patterns of air pollution and methods in identifying potential ‘hotspots’ is not well understood
in urban environment, especially in cities in the southern hemisphere such as Sydney, Australia.
Extensive monitoring has been undertaken in Sydney that could potentially improve our
understanding of the spatial and temporal patterns. New technologies are available such as
mobile air quality monitoring stations that could assist in hotspot detection. This thesis uses
historical air quality measurements and mobile air quality monitoring technology to assess air
quality in Western Sydney. Historical observations are used in this study to assess temporal
and spatial patterns of a number of pollutants outlined in the NEPM (ambient air quality)
guidelines, while mobile air quality monitoring technology is used to identify the presence (or
absence) of air pollution ‘hotspots’ in Western Sydney and determine if the current OEH
network is representative of regional urban air.
This purpose of this project as part of the Clean Air and Urban Landscapes (CAUL) hub is to
undertake air quality research to improve sustainability and liveability in urban environments
in Australia. It is hoped that this research will provide an understanding of air quality in
Western Sydney to assist practically in the future management locally and more broadly in
other cities in Australia. Management outcomes of this study potentially include direction for;
air quality regulations; planning (e.g. infrastructure) and targeted healthcare.

1.4

Project Outline and Scope

This thesis is divided into the following chapters: Chapter 1, the Introduction, introduces the
background, the aims, objectives and rationale of the study. In Chapter 2, a review of relevant
literature is given including; air pollution in the atmosphere; impacts of air pollution on humans
and the environment; urban impact on the atmosphere; previous studies into air quality in
3
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Sydney and air pollution guideline and monitoring in Australia. The regional setting is also
included in Chapter 2. Chapter 3 provides an overview of the study area and the methods used
to collect, process and analyse data are outlined. Chapter 4 presents the results of the study, the
focus of this chapter will be the east/west relationship and comparing Auburn to surrounding
sites. Chapter 5 discusses Sydney air quality in light of the results, the chapter is split into the
following sections; East/West and Auburn vs. surrounding sites and will discuss the potential
drivers of the patterns observed with reference to previous studies. Chapter 5 will also discuss
the limitations of the study. The final chapter of the thesis will include a summary,
recommendations and direction of further studies. Additionally, the appendix contains a
summary of the data, a sub-report of the statistical analysis undertaken, trend analysis and the
R-scrips to reproduce the results.
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2 LITERATURE REVIEW
The atmosphere is able to support a wide diversity of life on earth; this is in part due to the
composition of the atmosphere with an abundance of oxygen for respiration and a range of
physical characteristics (i.e. temperature) suitable for habitation. Atmospheric conditions have
the potential to adversely impact the health of living things. This is demonstrated in extinction
events associated with toxic emissions from volcanos and more recently by from
anthropocentric activities such as the burning of fossil fuels and other industrialised processes.
The impact of air pollution on health is now well established, particularly in urban
environments where emitting sources are highly concentrated. Over half of the world’s
population now living in urban areas, as such, identifying and mitigating the impacts of air
pollution is becoming a global issue. The main cause of concern in regards to air pollution are
trace chemicals present in the atmosphere. The spatial distribution of trace gases in urban
environments is not well established, particularly for southern hemisphere cities like Sydney,
Australia. The following section will explore existing knowledge regarding trace gases
including; characteristics; impact on humans and the environment; urban environments;
hotspots; and previous research in Sydney, Australia.
2.1

Air pollution in the atmosphere

The majority of the atmosphere is composed of four main gases; in unpolluted, dry air this
consists of approximately 78% of molecular nitrogen (N2), approximately 21% of oxygen (O2),
approximately 0.93% argon (Ar) and approximately 0.03% carbon dioxide (CO2), total this
accounts for 99.97% accounted for. In the atmosphere these gases are either inert or nonreactive under most atmospheric conditions of temperature and pressure, as such they remain
fairly stable in the atmosphere. The remaining ~0.03% of gases are trace gases, although only
making up a small portion are highly reactive and may have a significant effect on the
atmosphere. In high concentrations, some trace gases have the potential to have adverse effects
on human health.

The atmosphere can be separated into separate layers based on physical conditions, mainly
temperature and altitude. The layer of the atmosphere is presented schematically in Figure 2-1.
The majority of the mass of the atmosphere (~99%) is located within 50km of the Earth’s
surface pulled in by gravity, in this region is where air pollution occurs. The layer directly
above the surface of the Earth is known as the troposphere and reaches a height between 7 to
20km above sea level. In atmospheric studies, the troposphere is of particular importance as it
5
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acts as an interactive boundary between the atmosphere, land and the ocean, it is also important
as the composition of this layer directly interacts with humans and living things.

Figure 2-1 Atmospheric layers based on temperature profiles. Image sourced from (Noel, 2012)

Air pollutants can be produced by either being directly emitted (primary sources) into the
atmosphere or produced in the atmosphere (secondary sources) by chemical reactions and
physical processes. Primary sources of air pollution refer to any emissions from the surface of
the earth which includes but not limited to; emissions from motor vehicles; dust (soot and soil)
from construction and agriculture; industrial emissions; volcanoes and fires (soot and
organics). Secondary sources of air pollution on the other-hand are produced by atmospheric
processes such as chemical reactions, coagulation, gas-particle conversion. Air pollutants are
removed from the atmosphere by two main atmospheric processes; wet deposition and dry
deposition. Wet deposition accounts for 80-90% of the removal of aerosol particles in from the
atmosphere and involves removal by rain. Dry-deposition on the other hand, involves physical
processes, such as gravitational settling and impact. Source and sinks are presented
schematically in Figure 2-2, sources generally refer to the origin of the aerosol, while sinks
indicate the pathway by which the aerosol is removed. The residence time of air pollution in
6
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the atmosphere is dependent on individual chemical and physical properties of each pollutant
and the surrounding atmospheric conditions, it can also be dependent on season and latitude.

Figure 2-2 Sources and sinks of anthropogenic and natural aerosols Source: ems.psu.edu

A number of trace species have been identified as having an adverse impact on humans and the
environment. The World Health Organisation has identified 5 main groups of trace species that
are known to significantly impact human health and the environment, including; particulate
matter (PM), ozone (O3), nitrogen dioxide (NO2) and Sulfur dioxide (SO2) (World Health
Organization, 2006). Some air pollutants are formed naturally, however recent industrialisation
has resulted in major sources of air pollution from anthropogenic activities, particularly in
urban environments.

2.2

Health impacts and sources of air pollution

Major health risks are associated with exposure to high concentration of air pollutants. As such,
air pollution has been a global source of concern to researchers, regulators and government
health bodies over last few centuries. A strong association between air pollutants and health
has been established through extensive epidemiological and toxicology studies (Beer, 2000)
(Brunekreef et al., 2002). Increased mortality by respiratory and cardiovascular diseases has
7
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been associated with air pollution of fine particulates, including sulphates (Dockery et al.,
1993). Air pollutants including carbon dioxide (CO), Nitrogen dioxide (NO2) and Particulate
Matter (PM) have been empirically associated with low birth rates and preterm (Stieb et al.,
2012). The World Health Organisation estimates a total 7 million premature deaths worldwide
were caused by air pollutants in 2012, 3.7 million premature deaths from ambient (outdoor) air
and 3 million premature deaths from indoor smoke (World Health Organization, 2014) A study
by Lelieveld et al. (2015) finds outdoor air pollution, mainly PM2.5 leads to 3.3 million
premature deaths per year. In western countries power stations and traffic contribute to most
of PM2.5 emissions, business as usual emission scenarios indicate premature mortality caused
by outdoor air pollution could double by 2050 (Lelieveld et al., 2015).

The majority air quality studies investigate the impact on humans, however, ecosystems are
also impacted by air pollutants. Increased air-borne nitrogen pollutants have been associated
with increasing nitrogen availability and acidification in soils, the impact leading to
competitive exclusion and secondary stress factors that decrease species diversity (Bobbink et
al., 1998). Additionally, ozone is also has been shown to suppress plant growth (Hill et al.,
1969).

Five main pollutants identified by WHO (CO, O3, NO2, PM and SO2) as having a significantly
adverse impact on health and the environment. These pollutants each have unique physical and
chemical properties, the pathways in which health is impacted is therefore different for each
pollutant. By the same principle, each pollutant is formed by different processes as such the
emission source of each air pollutant is also unique. Emission of air pollution occur either
naturally or from anthropogenic activities. However, anthropogenic sources usually dominate
in urban areas. The following will discuss the physical and chemical properties of each
pollutant identified by WHO and their unique health impacts, formation and emission sources.
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2.2.3

Ozone (O3)

O3

Figure 2-5 Molecule of O3 and photo-chemical smog event in an urban environment

Ozone is a colourless highly reactive oxidant gas with a sharp odour. Ozone plays a major role
in photochemical air pollution and atmospheric oxidation processes (Dickerson et al., 1997).
In the troposphere, ozone is an irritant known to cause adverse health effects on various parts
of the respiratory system, potentially causing death (Jerrett et al., 2009). Prolonged short term
exposure has been linked to a decrease in lung function and is known to aggravate pre-existing
respiratory diseases such as asthma (Gent et al., 2003).

Ozone naturally occurs in the upper atmosphere (stratosphere) acting as a barrier to incoming
ultra-violet solar radiation. At lower altitudes in the troposphere, ozone is a secondary pollutant
which forms relatively simple reactions with NO, NO2 and solar radiation as shown in the
Equation 1 and by the cyclic ozone reactions in Figure 2-6 (Vallero, 2014).

NO2 + hv → NO + O

(1)

O + O2 + M → O3 + M (2)
NO + O3 → NO2 + O2 (3)
Equation (1) – Breakdown of NO 2 to NO
Equation (2) – Ozone formation
Equation (3) – Breakdown of O 3 by NO
Figure 2-6 Photo-chemical cycle of O3, NO, NO2,
solar radiation and hydrocarbons (Vallero, 2014)
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Furthermore, in Figure 2-6, ozone concentration throughout the day is dependent on the ratio
of NO to NO2. For the Build of ozone to occur most of the NO needs to be converted to NO2.
This has important implications in urban areas where emissions from motor vehicles emit large
amounts of NO (National Research Council, 1991).

Volatile organic compounds (VOCs), mainly consisting of hydrocarbons play an important role
in the production of ozone, the reaction of carbon-carbon double bonds with OH or O3 results
in the formation of free radicals that go on to produce O3 and photo-chemical smog products.
Hydrocarbons are emitted into the atmosphere from biogenic (BVOCs) (Curci et al., 2009) and
anthropogenic (Hoor et al., 2009) origin. VOCs and are emitted in large quantities in urban
environments, as such smog-events are more likely in urban areas.

2.2.4

Particulate Matter (PM10 and PM2.5)

Figure 2-7 Fine particles (PM10 and PM2 5) to-scale. Source: US EPA

Consisting of particles suspended in the air Particulate Matter (PM) is measured as particles
with an aerodynamic diameter ≤ 10 µm or ≤ 2.5 µm, hence the name PM10 and PM2 5
respectively. The scale of fine particles is shown schematically in Figure 2-7. Particles can be
emitted from a number of sources including; construction, unpaved roads and bare land as dust
and dirt; fires and domestic wood heaters as soot; motor vehicles as resuspended dust and
vehicle emissions; white capping from waves as sea-salt; and power station stack emissions.
In the atmosphere, secondary particles can be generated by reactions between SO2, NOx,
bioorganic volatile organic compounds (BVOCs) and other compounds (Hueglin et al., 2005).
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PM is known to have adverse effects on health, the severity of which is becoming clearer as
researchers begin to understand the physiological processes that occur when PM enters body
systems. PM10and PM2.5 are also known as inhalable and respirable particles respectively,
referring to the pathways PM can be absorbed into the body. PM10 can be breathed in and out
of the lungs and, hence the name inhalable. PM10 is unlikely to enter the blood stream, instead
it gets trapped in the mucus lining of the lung and removed from the lungs by coughing. PM2 5
on the other hand is able to penetrate deep into the lungs, due to its ultra-fine diameter, where
it has the potential to cause adverse health effects (Donaldson et al., 2001). Health effects
associated with PM include cardiovascular and respiratory symptoms, and increased hospital
admission and premature death (Analitis et al., 2006). Individuals with pre-existing respiratory
illnesses such as asthma (Donaldson et al., 2000) or heart disease, as well as children and
elderly, have a heightened risk to PM (Brook et al., 2010).

2.2.5

Sulfur dioxide (SO2)

Figure 2-8 Molecular structure of the SO2 atom (left) and image of industrial sources of emissions via
a stack.

Sulfur dioxide (SO2) is particularly toxic in the atmosphere, as it has the potential to form
Sulfuric acid and acid rain (Likens et al., 1972). Sulfur dioxide is emitted into the atmosphere
mainly from combustion of Sulfur rich fuels. This occurs in certain industrial operations, in the
burning of fuel, such as ship and train engines, power stations and metal blast furnaces.
Distribution of SO2 with sufficient time and water vapour allows for the formation of sulfuric
acid. The impact of Sulfur oxides has been reported across North America and Europe, with
damage to crops, buildings and ecosystems (Likens et al., 1996).
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SO2 is also known to cause respiratory effects at low and high concentrations, as well as short
and long term exposures. Short term exposures increase hospital admissions for respiratory
illnesses, particularly for children, elderly and asthmatics. Reaction of SO2 with particulate
matter can result in particles penetrating deep into the lungs (Ware et al., 1986).

2.3

Impact of urban areas on the atmosphere

Urban areas have been defined by Rashed et al. (2010) as “a place-based characteristic that
incorporates elements of population density, social and economic organization, and the
transformation of the natural environment into a built environment”. In the context of air
quality, this transformation results in different atmospheric processes operating between rural
and urban areas. On one hand, emission sources in urban areas are significantly higher
compared to rural areas, leading to an enhancement of air pollutants in the local ambient air,
this is a result of a concentration of anthropogenic activities operating in a confined
geographical area. Emissions from primary sources such as motor vehicles can undergo
reactions in the atmosphere On the other hand, infrastructure in urban areas also differs from
rural areas, urban areas are typically well developed consisting of roads, commercial buildings,
houses etc. and lacking green spaces. Development in urban areas acts to increase surface
roughness and increase the ability of the surface to store heat. The latter having the effect of
altering local air circulation patterns, this is known as the urban heat island effect. The urban
heat island effect is shown schematically in Figure 2-9. The urban heat island can have the
effect of recirculating polluted air, via a local Hadley cell within urban environments and
thereby significantly increasing air pollutant concentrations as the urban air is not allowed to
mix with rural air (Rao, 2014).

Figure 2-9 Urban heat island effect resulting in the recirculation of polluted air via Hadley cells
(Vallero, 2014)

These processes act to drive variation between air quality in urban areas and rural areas. Ruralurban air quality effects have been extensively examined in the literature, a few examples
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include particulate matter in rural and urban sites in Spain (Querol et al., 2004) and rural-urban
ozone relationships in New York State (Stasiuk Jr et al., 1974).

The combination of buildings and local emissions sources from motor vehicles have been
demonstrated to accumulate in local urban areas known as street canyons, which refers to
streets in urban areas with building on both sides acting as an artificial canyon (Vardoulakis et
al., 2003). Street canyons are particularly hazardous to pedestrians, cyclists, drivers and
residents as the levels of exposure to air pollution is greatly enhanced in this area and often
exceed air quality standards.
2.3.1

Air pollution ‘hotspots’

Air pollution ‘hotpots’ are locations that have an enhanced concentration of air pollutants
compared to regional ambient air, street canyons (described above) in urban environments are
an example of an air pollution hotspot. The major sources of air pollution have been identified
as emissions from motor vehicles (Kumar et al., 2014), as such the majority of air pollution
hotspots tend to occur adjacent to major traffic routes (Samaranayake et al., 2014, Wu, 2014)
or at busy intersections while cars sit idling. Other sources of emissions, such as industrial
activities have also been found to be associated with air pollution hotspots. Generally, air
pollution hotspots occur in urban areas, where the potential sources of emissions are higher.
However, in rural areas air pollution hotspots still have the potential to occur. This has been
shown in Norwich, UK (Chatterton et al., 2000), a predominately rural region. In Norwich, the
majority of the workforce travels to work, this acts to increase traffic congestion and emissions,
when local emissions are mixed with polluted air from the European mainland, air quality
deteriorates and frequently exceeds the UK air quality standards (Chatterton et al., 2000).

The population living in hotspot prone areas, i.e. near roads and industrial areas, are more prone
to develop adverse health effects associated with increased exposure to air pollution. This has
been demonstrated in a number that investigate the health of residents residing near roads;
respiratory health effects have been associated with increased (Nakai et al., 1994)

Current methods of monitoring air quality in urban areas use a network of fixed monitoring
stations (Chong et al., 2003). Fixed stations are good for determining trends in air quality data.
However, fixed sites provide little information on the spatial patterns of air pollution and are
limited in their ability to detect the presence of air pollution hotspots and personal exposure
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(Cortese et al., 1976). Improvements in technology, such as more mobile instruments
(Westerdahl et al., 2005) and low-cost sensors have improved our understanding of spatial
patterns in urban areas (Kumar et al., 2015), particularly in regards to hotspot detection. Mobile
air quality monitors have been used in a number of studies, for example in the monitoring of
road-side air quality during the 2008 Beijing Olympic Games (Wang et al., 2009). Previously
low-cost sensors were limited in their ability to produce precise and accurate
measurements(Kumar et al., 2015).
2.4

Sydney regional setting and previous air quality studies

The current study investigated air quality within the Sydney basin, Australia. Located in the
southern hemisphere, Sydney is an ideal location for studying air quality, as it is limited by
many of the external influences experienced in air quality studies in cities in the northern
hemisphere.

Sydney is the capital of New South Wales, Australia, it comprises of a mainly built urban
environment with a population of ~ 5 million, the most populous city in Australia. The city
extends over an area of ~ 12,000 km² on the east Coast of Australia. Sydney comprises of two
main sub-regions; eastern Sydney and western Sydney as shown in Figure 2-10. The boarders
of each region are not well defined, although western Sydney is generally understood as
comprising of 14 local government areas (LGA’s) starting at Auburn and Bankstown in the
east (15km west of Sydney CBD) and extends 70km beyond. Eastern Sydney is the area to the
east and encompasses the main CBD, Sydney airport, harbour and beaches. Western Sydney
has seen a recent rapid rise in population and infrastructure and the impacts of this on the
environment has not been well studied, hence the motivation of this study.
2.4.1

Topography

Sydney lies within a coastal basin, with the Tasman sea to the east, blue mountains to the west
and a central urban area The basin predominately consists of sandstone deposited during the
Triassic that was carved into by deep river valleys in the late Triassic. Rising sea levels between
18,000 and 6,000 years ago flooded the valleys to form the deep harbours and estuaries of
today. Sydney spans out over two geographic regions, The Cumberland Plain to the south and
west of the harbour is relatively flat, The Hornsby Plateau to the north mainly consists of
divided steep valleys. The Sydney air shed sits within the Sydney basin, it is influenced by sea-
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experiencing an average annual precipitation between 700 – 900 mm. El Niño-Southern
Oscillation plays an important role in determining Sydney’s weather patterns. A Southern
Oscillation Index (SOI) is an atmospheric pressure difference between Tahiti and Darwin,
variation in atmospheric pressure determines the direction of wind over the Pacific Ocean,
resulting in changes to sea-surface temperature. A negative index (El Nino) tends to result in a
dryer climate in Australia with wide-spread drought and bushfire, whereas a negative index
(La Nina) results in storms and flooding.
2.4.3

Urban Structure

The built urban environment of Sydney takes the form of high density commercial and
residential structures in the CBD is demonstrated in Figure 2-11 the built urban area then
spreads outward to low density layout in the outer suburbs with significant urban sprawl. The
layout of Sydney is a historical consequence of poor planning by European settlers, many of
whom were convicts. Parramatta, located in Western Sydney is the sixth largest CBD in
Australia. Sydney has a high level of dependence on cars as a form of transport.

Figure 2-11 Aerial image of Sydney CBD. The image was created using Land and Property
Information aerial imagery “© Land and Property Information 2015”.
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2.4.4

Air quality in Sydney

Air quality in Sydney as a whole can be described as fairly good in comparison to many other
cities, especially cities in the northern hemisphere (Kjellstrom et al., 2002). However, poor air
quality events still occasionally occur in Sydney. These events are as a result of a combination
of atmospheric conditions (meteorology), anthropogenic practices (wood-fire heating, motor
vehicles) and natural processes (fire, dust storms) (State of the Environment Committee, 2011).
Researchers and governments have long been interested in characterising air quality in the
greater Sydney region and understanding the processes that lead to air pollution events, as is
evident by air quality monitoring in Sydney dating back to as early as the 1950’s (Cushing et
al.). In 1992, with the introduction of the Metropolitan Air Quality Study (MAQS) by the NSW
government, the number of monitoring stations significantly increased as well as the number
of pollutants being measured (Carbon Monoxide (CO), Oxides of Nitrogen (NOx), Ozone (O3),
visibility) (Dyer et al., 1996). Since 1994, NSW has had a comprehensive air quality
monitoring network with the Greater Metropolitan Area (GMR) measuring major air
pollutants: CO, Sulfur Dioxide (SO2), Nitrogen Dioxide (NO2), O3 and Lead (Pb). Currently
Sydney and its surrounding regions have a network of air quality monitoring stations managed
by OEH in accordance with the regulation in the NEPM (AAQ). Data from the air quality
monitoring stations are publically available and reporting is undertaken quarterly to highlight
air pollution exceedances against nationally set regulations. The following section will look at
the regional setting of Sydney and explore the atmospheric processes including meteorological,
topographic influences as well as research specific to emissions and specific trace species.

A State of the Environment report by the Australian Government identified photochemical
smog (as ozone) and fine particles (as PM10) as significant issues for NSW (State of the
Environment Committee, 2011). Photochemical smog was particularly apparent in Western
Sydney.

Extreme air pollution events occasionally occur in Sydney, which may be the result of the
Australian landscape. A large dust storm in 2009 occurred after a long period of drought on the
East coast of Australia, resulting in windblown dust from desert, open-cut mining and eroded
agricultural land being transport as a band along the east coast (Aryal et al., 2012). Figure 2-12
is a photo of visibility in Sydney at the peak of the dust storm on 23rd September 2009.
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Figure 2-12 Sydney Harbour Bridge during the 2009 dust storm. Photo taken by Yegor Korzh

The escarpment surrounding Sydney plays an important role in the vertical mixing of air.
Thermal inversions occur when warm air sits above cooler air preventing the cooler air from
rising as shown in Figure 2-13. In a basin under certain meteorological conditions, cooler air
becomes trapped vertically underneath a warm layer of air and horizontally by terrain, resulting
in the accumulation of air pollutants. The Sydney Basin is known to experience air pollution
events associated with the prevention of vertical mixing due to inversion layers (Leighton et
al., 1997). This layer is also known as the ‘nocturnal boundary’ layer and many studies have
attempted to characterise this layer to improve meso-meteorological models (Rotach et al.,
2005, Williams et al., 2013).

Figure 2-13 A Thermal inversion layer acts to trap polluted air. Source: roguevalleycleanair.org
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Other studies have identified meteorological features that operate on the synoptic scale and
mesoscale in the Sydney region that have an impact on air quality in the region. At the synoptic
scale, poor air quality events have been associated with anti-cyclonic activities That is, as the
atmosphere is generally more stable allowing for the build-up of air pollutants stable
atmospheric conditions (Leighton et al., 1997, Crawford et al., 2016) . On the other hand,
mesoscale meteorological features such as basin drainage and sea-breeze may also influence
air quality (Jiang et al., 2016). Under the right conditions, mesoscale features can re-circulated
polluted air within the basin allowing for accumulation of air pollutants and/or the photochemical production of ozone which can result in smog.
2.4.5

The Sydney Particle study

The Sydney Particle study was undertaken in collaboration with a number of organisations
(Commonwealth Scientific and Industrial Research Organisation (CSIRO), New South Wales
(NSW) Office of Environment and Heritage (OEH), NSW Environmental Protection Agency
(EPA), Australian national nuclear research and development organisation (ANSTO),
Queensland University of Technology QUT, Bureau of Meteorology (BOM), and Shanghai
Institute of Applied Physics (SINAP)). The aim of the study was to quantitatively identify
sources and sink of particles within the Sydney air shed. Field observations were carried out at
the Westmead Air Quality Station (decommissioned) in the Sydney Basin. Sydney Particle
Study 1 (SPS1) targeted summer (Feb 2011) and Sydney Particle Study 2 (SPS2) targeted
(Autumn, April -May 2012) (Martin Cope et al., 2014). Modelling was undertaken by OEH
and CSIRO using the Cubic Conformal Atmospheric Model (CCAM) and The Air Pollution
Model (TAPM).

Summer conditions were characterised by sea salt (34%) and organic matter (OM; primary and
secondary; 34%) as being the major components of PM2.5, with secondary inorganic aerosol
(15%), soil (11%) and elemental carbon (6%) also being present in significant amounts.
Analysis of carbon identified 70% being modern carbon, thus organic aerosol formed from
biogenic sources. The autumn observations were characterised by a much reduced sea salt
contribution (5%) and an increased contribution from organic matter (57%). The contribution
from elemental carbon was also larger (16%) while the secondary inorganic aerosol
contribution was the same (15%).
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The study identified wood smoke as being present in both the summer and Autumn observation
periods. The autumn observations had smoke tracer – levoglucosan present at concentrations 7
times higher than summer, indicating an increase in domestic wood fire heating in Autumn.

Models CCAM and TAPM utilised a modelling framework developed for the study that
consisted of meteorology capability, natural and anthropogenic emissions inventory, chemical
transport modelling. Models were able to simulate most major particle processes identified
throughout the observational campaign. A major uncertainty of the model was the NSW EPA
air emissions inventory. It was not possible to reverse-engineer emission data to determine
finer subset of sources (i.e. light and heavy mobile source; diesel, petrol or paved and unpaved
road dust).

Other key uncertainties and additional work recommended included; better characterisation of
organic matter component of PM2.5 (i.e. primary, secondary, anthropogenic and biogenic
sources); accounting for uncertainty in rainfall modelling; and the need to model complete size
distribution of particles.

2.4.6

Australian Health Effects

The health impacts of air pollution in Australia have been investigated in a number of studies
reported in the literature. In Sydney, an increase in NO2 and PM10 was correlated with an
increase in hospital admissions (Morgan et al., 1998) and a decreased birth weight was
associated with higher concentrations of particulate matter (Mannes et al., 2005). In Brisbane,
outdoor air quality was associated with increased mortality (Simpson et al., 1997) and hospital
admissions (Petroeschevsky et al., 2001). Air pollution caused by extreme events such as bush
fires and dust storms are associated with increased mortality (Morgan et al., 2010, Johnston et
al., 2011). The impacts of air pollution on health is expected to worsen with increasing urban
populations (Mayer, 1999) and the increasing influence of climate change (Haines et al., 2006).
Australia is particularly prone to adverse changes due to climate change, including dryer, hotter
weather and more extreme events, such as bushfires (Lucas et al., 2007) and dust-storms
(Campbell et al., 2008).
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2.5

Air pollution standards and guidelines

Air pollution standards are used throughout the world, mainly by government organisations for
reporting, as it gives a quantifiable indication of air quality, Levels above the standard are
known to have an impact on health and so governments implement regulations to air pollution
emissions, in order to limit the likelihood of concentrations exceeding standards

Standards and guidelines exist globally and differ slightly depending on organisation. For
example, in the United States of America standards are set by the Environmental Protection
Agency known as National Ambient Air Quality Standards (NAAQS) (US Environmental
Protection Agency, 1970), while the World Health Organisation has its own standards (World
Health Organization, 2006).
2.5.1 National Environment Protection Measure (Ambient Air Quality) standards and
guidelines in Australia
In Australia, air quality standards are set by the National Environment Protection Measure
(NEPM) for Ambient Air Quality (National Environment Protection Council) and cover six air
pollutants known to be particularly harmful to humans and the environment. Air standards and
guidelines in Australia are used to fulfil international agreements and regulation. The ‘criteria
air pollutants’ outlined in NEPM are: Carbon monoxide (CO), Lead (Pb), Nitrogen dioxide
(NO2), Ozone (O3), Particulate Matter (PM10 and PM2.5) and Sulfur dioxide (SO2). Monitoring
of lead has been reduced or stopped following a decrease in concentrations in ambient air, this
was due to lead being phase out from petrol in 2002. The six criteria ‘air pollutants’ are similar
to other air pollutants used by other international regulators.

In New South Wales (NSW), the Office of Environment and Heritage are the government body
in charge of regulation and reporting for air quality in accordance with NEPM guidelines. The
standards in the NEPM guidelines are shown in Table 2-1, and the goal for PM2.5 by 2025 in
shown in Table 2-2.
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Table 2-1 NEPM guidelines for air pollution (National Environment Protection Council)
Pollutant

Averaging

Maximum concentration

Maximum allowable

period

standard

exceedances

Carbon monoxide

8 hours

9.0 ppm

1 day a year

Nitrogen dioxide

1 hour

0.12 ppm

1 day a year

1 year

0.03 ppm

None

Photochemical

1 hour

0.10 ppm

1 day a year

oxidants (as ozone)

4 hours

0.08 ppm

1 day a year

Sulfur dioxide

1 hour

0.20 ppm

1 day a year

1 day

0.08 ppm

1 day a year

1 year

0.02 ppm

None

Lead

1 year

0.50 µg/m3

None

Particles as PM10

1 day

50 µg/m3

None

1 year

25 µg/m3

None

1 day

25 µg/m3

None

1 year

8 µg/m3

None

Particles as PM2 5

Table 2-2 Goal for Particles as PM2.5 by 2025 (National Environment Protection Council)
Pollutant

2.5.2

Averaging

Maximum

period

concentration

Particles as

1 day

20 µg/m3 by 2025

PM2 5

1 year

7 µg/m3 by 2025

Emissions inventory

The NSW Environment Protection Authority (which is in charge of pollution licensing) has
established an air emissions inventory for the Greater Metropolitan Area in NSW, this
information is publically accessible via the epa.nsw.gv.au website. Two emissions inventories
are available with the most recent for 2008 and the other for 2003. The air emissions inventory
covers an area of 57,330 km2, including Sydney, Newcastle and Wollongong regions. The
inventory covers air emissions emitted from natural sources (e.g. bushfires, marine aerosols
and vegetation), commercial businesses (quarries and service stations), domestic activities (e.g.
residential lawn mowing, portable fuel containers and wood heaters), industrial premises (e.g.
coal mines, oil refineries and power stations), off-road vehicles and equipment (e.g. dump
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trucks, bulldozers and marine vessels) and on-road transport (e.g. registered buses, cars and
trucks). The inventory includes the following air pollutants; common pollutants (CO, Lead
(Pb), NOx, PM10, PM2.5, SO2 and VOCs; Organic compounds; metals; Poly Aromatic
Hydrocarbons

(PAHs);

Polychlorinated

dibenzodioxins

(PCDDs);

Polychlorinated

dibenzofuran (PCDF); and greenhouse gases.

2.6

Summary of Literature Review

As discussed in this chapter, air pollution is a major concern populations living in urban
environments due to the adverse health effect associated poor air quality. Five main air
pollutants are identified as having a significant impact on air quality. They include; CO, SO2,
O3, PM (as PM10 and PM2.5) and NOx (as NO and NO2). Each pollutant has unique chemical
and physical characteristics that result in different sources of emission. The major source of
emissions in urban areas is from motor vehicles. Air pollution in urban areas is generally higher
than rural areas due to the concentration of anthropogenic activities such as industrial
processes, major roads and the lack of vegetation. Air pollution hotspots are more common in
areas near roads and street canyons. Meteorological processes have a significant on air quality
on different spatial scales, such as synoptic and mesoscale features.

Previous studies into air quality in Sydney have identified PM2.5, PM10 and O3 as pollutants of
concern is Sydney, as these pollutants occasionally exceed NEPM guidelines. The main source
of anthropogenic emissions in Sydney is motor vehicles, other sources include wood-fire
heating, railway corridors, shipping, power generation and industrial activities. Natural
emission sources include bush-fires and wind-blown dust. In NSW, monitoring is undertaken
by OEH and reported using the Australian NEPM guidelines and emissions are reported by
EPA. Studies investigating spatial distribution and hotspot detection in Sydney were lacking,
as such this study will provide research that will help fill the gaps in the literature.
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3 MATERIALS AND METHODS
This project used several methods in order to examine the air quality characteristics within the
Sydney air shed in order to address the aims stated in Section 1.2 Research Aims and
Objectives. Each method aimed to capture temporal and spatial patterns, which provide
information on the processes that underlie air quality.
Two main analysis approaches were adopted;
1) East/West - Existing air quality observations (since 2005) from six fixed sites in the
OEH AQMN (see site locations below) were analysed to determine whether air
pollution at is worse at western sites compared to eastern sites.
2) Auburn Campaign – A mobile ‘PODS’ OEH air quality monitoring station was
established in Auburn, Western Sydney to assess the presence (or absence) of an air
pollution ‘hotspot’ by comping with surrounding fixed western Sydney sites.
Methods used to analyse air quality observations are described in Section 3.3.
3.1

Site Locations

The study comprised of six fixed sites and one temporary site. All sites and equipment were
operated by Office of Environment and Heritage (OEH) as part of the NSW Air Quality
Monitoring Network (AQMN). The location of each air quality monitoring site is detailed in
Table 3-1 and plotted on a map in Figure 3-1. Three fixed sites (Chullora, Prospect and
Liverpool) are located in the region of western Sydney, the other three sites (Earlwood,
Lindfield and Rozelle) are located in eastern Sydney. The regions will be referred to as ‘west
and ‘east’ sites from hereon. The purpose of dividing sites by region (i.e. east/west) is to test
whether air quality in one region is worse than the other region, or if there is not difference.

The mobile site at Auburn is located in close proximity to potential emission sources that are
typical of an urban area i.e. major roads, railway corridor, industrial (see Auburn description
below). By comparing the Auburn site to surrounding sites in Western Sydney we can infer the
presence (or absence) of an air pollution ‘hotspot’ which can be associated with local emission
sources.
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Table 3-1 Location of air quality monitoring stations in Sydney
Site

Region

E/W

LongDec

LatDec

Street

Note

151.037

-33.855

Percy St

Master Plumbers Association rooftop

Sydney TAFE, second Chullora shed

(Sydney)
AUBURN

West

(mobile)
CHULLORA

West

W

151.046

-33.892

Worth St

LIVERPOOL

South West

W

150.907

-33.931

Rose St

PROSPECT

North West

W

150.914

-33.794

Myrtle St

William Lawson Park

EARLWOOD

South East

E

151.136

-33.916

Riverview Rd

Beaman Park

LINDFIELD

North East

E

151.151

-33.781

Bradfield Rd

National Measurement Institute

ROZELLE

East

E

151.164

-33.864

Balmain Rd

Rozelle Hospital

Western sites
Chullora – 15 km west of Sydney CBD, essentially an industrial area, main roads include
Hume Highway and Waterloo Road
Prospect – 32km west of Sydney CBD, main roads include Great Western Highway and M4
Motorway
Liverpool –32 km south-west of Sydney CBD, a commercial, residential district main roads
include Hume Highway, M5 Motorway and Westlink M7

Eastern sites
Lindfield – 13km north-west of Sydney CBD, mainly residential with a small commercial area,
main roads include Pacific highway
Earlwood – 12km south of Sydney CBD, primarily residential, some commercial
developments, main roads include Homer Street, an international airport is 5km south-east.
Rozelle – 4km west of Sydney CBD, primarily residential, main roads include, Victoria Road
and Anzac Bridge.

The location of OEH AQMN sites in this study are classified as Neighbourhood sites in
accordance with Australian Standard AS/NZS 3580.1.1:2007 ‘Methods for sampling and
analysis of ambient air - Guide to siting air monitoring equipment’. Neighbourhood sites are
located in areas of residential, industrial and commercial and are useful in determining urban
air quality trends. Sites are located as to not be unduly influenced by immediate surroundings,
as such sites are generally located in open fields away from trees, buildings and roads.
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Auburn – mobile ‘PODS’ by OEH
The temporary site (151.037°S 33.855°E) was located in an urban
environment of Auburn, a suburb in Western Sydney about 19km
from Sydney CBD. The location of the temporary site was selected
for logistical reasons and as a suitable urban location within a mixed
business/residential area, as opposed to within a local park, as is more
common for AQMS. Auburn comprises of industrial areas, a central
business district and residential housing (see Figure 3-3 for local
zoning according to the Auburn Local Environmental Plan). The site
is adjacent to a major rail corridor approximately 50m to the west.
Beyond the railway is a number of industrial warehouses, residential
houses and Auburn CBD. A recreational sport field is located to the
east. Residential areas are located to the north and south of the site.
A major road is located to the approximately 300m to the north of the
site.
A mobile compact air quality station (nicknamed “PODS”) was
placed on the rooftop of Master Plumbers Association on 23rd May
2016. It involved lifting the portable station onto the rooftop of the 2
storey building via a crane (Figure 3-2). Installation included wiring
of the rooftop for electricity and calibration of instruments to check
for any changes that may have occurred during transport. The
portable station was calibrated against a reference station prior to
being deployed.

The development of portable monitoring stations by OEH, has
allowed for rapid deployment of highly accurate and precise air
quality instruments. These PODS were mainly designed as an
emergency response unit to use in situations where the characteristics
of the air need to be known. This data may be used to alert or evacuate
residents for the purpose of health and safety. Portable air monitoring

Figure 3-2 Portable station install,
stations are becoming more available for use in research. Due to their using crane (top), position of station
on rooftop (bottom).

mobility, they provide a useful tool for studying air quality at a
greater spatial resolution than has been previously studied.
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3.2

Monitoring Instruments

The instruments in the AQMN and the PODS are compliant with Australia standards for the
measurement of ambient air quality, in accordance with the NEPM guidelines for ambient air
quality, the regulation by which air quality is monitored in Australia. The measurement
technique, method description, units of measurement used in this study and reference to the
Australia standard used are detailed in Table 3-3

Auburn (temporary station) Instruments
The portable station at Auburn contained the following instruments:
1. Teledyne NOx + O3 Analyser – Model T204
2. Teledyne CO Analyser – Model T300
3. Fluorescence SO2 Analyser – Model 100E
4. Thermo Scientific TEOM Series Model 1405-DF
5. Environics Multi-Gas Calibrator – Model 6100
6. Environics Zero Air Generator – Model 7000
7. Aurora 3000 – Multi Wavelength
8. Calibration Gases
9. Telemetry – Automatic Communication
10. Meteorology – Wind Speed/Direction, Temperature and Humidity
See Figure 3-4 for arrangement of instruments.

OEH AQMS (fixed stations) Instruments
Instruments used at OEH fixed stations are not listed here, however, at all sites the
measurement technique for each pollutant remained consistent. All measurements were
undertaken using the measurement technique described in Table 3-3. All instruments were
approved in accordance with the NEPM guidelines and were NATA certified

The instruments were maintained by OEH, data was collected from the station using telemetry
and processed using the procedures outlined in Section 3.4 Data compilation, cleaning and
integration.
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3.2.1

Limitations of Instruments

As with any monitoring instrument there are a number of limitations. The OEH AQMS requires
high accuracy and precision for reporting in accordance with guidelines. To enable accuracy
and precision the equipment needed is expensive, large and requires regular maintenance by
trained personnel. As a result of these limitations monitoring stations are usually fixed and take
a considerable time to set up. The temporary monitoring station overcomes some of the
limitation of a typical monitoring station but is still limited spatially once set up and can still
be expensive. Alternative technology such as low-cost sensors aims to overcome some of the
spatial and cost limitations of current technologies. However, these alternative technologies
have limitations in regards to accuracy and precision that need to be overcome. The instruments
contained in fixed stations and the mobile station were deemed suitable for the current study
as meet NEPM guidelines.

All sites contain a multi gas calibrator and a zero air for calibration of instruments. Calibration
is undertaken daily between the hour of 2am – 3am. This is an automated process, that generates
alerts if instruments are outside the normal operating conditions. Maintenance of instruments
occurs monthly, or when required (more details are provided in Section 3.4).
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3.3

Air quality analysis tools

A range of tools, specific for air quality were utilised to undertake the spatial and temporal
analysis of air quality observations, from the sites and instruments described above. The data
was imported into R (a statistical programing software) and analysed for temporal patterns,
spatial patterns, exceedances, trends. A statistical test was performed in R and a report of the
methods, results and findings generated, the report is available in Appendix C Statistical
Analysis – Linear Regression – Methods/Results . In order to avoid confusion and as the
results were not compelling it has been provided as a separate section, this is to allow for further
improvement of the models used. A summary of the method and results will be included in this
chapter and the results chapter. The following will describe in more detail to tool used for
analysis.
3.3.1 R (programming language) statistical software
R is an open source statistical programming software designed to allow users to interact with
the software through basic coding to create graphics. Since 2001, R has been adopted by many
disciplines including research, commercial and governmental organisations. R has a number of
advantages over similar paid software including; it is open source (meaning it is free and
manipulable), requires low computing power and it is available on a variety of operating
systems (i.e. Windows, Linux and Macintosh). A major feature in R is the ability to replicate
data analysis, making it particularly useful in peer-review.

R lacks a graphical user interface (GUI), and so it requires training and basic understanding of
programming, potentially acting as a deterrent to potential users. However, there is a strong
support network within the online community, that has developed functions to simplify R and
create scripts that are discipline specific. R uses ‘packages’ which are sets of functions designed
by uses that are specific for the type of data being analysed. A script can be installed within the
program using the install.packages() function. Examples for the use of R in research is wide
ranging including in phylogenetic (Paradis et al., 2004), air pollution (Beelen et al., 2009) and
GIS (Pebesma, 2004).

3.3.2

Openair - air pollution data analysis tool

Openair is a package for R developed specifically for analysing air pollution data and for
general use is atmospheric sciences. Developed by researchers at Kings College London
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(Carslaw et al., 2012), openair allows for importation, analysis and generation of graphs for
pollution, meteorological and modelled data. Tools are easily accessible through a command
function and are aimed at enhancing the understanding of the data. The aim of openair is to
reduce the amount of time taken to process the data and thereby increasing the amount of time
available to interpret trends and any issues arising from understanding of the data. The
following will describe some of the functions available in openair and used in this project.

Import
The import function allows air quality data to be imported into the program. Once imported the
date will be recognised as date/time format, pollutant concentration as numerical and other
variables such as site as a factor/categorical variable. The preferred format for using openair is
shown below Table 3-4. At minimum the following information is required to start analysing;
date, time, pollutant, wind speed and wind direction. A benefit of using this method is that it
allows data in a large range of time formats, i.e. seconds, minutes, day etc., to be recognised
together, it can also handle missing data. Manipulated data can be easily exported from R using
a range of file formats; the most common is csv (comma separated values) which is accessed
by running the write.csv() function to create a new csv. file containing the data. The new file
can be imported again using the same method. Processing the data in this way allows for easy
replication of analysis using only a few steps.
Table 3-4 Data format for importing data into R for use in openair package

date

site

co

wd

ws

25/10/2016 12:00

Auburn

0.18

180

0.2

…

Time Variation
The time variation function in openair provides a graphical representation of the temporal
patterns in air pollution observations at daily, weekly and yearly time scales. In the daily output,
concentration of a pollutant of interest is averaged by hour and plotted as hour (x-axis) and
concentration (y-axis). The weekly output averages concentration by day and the yearly data
averages concentration by month. By presenting the data in this format, it can reveal useful
information, such as when high concentrations are likely to occur and what sort of patterns are
evident, often indicating the source of pollution e.g. daily bimodal (traffic), weekday-weekend
effect (indicating anthropogenic influences), seasonal (wood-fire heating). A confidence
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interval of 95% is shown surrounding the mean value on the graphic. Different sites can be
plotted on the same graphic, providing a useful comparison tool.

Polar Bivariate Plots
A polar bivariate plot function in openair allows air pollution data to be graphically presented
to show spatial patterns. The plot utilises meteorological data (wind direction, wind speed) and
air monitoring data (e.g. pollutant concentration) to create a plot similar to a compass. The
monitoring site is at the centre of the plot, rings of increasing diameter originating at the centre
indicated wind speed starting at 0 m/s, arrows North, South, East and West indicate direction
and concentration of pollutant is presented as a continuous colour in accordance to a scale
beside the plot. Data undergoes a k-means clustering to group variables and present peaks
allowing for better visualisation of peaks. Local sources are inferred by high concentrations at
low wind speed, i.e. towards the centre. On the other hand, sources of pollution can be inferred
by high concentrations originating from a single direction. Regional sources are more evenly
dispersed or occur at high winds in all directions. Displaying air quality data as a polar bivariate
plot using this technique provides a valuable tool for identifying and understanding air
pollution sources.

The polar bivariate method has been used in identifying PM in a wood-fire burning community
(Ancelet et al., 2012) and urban source identification (Buchholz et al., 2016). The ‘wind speed’
variable in the polarPlot function is interchangeable with other variables such as ‘temperature’
or ‘humidity’, this has been explored to identify relationships between concentrations and other
variables as was the case for ozone suppression at extremely high temperatures (Steiner et al.,
2010).

Theil-Sen Trend
The Theil-Sen plot in R assesses trends in the data. The Theil-Sen method calculates the slope
between all pairs of points and extracts the median slope (known as the estimate) as the trend.
The trend can be made more robust using bootstrap-resampling. This also provides a p-value
used to calculate confidence intervals. It can provide a useful alternative to ordinary linear
regression which often fails assumptions of normality and autocorrelation (see Statistical
Analysis – Linear Regression modelling below). A de-season function is available to remove
a seasonal cycle, if it has previously been shown to exist, i.e. using the time variation function.
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Exceedances
Exceedance occurrences above NEMP guidelines for ambient air were extracted from the data
using R. This involved getting the data into the right time format, i.e. hour, day, year, 4-hour
average. To get the data in the right format, the timeaverage function in openair was used, then
values above the guideline for each pollutant in Table 2-1. Further investigation of the
exceedances was undertaken by inspecting the spatial (i.e. east/west and site-by-site), temporal
(e.g. season) and meteorological (i.e. temperature) patterns.

Emissions
Emissions of air pollution were obtained for the Sydney GMR and Auburn region from the
National Pollution Inventory (NPI) (via http://www.epa.nsw.gov.au/air/airinventory.html) and
the Environment Protection Authority (EPA) (via http://www.npi.gov.au/npi-data).

The two databases provided information on the major sources of anthropogenic emission. The
2008 EPA air emissions dataset was used in the current study as it is the most recent dataset, a
dataset for 2003 is also available. The 2014/2015 NPI dataset was used for this study, datasets
are also available for the 1998/1999 to 2014/2015 period.
3.3.3 Statistical Analysis – Linear Regression Modelling
As mentioned above a statistical analysis was undertaken (see 1Appendix C Statistical
Analysis – Linear Regression – Methods/Results for details of the methods used). For both
the east/west and Auburn campaign approaches, linear regression models were created to
predict each pollutant based on independent variables location and time.

For the east/west regression the following model was used to predict monthly averages of each
pollutant:
𝑌𝑡 = 𝛽0 + 𝛽1 ∗ 𝑑𝑎𝑡𝑒 + 𝛽2 ∗ 𝑠𝑒𝑎𝑠𝑜𝑛 + 𝛽3 ∗ 𝐸𝑎𝑠𝑡/𝑊𝑒𝑠𝑡

Where,
 Yt is the pollutant value, monthly average and transformed by log, sqrt, etc. if
necessary.
 β0 is intercept coefficient
 β1 is time-trend slope coefficient (continuous covariate).
 β2 and season are the Season (Summer/Autumn/Winter/Spring) parameters
and covariates (factor/categorical covariate).
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β 3 and Location are the Location (East/West) parameter and covariate
(factor/categorical covariate).

For the Auburn campaign, the following model was used to predict daily averages of each
pollutant:
𝑌𝑡 = 𝛽0 + 𝛽1 ∗ 𝑑𝑎𝑡𝑒 + 𝛽2 ∗ 𝑤𝑒𝑒𝑘𝑒𝑛𝑑 + 𝛽3 ∗ 𝑚𝑜𝑛𝑡ℎ + 𝛽3 ∗ 𝐴𝑢𝑏𝑢𝑟𝑛/𝑊𝑒𝑠𝑡

Where,
 Yt is the pollutant value, daily average and transformed by log, sqrt, etc. if
necessary.
 β0 is intercept coefficient
 β1 is time-trend slope coefficient (continuous covariate).
 β2 and weekend are the weekend/weekday parameters and covariates
(factor/categorical covariate).
 β3 and month are the Month (May/June/July) parameters and covariates
(factor/categorical covariate).
 β4 and site are the Site (Auburn/Chullora/Liverpool/Prospect) parameter and
covariate (factor/categorical covariate).
Hourly averages were substituted for monthly averages and daily averages for the east/west
and Auburn campaign respectively The purpose of this was to account for some of the
autocorrelation present in the time-series.
3.4

Data compilation, cleaning and integration

Air Quality data was compiled into two main datasets based on the temporal range of the data
The three main datasets include:
1) East/west – contains data extending back to 2005 from the six fixed monitoring sites,
including meteorology and pollutant data when available. Missing data is described
later in this section. The data was in 1 hourly average format. A summary of this long
term data is available in Appendix A Long-term - Summary plots and statistics.
2) Auburn campaign – contains two months of data from 25th May 2016 to 27th July
2016, from Auburn and western sites, including meteorology and pollutant data. Sites
include Western Sites as described above and the temporary Auburn site. The data
was in 1 hourly average format. A summary of this short term data is available in
Appendix B Auburn campaign - Summary plots and statistics.
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website. OEH AQ data is deemed to be reliable because the instruments used are appropriately
accredited, calibrated and maintained. OEH is accredited by NATA (National Association of
Testing Authorities). OEH is subject to independent review of the monitoring network.

Figure 3-5 NSW OEH Air Quality monitoring and reporting database layout. (Source: NSW Air Quality
Monitoring Network: Quality Assurance Procedures)

Gaps in the data occur as part of the quality assurance procedures, usually when instruments
are down for maintenance or calibration. The target online time is 95%.
Gaps in the data occur for the following reasons;
1. Scheduled maintenance and calibration in cases where the following are done on a
regular basis:
-

-

-

Gaseous instruments
 Overnight: zero and span checks (1 hour)
 Monthly: sample inlet cleaning; filter replacement; leak check (1 to 2 hours)
 Quarterly: multi-point audit calibration to check linearity (1 to 2 hours)
Particulate instruments
 Quarterly: cleaning of sample head and inlet and replacement of filters; leak check (1
to 2 hours)
 6-monthly: flow audit (1 to 2 hours)
 Annually: software (1 to 2 hours) and hardware (1 to 2 hours) calibration; zero stability
check (at least 8 hours); site audit (1 to 2 hours)
Meteorological instruments
 Quarterly: cleaning, checking and alignment of wind direction/wind speed sensors (1
hour)
 Annually: calibration of temperature and relative humidity sensors (1 to 2 hours).

2. On-site equipment failure or failure of communications between instrument and data
logger (periodic)
3. On-site power outages (periodic)
4. Telecommunications problems (periodic)
5. Website maintenance (periodic)
6. Data validation
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AQMN data is validated using a 4 step process as shown in Figure 3-6. Step 1 and 2 are
automated, reflagging data as invalid if outside operating parameters and/or on the basis of
overnight calibration. Step 3 and 4 are manual validation and require trained staff to identify
and fix irregularities and report the issue to stakeholders and receive feedback from
stakeholders.

Figure 3-6 Data validation procedure of OEH AQMN (Source: NSW Air Quality Monitoring Network: Quality
Assurance Procedures)
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3.5

Summary of materials and methods

The method and materials chapter provided a description of how the study current study was
undertaken. Two approaches were taken including;
1) East/West – comparison of eastern and western sites in Sydney to determine the
presence of a relationship (i.e. are western sites worse than eastern sites) using
historical data from six fixed sites (3 East and 3 West) in the OEH AQMN.
2) Auburn campaign – Establish a mobile monitoring site in Auburn, an area typical
of an urban environment with local emission sources. Compare the observation
from a two-month campaign against surrounding stations to detect the presence (or
absence of an air pollution ‘hotspot’ at the Auburn site.

To do this, air quality observations will be analysed for spatial and temporal patterns, using
openair in R. The analysis includes an assessment of the polar bivariate plots., temporal cycles,
exceedances, trends and emissions.

A statistical test was undertaken using a linear regression to determine if a significant
difference existed between; 1) east and west site; and 2) auburn and surrounding sites. The
methods of this test and the results have been included as a sub-report in Appendix C Statistical
Analysis – Linear Regression – Methods/Results.

The instruments and methods of collecting and processing air quality data has been extensively
discussed in the above section.
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4 RESULTS
This section presents the results obtained from the methodology described in Chapter 3. A
discussion of results will be included in the next section. The results are presented in main
sections as follows:

East/west
1.
2.
3.
4.
5.

Temporal patterns
Spatial
Exceedances
Trend analysis
Statistical (summary)

Auburn Campaign
1. Hourly concentration of pollutants
2. Temporal patterns
3. Spatial patterns
4. Emissions
5. Statistical (summary)
All of the data has been analysed using R and the openair package. The tables/graphics are
reproducible using the attached data and R scripts (See Appendix E R Scripts and attached
files).
4.1

Eastern vs. Western Sites

The east/west analysis of Sydney air quality included six sites outlined in the methods, three in
the west (Chullora, Prospect and Liverpool) and three in the east (Rozelle, Earlwood and
Lindfield). This section will present the results of the east/west air pollution relationship.

Meteorology (Temperature, Wind speed and Wind direction)
The hourly and monthly averages of temperature and wind speed are plotted by site in Figure
4-1. It is clear that the diurnal cycle consists of a gradual increase in temperature and wind
speed throughout the morning and peaking in the afternoon. Additionally, temperature and
wind speed are higher in summer. Between sites, wind speed and temperature varied,
particularly on an east/west basis. At western sites, wind speed tended to be higher and
temperature had higher peaks and lower troughs compared to eastern sites. The variation in
temperature between east and west sites can mainly be explained by proximity to water. Water
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Figure 4-2 Wind Roses by season for Sydney sites in the AQMN.
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4.1.1

Temporal patterns – East/west

This component of the east/west study of Sydney air quality will present the results for the
temporal analysis of NOx, NO, NO2, O3, CO, SO2, PM2.5 and PM10 at the six sites outlined in
the methods. Daily patterns are created using hourly averages, weekly patterns using daily
averages and seasonal patterns using monthly averages. All pollutants showed characteristics
of daily (diurnal), weekly (weekend-weekday) and yearly (seasonal) patterns.

Oxides of Nitrogen (NOx), Nitrogen oxide (NO) and Nitrogen dioxide (NO2)
Daily, weekly and seasonal patterns are evident for NOx (note: NOx = NO + NO2) (Figure 4-3),
NO (Figure 4-4) and NO2 (Figure 4-5) since July 2007. Western sites tend to be higher than
eastern sites with the exception for Earlwood (east site), which was more comparable to
western sites.

The daily patterns for NOx NO and NO2 are characteristic of bimodal peaks (morning between
07:00 to 09:00 am and evening between 07:00 and 11:00pm) and troughs in between peaks.
The morning and afternoon peaks of NO and NO2 can be associated with traffic sources, as the
rush-hour of traffic occurs at the same time as the peaks. NO is produced directly from motor
vehicles, while NO2 is formed by secondary reaction of NO with O3. The evening traffic peak
is slightly lower and more diffused; this is due to commuters finishing work at different times
and a lower boundary layer height that acts to concentrate pollution. A 1-hour lag in the
morning peak is noticeable between eastern and western sites with the lag occurring in the east.
This may be due to a number of meteorological or localised emission. Mesoscale
meteorological features such as basin drainage, that typically causes westerly winds in the
region Therefore resulting in emissions being blown west to east in the morning. Another
explanation is the different times commuters leave for work in the different regions. For
example, in the west commuters need to leave earlier than commuters in the east to arrive at
work by approximately 09:00am That is assuming most commuters are travelling from west to
east and not vice versa. The difference would result in more emissions being emitted from
motor vehicles earlier in the west than the east

A weekday/weekend variation is evident in the daily averages for NOx, NO and NO2
observations. Observations are higher on weekdays at all sites. The likely source of this
variation can be attributed to decreased business activity and less cars on the weekend. NO
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In summary, temporal patterns are evident for all at daily, weekly and temporal timescales.
Daily peaks are evident in the morning and evening for NOx, NO, NO2, CO, SO2, PM10 and
PM2.5 while O3 peaks early afternoon. Winter concentrations are generally higher for all
pollutants except O3 and PM10. All pollutants are generally higher at western sites expect O3,
but the peaks in O3 are higher at western sites. Liverpool and Chullora (both western sites)
were on average the highest for all pollutants, and Earlwood (east site) was more comparable
to other western sites. The morning peak in the east lagged 1-2 hours behind the west morning
peak. The main source of emissions appears to be from motor vehicles, as most pollutants have
distinct diurnal peaks that coincide with the morning and evening traffic peaks.
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4.1.1

Spatial Patterns – East/west

Spatial analysis was undertaken using polar bivariate plots created using the openair package
in R. This analysis allows visualisation of the direction (or wind speeds) that bring higher
concentrations of the pollutant of interest. This can be used to infer the location of significant
sources of pollutants. Where a pollutant is most concentrated in the centre of a polar bivariate
plot, this indicates highest concentrations with still winds and thus that local emissions are
building up in the nocturnal boundary layer. In contrast, PM10 concentration are often elevated
with strong wind that carry raised dust. It should be noted that this method cannot be used for
direct source identification, instead it acts the initial step that can be followed up with further
investigation.

Western Sites
The results for the spatial analysis are presented in Figure 4-11. Pollutant sources can be split
into local and diffuse sources. Local emissions sources are clearly evident for NOx, NO and
CO at all Western sites, while NO2 and PM2.5 show some evidence of local emissions The
major local source is likely from motor vehicle emissions. This will be discussed in more detail
in Section 5. Diffuse sources are evident for O3, NO2, which are produced by chemical reactions
in the atmosphere (secondary pollutants). For example, production of O3 and NO2 by NO and
solar radiation. Long-range emission sources are evident for PM10, PM2.5, CO by high
concentrations occurring at high wind speeds, mainly from the West-North-west. Long range
emissions are likely due to events associated with dust-storm or bush-fire smoke, or with
individual industrial emission sources. SO2 plots indicate SO2 sources which may be associated
with industrial sites. The presence of CO to the north of Liverpool is another example of a
directional source, further investigation using the EPA emissions inventory for 2008 identified
major sources as motor vehicles and wood fire heating, shown in Table 4-1 below. Inspection
of a map of the Liverpool site revealed that the area to the north is densely populated with
residential housing, as such wood fire
heating emissions are the likely source
of CO emissions. In the polar

Table 4-1 Emission sources of carbon monoxide at
Liverpool
Activity

Carbon
Monoxide
[kg/year]
3,548,933

bivariate plot of Liverpool there

Passenger Vehicle Petrol - Exhaust

appears to be a pollution source to the

Solid Fuel Burning (Domestic)

1,759,888

Light Duty Commercial Petrol - Exhaust

1,347,378

Lawn Mowing Exhaust (Domestic)

1,140,783

north east, however the source has not
been identified in this study.

Lawn Mowing Exhaust (Public Open
Spaces)
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Eastern Sites
The results for the spatial analysis of east sites are presented in Figure 4-12. Local emission
sources of NOx, NO and CO were not as dominant as at west sites, particularly at Rozelle and
Lindfield where concentrations in general appeared lower. Earlwood showed similar local
characteristics to west sites and an emission source to the east (discussed in more detail below).
Secondary pollutants i.e. O3 and NO2 at Lindfield and Rozelle showed similar regional
characteristics by decentralised high concentrations. The peak concentrations appeared lower
than at west sites, Earlwood showed similar O3 distribution to other east sites, while NO2 was
characterised by a source to the east. Sources of SO2 emissions are evident to the East of
Lindfield and Rozelle. CO at Rozelle was evenly distributed indicating more regional sources
of emissions. PM10 and PM2.5 showed evidence of large events, particularly Earlwood, however
the concentrations were much lower than at western sites.
Earlwood – the exception to the East/West relationship
In the temporal analysis, Earlwood tended to have concentrations similar to west sites. This
was investigated to determine if there were any local emission sources. Polar bivariate plots
in Figure 4-12 showed evidence of a major emission sources of NO and NO2 (and therefore
NOx) to the east. Sydney Airport is located approximately 4km to the east of Earlwood
station, as such it is can be inferred as the likely source of emissions. PM10 and PM2.5 showed
evidence of a large event from the north-west (likely dust-storm or bush-fire), but did not
show much evidence of local emissions from airport. CO and SO2 were not measured at
Earlwood.

It becomes evident of the impact that Sydney airport has on the air quality at Earlwood. The
east/west relationship reveals a significant pattern despite results shown at Earlwood – an east
site which demonstrates similar air pollution levels to western sites. It implies an even
stronger difference of west sites to Rozelle and Lindfield.

In summary, the polar bivariate plots revealed that NOx, NO, CO are more persistent at lower
wind speeds, i.e. in the nocturnal boundary layer. NO2 and O3 are formed by secondary
reactions, as such they appear more dispersed. The site at Earlwood suggests an emission
source of NOx to the east, this was investigated and found to be associated with Sydney
Airport.
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4.1.3 Trend Analysis using Theil-Sen plots – East/west
Theil-Sen trend plots have been created for the 1-hourly averages using openair package in R.
Outputs were generated for NOx (Figure 4-13), O3 (Figure 4-14) and PM2.5 (Figure 4-15). CO,
NO, NO2, SO2, PM10 are shown in Appendix D Long-term Trend Analysis (Theil-Sen Plots).
The plots have undergone a de-seasoning effect and bootstrapping for confidence intervals
(95%) and a significance level of the trend estimate (where, p < 0.001 = ∗ ∗ ∗, p < 0.01 = ∗∗, p
< 0.05 = ∗ and p < 0.1 = +) A summary of the trend outputs is provided in Figure 4-16 for NOx,
NO, NO2, O3, and SO2 and Figure 4-17 for PM. CO was not included as there was no evident
trends.

NOx = NO + NO2
The long-term trend in one hourly averages of NOx, NO and NO2 was generally negative since
July 2007. NOx trend estimates were significant (p < 0.01) for all sites except Liverpool,
between -0.97 and -0.34 ppb/year at Earlwood and Chullora respectively, an east/west pattern
was not evident.

NO
The NO trend estimates were significant (p <0.001) for all sites except Liverpool which had an
estimate with a significance of p<0.05, the trend ranged between -0.63 and -0.36 ppb/year at
Earlwood and Lindfield respectively. There was no evidence of an east/west relationship. The
NO decrease may be associated with decreasing emissions from motor vehicles, suggesting
that recent regulations targeting emissions and improving technology in motor vehicles could
be making an impact on improving air quality. This is despite the increase in population and
increase in motor vehicle use.

NO2
Trends in NO2 were variable between sites and only Earlwood, Lindfield and Prospect had a
significant estimate (p<0.001), all other sites did not have a significant estimate, Earlwood had
the largest decrease at -0.38 ppb/year, Chullora and Rozelle did not change at -0.05 and 0.02
respectively, Liverpool was highly variable.
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Figure 4-13 Theil-Sen Plot – trend analysis of 1 hourly averages of NOx

Figure 4-14 Theil-Sen Plot – trend analysis of 1-hourly averages of O3
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Figure 4-15 Theil-Sen Plot – trend analysis of 1-hourly averages of PM2 5

O3
A positive trend was evident at Prospect (0.3 ppb/year) and Rozelle (0.26) ppb/year with a
significant estimate of p < 0.001. Liverpool (0.31 ppb/year) and Rozelle (0.26ppb/year) trends
were significant (p<0.01). The increase in O3 is relative to the amount of NO being emitted,
since there is less NO titrating O3, the amount of O3 that can be produced increases.
CO and
No trends were evident for CO. However, CO shows characteristics of step-changes in the time
series in 2009 (increase) and in 2013 (decrease).
SO2
No trends were evident for SO2 at any of the sites studied.
PM10
PM10 showed a positive trend for Liverpool (0.29 µg/m3/year) with a significance level of
p<0.01. All other sites were not significant.
PM2.5
PM2.5 trends were increasing at Chullora (0.14 µg/m3/year) with a significance level of
p<0.001, Earlwood (0.14 µg/m3/year) had and increasing trend with a significance level of
p<0.01. Earlwood, Liverpool and Chullora showed evidence of a step-change (increase) in
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4.1.4 Summary of the Statistical Analysis of the East/West relationship
The results of the linear regression to determine the statistical significance between eastern and
western sites are presented in Appendix C Linear Regression – Results (Long-term). The
linear regression has been moved to the appendix as the results were not compelling enough to
determine a statically significant relationship between east and west sites. However, in general
the results agreed with the other results provided in this chapter, in that western sites tended to
have higher concentrations than eastern sites. The following is extracted from the sub-report in
appendix C.

NOx, NO, NO2, SO2, PM10 and PM2.5 appear to have higher concentrations at western sites
compared to eastern sites, whereas, O3 has lower concentrations. However, the success of the
regression is limited due to low R2 and high standard error (SE) in the majority of the models.
Therefore, the results should only be taken as general differences of pollutant concentrations
between eastern and western sites. Auto-regression and unaccounted variables in the model are
the likely causes of error. In the temporal analysis and polar bivariate plots, it was evident that
Earlwood (eastern site) compared more closely to western sites. It is likely that a local source
of emission (potentially Sydney Airport) is causing increased concentration and increased
error, this is not currently accounted for in the model.

The statistical analysis using linear regression could be improved by accounting for other
variables or using a different statistical test that is more robust to auto-correlation.
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4.2

Auburn Campaign

The Auburn campaign consisted of a temporary site deployed in Auburn to monitor air
pollution. The campaign aimed to determine whether air quality at this urban location was
worse than at neighbouring AQ stations. The Auburn site is located in a mixed residential,
commercial and industrial area. The Auburn site was compared to the closest air monitoring
sites at Chullora, Liverpool and Prospect. The campaign was undertaken from 25th May 2016
to 27th July 2016. The mobile station at the time of writing remains at the Auburn site and
continues to monitor air pollution.
4.2.1 Hourly Concentration of Pollutants – Auburn Campaign
Hourly concentrations of NOx, NO, NO2, O3, CO, SO2, PM10 and PM2.5 measured during the
Auburn Campaign are presented in Figure 4-18. The observations are skewed left with long
tails on the right hand side, outliers were evident and have been excluded for better visual
interpretation between sites.

Figure 4-18 Boxplot of 1-hour averages for pollutants measured at Western Sites during the Auburn
Campaign. Auburn (red), surrounding sites (blue).

The median observations at Auburn (shown as red boxes in Figure 4-18) were similar with
observation indicative of regional air in western Sydney (shown as blue). CO, NO and SO2 are
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slightly higher but are not significantly different. O3 was slightly lower at Auburn, but again
are not significantly different. None of the observations or outliers (not shown above) exceeded
the NEPM guidelines for ambient air quality during the study period for the sites shown.

It was expected that local emissions at Auburn, i.e. railway corridor (< 50m) and major
roadway (<300m) and industrial activities, would have a significant impact on local air quality.
However, comparison to surrounding sites suggests that despite local sources, the air quality at
Auburn is similar to regional air quality in western Sydney. It can be inferred that the OEH
AQMS in western Sydney adequately represent regional air quality.

4.2.2

Temporal patterns – Auburn Campaign

The observations collected between the 25th May to the 27th of July have been compiled to
analyse the daily, weekly and seasonal patterns for eight pollutants. Comparisons have been
made with the long term observations presented in the east/west analysis to determine if
temporal patterns during the campaign were similar to long term patterns. The Auburn
campaign data have a lower number of observations (2 months), and as such the patterns will
be more variable compared to the long term which have a large number of observations (up to
10 year). The observations were taken in winter, and so some difference to the long term
observations may be a result of seasonal variation.

Oxide of Nitrogen (NOx), Nitrogen oxide (NO) and Nitrogen dioxide (NO2)
NOx (Figure 4-19), NO (Figure 4-20) and NO2 (Figure 4-21) patterns during the 2-month
campaign at Auburn, Chullora, Liverpool and Prospect displayed similar characteristics to the
long term trends for daily and weekly cycles. Bimodal peaks are evident and a weekendweekday pattern is also evident. The daily and weekly concentrations are higher for NOx, NO
and NO2 at all sites compared to the long term, which is understandable since the observations
were recorded in winter when concentrations are seasonally higher. The observations at Auburn
have the second highest concentrations for NOx and NO, and the highest for NO2.
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4.2.3

Spatial – Auburn Campaign

The results of the spatial analysis are presented in Figure 4-27, spatial patterns show distinct
local and regional characteristics between pollutants.
Local sources
All pollutants except ozone showed characteristics of local emissions (inferred as high
concentrations occurring at low wind speeds). NOx, NO, SO2, CO and PM10 are typical of
motor vehicle emissions in Auburn (see emissions in Table 4-9). The spatial patterns of air
pollutants show similar patterns to other western sites shown above in the regional spatial
analysis. This is particularly the case for NOx, NO and CO as the polar bivariate plots show
high centralised concentrations. SO2 is locally sourced and has two other potential sources to
the north-west and to the north-east. The likely anthropogenic sources of SO2 in Auburn
according to emissions in Table 4-9 are motor vehicles (47.9%), commercial shipping/boating
(33.2%) and railways (12.5%). Further investigation may reveal a definitive source.

Diffuse Sources
In the polar bivariate plots, O3 and NO2 can be identified as diffused sources of air pollution,
especially O3 (indicated by low centralised concentrations and higher concentrations at higher
wind speeds). NO2 concentrations are less centralised than other local pollutants. O3 and NO2
are secondary air pollutants that are produced during oxidation reactions of primary pollutants
with other gases in the air, as such we see a greater regional distribution of these pollutants.

The PM10 and PM2.5 polar bivariate plots indicate increased concentration at high speeds from
the east, (during the campaign a low pressure system brought strong easterly winds from the
ocean). The increase in concentration from the east at high wind speeds is possibly the result
of sea-salt during this event. Alternatively, it is a plume from anthropogenic source to the east,
since CO is also elevated under these wind conditions.

In summary, spatial patterns are dependent on individual characteristics of each pollutant and
occur as localised (primary), regional (disperse) or both. NOx, NO and CO are typical localised
pollutant sources potentially caused by local traffic emissions from vehicles. NO2 is semi-local
and dispersed as it requires the oxidisation of NO by O3 to form, since there is an abundance
of NO locally it shows a localised effect. PM10 and PM2.5 are both localised and disperse,
disperse sources were likely to be either sea-salt or pollution from central Sydney.
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4.2.4

Emissions at Auburn

Emission inventory results were extracted from the National Pollution Inventory website for
2015 and the NSW EPA website for 2008. The major sources of anthropogenic emissions are
presented for Auburn. The results are presented in Table 4-9.

For the NSW EPA inventory major pollutant emissions were SO2, NOx, CO and PM2.5 at 1.2%,
0.48%, 0.46% and 0.41% respectively of NSW Greater Metropolitan Area Emissions. For the
NPI dataset, major pollutant emission in Auburn were CO, NOx and PM10 at 0.94%, 0.51%
and 0.12% respectively of NSW Greater Metropolitan Area emissions.

The major anthropogenic sources of these emissions were available for the NPI data: motor
vehicles accounted for 89.1% of CO, 88.4% of NOx and 37.9% of PM2.5, solid fuel burning
(domestic) i.e. wood-fire heating, accounted for 45.8% of PM10 and 3.7% of CO.

The variability between EPA and NPI emissions is likely due to how the emission data is
collected.

In summary the major anthropogenic emission sources in Auburn were determined to be
vehicle emissions and solid fuel burning (domestic).
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Table 4-9 Comparison of emissions within New South Wales (NSW) Greater Metropolitan Region
(GMR) and Auburn estimated in the National Pollution Inventory for 2014/15 and the NSW EPA
inventory for 2008
Pollutant

PM2.5

NSW

Auburn

NPI

Auburn NPI

Breakdown of Anthropogenic emission sources from

EPA

NSW

EPA

NSW

emissions in

Auburn

GMR

emissions in

GMR

Gg & (as %

(NPI, 2015)

Total

Gg & (as %

emissions

of

emissions

of

(Gg)

GMR)

(Gg)

GMR)

39

0.16
(0.41%)

3.5

0.002
(0.057%)

NSW

NSW

Beverage Manufacturing

51.3%

Waste Treatment, Disposal and Remediation

26.7%

Services

11.5%

Printing and Printing Support Services

10.5%

Dairy Product Manufacturing
PM10

123

0.22
(0.18%)

111

0.13
(0.12%)

Solid fuel burning (domestic)

45.8%

Motor Vehicles

37.9%

Waste Treatment, Disposal and Remediation

5.5%

Services

2.1%

Recreational Boating

1.9%

Lawn Mowing
CO

NOx

966

319

4.42
(0.46%)

1.52
(0.48%)

1036

293

9.74
(0.94%)

1.50
(0.51%)

Motor Vehicles

89.1%

Lawn Mowing

4.1%

Solid fuel burning (domestic)

3.7%

Lawn Mowing (public open spaces)

1.2%

Recreational Boating

1.1%

Motor Vehicles

88.4%

Commercial Shipping/Boating

3.1%

Railways

3.1%

Waste Treatment, Disposal and Remediation

1.5%

Services

1.1%

Beverage Manufacturing
SO2

289

0.50
(1.20%)

212

0.05
(0.02%)

Motor Vehicles

47.9%

Commercial Shipping/Boating

33.2%

Railways

12.5%

Waste Treatment, Disposal and Remediation

2.6%

Services

1.8%

Solid fuel burning (domestic)
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4.2.5 Summary of the statistical analysis of the comparison of Auburn and surrounding sites
The results of the linear regression to determine the statistical significance of the difference
between Auburn and surrounding sites on a site-by-site basis are presented in Appendix C
Linear Regression – Results (Auburn Campaign). The linear regression has been moved to
the appendix as the results were not compelling enough to determine a statistically significant
relationship between auburn and surrounding sites. However, in general the results agreed with
the other results provided in this chapter, in that Auburn was similar to surrounding sites. The
following is extracted from the sub-report in appendix C.

In summary, the regression models for the Auburn campaign suffered similar pitfalls as the
regional long-term model. However, the results were similar to what is expected from the
temporal analysis. It can be inferred that daily average concentrations at Auburn were not
different compared to surrounding sites.

The statistical test using linear regression model can be improved by either including other
variables or by using an alternate test that is more robust to auto-correlation.
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4.3

Summary of Results

The results of the study were presented are presented as two main sections; east/west and
Auburn Camping. The main findings of the results are as follows;
East/west


Sites in western Sydney have higher levels of air pollution compared to sites in eastern
Sydney, with the exception for Earlwood;



Diurnal pollutant peaks generally coincided with morning and afternoon traffic peaks,
with the exception for O3;



Exceedances occasionally occurred for O3, PM10 and PM2.5, and were more frequently
exceeded at western sites, particularly Liverpool and Chullora. PM2.5 is getting worse
as all sites in the study exceeded the standard yearly standard in 2015; and



Trends indicate that NOx was decreasing and O3 was increasing over the study period.

Auburn Campaign


Observations at the Auburn site were comparable to the closest sites, indicating either
the absence of an air pollution hotspot or that surrounding sites are adequately
representing regional air quality;



Polar bi-variate plots revealed similar patterns to western sites in the east/west results,
i.e. localised NOx, CO emissions and diffused NO2 and O3. However, PM10 and PM2 5
appeared more localised; and



The major source of source of emissions at Auburn was found to be motor vehicles

A sub-report for the statistical analysis is included in Appendix C, as the statistical significance
was not compelling. However, the results of the statistical analyses generally agreed with the
other results presented in this study.
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5 DISCUSSION
This study assessed the spatial and temporal variability of air quality in Sydney. Specifically,
two approaches were employed; the first aimed to describe the east/west relationship of air
quality in Sydney, while the second aimed to determine the presence (or absence) of an air
pollution hotspot in Auburn, a case-study site typical of an urban area. Air quality observations
from six sites in Sydney were analysed to determine if western sites had worse air quality than
eastern sites. Additionally, a mobile site was established in Auburn for a 2-month campaign
for potential detection of a hotspot, by comparing observations from Auburn to surrounding
sites. The analysis of air quality data was undertaken using air quality analysis tools such as
‘openair’ in R.

The analysis of a number of air quality monitoring sites across Sydney revealed some
interesting results. For the investigation of the east/west relationship the main findings indicate
that western sites on average have higher concentrations of air pollution than eastern sites.
However, Earlwood in the east was more comparable to western sites. Additionally, for the
detection of potential air pollution hotspots in the western Sydney suburb of Auburn, it was
found that air pollutants at Auburn were comparable to surrounding western sites This indicated
that either potential hotspots were absent or that the current network is adequately representing
regional ambient air in western Sydney. The following section will discuss these findings in
more detail and compare the results to previous research. Finally, the management applications
of this study, as well as the limitations and future directions for this work, will be discussed.

5.1

Air pollution in Western Sydney

As mentioned above, the main finding of the analyses of eastern and western sites, was that the
air quality at western sites was worse than at eastern sites This suggests that there are processes
operating on an intra-city scale in Sydney that have a significant influence on air pollution at
different spatial and temporal scales. Previous studies have indicated that urban air sheds are
heterogeneous and air pollution concentrations in urban areas vary over space and time (Pinto
et al., 2004, Kim et al., 2005). Furthermore, local emission sources (O'Leary et al., 2014),
particularly emissions from motor vehicles (Franklin et al., 2012) and meteorological factors
(Ramsey et al., 2014) have been suggested as a likely explanations for the spatial-heterogeneity
of air pollution in urban areas.
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The temporal analyses of eastern and western sites in the current study, reveals interesting
information about the major source of air pollution and potential spatial characteristics of
emissions. This is demonstrated in the morning and evening peaks for most pollutants,
excluding O3, as the peaks occurred at the same time as the expected morning and evening
traffic rush hour. A previous study by Duc et al. (2013) into the Sydney air shed confirms the
NOx peaks in the diurnal pattern as it was found that peaks occurred at 07:00 am and 04:00 pm.
Motor vehicles have been shown to be the major source of emissions NOx emissions in Sydney
(Duc et al., 2013) and this is backed up by the EPA emissions inventory for 2008 at Auburn.
The emissions inventory indicates that motor vehicles accounted for 88.4% of NOx, 89.1% of
CO and 47.9% of SO2 (see Section 4.2.4). Previous studies have also shown motor vehicles as
having the most significant impact on air pollution in urban areas (Brunekreef et al., 2009, Wu,
2014). Furthermore, differences in the height of the peak between eastern and western sites
reveals information about the intra-city spatial variability of motor vehicle emissions in
Sydney. Higher peaks at western sites may indicate that motor vehicle emissions in western
Sydney are higher or a variation in motor vehicle composition (i.e. truck, cars) compared to
eastern Sydney. A study by Alföldy et al. (2011) found NOx and CO emissions from traffic
emissions varied for different intra-city locations and suggested vehicle composition in traffic
may account for some of this variation.

Weekend-weekday patterns are evident in the air pollution observations at all sites in the
current study. This pattern is characterised by decreases in NOx, NO and CO and increases in
O3 on weekends compared to weekdays. A similar pattern was found in urban areas of southern
California, United States (Blanchard et al., 2006) and Brisbane, Australia (Morawska et al.,
2002). These studies hypothesised that this phenomenon is largely based on the differences
between weekday and weekend emission patterns. Specifically, the Brisbane study found a
50% decrease in traffic flow rate on weekends compared to weekdays was associated with a
similar decrease of CO and NOx (Morawska et al., 2002). Furthermore, it has been
demonstrated in a study by Gour et al. (2013) that a similar phenomenon has been shown for
public holiday where NO, CO and NO2 are reduced compared to the same week.
5.1.1

Lagged morning peak

Another intra-city air pollution phenomenon experienced in Sydney, is the lag effect in the
morning peak between eastern and western sites. Demonstrated for NOx in Figure 5-1, it is
evident that the morning peak at eastern sites lags between 1-2-hours behind western sites. This
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Ozone accumulation through this process may result in photochemical smog events that have
the potential to last a number of days and exceed national air pollution guidelines. More
frequent exceedances in ozone, PM10 and PM2.5 at western sites, may be attributed to mesoscale
meteorological features that trap air pollution in western Sydney.
5.1.3

Anthropic influences on O3 production

Previous studies generally agreed with the daily (Ribas et al., 2004, Zvyagintsev et al., 2008)
and weekly (Brönnimann et al., 1997, Debaje et al., 2006) patterns for O3 presented in this
study. The formation of ozone is described in Chapter 2 as cyclic chemical reactions between
NO, NO2, solar radiation and hydrocarbon precursors. In general, the higher the level of NO,
the more that O3 is titrated out of the atmosphere, leading to lower concentrations of O3. On the
other hand, higher levels of NO2 increases the production of O3 and the occurrence of photochemical smog events (Finlayson-Pitts et al., 1993). In urban environments, NOx is enhanced
by emissions from motor vehicles, as described above for the current study. O3 in the diurnal
pattern was generally lower at western sites compared to eastern sites, with the exception of
the peak values. This suggests that the pattern observed in ozone is not entirely related to solar
radiation, otherwise western site would have lower peaks than eastern sites. Instead it appears
to be related to NOx. It appears that, at western sites ozone is suppressed by primary emissions
of NO from motor vehicle for the period in the morning during the traffic rush. Later in the day
when NO reacts to form NO2, and ozone production is allowed to rapidly increase. The timing
and value of this peak has been demonstrated to be strongly influenced by NOx emissions in
the morning (Duc et al., 2013).The increased production of NO2 at western sites, enhances the
production of ozone and therefore the observed peak in ozone at western sites. It can therefore
be inferred that ozone events are not entirely natural, instead is associated with the emission of
NOx from motor vehicles.

5.1.4

Earlwood

Air pollution at Earlwood, although located in eastern Sydney, was more comparable with
western sites. Sydney Airport is located within relatively close proximity to the Earlwood site
and is the likely cause of the differences. Airports have been shown in previous studies to
significantly impact air quality; emissions from the airport itself can increase local PM2.5 and
ozone concentrations in the local ambient air (Unal et al., 2005). In another study, at sites 4km
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and 7.3 km away from an airport, particle number counts were 2 and 1.33 fold higher than
regional ambient air (Hudda et al., 2016).

Polar bi-variate plots at Earlwood revealed increased NOx, from the general direction of the
airport. A similar process was undertaken by (Carslaw et al., 2006) to identify pollutants
associated with an international airport. The weekend-weekday pattern at Earlwood differed
slightly to patterns experienced at other sites in Sydney, in that smaller variation is evident
between weekend and weekdays. This is likely due to the continuous operation of the airport
on the weekend.

Currently a second airport in is planned for Sydney, to be located in western Sydney at
Badgerys Creek, and is undergoing the final assessment and determination stage of
development. A recent environmental impact statement (EIS) was undertaken to assess the air
quality impacts of the Airport (Department of Infrastructure and Regional Development, 2016).
The EIS found that development of the airport would result in an increase in emissions of NOx,
PM10, PM2.5, CO, SO2 and other air toxics associated with air craft and on-ground operations.
Increased emissions associated with the new airport would add air pollution to the existing
ambient air, resulting in a compounding effect and overall worse air quality.

5.1.5

NOx and O3 and PM trends (10 years)

In the current study, trends in air pollution were observed using Theil-Sen plots with a deseasoning effect and an estimate of significance. The results indicate a decrease in NOx and an
increase in O3 and PM2.5 since 2005. NOx is generally attributed to emissions from traffic
sources, this has been demonstrated in the current study with the occurrence of morning and
afternoon peaks in NOx with traffic rush hours. The negative trend in NOx observations
suggests that emissions from motor vehicles are potentially decreasing, despite an increase in
population and an increase in the number of motor vehicles on the road. There has been a major
push over the last few decades to improve emissions from motor vehicles (Johnson, 2009), as
such car and truck manufactures have made advances in the design and efficiency of motor
vehicles that produce less emissions (Kimura et al., 2001). The increase in O3 is likely due to
an inverse effect of NOx production, as described above, NO acts to titrate out O3 of the
atmosphere.
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An alternative method of determining trends in ozone, NOx and PM was undertaken by (Duc
et al., 2000) and (Duc, 2008) in the Sydney air shed using the same AQMN sites as the current
study. The method employed by (Duc et al., 2000) and (Duc, 2008) consisted of a long-range
dependence (LRD) time series model that removed seasonality, auto-regressive and moving
average dependence in the time series. The trend results for NOx (1993-2000 at Liverpool) and
O3 (1975 – 2000 at Lidcombe) (Duc et al., 2000) are shown in Figure 5-3 and for PM (19792003 at Rozelle) in Figure 5-4 (Duc, 2008). The LRD approach used a rolling average to detect
trends, and this enabled detailed inspection of the time series for potential changes in trend
throughout the time series.

Figure 5-3 NOx trend at Liverpool (1993-2000) (left) and O3 trend at Lidcombe (1975 - 2000) (right) (Duc
et al., 2000)

Figure 5-4 Fine particles (as measured by Nephelometer) trend at Rozelle (Duc, 2008)

In contrast, the Theil-Sen method used in the current was limited to a single line with monthly
averages plotted in the background and an estimate for significance. It was clear in a number
of outputs, e.g. CO and PM2.5 that potential step-changes were occurring that were not being
reported. Although lacking in the ability to investigate changes in trends in a time-series, the

85

T. Keatley, 2016
Theil-Sen estimate has been used in a study by Munir et al. (2013). This study overcame this
limitation of the Theil-Sen plot by incorporating a change point analysis, a method that was
developed by (Killick et al., 2014) and is available in the statistical software R.
5.2

Urban air pollution ‘hotspot’ in Western Sydney

In air quality research, air pollution ‘hotspots’ are referred to as locations in which specific
emission sources may expose individual or populations to elevated risks of adverse health
effects. In urban environments, air pollution ‘hotspots’ can be found near major emission
sources such as industrial activities or close to major roads. A mobile air quality monitoring
station uses a set of instruments that are more compact arrangement compared to this in a
conventional air quality station. This allows for portability increased portability of the
monitoring station. Mobile monitoring sites have been found to have advantages over fixed
sites such as the versatility of mobile sites to measure spatial variation of air pollution, this has
been demonstrated in other studies in Beijing (Wang et al., 2009), Helsinki (Pirjola et al., 2004),
Zurich (Bukowiecki et al., 2002) and Las Vegas (Etyemezian et al., 2003). The OEH has built
a compact shelter known as a ‘PODS’ which is rapidly deployable in emergency situations
where the characteristics of ambient air need to be known. The current study utilises the mobile
station to characterise air quality at a site typical of an urban area.
In the current study, a mobile station was established in a potential air pollution ‘hotspot’
typical of an urban area and compared to surrounding regional ambient air quality stations
nearby. Despite the site being located adjacent to a railway corridor (50m) and a major road
(300m), air pollution at the site is not clearly differentiated from regional ambient air quality
as measured at nearby air quality stations. (Note that in the following paragraphs the phrase
“regional ambient air quality” is used to refer to the air quality as measured at the three nearby
air quality monitoring stations). The following will discuss, in reference to previous studies,
potential sources of local air pollution at Auburn, i.e. traffic emissions, railway corridors and
wood-fire heating and why significant differences in air quality at Auburn and the permanent
stations may not have been detected.in the current study.

5.2.1

Traffic emissions

In previous studies, it was expected that emissions from motor vehicles would have an impact
on air quality close to major roads (Künzli et al., 2000, Schikowski et al., 2005, Friend et al.,
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2013), and that this would be clearly evident in air pollution, when sites adjacent to roads were
compared to regional ambient air (Ayoko et al., 2005). The current study was only able to
identify a very slight increase in NOx, NO and NO2 at Auburn compared to regional ambient
air quality. This was despite the site being located only 300m from a major road. In a previous
study where the impact roadside impact was observed, the air quality monitoring instrument
was placed 5-10m from the kerbside and 1-2m off the ground (Ayoko et al., 2005), whilst in
the current study the site is located much further away (approx.. 300m) and much higher off
the ground (approx. 20m). The difference in distance from the road and the height above ground
increases the likelihood of roadside air having already undergone significant mixing with
regional air. A reduction in air pollution away from roads has been confirmed in other air
quality monitoring studies, e.g. a reduction in air pollution was found to occur rapidly with
distance away from the road, at distances 160 to 570m (Karner et al., 2010) and 200 – 500m
from the edge of the road almost all pollutants drop off to regional levels. Roadside structures
such as noise barriers (Baldauf et al., 2008), vegetation (Bowker et al., 2007) and buildings i.e.
‘street canyon effect’ (Tong et al., 2016) have been identified as having a significant effect in
reducing the dispersion of roadside emissions. Detection of an air pollution ‘hotspot’ due to
vehicle emissions was uncertain, as although concentrations of NOx, NO and NO2 were slightly
elevated compared to surrounding sites, clear differences were not evident. Based on previous
research, roadside air pollution drops steeply away from major roads and is reduced by
structures such as buildings, so these influences would have likely produced the results in this
study.

5.2.2

Rail Corridor Emissions

Emission of air pollutants from railway corridors can be caused by a number of factors
including; engine emissions from diesel powered locomotives, erosion of materials from
carriages such as coal dust; re-entrainment of dust by passing locomotives; and wind-erosion
of surface dust in high winds (Don Neale, 2013). From previous studies, it was expected that
railway corridors would have a significant impact on air quality in areas immediately adjacent
to the train lines, in particular for fine particles (Jaffe et al., 2014, Jaffe et al., 2015). PM2.5 was
generally enhanced for freight and coal trains (Jaffe et al., 2015). Furthermore, particle reentrainment, rather than direct emissions from coal trains, is associated with higher fineparticle levels. In the current study fine-particles, PM10 and PM2.5 did not suggest any evidence
of enhancement from the adjacent railway corridor as fine particle concentrations were similar
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to regional air (as measured by nearby air quality stations). A train timetable was available for
Auburn, however due to time constraints and issues extracting correct train times, it was
excluded from the current study. Further studies may incorporate this timetable to assess the
impact of trains in more detail.
5.2.3

Wood fire heating

The Auburn campaign was undertaken in Winter; this period is generally characteristic of
wood-fire heating emissions associated with cooler climatic conditions. In the current study,
residential areas were situated in nearly all directions in the immediate area from the site, it
would therefore be expected that wood-fire heating would have an impact on air quality in the
campaign. Previous studies have identified bio-mass burning for domestic heating as a
significant source of PM2.5 emissions (Reisen et al., 2013) and fine particles (Houck et al.,
1998). In the current study, PM10 and PM2.5 were not identified as being significantly higher
compared to regional ambient air. Previous studies have used wood smoke tracer compounds
(e.g. levoglucosan and methoxyphenols) to detect wood-smoke from heating in Germany (Bari
et al., 2011) and Sydney (Martin Cope et al., 2014). The Sydney study identified concentrations
of levoglucosan at concentrations up to 7 times higher in autumn than in summer, which
indicated wood-fire heating as a major source in Sydney. The current study did not monitor
any wood smoke tracer compounds as such it was unable to determine the presence of wood
smoke at the Auburn site or in the regional ambient air.

The site at Auburn is likely influenced by other local emission sources that have not yet been
accounted for such as industrial activities. Further investigation may be required in order to
identify potential local sources.

Auburn in comparison to the surrounding sites did not appear to show evidence of an air
pollution ‘hotspot’ for any of the emissions studied in the project. The Auburn site was typical
of an urban area, consisting of mixed residential, industrial and commercial areas with potential
local emission sources from roads and railway corridors. Siting of the surrounding OEH
AQMN sites was undertaken in accordance with the Australian standards- Methods for
sampling and analysis ambient air – Guide to Siting Air Monitoring equipment AS/NZS
3580.1.1:2016. Outlined in the standard is a list of criteria that sites must comply with in order
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Figure 5-5 Guidelines to the siting of monitoring equipment. Image sourced from (AS/NZS
3580.1.1:2016)

to be used as an air quality monitoring station. Demonstrated in Figure 5-5, some of the criteria
include; sampling inlet 2-5m above ground, distance to trees ≥ 10m, and 120° of clear sky
above the sampling inlet. The site is also positioned in areas that are deemed to be
representative of the ambient air in the region and away from potential emission sources. This
generally limits the AQ stations to areas adjacent to paddocks away from industrial areas, major
roads and railway corridors.

The current study was not limited by the same criteria, as such it was able to test for potential
local sources in an urban area and determine if it was different to surrounding sites. The study
found that during the campaign period, air quality was not different to surrounding sites. This
indicates that the current AQMN is likely adequately able to represent typical urban air quality
in the western Sydney region despite being located at a distance away from emission sources.

5.3

Management applications

Through the undertaking of this study, a number of applications have arisen that are relevant
to the study region of western Sydney and appropriate for future research into air quality in
urban areas. Air pollution in Sydney was found to be highly variable in space and time, with
worse air pollution occurring at western sites. This information has potential management
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applications for the region of Sydney, including; the allocation of resources and services, future
planning of Sydney and the regulation of emission sources.

One of the main findings of the analyses suggest that air quality at sites in western Sydney is
worse than at sites in eastern Sydney. In terms of health applications, increased exposure to air
pollution has been shown to increase the risk of developing respiratory and cardiovascular
related illnesses. Since the population in western Sydney is in on average exposed to higher
concentrations of air pollution, they are more likely to develop illnesses associated with air
pollution. Hospitals in western Sydney should be able to accommodate more patients
presenting with symptoms associated with air pollution, particularly in the elderly, sufferers of
asthma and children.

Motor vehicles were found to be a major source of air pollution contributing to poor air quality
in western Sydney. Evidence of this can be found in the occurrence of morning and evening
peaks in the diurnal cycle of many pollutants, that coincided with morning and evening traffic
peaks. The higher peaks in western Sydney suggested that motor vehicle emissions have a
larger impact on air quality at western sites. Currently, western Sydney lacks reliable public
transport and as such commuters are relying on motor vehicles as the major form of transport.
Improvements to the public transport network would significantly decrease the number of
vehicles on the road and therefore have a positive impact on air quality.

The AQMN network is a wealth of data extending over a long time period, and in the current
study this was utilised to determine spatial and temporal patterns of air quality in the Sydney
air shed. It revealed that the air quality at western sites was worse than eastern sites. Further
analysis of this data, including additional sites, will likely reveal other processes operating
within the region. Furthermore, the deployment of a mobile monitoring station in Auburn in
the current study allowed for the characterisation of air quality in an urban area. As such, this
study acts as a platform for what can be expected when using mobile monitoring stations. To
target and characterise potential hotspots, future studies should aim to get closer to the source
of emission.
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5.4

Limitations

A number of limitations were evident throughout the completion of this thesis. The initial scope
of this project intended to establish two temporary stations in western Sydney to assess
hotspots. The first site went ahead at Auburn, western Sydney, whilst, the second site proposed
for Casula, western Sydney was unable to go ahead due to lack of approval by landholders.
The Casula site was intended to assess ambient air at the intersection of two major roads. The
inclusion of a second site would allow have allowed for further characterisation of urban
hotspots and aided in an understanding of the impact of emissions from heavy traffic in a
residential area.

A second limitation of the study is in regards to the spatial analysis of air pollution. The OEH
monitoring sites are permanently fixed and provide highly accurate and precise observations.
The density of the network is fairly sparse with six sites covering an area of approximately
1500km2, as such the ability to infer spatial patterns is fairly limited. This has been
demonstrated in previous studies that show regulatory monitoring networks lack the spatial
resolution needed to provide neighbourhood-scale exposure (Wilson et al., 2005, Özkaynak et
al., 2013). In the current study, this has been attempted to be overcome by using polar bivariate
plots in the ‘openair’ package. However, this method is still limited as it is quite generalised in
approach, relies heavily on interpretation and does not provide an accurate position of emission
sources. Further analysis could utilise new technologies such as low-cost sensors to improve
spatial resolution (Kumar et al., 2015). This has been shown to be an effective method used for
the detection of air pollution hotspots. Although these sensors are not as accurate and precise
as the current network, calibration against fixed stations would greatly improve the validity of
the observations.

Another limitation of the study is that not all pollutants were monitored at all stations for the
entire period, however, an attempt has been made to create a dataset that is comparable.
Pollutants at sites that had limited observations were excluded from the dataset. This resulted
in at least one site in eastern Sydney and one site in western Sydney included in the analysis of
each pollutant. For example, SO2 observations are measured at Lindfield, Prospect and
Chullora for 9+ years, while other sites, Rozelle only has data since 2014 and Earlwood did
not have any observations.
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The statistical analysis had limited success in the current study, with auto-regression of the data
in the time-series determined to be the major cause of error. Further attempts using regression
analysis should include lagged variables and incorporate spatial- auto regression analysis, such
as semi-variograms for better analysis of spatial variation.

5.5

Summary of Discussion

This chapter discussed main findings of this study in regards to the processes operating in the
Sydney air shed that describe the pattern observed. This included a range of meteorological
features, anthropogenic influences. Potential local sources of pollution were identified at
Auburn and reasons why a hotspot was not detected at Auburn. Finally, management
applications arising from the current study for use in the Sydney region and in atmospheric
research were covered including the allocation of services, direction for regulation and the use
of mobile air quality instruments

6 SUMMARY AND CONCLUDING COMMENTS
The current study set out to extend upon existing research into air quality processes operating
at spatial and temporal scales within the Sydney air shed. Two main approaches were used to
undertake the study; Firstly, existing observations from six sites in the OEH AQMN were
analysed to determine whether air quality is worse at western Sydney sites compared to eastern
sites. Secondly, a mobile monitoring station was established in Auburn, western Sydney and
compared to the nearest fixed station in order to detect the presence (or absence) of an air
pollution hotspot. This chapter summarises the main findings of the study and highlights the
key areas for future studies. Also included are a number of recommendations specific to the
study region.

The main findings of the east/west approach indicated that, air quality at western Sydney sites
is worse than eastern sites. Furthermore, Earlwood (an east site) was found to be more similar
to western sites. For the Auburn campaign, the mobile site at Auburn did not detect the presence
of an air pollution hotspot despite potential local emission sources.

As discussed throughout Chapter 5, air quality in Sydney was heterogeneous over space and
time. Air quality variation in urban areas may be attributed to meteorological processes or the
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presence of anthropogenic activities. Major sources of emissions in Sydney were identified as
emissions from motor vehicles.

Ozone production was determined to be heavily influenced by anthropogenic activities, i.e.
motor vehicle emissions, and this was particularly evident western Sydney sites. Furthermore,
poor air quality events were deemed to be associated with a combination of synoptic and
mesoscale meteorological features.

The Auburn site was unable to detect the presence of a hotspot; this may have been due to the
dominant sources in western Sydney already being adequately represented in the current OEH
AQMN sites. The campaign identified a number of potential shortcomings that would have
allowed for improved characterisation of local emissions. Despite this, patterns in urban air
were able to be characterised, and this allowed for the identification of a number of potential
emission sources including; traffic emissions, wood-fire heating and railway corridor.

6.1

Recommendations for future work

Further studies should focus on characterising the air quality closer to air quality hotspots. A
study of local spatial variability of air pollution at Auburn or other potential western Sydney
hotspots would be an interesting future study. In particular, it would be interesting to identify
potential emissions sources of air pollution for the validation of polar-bivariate plots as a
method for spatial analysis. Furthermore, increasing the spatial resolution of air quality
observations appears to be the next step in atmospheric studies. Recent improvements in the
reliability and accuracy of low cost sensors has potential applications in studies where
increased spatial resolution in needed. A future study should therefore use low cost-sensors to
further characterise urban areas in western Sydney.
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Statistical Analysis – Linear Regression Modelling
Linear regression modelling is a form of statistical analysis that accounts for potential variables
in the data. By accounting for the variables in the data, the model can be used to test the
signicance of the variation caused by location i.e. East/West.

What is a linear regression and a linear model?
A linear regression is an attempt at explaining the relationship between one continuous
dependent variable (y) from one or more (multiple linear regression) independent variables (x).
The independent variable can be continuous or categorical. A regression model fits a formula
(usually a straight line) to approximate the expected value (mean) for y at different x values
and describe the variability of observations around the line (Franklin et al., 2007).
A simple linear model uses one independent variable to predict the dependent variable
commonly using the following formula;
𝑌′ = 𝑏𝑋 + 𝐴

where Y' is the predicted score, b is the slope of the line, and A is the Y intercept.
A multiple linear model is an extension of a linear model that uses more than one
independent variable to predict the dependent variable, multiple linear use the following
formula;
𝑌 ′ = 𝐴 + 𝑏1 𝑋1 + 𝑏2 𝑋2 + ⋯ + 𝑏𝑛 𝑋𝑛
where Y' is the predicted score
A is the intercept coefficient
b1 and X1 are the first independent coefficient and parameter
b2 and X2 are the second independent coefficient and parameter
A correlation value known as R2 (the square of the correlation coefficient), is given to the
model to describe the strength of the association e.g. an R2 of 0.75 means that 75% of the
variation in Y is explained by variation in X. A F-ratio (F) statistic is used to determine the pvalue of the overall model. A p-value (probability value) gives the probability that null
hypothesis (no relationship between the dependent variable and the independent variable) can
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be disproven, therefore accepting the alternative hypothesis (relationship between the
dependent variable and the independent variables).
Linear models can be easily entered into R using the ‘lm() function’ in the base stats package.
A summary output of the model is produces, including the estimates of coefficients, standard
error (SE), t value, R2 and adjusted-R2, F-statistic and p-value. The plot() function will give a
summary output of plots that can be used to satisfy model assumptions (see below), this is
particularly useful when adding multiple variables, as it is often hard to plot on a scatter plot
to infer patterns.

Why is a linear useful in air quality data?
Air quality can be quite complex, consisting of large amounts of data; the linear model is a
simple statistical test that can be used to infer which variables significantly influence air quality
and by how much. The impact of different temporal variables (i.e. time of day,
weekend/weekday and season) as well as spatial variables (i.e. sites and regions) can be added
to the model to test if they significantly influence the power of the model. A nested model can
be used to test if a variable is significant or not (see ANOVA partial F test below). In the current
study we are interested in determining whether or not there is a significant difference in air
quality between East and West Sydney and if there is, how big this difference is, This can be
tested using linear regression.

Modelling and Comparison by Location
A model for each pollutant will be created using the temporal relationship (daily, weekly and
seasonal) identified in the temporal analysis. For the long-term data the model will include a
categorical variable (East/West) to determine if there is a difference between Eastern Sites and
Western Sites. In the Auburn Campaign a categorical variable Site will be included with
Auburn as the reference site. An Analysis of Variance (ANOVA) will be used to undertake a
partial F-test to determine if the variables East/West and Site are significant in the model. The
ANOVA will determine if the Full model including all the variables is significantly different
to the Partial (nested) model, which does not include the variable East/West and Site.
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The following models were used for the linear regression analysis:
1. Long term – monthly averages were used to account for autocorrelation
present in the hourly and daily averages
𝑌𝑡 = 𝛽0 + 𝛽1 ∗ 𝑑𝑎𝑡𝑒 + 𝛽2 ∗ 𝑠𝑒𝑎𝑠𝑜𝑛 + 𝛽3 ∗ 𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛

Where,
 Yt is the gas value, monthly average and transformed by log, sqrt, etc. if
necessary.
 β0 is intercept coefficient
 β1 is time-trend slope coefficient (continuous covariate).
 β2 and season are the Season (Summer/Autumn/Winter/Spring) parameters
and covariates (factor/categorical covariate).
 β 3 and Location are the Location (East/West) parameter and covariate
(factor/categorical covariate).
2. Auburn Campaign – daily averages were used to account for autocorrelation
present in the hourly data and due to the small amount of data monthly
averages were not used
A similar model was use as above but included the weekday/weekend covariate and the
East/West covariate was substituted with Site (Auburn/Chullora/Liverpool/Prospect). The
model for the Auburn Campaign is as follows
𝑌𝑡 = 𝛽0 + 𝛽1 ∗ 𝑑𝑎𝑡𝑒 + 𝛽2 ∗ 𝑤𝑒𝑒𝑘𝑒𝑛𝑑 + 𝛽3 ∗ 𝑚𝑜𝑛𝑡ℎ + 𝛽3 ∗ 𝑠𝑖𝑡𝑒

Where,
 Yt is the gas value, daily average and transformed by log, sqrt, etc. if
necessary.
 β0 is intercept coefficient
 β1 is time-trend slope coefficient (continuous covariate).
 β2 and weekend are the weekend/weekday parameters and covariates
(factor/categorical covariate).
 β3 and month are the Month (May/June/July) parameters and covariates
(factor/categorical covariate).
 β4 and site are the Site (Auburn/Chullora/Liverpool/Prospect) parameter and
covariate (factor/categorical covariate).
Assumptions of linear models
For the results of a linear model to be held valid a number of assumptions about the data must
be satisfied (Montgomery et al., 2015). An unsatisfied assumption will lead to invalid results,
the effect of which has been well documented (Kerlinger et al., 1973). There are four

122

Appendix C.

Statistical Analysis (Linear Regression)– Methods

assumptions that need to be satisfied in a linear regression(Osborne et al., 2002); they are as
follows.

Linearity (A1)– A linear relationship needs to be present between the independent and
dependent variables (Tukey, 1949). The relationship also needs to be insensitive to outliers.
Remedial actions include transformations (e.g. log-transformation) and the removal of outliers.
Linearity can be tested using the Residuals vs. fitted values of the model, a linear relationship
will generate a plot with the residuals evenly distributed around a horizontal line with no
distinct pattern. Influential outliers can be identified using Cook’s distance; values outside the
dotted line should be investigated.

Homoscedasticity (A2)– The same variance is required in linear models, that is, the distance
between the all predicted values and all observed values (known as error or ‘noise’) is the same
across all values of the independent variable, referred to as homoscedasticity (Anscombe et al.,
1963). A Scale-location plot tests equal-variance (homoscedasticity), a horizontal line with
equally spread points will satisfy the assumption.
Uncorrelatedness (A3) – The independent variables in the model need to be independent from
one another, non-independence of variables is known as multicollinearity. Multicollinearity
can be tested using a correlation matrix or Variance Inflation Factor (VIF). Autocorrelation is
another form of correlation, in linear models it is assumed the point y(x) is independent of point
y(x + 1). However, auto correlation typically occurs in time series data (Durbin et al., 1950).
A Durbin-Watson test can be used to test autocorrelation, values of 1.5 < d < 2.5 indicating no
autocorrelation in the data.

Normality (A4)– Normality describes how values are distributed around the mean. Normally
distributed data will have the highest frequency occurring at the mean, while a skewed data set
will have a higher occurrence of lower (left) or higher (right) values (Anscombe et al., 1963).
A q-q plot shows if the residuals are normally distributed, if the points follow the theoretical
line, the assumption is satisfied. Normally distributed values on a histogram indicate normality.
Remedial actions include transformations; where a mathematical function (such as log or
square-root) is applied to the values, resulting in a normally distributed dataset.
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Long-term Linear regression results
A regression of the regional long-term data was undertaken using the method described in
Section 3. Monthly averages were used in the regression model. Summary outputs generated
using R are provided below including the tests of assumptions (A1 – A4).
The results of the regression analysis are provided in Table C-1 In the column West-East
difference a positive value e.g. NOx[ppb], +1.35 indicates the average monthly concentration
was 1.35 ppb higher at western sites compared to eastern sites SE is the standard error of the
regression for the East/West variable, R2 is the correlation of East/West and Season variable
with the pollutants and p-value of the regression, ANOVA is the test of significance for the
nested variable East/West (i.e. is including the variable East/West significant in predicting
concentration), Assumption indicated whether the linear model assumption were met. Season
significance indicates whether concentrations were significantly different between seasons and
DW is the Durbin-Watson autocorrelation value (>1.5 generally accepted as no autocorrelation).
Table C-1 Summary of Regression - Difference in concentration of pollutant between Western and
Eastern stations in Sydney, a positive value indicates higher monthly average concentration in the
West. SE (standard error of East/West variable), R2 (model), p-value (model),

West - East
Difference
SE
R

NOx
NO
NO2
O3
CO
SO2
PM10
PM2.5
3
[ppb]
[ppb]
[ppb]
[ppb]
[ppm]
[ppb]
[µg/m ] [µg/m3]
+1.35
+1.69
+1.20
-0.92
-0.69
+1.07
+1.10
+1.12
1.03

1.05

1.02

0.22

0.01

1.02

1.13

1.03

2

0.65

0.57

0.59

0.61

0.21

0.10

0.32

0.11

2

0.65

0.57

0.59

0.61

0.20

0.08

0.31

0.10

R - adj
p-value
(model)
Assumption
met
Season
Significant
ANOVA
DW

2.20E-16 2.20E-16 2.20E-16 2.20E-16 2.20E-16 2.54E-05 2.20E-16 2.34E-08
Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

No

2.20E-16 2.20E-16 2.20E-16 3.87E-05
1.37

1.11

1.19

1.64

0.5809 2.84E-05 3.46E-07 2.49E-05
0.63 N/A

1.24

1.18

From the regression analysis it can inferred that the monthly average concentration at western
sites for NOx was 1.35 ppb higher at Western sites compared to Eastern sites, for NO 1.69 ppb
higher, for NO2 1.20 ppb higher, for O3 -0.92 lower, SO2 1.07 ppb higher, PM10 1.10 µg/m3
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higher and PM2 5 1.12 µg/m3 higher, CO was not significantly different between Eastern and
Western Sites. Concentrations were significantly different between seasons for all pollutants
except PM2.5 and SO2.

The regression analysis in general agrees with the results of the temporal analysis of the
regional long term observations, that is, concentration of most air pollutants are generally
higher at Western sites than at Eastern sites, with the exception for O3.

However, the regression model had a number of pitfalls. Firstly, auto-correlation was present
when using 1-hourly averages, instead monthly averages were used to account for some of the
auto-correlation. This meant that daily and weekly cycles were not accounted for. Some autocorrelation was still present in the monthly averages, but was much better than using 1 hourly
averages, six pollutants had Durbin-Watson values less than 1.5 (the generally accepted value
for no autocorrelation), the lowest was 1.11. The Partial Auto-Correlation Function plot in
Appendix also shows evidence of Autocorrelation for most pollutants, this is can be accounted
for by seasonal patterns, other auto-correlation may be accounted for by long-term climatic
influences such as El-Niño. Secondly, the R2 values differed between pollutants, NOx, NO,
NO2 and O3 were able to be accounted for fairly well by the variable season and East/West
ranging between 0.65 and 0.57. On the other-hand, pollutants CO, SO2, PM10 and PM2.5 were
under accounted for by these variables indicating other more influential variables exist that
have not yet been accounted for. Thirdly, high SE (standard error) was evident for all pollutants
relative to the difference.

In summary, NOx, NO, NO2, SO2, PM10 and PM2.5 appear to have higher concentrations at
Western sites compared to eastern sites, whereas, O3 has lower concentrations. However, the
success of the regression is limited due to the reasons described above and should therefore
only be taken as general differences of concentration between Eastern and Western sites. Autoregression and unaccounted variables in the model are the likely causes of error. In the temporal
analysis, it was evident that Earlwood (eastern site) compared more closely to Western sites, it
is likely that a local source of emission (potentially Sydney Airport) is causing increased
concentration and increased error, this is not currently accounted for in the model.
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Linear Regression Analysis – Auburn Campaign
A regression of the Auburn Campaign data was undertaken using the method described in
Appendix C – Linear Regression (Methods). Daily averages were used in the regression model.
Summary outputs generated using R are provided in below including the tests of assumptions
(A1 – A4).
The results of the regression analysis are presented below, Table C -2 presents a summary of
the multiple comparison of sites by pollutant and Table C-3 presents a summary of the model.
A positive value in the row difference for Table C-2 indicates that the daily average
concentration for a particular pollutant was higher at Auburn. e.g. in row ‘Difference (Prospect)
NOx[ppb], +1.70 indicates the average daily concentration was 1.70 ppb higher in Auburn
compared to Prospect. When sites are significant indicated by the significance codes the sites
can be inferred as statistically different, on the other hand when there is no significant code the
sites are not statistically different. Standard Error is indicated is also presented.
Table C 2 Regression multiple comparison of sites. Diff indicates the difference between sites
positive values indicate higher values at Auburn station, Sig. indicates the level of
NOx
[ppb]

Chullora

NO
[ppb]

NO2
[ppb]

CO
[ppm]

SO2
[ppb]

PM10
PM2.5
3
[µg/m ] [µg/m3]

Diff.

+1.08 +1.18 +1.08 -0.47 +1.07 +1.02

-1.04

-1.12

SE

1.14

1.04

1.07

1.11

1.27

1.09

Sig.
Diff.
Liverpool SE

1.11

0.98

**

***

+1.06

-1.02

+1.21 -0.45 +1.04

-

-1.05

-1.34

1.14

1.27

1.09

1.11

0.98

-

1.07

1.11

*

**

*

-

Sig.

Prospect

O3
[ppb]

Diff.

+1.70 +2.51 +1.52 -0.74 +1.21 +1.07

SE

1.14

1.27

1.09

1.11

0.98

1.04

Sig.

***

***

***

***

***

.

**
+1.02

-1.17

1.07

1.11

Note Significance codes: 0 ‘***’, 0.001 ‘**’, 0.01 ‘*’, 0.05 ‘.’, 0.1 and ‘ ’ 1
significance > 0.1 in bold
Model not significant in italic
significance.
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The summary of the model presented in Table C-3 presents the R2 and p-value of the model,
whether the assumptions of a linear model were met, if the weekday/weekend effect was
significant, the p-value of the nested ANOVA (i.e. model with and without ‘site’ variable) and
the Durbin-Watson value of auto-correlation.
Table C-3 Auburn Campaign Model Summary including R2 and p-value of Model including
weekend and site variable, ANOVA test for nested test of site, and Durbin-Watson value of
Auto-correlation
2

R
R2 - adj
p-value
Assumption
met
Weekend
Significant
ANOVA
p-value
DW

NOx

NO

NO2

O3

CO

Yes

Yes

Yes

Yes

No

PM2.5
0.18
0.19
0.20
0.15
0.34
0.07
0.03
0.05
0.16
0.16
0.18
0.13
0.32
0.03
0.004
0.02
1.52E-08 1.44E-08 1.69E-09 8.53E-07 <2.2E-16
0.07
0.3338
0.10
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

2.61E-04

1.51E-04

1.10E-09

1.56E-05

0.55

0.71

0.72

0.48

SO2

PM10

Yes No
No
slightly
<2.2E-16
0.18
0.67
0.036
0.37 1.11

0.52

For NOx, daily averaged concentrations at Auburn were significantly higher than Prospect
(+1.70 ppb) but was not significantly different to Liverpool and Chullora. Similarly, NO daily
averages at Auburn were significantly higher than Prospect (+2.51 ppb) but was not
significantly different to Chullora and Prospect. NO2 daily average concentrations at Auburn
were significantly higher than Prospect (+1.52), slightly (p-value 0.05) higher than Liverpool
(+1.21) and not significantly different to Chullora. O3 daily average concentrations at Auburn
were significantly lower than all surrounding western site, Prospect (-0.74), Liverpool (-0.45)
and Chullora (-0.47). CO daily averages at Auburn were significantly higher than Prospect
(+1.21) and Chullora (+1.07) and slightly higher than Liverpool (+1.04). SO2, PM10 and PM2.5
regression models had low p-values, indicating that the explanatory variables ‘site’ and
‘weekend’ were insufficient in determining air pollution concentration for SO2, PM10 and
PM2.5.
The regression models used for comparison of Auburn against other sites had similar limited
success as the regional long-term regression. The Auburn campaign models suffered from low
R2 values ranging from 0.32 to 0.004. PM10, SO2 and PM2.5 models had p-values greater than
0.05. Autocorrelation is evident by Durbin-Watson values for the observations ranging between
0.37 to 1.11 that are all less than the 1.5 value generally used to indicate no autocorrelation,
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however the PACF plots Appendix for most pollutants show values within the acceptable range
for autocorrelation. The regressions models although having limited success showed similar
patterns to the temporal analysis, that is NOx, NO and NO2 and CO daily average
concentrations were higher, O3 daily average concentrations were lower at Auburn compared
to surrounding Western sites and SO2, PM10 and PM2.5 daily average concentrations were
variable between sites and unable to be differentiated.
In summary, the regression models for the Auburn campaign suffered similar pitfalls as the
regional long-term model. However, the results were similar to what is expected from the
temporal analysis. It can be inferred that daily average concentrations at Auburn were higher
than Prospect for NOx and NO, higher than Prospect and Liverpool for NO2, higher than all
western sites for CO, lower than all western sites for O3 and SO2, PM10 and PM2.5 models were
unable to differentiate daily average concentrations by site.
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Appendix D. Long-term Trend Analysis (Theil-Sen Plots)

Figure D Theil-Sen Plot – trend analysis of 1 hourly averages of NO

Figure D Theil-Sen Plot – trend analysis of 1 hourly averages of NO2
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Figure D Theil-Sen Plot – trend analysis of 1 hourly averages of CO

Figure D Theil-Sen Plot – trend analysis of 1-hourly averages of PM10
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Figure D Theil-Sen Plot – trend analysis of 1 hourly averages of SO2
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Appendix E. R Scripts
R scripts were generated using the R software. All scripts and graphics in this thesis are
reproducible using the file AQdata.R and data files month.csv and ten.csv. The following
describes each script used in this thesis and gives an example of use.
Install openair package
File: AQdata.R
Description: Installation of openair in R is required to run scripts.
R Code:
install.packages(openair)
require(openair)

Import Data
File: AQdata.R & ten.csv & month.csv
Description: Imports air quality data into R. Data has undergone conversion of units
(see Table 3-5), removal of 2am value (automatic calibration) and removal of
23/09/2009 (dust-storm). Additional variables were added including; East/West (for
east/west analysis), season and weekend.
R Code (example):
ten <-import(file = file.choose(), file.type = "csv",sep = ",", header.at
= 1, data.at = 2, date = "date",date.format = "%d/%m/%Y", time = 'time', t
ime.format = "%H:%M", na.strings = c("", "NAN","-9999", "NA" ), ws = "ws",
wd = "wd", correct.time = NULL)

ten - run script and choose ten.csv
month – run script and choose month.csv

Summary Plot
File: AQdata.R
Description: Creates a summary of the data including statistics, histogram and a plot of
missing data. Use ten for long term summary and month for Auburn campaign summary
R Code(example):
summaryPlot(ten, pollutant = "nox", main = "NOx")
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Cleaning the data
File: AQdata.R
Description: Cut data to most comparable section based on summary plots of missing
data, see blue lines in Appendix A and Appendix B for split. The following is the split
date for each pollutant;
-

NOx, NO, NO2 and O3 – 01/7/2007

-

CO – 01/04/2007

-

SO2 – 01/02/2007

-

PM10 – 01/06/2007

-

PM2.5 – 01/01/2005

R Code (example):
ten = splitByDate(ten, dates = "1/7/2007",labels = c("before", "after"), n
ame = "NOX split")
splitnox = split(ten, ten$`NOX split`)
tennox = splitnox$after

Temporal Analysis
File: AQdata.R
Description: Averages observations by hour, day and season.
R Code (example):
timeVariation(tennox, "nox", group = "site")

Spatial Analysis
File: AQdata.R
Description: Creates a polar bivariate plot using wind speed (ws) wind
direction (wd) and pollutant (e.g. NOx)
R Code (example):
polarPlot(tennox, "nox", type = "site", limits = c(0,60))
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TheilSen – Trends
File: AQdata.R
Description: Runs a Theil-Sen regression on the time series and plots the
trends. Bootstrapping is used for 95% confidence intervals. A de-season effect
removes seasonal variation.
R Code (example):
TheilSen(tennox, "nox", deseason = T, type = "site")

Exceedances
File: AQdata.R
Description: Exceedances were generated from values in the NEMP (AAQ)
guideline by averaging the time series to daily, yearly and rolling averages
(e.g. 8-hourly average for O3). Values above the standard were extracted.
R Code (example – O3):
#ozone 100ppm per hour/80 ppm per 4 – hour#
ozoneexceedhour = tennox[ which(tennox$ozone > 100), ]
running4ozone = rollingMean(tennox, pollutant = "ozone", width = 4, type =
"site")
ozoneexceed4hour = running4ozone[ which(running4ozone$rolling4ozone > 80),
]

Linear regression and Anova
File:

Long-term models – nox.R, no.R, no2.R, ozone.R and longtermnox.csv
-

co.R and longtermco.csv

-

so2.R and longtermso2.csv

-

pm10.R and longtermpm10.csv

-

pm2.5.R and longtermpm2.5

Auburn Campaign models - AQdata.R, short term models.R,
Description: Linear regression models were run on the long-term and auburn campaign
data. The long-term data have been exported into a separate csv. file averaged
for monthly periods for easier importing. The short-term data can be accessed
by importing from AQdata.R. The main functions used in the statistical
analysis include lm() and anova(). The summary outputs are shown in
Appendix C
R Code (example – O3):
m1 = lm(log10(nox)~date + weekend + month + site, month2)
m0 = lm(log10(nox)~date + weekend + month , month2)
anova(m1, m0)
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