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a b s t r a c t

Among industrialised countries, fine particle (PM2.5) and ozone levels in the Sydney metropolitan area of
Australia are relatively low. Annual mean PM2.5 levels have historically remained below 8 μg/m3 while
warm season (November–March) ozone levels occasionally exceed the Australian guideline value of
0.10 ppm (daily 1 h max). Yet, these levels are still below those seen in the United States and Europe. This
analysis focuses on two related questions: (1) what is the public health burden associated with air
pollution in Sydney; and (2) to what extent would reducing air pollution reduce the number of hospital
admissions, premature deaths and number of years of life lost (YLL)? We addressed these questions by
applying a damage function approach to Sydney population, health, PM2.5 and ozone data for 2007
within the BenMAP-CE software tool to estimate health impacts and economic benefits. We found that
430 premature deaths (90% CI: 310–540) and 5800 YLL (95% CI: 3900–7600) are attributable to 2007
levels of PM2.5 (about 2% of total deaths and 1.8% of YLL in 2007). We also estimate about 630 (95% CI:
410–840) respiratory and cardiovascular hospital admissions attributable to 2007 PM2.5 and ozone ex-
posures. Reducing air pollution levels by even a small amount will yield a range of health benefits.
Reducing 2007 PM2.5 exposure in Sydney by 10% would, over 10 years, result in about 650 (95% CI: 430–
850) fewer premature deaths, a gain of 3500 (95% CI: 2300–4600) life-years and about 700 (95% CI: 450–
930) fewer respiratory and cardiovascular hospital visits. These results suggest that substantial health
benefits are attainable in Sydney with even modest reductions in air pollution.

& 2015 Elsevier Inc. All rights reserved.
1. Introduction

The risks to human health of even low levels of ambient air
pollution are well established in the epidemiological, clinical and
toxicological literature (Burnett et al., 2014; Lim et al., 2012; US
EPA, 2009). Exposure to particles less than 2.5 μm in diameter
(PM2.5) and photochemical oxidants, measured as ozone (O3), are
of particular concern as these pollutants are linked to increased
risk of premature death and acute and chronic morbidity. Epide-
miological studies have shown that long-term exposure to PM2.5 is
associated with increased cardiopulmonary mortality (Cesaroni
et al., 2013; Krewski et al., 2009; Pope et al., 2004; Pope, 2002;
Schwartz et al., 2008) and short-term exposure is associated with
increased daily mortality and hospital admissions (Katsouyanni
et al., 2009; Simpson et al., 2005). More recently, reductions in
W 1450, Australia.
u (R.A. Broome).
PM2.5 have been associated with longer life-expectancy at birth in
the U.S. (Correia et al., 2013; Pope et al., 2009). Exposure to ozone
has been associated with increased daily mortality, reduced sur-
vival and morbidity (Bell et al., 2004; Ito et al., 2005; Jerrett et al.,
2009; Levy et al., 2005a).

Compared to cities in other industrialised countries, air pollu-
tion levels in Sydney (population approximately 4.6 million) are
relatively low. Monitored annual mean PM2.5 concentrations are
generally below the 8 μg/m3 Australian annual advisory standard,
while the 1-h ozone standard (0.10 ppm) was exceeded an average
of eight days each year between 1994 and 2011 and the 4-h stan-
dard (0.08 ppm) was exceeded an average of 11 days each year.
Although Sydney levels of PM2.5 and ozone are below both Eur-
opean the United States air quality standards, air quality in Europe
and the USA has been improving in recent decades, while PM2.5

and ozone levels in Sydney have remained relatively static (Eur-
opean Environment Agency, 2014; Pope et al., 2009).

In Sydney, domestic solid fuel burning was the largest source of
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PM2.5 emissions in 2008, responsible for 51% of all emissions. The
second and third largest sources were non-exhaust PM from on-
road mobile sources (5.5%) and on-road heavy duty diesel exhaust
(5.3%). In regard to precursors of ozone, exhaust from on-road
vehicles (gasoline and diesel) accounted for 58% of emissions
while domestic and commercial solvents were the largest source
of volatile organic compounds (20%) (NSW EPA, 2008). Estimates
of the burden of disease provide an indication of the scale of the
air pollution problem. Estimates of the benefits associated with
reductions in ambient PM2.5 and ozone support the design of air
pollution control strategies. One such strategy currently under
review is the Australian National Environment Protection (Ambi-
ent Air Quality) Measure (NEPM) for outdoor air pollution. As part
of this review, the government is considering a compliance stan-
dard for PM2.5 and a framework to encourage reductions in po-
pulation exposure, even where PM2.5 levels are below the stan-
dard. Specific control strategies that could reduce air pollution in
Sydney include increased regulation of non-road diesel engines
and wood-burning heaters (NSW Environment Protection Au-
thority, 2010; National Environment Protection Council, 2013a).

In this assessment, we quantify: (1) the burden of disease at-
tributable to recent levels of anthropogenic (human made) PM2.5

and ozone in Sydney in terms of hospital admissions, mortality
and years of life lost (YLL); and (2) the potential health benefits to
the Sydney population of reductions in PM2.5 and ozone.

Estimates of the burden of disease provide an indication of the
scale of the air pollution problem. Estimates of the benefits asso-
ciated with reductions in ambient PM2.5 and ozone support the
design of air pollution control strategies. One such strategy cur-
rently under review is the Australian National Environment Pro-
tection Measure (NEPM) for outdoor air pollution. As part of this
review, the government is considering a compliance standard for
PM2.5 and a framework to encourage reductions in population
exposure, even where PM2.5 levels are below the standard. Specific
control strategies that could reduce air pollution in Sydney include
increased regulation of non-road diesel engines and wood-burn-
ing heaters (NEPC, 2013a; NSW Department of Environment, Cli-
mate Change and Water, 2010).
Fig. 1. Sydney LGAs, their population size and the location air pollution monitors.
2. Methods

We followed the well-established “damage function” approach
to relate anthropogenic air pollution in Sydney to hospital ad-
missions and premature deaths in 2007. 2007 was chosen because
this was the most recent year for which mortality data were
available. This approach has been used to estimate the burden of
disease associated with air pollution in the US and Europe (Ber-
man et al., 2012; Davidson et al., 2007; Hubbell et al., 2005; Künzli
et al., 2000) and employs a health impact function (HIF), defined
as:

y e y Pop1 x
oΔ = ( − )· ·βΔ

where Δy is the change in the number of cases of the health
outcome of interest, Δx is the change in air pollution exposure, β is
a risk coefficient of the health outcome of interest drawn from an
epidemiological study, y0 is the baseline incidence rate of the
health outcome and Pop is the size of the exposed population.

We used the open source Environmental Benefits Mapping and
Analysis Programme – Community Edition v1.06 (BenMAP-CE)28

to quantify the numbers of premature deaths and hospital ad-
missions attributable to PM2.5 and ozone. BenMAP-CE is a tool
developed for the US Environment Protection Authority (EPA) that
systematises air pollution health impact assessment, incorporating
user defined inputs. YLL estimates were calculated outside
BenMAP-CE using the procedures described in the relevant sec-
tions below.

To minimise the risk of double-counting health effects related
to both PM2.5 and ozone exposure, or to both long- and short-term
exposure to PM2.5, we limited our analysis to the following ex-
posure-outcome pairs: (1) long-term exposure to PM2.5 and all-
cause mortality; (2) short-term exposure to PM2.5 and admission
to hospital with cardiovascular and respiratory disease; (3) short-
term exposure to ozone and non-trauma mortality; and (4) short-
term exposure to ozone and respiratory hospital admission. Each
selected pair is supported by strong evidence of a causal associa-
tion (US EPA, 2009, WHO Regional Office for Europe, 2013). Ana-
lysis of YLL was limited to long-term exposure to PM2.5 and all-
cause mortality because the β-coefficient for this pair is derived
from a survival model.

2.1. Inputs

2.1.1. Exposure to PM2.5 and ozone
We estimated population exposure to PM2.5 and ozone in

Sydney from measurements taken at NEPM performance mon-
itoring stations. The number of NEPM monitoring stations and
their location is chosen to ensure they contribute to a re-
presentative measure of the air quality experienced by the general
population of Sydney. We began with daily observations of
24 h average PM2.5 and maximum one hour average ozone for the
year 2007, provided by the NSW Office of Environment and Heri-
tage. PM2.5 was measured using a tapered element oscillating
microbalance (TEOM) at four monitoring sites in the Sydney Me-
tropolitan Area (Fig. 1). One monitoring site (Richmond) had only
recorded 42% of daily PM2.5 observations in 2007, and was ex-
cluded from further analyses of PM2.5 to avoid biasing our esti-
mates of population exposure. Ozone was measured at eleven
monitoring sites in the Sydney Metropolitan Area in 2007 (Fig. 1).
One site (Lindfield) had just 55% of daily ozone observations re-
corded, and was excluded from further analyses of ozone. Sum-
mary statistics of the monitoring stations used in the assessment
are provided in Supplemental Tables 1 and 2.

Population exposure was assigned at the Local Government
Area (LGA) level by interpolating the annual averages of measured
daily PM2.5 and 1 h-maximum ozone concentrations to Sydney
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Metropolitan LGAs (2008 boundaries) using Voronoi Neighbour-
hood Averaging (VNA) (n¼39 LGAs). The VNA algorithm calculates
an inverse-distance-weighted air quality value (Chen et al., 2004).
LGAs included in the Sydney Metropolitan Area air shed were
those defined by the NSW Protection of the Environment Operations
(Clean Air) Regulation 2010.

For both pollutants, an air pollution surface interpolated from
2007 monitor levels was used to represent recent exposure.

There are currently no modelled estimates of the contribution
of non-anthropogenic sources to ambient PM2.5 and ozone in
Australia. In the absence of such estimates, a previous Australian
risk assessment has assumed the fifth percentile of daily average
PM2.5 and ozone levels represented background concentrations
(National Environment Protection Council, 2013b) – 2.1 mg/m3 and
8.6 ppb respectively. For this assessment, we assumed that, at each
monitoring site, 40% of measured PM2.5 and 30% of ozone was
from non-anthropogenic sources. After interpolation to LGAs,
these levels equated to population-weighted average concentra-
tions of 2.4 mg/m3 and 9.6 ppb respectively. Thus, while still
somewhat arbitrary, our approach uses background concentra-
tions similar to those of the earlier risk assessment.

For both pollutants, we also “rolled back” 2007 levels in 10%
increments to the assumed background concentration. We used
these incremental reductions to estimate the potential benefits
that might accrue from strategies that reduce exposure.

2.1.2. Risk coefficients
Risk coefficients (β) for the selected pollutant-outcome pairs

were identified from previously published epidemiological stu-
dies. For our primary analyses, we selected coefficients from large,
well-conducted U.S. multicity studies that have previously been
employed in comparable health impact assessments (Table 1).

The coefficients for the effect of ozone exposure are derived
from studies that used maximum 8-h averages. A conversion factor
of 1.33 (Thurston and Ito, 2001) was used to convert these to
coefficients for 1-h averages.

2.1.3. Baseline incidence rates and LGA population size
The Australian Bureau of Statistics (ABS) provided data on po-

pulation size and cause-specific deaths in 2007. The NSW Ministry
of Health provided data from the NSW Admitted Patient Data
Collection (NSW APDC) on hospital visits. ICD-10-Australian
Modification (ICD10-AM) codes were used to identify all-cause,
non-trauma (ICD10: A-R, Z35.5, Z35.8), cardiopulmonary (ICD10-
AM: J00-J99, I10–I15, I20–I25, I26–I28, I30–I52, I60–I69), cardio-
vascular (ICD10-AM: I00-I99 [excluding I67.3, I68.0, I88, I97.8,
Table 1
Effect coefficients applied in this analysis.

Endpoint Pollutant Study

Premature death
Cohort study, all-cause PM2.5 (annual avg) Krewski et al. (2009)
Daily time series O3 (Daily 8 h Max) Levy et al. (2005b)

Respiratory hospital admissions
PM2.5 (24-h avg) Zanobetti and Schwartz (2
O3 (Daily 8 h Max) Schwartz (1995)

Burnett (2001)

Cardiovascular hospital admissions Pooled using equal weights
PM2.5 (24-h avg) Zanobetti and Schwartz (2

Peng et al. (2009)
Peng et al. (2008)
Bell et al. (2008)
Moolgavkar (2000)
I97.9, I98.0], G45 [excluding G45.3], G46, M30, M31, R58) and re-
spiratory deaths (ICD10-AM: J00-J99 [excluding J95.4 to J95.9],
R09.1, R09.8), and hospitalisations with a primary diagnosis of
cardiovascular (ICD10-AM: I00-I99 [excluding I67.3, I68.0, I88,
I97.8, I97.9, I98.0], G45 [excluding G45.3], G46, M30, M31, R58) or
respiratory disease (ICD10-AM: J00-J99 [excluding J95.4 to J95.9],
R09.1, R09.8). Using these data, age-specific mortality and hospital
admission rates in 2007 were calculated for each LGA, providing
spatially resolved baseline health data appropriate for an urban-
level analysis.
2.2. Estimating the burden of disease attributable to exposure to
anthropogenic PM2.5 and ozone

2.2.1. Estimating the incidence of premature deaths and episodes of
illness

We used the HIF defined above to calculate the number of
premature deaths and hospital admissions attributable to an-
thropogenic PM2.5 and ozone in 2007 in each LGA. These numbers
were aggregated to produce estimates for the whole of Sydney.
The effects of exposure to PM2.5 were calculated using annual
average levels. The effects of short-term exposure to ozone were
calculated using the seasonal average of maximum daily one hour
average levels.

2.2.2. Estimating YLL
Our assessment of YLL is limited to all-cause mortality from

long-term exposure to PM2.5. We assumed that each PM2.5-attri-
butable death is responsible for a number of YLL equal to life ex-
pectancy at age of death. Age-specific life expectancies of a po-
pulation with no exposure to anthropogenic PM2.5 were calculated
by adjusting mortality rates from a standard NSW life table by the
relative risk associated with a reduction in PM2.5 exposure from
2007 levels to background.
2.3. Estimating the benefit of a reduction in exposure to PM2.5 and
ozone

2.3.1. Morbidity
To estimate the number of cardiovascular and respiratory

hospital admissions that might be avoided by reductions in air
pollution, we first estimated the number that would be avoided in
2007. We then assumed this number remains constant in all future
years.
Population Risk estimate (95th percentile)

429 years RR¼1.06 (1.04–1.06) per 10 mg/m3

All ages β¼0.001119 (0.000179)

006) 464 years β¼0.00207 (0.00446)
464 years RR¼1.20 (1.06–1.37) per 50 mg/m3

o2 years Increase¼ 33.0 (t-statistic 3.44) per 45.2 ppb

:
009) 464 years β¼0.00189 (0.000283)

β¼0.00068 (0.000214)
β¼0.00071 (0.00013)
β¼0.0008 (0.000107)

20–64 years RR¼1.04 (t statistic: 4.1) per 10 mg/m3



Table 2
The burden of disease in 2007 attributable to recent levels of anthropogenic PM2.5

and ozone.

Outcome Age Number 95% CI Attributable frac-
tion (%)

PM2.5-related impacts
Premature deaths 30þ 430 310–540 2.1
YLL 30þ 5800 3900–

7600
1.8

Cardiovascular hospital
admissions

18þ 270 180–370 0.3

Respiratory hospital
admissions

65þ 150 94–200 0.3

Ozone-related impacts
Premature deaths 0þ 160 120–210 0.8
Respiratory hospital
admissions

0–2 and
464

760 130–
1700

1.5
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2.3.2. Mortality
The primary benefit of a reduction in a population's exposure to

PM2.5 is an increase in the average length of survival, which results
in an increase in the size of the population. We quantify this
benefit using a method developed by Miller and Hurley (Miller,
2003). This involves modelling the future mortality experience of
the cohort of people alive in 2007 under two scenarios – one
where PM2.5 exposure remains unchanged, the other where ex-
posure is reduced. At the same time, it is assumed that the annual
number of births and the baseline mortality rate remains constant
and that there is no migration. The number of additional life-years
in the less exposed population in a specific year is the difference in
the size of the two populations in that year. We modelled the ef-
fect over 105 years – the time to extinction of the large majority of
people alive in 2007.

For our main analysis, we assume that an intervention to re-
duce PM2.5 causes an immediate reduction in concentration and
that this has and immediate effect on health. However, it is likely
that there is, in fact, a “cessation lag” between the initial reduction
in exposure and the realisation of the full health benefit of that
reduced exposure. While there is little evidence to support the use
of any particular cessation lag for PM2.5 impact assessment, we
conducted sensitivity analyses to examine the effect of various
linear lags from five to 20 years (Schwartz et al., 2008; Walton,
2010).
3. Results

The three monitoring sites used for analysis of PM2.5 each had
over 90% of daily observations recorded in 2007, with annual
average PM2.5 levels for each monitor ranging from 5.9 μg/m3

(Earlwood) to 7.1 μg/m3 (Liverpool). The LGA interpolated PM2.5

levels ranged from 5.4 μg/m3 in Hawkesbury LGA to 6.5 μg/m3 in
Liverpool LGA (Fig. 2). The average PM2.5 concentration across the
Sydney metropolitan area was approximately 6 μg/m3 on a po-
pulation-weighted basis.

We estimate that exposure to 2007 levels of anthropogenic
PM2.5 had a mortality effect equivalent to 430 (95% CI: 310–540)
premature deaths, with a total loss of life of approximately 5,800
years (95% CI: 3900–7600) (Table 2). This represents
Fig. 2. Interpolated baseline annual average PM2.5 concentrations (mg/m3) in 2007
by LGA.
approximately 2.1% of all deaths and 1.8% of all YLL in Sydney in
2007.

We also estimated that 2007 levels of anthropogenic PM2.5 in
Sydney caused 270 (95% CI: 180–370) cardiovascular hospital ad-
missions among populations 18 years and older and 150 (95% CI:
94–200) respiratory hospital admissions among populations 65
and older (Table 2).

Assuming no cessation lag, reducing 2007 PM2.5 levels by 10%
(0.6 μg/m3) would yield 71 (95% CI: 52–91) fewer premature
deaths in people 30 years and older in the first year after the re-
duction (Table 3). If the 10% reduction was sustained, we estimate
there would be about 640 (95% CI: 430–850) fewer premature
deaths and 3500 additional life-years (95% CI: 2300–4600) during
the first 10 years (Fig. 3 and Supplemental Table 3) of the inter-
vention. The mortality effect of the six PM2.5 rollback scenarios
over 100 years is illustrated in Fig. 3. The results are sensitive to
the assumed cessation lag (Supplemental Table 4). For example, if
it were to take five years to achieve the full effect of reduced ex-
posure, a 10% reduction in PM2.5 would, over 10 years, result in an
estimated mortality benefit equivalent to 420 fewer premature
deaths and 1700 additional life years. The effect of various cessa-
tion lags is illustrated in Supplemental Fig. 1.

We also estimate approximately 46 (95% CI: 30–62) cardio-
vascular hospital admissions in people aged 18 year and over, and
25 (95% CI: 16–33) respiratory hospital admissions in people aged
65 years and over would be avoided each year with a 10% reduc-
tion in short term PM2.5 exposure (Table 3).

The ten monitoring sites used for analysis of ozone all had over
90% of daily observations recorded in 2007, with the exception of
Prospect, which had 81%. The highest daily 1 h maximum ozone
Table 3
Estimated number of deaths and hospital admissions in Sydney in that would have
been avoided if PM2.5 and ozone levels had been 10% lower.

Outcome Age Number 95% CI Attributable fraction
(%)

PM2.5-related impacts
Premature deaths 30þ 71 52–91 0.4
Cardiovascular hospital
admissions

18þ 46 30–62 0.06

Respiratory hospital
admissions

65þ 25 16–33 0.04

Ozone-related impacts
Premature deaths 0þ 24 17–30 0.27
Respiratory hospital
admissions

0þ 110 17–230 0.19



Fig. 3. The effect of each PM2.5 rollback scenario on the avoided premature deaths
and additional life-years. The graphs show the annual number of deaths avoided
and life-years gained in a less exposed population compared to baseline.

Fig. 4. Interpolated baseline seasonal average of maximum daily one hour average
ozone concentrations (ppb) in 2007 by LGA.
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recorded was 134 ppb at Richmond (Fig. 4).
We estimated total anthropogenic ozone caused 160 deaths

(95% CI: 120–210) and 760 (95% CI: 130–1,700) respiratory hospital
admissions in 2007 (Table 2). Equivalent analyses using the Aus-
tralian HIF produced an estimate of 240 (95% CI: 91–390) pre-
mature deaths.

If daily ozone levels had been 10% lower (3 ppb) than those
observed in 2007, it is estimated that 24 (95% CI: 17–30)
premature deaths from non-trauma related causes and 110 re-
spiratory hospital admissions (95% CI: 17–230) could have been
avoided (Table 3).

Sensitivity analyses showed that the health benefits estimates
for a change in PM2.5 and ozone for the Sydney Metropolitan Area
are broadly scalable to different changes in pollutant levels (Sup-
plemental Table 5).
4. Discussion

Assessments such as this inform the public and policy makers
of the health risks associated with air pollution and the relative
benefits of emission control options. While Sydney enjoys PM2.5

and ozone levels that are comparatively low among industrialised
countries, this analysis suggests that these pollutants are re-
sponsible for an important disease burden, and that relatively
modest air quality improvements would yield substantial health
benefits. It also suggests that, even though the ozone standard is
exceeded more frequently than the PM2.5 standard, PM2.5 has a
larger adverse impact.

We found that, in 2007, Sydney residents' exposure to an-
thropogenic PM2.5 had a mortality effect equivalent to 430 pre-
mature deaths and 5800 YLL and was responsible for approxi-
mately 320 hospital admissions with cardiovascular and re-
spiratory illness. In the same year, exposure to anthropogenic
ozone had a mortality effect equivalent to 160 premature deaths
and was responsible for approximately 760 respiratory hospital
admissions.

If we assume there is no cessation lag and that the full health
benefits of reduced PM2.5 are realized immediately, reducing 2007
annual mean PM2.5 levels in Sydney by a small amount (10%)
would, over 10 years, prevent approximately 650 premature
deaths with a gain of about 3500 life-years in that time period.
Over 20 years, an additional 12,000 life-years would be lived. Since
2007, PM2.5 and ozone concentrations have remained relatively
unchanged while the population of Sydney has grown by ap-
proximately 12%. Therefore, it can be reasonably be expected that
the burden of disease associated with these pollutants will have
increased.

Translation of the current mortality burden into monetary
terms may be useful for decision makers. Using a value of statis-
tical life of $6 million (2006 AUD) (ACSC, 2007) indexed to 2007,
the cost of premature deaths attributable to air pollution in 2007 is
approximately $2.6 billion. While we lacked the appropriate cost
of illness measures to assess the economic value of the estimated
270 cardiovascular and 150 respiratory hospital admissions, prior
analyses (EPA, 2011) suggest that the value of avoided premature
deaths account for over 95% of the total value associated with
mortality and morbidity endpoints.

Our assessment of the benefits of reduced PM2.5 concentrations
takes into account the demographic changes that such a reduction
would bring about. As shown in Fig. 3, there is a fall in the initial
number of avoided premature over time. This occurs because, as
PM2.5-related risk is reduced, more people survive to future years,
increasing the size and average age of the population. All other
things being equal, more deaths occur in a larger and older po-
pulation, which offsets the reduction in PM2.5-related risk. After
about 50 years, the larger population size and older average age
more than offset the reduction in PM2.5-related risk and there are
more deaths in the less exposed population. Despite this, the po-
pulation continues to experience more life-years by virtue of its
larger size.

Correlation between ambient PM2.5 and ozone concentrations
means that the effects of each pollutant observed in epidemiolo-
gical studies of the two pollutants may not be entirely
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independent. Because of this, there may be some overlap between
our estimated PM2.5- and ozone-related premature deaths and
respiratory hospital admissions. To avoid double-counting, the
estimates from the two pollutants should not be added together.

Our results suggest that approximately 2.1% of deaths and 1.8%
of YLL are attributable to PM2.5 in Sydney. A recent US study at-
tributed 4–7% of premature deaths to PM2.5 levels above non-an-
thropogenic background levels (US background range: 0.62–
1.72 mg/m3), equivalent to an approximate 80–90% reduction in
PM2.5 (Fann et al., 2011). Thus, our Sydney estimate of avoided
premature deaths is comparable to the US estimate.

Estimates of the health benefits associated with a change in air
pollution are dependent on the risk coefficients chosen. We chose
to use a risk coefficient for long-term exposure to PM2.5 derived
from the very large American Cancer Society cohort because this
coefficient has been commonly used in important risk assessments
(US EPA, 2010; COMEAP, 2010) and because it incorporated a large
number of cities with differing sources of PM2.5. In support of this,
a recent meta-analysis of 13 cohort studies of long-term exposure
to PM2.5 produced a very similar effect estimate (Hoek et al., 2013).
However, it should be noted that studies with better-quality ex-
posure assessment have tended to produce larger effect estimates
and a process of expert elicitation produced a coefficient of 10%
per 10 mg/m3 (Roman et al., 2008). Use of a larger coefficient would
produce higher estimates of both burden and the potential bene-
fits of PM2.5 reductions.. It should also be noted that there is some
uncertainty extrapolating a risk estimate from the US to Australia,
where the mix of PM2.5 sources is likely to be different. Coefficients
for the effects of ozone have varied more widely. Our sensitivity
analysis using a risk coefficient from an Australian multi-city study
produced an estimate of non-trauma mortality approximately 50%
higher than the estimates produced using coefficients from time-
series studies conducted in the US and Europe (Bell et al., 2004).
This highlights the importance of selecting an appropriate coeffi-
cient and assessing the sensitivity of results to different
coefficients.

A strength of our analysis is the use of LGA-based population
and baseline health data to account for the spatial distribution of
air pollution and population within Sydney. However, when in-
terpreting estimates of the potential health benefits associated
with a change in air pollution, the uncertainty in such estimates
should be considered. Our estimates have accounted for statistical
imprecision around the risk coefficients selected from epidemio-
logical studies, as inferred from their confidence intervals, and our
sensitivity analyses address uncertainty around coefficient selec-
tion and the length of any cessation lag. Other sources of un-
certainty not accounted for include the uncertainty around in-
cidence and population estimates, and estimated PM2.5 and ozone
exposures derived from fixed site monitors. In addition, PM2.5

exposures estimates for the Sydney Metropolitan Area are at the
lower end of the exposure input range for the Krewski et al. (2009)
risk coefficient for long-term exposure to PM2.5. However, the
epidemiological literature offers little evidence of a threshold in
the concentration–response functions (World Health Organisation
Regional Office for Europe, 2013). While recent studies have found
that the concentration–response curve flattens at higher con-
centrations, a recent cohort study in Canada found associations
between PM2.5 and mortality at concentrations comparable to
those in Sydney (Burnett et al., 2014; Crouse et al., 2012).
5. Conclusion

We have shown the magnitude of effect of a reduction in air
pollutants in the Sydney Metropolitan Area, represented by the
estimated number of premature deaths avoided due to long-term
exposure to PM2.5, the additional life-years that would be gained
and the estimated number of hospitalisations avoided due to re-
duced short-term exposure to PM2.5. For comparison purposes we
have also provided estimates of the effect on mortality of a re-
duction in ozone of similar proportions. This work shows that
current levels of air pollution in Sydney make a substantial con-
tribution to the burden of disease, and reducing air pollution
would provide important public health benefits.
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