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PREFACE
This report on the Perth Photochemical Smog Study was prepared for submission to the Environmental
Protection Authority (EPA). Completion of the study to the satisfaction of the EPA was a condition of approval,
imposed by the Minister for the Environment in August 1991, on a proposal by SECWA (now Western Power
Corporation) to expand the Pinjar Gas Turbine Power Station.
The Perth Photochemical Smog Study, while being the responsibility of Western Power Corporation, was
undertaken as a joint project with the Department of Environmental Protection (DEP) in view of the wider
benefits of understanding photochemical smog development in the Perth region. (Before 11 January 1994, the
DEP and the EPA were a single organisation known as the Environmental Protection Authority. For simplicity
in this report, the name DEP is used as if it existed throughout the whole study, thereby avoiding confusion with
the EPA, which is an independent statutory authority.)
As is apparent from the context of the study, the scope of work was limited to scientific investigation and
development. Development of photochemical smog control strategies was not part of the scope of work for this
study, but may proceed on the basis of study findings.
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Executive Summary
OVERVIEW OF PHOTOCHEMICAL
SMOG

emerging photochemical smog problem which, at that
stage, was poorly defined.

Photochemical smog is characterised by high
concentrations of ozone at ground level. It forms
when urban air pollutants, principally nitrogen oxides
(NOx) and reactive organic compounds (ROC) from
motor vehicles and many other sources, react together
for a few hours under the influence of sunlight and
high temperatures.

A consequent condition on the development at Pinjar
was that SECWA undertake a study of the formation
and distribution of photochemical smog in Perth, a
particular outcome of which would be to determine
the effect of the Pinjar power station’s emissions on
smog in the region.
Given the DEP’s concerns and responsibility in
relation to urban air quality, the Perth Photochemical
Smog Study (PPSS) was developed as a jointly
operated and managed project, funded by SECWA
and with DEP contributing facilities and scientific
expertise.

Ozone at high concentrations can reduce lung
function and exacerbate asthma. It is also harmful to
vegetation. In severe cases, photochemical smog is
typified by a whitish haze and causes eye irritation.
Photochemical smog is the type of air pollution often
associated with Los Angeles, but is now known to
occur around many of the world’s large cities.

Study activities started in early 1992.

Photochemical smog requires strong sunlight and
relatively high air temperature to reach significant
concentrations. Hence, in the case of Perth, it is
limited to the period late spring through to early
autumn. By way of contrast, highly visible smoke
haze occurs more frequently in the colder months, on
days when smoke from domestic fires and other
sources is trapped near the ground under a
temperature inversion.

PHOTOCHEMICAL SMOG LEVELS IN
THE PERTH REGION

BACKGROUND TO THE PERTH
PHOTOCHEMICAL SMOG STUDY

Summary of Measurements

The primary objective of the Perth Photochemical
Smog Study was to measure, for the first time, the
magnitude and distribution of photochemical smog
concentrations experienced in the Perth region and to
assess these against Australian and international
standards, with consideration given to health and
other environmental effects.

The study’s monitoring and data analysis program
was very successful in defining the distribution of
Perth’s smog.

The Department of Environmental Protection (DEP)
began measurements of photochemical smog in
Perth’s air in 1989, at a single site in the suburb of
Caversham, 15 kilometres NE of the city centre.
Despite the common perception that Perth is a windy
city and therefore not prone to air pollution, the first
summer of measurements revealed that the city was
sometimes subjected to smog levels which
approached or exceeded the guidelines recommended
by the National Health and Medical Research Council
of Australia (NHMRC).

The Perth region experiences photochemical smog
during the warmer months of each year. On average,
during the three year period July 1992 to June 1995,
there have been 10 days per year on which the peak
hourly ozone concentration has exceeded 80 parts per
billion (ppb) somewhere over the Perth region (Figure
1).
Canada and the World Health Organisation have set
goals equal to, or close to, 80 ppb as the level beyond
which ozone concentrations become unacceptable. In
Australia, the NHMRC has set a 1-hour average of
100 ppb and a 4-hour average of 80 ppb as goals
which should not be exceeded (NHMRC 1995). These
goals are both exceeded about two times per year
somewhere over Perth. It is worth noting that the
professional review commissioned by the NHMRC

In 1991 the State Energy Commission of Western
Australia (SECWA, now Western Power Corporation)
sought to extend the capacity of the gas turbine power
station it operated at Pinjar, some 40 kilometres north
of the Perth central business district. In view of the
Caversham data, the Environmental Protection
Authority expressed concern that increasing the NOx
emissions at Pinjar could contribute to Perth’s
I

associated with bushfire smoke, tend to be of short
duration (an hour or two) following the arrival of the
sea breeze. This contrasts with regions of the USA
and elsewhere which experience elevated ozone levels
over many hours or days, caused by the transport of
pollutants from distant cities and industrial areas.

5
4
3
Days
2

Based on a comparison of measurement statistics, it is
apparent that Perth experiences photochemical smog
to an extent similar to Brisbane, greater than Adelaide
and somewhat less than Sydney and Melbourne
(Figure 3). Given the differences in population and
vehicle numbers between Perth, Melbourne and
Sydney, it may be surmised that Perth has a potential
for smog problems similar to that of the larger cities.
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Year/Month

Figure 1. Number of days per month on which peak 1-hour ozone
concentrations exceeded 80 ppb somewhere in the Perth region.

before revising the goals (Woodward et al. 1993)
recommended a 1-hour goal of 80 ppb on the basis of
recent health effects research and the magnitude of
potential exposures in Australia. The previous
NHMRC goal of 120 ppb for one hour has been
exceeded only twice at Caversham since monitoring
began in 1989.
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Ozone events occur across a large region surrounding
the city. Figure 2 shows that monitoring sites
covering an area extending from Rottnest to Rolling
Green (near Toodyay) and Two Rocks to
Rockingham recorded exceedances of 80 ppb during
the study.
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Assessment of Health and
Environmental Effects

Quinns Rocks

In his assessment of the study data, Dr Charles Guest
of the University of Adelaide Department of
Community Medicine concluded that current health
effects of photochemical smog in Perth, including
reductions in lung function and increased risk of
asthma attack, were probably mild. He noted however
that the number of times that the new NHMRC goals
would be exceeded was set to grow rapidly if
emissions and the consequent smog concentrations
were to increase by modest amounts. He therefore
recommended, from the perspective of public health,
that control of photochemical smog should be
considered now.

Swanbourne
Caversham
Rottnest

Kenwick

5 10 15 20
KEY
Rockingham

85

Cullacabardee
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Scale (km)
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Concentrations of nitrogen dioxide approached the
NHMRC goal in central Perth on some occasions but
were well below the goal at other monitoring sites.
Concentrations of fine particulate matter were low
during high ozone events, except where these
concentrations were caused by bushfire smoke.

Maximum Hourly Average Ozone

0

81

Figure 3. Peak 1-hour ozone concentrations in Australian capital
cities. Averages are for clock hours, except for Queensland values,
which are based on rolling half-hour averages.

Nevertheless, the air over Perth on most summer days
is relatively clean, due to the windy climate and
isolation from other cities. Ozone events, except those

Two Rocks

Melbourne
Sydney
Brisbane
Adelaide
Perth

300

Shaded box represents
highest measurement
Bold box represents
80 ppb WHO goal

Figure 2. Maximum hourly average ozone concentrations during
the period of PPSS. The Rockingham site only operated from 28
January to 28 February 1994.
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Vegetation impacts from ozone in the Perth region
were not measured as part of this study but are likely
to be low in light of the relatively low frequency of
smog events and the low concentrations of ozone
experienced most of the time. However, an 8-hour
average of 50 ppb, set by the Victorian EPA as the
acceptable limit for protection of vegetation, is
exceeded several times per year in the Perth region. It
is possible therefore that vegetation in the Perth
region (including horticultural crops) experiences
transient stress.

Perth central
business district

UNDERSTANDING SMOG
DEVELOPMENT OVER PERTH
Kwinana
industrial area

The secondary set of objectives for the study related
to assembling the information and tools needed to
understand and be able to predict photochemical
smog development over Perth.
In addition to desktop studies and computer analyses,
a major field experiment was conducted to intensively
gather information on emissions and smog
development. The field experiment centred around the
use of a research aircraft operated by the Flinders
Institute for Atmospheric and Marine Sciences and
the CSIRO, supported by specialised ground-based
measurements.

Figure 5. The path of air masses offshore, then onshore, on a
typical Perth smog day (21 March 1994). The black line
shows the path of air which passed the Perth central business
district in the morning, and the shaded line shows that for
the air which passed the Kwinana industrial area.

Figure 4) and subsequently crosses the coast in the
afternoon.

A summary of findings, including those provided by
computer models, is given below.

Under these conditions, emissions from morning peak
hour traffic are blown off-shore by north easterly
winds into the light wind region of the trough (Figure
5), where smog reactions proceed rapidly under the
typically high temperatures. A strong temperature
inversion, also typical of these conditions, keeps the
smog plume concentrated near the ocean surface.

Meteorology of Smog Events
There is a dominant, well-defined weather pattern
related to Perth’s smog events. The highest smog
concentrations were found to occur on those days
during spring to autumn when a weak low pressure
trough is situated very close to the coast (as seen in
25

L

1012

The study has revealed two well-defined classes of
trough-related smog events, namely:

1014

•

inland events, which show a pattern of peak
concentrations in the eastern metropolitan area.
These correspond to days when the trough moves
inland, and recirculates the smog plume back
across the metropolitan area where it receives a
boost from fresh afternoon emissions; and

•

coastal events, in which high concentrations of
smog form in a warm, stable air mass offshore,
are returned across the coast by the sea breeze,
but are then dispersed rapidly in unstable
conditions over the land.
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It also became apparent in the course of the study that
some smog plumes may return on-shore well south of
the monitoring network (e.g., near Mandurah).

H
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The behaviour of the trough on any particular day is
difficult to forecast with the accuracy needed for

Figure 4. Pressure chart for the morning of 16 March 1994, when a
typical example of a coastal low pressure trough was present.

III

across the metropolitan area according to
population density.

smog event predictions. Nevertheless, there is some
prospect of generating reliable smog forecasts should
that become necessary in the future.

•

Significant smog concentrations were observed in
other conditions, particularly when bushfire smoke,
which contains high concentrations of ROC, was
blown across the metropolitan area during daytime.

Compilation of an Emissions
Inventory
The major sources of emissions which lead to the
formation of photochemical smog were quantified in
four categories, as follows:
•

Motor vehicles: Vehicle movement data, from a
Main Roads Western Australia computer model
and traffic counts, were combined with emissions
data for the Perth vehicle fleet, to estimate hour
by hour contributions to emissions across the
region.

•

Industrial emissions: Individual industries were
identified from several sources of information,
including Australian Bureau of Statistics and
Government agency data bases. Emission
estimates for each significant industry were
derived from questionnaire responses and/or
engineering calculations.

•

Emissions estimates of ROC, NOx, carbon monoxide,
sulphur dioxide and particulates from all source
groups were combined into a composite data base,
giving hour-by-hour emissions for three day types
(average winter day, average summer day and hot
summer day) for each cell of a 3 by 3 km grid across
the region.
Figure 6 shows, as an example, the relative
contributions from the first three source categories
(all due to human activity) to annual ROC and NOx
emissions. Biogenic emissions have been excluded
due to the uncertainty attached to their estimation.
On an annual average basis, motor vehicles account
for 51% of the total NOx and 44% of the total ROC
emissions caused by human activity in the region.
Furthermore, motor vehicle ROC emissions are
relatively more reactive than other urban sources,
which account for a further 37% of the ROC.

Area sources: This category includes a broad
range of sources such as service station vapour
losses, surface coatings and thinners, natural gas
leakage, bitumen, lawn mowing, domestic
solvents and off-road engines. Emissions were
estimated from Australian Bureau of Statistics
information and other statistics and apportioned

NOx

Computer Modelling of
Photochemical Smog
Several characteristic smog events were simulated by
computer models which represented the dynamics of
regional meteorology, emissions and photochemical
processes. The validity of model predictions was
demonstrated with some success, by comparison with
measurements.

Area
5%
Motor
Vehicles
51%

Industrial
44%

The inventory of smog precursor emissions, coupled
with modelling results, confirmed that motor vehicles
are the dominant cause of Perth’s smog. Tests of the
sensitivity of model results to variations in emissions
were carried out, as illustrated in Figure 7 for one of
the smog events. These tests showed that reduction of
motor vehicle ROC emissions (with or without
vehicle NOx reductions) would yield the greatest
beneficial reduction of ozone, whereas reduction of
NOx from vehicles in the absence of ROC reductions
could paradoxically lead to an increase in peak ozone
(although not for the 18 March 1994 as illustrated). In
summary, modelling results point to control of motor
vehicle kilometres travelled and ROC emissions as

ROC
Area
37%

Biogenic emissions: This category represents
emissions of reactive organic species from
vegetation, which are significant in the
photochemical smog process. The approach taken
in estimating biogenic emissions was to relate
them to vegetation density using satellite
photographs. The vegetation species distribution
for the Perth region was derived using natural
vegetation maps. Published canopy emission
rates were then used to derive biogenic emission
estimates for the region.

Motor
Vehicles
44%
Industrial
19%

Figure 6. Relative contributions to NOx and ROC emissions,
excluding biogenic sources, for the PPSS region.
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confirmed that this source of emissions may be a
significant contributor to the magnitude and extent of
high ozone concentrations. Further work is needed to
improve the accuracy of biogenic emissions
estimates.

140
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80

The above-mentioned computer models which
simulate the three-dimensional meteorology and
atmospheric smog chemistry are extremely complex.
While the meteorological and smog dispersion
modelling was based on the research developments of
the Environment Protection Authority of Victoria
(EPAV), CSIRO and DEP, no attempts were made to
improve upon the atmospheric chemistry mechanisms
employed within the smog models (developed in the
USA). In total, six one-day smog events were
modelled by the EPAV, CSIRO and DEP.
Configuring and testing of these models to achieve
varying degrees of agreement with observations took
several months of intense effort.

60
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MV MV MV MV IND IND IND DAS BIO
ROC ROC NOX NOX x 0 ROC NOX x 0 x 0
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Figure 7. Estimated maximum ozone concentrations (ppb) in the
Perth airshed for the meteorology of 18 March 1994 and various
emission scenarios. Key to graph labels:- BC : base case inventory
used in model simulation; MV x 0 : motor vehicle emissions
scaled by zero (i.e., deleted); IND x 0 : industrial emissions scaled

The model simulations and associated data sets
provide a useful initial basis for formulating and
testing smog management strategies. However, it is
clear that improvements and additions will need to be
made to this collection of smog event simulations to
provide a reliable and representative basis for
predicting trends and testing smog management
strategies. Continued monitoring of regional smog
levels and meteorological parameters is essential, both
to obtain data to characterise individual smog events
for modelling purposes and to maintain a record of
smog levels over time. This record is needed to
establish trends and to determine the effectiveness of
management strategies.

by zero; DAS x 0 : domestic area source emissions scaled by zero;
BIO x 0 : biogenic emissions scaled by zero; similar notation for
ROC or NOx emissions scaled by 0.5 and 1.5. (Cope and Ischtwan
1995).

the most beneficial options to reduce regional ozone
levels.
However it needs to be noted that the accuracy of the
chemistry models has not been demonstrated (in
Australia or elsewhere) for the low ratios of ROC to
NOx found in Perth’s air. Under such conditions, the
models predict that ozone production will be
suppressed when more NOx is added. Further
assessment of the models is required.
The Kwinana industrial area was identified in the
emissions inventory as a major source of NOx and a
lesser source of ROC. The resultant effect seen in
modelling predictions was a significant suppression of
ozone across those portions of the metropolitan area
impacted by the Kwinana NOx plume, for the reason
explained above. Two issues in relation to Kwinana
emissions require further investigation as a matter of
priority:
•

whether,
as
indicated
by
independent
measurements, the ROC emissions from Kwinana
are higher, by a factor of two to four, than those
calculated in the emissions inventory;

•

whether the models correctly simulated the
behaviour of the bulk of Kwinana NOx which is
present in elevated narrow plumes from tall
chimneys.

THE NEED TO MANAGE PERTH’S
SMOG
Perth experiences photochemical smog levels which
exceed goals set by the NHMRC and other bodies.
The potential exists for the problem to grow.
Control of photochemical smog is complex. It is not
amenable to simple and uniform solutions. A control
measure designed to improve air quality in one
portion of the metropolitan region might have a
negative effect elsewhere. The consequences of
regulating NOx emissions are far from obvious.
Given the potentially enormous costs to the
community, industry and Government of various
control options, it is critically important to thoroughly
analyse the cost-effectiveness of alternatives before
decisions are made. Adequate analyses will take time
and resources.

The potential significance of biogenic emissions of
ROC from natural vegetation was recognised.
Estimation of the magnitude and reactivity of these
emissions was necessarily coarse. Modelling

Fortunately, Perth is not yet experiencing acute smog
problems. The planning, transport and environment

V

agencies therefore have time to learn from the
experience of other cities and, in consultation with
affected parties, develop sound, cost-effective smog
management strategies.
The understanding of Perth’s smog and the modelling
capability developed in this study have been
immediately applied by Western Power Corporation
to assess the impact of the Pinjar Gas Turbine Power
Station. This assessment will be the subject of a
separate report to the EPA; the DEP has had no
involvement in its preparation.
Western Power Corporation does not have a central
role in developing smog management strategies for
the Perth region. The development of strategies for
consideration by government will be progressed by
the DEP in consultation with relevant agencies and
affected parties. The Perth Photochemical Smog
Study has provided a sound foundation on which to
build.

VI

1. Introduction
1.1. HISTORY

Health and Medical Research Council of Australia
(NHMRC).

In large cities, emissions from everyday activities can
have an impact on air quality. Concern has
historically centred on pollution which had obvious
sources, such as sulphurous smoke emissions from
industrial and domestic chimney stacks. Perth has
been relatively free of such pollution, although smoke
from domestic fires (the subject of a separate study) is
of growing concern.

In 1991 the State Energy Commission of Western
Australia (SECWA, now Western Power Corporation)
sought to extend the capacity of the gas turbine power
station it operated at Pinjar, some 40 km north of the
Perth central business district. Gas turbines, like all
combustion processes, produce nitrogen oxides
(NOx) which are one of the precursors to
photochemical smog. In view of the Caversham data,
the Environmental Protection Authority expressed
concern that increasing the NOx emissions at Pinjar
could contribute to Perth’s emerging photochemical
smog issue which, at that stage, was poorly
understood.

Since the 1940s, a class of pollution events with less
obvious origins has arisen around large cities and
further afield. This type of pollution, named
“photochemical smog”, was first observed in Los
Angeles, California. Analysis of a sequence of these
photochemical smog events gave the first indications
that emissions from motor vehicles were a major
contributor.

SECWA’s efforts to address this issue in its
environmental impact assessment of the proposed
extension were limited by the lack of sufficient
information on the meteorological and air chemistry
characteristics of the region. A consequent condition
on the development at Pinjar was that SECWA
undertake a study of the formation and distribution of
photochemical smog in Perth, a particular outcome of
which would be to determine the effect of the Pinjar

Photochemical smog, characterised by high
concentrations of ozone at ground level, forms when
urban air pollutants (principally nitrogen oxides and
reactive organic compounds from motor vehicles and
many other sources) react together for a few hours
under the influence of sunlight and elevated
temperatures. Ozone at high concentrations may
reduce lung function and may adversely affect
asthmatics. In severe cases, photochemical smog is
typified by a whitish haze and eye irritation.
Nevertheless, significant photochemical smog
concentrations may be present without a noticeable
reduction of visibility.

Pinjar

Since photochemical smog requires strong sunlight
and relatively high air temperature to reach significant
concentrations, it is limited to times of the year when
these conditions prevail (e.g., late spring through to
early autumn in Mediterranean climates). By way of
contrast, highly visible smoke haze occurs more
frequently in the colder months, on days when smoke
from domestic fires and other sources is trapped near
the ground under a temperature inversion.

Scale (km)

Caversham

0 5 10 15 20
Perth CBD

Measurements of photochemical smog in Perth’s air
began in 1989. These were undertaken by the
Department of Environmental Protection (DEP) at a
single site in the suburb of Caversham, 15 km NE of
the city centre (Figure 1.1). Despite the common
perception that Perth is a windy city and therefore not
prone to air pollution, the first summer of
measurements revealed that the city was sometimes
subjected to smog levels which approached or
exceeded the limits recommended by the National

Rottnest
Fremantle

Kwinana
Figure 1.1 Location map of the Perth region.
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power station’s emissions on smog in the region.

separate report to the EPA; the DEP has had no
involvement in its preparation.

The Perth Photochemical Smog Study was thus
originated. While it was a SECWA initiative with a
specific objective, it was clear from the outset that the
results of the study would be of great benefit in a
much broader context, namely providing a foundation
for strategic management of Perth’s air quality. Given
the DEP’s concerns and responsibility in this area, the
study was developed as a jointly operated and
managed project, funded by SECWA and with DEP
contributing facilities and scientific expertise.

It is the intention of the DEP to continue, after the
study is complete, to develop and apply further the
computer models and associated information to
investigate likely trends in smog levels associated
with the projected growth of Perth, and to assess the
merits of possible smog control strategies. This type
of work is not within the charter of Western Power
Corporation and has not been undertaken as part of
the study.

The study began in early 1992.

1.2. OBJECTIVES
The primary objective of the Perth Photochemical
Smog Study was to measure, for the first time, the
magnitude and distribution of photochemical smog
concentrations experienced in the Perth region and to
assess these against Australian and international
standards. In this respect the study was different from
concurrent studies and ongoing work in other
Australian capitals (Sydney, Melbourne and Brisbane)
where photochemical smog monitoring had been
undertaken for about two decades. A large part of the
effort expended in this study was directed towards the
establishment and maintenance of a monitoring
network.
The secondary set of objectives for the study related
to assembling the information and tools needed to
understand photochemical smog development over
Perth. Specific objectives were:
• to identify and quantify all sources of smog
precursor emissions across the Perth region;
• to develop the capability of predicting the
magnitude and distribution of photochemical
smog across the region, employing “state of
knowledge” computer models of the meteorology
and atmospheric chemistry;
• to develop an understanding, with the aid of these
computer models, of the meteorological regimes
which give rise to significant photochemical smog
events; and
• to assess, with the aid of the computer models, the
status of smog development in the Perth region
and the relative significance of various emission
source groups.
The understanding of Perth’s smog and the modelling
capability developed in this study have been
immediately applied by Western Power Corporation
to assess the impact of the Pinjar Gas Turbine Power
Station. This assessment will be the subject of a

2

2. The Nature of Photochemical Smog
Urban photochemical smog was first identified in Los
Angeles, USA during the 1940s, where it was
characterised by an atmospheric haze and
accompanying irritation of the eyes and lungs. This
kind of smog occurred under light wind conditions on
warm sunny days, whereas the term “smog” was
originally coined to describe a mixture of smoke and
fog, which is more common in winter. The term may
therefore be misleading, since neither smoke nor fog
are key components of photochemical air pollution.
The term “photochemical” reflects the fact that such
smog occurs due to the influence of strong sunlight
and high temperatures on anthropogenic air
pollutants; it is therefore a summertime phenomenon.
Another more accurate term often used is
“photochemical oxidants”.

compounds (ROC), which have numerous emission
sources, react together in the presence of sunlight.
The principal component of photochemical smog is
ozone. Consequently, ozone concentration is used to
define smog levels. Some common terms used to
describe the groups of compounds associated with
photochemical smog formation are given in the box
below.
Normally a colourless gas, ozone occurs naturally in
the atmosphere. Concentrations in unpolluted, remote
regions at moderate elevations are currently 15 to 35
parts per billion (ppb) (Lefohn, Krupa, and
Winstanley 1990). Ozone is a powerful oxidant which
reduces pulmonary function and can damage
vegetation and susceptible materials such as rubber
and cloth. Measurable effects (discussed later) on
plants and animals are observed at levels of 40 to 80
ppb and above. Such levels are normally only attained
as a result of ozone production from emissions
generated by human activity or from natural pollution
events such as bushfires.

In time, photochemical smog was being experienced
in many other cities of the world, particularly those
which were industrialised, had large motor vehicle
fleets and were in latitudes where frequent warm
sunny days were experienced. Australia was no
exception, with Sydney and Melbourne suffering
significant smog events in the 1970s. In Western
Australia, the city of Perth underwent rapid growth to
a population of more than one million during the
1980s, and associated anthropogenic emissions
combined with the city’s warm, sunny summers have
created the potential for smog formation.

It is important to make a distinction between the
ozone in photochemical pollution at ground level,
where high concentrations create serious pollution,
and ozone in the upper atmosphere, where its
presence in the “ozone layer” is critical to protect the
earth from excessive ultraviolet radiation.
Other typical constituents of photochemical smog
include nitrogen dioxide, peroxyacetyl nitrate (PAN),
nitric acid, aldehydes and organic and inorganic
nitrates in particle form. PAN, nitric acid and
aldehydes are all strong irritants of the eyes, nose and
throat.

2.1. SMOG CONSTITUENTS
The constituents of photochemical smog are not
emitted directly in significant amounts. They are the
secondary reaction products which result when
nitrogen oxides (NOx) and reactive organic

Photochemical smog consists mainly of gases which

Common Abbreviations for Photochemical Smog Precursors
ROC: Reactive organic compound. An organic compound which can take part in chemical reactions in the
atmosphere.
ROG: Reactive organic gas. Synonymous with ROC.
VOC: Volatile organic compound. A compound which has a high vapour pressure, such that it evaporates
readily at ambient temperatures. Includes compounds which do not take part in photochemical smog reactions
(for example chlorofluorocarbons, or CFCs).
NMHC: Non-methane hydrocarbons. A group of hydrocarbons which excludes methane, carbonyl compounds,
alcohols, and halocarbons.
NMOC: Non-methane organic compound. All organic compounds other than methane.
NOx: Compounds of nitrogen and oxygen, usually taken to mean nitric oxide (NO) and nitrogen dioxide (NO2).
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are generally invisible at low concentrations.
However, at higher concentrations, condensed smog
particulates remain suspended in the air, causing haze.
Although it is common to associate visual haze with
photochemical smog, it is possible to have significant
photochemical smog pollution without any obvious
haze and equally, to have atmospheric haze that is not
the result of photochemical smog. For example, haze
is also caused by dust and smoke emissions, and
marine salts.

state which promotes its combination with molecular
oxygen in equation 2.1. Another important reaction is
that of ozone with nitric oxide:
O3 + NO → NO2 + O2

Considering just these three reactions, equations 2.1
and 2.2 lead to ozone formation, whereas equation 2.3
results in ozone removal. The final or equilibrium
ozone concentration depends on the rates of each
reaction and the relative concentrations of NO2 and
NO. If all the monatomic oxygen in equation 2.1
leads to ozone formation, the rate of formation will be
determined by the rate of dissociation of NO2 in
equation 2.2, whereas the rate of destruction will
depend on how much NO is present. These reactions
represent one of the probable pathways by which
ozone levels at remote locations are determined. Even
though NO and NO2 are present at very low
concentrations in unpolluted air (less than 0.5 ppb),
their relative abundance is believed to control
background ozone levels in the troposphere (Seinfeld
1986, Finlayson Pitts and Pitts 1986).

2.2. THE CHEMISTRY OF SMOG
FORMATION
Ozone, nitrogen oxides and hydrocarbons may take
part in numerous reactions in the atmosphere. The full
suite of photochemical reactions which are thought to
occur is highly complex and no attempt will be made
to deal comprehensively with them in this report: only
the basic reaction pathways will be described.

2.2.1. Natural Ozone Cycle

Other ozone sources in the absence of significant
anthropogenic emissions include occasional direct
“injection” from the stratosphere (where it is formed
in reactions involving the photodissociation of
molecular oxygen) and another reaction series
involving the oxidation of methane (CH4) and carbon
monoxide (CO) in the presence of hydroxyl radicals
(OH⋅). The significance of ozone formation via the
CH4/CO pathway is debatable.

Ozone is generated naturally by the combination of
molecular oxygen (O2) with atomic oxygen (O):
O + O2 + M → O3 + M

(2.1)

Both monatomic oxygen and the ozone molecule
formed are unstable. For the reaction to proceed,
excess energy must be absorbed by another molecule
which does not take part in the reaction itself. This
molecule, which could be nitrogen (N2) or another
oxygen molecule (O2) is indicated by “M” in the
equation. The free, unstable oxygen atom in equation
2.1 results from the splitting of nitrogen dioxide by
light with a wavelength of 440 nanometres or less,
which includes light in the far blue and violet parts of
the visible spectrum:
NO2 + light → NO + O

(2.3)

2.2.2. Ozone Cycle In Polluted Air
Emissions of NO are substantial in urban regions.
High concentrations of ozone are prevented from
developing in the presence of significant NO by the
titration reaction in equation 2.3. For high ozone
levels to occur, other reactions are required which
will remove NO (by oxidation to NO2) at a rate
similar to or faster than the rate at which the NO

(2.2)

The oxygen atom split off is in an unstable, excited
Units of Measurement for Smog Gases

Conventionally, the concentration of any gas in the air is expressed as a density, for example, micrograms per
cubic metre (µg/m3), or a fraction by volume, such as parts per million (ppm). For pollutants occurring in lower
concentrations, the fraction by volume is often expressed in parts per billion (ppb), where 1 ppb is
1/1,000,000,000. Ozone concentrations during smog episodes in Australia often exceed 80-100 ppb, and may
reach 200 ppb.
Since the density of air itself varies with changes of pressure and temperature, a concentration expressed as a
density does not convert to a unique fraction. So, when a density is used, it is usually converted to the value
which would have occurred if the air had been at a standard pressure and temperature. The standards normally
used are 0oC and 1013.25 hPa (hectopascal).
With this adjustment, the conversion between density and fractional measures is a constant, depending only on
the molecular weight of the gas. For the 0oC reference, 1 ppb of ozone equates to 2.145 µg/m3. Some countries
use a 20oC reference, giving a conversion factor close to 2.
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reaction removes ozone, while not at the same time
leading to ozone removal. This perturbation of the
natural ozone cycle is provided by a series of
reactions involving ROC, most of which are emitted
in the form of hydrocarbons. A key fast oxidation
reaction for NO is the reaction with peroxy radicals
(RO2⋅). The peroxy radicals are formed by the
reaction of an organic, for example a hydrocarbon
(RH) with the hydroxyl radical (OH⋅), followed by
reaction with molecular oxygen:

episodes in the USA and elsewhere.
In general terms, the amount of NOx available affects
the ultimate quantity of smog that can be produced
and the amount of ROC, sunlight and temperature
affect the rate at which it forms. Nevertheless, the
relationship between peak smog levels and NOx and
ROC emissions defies simple analysis, as will be seen
in later chapters.





RH + OH⋅ → R⋅ + H2O


R⋅ + O2 → RO2⋅


2.3. SOURCES

(2.4)



As noted previously, the main constituents of
photochemical smog are not emitted in significant
quantities directly by human or natural processes.
Rather, they are secondary pollutants arising from
primary emission species (or precursors). Typical
emission sources of the precursors are summarised in
Table 2.1.

(2.5)



The peroxy radicals so formed can then oxidise NO to
NO2:
RO2⋅ + NO → NO2 + RO⋅




(2.6)

This is the important path by which NO is oxidised
without involving ozone. The hydrocarbon in
equation (2.4) could be one of a large variety
commonly found in urban areas, for example
propane, hexane, benzene, toluene, xylene or
hydrocarbons of natural origin such as isoprene.
During the oxidation reactions of these hydrocarbons,
the hydroxyl radical is usually regenerated,
whereupon it can take part in further oxidation
reactions. Other products may be formed which are
characteristic of photochemical smog. For example
the oxidation of ethane and propene results in the
generation of acetaldehyde, which can undergo
further reactions with the hydroxyl radical, oxygen
and nitrogen dioxide to form PAN. Non-gaseous
compounds also form as fine particles, giving rise to
the haze which is observed during severe smog

2.3.1. Fuel Combustion
The release of a large proportion of anthropogenic
NOx and ROC is intimately tied to the cycle of
refining, distributing and use of a range of petroleumbased products, notably fuels.
Internal combustion engines are responsible for a
major proportion of anthropogenic NOx and ROC.
Combustion in these engines occurs at high
temperatures and pressures, favouring the production
of NOx. Approximately 60% of ROC emissions from
vehicles result from exhaust gases containing
incompletely burnt fuel, and 40% from evaporative
losses during operation and refilling. Source
categories include light and heavy duty petrol and
diesel-fuelled vehicles, ships, rail and air traffic, and
agricultural equipment.
Small engines such as those used to power lawn
mowers and other garden equipment, chain saws,
outboard motors, and other off-road engines are also
remarkably large emitters of NOx and ROC. Twostroke engines tend to be higher emitters than fourstroke designs.

Table 2.1. Sources of ozone precursors
NOx

ROC

Natural sources
Bushfires

Vegetation

Lightning

Bushfires

On a global basis, approximately 30-50% of NOx
emissions are thought to be due to fossil fuel
combustion (Seinfeld 1986), with much of the
remainder due to biomass burning. Many industrial
activities produce NOx emissions, including
electricity generation, the use of industrial boilers,
high temperature incineration, smelting operations,
kilns and other processes, especially those involving
high temperatures (e.g., glass manufacture and blast
furnaces). Other fixed industrial sources include
combustion and process emissions from metal
smelting, pulp and paper making, petroleum refining
and the production of industrial chemicals. Lesser
amounts are released from home heating systems.

Bacterial action
anthropogenic sources
Power generation

Motor vehicles

Motor vehicles

Painting, solvent use

Industrial boilers

Fuel evaporation

Incineration

Printing industry

Kilns

Wood processing

Jet engines

Off-road engines
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2.3.2. Petroleum Products
Petroleum fuels are moderately to highly volatile and
constitute a major source of ROC. Evaporative release
to the air occurs during the refining process and
subsequent storage and handling. Evaporative losses
are increased at higher temperatures. Substantial
hydrocarbon emissions occur during the manufacture
and application of asphalt, and the use of hot bitumen.
Hydrocarbon gases such as propane and butane are
used as propellants in some aerosol cans, and their use
results in release of the contents which adds to the
atmospheric burden of ROC.

Based on emission factors derived by Evans et al.
(1977), and using typical fuel loads, it is possible to
estimate total smog precursor emissions from
bushfires. For a prescribed burn of the size often
conducted in the south west of Western Australia
(about 5000 ha), the total non-methane hydrocarbon
mass released would be of a similar order to a full
day’s anthropogenic emissions from the Perth region.
The emission of nitrogen oxides would be
approximately a third of that emitted by human
activity during a Perth day. These relative magnitudes
are generally consistent with observations of the
effects of bushfire smoke in Perth.

The evaporation of organic solvents also constitutes a
major source of ROC release to the air. These
solvents are found in many commercial and
household products including degreasing agents,
adhesives, paints, varnish, polish, and other surface
coatings. Printing and dry cleaning are other
processes using volatile organic solvents.

Fermentation processes can release ROC, as can the
burning of refuse or agricultural wastes. Bakeries,
meat cooking and charcoal barbecuing (especially
when organic starter fluid is used) have also been
identified as significant ROC sources, and control
measures for these sources have been undertaken in
some jurisdictions in the USA.

2.3.3. Natural and Miscellaneous
Sources

Some minor additional NOx sources include
biological processes in the ocean and oxidation of
ammonia. Chemical processes such as nitric acid
production can also be the source of significant NOx
emissions (Bretschneider and Kurfurst 1987).

Natural sources are relatively more important
contributors to ROC than to NOx. Whereas natural
sources of NOx are usually ignored in emissions
inventories, natural ROC emissions (commonly
categorised as “forest” or “biogenic” emissions) must
be included, and can constitute a significant
proportion of the total ROC inventory. The
characteristic smell of coniferous and eucalypt forests
is due to the release of these hydrocarbons, especially
alkenes such as pinene (conifers), cymene and
limonene (eucalyptus). Isoprene is emitted from
broadleaved trees. These emissions are thought to be
responsible for the characteristic haze which affects
the Blue Mountains of New South Wales and the
Smoky Mountains in the eastern United States. The
full complement of ROC species emitted by
vegetation is more than 350 (e.g., Finlayson-Pitts and
Pitts 1986). The role of many of these compounds in
smog formation is unknown, although isoprene and
pinene are in a moderate to high reactivity class, and
are thought to contribute significantly.

2.4. HEALTH EFFECTS OF
PHOTOCHEMICAL SMOG
2.4.1. Air Pollution and Health
Air pollution can harm human health by direct
inhalation and by other routes of exposure. Many air
pollutants affect the respiratory and cardiovascular
systems.
In Australian cities, air pollution levels sometimes
cause acute health effects, including asthma, and may
contribute to chronic disease (pulmonary fibrosis and
emphysema) (Woodward et al. 1995). Worldwide,
respiratory disease is a major cause of lost work time
and disability. Photochemical smog plays a part,
although its impact on the total burden of respiratory
disease is small compared with, for example, the
effects of smoking cigarettes.

Bushfires can feature significantly in photochemical
smog incidents, although their sporadic occurrence
means they are not usually accounted for in emission
inventories. Research in Western Australia (Evans et
al. 1977) and the Northern Territory (Hurst, Griffith
and Cook 1994) has shown that large quantities of
both NOx and ROC are released by bushfires. This
has significance for Perth where several
photochemical smog events, caused by a combination
of urban emissions and smoke from either natural
bushfires or hazard reduction burning, have been
recorded.

2.4.2. Methods for the Investigation of
Health Effects
To establish any health effects caused by pollutants,
experimental research and epidemiological studies are
needed. Experiments in this case typically include the
use of air chambers. This method allows the
investigator to specify the amount and duration of the
exposure to air pollutants that the subjects experience.
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The subjects chosen for these experiments are often
young adults in good health who exercise at specified
levels inside the chamber, under close observation for
changes in rates and volumes of breathing. However,
other sub-populations, such as the very old or the very
young, or those with respiratory disease, could be
more vulnerable to photochemical smog. For ethical
reasons, these other groups are usually excluded from
experimental research. The health effects from any
type of pollution vary not only according to the
intensity and the duration of exposure but also with
the age and health status of the population exposed.
To obtain information about the health effects of
pollutants on a wider spectrum of the population,
epidemiology is needed.

present in Perth’s air and the possible impact on
health and visibility.
As will be demonstrated in Chapter 5, the
concentrations of fine particles measured during smog
events over Perth show only marginal variations from
normal levels. Smog events induced or enhanced by
bushfires are the exception; bushfire smoke yields
relatively high particle concentrations. In the absence
of bushfires, particle concentrations associated with
photochemical smog are insignificant compared to
those which occur during winter (e.g. due to the
accumulation of smoke and vehicle emissions under
temperature inversions). For this reason, the health
effects of fine particles are not considered within the
context of this study.

Epidemiological studies involve the detailed
assessment of possible causes of disease, sometimes
called exposures, and the health outcomes (including
recognised diseases and other loss of normal body
function) in real settings. Epidemiology complements
experimental research to establish the nature of health
problems affecting parts of the population. As well as
answering “what disease?”, the combined research
effort aims to describe “when”, “where” and, most
difficult, “why” health effects occur.

Symptoms associated with ozone exposure have
included cough, dryness of the throat, wheeze, chest
tightness and lassitude. Thus, the main adverse human
health effects of photochemical smog occur in the
airways. While experimental studies (e.g., DrechslerParks 1987) suggest that, at the usually encountered
concentrations, ozone is the most important cause of
adverse health effects, other components of
photochemical smog are noted briefly.
Some acute symptoms, including eye irritation, may
be due to other oxidant gases (such as peroxyacetyl
nitrate, PAN), aldehydes and hydrocarbons in the
gaseous phase (Woodward et al. 1995). Studies of
pulmonary function have not demonstrated effects of
PAN at 250 ppb, a higher concentration than
encountered in the ambient air in most cities.

Surveys are undertaken on population groups who are
exposed to high levels of air pollutants as part of their
usual living conditions, focusing on the health status
of the group in relation to these “normal” conditions.
After careful examination of all the evidence,
epidemiologists, together with other scientists,
consider the likelihood of cause and effect in the
relationship between exposure and disease.

Oxides of nitrogen (NOx) are precursors of ozone, but
have health effects in their own right. Nitric oxide and
nitrogen dioxide (NO2) are considered the most
important of the NOx in the air close to the earth’s
surface, as they are often found in significant
concentrations in polluted air masses that undergo
short- or long-range transport. Of the two, NO2 is
more toxic and irritating. At ambient levels in a
polluted environment, it may have acute or chronic
health effects. The type of exposure experienced
outdoors is very different from that used in chamber
studies, and possible interactions with other pollutants
need to be considered (Tattersfield 1993).

It is necessary to rule out other potential causes before
assuming that air pollution is causing the respiratory
disease. Other possible causes, to which many of us
are exposed, include living in houses with unflued gas
heaters and environmental tobacco smoke (passive
smoking). The combined effects of several pollutants,
termed synergistic effects, must also be considered,
before attributing respiratory disease to one possible
cause.

2.4.3. Overview of Smog Health
Effects

Like ozone, NO2 is relatively insoluble in water and
therefore can reach far into the respiratory tract.
Unlike ozone, however, NO2 does not show a clear
exposure-response relationship (i.e., there is no
simple proportionate increase in health effects for a
given increase in dose of NO2). For this reason, the
effects of ozone are the primary focus in this report.
At concentrations of NO2 less than 300 ppb, it is very
unlikely that health effects would be noted by any

Photochemical smog is comprised of gases and very
fine particles (or aerosols). The health implications of
the main gaseous components of photochemical smog
have been well known for many years. The health
impact of fine particles from a wide range of sources
(not just photochemical smog) has emerged, within
the period of this study, as a major issue (Dockery et
al. 1993). A concurrent study, the Perth Haze Study,
will examine the concentration of fine particles
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individual (ibid.). Australian air quality goals for NO2
are set at more stringent levels than this.

threshold below which respiratory function remains
intact, so it is not possible to set a level at which
safety from the adverse health effects of ozone can be
guaranteed.

Exposure to low levels of ozone causes tissue injuries
deep in the lung, adjacent to the areas where gas
exchange occurs. Acute tissue reactions after
exposures of several days include inflammation. Such
changes have been observed in several species,
including humans. For example, inflammatory
changes may follow single or repeated exposures to
100 ppb ozone, a level found frequently with
moderate photochemical air pollution. Human tissue
injury may be progressive with prolonged exposure,
but this is not well defined (Crapo et al. 1992).

For a daily maximum 1-hour average ozone
concentration of between 50 and 100 ppb, the World
Health Organisation (1992) classifies the overall
effect on human health as mild. In this range of ozone
exposure, eye, nose and throat irritation may occur in
a sensitive minority, with slight reductions in FEV1
averaged over the whole population, possibly
increasing to a 10% loss in the most sensitive 10%. A
minority of adults may experience some chest
tightness and cough. Some athletes could note a slight
reduction in peak performances at this level of
exposure to ozone.

In many experimental studies on humans, significant
reductions of pulmonary function have been reported.
One measure of respiratory function commonly tested
is the forced expiratory volume (the volume of air that
a person can blow out in a fixed time, usually
specified as one second, FEV1). Reductions in forced
expiratory volume are usually accompanied by
changes in breathing pattern that are noticeable, and
sometimes unpleasant. The severity of these
symptoms parallels the impairment of lung function
which occurs in persons exposed to ozone
concentrations of 80 ppb for several hours (Table
2.2). Exposures of this order occur during the
afternoons of the warmer months, in and around
many cities.

The occurrence of asthma, a common clinical
condition characterised by intermittent respiratory
symptoms with variable obstruction of the airways,
remains a controversial subject in relationship to
ozone levels (Woodward et al. 1995). While the
evidence that photochemical smog itself causes
asthma in the first place is not strong, ozone may
increase the sensitivity of persons with asthma to
other agents that cause wheezing (a synergistic
effect).
Other chronic effects of ozone remain uncertain, a
critical gap for public health considerations. These
effects could include very subtle changes in the lung,
eventually resulting in increased rates of respiratory
disease, with significant implications for health care
costs. Chronic ozone exposures probably contribute to
deaths in and around cities, but the impact on total
mortality rates is probably very small (Lippmann
1993). Although increased risks of cancer in humans
due to ozone exposures have not been proven, this
possibility has recently re-surfaced in the media

Epidemiological studies have shown that reduced
respiratory function frequently occurs at exposure
levels lower than 120 ppb (averaged over one hour)
(Table 2.2). The range of individual susceptibility is
wide (Woodward et al. 1995). Children may be at
higher risk for detrimental effects of ozone than
adults because they spend more time outdoors during
summer months when ozone levels are higher and
because their lungs are still developing (White et al.
1995). Studies have not demonstrated an exposure

Table 2.2. Photochemical smog and health events in humans
Ozone concentration
(ppb)

Exposure duration

Health event

Experimental studies (controlled exposure in chambers)
> 80

Hours

Reduced lung function
Airway inflammation

Days to weeks

Reduced lung function
Increased severity of asthma
Respiratory symptoms

Epidemiological studies
< 120
(daily 1-hour maximum)
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2.5. OTHER EFFECTS

(Edwards 1995).

2.4.4. Summary

2.5.1. Effects on Vegetation

Photochemical smog may cause irritation of the eyes,
nose and throat. At current levels in many cities,
smog may produce, over long periods of time, mild
inflammation of the airways. In addition, people with
asthma may experience narrowing of their airways
with attacks of wheezing.

All plants have some tolerance to ozone, as it is
naturally present in the atmosphere. However, at
elevated concentrations, ozone is potentially injurious
to horticultural crops, ornamentals, commercial and
non-commercial forest trees, native shrubs and annual
plants. The ozone dose which may cause adverse
effects varies between species and is influenced by
plant nutrition, water availability, weather and other
factors. Although still the subject of active research, it
is apparent that harmful effects are felt in many
species under the ozone exposure regimes which are
typical in many industrialised parts of the world. The
results of a large number of controlled exposure
experiments indicate that ozone has no beneficial
effects on plants. This contrasts with the effects of
SO2 and NOx, which under some circumstances can
enhance plant growth by providing nutritional
benefits (e.g., Pye 1988).

It appears that the risks associated with ozone and
other pollutants are especially increased for children
and adults with asthma. However, for children with
no underlying lung disease there is also a risk of
adverse health effects associated with these pollutants.
There is no threshold for the effects of ozone, hence
no safe level can be identified. The increased
stringency of the air quality goal for ozone (recently
revised by the NHMRC to the equivalent of 100 ppb,
1-hour average) reflects this point. It is possible that
health effects may occur for some people at lower
exposures than this. The difficulties of detecting and
attributing health effects at these levels of exposure,
however, are very considerable. Epidemiological and
other studies are needed to identify interactive effects
between pollution and the respiratory system in
Australia and elsewhere. Effects are often small, so
large populations need to be studied. Cumulative
measures of exposure are needed.

The toxicity of ozone to commercial crops and other
plants was noted as long ago as the 1950s (e.g.,
Richards et al. 1958, Heggestad and Middleton 1959).
Tropospheric ozone is now believed to cause more
damage to crops than all other air pollutants
combined, resulting in a 5-10% loss in crop yields in
the United States at an annual cost of three billion
dollars, one billion of which is in California (Elsom
1992). Other pollutants such as PAN and NO2 which
typically occur in polluted atmospheres containing
ozone, can also be significantly toxic to plants (e.g.,

Effects of Ozone on Terrestrial Vegetation
PROPERTY

EFFECT

Whole plant
Photosynthesis
Leaf conductance
Water use efficiency
Leaf area
Crop maturation rate
Flowering
Dry matter production and yield
Drought tolerance
Nutrient stress
Susceptibility to pathogens

Decreases
Decreases
Decreases
Reduced
Decreased
Reduced abundance, lower and delayed fruit set
Decreased
Reduced
More prone to ozone injury
May increase or decrease, depending on species

Plant community/population
Community structure
Reproduction/life cycle

Change favouring ozone tolerant species
Genetic change in progeny, reduced seed set and viability

Adapted from Runeckles and Krupa 1994. This table is necessarily generalised and indicates the most common
response as determined from experiments on a wide range of species. In each case, plant varieties, or
individuals, exhibit a range of responses, which may include no effect. The variability in response between
species is large. Effects on reproduction and community structure are subject to large uncertainties.
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Cabrera et al. 1988), although unlike ozone,
concentrations are seldom in the phytotoxic range
over large areas.

has been the subject of considerable study.
Cumulative exposure indices, such as the W126
exposure parameter developed by Lefohn and
Runeckles (1987), seem to be most appropriate. The
form of most current ambient ozone standards does
not explicitly take into account the importance of
cumulative dose. However, it is possible under some
pollutant climatologies that a 1-hour standard may be
a surrogate for longer term averages. For example,
Pearson, Linzon and Donnan (1988) concluded, in a
detailed study of the effects of ozone on crops in
Ontario, that attainment of the 80 ppb 1-hour Ontario
standard would essentially eliminate foliar damage
and crop productivity losses due to ozone in that
province.

Many commercial crops may be adversely affected by
exposure to ozone, including wheat, maize, oats,
barley, alfalfa, soybeans, rice, citrus, lettuce, and
onions (Olszyk, Cabrera and Thompson 1988,
Olszyk, Thompson and Roe 1988, Kromroy, Tseng,
Olson, and French 1988). Grapes, tobacco, tomato
and potato are especially sensitive. Direct effects may
be manifest by reductions in photosynthesis and
hence growth rate, resulting in reduced yield, or
visible foliar injury and premature leaf drop. The
effects of reduced quality may be more economically
significant for some crops than reductions in yield.

The US Forest Service has determined a “red line”
value of 100 ppb for one hour as unacceptable for
designated wilderness areas in the United States
(Adams et al. 1991). The need for a longer term
standard is being carefully considered during current
reassessments of ambient ozone standards in North
America.

Ozone may also have indirect effects by altering plant
susceptibility to pathogens such as fungi, insects or
viruses (e.g., Dohmen 1988) or by reducing cold
hardiness (Barnes et al. 1988). More subtle, yet
important effects may be caused by interference with
plant reproductive processes, which may cause
progressive unpredictable changes in the genetic
structure of plant progeny (Wolters and Martens
1987, Cox et al. 1989, Cox and Malcolm 1994).

As plants have some ability to repair ozone damage,
the duration of episodes and the time between
episodes is important. The greatest impact is likely to
occur when an ozone episode coincides with other
stresses, or at significant development stages in the
plant’s life cycle.

Ozone is thought to be a factor contributing to the
deteriorating condition of some forests in Europe and
North America. Relatively little work has been done
so far in Australia to characterise the response of
native forest trees to ozone. O’Connor et al. (1975)
examined the sensitivity of more than 100 native
Australian shrubs and trees to acute ozone injury, and
concluded that most species were resistant. The
exposure regime used (one hour exposures to
concentrations of 100-800 ppb) was, however,
somewhat unrealistic, and the response measure
(visible injury) was at best a crude indicator of ozone
impact.

2.5.3. Effects on Materials
The oxidative nature of ozone and other smog
constituents results in direct chemical attack on
susceptible materials by photochemical smog.
Materials affected include metals, paintwork, plastics
and rubber, concrete, masonry and stone, works of
art, textiles and dyes (Yocom and Upham 1977,
Grosjean, Whitmore and Cass 1988).

Monk (1994) carried out an experiment in which
eight species of eucalyptus were exposed to
controlled doses of ozone in open-topped chambers.
Seven of the eight species exhibited a significant
reduction in growth (20-30%). Tuart, which occurs in
the Perth area, showed little leaf injury, but had the
greatest reduction in growth, demonstrating that
visible symptoms are not reliable indicators of an
ozone effect. More research to assess the potential
impact of ozone episodes in Perth on native species of
vegetation is needed.

Ozone causes erosion of paint coatings including oilbased house paint, latex paint, automotive finishes
and industrial coatings. Oil-based house paint is
affected the most. This has been verified in both
controlled environment tests and field exposures (e.g.,
Reiss et al. 1995).
The accelerated deterioration and cracking of rubber
by ozone has been recognised for years, and was used
in Los Angeles in the past as a means of assessing the
ambient ozone concentration. The smog problem in
Los Angeles was partially detected by the observation
that rubber products in the city area were prone to
excessive cracking. This form of deterioration is
especially critical for vehicle tyres and rubberinsulated electrical wires. Rubber cracking is of
particular concern when rubber products such as

2.5.2. Protective Standards for
Vegetation
Determining an ambient ozone standard of a type
which will provide adequate protection to vegetation

10

600

40

500

30

400
Ozone
300
(ppb)
200

No.
of 20
days
10

100
0

0
60

64

68

72
76
Year

80

84

88

80

82

84

86
88
Year

90

92

94

Figure 2.2. Number of days when hourly ozone
concentrations exceeded 80 ppb in Melbourne, 19801994 (Ahmet 1995).

Figure 2.1. Annual maximum hourly average ozone
concentration in Los Angeles, for the period 1958 to
1989 (Elsom 1992).

concentrations exceed 80 ppb each summer over a
wide area. Peak concentrations are in the range 150220 ppb during major episodes. The European ozone
monitoring network is less extensive than that in
North America and the full geographic extent of
European ozone episodes is still poorly defined.
During three major events analysed (in 1980 and
1982) the highest concentrations across Europe were
150-180 ppb, with most values under 120 ppb (OECD
1990). These values appear lower than those often
experienced in the United States during smog
episodes.

tyres, conveyor belts, seals and hoses, are being
stored for a significant time before sale or use.
Gaseous and particulate nitrates, which are present in
photochemical smog, were found to be responsible
for the failure of electrical and telecommunications
switchgear in parts of the United States, due to
corrosion of the contacts. This required replacement
with more expensive metals which could resist the
corrosive attack (Yocom and Upham 1977).

2.6. PHOTOCHEMICAL SMOG
AROUND THE WORLD

Records from Melbourne clearly illustrate the
influence of year-to-year fluctuations of meteorology
in controlling the occurrence of smog events (Figure
2.2). The number of days exceeding 80 ppb has
varied interannually by a factor of more than 10 over
the 15-year period, against a general downward trend
in frequency. Large interannual variations in ozone
levels, driven by variations in summer weather type,
are also experienced in the eastern United States,
Canada (e.g., Fuentes and Dann 1993) and Europe
(Elsom 1992).

Photochemical smog can occur in any region, given
adequate concentrations of the required precursor
species, and enough sunlight. The crucial role of
sunlight means that smog is most common in lower
latitudes, but long summer days at higher latitudes
can compensate. Also, smog and its precursors can be
transported considerable distances by air mass
movement, to affect areas hundreds of kilometres
from major pollutant source regions. This is
especially pronounced where the transport path is
over water, as in this case thermal mixing and ozone
removal processes are reduced. Long-range
transported ozone affects areas in the north east of the
United States and Canada, and parts of north-western
Europe including the United Kingdom and
Scandinavia.

For a broader perspective, Figure 2.3 presents data on
highest 1-hour ozone concentrations in several cities
in Australia, the USA, Canada, Europe and Asia.
Values in Australian cities are seen to be lower than
Los Angeles (still the worst affected city in the United
States in terms of ozone pollution), similar to New
York, and higher than Zurich or Helsinki. Note that
there are no data for Perth before 1990, and that there
was only one ozone monitoring station in Perth in
1991, hence the peak annual values for these years
may be underestimated. During 1992, one site
operated all year and a further four sites for part of the
year.

The first detailed measurements were made in cities
of the United States. On the west coast, from San
Francisco to Los Angeles, ozone has been recorded
since the late 1950s. In the period 1958-1968, peak
hourly average concentrations in the Los Angeles
region were in the range 400-600 ppb (Elsom 1992).
Progressive tightening of emissions controls has since
reduced these values to the 200-300 ppb range (see
Figure 2.1).

Detailed examination of monitoring results reveals
that each city has a smog “climate” which is to some
degree unique. This can make comparisons based on
simple indicators such as peak annual levels

Routine ozone measurements have been made
regularly in Europe since about 1970. Ozone
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Figure 2.3. Peak annual 1-hour average ozone values in selected world cities, 1988-1992. (Source:
Kiely et al. 1995).
misleading. For instance, two sites may experience
similar annual ozone peaks, but one site may record
many more hours per year above some intermediate
concentration value, and have a much higher annual
mean concentration. This is important when
considering ozone effects in cases where cumulative
dose is significant, for example vegetation impacts.
Additionally, different locations within the same
urban area may record substantially different ozone

concentrations due to the local effects of traffic
emissions and meteorology. The number of
monitoring sites and their placement also has an
important effect on the data recorded and whether
peak values are accurately represented. These factors
complicate comparisons between different urban
centres.
All Australian state capital cities except Hobart have
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Figure 2.4. Trends of peak hourly average ozone concentrations in Australian capital cities. (Source:
annual reports of Australian state environment agencies, personal communications)
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2.7. AIR QUALITY STANDARDS

experienced significant photochemical smog events.
Figure 2.4 shows that, with the exception of Adelaide,
annual peak ozone concentrations are normally near
or more than 120 ppb. While there has been some
downward trend of peak values in Sydney and
Melbourne since the early 1980s, there are indications
that much of this trend was due to meteorological
factors, or limitations of the ozone monitoring
networks. Peak ozone readings in Perth since 1990
have been in the 100-130 ppb range, higher than those
in Adelaide, but lower than Sydney and Melbourne.
Peak values have declined slightly since 1991,
although other statistics have suggested a small
upward trend. Greater detail on Perth’s ozone levels
and comparative data from other Australian capitals
are given in Chapter 5.

Air quality criteria may be mandated nation-wide as
legal standards by central government agencies (as for
example in the United States by the US EPA) or
recommended by central agencies as objectives or
goals. The latter approach is followed in Australia and
Canada, and requires individual states or provinces to
embody the objectives in their respective statutes, or
otherwise reference them in guidelines, approvals or
licences, if they are to have legal status. In Australia,
air quality goals for major air pollutants such as ozone
are recommended by the NHMRC, with input from
experts in fields other than health, as required.
Individual states have, to date, generally not
developed and legislated their own air quality
standards. The exception is Victoria, which in its

Table 2.3. 1-hour average air quality standards for ozone in various countries and states.
Country/State

Value
(ppb)

Criterion

Australia, NHMRC (1995)

100

not to be exceeded more than once a year

250

public warning to be given if levels are expected to exceed 250

Australia, EPA Victoria
(1981)

120

acceptable level, not more than one day per year

150

detrimental level, not to occur

Canada (1989)

50

maximum desirable, long-term goal for protection of unpolluted areas

80

maximum acceptable, for protection against adverse effects on soil,
water, flora, fauna, materials, personal comfort and well-being

150

maximum tolerable, giving serious deterioration to air quality such as
to pose substantial risk to public health, requires urgent abatement

European Economic
Community

60

guide, not more than one day per year

120

limit, not more than five days per year

The Netherlands (1986)

60

guide value

120

limit value

60

limit value

120

alert level, public warnings issued

Mexico (1984)

100

standard

Brazil, Sao Paulo

81

standard, not more than one day per year

United States (1990)

120

standard, not more than one day per year

California

90

standard

World Health Organisation
(1987)

76-100

guideline to protect public health

Japan (1990)

Sources: IUAPPA 1988, Japan Environment Agency 1985, Streeton 1990, Cochran et al. 1992, Government of
Victoria 1981
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State Environment Protection Policy (Government of
Victoria 1981) established standard concentrations for
numerous air contaminants, including ozone. Details
are given in Tables 2.3 and 2.4.

In air quality management, it is common practice to
define several concentration values as objectives or
standards, which cover the range from desired clean
air to a general public health alert. Table 2.3 shows
that there is some consistency at the lower end of the
scale, where the words “guide” and “desirable” are
used. Values in the range 50-60 ppb match the lower
end of the range where physiological effects have
been detected.

As indicated in Section 2.4, ozone has a range of
effects on human health. Recognition of the adverse
effects of oxidants resulted in the establishment of
ambient air quality standards for ozone in many
nations, especially during the 1980s. At least 17
nations or national agencies have now issued ozone
standards (Cochran, Pielke and Kovacs 1992). The
existence of an effects threshold in the range 60 to
100 ppb may not be supported by recent research, but
primary standards adopted by most countries of the
world and states of Australia, which are intended to
protect public health, are roughly in this range. Many
existing standards, especially those below 100 ppb 1hour average, were based significantly on
extrapolation of effects on vegetation. Since the
shortest averaging time used in most air quality
databases is one hour, this period is the one usually
nominated in ozone standards. However, the need for
standards covering longer averaging times is being
examined as part of current re-assessments of ozone
standards in North America and elsewhere.

Above this range is a set of “acceptable” levels, for
which the term “standard” is closely equivalent.
These are generally taken as the concentration which
the population will accept only occasionally. Values
range from 80 to 120 ppb, with lower values usually
being of more recent origin. For example, the
Australian air quality goal for ozone was recently
revised (June 1995) from 120 ppb to 100 ppb (1-hour
average) with a recommendation that it be reviewed
again within five years. A 4-hour goal of 80 ppb was
also recommended by the NHMRC (NHMRC 1995,
Guest et al. 1994). In the initial submission to the
NHMRC (Woodward et al. 1993), the suggested new
values for adoption were 80 ppb (1-hour) and 60 ppb
(4-hour).
Finally, there is a range of levels which are judged to

Table 2.4. Long term air quality standards for ozone in various countries and states.
Country/state

Averaging
period

Value
(ppb)

Criterion

Australia, Victoria (1981)

8h

50

acceptable level, to protect vegetation, not to
be exceeded more than three times per year

8h

80

detrimental level, to protect vegetation, not to
be equalled or exceeded

Australia, NHMRC (1995)

4h

80

not to be exceeded more than once per year

WHO (1987)

8h

50-60

to protect public health

24 h

32.5

to protect vegetation

8h

30

to protect vegetation, average 09-17h daily,
May-Sep.

24 h

25

maximum acceptable

24 h

15

maximum desirable

1 yr

15

maximum acceptable

Austria (1987)

8h

50

Israel (1992)

8h

80

New Zealand (1986)

8h

30

South Africa (1965)

24 h

50

Canada (1989)

Sources: Government of Victoria 1981, NHMRC 1995, Elsom 1992, IUAPPA 1988, Cochran et
al. 1992, OECD 1990.
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be sufficiently damaging to a portion of the
population that they should ideally not occur at all,
and if they do, public health advisory notices may be
issued and special industrial control measures put into
effect. These range from 120 to 250 ppb.

In many areas where there is extensive forest cover,
such as the United States and Canada, emissions of
reactive biogenic ROC are very large and essentially
uncontrollable. As a result, reductions in
anthropogenic ROC emissions may have relatively
little impact on ozone formation regionally. The
emission of reactive biogenic ROC is proportional to
temperature, boosting photochemical activity on hot
days. Biogenic ROC emissions are also significant in
Europe (OECD 1990) and Australia (Carnovale et al.
1991).

Standards applicable at longer averaging times exist
in some nations. A summary is given in Table 2.4. It
seems likely that these long-term standards will
receive increased attention in the future.
The amount and quality of information available to
expert panels for the setting of standards has
increased dramatically since the mid 1980s, when
most existing ozone standards were set. Accordingly,
reviews have recently been carried out or are in
progress in several nations including Australia,
Canada and the USA.

Despite these obstacles, it is felt that the control
measures which have been applied have at least
helped prevent the situation getting worse. Some
notable successes have occurred, such as the
designation early in 1995 of San Francisco as an
“ozone attainment area”, despite a doubling of the
motor vehicle population in the past 25 years, and the
human population increasing by 50% to reach six
million. In 1969, San Francisco endured 65 days per
year over the 120 ppb limit. This fell to once per year
by 1994. The success of the Bay Area Air Quality
Management District is ascribed to an active program
of legislation beginning with automobile emission
standards in 1966, fuel vapour recovery (1974),
regional oxidant modelling (1975), vehicle emissions
testing (1984), transport management methods to
minimise single-passenger automobile use, and
progressively stricter ROC controls in 1989 and 1992.
Another major component was public education and
outreach, emphasised in the 1991 Bay Area Clean Air
Plan (Air Quality Week 1995).

2.8. CONTROL MEASURES
The following discussion of smog control measures is
based on documented experience around the world
and is presented here for information. Assessment of
control measures applicable to Perth’s smog has not
been undertaken within the context of this study.
As ozone is not emitted directly, but formed in the air
from other air pollutants (principally NOx and ROC)
control measures must focus on reducing the
concentration of these precursors. In most developed
nations a variety of controls are being applied in an
attempt to bring the photochemical smog problem
under control. However, despite more than 15 years
of effort, ozone continues to reach undesirable levels
in Europe, many parts of North America, and
Australia. There are several probable reasons for this
limited success. The understanding of real-world
emissions continues to be deficient, hence the scale
and nature of reductions which are needed is
imperfectly defined. Perhaps more significantly,
emissions from the mobile source sector have not
been reduced in line with improvements in emissions
control technology, as vehicle numbers and trip
lengths have continued to increase.

2.8.1. Industrial Control Measures
As noted in Section 2.3.1, the bulk of anthropogenic
NOx is due to combustion. Control options for NOx
use technology which reduces the production of
nitrogen oxides by changes in the design of
combustion chambers or burners. NOx formation is
greatly affected by the way in which fuel is delivered
and mixes with air. The entrainment of atmospheric
air (mainly nitrogen, a potential source of NOx) may
be restricted or even prevented completely, with the
substitution of a pure oxygen source. NOx formed
from entrained air (thermal NOx) constitutes the
majority of the NOx formed by high-temperature
combustion of gas or light oil. Some NOx is also
formed from the nitrogen in the fuel itself (fuel NOx).

A consensus view in the USA is that controls on both
NOx and ROC emissions are needed if ozone is to be
brought under control. However, the effect of NOx
and ROC controls on ozone levels is variable and
complex, depending on many factors including local
climatology and atmospheric transport, and the
relative magnitudes of NOx and ROC emissions in a
given airshed. An ironic feature is that in some large
urban areas, ozone levels may actually rise in
response to a lowering of NOx emissions, although
regions downwind may benefit. Whereas NOx
controls can potentially bring benefits over a
substantial area, the effects of ROC controls are
usually felt closer to the source of emissions.

NOx formation increases with increasing combustion
temperature and pressure. Therefore, engineering
control options focus on reducing peak flame
temperatures in boilers and kilns, and reducing excess
oxygen levels. Off-stoichiometric combustion (OSC)
regulates the oxygen content in a furnace, reducing
both fuel and thermal NOx by about 30%. Flue gas
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recirculation can also be used to reduce excess
oxygen. Low-NOx burners, which may be fitted or
retrofitted to steam boilers, can reduce NOx emissions
by 30-50% (OECD 1988).

stillwells, used for monitoring liquid levels in storage
tanks, offers the potential to reduce residual ROC
emissions from these tanks by about 50%.
Wastewater treatment systems (e.g., oil separators)
are covered to reduce fugitive emissions.

Changes in burner design, oxygen or fuel
management cannot reduce NOx emissions much
beyond 50% in thermal power plants. Other methods
such as catalytic scrubbing of flue gases are
potentially more effective, and can reduce emissions
by up to 90%. For example, NOx can be reduced to
nitrogen and water by use of ammonia and a catalyst
(selective catalytic reduction, or SCR). Some other
advanced combustion technologies, used primarily for
energy efficiency benefits and to control sulphur
dioxide emissions, also offer benefits of reduced NOx
emissions, for example integrated gasification
combined cycle (IGCC) and atmospheric fluidised
bed combustion (AFBC). NOx output is reduced by
about 40% with these methods, applicable to coal
plants. NOx emissions from gas turbines can be
abated by diluent injection, in which water or steam is
introduced with the fuel, or by SCR. Recently
introduced “dry low NOx” technology for gas
turbines employs premixing of fuel and air at a very
lean ratio to achieve low emissions (Schorr 1992).

2.8.2. Motor Vehicle Controls
Between 40 and 60% of the NOx present in the air in
industrialised regions is emitted from motor vehicles.
This proportion may be higher in large, low-density
urban regions with relatively little heavy industry. In
Australian cities, motor vehicles have been estimated
to generate 50-60% of the hydrocarbons and as much
as 80% of the NOx (Carnovale et al. 1991 − see also
Chapter 6). Despite major efforts, adequate control of
emissions from this sector has proven difficult.
Although the emission rate per kilometre has fallen
considerably for many makes of vehicle in the past 15
years, the total number of vehicles in use and vehicle
kilometres travelled (VKT) has increased inexorably,
cancelling out a proportion of potential gains in air
quality.
In addition to the emission control devices which may
be fitted, motor vehicle emissions depend on many
factors, including the total kilometres driven, engine
condition, weather, fuel quality, and driver behaviour.
Emission control devices deteriorate and are also
tampered with by owners. With the exception of fuel
quality, these factors are difficult or impossible to
control. This may be an important reason for the slow
progress in bringing ozone under control in parts of
the United States and elsewhere where major control
initiatives have been undertaken.

Some power utilities in the USA have opted to reduce
smog-forming emissions indirectly by offering to buy
and scrap older model cars, thereby obtaining an
emissions credit. These so-called scrappage or
“clunker” programs have been accepted in some cases
by the US EPA, but not without criticism. Older
model vehicles are able to run cleanly if adequately
maintained, and it is not certain that those people
scrapping an old vehicle will replace it with a cleaner
running model, or even if the vehicle scrapped was
being used much (e.g., Beaton et al. 1995).

The printing industry is reducing ROC emissions with
the use of low-ROC inks and ROC recovery. Vapour
recovery is also used in dry cleaning and metal
degreasing operations.

Catalytic converters were adopted in the United States
in the mid 1970s to control tailpipe emissions when it
became apparent that greatly improved motor vehicle
emission performance was needed to bring the serious
ozone problems in California under control. The
necessary reductions in CO, NOx and hydrocarbon
emissions could not all be achieved via tuning or
air/fuel ratio modifications, since the lean mixtures
which reduce CO and hydrocarbons maximise the
production of NOx. The introduction of unleaded
petrol in Australia in 1985 enabled the use of catalytic
converters on 1986 and later model vehicles. James
(1995) estimated that 85% of the post-1985 light-duty
vehicles in use in Perth in 1994 were fitted with threeway catalytic converters, the remaining 15% having
two-way catalysts.

For petroleum refineries, emissions are reduced by
routine inspection for, and repair of, leaks from
valves, gaskets and compressors, and the use of
floating roofs in storage tanks. Recent practice is to
install double seals on these tanks. The covering of

A revised Australian Design Rule (37/01) which
governs emissions from light duty vehicles was
gazetted in March 1995, and will affect vehicles sold
in 1997. The new standard will be equivalent to US
standards for the 1981-1993 period. However, new

Industrial approaches to ROC control vary according
to process. Major emission reductions have been
achieved using paints, varnishes, adhesives and
finishing compounds with reduced organic solvent
content, or which use water as the carrier medium
instead of organic solvents. Industries using these
compounds include manufacturers of furniture and
wood panelling, the automotive manufacture and
repair industries, and appliance manufacturers.
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vehicles for the Australian market may have lower
emissions than the 37/01 requirements, as control
devices required for more stringent standards
elsewhere are likely to be fitted (ACVEN 1994).

program mandates that the new vehicle fleet
emissions average must meet increasingly demanding
standards each year through to 2003. This can be
done using any combination of four types of specified
vehicle (Table 2.5).

Vehicle inspection and maintenance programs (often
abbreviated to I&M) have become one of the major
initiatives aimed at reducing the output of automotive
smog precursors in North America and elsewhere.
These programs are intended to ensure that the
emission characteristics of new vehicles are as far as
possible retained during use. Vehicles not passing the
tests are typically denied re-registration until repairs
are made to bring emissions within acceptable limits.

Two per cent of all vehicles sold in California in 1998
must be Zero Emission Vehicles (ZEVs), rising to
10% in 2003. The only vehicles able to meet the ZEV
designation at present are electric vehicles.
At the date of writing, five states in the east of the
USA have adopted the California LEV program, and
four more are proposing to do the same, although
there has been significant political opposition from
major vehicle manufacturers, in particular concerning
the ZEV requirement. In Canada, the LEV program
has received active consideration (Schwartzel 1994),
and new vehicles will be required to meet the LEV
standard from 2001.

In Australia, New South Wales is developing a motor
vehicle maintenance program, which currently
employs a visual check of the catalytic converter as
part of the annual vehicle safety check. Emissions
testing options are being evaluated to help design an
effective I&M program (RTA 1995). In Victoria and
NSW, police and EPA officials operate a “spotting”
program for vehicles visibly emitting excessive
pollution. Offenders are required to have their
vehicles repaired and to provide proof of repair. A
similar program is being piloted in Perth.

Environmental agencies are recognising the ultimate
limitations of technology alone to combat the urban
vehicle-related smog problem, in the face of
constantly expanding low-density suburbs, inhabited
by residents who are culturally and often logistically
dependent on cars. Reducing the need to travel, by
changing work practices, redesigning urban
community layout and making public transit more
efficient and attractive are measures which will be
critical in the long term if vehicle emissions are to be
adequately controlled. These approaches will still
need to be coupled with increasingly stringent
emissions standards (BC MOE 1995, Oge 1995).

Despite the heavy emphasis placed on I&M programs
in the United States and elsewhere, the I&M approach
is not without critics. The emissions test is only
applied once per year at most, and the results may not
apply to the vehicle when in use the rest of the time.
Additionally, the I&M test does not consider how
much a vehicle is used. A relatively high emitter may
be a smaller contributor over a year than a cleaner
vehicle which is driven much more.

2.8.3. Other Sectors

Reformulated motor fuels are in use in the USA and
are being evaluated in Europe, Canada and elsewhere
(Burke 1995, BC MOE 1995, US EPA 1994). In
comparison to normal fuel, reformulated blends
usually have a lower Reid vapour pressure, sulphur,
aromatic and olefin content, and a higher level of
oxygenates. The impact of reformulated blends may
be difficult to evaluate with confidence. There is no
expectation that the use of these new blends will on
its own solve urban ozone problems. Whereas
reformulated petrol is expected to reduce hydrocarbon
emissions by 15%, the use of engines optimised for
methanol or ethanol offers reductions of 80-90% (US
EPA 1993). However, emissions of air toxics such as
formaldehyde may rise, and the small market
penetration of special fuel vehicles means potential
benefits are small compared to fleet-wide use of
reformulated fuels.

In addition to vehicle testing programs, regions
suffering from particularly severe ozone pollution
have adopted technology to prevent evaporative
losses of petrol and other organic fuels during
shipment and handling, when storage tanks are filled,
and at the petrol pump. Other controls on evaporative
losses of petroleum fuel include absorptive canisters
Table 2.5. Controls on vehicle emissions in
California.

California is requiring the phasing in of vehicles with
progressively cleaner engines starting in 1994.
Legislation for the Low Emission Vehicle (LEV)
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Vehicle Category

Characteristics

Transitional low
emission vehicle

50% less ROC than
1994 models

Low emission vehicle

75% less ROC, 50%
less NOx

Ultra-low emission
vehicle

84% less ROC, 50%
less NOx and CO

Zero emission vehicle
(ZEV)

No exhaust or
evaporative emissions

on vehicles to capture vapours from the fuel tank, and
reducing the vapour pressure of the fuel itself (Reid
vapour pressure).

the NHMRC ozone guidelines on the next day. At the
time of writing, New South Wales was using 120 ppb
as the guide value, whereas Victoria was employing
90 ppb, which corresponds to their “light” pollution
descriptor. Values more than 120 ppb are considered
“significant” and a “breach of policy”. In both
jurisdictions, those with respiratory complaints are
advised to use their medication and avoid strenuous
activity.

In 1995, California began regulating pollutant
emissions from off-road engines, such as those from
lawn mowers, outboard motors, chain saws and
tractors. Many of these engines, even when new, emit
an amount of ROC and NOx in one hour equivalent to
driving a typical passenger car 300-500 km. Off-road
engines are estimated to produce 15% of the total
NOx and 20% of the non-biogenic ROC in the United
States (US EPA 1991). The US EPA is expected to
adopt the California off-road engine standards
nationally (Schwartzel 1994).

2.8.5. Economic Instruments
A variety of economic instruments are in use which
are designed to control air pollutant emissions. By
making use of fiscal incentives, economic instruments
are intended to provide rapid response and greater
flexibility and cost-effectiveness in comparison with
the more traditional “command and control” approach
to pollution management.

The open burning of agricultural, forestry or
biomedical wastes, domestic or municipal refuse,
natural bushfires or prescribed fuel reduction burns all
have the potential to produce both NOx and ROC.
Some of these activities are controllable, for example
NOx controls may be fitted to biomedical or
municipal waste incinerators. Natural bushfires and
controlled burns are managed to minimise risk to
property and to preserve commercial forest stands,
but considerable emissions may still result, which
may occasionally have a significant influence on
ozone concentrations (e.g., Rye 1996a).

Emission charges are fees assessed for each tonne of
pollutant released, and are intended to induce
companies to reduce pollution as much as possible.
The use of emission permits, which may be bought,
sold and traded in a regulated market is another
market-based approach which has been used in air
pollution control. Companies must collectively meet
overall emissions caps, and individual firms can do
this by reducing their emissions as required or, if they
consider it more cost-effective, by purchasing an
emissions allowance, which only exists if another
company within the trading zone can achieve a
reduction beyond their allowance. The company
which has made emission cuts benefits by selling the
surplus allowances.

2.8.4. Episode Control
In some parts of the world, smog may occur in
episodes of more than one day. Episode control is a
management approach employed to prevent smog
reaching hazardous levels. For example, public
advisory notices may be issued on days of high smogforming potential, determined by analysis of the
weather and current smog levels. The public may be
advised to avoid the use of solvents and oil-based
paints, lawn mowers and outboard motors, to avoid
unnecessary vehicle trips, to car pool if possible, and
to refuel vehicles after dark to minimise ROC
emissions during periods of peak temperatures and
smog-forming potential. The public are also advised
to ensure that their cars are well maintained, to drive
at reduced speeds, make sure tyres are properly
inflated, and to reduce electricity consumption in the
home. Smog advisory notices may also contain a
message warning against heavy outdoor exercise.
Open burning is usually banned during the ozone
season, but a reminder may be included that such
burning (including the use of barbecues) makes smog
episodes worse. The effectiveness of these notices in
reducing smog is uncertain.

The experience with trading schemes so far seems
mixed. There may be regional inequities if companies
in a given region buy permits rather than cleaning up.
Some companies are not sufficiently aware of the
control options available, therefore their decisions are
not made as the “theoretical” market would predict. It
is unclear whether even in the United States, the
markets are large enough to function effectively as
predicted by economists (A’Hearn, Wilson and
Hardiman 1994). There is also an increased need to
invest in monitoring equipment, verify the actual
emissions produced by each source, and enforce
sanctions effectively, if the emissions trading
approach is to succeed.
Some control of motor vehicle emissions has also
been attempted in the USA, Canada and Sweden by
the use of rebates and “feebates” applied to new
vehicles when sold. A tax is applied to the sale price
of the most polluting cars, and rebates are paid to
purchasers of cleaner models. Critics suggest that the
feebate/rebate values typically applied are insufficient
to have a major influence on buyer behaviour.

In Australia, there are as yet no smog advisory
programs containing prescriptive messages requiring
the public to modify their behaviour. In Sydney and
Melbourne, information is added to routine air quality
bulletins warning the public of expected breaches of
18

3. Perth’s Photochemical Smog
Climate
3.1. METEOROLOGY AND
ATMOSPHERIC DISPERSION

The layer of the atmosphere in which turbulence
occurs is termed the “boundary layer”. The depth of
the turbulence (the “mixing depth” in Figure 3.1) sets
an ultimate limit to the benefits of turbulent
dispersion. Over land during the day time, this depth
grows to be large, typically in the range of a kilometre
or more. But at night and over water, mixing depth
may remain only a few hundred metres, or less.

Atmospheric pollutants will only reach high
concentrations when weather conditions are suitable.
The main determining factors are wind speed, and the
intensity and depth of atmospheric turbulence (Figure
3.1).
Wind is probably the most obvious influence. When it
is windy, emitted pollutants are spread over a broad
region, and concentrations are reduced. Light winds
allow emissions to remain close to the source, and
accumulate in higher concentrations. However, even
when wind speeds are greater, a change of wind
direction can result in the return of pollutants to the
area where they were emitted. Such “recirculation”
events cause problems in many of the world’s cities.

3.2. THE SEA BREEZE
The Perth summer season is characterised by
prevailing offshore winds, with long periods of fine
and warm weather. The resulting temperature
difference between sea and land regions creates an
onshore pressure difference, which leads to regular
sea breezes. Due to the Coriolis effect and surface
friction, the sea breezes are directed clockwise around
the low pressure region (the land) and onshore, so are
south westerly at Perth.

Atmospheric turbulence reduces the concentrations of
pollutants by mixing them with clean air. The flow of
wind over rough surfaces, and convection over heated
land, both generate atmospheric turbulence. By
contrast, water surfaces remain aerodynamically
smooth and cool. The layer of undispersed haze often
visible offshore near coastal cities is evidence of the
limited turbulent mixing over water bodies.

Photochemical smog events in the Perth region are
closely linked to this daily wind pattern. In the
Department
of
Environmental
Protection’s
monitoring records, high smog concentrations have
only ever occurred when a sea breeze was present.

Figure 3.1. Factors affecting the dispersion of pollutants in the atmosphere.
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•

sufficient heat and sunlight must be present to
drive the chemical reactions which form smog;
and

•

the air mass containing Perth’s emissions must
remain in the Perth region, generally offshore and
largely undispersed as the smog develops.

The temperature and sunlight of a Perth summer day
are generally more than sufficient, so the second
condition is usually the controlling factor.

Perth central
business district

There are several points in the sea breeze cycle where
dispersion is reduced and smog development is
enhanced. In the early morning, low mixing depths
result from persistence of the stable night-time
conditions, before convection becomes active. The
wind flow takes the city’s concentrated pollutant
emissions offshore, where the absence of convection
and the smooth water surface ensure that low
turbulence and low mixing depths persist.

Kwinana
industrial area

During this period, the chemistry and meteorology of
the smog-forming processes interact. Chemical
reactions proceed faster when concentrations are
higher. This means that, while the emissions remain
offshore and poorly diluted, smog reactions progress
more rapidly.

Figure 3.2. The path of air masses offshore, then
onshore, on a typical Perth smog day (21 March
1994). The black line shows the path of air which
passed across the Perth business district in the
morning and the shaded line shows that for the air
which passed across the Kwinana industrial area.

When the sea breeze subsequently moves onshore, the
reduction of mixing depth described in Section 3.2
takes effect. Both the morning’s emissions, and the
mid-day contribution added as the air moves inland,
remain poorly dispersed.

The sea breeze is one example of a recirculation event
(Figure 3.2), since the onshore flow normally
develops after an offshore easterly wind. Particularly
when morning winds are north easterly, the morning’s
pollutant emissions can be returned across the city.

The Perth Photochemical Smog Study has shown that
there are several qualifications and variations to these
principles:
•

The influence of the sea breeze also arises through its
effect on inland mixing depths. It brings cool air
onshore, replacing a layer of air already warmed by
convection. Due to the temperature difference, the sea
breeze is denser than the inland air mass, so that air
within it can not mix with air above. This means that
mixing depths when the sea breeze occurs are
commonly reduced to only a few hundred metres.

Normally, the sea breeze circulation begins some
distance offshore. Winds seaward and landward
of its formation zone retain an offshore direction
for longer. If this zone is close inshore, or wind
speeds are more than a few metres per second,
8am

The importance of this effect has previously been
identified in Western Australia. Its consequences were
first studied in detail during the Kwinana Air
Modelling Study (Department of Conservation and
Environment 1982).

12 noon

Sea Breeze

3.3. SMOG CONDITIONS
For photochemical smog to form over Perth, two
weather conditions other than the presence of a sea
breeze must be met:

Figure 3.3. When offshore flow is strong, or the
sea breeze forms close to the shoreline, the city’s
morning emissions may be lost from the region.
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8am

the air mass containing morning emissions will
reach the seaward side of the initial sea breeze
zone, and so be lost from the region (Figure 3.3).

12 noon

Typically, the sea breeze forms close to the shore
when morning wind directions are between
southerly and easterly. On days when the initial
wind direction is in this range, Perth’s emissions
are carried generally northward, and do not return
to the city. These two effects combine to ensure
that, on such days, significant smog events do not
occur in the Perth region.
•

•

Sea Breeze

When morning winds are from north of east, the
sea breeze forms further offshore. Morning
emissions may still be on the land side of the sea
breeze when it develops. In such cases, the
emissions are drawn into the growing sea breeze
flow. It is in these conditions that significant
concentrations of photochemical smog are most
often seen in Perth (Figure 3.4).

Figure 3.4. When the morning easterly is light, or the
sea breeze forms well offshore, the forming smog
may be trapped in the sea breeze, and returned to the
city.
change at the trough also propagates landward
during the day, in the same manner as the leading
edge of the sea breeze. This brings further
emissions onshore, possibly after the passage of
the sea breeze.

If a low pressure trough is located off the south
west coast in the morning (as in Figure 3.5), a
wind direction change from offshore to onshore
exists already, at the trough axis. Perth’s
emissions can therefore not escape past the
trough. A sea breeze generally develops, and may
return some of the city’s emissions. The wind
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In these conditions, the winds near Perth tend to
be lighter than normal, and typically from a north
easterly direction. These conditions have the
highest potential for smog formation in Perth.
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Figure 3.5. The coastal low pressure trough on the morning of 16 March 1994, a typical example of this feature.
The trough axis is shown by the broken line. Pressures shown are in hPa (hectopascal).
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4. Overview of Activities
The greatest focus of effort during the Perth
Photochemical Smog Study was directed at measuring
the city’s photochemical smog events and their
accompanying meteorology. At the same time,
estimates were assembled of gaseous emissions which
were known to contribute to photochemical smog
formation.

Perth region. This analysis was done using a variety
of computer models to represent smog events, as
described in the following chapters.

4.1. CONTINUOUS AIR QUALITY AND
METEOROLOGICAL SURFACE
MEASUREMENTS

These data collection activities had two primary
objectives:

4.1.1. Monitoring Site Locations

The first objective was to provide detailed
information, never previously obtained, on the
concentrations of photochemical smog occurring over
the Perth region. This information on Perth’s air
quality is of primary importance in its own right and
represents a major outcome of the study.

Before the study, the DEP monitoring station at
Caversham was the only station in the Perth region at
which the key photochemical smog parameters, ozone
and oxides of nitrogen, were measured together. As a
part of the study, seven new stations were initially
established, recording these smog parameters and
meteorological parameters, plus five stations
recording meteorology only.

The second objective was to provide a
comprehensive data base for use in analysing how,
when and where photochemical smog forms in the

Monitoring sites were chosen on the basis of the need

Gingin
Two Rocks
Pinjar

Tiwest Chandala

Rolling Green

Quinns Rocks

Ocean Reef

Gidgegannup

Cullacabardee
Middle Swan

Red Hill
Mount Lawley
Swanbourne

Caversham
Belmont

Queen's Buildings
Kenwick
Rottnest Island
Canning Vale
Jandakot

KEY
AQMS Sites
Meteorology only
Sodar

Hope Valley
0

Scale (km)
5 10 15

20

North Rockingham

Radar
Bureau of Met.

Figure 4.1. Locations of measurement sites used for the Perth
Photochemical Smog Study. The abbreviation “AQMS” represents “Air
Quality Monitoring Station” (see Section 4.1.2)

22

to define the areas of smog influence and to
understand how regional meteorological patterns
influence the distribution and concentration of smog.
To ensure that site choices were as informed as
possible, the CSIRO Division of Atmospheric
Research was contracted before the start of the
monitoring program to examine the wind and smog
data available from the existing site at Caversham.
This yielded preliminary analyses of air parcel
trajectories and photochemical activity across the
region. Sites for monitoring stations recommended by
CSIRO were consistent with those identified by the
study team, based on an understanding of the local
meteorology.

Caversham. It was selected to ensure that the effects
of smog carried by occasional north westerly sea
breezes were measured, and that there was a site
which would measure smog originating from
Kwinana industry during on-shore winds.
• Rottnest Island was the only location where it was
possible to measure smog development offshore. It
was selected on the basis of a strong impression
(proven correct) that the data from this site would
be of great value in developing an understanding of
Perth’s smog events. It proved to be a valuable
source of on-line data during field experiments,
since it usually received the sea breeze, and any
associated photochemical smog, first.

Final site choices are shown in Figure 4.1. These were
a compromise between the preferred locations and
sites that were physically and logistically viable.

The sites listed above were the original seven. After
monitoring across two summer periods at Two Rocks,
the study team was satisfied that a clear decline in
smog concentrations occurred north of Quinns Rocks,
so that continued monitoring at Two Rocks was not a
high priority. Other stations were established for
shorter periods in the course of the study to
investigate specific issues, as follows:

In brief, the logic for site choices was as follows:
• Rolling Green was chosen as representative of the
region likely to receive Perth’s smog in the late
afternoon. The study team was aware of findings
from Sydney and Melbourne that peak smog levels
could occur many tens of kilometres from the
source of emissions. Rolling Green was the
easternmost of a line of stations, namely Rottnest −
Swanbourne − Caversham − Rolling Green, which
could be expected to measure the inland
progression of smog during on-shore winds.

• Gingin. The Two Rocks station was moved to the
Gingin airfield in September 1994 to measure the
effect of the Pinjar gas turbine power station.


• Jandakot. This station was established in March
1994 to measure the plume from Kwinana, close to
the source.

• Quinns Rocks and Two Rocks were selected to
detect recirculation over northern residential areas
of the previous day’s smog after it had been blown
inland, and to measure the inflow of smog when the
sea breeze returned it to the northern beaches. No
events of the first kind were detected during the
study, possibly due to the non-occurrence of the
relevant weather conditions, but these sites revealed
many of the second kind of event.

• North Rockingham. This existing DEP station was
equipped with monitors for ozone and nitrogen
oxides for a portion of the summer of 1993-1994, to
see whether smog recirculation southward of the
major emissions sources could be detected.


Figure 4.1 also shows the DEP stations at Queens
Buildings in the Perth central business district and
Hope Valley near Kwinana. Both stations are in the
immediate vicinity of large emissions of nitrogen
oxides. This parameter is measured at the stations but
ozone is not, for reasons explained in Chapter 5.

• Swanbourne was chosen as a measurement site for
two reasons. The first was the need to obtain a
regular sample of the offshore flow of the city’s
morning emissions, before photochemical smog had
started to form. The location was also expected to
be the site which often received the first inflow of
smog with the afternoon sea breeze.

4.1.2. Overview of the Air Quality
Monitoring Stations

• Cullacabardee was chosen on the basis of CSIRO
modelling, which showed a strong possibility of the
smog mass passing north west of Caversham on
days when the sea breeze did not penetrate well
inland. Monitoring confirmed that this did happen.
The location, well removed from suburban
residences, also proved ideal for siting noisy sodar
and radar instruments (see Section 4.3).

Normally, each Air Quality Monitoring Station
(termed an “AQMS”) consisted of a transportable
shed surrounded by a 12 metre square and 1.8 metre
high galvanised chain-linked security compound. The
clearest exception was the Queens Buildings site,
located in a building in the central business district.
Figure 4.2 shows a typical AQMS, using a
prefabricated, skid mounted shed measuring
approximately 4.8 x 2.4 x 2.4 metres. All sheds were
air conditioned, due to the temperature requirements
of the sensitive electronic instruments inside.

• Kenwick, located to the south east of the city, was
not expected to experience smog levels as high as
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Figure 4.2. A typical Air Quality Monitoring Station (AQMS) shed, at the Caversham site.
With the exceptions previously noted, monitoring
equipment at each station included instruments
measuring ozone, nitric oxide and nitrogen dioxide.

Carbon monoxide, sulphur dioxide and hydrocarbons
were also measured at some stations. These
instruments, plus an IBM compatible personal
computer and chart recorder (see Figure 4.3), were
arranged along benches in each shed. At some
stations a nephelometer, used to measure visibility
reduction due to airborne particulate matter, was fixed
to an internal wall. Where possible, the
instrumentation at each site was standardised to
enable equipment interchange.
Airtrak 2000 instruments were installed at Caversham
and Swanbourne. These instruments were designed to
measure the constituents and the reactivity of
photochemical smog. The instruments did not operate
reliably throughout the study, except for brief periods
with intense maintenance.
Most sites also included a 10-metre tower supporting
wind speed, wind direction and temperature sensors.
The DEP stations at Caversham and Hope Valley
have higher towers to allow two-level measurements
of temperature well above the top of the shed. These
two stations also include instruments for measuring
radiation (global, net and ultra violet) and other
meteorological parameters.

Figure 4.3. AQMS shed interior. The personal
computer, logger and chart recorder used by the
telemetry system are shown.

Table 4.1 summarises the variables measured at each
site and the site commissioning date.
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Table 4.1. Summary of data recorded at all sites during the Perth Photochemical Smog Study
Site
Caversham
Swanbourne
Kenwick
Quinns Rocks
Cullacabardee
Rolling Green
Rottnest Island
Jandakot
Two Rocks
Gingin
Queens
Buildings
Hope Valley
Rockingham
Gidgegannup
Middle Swan
Pinjar
Belmont
Canning Vale
Red Hill

Data
start
10/89
08/92
09/92
10/92
12/92
12/92
12/92
03/94
11/92
08/94
07/89
01/89
10/91
02/93
09/92
07/93
08/92
12/92
12/92

Parameters Measured
O3

•
•
•
•
•
•
•
•
•
•

•

NOx SO2

•
•
•
•
•
•
•
•
•
•
•
•
•

CO

HC

•
•

TSP VISI PM25 PM10 WS10 WD10 AT10 RH10 DELT NR

•
•
•

•
•
•

•
•

•
•
•

•

•
•
•

•

•

•

•
•

•

•
•
•
•
•
•
•
•
•
•

•
•
•
•
•
•
•
•
•
•

•
•
•
•
•
•
•
•
•
•

•

•

•

•

•

•
•
•
•
•
•

•
•
•
•
•
•

•
•
•
•
•
•

•

•

SR

UV RAIN PRES ATRKSODR RASS

•

•

•

•
•

•
•

•

•
•

•

•

•

•

•
•

Explanation of symbols:
Parameter

Parameter Description Model

Manufacturer

Method

O3
NOx
SO2
CO
HC
TSP
VISI
PM25

ozone
nitrogen oxides
sulphur dioxide
carbon monoxide
hydrocarbons
total suspended particulates
visibility
sub 2.5 micron particles

TEI49
TEI42
8850S
TEI48
APHA-350E
Mk3
1591 / 1550
1400a

Thermo Environmental Instr
Thermo Environmental Instr
Monitor Labs
Thermo Environmental Instr
Horiba Ltd.
Cairns Instrument Services
Belfort Instrument Co.
Rupprecht & Patashnick

PM10

sub 10 micron particles

Mk3

Cairns Instrument Services

WS10
WD10
AT10
RH10
DELT
NR
SR
UV
RAIN
PRES
ATRK

wind speed at 10 m.
wind direction at 10 m.
air temperature at 10 m
relative humidity at 10 m
temperature change 6-18 m
net radiation
solar radiation
ultra violet radiation
rain
atmospheric pressure
Rsmog

WMIII
WMIII
6507
MP100
CN1
8-48
TUVR
491001
PTA427
Airtrak 2000

SODR

wind profile

Mk4

RASS

wind and temperature profile Lap3000

Climatronics
Climatronics
Unidata
Rotronics
DEP
Middleton
Eppley
Eppley
Rimco
Vaisala
Mineral Control
Instrumentation
Australian Defence Force
Academy
Radian

Ultraviolet absorption
Chemiluminescence
Ultraviolet fluorescence
Gas filter correlation
Flame ionisation
High volume sampler
Integrating nephelometer
Tapered element oscillating
microbalance (TEOM)
High volume sampler with size
selective head
Three cup anemometer
Wind vane (single potentiometer)
Thermistor, non aspirated
Capacitative hygrometer
Electronic subtraction
Net pyrradiometer
Black and white pyranometer
Selenium PE cell
Tipping bucket
Barocap silicon capacitive gauge
Gas-phase titration
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Doppler acoustic sounder
915 MHz doppler radar and RASS

•

4.1.3. Daily Telemetry

Chart
Recorder

Monitor

Logging of data at each site was performed using a
Unidata STARLOG Macro data logger. This device
uses a microprocessor to control the conversion of
measured electrical signals to numerical values.
In operation, the logger scans all the air quality and
meteorological channels at the site at one second
intervals. The logger’s microprocessor then generates
a 10-minute average for each parameter, which is
subsequently stored in the logger’s memory.

Site PC

Data
Logger

The stored data can be accessed by a suitably
programmed personal computer. The DEP’s system,
used for the PPSS, employs a customised program
which can be controlled using either remote
commands transmitted via a modem, or local
commands from the station computer’s keyboard. The
program allows many site software maintenance tasks
to be performed remotely (from DEP head office),
and allows transmission of logged data at any time
(Rye 1991).

Modem

Controlling
Computer

Retrieval of data by telemetry can be performed
manually or automatically, using a companion
program on the central computer system located at the
DEP head office (Figure 4.4).

Figure 4.4 Monitoring site data flow.
sensitivity range. At all other times, the monitors were
calibrated monthly.

Normally at 7am and 3pm each day, all sites are
automatically contacted by the central computer. Any
new data gathered by each logger since the last dialup are transferred.

The calibrations were performed on-site using
certified span gases (i.e., of accurately known
concentration), or a calibrated ozone source, and
calibrated gas blending equipment. The monitor’s
voltage outputs, typically at 90%, 60%, 30% and 0%
of its full scale input range were recorded in the site
log book.

Data from each site are returned in compressed
hexadecimal format. As part of the telemetry retrieval
process, the measurements recorded in the data files
are converted firstly to the voltages measured by the
logger. These are then transformed, using the most
current calibration (see Section 4.1.4) to measurement
units, such as metres per second for wind speed, and
placed into the data base for that site.

A linear calibration expression of the type:
Concentration = Slope x Voltage - Offset
was determined using the method of least squares.
Generally, a correlation coefficient better than 0.9999
was achieved.

Each morning, time series plots of all 10-minute
averaged data for the previous day are examined to
determine whether any faults or breakdowns have
occurred.

The sole deviation from this process was for the
nephelometers, for which two-point (rather than fourpoint) calibrations were done twice monthly using
suitable span and zero gases.

On days when a smog event was expected, this data
retrieval was often performed hourly. Any site can
also be contacted manually at any time throughout the
day, and the data viewed or retrieved.

The gas blending equipment was calibrated at threemonthly intervals at the DEP’s workshop.

4.1.4. Instrument Calibrations

Calibrations of the meteorological equipment were
performed at longer intervals (namely six to 12
months) as these instruments tend to be more stable
than the gas monitoring equipment.

Calibrations were performed routinely on all
instruments. During the summer months (November
to March), all instruments were calibrated twice
monthly. This process involved measuring output
voltages from the monitor at conditions of zero input,
and at three other levels covering the instrument’s

Further detail on quality control and preventative
maintenance is provided by Grieco, Mountford and
Kleinfelder (1996).
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4.1.5. Data Processing

All measurements were provided on diskette, so that
processing was a simple procedure. A computer
program was used to perform automatic format and
data validity checks. When passed, the wind data
were added to a data base compatible with the rest of
the study data.

Once a month, all the data that had entered each site’s
data base for the previous month were reprocessed to
replace any unwanted or incorrect data with an error
code. The replaced data included calibrations, power
failures, monitor repairs, monitor baseline drifts and
other spurious occurrences that incorrectly reflected
the ambient conditions prevailing at the time. The site
log-book contained the dates and times of
maintenance, such as calibrations and monitor repairs.
The remainder, such as power failures and instrument
failures, were found by cross-checking a computer
plot of the monitor’s voltage output and the
monitoring station chart recorder trace.

Of the four sites, two were near air quality monitoring
stations, operated for the study, at which winds were
also measured. The Bureau of Meteorology’s data for
these locations formed a backup data set. In the case
of Rottnest Island, the Bureau of Meteorology’s site
proved slightly more representative of offshore wind
directions, and was used in preference to the AQMS
wind data when available.

When reprocessing the data, any drift in the monitor’s
output during the period between any two calibrations
was assumed to be linear. A linear interpolation was
consequently performed over time, from one
calibration equation to the next. An individual
calibration equation was generated from the
interpolation for every 10-minute average. The newly
calculated value was then re-entered into the data
base, overwriting the original value.

4.3. VERTICAL MEASUREMENTS OF
WIND AND TEMPERATURE
While photochemical smog is forming, the air mass
carrying it can pass through a number of wind
regimes. Where these winds converge, vertical
motions develop and the forming smog can be carried
to higher levels. Later, the smog may descend in a
region where the winds diverge. Such complications
mean that, to follow the movement of smog, details of
winds at levels up to a kilometre or more are required.

The initial stages of processing of data as described
above are equally valid for the data obtained from the
meteorological equipment. Data processing for the
two types of equipment is different to the extent that
there is no need for the secondary processing of
meteorological
data,
the
calibrations
of
meteorological equipment being essentially more
stable. Meteorological data in the database were
edited monthly for errors that occurred due to power
failures, instrumental problems, and occasional
unexplained spikes which were clearly incorrect data.

In addition, to estimate the rate of dispersion of smog,
the stability of the atmosphere must be determined.
To estimate this, air temperatures up to several
hundred metres are also required.

4.3.1. Sodar Sites
The term “sodar” is a derivative of “radar”, and stands
for “sound detection and ranging”. Like a radar, a
sodar transmits pulses of waves, but uses sound rather
than radio signals. Where small temperature
variations in the atmosphere occur, the speed of sound
changes, causing some of the sound to be reflected.

Grieco, Mountford and Kleinfelder (1996) provide
greater detail on the daily and monthly data
processing procedures.

4.2. BUREAU OF METEOROLOGY
SURFACE MEASUREMENTS

Sodars incorporate three large enclosures, each
housing loudspeakers mounted at the focus of a
parabolic dish. One enclosure points vertically
upwards, while the other two point at an angle from
vertical (see Figure 4.5) and are mounted at right
angles to each other.

At the start of the study, the Bureau of Meteorology
was operating automatic weather stations at Rottnest
Island, Swanbourne and Ocean Reef (see Figure 4.1).
Later, sites at Mount Lawley and Gooseberry Hill
were added. Wind measurements from these sites
were available on the same 10-minute averaging
interval as used for the study’s data logging.

The three units emit, in sequence, a brief frequency
tone of approximately 2kHz. The emitting speaker is
then switched to become a microphone for the next
few seconds, and records the frequency of the
returned signal. The frequency is altered due to the
movement of air towards or away from the receiver
(the “doppler shift”), so that radial velocities can be
calculated. The three sets of velocity components are

The Bureau provided data for the Rottnest Island,
Swanbourne and Ocean Reef stations, initially as a
block of data commencing 1 January 1991, followed
by monthly updates. Commencing in January 1994,
the Mount Lawley data were also provided.
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Figure 4.5. Arrangement of sodar transmitter / receivers used at Cullacabardee. One antenna
pointed east, one north, and one vertically.
transformed to generate horizontal and vertical
velocities for each measurement level.

performance). The data recovery rate was fairly good
through 1993, at more than 85%, and better in 1994,
at about 95%.

During the period of the study, two sodar instruments
were operated, as described below.

Data were initially recorded on a 10-minute averaging
interval. This period was chosen for compatibility
with the rest of the network data logging, but was
extended to 30 minutes on 18 February 1993, in the
interests of improving the range of the instrument.
The benefit of the change was seen as an increase in
range by 50-100 metres (see Figure 4.6).

A sodar designed and constructed by the Australian
Defence Force Academy was placed at the
Cullacabardee monitoring station where it operated
from September 1992 onwards. It measured 30minute average winds at 30-metre height intervals,
with a quoted maximum range of 900 metres. In
practice, 500 metres proved to be the effective upper
limit for reliable data (considered to be good

By way of example, Figure 4.7 presents the wind
profile measured by the Cullacabardee sodar at 12
noon on 4 February 1994, at the time of a significant
ozone event during the major field experiment. It
shows westerly winds changing through southerly at
about 500 metres (the top of the coastal inflow layer
at the time).
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The second sodar was operated on behalf of the study
by Murdoch University’s Institute of Environmental
Science. This was a commercial model, manufactured
by Remtech. It was located at the Gidgegannup
meteorological site from January 1993 to November
1994, then moved to Rottnest Island, where it
operated from January to March 1995.
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This instrument also measured winds at 30-metre
height intervals, to a quoted maximum of 620 metres.
Data were again logged on a 30-minute averaging
interval. The range where 50% of measurements were
valid was 400 metres. This was less than that of the
Cullacabardee sodar, but still more than adequate for
its intended task.

600

Figure 4.6. Frequency of valid wind velocity
measurements made by the Cullacabardee sodar, for
both 10-minute and 30-minute averaging intervals.
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600

Figure 4.8 shows the instrument, a Radian LAP3000
model, sited at Cullacabardee. The central feature is
the electromagnetic antenna that can configure itself
electronically to point in one of three different
directions (unlike a conventional sodar system, for
which three acoustic antennae are needed). Direction
control is achieved using electronic phasing of the
signal, to simulate an angled antenna.

400

200

1

2

3

To measure the wind speed and direction profiles, the
electromagnetic antenna operates in its three
component mode to measure radial velocities via the
doppler shift (the same principle as a sodar).
Horizontal and vertical velocities at incremental
altitudes are calculated by the radar software.

4

To measure the temperature profile, the
electromagnetic radar switches to a vertical beamonly mode, and the acoustic speakers are switched on
to provide a continuous sound. Using sophisticated
signal processing, the radar software is able to
determine the local speed of sound at successive
heights. Since the local speed of sound is related to
the local virtual temperature, the latter can then be
calculated.

Figure 4.7. Cullacabardee sodar wind vector plot for
12 noon on 4 February 1994. The view is an oblique
projection, with the ellipses corresponding to wind
speeds at 1 m/s intervals. The west-to-east direction
is left-to-right. Vertical axis labels are heights in
metres.

The RASS radar system operated with high reliability.
It remained in operation for 97.7% of the installed
period, with valid temperature returns 93.8% of the
period.

Some reliability problems were experienced, with a
data recovery rate of only 71%, but the main losses
occurred in the winter seasons, when smog events
were not to be expected.

The wind profiling radar operated in two continuously
alternating modes. In its high-resolution mode, it
measured winds from 110 metres to a maximum
height of 2.5 km, at 60-metre intervals. It
simultaneously measured winds at lower vertical
resolution (105 metres) to a maximum height of 4.2
km. Temperature measurements commenced at 120
metres, with a 60-metre resolution to a maximum
height of 1.5 km. Data from all profiles were stored
every 30 minutes, the winds being averaged over 25

Both sodar units provided a near-continuous record of
the vertical profile of wind velocities in the lowest
few hundred metres of the atmosphere. This
information provided valuable detail in the
reconstruction of wind fields.
The Murdoch sodar was shifted to Rottnest for the
final smog season (1994-1995 summer) to capture
any “multi-day” smog events which occurred.
Experience had shown the predictability of these
events to be low. The sodar proved a less expensive
and more reliable monitoring method than the
alternative, namely sending a radiosonde team to
Rottnest Island on several occasions with a strong
likelihood of false alarms and missed opportunities.

4.3.2. Radar Profiler
A radar system for measuring wind and temperature
profiles was operated at Cullacabardee from January
1994 to the end of the study. This site was chosen
because is was expected to be representative of the
meteorology of the coastal plain.
The system employs a 915 MHz doppler radar to
measure vertical profiles of winds and a “radio
acoustic sounding system” (abbreviated RASS) to
measure temperature profiles.

Figure 4.8. The RASS radar system operated at
Cullacabardee. The white dome in the centre covered
the radar antennae, while the concrete cylinders
housed the acoustic transmitters.
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minutes and the temperature values being averaged
over the five minutes in each half hour during which
the RASS was switched on. The RASS radar system
produced enormous quantities of data − about
5,000,000 separate wind speed, wind direction, and
temperature measurements over the period of its
operation.

atmosphere, which is the region of most interest to
this study. Nevertheless the data are a valuable
supplement to other information on upper level winds
and temperature.
Radiosonde data have been obtained from the Bureau
on a routine basis throughout the study and stored in a
data base at the DEP.

The detail available is typified by Figure 4.9. This
shows wind vectors overlaid on a potential
temperature (defined on page 50) contour plot. On
this day, a weak sea breeze developed about noon, but
a major trough passage about 3pm brought a
significant smog event to the region. The figure
shows wind direction changes as expected, but the
slow cooling of the near-surface layers (with few
contours in evidence) identified this day as a “coastal
event”. See page 50 for further explanation.

4.4. EMISSIONS INVENTORY
One of the key elements in developing an
understanding of the formation of photochemical
smog is a detailed knowledge of the nature and
amount of precursor emissions from all sources in the
region. In common with other studies of a similar
nature in Australia and the USA (e.g., Carnovale et al.
1991, Dickson et al. 1991) the approach taken in the
PPSS was to consider emissions in four basic source
groups:

4.3.3. Perth Airport Radiosonde and
Wind Data
Until July 1995, the Bureau of Meteorology released
two balloon-borne radiosondes every day from Perth
Airport, one at 0600 and one at 1800 WST during the
hotter months. Since July 1995, only a single
radiosonde has been released each day at 0600.
The radiosondes, which measure temperature and
humidity, are tracked by radar to determine location
and wind velocity. In practice the radar takes a short
period to lock on to the radiosonde, causing loss of
wind data over the lowest few hundred metres of the

•

motor vehicles;

•

major industrial sites, commonly referred to as
point sources;

•

area-based sources - emissions from relatively
small but widely distributed sources; and

•

biogenic (natural) sources.

The approaches taken to investigate emissions from
these source groups are briefly described in this
section. Discussion of the results and the processes
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Figure 4.9. RASS radar time-height plot for 19 February 1994. The arrows represent wind velocity
vectors, a southerly (northward) direction being up the page. The heavy lines are contours of potential
temperature.
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4.4.2. Industrial Emissions

employed to check the validity of the estimates is
presented in Chapter 6.

In preparing emissions inventories, industrial point
sources are identified and evaluated individually
because a relatively small number of sites usually
account for a large proportion of the industrial
emissions. They were estimated by the PPSS team
using a methodology based on that developed for a
Melbourne inventory (Carnovale et al. 1991). This
entailed identifying industrial sites having significant
emissions of photochemical smog precursors and
determining their emissions via a questionnaire
process.

As described in Chapter 2, the emitted species that are
important in the development of photochemical smog
are nitrogen oxides and reactive organic compounds.
These were estimated from all sources in preparing
the emissions inventory for Perth. Other species
quantified were carbon monoxide, carbon dioxide,
sulphur dioxide, particulate matter and lead. Although
these are not all directly involved in the
photochemical smog process, knowledge of their
origins assisted the interpretation of emissions
distribution.

Information sources utilised in identifying sites
included:

For airshed modelling purposes, emissions were
resolved in both time and space. For spatial resolution
the study area was overlaid by a grid of cells, each
three kilometres square. Individual source emissions
were allocated to grid cells on the basis of their
location. Account was also taken of the elevation at
which emissions occurred with, for instance,
emissions from tall stacks (over 45 metres) and
aircraft being inserted into higher levels of the model
grid. Hourly variations of source emission rates were
also recorded, giving a diurnal profile of emission
fluxes for each cell.
The year 1992 was taken as the base year for the
inventory as it was the most recent year for which
some crucial elements of the required information
were available. A final step in preparing the
inventory, therefore, was to develop forward
estimates of emissions for the years beyond 1992, to
enable realistic air pollution predictions for those
years. The forward estimates were based on predicted
population and economic growth.

•

the Planning Land Use System (PLUS) database
developed by the Ministry for Planning which
details more than 50,000 sites in a range of
industrial and commercial land use categories in
Perth;

•

the Australian Bureau of Statistics (ABS)
Business Counts for Western Australia;

•

the Classified Plant database operated by the
Department of Occupational Health Safety and
Welfare, which identifies boiler plant in Western
Australia;

•

the Telecom “Yellow Pages”;

•

gas and electricity consumption data from the
State Energy Commission; and

•

the licensing database operated by
Department of Environmental Protection.

the

An initial list of more than 8000 potential sites was
identified from these sources. Application of further
qualifying criteria such as the nature of processes on
site, fuel consumption and the type and probable
amount of emissions (a lower cutoff of 10 tonnes per
year was applied), reduced the final list of sites to
330.

4.4.1. Motor Vehicle Emissions
Estimates of emissions from the Perth motor vehicle
fleet were prepared for the PPSS by the Department
of Transport (James 1995) utilising information from
several sources. Spatial and temporal distribution of
vehicle movements, drawn from a traffic model
developed by Main Roads Western Australia and road
traffic counts, were combined with vehicle fleet
emission factors derived from dynamometer testing of
a representative range of vehicles by authorities in
Victoria and NSW (see Section 6.1 for more detail).
Resultant motor vehicle emission estimates were
assigned to the inventory grid cells according to their
location and the time of day.

The operators of each of these sites were surveyed by
questionnaire to detail operations and emissions.
Information sought included emission rates, daily and
seasonal operational profiles (to enable temporal
resolution of emissions), fuel and raw materials
consumption (to characterise the process if emission
rates were unknown and had to be calculated), stack
details (to characterise elevated emissions) and details
of organic compound storage and handling (to
characterise fugitive ROC emissions).
Questionnaires were reviewed to reconcile energy and
raw materials consumption with site processes, annual
production and emission estimates. Where no
emissions information was available for a site,

Only on-road vehicles were considered in this
segment of the inventory. Other mobile sources such
as off-road vehicles, rail transport, boating and
shipping were collected in the area-based segment.
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estimates were made using published emission factors
(US EPA 1985) for the process, sometimes modified
to account for known local effects.

•

natural gas combustion − NOx and CO produced
in the flame and some ROC from imperfect
combustion;

Point source emissions were located on the inventory
grid cell network according to their grid reference (to
0.1 km). They were estimated in two groups:

•

domestic solid and liquid fuel combustion −
NOx, ROC, CO and particulates from oil,
kerosene and wood combustion;

•

surface emissions which included fugitives and
other emissions occurring from stacks less than
45 metres; and

•

domestic and commercial solvents - evaporative
loss of ROC from products such as cleaning
fluids, toiletries, adhesives and polishes;

•

elevated emissions occurring above 45 metres,
with stack dimensions, exhaust velocities and
temperatures detailed for the modelling process.

•

railways − emissions from diesel locomotives;

•

marine craft − engine emissions from leisure and
commercial vessels; and

•

off-road vehicles − primarily from vehicles such
as tractors and construction vehicles.

Included in the latter group and afforded special
consideration were aircraft emissions. These were
estimated for each of Perth’s three airports, taking
account of aircraft types and their emission
characteristics, flight schedules and movement
patterns from the ground to 1000 metres altitude.

In estimating the emissions from these sources, Stuart
and Carnovale used a similar approach to that
previously taken for an emissions inventory in
Melbourne (Carnovale et al. 1991). This involved
evaluation of each of the above classifications based
on gross consumption/activity data for Perth, derived
from sources such as the ABS, local utilities and
manufacturers’ and traders’ associations.

4.4.3. Area-Based Emissions
While atmospheric pollution is commonly associated
with industrial emissions and motor vehicles, there
are many other human activities which give rise to
photochemical smog precursors. These sources tend
to be individually small (for example domestic
activities and light industry) but large in number and
widely distributed.

From this information, emission estimates were made
using published US EPA emission factors (US EPA
1985) for particular activities, or factors established
from Australian experience where they were
available.

Evaluation of these area-based emissions for the PPSS
was undertaken by the EPAV (Stuart and Carnovale
1994). They analysed a range of area source
classifications:
•

surface coatings and thinners − evaporation of
ROC from decorative or protective painting of
buildings, manufactured goods and other objects;

•

service stations and refuelling − losses of ROC
due to vapour displacement during tank filling,
tank breathing and vehicle refuelling;

•

domestic and commercial use of aerosol products
− hydrocarbon propellants and active ingredients;

•

natural gas leakage − mainly due to imperfections
in gas pipes, low in Perth because of the
relatively new gas distribution system;

•

cutback bitumen − ROC emissions from road
surfacing operations;

•

lawn mowing − a relatively minor activity with
disproportionately large emissions, partly due to
the use of two-stroke engines;

•

dry cleaning − ROC emitted as a result of
evaporative loss of dry cleaning solvents;

4.4.4. Biogenic Emissions
Biogenic sources of ROC are receiving increasing
attention in regional oxidant studies (e.g., Carnovale
et al. 1991, Tanner and Zielinska 1994). The
predominant source of these is vegetation.
Australian vegetation is a known source of ROC. For
the Perth region, which is subject to morning winds
from inland forest and pasture areas, there is potential
for biogenic emissions to be significant in the
photochemical smog process.
The approach taken in estimating biogenic emissions
was to relate them to vegetation density. Satellite
photographs of the Perth region were overlaid with
the inventory cell grid, and vegetation density was
estimated on a scale of 0 to 5 for each grid cell. The
vegetation species distribution for the Perth region
was derived using natural vegetation maps (Beard
1979a, 1979b). These provided the dominant
vegetation class for each grid cell. From these
records, measured canopy densities (Hingston,
Dimmock and Turton 1980) and published canopy
emission rates (e.g., Lamb, Gay and Westberg 1993)
were used to derive biogenic emission estimates for
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the region. More details are provided by Cope and
Ischtwan (1995).

4.5. FIELD EXPERIMENTS
4.5.1. Aircraft Survey
During the intensive study period of the 1993-1994
summer, an instrumented aircraft was operated over
the PPSS region, with four objectives:
•

to provide aircraft measurements of the total
regional emissions of nitrogen oxides and
hydrocarbons, from both the Perth urban area and
Kwinana industry;

•

to map out the extent of the photochemical smog
generated on suitable days;

•

to measure and track the Pinjar power station
plume, and monitor its interaction with the Perth
urban plume if possible; and

•

to provide micrometeorological data for
conditions associated with the first three
objectives.

Figure 4.10. The instrumented nose of the
Cessna 340A used for the summer 1994
fieldwork. Struts support temperature, humidity,
velocity and pressure sensors. The nose cone
encloses weather radar.
endurance of six to seven hours, and a cruise speed of
165 knots, it was well suited to the tasks involved in
surveying the full extent of Perth’s smog plume.
In summary, the aircraft recorded the following:
Navigation: position, altitude above mean sea level,
accelerations, time, altitude above ground.

The aircraft, a Cessna 340A, was owned and operated
by the Flinders Institute for Atmospheric and Marine
Sciences. The field exercise was jointly undertaken by
scientists from the Institute and the CSIRO Division
of Coal and Energy Technology. A detailed
description of the aircraft and the experimental work
is provided by Carras et al. (1995).

Meteorology: wind velocity, ground surface
temperature, air temperature, humidity, static and
dynamic pressure, global radiation, vegetation index.
Chemistry: nitrogen oxides, ozone, methane, total
hydrocarbons, carbon monoxide, carbon dioxide.
Measurements were logged at rates between 1 and 50
per second, being stored and preprocessed using an
on-board computer. Some of the data could be

The aircraft was large enough to carry a crew of three
and a load of several chemical and meteorological
sensors (Figures 4.10, 4.11). With an operating

Figure 4.11. General view of the Flinders Institute for Atmospheric and Marine Sciences’ Cessna 340A.
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displayed in real time in the aircraft, to provide a
check on instrument function, and to aid in-flight
decisions.
In addition to the electronic record gained this
air samples were also taken in Tedlar® plastic
and in glass flasks. After the flight, these
analysed for chemical composition using
chromatography.

Table 4.2. Aircraft operations during the PPSS
intensive study period

way,
bags
were
gas

The days and purposes of the flights completed are
shown in Table 4.2.
The outcome of the aircraft survey is typified by the
results presented in Figure 4.12. This shows estimates
of the total mass flux of nitrogen oxides from the
Perth metropolitan area, based on aircraft
measurements of concentrations and wind velocities
in the region immediately offshore, on the four days
listed as “emissions measurement” in Table 4.2.
The graph shows significant scatter which is
characteristic of measurements along the flight path
of an aircraft. However a general peak-hour flux of
close to 1.2 kg/s is evident, as well as a trend of less
certain magnitude from 7:30am to 9:30am. These
measurements have been used in validation of the
Perth emissions inventory, a task which otherwise
would not have been economically feasible. Further
detail on emissions estimates from the aircraft
measurements is given in Chapter 6.

Purpose

27 January

1815-1915

Test flight

28 January

0752-1109 Emissions measurement

31 January

0755-1126 Emissions measurement
1526-1759
Smog tracking

3 February

0759-1115 Emissions measurement
and Pinjar plume

4 February

0714-1123
1257-1628

Sea breeze structure
Smog tracking

7 February

0740-0915

Background air
measurements

8 February

0657-1054 Emissions measurement
1235-1502
and Pinjar plume

9 February

0800-1100

Kwinana emissions
measurement

10 February 1108-1513

Sea breeze structure

4.5.2. Truck Survey
During the intensive study period of the 1993-1994
summer, an instrumented truck was operated by the
CSIRO Division of Coal and Energy Technology.
On-board
monitoring
equipment
measured
concentrations of nitrogen oxides, ozone, carbon
monoxide/dioxide, hydrocarbons and fine particles,
and was capable of being operated while the vehicle
was in motion (Carras et al. 1994). The primary
function of the vehicle during the intensive study
period was to operate as a mobile measurement
platform or as a rapidly deployable monitoring
station. It worked in conjunction with the aircraft,
taking ground level measurements of specific plumes
that were being identified aloft by the aircraft. On
other occasions it moved to strategic locations to
provide extra measurement data which characterised
the inland progress of the sea breeze front and its
smog characteristics.
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Time (hour WST)

Duration

identifies the separate contributions to the smog
plume of emissions from the urban area and Kwinana
industries.

While there were no days during the experimental
period on which smog reached high levels, a welldefined smog event occurred on 4 February 1994. On
this day, the aircraft tracked the emissions plume over
the ocean in the morning and then tracked the
developing smog plume inland to York and beyond in
the afternoon. Figure 4.13 shows a composite picture
of the path followed by the smog plume between 1pm
and 3pm, based on the latter measurements. It clearly

0.0
7

Date

10

A notable observation from this aspect of the
intensive field program was that no evidence of the
Pinjar NOx plume could be detected at ground level
by the truck when it was located under the plume
concurrently being detected aloft by the aircraft.

Figure 4.12. Estimates based on aircraft
measurements, of the flux of nitrogen oxides from the
Perth metropolitan area over four mornings.
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Figure 4.13. The path of the smog plume measured between 1pm and 3pm on 4 February 1994,
showing the separate contributions from urban and Kwinana emissions.

This work was undertaken by the CSIRO Division of
Atmospheric Research (Galbally et al. 1995).
Sampling regimes were developed specifically to
characterise:

4.5.3. ROC Speciation Sampling
Most instruments used for continuous monitoring of
organic compounds in ambient air measure these in
bulk, expressing the result as a “hydrocarbon”
concentration. However, some knowledge of the
occurrence of individual organic species is important
for a number of reasons:
•

some
organic
species
are
far
more
photochemically reactive than others and relative
concentrations must be taken into account for
meaningful photochemical modelling;

•

the relative amounts of particular species can
provide information on the photochemical age of
the reacting air mass;

•

specific ROC sources often emit a characteristic
mix of compounds − for example, acetylene is a
characteristic tracer for motor vehicle emissions
(Galbally et al. 1995) − and speciation of ROC in
air masses can often be used to identify their
origin; and

•

•

motor vehicle fleet emissions;

•

the photochemical smog plume;

•

the Kwinana industrial plume;

•

rural (forest) air; and

•

Perth urban air.

The approach taken in the analysis of air affected by
motor vehicle emissions was twofold. “In-traffic”
sampling was achieved using a standard Commodore
sedan equipped with a purpose-built pumping system.
This filled a Tedlar® bag from a roof-mounted
snorkel with its intake approximately one metre above
the roof of the car. Such sampling was mainly used
for freeway and arterial road traffic conditions. To
sample motor vehicle emissions more representative
of congested, stop/start driving conditions, a static
sampler was mounted about four metres above a CBD
street at the Queens Buildings monitoring station.
From analysis of these samples and fuel consumption
data, it was possible to estimate average fleet
emission factors (in g/km) for CO2, NOx,
hydrocarbons and CO under the different traffic
conditions. These provided an independent estimate
to compare with fleet emission factors derived from
the motor vehicle emissions inventory. Additionally,
the ratios of species measured in the sampled air
could be compared with ratios suggested by the
emissions inventory. The advantage of the ratio

a knowledge of the amount and type of organic
compounds detected at specific locations can be
used to verify estimates made in the emissions
inventory.

Consequently, an important component of the
intensive field studies was a program to collect air
samples at selected locations for detailed ROC
speciation analysis and subsequent interpretation.
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technique is that it is largely immune to dilution
effects and the number of vehicles effectively
sampled.

Release sites were at Rottnest Island, Rolling Green,
Gidgegannup and Swanbourne. The first two of these
were AQMS sites. During the 1992-1993 summer the
Swanbourne radiosondes were released at the oval
behind Swanbourne beach, the next year’s at the
Swanbourne AQMS site, and in 1994-1995 within the
Swanbourne army barracks area.

Use of these techniques to verify the motor vehicle
emissions inventory is described in more detail in
Chapter 6. Given the potential for errors in the
sampling and estimating processes, agreement
between the measured and derived values was
favourable. This work also supported the allowances
made for the effects of deterioration of exhaust
catalysts in deriving the motor vehicle emissions
inventory.

During the 1992-1993 summer, only the Swanbourne
and Gidgegannup sites were used. The pattern of
operation involved a nominal 6am radiosonde release
at Gidgegannup, followed by others typically at noon
and 3pm at Swanbourne. Dates were 5, 6, 7, 19, 20,
21 and 22 January, and 4, 5, 12 and 16 February.

For all other sampling regimes (for smog plumes,
urban air, source plumes and forest air) a pumped
system was employed to draw air samples into either
specially prepared Tedlar® bags or stainless steel
canisters. This was done in such a way that the air
was drawn directly into the sample container, so
avoiding the possibility of any contamination from
the pump.

Figure 4.14 illustrates the reason for the use of the
inland site. Winds measured at Gidgegannup by the
radiosonde and sodar were very similar, up to the
limit of the sodar’s range. However, measurements at
Perth Airport were unavailable below 300 metres’
height, due to the rapid sonde ascent rate and time
required for the tracking radar to lock on to the
radiosonde.
Winds
at
Cullacabardee
were
significantly lighter, probably due to the effects of the
Darling Scarp. Without the Gidgegannup sonde,
knowledge of the low-level winds inland would have
been significantly lacking.

Based on the xylenes/toluene ratio observed in Perth
smog samples, Galbally et al. (1995) estimated that
the smog is not significantly aged. This implies that
under the meteorological conditions applying during
the sampling campaign, all smog measured developed
from ROC emitted on the same day.

The greatest number of radiosonde releases was made
during the 1993-1994 summer, coinciding with the
most intensive phase of the PPSS measurement
program, including the two-week field experiment.
Radiosondes were released at Rottnest Island,
Swanbourne and Rolling Green.

4.5.4. Radiosonde and Pibal Releases
Balloon-borne radiosondes were used to measure
vertical wind and temperature profiles during periods
when smog events were probable, and to provide data
in support of other measurements during intensive
field experiments.

Normal operations comprised two teams, one at
Rottnest and the other at Swanbourne, both releasing
radiosondes three-hourly from 6am to 3pm, with
pibals at 90-minute intervals between. Pibal releases
continued through the night in crucial periods,
employing disposable torches tied under the balloon.
The Rottnest team was generally staffed and managed
by Murdoch University’s Institute of Environmental
Science, and the Swanbourne group by a team
comprising DEP and contracted staff, although some
interchange occurred due to the demands of training
and staffing flexibility. The Rolling Green radiosonde
system was operated by the Bureau of Meteorology,
but only on a subset of the operational days.

The radiosondes transmitted a signal containing
pressure, temperature and humidity measurements.
Using theodolite measurements of the elevation and
azimuth of the sonde from the release site, and the
pressure measurement to give sonde altitude, the
position of the sonde, and so wind velocity, could be
estimated.
For the summers of 1992-1993 and 1993-1994, AIR
radiosonde systems were hired from Queensland and
Victorian electricity authorities. In addition, an
Omega sonde system was operated under contract by
the Bureau of Meteorology during the 1993-1994
summer. The DEP’s equipment, enhanced with the
aid of an electronic data logger, was used for the
1994-1995 summer.

Operational days during 1993-1994 were 16 and 17
December, 12, 13, 19, 20, 21, 30 and 31 January and
3, 4, 8, 9, 10, 11, 12, 18 and 19 February. The Rolling
Green site was used on 31 December, 20, 21 and 31
January and 12, 13 and 19 February.

Balloons without attached sondes (termed “pibals”)
were also used at two sites over the 1993-1994
summer. These were weighted to give a
predetermined rate of rise. Elevation and azimuth
measurements were again used to give position and
wind velocity.

The main purpose for the maintenance of radiosonde
measurements during the 1994-1995 summer was to
ensure no multi-day smog events were missed. With
sodars operating at Cullacabardee and Rottnest, and
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Figure 4.14. Comparison of wind speed profiles (in m/s) measured using radiosondes at Gidgegannup and Perth
Airport, and by the two sodar instruments, on the morning of 5 February 1993. The vertical axis is height above
ground level, in metres.
radar
temperature
measurements
inland
at
Cullacabardee, the greatest value of radiosonde
measurements was to record the stability of the
inflowing marine air mass. Swanbourne was therefore
the only site used.

the output of the Department’s data loggers, and to
various data formats provided by sources such as the
Bureau of Meteorology and consultants.
The DEP’s data bases can accept continuous or
broken time sequences of any number of parallel
channels, at time intervals from one second to 24
hours. This flexibility permitted the following data
sets to be stored in the same structures:

Operational days over the 1994-1995 summer were
30 November, 2, 13, 15, 16, 22, 28 and 30 December,
4, 5, 9, 10, 11, 16, 17, 18, 19, 26, 27, 30 and 31
January, 1, 3, 4, 5, 6, 9, 10, 13, 14, 15, 17, 21, 22, 23,
28 February and 7, 8, 10, 13, 14, 15, 16, 21, 22 and
23 March. Most of these days involved only one
radiosonde release, as a precaution or in support of
other work (most often about 3pm). However, on 27
January, 10 February, 22 February and 22 March
several radiosondes covering the period from 6am to
3pm were tracked.

4.6. DATA STORAGE AND
AVAILABILITY
The Department of Environmental Protection has an
extensive suite of data processing software, developed
originally during the Kwinana Air Modelling Study,
and continuously enhanced since then. The system is
aimed at efficient storage and retrieval of time
sequence measurements, and is readily interfaced to

•

continuous surface measurements of air quality
and meteorology;

•

Perth Airport radiosonde and balloon wind
profiles;

•

Cullacabardee, Gidgegannup and Rottnest Sodar
wind profiles;

•

Cullacabardee
profiles; and

•

air quality and meteorological measurements
made by the Flinders University Cessna 340A
aircraft.

radar

wind

and

temperature

The only major data set gathered during the study
which is not in this format is the collection of vertical
temperature and wind measurements made using
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radiosondes. These measurements have been stored as
text files, and in personal computer database formats.
With the primary exception of data from the Bureau
of Meteorology, which may be obtained from that
organisation, all of these measurements are readily
available. (Depending on the application, and the
quantity of data requested, a charge may be applied.)

4.7. COMPUTER MODELLING
The three years of measurements undertaken during
the study revealed the pattern of photochemical smog
events across much of the Perth region. By analysing
the regional winds, it was also possible to estimate the
sources and destinations of the smog.
However, to understand in more detail which sources
were the dominant contributors, and how changes in
these contributions would affect Perth’s air quality in
future, more sophisticated analysis was required. This
was because:
•

meteorological measurements cannot represent
completely and accurately all the processes
occurring across the whole region; and

•

the complexity of the photochemical reactions
rendered any simple analysis of source
contributions pointless.

To achieve a more sophisticated analysis, it was
necessary to use computer models to represent the
processes (both meteorological and chemical)
contributing to smog events in the region.
The modelling procedures are described in detail in
Chapter 7. Particular emphasis was placed on the
application of a range of models, to the dual tasks of
simulating the meteorology and the chemistry of
smog events. In this manner, weaknesses inherent in
particular models were revealed, and the models most
applicable for future air quality planning were
identified.
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5. Summary and Analysis of Smog
Measurements
5.1. AIR QUALITY DATA

number of “smog seasons” (i.e., converting to a “per
smog season” basis).

The air quality and meteorological data collected
during the Perth Photochemical Smog Study are
stored in data bases which are accessed by computer
models and other computer-based systems as
required. A comprehensive summary of air quality
data has been prepared (Grieco 1996).

Table 5.2 (page 40), which is drawn from Chapter 2,
Tables 2.3 and 2.4 (pages 13 and 14), provides an
explanation of the source of the criteria tested in
Table 5.1. An assessment of the health implications is
given in Section 5.2.
The highest 1-hour average ozone measurements at
the various monitoring stations, given in the last row
of Table 5.1, are displayed as bar graphs in Figure 5.1
(page 40), where the horizontal marker on each graph
is the 80 ppb level. The figure illustrates that
photochemical smog is a regional, not a local, issue.

Presentation of data in this report is limited to a broad
overview of the measurements of ozone, which is the
key indicator of photochemical smog, together with a
summary of nitrogen dioxide measurements in the
Central Business District. The latter, as well as being
a significant contributor to ozone formation, is also a
recognised pollutant.

Table 5.3 (page 41) takes another row of Table 5.1,
namely “Number of hours > 80 ppb” and expands the
time dimension to show the dates on which these
occurred. Also shown are the number of stations
which recorded an event on each day and the number
of separate hours during which 80 ppb was exceeded.

5.1.1. Ozone Concentrations
Table 5.1 provides a condensed set of statistics
showing the number of occasions, over the indicated
total number of “smog seasons” (October to March,
inclusive), on which the various nominated criteria
were exceeded. The number of “smog seasons” is
different for different sites, therefore the table should
not be used for site to site comparison unless the
exceedance numbers are divided by the associated

Usually the smog events are of short duration, with
only one hour per day exceeding the 80 ppb level.
Figure 5.2 shows ozone trends for a representative
smog event at Caversham, with a sharp rise associated
with sea breeze arrival, then a decrease shortly

Table 5.1. Summary of ozone measurements over the period 1989 to 1995.
Monitoring Results

CA CU GG JA KE QR RG

RI SW TR

Number of smog seasons (October to March)

6

3

1

1

3

3

3

3

3

2

Number of hours > 120 ppb (NHMRC, Vic EPA)

2

0

0

0

0

0

0

0

0

0

Number of hours > 100 ppb (NHMRC pending)

9

1

0

0

0

0

2

1

2

0

35

10

2

0

8

8

19

8

12

1

5

0

0

0

0

0

2

1

1

0

Number of 8-hours > 50 ppb (Vic EPA, WHO)

23

9

4

1

11

14

16

8

14

2

Number of days with one hour > 80 ppb

20

7

1

0

6

5

10

5

8

1

Number of days with one hour > 100 ppb

6

1

0

0

0

0

1

1

1

0

Number of days with 4-hour periods > 80 ppb

5

0

0

0

0

0

2

1

1

0

Number of days with 8-hour periods > 50 ppb

23

9

4

1

11

14

16

8

14

2

133 101

91

73

99

91 112 103 107

94

Number of hours > 80 ppb (Canada, WHO)
Number of 4-hours > 80 ppb (NHMRC pending)

Highest one hour concentration (ppb)

Site codes: CA - Caversham, CU - Cullacabardee, GG - Gingin, JA - Jandakot, KE - Kenwick,
QR - Quinns Rocks, RG - Rolling Green, RI - Rottnest Island, SW - Swanbourne, TR - Two Rocks
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Figure 5.2. Ozone concentrations at Caversham on a
typical photochemical smog day, 18 January 1991.
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Figure 5.3 extracts from Table 5.3 the number of days
during each of the smog seasons in the study on
which the 1-hour average ozone concentration
exceeded 80 ppb at one or more of the monitoring
stations, and presents this information as a bar graph.
Essentially the figure indicates “the number of smog
days per year”. This information is valuable for
comparison with other cities, since it is not directly
dependent on the number of monitoring stations. Over
the three smog seasons of the study, there have been
9, 9 and 12 such smog days respectively, giving an
average of 10 per year.

Figure 5.1. Maximum hourly average ozone
concentrations during the period of PPSS. The
Rockingham site only operated from 28 January to 28
February 1994.
afterward. Measurements have shown that this pattern
is typical of all inland sites.
However, Table 5.3 shows that at some sites there
have been smog events stretching over three hours at
least. Generally these occur under different
meteorological conditions - for example, when smog
occurs due to the effect of bushfire smoke, with winds
south westerly all day.

Figure 5.3 also gives a clear indication that
photochemical smog is a seasonal phenomenon.
Figure 5.4 has been included to confirm this point,
showing highest 1-hour ozone concentrations per
month at four selected monitoring sites. The sites
stretch roughly in a line from Rottnest (20 km
offshore) to Rolling Green (60 km inland). Each plot
shows a characteristic annual cycle peaking in late
summer, with winter values close to the natural
background ozone concentration.

The short duration of smog events is a common
Australian phenomenon. Events tend to be of much
longer duration in many parts of the United States and
Europe.

Table 5.2. Sources of ozone concentration criteria
Ozone concentration guideline

Source of guideline

1-hour average of 120 ppb
(NHMRC, Vic EPA)

National Health and Medical Research Council and Australian and New
Zealand Environment Council (NHMRC 1990).
Government of Victoria (1981).

1-hour average of 100 ppb
(NHMRC)

National Health and Medical Research Council (NHMRC) (1995).

1-hour average of 80 ppb
(Canada, WHO)

Canadian Federal-Provincial Committee on Air Pollution (IUAPPA 1988).
World Health Organisation (Europe) (1987).

4-hour average of 80 ppb
(NHMRC)

National Health and Medical Research Council (1995).

8-hour average of 50 ppb
(Vic EPA, WHO)

World Health Organisation (Europe) (1987).
Government of Victoria (1981).
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Table 5.3. Number of separate hours per day on which the hourly average ozone concentration
exceeded 80 ppb.
Summer
89-90
90-91

91-92

92-93

93-94

94-95

CA

CU

GG

JA

KE

QR

RG

RI

SW

TR

28 Feb 90

1

18 Jan 91

2

20 Jan 91

1

22 Feb 91

3

02 Mar 91

1

29 Jan 92

2

07 Mar 92

1

22 Oct 92

3

2

-

2

-

05 Dec 92

-

-

-

1

-

08 Jan 93

2

1

2

2

-

-

1

-

12 Jan 93

1

-

-

-

-

-

-

-

13 Jan 93

2

-

-

-

3

-

-

-

29 Jan 93

1

1

-

-

2

-

-

-

30 Jan 93

1

-

-

-

3

-

-

-

12 Feb 93

-

-

-

1

-

1

-

-

17 Feb 93

1

-

-

-

1

-

-

-

19 Dec 93

-

-

1

-

-

-

-

-

22 Jan 94

3

1

-

-

1

-

-

-

23 Jan 94

3

-

1

-

-

-

-

-

19 Feb 94

-

-

-

-

1

1

1

16 Mar 94

-

-

-

-

-

1

-

-

-

17 Mar 94

1

-

-

-

-

-

-

-

-

18 Mar 94

-

2

-

-

-

-

-

-

-

21 Mar 94

-

1

-

-

-

-

-

-

-

14 Apr 94

-

-

-

-

-

-

-

1

17 Dec 94

-

2

2

-

-

-

3

-

-

16 Jan 95

2

2

-

-

-

-

3

-

-

17 Jan 95

-

-

-

-

-

-

1

-

-

18 Jan 95

2

-

-

-

-

-

-

-

-

31 Jan 95

-

-

-

-

-

-

1

-

-

10 Feb 95

-

-

-

-

-

2

-

2

-

12 Feb 95

2

-

-

-

1

-

-

-

-

17 Feb 95

-

-

-

-

-

-

-

-

1

20 Feb 95

-

-

-

-

-

2

-

3

3

21 Feb 95

-

-

-

-

-

1

-

-

2

22 Mar 95

-

-

-

-

1

-

-

-

-

23 Mar 95
1
Site codes: CA - Caversham, CU - Cullacabardee, GG - Gingin, JA - Jandakot, KE - Kenwick,
QR - Quinns Rocks, RG - Rolling Green, RI - Rottnest Island, SW - Swanbourne, TR - Two Rocks.
“-” means the station was operating but no exceedance was recorded. A blank means that the station was not
operating at the time.
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Figure 5.3. Number of days per month on which peak 1-hour ozone concentrations exceeded 80 ppb
somewhere in the Perth region.
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Figure 5.4. Peak hourly average ozone concentration for each month, from October 1992 to April 1995.
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Statistics of ozone concentrations in other states of
Australia are presented in Table 5.4. Before
comparing the figures within the table and with
preceding tables or figures, an explanation of
differing data processing methods is required.

ppb (see Table 5.1), was found via data processing to
have occurred between 1430 and 1530 on the 22
February 1991. In other words, processing of hourly
or other averages is not restricted to “clock hours”
such as 1400 to 1500 or 1500 to 1600.

The Department of Environmental Protection stores
all air quality data as 10-minute averages. When data
are processed to produce, for example, the statistics in
Table 5.1, processing is done on a rolling 10-minute
basis. The highest hourly average at Caversham, 133

If calculated hourly averages are constrained to start
and finish on a clock hour, it is inevitable that both
maximum 1-hour averages and the number of
exceedances of standards will be underestimated.

Table 5.4. Ozone statistics for selected Australian cities, 1993-1994.
Criterion

Year

Perth
(a)

Perth
(b)

Sydney
(b)

Melbourne Adelaide
(b)
(b)

Number of sites in the
urban network

1993

8

8

12

11

2

4

1994

10

10

14

12

2

7

Highest 1-hour ozone
1993
concentration for the year
1994
in the network

112

112

155

172

83

123

104

103

142

133

68

138

Second highest 1-hour
ozone concentration for
the year in the network

1993

112

110

150

170

81

107

1994

103

103

130

110

65

105

Number of days when the 1993
1-hour ozone
1994
concentration exceeded
80 ppb somewhere in the
network

8

5

17

14

1

3

9

7

31

19

0

6

Number of days when the 1993
1-hour ozone
1994
concentration exceeded
100 ppb somewhere in
the network

2

2

6

8

0

1

2

2

15

4

0

2

Number of days when the 1993
1-hour ozone
1994
concentration exceeded
120 ppb somewhere in
the network

0

0

3

3

0

1

0

0

1

1

0

1

Number of days when the 1993
4-hour mean ozone
1994
concentration exceeded
80 ppb somewhere in the
network

1

1

9

0

1

3

3

7

0

3

Number of days when the 1993
8-hour mean ozone
1994
concentration exceeded
50 ppb somewhere in the
network

13

13

20

0

6

11

11

31

0

18

Source: Environmental Protection Agencies of NSW, Vic., SA, Qld and WA.
(a) running averages with 10-minute resolution.
(b) clock hours.
(c) running averages with 30-minute resolution.
43

Brisbane
(c)

Table 5.5. Projected increases in the number of times that ozone goals will be exceeded at Caversham if ozone
levels increase by 10% or 20%.
Current Data
CAVERSHAM

+ 10%

+ 20%

91-92 92-93 93-94 94-95 91-92 92-93 93-94 94-95 91-92 92-93 93-94 94-95

Number of hours > 80 ppb

3

11

7

6

10

19

14

12

23

28

15

27

Number of hours > 100 ppb

1

3

2

0

1

4

4

3

2

10

6

5

Number of hours > 120 ppb

1

0

0

0

1

1

0

0

1

3

2

0

Number of 4 hours > 80 ppb

0

1

2

0

1

1

2

2

2

3

3

4

This is because sharp ozone peaks, such as Perth
experiences, often straddle the boundary of clock
hours. Health symptoms occur independently of the
time within an hour when an ozone event occurs, so
the results of data processing should similarly be
independent of when events occur.

is a very sensitive indicator. A modest increase in
Perth’s ozone levels may cause a rapid rise in the
frequency with which ozone goals are exceeded.
This is illustrated in Table 5.5, which has been
produced by taking Caversham ozone measurements,
scaling these measurements up by 10% and 20% and
calculating the number of times (based on rolling
averages) that the various ozone goals would be
exceeded in each case. The table indicates how the
results might change if modest increases in ozone
levels, associated with the growth of Perth, were to
occur.

Nevertheless it is common practice among the other
states of Australia and overseas to process data in
clock hours. To accommodate this mismatch, Table
5.4 contains two columns for Perth data. The first
column contains figures based on rolling 10-minute
calculations and is therefore consistent with the
preceding figures and tables. The second column
contains figures based on clock hours. As can be seen
there are significant differences for 1-hour
exceedance frequencies but not for 4-hour or 8-hour
averages.

5.1.2. Nitrogen Dioxide
Concentrations
Figure 5.5 presents nitrogen dioxide measurements at
Queens Buildings in the Central Business District
(CBD) of Perth. The data are presented as annual
cumulative frequency curves, which show the number
of 1-hour periods for a year that any particular
concentration was reached or exceeded. Such graphs
provide a simple way to view a full year’s
measurements.

In summary, Table 5.4 shows that ozone levels in
Sydney and Melbourne are similar, as are those in
Perth and Brisbane, the former pair experiencing
levels somewhat higher than the latter pair.
It is worth noting that the number of times a particular
ozone goal (e.g., 80 ppb 1-hour average) is exceeded

Figure 5.5 shows that the highest nitrogen dioxide
concentration recorded in five years was 150 ppb in
1991. This can be compared to Australian 1-hour
average ambient guidelines (Table 5.6).

Table 5.6. Ambient hourly nitrogen dioxide
concentration guidelines employed in Australia.
Source of
Guideline

Concentration
(ppb)

It is apparent that the nitrogen dioxide concentrations
in the CBD are not far below the guidelines. It is to be
expected that nitrogen dioxide concentrations in the
CBD will be significantly higher than at other
locations in the metropolitan area because:

Maximum
permissible
exceedances

Victorian EPA
acceptable
level

150

3 days per
year

•

emissions of fresh nitrogen dioxide from vehicle
exhausts are most concentrated in the CBD; and

detrimental
level

250

none

•

160

once per
month

titration of ozone by nitric oxide to form nitrogen
dioxide will be most vigorous in the CBD, again
because of the greater quantity of exhaust
emissions containing nitric oxide.

NHMRC
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Figure 5.5. Number of hours that measured nitrogen dioxide concentrations exceeded levels ranging from 0 to
150 ppb at Queen’s Buildings, central Perth, for all completed years since 1990.
Inspection of nitrogen dioxide measurements from
other monitoring stations showed that concentrations
at Caversham reached about half of those recorded in
the CBD, with other stations showing lower levels.

during smog events, the highest hourly average ozone
concentration for each of the Caversham smog events
identified in Table 5.3 (starting from 1991) was
plotted against the coincident hourly average
nephelometer reading (Bsp, a measure of light
scattering). The plot in Figure 5.6 includes four points
(marked) which have been identified from separate
records as being bushfire events, with associated high
particle concentrations from smoke. The remaining

5.1.3. Fine Particle Concentrations
The monitoring sites at which fine particle mass or
visibility reduction (associated with fine particles)
were measured during the study were indicated in
Table 4.1.

1.5 Identified bushfire smoke events

The instruments measuring fine particle mass
(PM2.5) were installed in mid 1994 as part of a
separate study, so there was only a partial overlap
with ozone measurements.

1.0
B
sp

A nephelometer, measuring visibility reduction, was
installed at the Caversham site in late 1989 and
operated throughout the period of the smog study.
This instrument provides a measure of the presence of
airborne particles which scatter visible light. Some of
the particles produced in photochemical smog fall
within this size range, as evidenced by the visible
haze they produce when present in sufficient
concentration. Similarly, particles from bushfire
smoke, domestic fires and other combustion processes
are detected by the instrument.

January-February 1991-1995,
1200-1500 average

0.5

0.0
80

100
120
Ozone (ppb)

140

Figure 5.6. Relationship between visibility reduction
(Bsp) and ozone concentration for ozone events at
Caversham with an hourly average concentration over
80 ppb, from 1991 to 1995.

To determine whether there is evidence for the
formation of significant amounts of fine particles
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points lie (on average) a little above the average value
of Bsp for the early afternoon on summer days (see
the horizontal line). This is likely to be explained in
part by the generally lighter winds on smog event
days which result in a higher concentration of
particles from all sources. Nevertheless the values are
low, indicating good visibility. It is significant that
there is no apparent trend of visibility with increasing
ozone, suggesting a very weak dependence, if any, at
Caversham.

In Perth and other Australian cities, people generally
spend more time indoors than outdoors. The group
most exposed to photochemical smog may therefore
include outdoor workers, school children and people
who are not in regular daytime work indoors, because
ozone is most prevalent during the daylight hours of
the warmer months. Exposure levels from earlier
years may also be relevant to the development of
chronic conditions, in contrast with acute episodes of
shortness of breath or asthma. Without this
information, estimates of exposure of the population
of Perth remain imprecise.

A similar plot has been produced for the smaller set of
fine particle mass data, yielding the same conclusions.

In a review of the health impacts of ozone in
Australia, potentially adverse health episodes were
defined as including temporary, but clinically
significant, reduction in forced expiratory volume.
With incomplete information to quantify the risks,
only a very approximate estimate of adverse health
effects was made (Woodward 1993). Exposure of the
population to ozone levels greater than 80 ppb (1hour average) was considered, taking account of the
measurements of photochemical oxidants made
during the 1980s, and the geographical distribution of
the population of the five largest cities in Australia. If
ozone concentrations were kept at levels not
exceeding a 1-hour average of 80 ppb, possibly
several million brief episodes of respiratory
symptoms could be prevented each year. This average
figure applies to the national population of 17 million
(Guest et al. 1994), but the effects would most
probably be experienced by a small number of people
in the most exposed parts of the worst affected cities.

During the winter months of 1994 and 1995, there
were several occasions on which the hourly average
nephelometer readings at a suburban site exceeded
Bsp = 8 during the night and were still above Bsp = 3
well after sunrise. These events were clearly caused
by smoke from domestic fires over a broad suburban
area. The particle loading from photochemical smog
(during summer) is negligible by comparison.
Accordingly, fine particle formation within
photochemical smog is not included within the health
assessment or modelling components of this study.

5.2. ASSESSING THE IMPACT OF
SMOG LEVELS IN PERTH
5.2.1. Assessing Health Risks of
Smog Levels
A wide range of information is needed on which to
base a comprehensive assessment of health risks
associated with photochemical smog in Perth. In
determining the links between the level of exposure
and the risk of a particular health effect, both
experimental and epidemiological research is
considered to establish exposure-response (also called
“dose-response’) relationships. While we have some
information on the relationship between ozone levels
and reductions in lung function, just how much of an
increase in ozone concentrations is sufficient to cause
an asthma attack or the development of respiratory
disease is poorly defined.

Because asthma is so common (about 10% of all
Australians have asthma), a small increase in the risk
of an episode of asthma for an individual could add
substantially to the national burden of illness, if large
numbers of people are exposed to ozone. The
individual risk of an asthma attack could rise by as
much as 25% following an increase in ozone
concentration of 40 ppb (Holguin and Buffler 1985).
Again, if ozone concentrations were kept at levels not
exceeding a 1-hour average of 80 ppb, many episodes
of asthma might be averted each year in Australia.
Avoidance of the chronic, mild asthma tendency
could be even more important. Many lives might be
somewhat improved if fewer episodes of asthma were
experienced by that proportion of the population
which is susceptible.

Measurement of exposure is also needed for risk
assessment. It is difficult to estimate precisely the
health risks of ozone in the general population
because the profile of population exposure has not yet
been established accurately. Further, the measured
levels of ozone may not directly indicate the dose
received by individual people out in the community.
The dose each person’s lungs receive is related to
breathing rates and activity patterns (such as time
spent outdoors).

Considering the levels of ozone monitored in Perth
(Table 5.1), only two hours in six seasons have been
recorded in which the old NHMRC goal of 120 ppb
was exceeded (both at Caversham). It is thus unlikely
that acute, severe respiratory difficulty has so far
developed in this city because of outdoor exposures to
ozone. However, several monitoring sites that reflect
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ozone concentrations over more densely populated
areas have identified periods of up to three hours
exceeding 80 ppb. The discussion above referring to a
slight additive risk to the development of asthma
attacks or respiratory symptoms is relevant here.

Exceedances of the new NHMRC air quality goals for
ozone do occur, however, so it should be assumed
that potentially preventable and possibly cumulative
effects are occurring each year during the warmer
months. Table 5.5 indicates that the number of times
the NHMRC and other goals are exceeded around
Perth is set to grow rapidly if emissions and
consequent smog concentrations increase by modest
amounts. In other words, Perth appears likely to
exceed the ozone goals regularly. From the
perspective of public health, therefore, the control of
photochemical smog in Perth should be considered
now.

Ozone concentrations exceeding the level of 80 ppb
occur on average on about 10 days per year (“high
ozone” days) somewhere in the Perth region. To
proceed further with a risk assessment requires
estimation of the “dose” of ozone actually inhaled by
the population (the measurement of ambient levels
should not be equated with the dose humans receive),
and their sensitivity to it. For example, assume that
10% of the residential area of the city is affected, and
that 10% of the population is outside for more than
one hour. Thus about 1% of Perth’s population, or
about 10,000 people, might be affected on each “high
ozone” day. Perhaps 1000 of these people could
experience some respiratory symptoms, although the
number is likely to be much less, given that
epidemiological studies have shown that middle-aged
and older people are probably less susceptible to the
respiratory effects of ozone than young adults and
children. The number of affected asthmatics on each
occasion is also likely to be well below 1000 in Perth,
but this estimate must be considered highly tentative.
The number of asthmatics affected severely by the
levels of ozone so far recorded in Perth is probably
very small, and could be zero.

5.2.2. Assessing the Potential for
Vegetation Impacts
Consideration of cumulative exposure indices and
annual averages for ozone, as noted in Section 2.5, is
useful for the assessment of ozone impacts on
vegetation. Lefohn, Krupa, and Winstanley (1990)
presented information on ozone exposure regimes at
so called “clean” locations around the world. Most of
these sites are remote from significant human
settlement. Some basic statistics on cumulative
exposure at some of these remote sites, and selected
sites in Perth, are given in Table 5.7 for comparison.
Although Perth occasionally experiences episodes of
high ozone concentrations, it is clear that in terms of
cumulative exposure and annual means, ozone levels
in Perth are comparable to or lower than those at most
of the sites selected by Lefohn et al. (1990) as being
representative of clean, background sites on a global
scale. The SUM0 parameter, which is the sum of all
hourly concentrations above zero, is sensitive to data
capture and baseline, but the sites in the table may be
compared with a high degree of confidence, as data
capture was high, and the variability of ozone levels is
low at remote sites. Within Australia, another clean
site for comparison is the baseline monitoring site at
Cape Grim, Tasmania, which had annual average
ozone levels of 23-25 ppb (1976-1980), derived from
observations with winds greater than 20 km/h and
trajectories from the southern ocean (Galbally et al.
1986). Once again, Perth values are comparable or
lower than those even at this remote location.

The limitations of the health risk assessments
associated with exposures to ozone applied to the
national population have been noted elsewhere (Guest
et al. 1994). Those national estimates provide,
however, a guide to the interpretation of the Perth
ozone monitoring data. It is reasonable to infer that
ozone concentrations exceeding 80 ppb, sustained for
three hours, may cause symptoms in a small minority
of the exposed population, and exacerbate asthma in a
few individuals in Perth on each occasion. It is
unlikely that nitrogen dioxide levels in Perth
contribute to respiratory disease.
Attribution of shortness of breath or the occurrence of
an asthma attack in any one individual to levels of air
pollution would go beyond our current understanding
of the effects of photochemical oxidants. Many parts
of Perth now experience periods of at least eight
hours when ozone concentrations exceed 50 ppb. It is
possible, but unproven, that exposures of this kind,
over months and years, are associated with the
development of chronic respiratory disease in a
vulnerable proportion of the population (Woodward
et al. 1995).

Lower annual mean values are often reported from
sites influenced by large urban centres, where there is
significant scavenging of ozone by nitric oxide. There
may be some evidence of NO scavenging at
Caversham, which has lower annual averages than
Rottnest Island. However, values at Two Rocks,
Rottnest and Rolling Green, where such scavenging is
expected to be minimal, are still low in global terms.

In summary, the current health effects of
photochemical oxidants in Perth are considered mild.

47

Background ozone concentrations are also influenced
by the elevation of the monitoring site.

5.3. METEOROLOGY OF SMOG
EVENTS

Despite these low annual means, the data presented in
Table 5.1 show that exceedances of the Victorian
EPA 8-hour 50 ppb standard, which was established
for vegetation protection, occur several times each
year in Perth. Exceedances of some of the other longterm standards, such as the WHO 24-hour and 8-hour
standards (Table 2.4), also occur at times. These
episodes probably cause some transient stress to
sensitive crops and vegetation, the impact of which is
hard to assess reliably in the absence of
comprehensive field studies of ozone impacts under
Australian conditions.

Before the Perth Photochemical Smog Study, smog
measurements were available from only the
Caversham site. One purpose of the study was to
provide a broader perspective of smog events in the
Perth region. The monitoring program has shown that
the conditions causing increased ozone concentrations
at Caversham are only part of a range which can lead
to smog events. A comprehensive assessment of the
smog events observed during the study is provided by
Rye (1996b). The classes of smog events identified in
this assessment are described below.

5.3.1. Inland Events

The low cumulative ozone exposure indices for Perth
and relatively infrequent episodes of high
concentrations provide some confidence that
vegetation impact is not likely to be substantial.
Despite this, the situation warrants close monitoring.
As noted previously with regard to human health
effects, a modest increase in emissions could result in
a disproportionate increase in the frequency of smog
events exceeding ambient standards. The effects on
crops and other vegetation may then become a more
immediate cause for concern.

The inland event class is the one primarily responsible
for the smog events observed at the Caversham site.
The initial conditions identifying these events are
morning wind direction between north east and east,
and wind speed at inland sites of 3 m/s or less.
Usually (but not always) there is a low pressure
trough with its axis just offshore. In these
circumstances, the day’s maximum temperature is
usually more than 30oC, and the sea breeze arrives at
the coast around noon, or slightly earlier.
Because of the northerly component of the morning

Table 5.7. Ozone concentrations at “clean” sites around the world, compared to some PPSS sites.
Site

Data capture (%)

Annual Mean

SUM0 (ppm hr)

Concentration (ppb)
WORLDWIDE
South Pole

93.8

29.4

238

Barrow, Alaska

94.0

26.6

208

Mauna Loa, Hawaii

96.1

38.6

321

American Samoa

92.4

13.6

105

Caversham 1993

98.0

14.4

124

Caversham 1994

99.0

14.5

126

Rolling Green 1993

95.0

19.1

160

Rolling Green 1994

99.1

19.4

168

Two Rocks 1993

99.1

18.5

161

Rottnest Island 1993

86.5

21.4

162

Rottnest Island 1994

99.4

21.0

183

PERTH

Periods: South Pole and Mauna Loa, 1980-1986; Barrow and Samoa, 1980-1987.
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winds, the sea breeze has a more westerly direction
than usual. This ensures that the morning’s emissions
tend to return across the city, rather than being carried
to the northern suburbs.

emissions remain closer to the coast. In addition, the
air to the west of the trough axis is much cooler. As
the sea breeze forms, this air is brought onshore,
restricting the depth of convection over land and
keeping mixing depths low. The developing smog
mass is therefore less dispersed as it moves inland.

For normal rates of progress inland of the sea breeze
front, peak ozone concentrations develop at inland
sites between 2pm and 3pm.

5.3.2. Kwinana Events

The mass of air which receives morning peak-hour
emissions is initially carried offshore by the light
easterly winds. When the sea breeze arrives, the
direction of the wind carrying the air mass reverses.

This set of smog days is generally similar in nature to
the “inland event” set, except for more southerly
morning wind directions. Urban emissions return over
the northern suburbs, and Kwinana emissions return
over the main urban region (see Figure 5.7(b)). The
ozone which forms in the metropolitan area is the
product of emissions from both the Kwinana and
Perth regions. Ozone levels may be increased at
Caversham, but the more northern site at
Cullacabardee tends to receive the highest
concentrations.

The air then returns across the main urban region. The
resulting double dose of the received emissions is the
major factor in the generation of high ozone levels
inland (see Figure 5.7(a)).
Several other characteristics of these conditions are
also important in the process. Mixing depths are
limited by a strong temperature inversion capping the
inflow (Figure 5.8). Experience also shows that when
winds are stronger than about 3 m/s, morning peakhour emissions may be carried too far offshore, and
be lost from the region before the sea breeze forms.

Although air trajectories passed through the Kwinana
region on these days, the contribution of emissions
from Kwinana industry to photochemical smog levels
in Perth was unclear. One major role of analyses
conducted during the study was to evaluate the
importance of Kwinana emissions on such days (see
Section 7.3).

The coastal low pressure trough is also a major factor
in these events. Due to the decrease of the offshore
wind velocity to zero near the trough axis, morning
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Figure 5.7. Air trajectories based on estimated winds at 100 metres’ height for days representative of types of
ozone events: (a) an inland event (4 February 1994), when urban emissions returned across the urban region,
while emissions from the Kwinana region remained isolated; (b) a Kwinana event (18 March 1994, right), when
Kwinana emissions returned across the urban area. Numbers on the trajectories are hours WST.
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2 p.m., 21 February 1995
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Figure 5.8. Potential temperatures (see below for definition) at Swanbourne at 12 noon on 4 February
1994 (left), and at 2pm on 21 February 1995 (right). The strong cooling of the layer below 500 metres
in the first case restricted vertical dispersion inland, a typical condition on “inland event” days. The
shallower temperature inversion near the surface in the second case was characteristic of conditions
expected on “coastal event” days.

5.3.3. Coastal Events

offshore, overlying the cool sea surface, maintains
conditions of high atmospheric stability. The city’s
morning emissions are therefore held in high
concentrations, a condition which also enhances the
rates of the chemical reactions forming ozone. Then,
when the smog mass reaches the coast, the warmer
inflow temperature allows mixing depths to grow
more rapidly inland. The ozone in the inflow is
therefore largely dispersed before it reaches inland
monitoring sites.

This class represents a major additional regime
revealed by the Perth Photochemical Smog Study. It
is characterised by high concentrations of smog
measured at coastal sites, but generally quite
moderate levels inland. Figure 5.9(a) shows that for
such days, the appearance of the air mass trajectory
can be much the same as inland events.
However, in comparison to inland events, there are
significant differences in the meteorology of this
class. Although general air mass trajectories can be
similar, morning wind speeds are generally greater.
The coastal low pressure trough is initially further
offshore, so the cold air mass to its west is not drawn
into the sea breeze. The upper levels of the sea breeze
inflow are therefore warmer than on days of inland
events (see Figure 5.8).

5.3.4. Bushfire Smoke Events
A significant fraction of photochemical smog events
in Perth is due to chemical reactions between
compounds in bushfire smoke, and Perth’s normal
urban emissions of organic compounds and nitrogen
oxides.
This smoke can contribute to ozone levels in the
conditions already described, but can also produce

This has two effects. The presence of warm air

Potential Temperature
When a mass of air rises, the reducing pressure means that the air expands and cools. This change of
temperature is the reference against which atmospheric stability is measured. Because of the cooling, in a plot of
air temperature against height, the reference line marking the transition between unstable (convective) and
stable conditions has a slope. Potential temperature is a concept which corrects for this effect.
It is defined mathematically by θ = T (1000/P)2/7, where T is temperature on the Kelvin scale, and P is pressure
in hPa (hectopascal). For a rising air mass, θ is constant. Graphs of θ against height slope to the right in stable
conditions, to the left in unstable conditions.
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Figure 5.9. Air trajectories representative of types of ozone events: (a) a coastal event (21 February 1995) −
the trajectory shown is not significantly different from that in Figure 5.7(a), (b) a bushfire smoke event (13
January 1993) − high levels of ozone were detected at Cullacabardee, Caversham and Rolling Green about
2pm. Numbers on the trajectories are times, in hours WST.

high concentrations when smog would otherwise not
occur. This appears to be due to the high
concentrations, and high reactivity, of organic
compounds in the smoke.

when winds were south westerly all day. A low
pressure trough had passed inland on the previous
day, and the effects of the trough on atmospheric
stability were still evident. Figure 5.10 shows that a
strong, low level temperature inversion was present in
the morning. The maximum surface air temperature
on the day was 26oC, and the evening temperature
profile was similar to Figure 5.10, indicating that low
mixing depths persisted throughout the day.

The trajectory shown in Figure 5.9(b) is for an event

2000

Normally, in these conditions, no significant ozone
concentrations would be expected. However,
increased levels of ozone were detectable by the time
the inflow had reached Cullacabardee, and
concentrations at Caversham and Rolling Green, were
higher still (Figure 5.11).

1500
Height
(m)

The absence of air mass recirculation is a common
indicator of these events. The relatively gradual
increase, then decrease, of ozone concentration also
identifies them. Bushfire-related smog peaks reach
magnitudes similar to those due to urban emissions,
but their longer duration makes their potential health
effects greater.

1000
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0

18

5.3.5. Light Westerly Wind Events

24
30
36
Potential Temperature (C)

These events are relatively uncommon, and are
characterised by moderate levels of ozone − but
relatively high levels of nitrogen oxides − in the Perth
metropolitan area. High levels of ozone can form in
the rural region to the east. The typical pattern is of a

Figure 5.10. Potential temperatures at Perth Airport
at 6am on 13 January 1993.
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Figure 5.11. Ozone concentrations (ppb) at three inland sites on 13 January 1993. The smog on
this day was formed by a mixture of bushfire smoke and urban emissions.
southerly-to-westerly wind all day, of relatively low
speed. Emissions from the urban area and possibly
Kwinana (as in Figure 5.12) accumulate in light wind,
low mixing depth conditions in the morning, and the
air mass is carried inland as the onshore flow
strengthens. The Rolling Green measurement site
shows increased ozone concentrations in the early
afternoon.

Rolling Green
13

5.4. ANALYSIS USING THE
INTEGRATED EMPIRICAL RATE
METHOD

12

11
10

The Integrated Empirical Rate (IER) model of
photochemical smog formation was developed by
Graham Johnson and colleagues at the CSIRO
Division of Coal and Energy Technology (Johnson,
1983). Its main innovation is that it provides a way to
understand the key aspects of photochemical smog
processes from ambient monitoring data alone,
without requiring a detailed emissions inventory.

9

8

The IER theory focuses on the essential features of
photochemical smog development. It employs the
experimental results of smog chamber studies to
derive a relatively simple set of algebraic expressions.
The theory has also been recast into a set of
differential equations, called the Generic Reaction Set
(GRS), which may be substituted for the complex
equation sets of most smog models.

Figure 5.11. Trajectory ending at Rolling Green on 31
January 1995 at 1:30pm, the start of an ozone episode
at that site. The path crossed major emissions sources
during the morning, and is representative of those
leading to a “light westerly wind” smog event.
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5.4.1. Description of the Integrated
Empirical Rate Model

NOx-limited regime

Johnson (1983) provided a derivation of the IER
model. Later additions have clarified some
relationships, giving a version as summarised below:

SP
(ppb)

An important starting point is the recognition that the
concentration of ozone at any particular location is
not necessarily a complete indicator of photochemical
smog production. This is particularly true close to the
central business district (CBD) of a city like Perth,
where the nitric oxide emitted by motor vehicles
reacts with ozone in the air to produce nitrogen
dioxide:
NO + O3 → NO2 + O2

200

0
0

{NOy}t - {NO}t + {O3}t (5.2)

where { }t denotes number of moles of the particular
species present in the air mass at time t.
The term NOy represents the full range of gaseous
oxygenated nitrogen species
{NOy}

=

∫k

200

300

f(T) dτ

NO
2

the same rationale as SMOG. However, it represents
only the products of smog reactions, both gaseous and
non-gaseous. It therefore excludes those components
of the smog mixture which were present in the
atmosphere initially (mainly background ozone) and
those which were directly emitted into the air (mainly
the NO2 emitted from various sources such as motor
vehicles).

To allow for the ozone − nitrogen dioxide exchange,
the IER theory defines a parameter called SMOG:
=

100

Figure 5.12. Concentrations of Smog Produced as a
function of sunlight exposure, measured in a CSIRO
smog chamber experiment (after Azzi, Johnson and
Cope 1992).

(5.1)

An ozone monitor sited just downwind of the CBD
would therefore measure low values. However, the
boost to photochemical potential provided by the
emissions of nitrogen oxides could mean that a
monitor some kilometres downwind would measure
levels higher than those upwind of the CBD.

{SMOG}t

Light
limited
regime

400

This definition means that SP is the sum of the total
NO consumed (which must become smog products of
some sort) plus the total ozone produced:

{NO}+{NO2}+{HNO3} (5.3)

+{PAN}+{gaseous organic nitrates}+ ...

{SP}t

The symbol NOy is used as an extension of a
preceding convention, in which the combination of
NO and NO2 only is denoted as NOx.

=

{NO}0,t - {NO}t +
{O3}t - {O3}0

(5.4)

where { }0 denotes the number of moles present at a
start time (i.e., background) and { }0,t denotes the
number of moles of the species initially present in the
air plus the moles added via emissions up to time t.

In addition to the gaseous species, there is also a
range of stable non-gaseous nitrogen compounds
formed in photochemical smog. These are denoted by
the symbol SNGN.

The IER model relies on a set of empirical
relationships
derived
from
smog
chamber
experiments (Johnson 1983). The central finding of
these experiments was that the production of smog,
described by the SP parameter, follows a wellbehaved pattern, illustrated by Figure 5.12.

The value of {SMOG}, which is approximately equal
to {O3} + {NO2}, is a much more stable measure of
photochemical activity than {O3} alone. It remains
constant when NO is added to an air parcel,
producing NO2 at the expense of O3.
The most commonly used instrument which measures
oxides of nitrogen records {NOy} directly. This
means that {SMOG} is directly measurable, and
provides a robust measure of smog development over
space and time.

The horizontal axis may be thought of as cumulative
sunlight exposure, since the parameter kNO2, which is
the rate coefficient for the photolysis of NO2, is
directly determined from the ultraviolet light intensity
(Johnson 1984). The function f(T) accounts for the
effect of air temperature, T, on the photolysis rate.

Developing the theory, Johnson defined a second
parameter, SP, which stands for “smog produced”.
This combines ozone and nitrogen compounds with

As shown in Figure 5.12, smog production proceeds
initially as a linear function of cumulative sunlight
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exposure. As ozone is generated, NO and NO2 are
depleted, by reactions forming other nitrogen
compounds which do not participate further in ozone
formation. Then smog production ceases, with the
total moles of SP (comprised largely of ozone)
remaining constant.

Rsmog can be calculated from the
concentration of an organic species
photochemical reactivity coefficient,
over all such species, that is,
n

Rsmog

The IER model separates the two phases of smog
production. The first phase is called the “light-limited
regime” because the rate of smog production depends
on sunlight intensity. The rate also depends on the
amount and reactivity of ROC species in the air and
the air temperature. The second phase is called the
“NOx-limited regime”, since it only occurs when
NOx has been consumed.

{NO}0,t

aROC[ROC]total

(5.6)

=

F{NOx}0,t

(5.7)

where F has a nominal value of 0.9. This relationship
assumes that there is no significant initial
concentration of NO2 in the air mass.
Significant concentrations of NO2 might be found in
an urban air mass at the start of a day if the previous
day’s smog plume has been recirculated back to the
urban area (i.e., a multi-day smog event). In this case
the model needs to be applied to the whole event,
starting at the first day when the assumptions in
equation (5.7) are correct.

Corresponding reductions of ROC emissions in a city
with less sunlight and lower temperatures might be far
more beneficial. The potentially highest smog
concentration occurs at the onset of the NOx-limited
regime, and this might not be reached before
nightfall.

CSIRO terminology for {NOx}0,t is {NOx}em − that
is, the emissions of NOx. This term is used below.
Removal to Stable Non-Gaseous Nitrogen
Compounds: In the light-limited regime, the rate of
formation of SNGN is proportional to the rate of total
smog production:

The IER model is valuable in enabling an assessment
of the status of smog development given the data
from a network of monitoring stations. The model
equations which permit this assessment are derived as
follows.

{SNGN}t

=

P{SP}t

(5.8)

where the value of P has been determined to be about
0.125.

Empirical Relationships from
Experimental Observations

Attainment of the NOx-Limited Regime: When all
nitrogen oxides have been consumed, no more smog
may be produced. The maximum quantity of smog
produced is found to be proportional to the initial
supply of nitrogen oxides − that is,

The Light-Limited Regime: Here, the smog chamber
observations represented in Figure 5.12 yield the
relationship
t

∫0 kNO2 f(T) dτ

[ROC(i)]

ROC( i )

i =1

Assessing the Mix of Emitted Nitrogen Oxides: The
emissions of NOy occur as NO and NO2 only (and so
are given the combined name NOx). In general,
across the various urban sources of NOx, NO is a
large fraction of the total emission, that is,

Reducing ROC emissions without reducing NOx
emissions will slow the smog reactions, but may have
little effect on the ultimate amount of ozone produced
− although the extra time taken could be beneficial, in
allowing more dispersion.

Rsmog

∑a

Johnson (1984) indicated that a good estimate of
aROC , the effective overall photochemical reactivity
coefficient, in an urban atmosphere, is 0.0067.

To understand the options available to control
photochemical smog in a city like Perth, it is most
important to consider the implications of Figure 5.12.
Perth experiences strong sunlight and high
temperatures in summer so that, given a mix of ROC
and NOx emissions typical of an urban centre, we can
expect smog reactions to occur relatively quickly.

=

=
=

In this second phase, reactions which produce SNGN
will continue even though O3 production has ceased.

SP

product of the
[ROC] with its
aROC, summed

(5.5)

SPmax

where Rsmog is the photolytic rate coefficient for
organic species, T is air temperature and τ is time
through the day.

=

β {NOx}em

(5.9)

where β has been measured to have a value of
approximately 4.
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Model Equations for the Light-limited
Regime

If the value of G is less than one then the regime is
light-limited. If G is greater than or equal to one then
the regime is NOx-limited.

Conservation of nitrogen species requires that
{NOx}em

=

{NOy}t + {SNGN}t

The derivation of this method for determining the
regime is based on the observation that equation
(5.14) will underestimate {NOx}em in light-limited
conditions, just as (5.11) will underestimate
{NOx}em in NOx-limited conditions.

(5.10)

Using this relation, and the preceding ones, we find
that the amount of NOx emitted into the air, and the
amount of smog produced, can be estimated as
follows:

Effect Of Dispersion: Converting to
Concentration Units

{NOy} + P({O 3} − {O 3} ) − {NO} )
1 − FP
t

{NOx}em =

t

0

t

In all of the above equations, the species are
expressed as moles present or emitted. This can be
thought of as the numbers of molecules within the
volume of an experimental smog chamber.

(5.11)

{O 3}t − {O3}0 − {NO}t + F{NOy}t
1 − FP

{SP}t =

(5.12)

In the fixed volume of a smog chamber, conversion to
units of concentration is simple. In the real
atmosphere, the initial air mass (the urban plume)
containing all of the initial emissions grows over
time, due to the mixing of additional air into the
plume. Mixing occurs due to both lateral dispersion,
and vertical dispersion as the turbulent layer above
the earth's surface grows deeper during daytime.

Having evaluated {NOx}em we can evaluate SPmax
from equation (5.9). The extent to which the smog
reactions have progressed towards the onset of NOxlimited conditions can then be expressed as:
E

=

{SP}t/{SP}max

(5.13)

where E will always lie in the range zero to one. E is a
crucial measure of the smog formation process, and
its use is discussed in Section 5.4.2.

Consequently, while the number of moles of some
species increase and others decrease via chemical
reactions, the effect of dilution due to atmospheric
mixing is superimposed on the concentrations of all.

Model Equations for the NOx-limited
Regime

The single exception is ozone, for which a
background concentration is present which may vary
across the region. Neglecting the variability, it is
apparent that only the excess ozone, {O3}t-{O3}0,
will be diluted at the same rate as other species. In the
foregoing equations, ozone is expressed as excess
ozone in every instance.

We can also derive equations equivalent to (5.11)
and (5.12) for the NOx-limited regime:
{NOx}em

=

{SP}t = SPmax =

{O 3}t − {O3}0
β−F

(5.14)

β({O 3}t − {O 3}0 )
β−F

(5.15)

Since the dilution effect is linear and uniform across
all species including excess ozone, the concentrations
of the various species measured at a monitoring
station are in the same ratio as the number of moles in
the diluted “air mass” near the station. Therefore, the
equations for SMOG, SP, G and E at time t may be
rewritten in terms of measured concentrations rather
than moles. However, the term {NOx}em makes little
sense expressed as a concentration.

Determining the Regime
Before the above equations can be employed it is first
necessary to know which regime is current at the
location and time of interest. This determination can
be made by calculating, using equations (5.11) and
(5.14), the term
G =

Input Data Requirements

{NO x }em (equation 5.14)
{NO x }em (equation 5.11)

In summary, the IER model allows an assessment of
the status of smog formation from the results of
ambient monitoring. Equations (5.7) to (5.16) allow
the status of smog development to be determined
from routine monitoring data (NO, NOy and O3), but
only at the time of measurement and at the location of

(5.16)
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the monitoring station. If analyses forward or
backward in space and or time are to be made, then
the following additional data are required:
•

a calculation of Rsmog from equation (5.6), or a
direct measurement of this parameter (e.g. by an
Airtrak instrument);

•

solar radiation and temperature records or
projections to allow equation (5.5) to be
evaluated; and

•

model calculations or wind records for forward
or back trajectory modelling.

injection of more NOx would result in an increase in
smog concentrations.
Strategies to control smog concentrations in a
particular locality need to take proper account of the
stage of smog development indicated by typical
values of E during smog events. If the air is in the
light-limited regime (E < 1), regional ROC reductions
would be effective but NOx control could be counterproductive. If the air is clearly in the NOx-limited
regime (E = 1), regional reduction of NOx emissions
would reduce smog levels, while the benefit of ROC
reductions is less clear. However, as explained by
Blanchard, Roth and Jeffries (1993), the IER model
tends to over-estimate E, thereby predicting
premature onset of NOx-limited conditions.
Accordingly, IER predictions should not be used in
isolation when considering the merits of NOx
controls.

5.4.2. Application of the IER Model
Extent Calculation from AQMS Data
The parameter E in equation (5.13) was defined as the
“Extent” to which the smog reactions have proceeded
towards NOx-limited conditions. It is one of the set of
parameters which can be determined from routine
NO, NOy and O3 monitoring data at a monitoring
station. Given the data from a network of monitoring
stations, the Extent parameter is particularly useful in
providing an insight into smog processes over a
region.

Furthermore, smog control strategies need a regionwide focus, to ensure that a “fix” for one locality does
not worsen the situation elsewhere.
Calculated values of E during smog events across the
study period, as presented below, provide a basis for
assessing possible regional smog control strategies.
Figure 5.13 is a graph of the cumulative frequency of
occurrence of E values for smog events (averaged
over one hour) at representative monitoring stations
nominated in each plot (see Figure 5.14 for locations).
Only events which had a 1-hour average [SP] (from
equation 5.4) greater than 50 ppb were considered as
smog events. A background ozone concentration of
15 ppb was used in the calculation of [SP]. The data
were compiled as 1-hour averages over the period
October 1992 to April 1995.

In the light-limited regime (LLR), where E is less
than unity, smog production is determined by the
availability of ROC, the air temperature and the
intensity of sunlight. In the NOx-limited regime
(NLR), E is equal to unity and smog production is
limited by the availability of NOx, since the smog
plume has utilised all the NOx available and has
produced the maximum possible amount of smog
(SPmax). Smog production will cease even in the
presence of abundant ROC and sunlight. Only

This method of presentation is designed to extract
values of E for every clearly identifiable smog event
at the various monitoring stations and to plot these
values in a way which allows a comparison of the
different characteristics of smog at each site (i.e.,
tendency to NOx or light-limited regimes), neglecting
the other details of the smog events (i.e., how many,
what concentrations).

Rottnest
100
80
Rolling Green
%
Swanbourne

60

The graphs show, for each station, the percentage of
1-hour events for which the calculated E was equal to
or greater than the E value on the horizontal axis. For
example, the graph for Caversham indicates that 80%
of the identified smog events for that station had E
equal to or greater than 0.6, whereas 100% of the
events at Rolling Green (further inland) had E greater
than 0.6 (i.e., further towards being NOx-limited than
Caversham).

Cullacabardee
40
Kenwick
Caversham

20

Jandakot
0.2

0.4
0.6
0.8
Extent of smog formation (E)

1.0

In summary, stations which show graphs staying high
and close to horizontal are in a region which is

Figure 5.13. Cumulative frequency with which IER
Extent values were exceeded at several PPSS sites.
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predominantly NOx-limited. Graphs which drop
significantly from left to right indicate that the station
is in a region which is frequently light-limited.

6520

Two Rocks
Pinjar

90

The point at which each graph ends (E = 1) indicates
the probability of NOx-limited conditions occurring
at that station. In reality the transition to NOx-limited
conditions begins before E fully reaches unity, as can
be seen in Figure 5.13. The vertical dashed line on the
graphs at E = 0.95 indicates the possible start of this
transition zone, within which both ROC and NOx
emission controls may be effective (Chang and Suzio
1995). As seen from the graph for Caversham, 35% of
the smog events have E equal to or greater than 0.95,
i.e., a probability of 0.35 that smog events (as
defined) will be NOx-limited. The corresponding
probability for Swanbourne is 0.8.
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In Figure 5.14, the probability of smog events being
NOx-limited is plotted as contours across the Perth
region, based on the method explained above for the
various monitoring stations.

360
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Figure 5.14. Probability across the Perth region of
smog events being NOx-limited. Contours are omitted
where there are insufficient ozone measurements.
Axis labels are AMG coordinates, in kilometres.
Reduced probabilities occur in areas receiving fresh
urban or Kwinana emissions.

Interpretation of Extent Calculations
The cumulative frequency plots and the contour plots
together provide a basis for comparing and
interpreting the smog measurements at each station.
It must firstly be stressed that the data extracted for
analysis relate only to clearly identified smog events
at monitoring stations. By definition these events will
only occur after there has been adequate time for
smog to form. For example, the many morning hours
on which fresh urban emissions pass out to sea over
Swanbourne and Rottnest (with significant potential
to react) will not be extracted in this analysis as the
reactions will be in the early light-limited stages, with
minimal ozone having been formed.

sometimes affected by fresh Kwinana emissions,
which distorts the overall result).

The assessment of smog events in Section 5.3
confirmed that significant smog events in the Perth
region involve urban and/or industrial emissions
being blown out to sea, reacting under sunlight, and
then returning back over the land. Hence if a
monitoring station indicates a relatively low value of
E coincident with a significant smog concentration,
the most likely explanation is that the air mass being
measured has been out to sea and, while returning
across the land, has picked up fresh emissions of
NOx.
This hypothesis is successful in explaining the broad
features of the contour plot, as follows:
•

Gingin

Onshore winds reaching Rottnest, Swanbourne,
Quinns Rocks and Two Rocks are unlikely to
have trajectories which have recently passed over
fresh NOx sources, hence the probability of
NOx-limited conditions is high (Swanbourne is
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•

Rolling Green is well downwind of significant
fresh NOx emissions and therefore almost always
NOx-limited. The same appears to be true at
Gingin also, indicating that NOx from the Pinjar
gas turbines does not strongly influence smog
concentrations downstream in the sea breeze.

•

Caversham, during onshore winds, is downwind
of a major source of fresh motor vehicle
emissions from the CBD (NOx and ROC) and
therefore has a high probability of light-limited
smog events. The same is true to a lesser extent at
Cullacabardee which is downwind of dense
suburban areas.

•

Both Jandakot and Kenwick are downstream,
during south westerly winds, of the Kwinana
industrial area, a major source of NOx and ROC.

6. Emissions Analysis
In Chapter 4 the procedures used to develop the PPSS
emissions inventory were outlined. In this chapter the
analyses and results are described in detail, together
with practical methods used to verify emission
estimates where possible.

larger than in the Melbourne inventory. This reflects
the existence of large NOx sources in the Kwinana
industrial area, which is within the PPSS region.
Source contributions to ROC emissions are similar in
ratio to those of Melbourne, with motor vehicles and
area sources dominating industrial sources.

Development of the Perth inventory followed in many
respects the methodology used to develop an
inventory for Melbourne (Carnovale et al. 1991).

Carbon monoxide emissions are predominantly from
motor vehicles, as is normal for most cities. Industrial
emissions of CO are almost negligible.

Overall, the relative contributions to Perth’s smog
precursors from the various source groups showed
some similarities to Melbourne and also some
differences. Figure 6.1 shows the relative contribution
to annual emissions of the three main precursor
species from the anthropogenic source groups (i.e.,
excluding biogenic emissions).

6.1. MOTOR VEHICLE EMISSIONS
6.1.1. Methodology
An overview of the methods employed by the
Department of Transport (James 1995) to assemble
the vehicle emissions inventory is described in this
section, with specific issues being discussed in greater
depth in subsequent sections.

NOx emissions are dominated by motor vehicles,
being about half the total. However, of the remainder,
the fraction attributable to industry is significantly

NOx

The motor vehicle emissions inventory utilised data
from several sources:

Area
5%

•

Vehicular movement data were obtained from a
computer-based traffic model developed by Main
Roads Western Australia (MRWA). This model
represents all metropolitan roads by a node and
link network. Modelled traffic flows are
calibrated against actual vehicle counts made at a
range of sites over the metropolitan area. The
model classifies roads according to their capacity
and type of construction, both of which influence
vehicle behaviour. Model output, together with
vehicle
count
data
for
hourly
and
weekday/weekend variations (see Section 6.1.2)
allowed daily and hourly vehicle kilometres
travelled (VKT) and traffic flow conditions on
each link to be estimated.

•

For each major emitted species, emission factors
(grams emitted per kilometre travelled) for
specific makes and models of vehicles were
derived. These were based on vehicle test data
produced by the Environment Protection
Authorities of Victoria and New South Wales
(EPA NSW 1994). The emission factors took
account of the fact that vehicle emissions vary
according to the mode of travel (e.g., freeway
versus congested). The effect of ambient
temperature was also included, as discussed in
Section 6.1.3. Fleet average emission factors also
reflected the effects of regulatory controls on
emission characteristics of new vehicles

Motor
Vehicles
51%

Industrial
44%

ROC
Area
37%

Motor
Vehicles
44%
Industrial
19%

CO
Area
18%
Industrial
2%

Motor
Vehicles
80%
Figure 6.1. Source group contributions to annual
photochemical smog precursor emissions, Perth 1992.
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introduced from 1986 onwards under Australian
Design Rule (ADR) specifications, as discussed
in Section 6.1.4.
•

The state Register of Motor Vehicles (1991) was
used to provide the information on the makes and
models which comprise the Perth motor vehicle
fleet (James 1993). The distance travelled as a
function of vehicle age was found from the 1991
Survey of Motor Vehicle Usage (Australian
Bureau of Statistics 1991).
200

Combination of these databases enabled vehicle fleet
emissions to be estimated on an hourly basis for each
link in the MRWA model. Resultant link data were
then assigned to the emissions inventory grid cell into
which the link fell, providing an estimate of the motor
vehicle fleet emissions resolved in time and space.
Gross annual emissions from motor vehicles in the
Perth region in 1992 are shown in Figure 6.2.
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Figure 6.3. Estimated 1994 vehicle emissions of ROC
on an ozone event day, in kg/km2.

Forward projections of estimated motor vehicle
emissions were made based on traffic volume changes
predicted by the MRWA model, plus other expected
effects such as the attrition of older (uncontrolled
emission) vehicles from the fleet. Expected trends in
motor vehicle emissions are discussed further in
Section 6.1.4.

It is important to define correctly the timing of
morning peak hour emissions in relation to Perth’s
summer wind cycle (morning easterly followed by an
afternoon sea breeze), so that computer models can
correctly estimate the trajectory and ultimate impact
of these emissions.

6.1.2. Spatial and Temporal
Distribution

The temporal variation in emissions from motor
vehicles was taken to be dependent on the number of
vehicles on each link for a given hour of the day. This
was determined by analysis of traffic count data
collected during 1992-1993 by the MRWA at 44 sites
around the metropolitan area. Variation of the diurnal
profile of vehicular activity was notably small from
one site to another. A representative temporal profile
for the region was therefore derived by adding the
hourly vehicle counts for each site, as shown in
Figure 6.4 (James 1995).

The spatial distribution of emissions from motor
vehicles is naturally dependent on traffic density. As
illustrated in Figure 6.3, emissions are most
concentrated in the immediate neighbourhood of the
CBD and main traffic arteries through the
metropolitan area. This pattern is typical of results
found in other cities (e.g., Carnovale et al. 1991).

30

Hourly vehicle counts were then expressed as a
percentage of the daily total so that the profile could
be applied to individual links in the traffic model. The
result was a temporal distribution of VKT and
therefore emissions for each link.

25
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6.1.3. Temperature Effects

10

While the spatial distribution of vehicular emissions is
consistent with traffic distribution, the actual quantity
of emissions varies from day to day according to the
ambient temperature. This is especially so for ROC
emissions, as a significant portion of these arise from
evaporative losses and are therefore temperature
dependent.

5
0

NOx
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CO/10
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Lead
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Figure 6.2. Annual emissions (thousands of tonnes
per year) from motor vehicles, Perth, 1992. The CO
value has been divided by 10 to fit on the graph.
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these for the Sydney Metropolitan Air Quality Study,
(EPA NSW 1994) they were categorised by day type
o
as either winter (temperature less than 20 C), summer
o
o
(temperature more than 20 C but below 35 C) or
o
high oxidant day (temperature more than 35 C).

Weekday
Saturday
Sunday

80

60

Figure 6.5 shows the resulting daily motor vehicle
ROC emissions for Perth, according to these day
types. The low variation of exhaust emissions and the
large variation of evaporative emissions are both
clearly evident.

40

20

6.1.4. Effects of Emission Controls
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A major factor in estimating emissions from the
motor vehicle fleet is the effect of the various
emission control measures introduced under
Australian Design Rules. ADR 37 in 1986 was
primarily aimed at reduction of hydrocarbon and CO
emissions.
Vehicle
manufacturers
met
the
requirements by fitting evaporative-trapping canisters
to fuel systems and catalytic converters to exhaust
systems. A side benefit of the latter was the need for
such vehicles to use unleaded petrol.

Figure 6.4. Hourly distribution of total daily motor
vehicle traffic counts, Perth, 1992-1993. The vertical
axis is total traffic count, at 44 measurement sites, in
thousands.
A common approach in estimating motor vehicle
ROC emissions is to consider them in two categories
− tailpipe, or exhaust, emissions and evaporatives
(also known as running losses). The latter has been
taken to include:
•

evaporation from the fuel injection/carburation
systems;

•

crankcase losses (in pre-1969 vehicles);

•

hot soak losses (evaporation from hot engines
after they have been turned off); and

•

diurnal losses (loss of fuel vapour from parked
vehicles as a result of the daily ambient
temperature change).

Figure 6.6(a) shows the effects of these changes on
summer day fleet emissions, modelled for the period
1986 to 2011 with no consideration given to catalyst
deterioration. The forward projections are based on
the assumption that current emission standards for
new vehicles will apply unchanged to 2011. They
indicate expected trends as ageing non-ADR emission
regulated vehicles drop from the fleet.
The combined effect of ADR 37 and the introduction
of unleaded fuel is evident in the dramatic fall in lead
emissions and a general decline in ROC emissions to
about half their 1986 levels by 2011, despite
increasing VKT associated with population growth.
Nitrogen oxides are not so well controlled by current
vehicle emission standards and their general increase
over the period is predominantly due to increasing
VKT.

Estimates used for these evaporative losses are
expressed as an emission factor (measured in g/km) to
be added to the exhaust emission of ROC. In deriving
120
100

Evaporative
Exhaust

However, estimates of fleet emissions, and in
particular forward projections, are strongly influenced
by the variable performance of exhaust catalysts.
From the limited tracking that has been undertaken of
emissions performance of Australian vehicles in
service (EPA NSW 1994) it is evident that catalyst
performance falls away as the kilometre age of the
vehicle increases. Furthermore this effect is quite
variable in vehicles of the same make and model.
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This process is modelled by estimating catalyst
deterioration factors. For the Perth inventory the
deterioration factors used were provided by the EPA
NSW, having been derived from data obtained from
in-service vehicle tests conducted by that authority

Figure 6.5 Exhaust and evaporative ROC emissions
(tonnes) from motor vehicles on different day
categories, Perth weekday, 1994.
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Figure 6.6. Summer day motor vehicle emissions, Perth, 1986 to 2011, (a) ignoring catalyst deterioration and (b)
taking exhaust catalyst deterioration into account.
• comparison of annual values (e.g., VKT, tonnes of
emission species and average fleet emission
factors) derived from the detailed PPSS inventory
with those from a simpler inventory developed
from independent data;

and the EPAV. Performance decline for each species
(nitrogen oxides, ROC and carbon monoxide) was
expressed as a function of kilometres travelled for all
vehicle categories tested and average deterioration
factors determined by linear regression. The resulting
corrections were then applied to the fleet emissions
according to the kilometre age mix of vehicles in the
fleet, determined from the Register of Motor
Vehicles.

• comparison of average fleet emission factors from
the PPSS inventory with those derived from
analysis of roadway samples; and
• comparison of mass fluxes of precursors predicted
from the inventory with those measured by the
aircraft during the intensive field programme in
1994 (giving consideration to the extent of the
motor vehicle contribution to general urban
emissions at the time of measurement).

Figure 6.6(b) shows motor vehicle emission estimates
including the effect of catalyst deterioration, for a
Perth summer day. Lead emissions again show a
dramatic decline from 1986, and ROC initially shows
a downward trend. However, from 2001 the effect of
increasing VKT overtakes ROC reductions and gross
fleet ROC emissions begin to increase again. NOx
shows similar trends to the undeteriorated catalyst
case but overall NOx levels are significantly higher
and by 2011 are nearly double the value for the
undeteriorated catalyst case. Clearly, the issue of
catalyst performance is critical to evaluation of motor
vehicle fleet emissions and their effects.

Comparison of Annual Estimates
The simple, independent motor vehicle emissions
inventory was developed by the CSIRO Division of
Atmospheric Research (Galbally et al. 1995) using
vehicle emission factors from the National
Greenhouse Gas Inventory Committee Workbook for
Transport, and fuel consumption and VKT estimates
from the Australian Bureau of Statistics Survey of
Motor Vehicle Use, 1991. Comparison of those
estimates with the PPSS inventory (1991) values are
shown in Figure 6.7.

In computer modelling, the estimates of catalyst
deterioration discussed above were included in the
emissions inventory, being the more realistic option.
This decision was supported by results from sampling
programmes to measure motor vehicle emissions
during the intensive field studies carried out in the
summer of 1993-1994, as described below.

Agreement between the two approaches is within 6%
for estimates of VKT, CO and CO2. For NOx and
ROC the PPSS estimates are about 14% higher and
lower, respectively, than the CSIRO estimates.

6.1.5. Verification of Motor Vehicle
Emission Estimates

A possible explanation for the poorer NOx and ROC
agreement lies in the fact that the CSIRO estimates
are based on a single average emission factor for each
species. This was derived from dynamometer testing

The validity of the PPSS motor vehicle emissions
inventory was tested using several different
approaches:
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Emission factors for smog precursors were then
estimated, based on an emission factor for CO2. The
latter was determined from the fleet VKT and fuel
consumption, obtained from the Survey of Motor
Vehicle Usage (Australian Bureau of Statistics 1991),
and the known amount of CO2 produced per unit of
fuel consumed. The emission factor (g/km) for each
species was determined as the product of the CO2
emission factor and the species-to-CO2 concentration
ratio.
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Fleet emission factors quantified in this way were in
reasonable agreement with those used in the PPSS
inventory, as shown Figure 6.9.

ROC
tonnes

The field measurements therefore verified the vehicle
emission factors used in the inventory. This implies
that catalyst deterioration effects included in the
inventory were valid.

Figure 6.7. Comparison of annual estimates of VKT,
CO, CO2, NOx and ROC, Perth, 1991, from the PPSS
and CSIRO motor vehicle emissions inventories.

Comparison of Gross Emission Fluxes
Estimates of the gross emissions flux in the Perth
urban plume were made from airborne measurements
during the summer of 1993-1994. The urban plume is
a combination of motor vehicle and area source
emissions. Discussion of the aircraft results will be
deferred until Section 6.3.3 (after area sources have
been described). However, it may be noted here that
the aircraft results provided good support for
inventory estimates of total urban emissions. Morning
peak hour vehicle emissions were dominant at the
time of the aircraft flights.

of vehicles over a set drive pattern and applied to total
VKT.
The more detailed PPSS inventory categorised the
VKT according to mode of travel and applied modespecific emission factors. As traffic conditions in
Perth are relatively uncongested compared to the
dynamometer drive pattern, a higher proportion of
VKT is spent in the freeway mode.
Figure 6.8 shows the PPSS inventory “mode of
travel” emission factors for the three main emission
species, compared to the single factor used in the
CSIRO inventory.

Further corroboration of inventory estimates of motor
vehicle emissions was provided by detailed analysis
of the organic species detected in smog plume,
industrial plume and urban air samples, collected in

NOx emissions are higher and total ROC emissions
are lower for freeway mode, leading to a relative
difference in the estimates consistent with
observations.

4
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CSIRO

Comparison of Fleet Emission Factors
3
g/

One of the objectives of the ROC speciation sampling
program in the PPSS (see Section 4.5.3) was to
measure real, on-road concentrations of motor vehicle
emissions under particular traffic conditions. This
enabled determination of average fleet emission
factors for comparison with those used to develop the
motor vehicle emissions inventory.

km
2

1

The CSIRO Division of Atmospheric Research
sampled motor vehicle emissions using two platforms
− a car within traffic, for freeway/arterial road
conditions, and a static sampler mounted over the
street, for congested CBD conditions (Galbally et al.
1995). Analysis of these for CO, CO2, NOx and ROC
provided a “fingerprint” of motor vehicle fleet
emission concentrations.
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Figure 6.8. Comparison of the PPSS mode-specific
fleet emission factors with the fleet average factor
used in the CSIRO inventory.
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Figure 6.9. Comparison of PPSS inventory fleet emission factors (g/km) with those derived from measurements
in the CBD (a) and on freeway/arterial roads (b).

field programmes over the summers of 1992-1993
and 1993-1994. Galbally et al. (1995) quantified the
contribution of motor vehicle emissions to pollutants
measured in the samples by comparing individual
ROC species concentrations with those of acetylene, a
key low reactivity tracer for motor vehicle emissions.
Species associated only with motor vehicle emissions
show a strong linear concentration relationship with
acetylene, while those from other sources do not. This
principle was used to estimate the proportion of ROC
species measured at given locations that had
originated from motor vehicles. It was calculated that
about:
•

62% of the ROC in urban air;

•

53% of the ROC in photochemical smog plumes;
and

•

4% of the ROC in Kwinana industrial air

significant enough to warrant more detailed
evaluation by follow-up interviews or site visits.
All industrial emission estimates were based on 1992
data. No forward projections have been made for
industrial point source emissions as they are by nature
more constant than motor vehicle or area emissions.
Changes are usually by discrete amounts associated
with new projects or enhancements of existing
installations, and are best incorporated into the
emissions inventory as they occur.
The surveyed sources were grouped into industry
categories generally aligned with the Australian
Standard Industry Classification. The categories used
for the inventory are listed in Table 6.1.
The relative contribution of the different industrial
Table 6.1. PPSS Emissions Inventory, Industrial
Source Categories.

was attributable to motor vehicle emissions.

Code Description

The indicated 62% contribution from motor vehicle
emissions to ROC observed in urban air compares
favourably with the 58% contribution to gross urban
ROC estimated from the emissions inventory (where
gross urban emissions are defined as total inventory
summer weekday ROC emissions minus Kwinana
industrial ROC emissions).
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As outlined in Section 4.4.2, estimation of emissions
from industrial point sources in the Perth region
involved a survey of 330 industrial sites by
questionnaire. Persistence on the part of the inventory
team achieved a very high survey response rate of
more than 90%. Of the surveyed sites, 115 were
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Figure 6.10. Contributions of different categories of industry to smog precursor emissions of NOx (lower) and
ROC (upper), Perth, 1992. Note that ROC emissions for petroleum refining/storage are divided by 10 for
presentation purposes. “Elevated” refers to emissions emanating from above 45 metres.

•

activities to smog precursor emissions is shown in
Figure 6.10.

The main observations from these data are:

In common with experience in other cities, it was
found that a relatively small number of sources
account for the bulk of industrial emissions. For
example the 10 largest NOx emitters in the region
account for 92% of Perth’s total industrial NOx
emission of 20,327 tonnes/annum (1992). Similarly,
the 10 largest ROC emitters account for 91% of the
11,706 tonnes of industrial ROC emissions. The
pattern was repeated for other emission species.
The industrial emissions inventory also highlights the
concentration of the Perth region’s heavy industry in
the Kwinana area. For the purposes of this study the
Kwinana area was defined by Australian Map Grid
Coordinates 6424.0 to 6443.0 km N and 375.0 to
395.0 km E. Industrial point sources located in this
area accounted for the following fractions of the Perth
region’s emissions:
•

88% of industrial NOx;

•

76% of industrial ROC;

•

56% of industrial CO; and

94% of industrial SO2.

•

power generation and mineral processing are the
principal industrial sources of NOx;

•

petroleum refining and fuel storage, the food and
beverage industry and paper products and
printing are the principal industrial sources of
ROC;

•

the bulk of industrial NOx emissions (82%) are
emitted from stacks taller than 45 metres. (This
pattern also applies to sulphur dioxide and
particulate emissions from industry − not shown
in Figure 6.10); and

•

the bulk of industrial ROC emissions (96%) are
emitted at the surface.

The latter two points are potentially significant to the
dynamics of smog formation as, under some
meteorological conditions, the NOx and ROC could
be emitted into different air streams and therefore
might not mix effectively.
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6.2.2. Seasonal Variation in Industrial
Emissions

Quinns
Rocks

Activity on industry sites was expected to be uniform
throughout the year, and responses to the inventory
questionnaire confirmed this. The variation from
summer to winter in hourly emission rates of most
species was very small, with the exception of ROC
(Figure 6.11).
Aircraft
flight
path

Industrial ROC emissions include a significant
component of fugitive emissions due to evaporative
losses from storage tanks and plant components such
as valves, flanges and seals. These losses increase
with increasing ambient temperature. The relative
summer and winter emission rates shown in Figure
6.11 reflect this effect. Fugitive losses of ROC were
estimated for particular industries using the
procedures of API Bulletins 2517, 2518 and 2519
(American Petroleum Institute 1989, 1991, 1993), or
US EPA publication AP-42 (US EPA 1985).

ROC
Fremantle

NO
x
Kwinana

6.2.3. Aircraft Validation of Industrial
Emission Estimates
Figure 6.12. Aircraft flight path and corresponding
instrument response (plotted in arbitrary units)
traversing the urban and Kwinana plumes, on the
morning of 28 January 1994. The broad central peak
was due to urban (mainly vehicle) emissions, while
the sharper southern peaks came from Kwinana
industry.

As the bulk of industrial emissions in Perth originate
from the Kwinana area, airborne measurement of
pollutant flux in the Kwinana industrial plume was an
effective way to assess the accuracy of inventory
estimates of industrial emissions. This part of the
emissions inventory verification was a component of
the aircraft survey described previously in Section
4.5.1.

4.2, page 34). Instruments on the aircraft measured
pollutant levels when the plume was intersected and
allowed the activation of equipment to collect air
samples for subsequent detailed analysis. Figure 6.12
shows the flight path and typical instrument response
returned from such an exercise.

Special purpose inventory flights by the FIAMS
aircraft intersected the Kwinana plume close to the
coast in the early morning, generally under easterly
(offshore) wind conditions (Carras et al. 1995). This
exercise was conducted on four different days (Table

The main features evident are the broad urban plume
reflected in both the hydrocarbon and NOx traces,
followed by relatively sharp peaks of NOx and
hydrocarbons caused by individual industrial plumes
in the Kwinana area.

3000
Summer day
Winter day

2500
2000

From the concentration measurements, estimates of
the flux of NOx and ROC were made using the wind
speed and atmospheric mixing depth applying at the
time. The meteorological parameters were determined
either from observations made by the aircraft’s
instrumentation, or from independent radiosonde
flights at times close to the time of sampling. The
ideal conditions for measurement of emission fluxes
in this manner are low wind speeds and shallow
mixing heights (conditions most likely to occur in the
early morning). Potential sources of uncertainty in
flux determination by this method include low
pollutant concentrations, slow instrument response
times, estimation of effective mixing height and

1500
1000
500
0

NO
x

ROC

CO

SO2

Figure 6.11. Seasonal variation of industrial emissions
estimates for daytime hours (kg/hr). Only ROC
emissions change significantly from winter to
summer.
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Table 6.2. Comparison of measured and inventoryestimated emission fluxes from the Kwinana area,
1994 (from Williams et al. 1995).
Species

Measured
(kg/s)

Inventory
(kg/s)

CO2

57-120

140-180

NOx

0.2-0.65

0.38

ROC (as C)

1.2-2.5

0.45

where aROC(i) and [ROC(i)] are the photochemical
reactivity coefficient and the concentration of the
individual ROC species respectively.
Examination of the emissions inventory data base
revealed one dominant source of ROC emissions in
the Kwinana industrial area, namely the fugitive
emissions from the oil refinery. This source accounted
for about 95% of the total (see Figure 6.10). It should
be noted that this estimate was derived from
engineering calculations rather than actual
measurements.
To investigate the refinery ROC emissions estimates,
it was decided to use the calculated refinery fugitive
emissions alone to predict, via a computer model, the
values of Rsmog that would be expected at Jandakot,
downwind of the industrial area in sea breeze
conditions. The predicted values could be compared
with Airtrak measurements at Jandakot. The method
is summarised below.

variation of the instantaneous emission rates from
individual emission sources.
Using this approach, Williams et al. (1995) provided
estimates of the flux of hydrocarbons, NOx and CO2
from Kwinana. In Table 6.2 these are compared to
flux estimates from the emissions inventory, derived
from indicated emission rates and mixing depths at
the time of sampling.

The practical difficulty which arose in calculating
Rsmog was that there was not a complete set of aROC
values for all of the expected species of ROC in the
emissions. It was possible, however, to derive them
from aROC values calculated for Carbon Bond Four
(CB-IV) surrogate compounds by Cope and Johnson
(1994).

Taking into account the above-mentioned areas of
uncertainty in the estimates, there is reasonable
agreement between the measured and inventoryderived fluxes of CO2 and NOx. There was, however,
a significant discrepancy in the ROC flux estimates,
with the airborne measurements suggesting a ROC
flux from the Kwinana area of about three to four
times that indicated by the inventory. This is a
significant finding because, if correct, Kwinana ROC
emissions would be quantitatively the most significant
in Perth, exceeding those of the motor vehicle fleet
and therefore potentially playing a key role in Perth’s
smog events.

Given these ROC estimates, the steps involved in
modelling Rsmog at Jandakot were:

6.2.4. Evaluation of the Reactivity of
Emissions from Kwinana
Since aircraft measurements indicated that actual
emissions of ROC appeared to be significantly greater
than inventory estimates, it was decided to conduct
further investigations.
The Swanbourne Airtrak monitor was moved to the
Jandakot site (see Figure 4.1) on 21 February 1994 to
measure the parameter Rsmog, which provides a
measure of the photochemical reactivity of all ROC,
not just hydrocarbons. As described in Section 5.4,
=

∑ aROC(i)[ ROC(i)]

convert emission rates for each ROC species to
molar units, of “moles carbon per second”;

•

for each of the species, multiply the emission rate
by the derived aROC for the species, then sum
across all species to give the “total reactivityweighted molar emission” with units “reactive
moles carbon per second”;

•

use this emission value in a Gaussian plume
dispersion model to calculate, at Jandakot, the
concentration in units of “reactive moles carbon
per cubic metre of air”, corrected to STP; and

•

next use the fact that one mole of air occupies a
volume of 0.0224 m3 at STP, to determine the
number of “reactive moles carbon per mole of
air”. Finally, multiply by 109 to obtain units of
ppb (parts-per-billion by volume).

The result is the calculated value of [Rsmog] in units
of ppb, as defined in equation (6.1).
The Gaussian plume dispersion model DISPMOD
(Rayner 1987) was used for this exercise. The model
has been used extensively for modelling elevated
plumes in the Kwinana area. While recognising that
such models are not well suited to predicting pollutant
concentrations at particular points in time and space,
they are nevertheless quite capable of predicting the

n

Rsmog

•

(6.1)

i =1
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statistics of high values and longer term averages.
Consequently, if the model shows a consistent bias
above or below ambient measurements, that is a
strong indication of errors in the emissions estimates
or the ambient measurements.
Comparison of Rsmog measurements and model
predictions were made for selected events within the
periods February to April 1994 and December 1994
to February 1995. An event was defined on the basis
of favourable wind direction and availability of
reliable data from the Airtrak instrument. Examples of
these selected events are shown in Figure 6.13. Both
the modelled and measured concentrations are half
hour averages.

1.5

Rsmog 1.5
(ppb) 1.0

2.0
1.5

1.61

Number of events

56

Off-road
vehicles
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Marine craft
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Nat gas leakage

1.0
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products
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Surface
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0

0.5
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The various classifications of sources considered to
be the most significant contributors to area-based
emissions were identified in Section 4.4.3. The
relative contributions of these to Perth’s estimated
1992 (inventory base year) annual area source totals
of 22,600 tonnes ROC, 2,300 tonnes NOx and 47,000
tonnes CO, are shown in Figure 6.14. This indicates
that, on an annual basis, the most significant areabased contributors of smog precursors are domestic

0.5
0.0
12

0.65

6.3.1. Contributions to Area-based
Emissions

0.5

2.0

Standard deviation

6.3. AREA-BASED EMISSIONS

1.0
0.0
13

1.75

This result supports the indication of the airborne
study that ROC emissions from the Kwinana area are
underestimated in the PPSS emissions inventory.
However, the degree of underestimation is not
confirmed and uncertainty about Kwinana ROC
emissions remains a variable to be considered in
airshed modelling interpretations.

The modelled Rsmog values were generally less than
the Airtrak Rsmog values. For example, on 16
December 1994 the Airtrak measured a peak Rsmog
value of 1.5 ppb, while the peak modelled Rsmog
value for the same event was 0.85 ppb. The offset in
the time of these peak values is within reasonable
bounds, given the uncertainties in meteorological
variables used for modelling and the nature of
atmospheric turbulence. For each identifiable event in
the data, the ratio of the Airtrak measured peak
Rsmog to the modelled peak for the same event was
calculated, yielding the following statistics:

2.0

Average ratio

12

15
18
Time (hours WST)

21

Figure 6.13. Reactivity of the Kwinana Industrial
Area plume on 16 March 1994, 16 December 1994
and 8 January 1995: broad shaded lines − Rsmog
from Airtrak measurements, solid lines − Rsmog
modelled from emissions inventory.
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Figure 6.14. Percentage contribution of various
source classifications to annual area-based emissions
of NOx, ROC and CO, Perth, 1992 (from Stuart and
Carnovale 1994).
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Figure 6.15. Estimated population density in each
3km grid square for the Perth region in 1992, per
square kilometre.

20
0
ROC

solid and liquid fuel combustion, off-road vehicles,
marine craft, service stations and vehicle refuelling,
and use of surface coatings. On a given summertime
smog event day, however, the relative importance of
these sources changes significantly as their emissions
are not uniformly distributed over the year. In their
analysis of Perth’s area emissions, Stuart and
Carnovale (1994) found that, in summer, surface
coatings/thinners, service station and fuelling losses,
domestic/commercial solvent use, lawn mowing, offroad vehicles and marine craft are the main sources of
area emissions.

NO
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SO2
x 10

Part.
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Figure 6.16. Emissions from area-based sources,
Perth, 1992, showing day-of-week and seasonal
variations in summer (lower) and winter (upper)
emissions, in tonnes per day. Vertical scales
differ between the two graphs (From Stuart and
Carnovale 1994).
of-day influences. The seasonal and day-of-week
influences are evident in Figure 6.16 which shows
estimates of emissions from area-based sources on
summer and winter weekdays and weekend days.
The most significant observations are that:
• the area source contribution of ROC and CO
greatly exceeds that of NOx;

6.3.2. Spatial and Temporal Variations
Area source emissions were assumed to be spatially
distributed according to the pattern of population
density in the PPSS region, based on the premise that
activities giving rise to them are population-based.
Gross emissions were assigned to the inventory
network of grid cells in proportion to the grid cell
populations. The latter were determined from the
Australian Bureau of Statistics 1991 Census data, and
are shown graphically in Figure 6.15. The extension
of shading across the coast is an artefact of the
method used to smooth the data for graphical
presentation.

• area emissions are always higher on weekend days
than weekdays (because of the influence of
domestic activities on area emissions); and
• CO and particulate emissions are much higher in
the winter (Note the different scales). This is
predominantly due to domestic solid and liquid
fuel burning for heating so that, although this
activity is a significant emitter of smog precursors
on an annual basis, the emissions occur in the
winter when smog activity is suppressed by low
temperatures and reduced sunlight. Therefore this
source has no significant impact on Perth’s
photochemical smog.

The temporal distribution of area-based emissions is
strongly subject to seasonal, day-of-week and time-
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To determine the temporal distribution of the
emissions, the gross estimates were divided according
to the days of the year on which the activities were
most likely to occur, taking into account the seasonal
and weekday/weekend influences. For instance
emissions from home heating are almost entirely
confined to the winter and while there is reduced
activity at petrol stations on weekends, lawn mower
usage is increased.

vehicle emission estimates have been corroborated by
other approaches (Section 6.1.5), the inventory
estimates for area-based sources also appear to be
reasonable.

6.3.4. Trends for Area-based
Emissions
In estimating emissions from area sources in Perth,
Stuart and Carnovale also made forward projections
to the year 2002. As area emissions are most strongly
a function of population, forward estimates were
based on population growth projections. For Perth,
these were derived from Local Government Area
growth projections developed by the WA Ministry for
Planning, using data from the 1991 Census. Resultant
estimates of annual emissions of NOx, ROC and CO
from area-based sources in 1992 and 2002 are shown
in Figure 6.17.

Resultant daily estimates were further divided
according to the likely diurnal profile to provide an
hourly emission for each grid cell. For example,
natural gas leakage was taken to occur around the
clock, seven days per week whereas domestic and
commercial solvent use or aerosol product use was
assigned a more “9 to 5” profile.

6.3.3. Verification of Area-based
Emissions
The aircraft operations described in Sections 4.5.1
and 6.2.3 also provided measurements of the flux of
emissions from the Perth urban region. The urban
plume, centred on the CBD, is almost entirely due to
emissions from area-based sources and the motor
vehicle fleet, since the region’s industrial emissions
are concentrated in the Kwinana area further to the
south.
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Williams et al. (1995), compared the measured fluxes
with those derived from the emissions inventory
(vehicle plus area sources) for the time of day of the
sampling, generally between 6.30am and 8.30am.
Their results, reproduced in Table 6.3, indicate good
agreement between the measured and inventoryderived flux estimates.
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NOx

0.7 − 1.6

0.7 − 1.6

ROC(as C)

0.4 − 2.5

1.2 − 2.4

2002

0
NOx

ROC

CO

Figure 6.17. Estimates of area-based emissions of
NOx, ROC and CO in Perth for the years 1992 and
2002 (kilotonne/year).

6.4. BIOGENIC EMISSIONS
Biogenic emissions are generated predominantly in
the daytime and are strongly temperature dependent.
Estimates of daily emissions of biogenic ROC in the
PPSS region for 16 March 1994, when the maximum
temperature was about 37oC, are shown in Figure
6.18.

Table 6.3. Comparison of measured and inventoryderived emission fluxes in the Perth urban plume,
1994 (from Williams et al. 1995).
Inventory
(kg/s)

40

20

This agreement suggests that the combination of the
motor vehicle and area source emission estimates in
the inventory are reasonable. Given that the motor

Measured
(kg/s)

1992

30

Under the conditions at the time of sampling,
uncertainties in the flux estimates were estimated to
be ± 0.05 kg/s for NOx and ± 0.1 kgC/s for ROC.

Species

50

Total biogenic ROC emissions for the region shown
were calculated to be 60 tonnes per day. In mass
terms this was of the same order of magnitude as
other ROC source group emissions in the region.
However, as can be seen from Figure 6.18, the
emissions were broadly spread.
The occurrence of maximum emission rates in the
inland part of the PPSS region is clearly evident,
particularly to the south. The dominant source in this
area is the Jarrah forest.
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contribution from industrial point sources to overall
emissions of NOx in Perth.
The spatial distribution of emissions in Perth is such
that there are two general “plumes” identifiable − a
widely spread one resulting from motor vehicle, area
and biogenic sources, and a more intense one arising
from the concentration of industry in the Kwinana
area. While the latter may be more locally intense, the
former represents a larger mass of emissions and has
the greater potential for photochemical smog
production.

Scale
(kg/km2
/day)
20
10

Several approaches were used to verify the emission
estimates in the PPSS inventory. Generally, these
indicated that estimates of NOx from motor vehicles,
area sources and industrial point sources are realistic.
Similarly, inventory estimates of ROC from motor
vehicle and area sources appear to be valid. There is
evidence, however, that ROC emissions from the
industrial sources (essentially in the Kwinana area)
have been underestimated by a factor of two to four.
Biogenic emissions of ROC also remain an area of
uncertainty.

5
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1
0.5
0.2
0.1

Figure 6.18. Distribution of daily total biogenic ROC
emissions (in kg/km2/day), calculated for 16 March
1994.

A summary of 1992 annual emissions in the Perth
region for the three categories of human activity is
given in Table 6.4.

There remains some doubt as to the quantification of
biogenic ROC emissions by the techniques used, but a
more comprehensive investigation of this source was
outside the resources and timing limits of the current
work. The relative importance of these emissions to
photochemical smog development in Perth is
assessable using photochemical smog models, and
this is discussed further in Chapter 7.

Table 6.4. Annual emissions (tonnes) due to human
activity, Perth, 1992.
NOx

ROC

CO

(as NO2)

6.5. SUMMARY
Sources of photochemical smog precursors in the
Perth region have been evaluated and results
assembled into databases (motor vehicle, industrial,
area and biogenic) suitable for use in computer
modelling of regional air pollution. These databases
are all similarly constructed, based on a standard grid
of 3 km-square cells. A total mass emission of each
species is assigned to each grid cell for each hour of
the day, derived by summing all species emissions
from individual sources located in that cell. Species
are “lumped” into chemical groups recognised by the
photochemical models.

Motor
Vehicles

23,100

27,000

213,900

Industry

20,300

11,700

5,100

2,300

22,600

47,000

45,700

61,300

266,000

Areabased
Total
Estimate

Generally, the contributions to Perth’s emissions from
the sources evaluated show similarities to those found
elsewhere (e.g., Carnovale et al. 1991), with motor
vehicles being the dominant source of all the main
photochemical smog precursors. However, the
presence in the region of a major industrial complex
at Kwinana is reflected in the relatively higher
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7. Modelling
In its current state of development, modelling of
photochemical smog events is very different from
modelling the dispersion of primary air pollutants
such as sulphur dioxide around an industrial area. In
the latter case, modelling may extend across a full
year or more, requiring relatively routine
meteorological data. Photochemical smog modelling,
by virtue of its complexity and the computer
resources required to undertake it, is currently limited
to modelling one or at most a few days.

•

application of models in the current study was
limited to a demonstration of their capabilities
and potential uses (noting that use of models to
assess the impact of Pinjar Power Station, as
described in Chapter 1, was a parallel but
independent investigation being undertaken
without DEP participation); and

•

development of regional smog control strategies
and (possibly) regulatory controls is not within
the mandate of Western Power, hence application
of models for this purpose was not undertaken as
part of the study.

modelling the three dimensional meteorology of
the region, including important features like sea
breezes; and

•

modelling the transport, dispersion and chemical
reaction of the smog-forming emissions.

development of a meteorological model and
application of a US EPA smog model by the
DEP.

To produce reliable estimates of the place and time of
peak photochemical smog concentrations, the threedimensional meteorology of the studied region must
be accurately represented. This includes horizontal
and vertical wind velocity, intensity of turbulent
mixing (by which smog precursors and reaction
products are dispersed) and air temperature, humidity
and radiation (which affect the rates of many
chemical reactions).
It would be ideal to have a monitoring network which
provided continuous meteorological data at many
points on the ground and, at a few key locations,
continuous vertical profiles of meteorological
parameters. The full field of winds and temperatures
could then be generated by interpolation between
measurement points, and careful extrapolation to the
boundaries of the region under investigation.
However, to provide sufficient accuracy across the
whole region, a large number of measurement points
would be necessary, and the associated costs would
be very high.
During intensive field investigations, it is possible to
maintain a high density of measurements using
labour-intensive methods. Such was the case on 4
February 1994, when a smog event occurred within
the main PPSS intensive field study. But to maintain
such a measurement program continuously is beyond
the reach of most study budgets. As a result, the
approach normally taken is to model the meteorology
of the day being investigated, and compare the
modelled fields of wind, mixing depth and
temperature with available measurements. When there
is close agreement between modelled fields and
measurements, the modelled meteorology may be
used as input to a photochemical smog model.

Modelling of photochemical smog has two linked
components:
•

•

7.1. METEOROLOGICAL
MODELLING

The context of model development and application in
this study is again stressed:
model development was a secondary objective,
the primary objective of this study being
measurement and understanding of Perth’s
photochemical smog for the first time;

a consulting assignment undertaken by the
CSIRO Division of Atmospheric Research and
the EPAV, scientists from which are at the
forefront (at least within Australia) of
meteorological modelling and smog chemistry
modelling respectively; and

These efforts and their outcomes are described in this
chapter.

Consequently the best current approach to assess
alternative smog control strategies is to firstly model a
limited number of smog events which span the range
of likely event types. One or more of these events are
then re-modelled, with emissions varied to reflect
alternative control options (or anticipated trends),
comparing the results to the initial (“base case”)
model results.

•

•

To maximise the likely success of model
development, two initiatives were simultaneously
pursued:
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The use of a meteorological model, in this context,
provides a form of “intelligent” interpolation of
limited measurements, adding scientifically credible
detail which would otherwise be unavailable.

grid point values whose evolution in time must be
calculated can therefore be a million or more. This
means that such models require sophisticated
computers to be used successfully.

Any meteorological model is an attempt to simulate
the behaviour of the atmosphere. Normally the
representation is performed using a computer,
although physical models in laboratories also qualify
for the title.

Three meteorological models were used during PPSS.
One was of local origin, while the others were
employed by consultants at the CSIRO Division of
Atmospheric Research and Murdoch University. All
were finite-difference models, representing the
meteorology of the region on a three-dimensional grid
of points.

The atmosphere is treated as a fluid system, obeying
fundamental laws of physics. At points within a
rectangular grid (see Finite Difference Models,
below), values of wind velocity, air temperature, a
parameter representing air pressure, and possibly
humidity and cloud, are stored.

The local model was developed originally during the
Kwinana Air Modelling Study (1982), and later
enhanced during the 1986-1987 America’s Cup
defence (Rye 1989). The form used during PPSS was
titled 3DSB (“Three-Dimensional Sea Breeze”). It did
not include topographic effects, but possessed the
advantages of fast execution time, ability to accept a
non-uniform initial state, and time-dependent external
forcing (Rye 1996c).

Point-to-point variations of modelled pressure cause
accelerations of the flow, changing modelled
velocities. Variations of velocity develop, so that air
converges at some points, and diverges at others.
Where convergences occur, both air density and
temperature increase. These changes feed back into
the modelled pressure, driving further changes to
wind velocity.

The CSIRO model, named LADM (for “Lagrangian
Atmospheric Dispersion Model”) was of similar
structure to 3DSB, but included the effects of
topography on the wind field (Physick et al. 1994). It
lacked the capacity for non-uniform initialisation,
which affected its ability to represent the coastal
trough, the significance of which was explained in
Chapter 3 and Section 5.3. However, its ability to
accept time-varying horizontally homogeneous
synoptic winds was used to largely overcome this
limitation, at least for days when the trough moved
through the region. LADM also has the facility of
four-dimensional data assimilation whereby predicted

Into this interacting system are added external
influences, which vary according to the problem
being studied. These can include topography, which
enters the system through distortion of ground-level
pressure surfaces, and solar heating, which changes
air pressure in the heated region.
A typical meteorological model would employ a grid
using 50 to 100 grid points in both horizontal
directions, and 10 to 20 in the vertical. The number of

Finite Difference Models
Fluid dynamic systems, such as the atmosphere, can not be handled exactly by even the most powerful of
computers, because processes on scales ranging from global to microscopic are all working at once. Models can
represent the flow explicitly only at a finite number of points, usually on a rectilinear grid.
Typically, a study of an urban region would use a horizontal grid size of a few kilometres. In the vertical
direction, processes near the surface are most variable, so resolution is greatest there − usually about 100
metres. At the top of the region, the vertical grid spacing may be close to a kilometre.
The changes of modelled variables at each grid point are modelled using rules based on physics or chemistry.
Many of these changes can be related to the finite (non zero) differences between the values of variables at
adjacent grid points. These differences are the source of the name of this class of model. For each modelled
variable, the rate of change is multiplied by a chosen time increment, and added to its initial value, to find a set
of new values at one increment of model time later.
In a meteorological model, changes to wind reflect the transport of momentum from adjacent grid points, and
forces due to the local pressure gradient, the earth’s rotation and friction. Temperature changes result from
external heat sources (essentially, the sun), and pressure changes are caused by convergence of air towards or
away from a point. A photochemical model represents only the changes to chemical species in the atmosphere,
these being due to transport by wind between grid points, turbulent dispersion, reactions between themselves
and deposition to the surface.
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winds may be nudged toward individual observations.
This was employed for most of the selected modelled
days and had the effect of generally reducing the
speed of the low-level early morning winds and also
to sharpen the passage of the sea breeze front.

south, and a trough, aligned south-to-north, near the
coast (e.g., Figure 7.1(a)).
Commonly, pressures were allowed to decrease
westward again at the western edge of the region (as
in Figure 7.1(a)). It was found that, without this,
winds to the west of the trough often became too
strong.

The final model evaluated was named RAMS (for
“Regional Atmospheric Modelling System”). The
model was of United States origin (Pielke et al. 1992),
and included topographic effects, and initialisation
with a non-uniform windfield. On the debit side were
a very slow execution speed, and difficulties in
obtaining initial meteorological fields compatible
with the needs of the model. When initialised with
uniform fields, there was no advantage over the other
models, and as a result this model was not used in
ultimate calculations.

During the first 24 hours of model time, the normal
structure of the coastal trough developed (Figure
7.1(b)). However, since the modelled winds and
temperatures were still approaching realism through
this period, the model was run for two days of model
time. Calculations for the second day were the ones
used for smog modelling.
The second model run normally used a grid cell size
of 3 km by 5 km, or 6 km by 10 km. At the higher of
these resolutions, there were only small changes in
calculated smog transport, so the 6 km by 10 km
resolution was more often used. This model run was

7.1.1. Modelling Using 3DSB
Studying the meteorology for any day involved two
stages. The model was firstly run at low resolution,
with a modelled region about 1500 km wide. The
output of this run was then used as input for a second,
higher-resolution model run.

(a)

The low resolution grid normally used a grid cell of
size 12 km west to east, and 40 km south to north.
Different grid intervals in the west-east and southnorth directions were employed, because the coastal
trough changed only slowly in the south-to-north
direction, but more sharply from west to east.
The initial state for the first run was derived using the
vertical wind and temperature profile for the Perth
region, based on a mix of information from the
Bureau of Meteorology’s morning sonde, and from
the study’s own profile measurements, described in
Chapter 4. Commonly, the Bureau of Meteorology
data were ignored at levels below about one
kilometre, because of interference due to flow over
the adjacent scarp. However, at these levels the sodar
winds and radar-measured temperatures were usually
available, and of higher resolution.

(b)

When the model was initialised in a horizontallyuniform state, it was found that a coastal trough often
did not form. When it did, it remained well offshore.
The cause was found to be the lack of realism of the
surface pressures to the west. A typical ozone day in
Perth commences with north easterly winds, the
presence of which indicates that pressures should
decrease westward. However, the actual pressure
pattern offshore usually shows a high pressure cell in
the centre of the Indian Ocean.
Figure 7.1. Example of coastal trough modelling
using 3DSB. The initial surface pressure field is
shown by (a), and the field on the morning of the
second day by (b).

To handle this problem, the initial fields were
modified, giving an approximation to the pressure
field on the morning of the studied day. This field
typically consisted of a high pressure ridge to the
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normally initialised using data for midnight, 24 hours
into the low-resolution run. Through the higherresolution run, values at the grid boundaries were
continuously drawn towards those calculated during
the low resolution run’s second 24 hours.

6500

Through the second run, half-hourly horizontal wind
velocities, mixing depths and temperatures, at all
model levels and covering the region to be
represented by the smog model, were written to a disk
file. An example of a surface windfield generated by
the model is depicted in Figure 7.2. The disk file was
later used in preparation of the smog model’s input
files.
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This approach was used to model several days when
the trough passed inland. These simulations revealed
a number of issues with the potential to reduce the
value of modelled winds, mixing depths and
temperatures.
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Figure 7.2. Windfield for the Perth region calculated
by 3DSB, for 12 noon on 21 March 1994. It shows a
sea breeze which has just arrived at the coast. Data for
only part of the calculation grid are shown here.

Firstly, the higher-resolution model runs were able to
resolve pressure changes close to the coast in more
detail than runs at low resolution. This meant that
pressures near the coast fell more quickly than those
calculated in the low-resolution run. As a result, for a
day when the low-resolution run showed the trough
moving inland, the high-resolution run would hold the
trough at the coast.

model’s data fields, maintaining the correct mixing
depths inland. However, the many correction steps
therefore required made the generation of wind and
mixing depth fields for use by photochemical models
a slow process.
The value of modelled meteorological estimates is,
however, illustrated by Figure 7.3. The close vertical
spacing of the potential temperature contours, both
offshore and above the mixing depth line inland,
shows the capacity of the model to represent the
strong stability which occurs in the onshore flow on
days of smog events. Detailed estimates of both
temperatures and mixing depths, such as those
displayed, are required by photochemical models, in
order to perform their calculations accurately.

To counter this effect, pressures inland could be
reduced by imposition of an additional pressure
gradient. However, this also produced a tendency to
southerly winds at higher model levels. An unwanted
result of this southerly tendency was the transport of
cooler air from the south, which reduced the stability
of the modelled inflow, and increased mixing depths.
Corrections for this effect could also be added to the
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Figure 7.3. Potential temperature and mixing depth (shaded line) cross-section near Perth, modelled
using 3DSB, for 3pm on 21 March 1994. The location of the coastline is shown by the transition
from shaded to black, at the bottom of the figure.
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Figure 7.4. Calculation grids used by LADM. The
full region was occupied by the 10 km grid, the pale
shaded region by the 5 km grid, and the darker
region by the 2.5 km grid. The heavy shaded line is
the south west coast, lighter lines are contours of
heights in metres.

Figure 7.5. Sample wind field calculated using
LADM, for 6am on 19 February 1994. The broad
shaded line is the representation of the coastline used
by the model. Topographic contours are shown as
dotted lines.

a katabatic (down slope) flow. West of the accelerated
flow near the scarp is a region of decreased wind
speed, indicative of a hydraulic jump.

7.1.2. Modelling Using LADM
LADM is actually a pair of computer models. They
are normally operated in sequence, to represent
pollutant transport in a region of complex winds.
These models were developed at the CSIRO Division
of Atmospheric Research.

As previously noted, LADM employed the combined
features of time-varying horizontally-homogeneous
synoptic
winds
and
four-dimensional
data
assimilation to simulate the meteorological fields for
selected smog event days. For those days on which
the trough moved eastward through the region, the
model results accorded quite well with the
meteorological measurements and appeared to
adequately represent the important aspects of the
meteorological fields for each modelled day. Even if
the results did not closely match observations, they
were nevertheless representative of the meteorology
of such events and therefore able to be used to model
“generic” smog events over Perth.

The first of the pair, employed in this study, is a
three-dimensional meteorological model, which is
able to simulate winds, turbulence, mixing depths and
temperatures in regions of complex geography,
including coastal and topographic effects. It was
therefore a logical choice as a contributor to the
study, allowing the effects of both sea breezes and the
Darling Scarp to be analysed.
LADM also appeared well suited to modelling in the
Perth region, where there were clear interactions
between large-scale features such as the coastal
trough, and smaller-scale effects associated with the
sea breeze. Through the use of nested data grids
(Figure 7.4), it was possible to model the behaviour of
the sea breeze, within the context of the whole southwest region.

According to Noonan (1995), the model had more
difficulty simulating days when a trough remained in
the region than days when a trough moved through
the region. This was a consequence of the model’s
capability to employ only horizontally homogeneous
(single direction) synoptic winds. The error
introduced by this model feature decreases as the
speed of trough passage increases. Given that some of
Perth’s smog events are associated with nearstationary troughs, the model limitation is significant.

A sample surface wind field calculated by LADM is
shown in Figure 7.5. It shows morning winds for 19
February 1994, a day when high ozone concentrations
were measured at the coast, in association with the
passage inland of the coastal trough. The figure shows
increased wind speeds offshore, due to lower surface
friction over water, and near the Darling Scarp due to
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7.2. PHOTOCHEMICAL MODELLING

simply obtaining model results, the study team looked
to the specialist staff of the EPAV to present a
comprehensive assessment of model performance and
capabilities (summarised in Section 7.2.1).

In the same sense that a meteorological model
represents physical interactions which generate
motions within the atmosphere, a photochemical
model represents chemical interactions within an
already-moving atmosphere. It uses a similar finitedifference grid, and the transport and dispersion of
modelled variables by the wind is similarly
represented. Emissions of smog precursors are
specified within the model as time-varying inputs
from each grid cell.

The Urban Airshed Model, as issued by the US EPA,
was evaluated by the DEP, utilising meteorological
fields generated by the 3DSB meteorological model,
and by interpolation of measurements. This model,
normally abbreviated as “UAM”, was of earlier
origin. Details of the model’s development have been
given by Scheffe and Morris (1993).

However, while in meteorology we must deal with the
effects of only a few physical laws on a handful of
variables, atmospheric chemistry involves hundreds
of chemical reactions operating on hundreds of
chemical species.

7.2.1. The CIT Model
The CIT model, incorporating the Lurman Carter
Coyner (LCC) photochemical mechanism, is
described by Harley et al. (1993). Application of the
CIT model by the EPAV is described in detail by
Cope and Ischtwan (1995).

The problem is made even less tractable by poor
understanding of many of the chemical reactions, and
inability to measure economically the concentrations
of many of the species involved.

Before starting modelling activities, DEP, EPAV and
CSIRO scientists selected five smog events for
modelling. 4 February 1994 (the day during the
intensive experiment on which the most
comprehensive data set was obtained; see Chapter 4),
was selected as the “detailed event day”. 19 February
1994, 16 March 1994 and 18 March 1994 were
selected as “generic days”, indicating that they were
characteristic of well-defined smog events, the
important features of which the model should be able
to simulate. 12 March 1994 was a reserve day, to
study if time permitted.

As a result, many simplifications are made. Chemical
reactions with little effect over the period of a day, or
involving species known to be present in very low
concentrations, are omitted from the mechanism.
Species undergoing similar reactions and with similar
rates are grouped.
The resultant species are then grouped into classes of
“slow” and “fast” reaction rates. Those in the first
class are treated as time dependent, while those in the
second are presumed to be in approximately steady
state and so may be evaluated analytically.

For the detailed event day and each generic day, Cope
and Ischtwan conducted a series of sensitivity tests on
the model to ensure that it was stably configured. In
comparing observations to model predictions, the
following features and parameters were required to
show reasonable agreement, or fall within acceptable
bounds:

However, there is no agreement on the best set of
simplifications to use. As a result, there are several
competing models of the photochemical smog
process.
As for the representation of the region’s meteorology,
two photochemistry models were used in PPSS. The
use of two models was considered highly desirable
because, while both used generally comparable
schemes to represent transport, turbulent dispersion
and deposition, they differed significantly in the way
the set of photochemical reactions was simplified. By
using two different models, there was a better chance
of identifying errors due to model limitations.
The
Carnegie-Mellon/California
Institute
of
Technology (abbreviated “CIT”) model was applied
by the EPAV, utilising meteorological fields
generated by the LADM meteorological model. As
expected, this model has proven the most skilful in
simulating Perth’s smog, reflecting the efforts of the
EPAV to improve the model’s meteorological
components and computational schemes. Apart from

•

key descriptive (qualitative) features of the event;

•

wind patterns;

•

mixing heights;

•

temporal and spatial distributions of ozone, Smog
Produced and Extent (see Section 5.4); and

•

statistics of the accuracy with which daily peak
ozone concentrations were estimated.

For the detailed event day, precursor emissions and
the concentrations of NOx, CO and NMHC were also
tested against measurements for reasonable
agreement, and the ozone predictions were subjected
to more intense statistical assessment (residual
analysis).
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The ability of the model to simulate time-varying
concentrations of ozone at the PPSS monitoring
stations on the detailed event day can be seen in
Figure 7.6. For this day, the comprehensive
meteorological data set enhanced the predictions from
LADM. Although peak ozone levels tended to be
under-predicted for this and other days, the ability of
the model to simulate the essential features of the
smog formation and recirculation cycle was pleasing.
The statistical tests applied to the predictions yielded
good scores (within acceptable bounds of accuracy
for such models). It is notable that for this day the
emissions from Kwinana were predicted not to be
mixed with urban emissions to any significant extent.

of meteorological/pollutant interactions and points to
the need for further scientific development.
Cope and Ischtwan (1995) carried out emissions
source sensitivity tests for each of the generic days,
by varying one emissions group at a time and rerunning the model. An example of results of these
tests, for 18 March 1994, is presented in graphical
form in Figure 7.7 (page 78).
In summary, the graph shows the modelled maximum
ozone concentration in the region, irrespective of
where it occurred, firstly for the “base case” with all
emissions as prescribed in the inventory, then for the
case of all motor vehicle emissions excluded, then for
motor vehicle ROC emissions increased by 50%, and
so on (see the explanatory notes below Figure 7.7).
The graph and associated results provided by Cope
and Ischtwan reveal important features and raise
important questions about Perth’s smog, as follows.

Modelling of winds in the presence of a trough
proved to be a problem to a greater or lesser extent for
all days. LADM, as constructed, assumes horizontally
homogeneous synoptic wind across the model
domain, an assumption clearly contravened when a
trough is close to the coast. Errors in wind speed and
direction translate to errors in the location and
dispersion of smog plumes; such errors are evident in
the CIT results. This simply highlights the complexity
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Firstly, the graph indicates that, while setting
domestic area sources (DAS) to zero caused a minor
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Figure 7.6. Comparison of observed ozone concentrations with those estimated by the CIT model for 4 February
1994. “OBS” stands for observations, “EST-INT” for model estimates interpolated to the location of the AQMS
site, and “EST-BST” for the model estimates in best agreement within a small rectangular area (generally
extending two grid cells east and west of the site, and four grid cells north and south). The “MIN MAX” vertical
bars indicate the modelled range within these rectangular areas.
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Figure 7.7. Estimated maximum ozone concentrations (ppb) in the Perth airshed for various emission scenarios
studied for 18 March 1994. BC : base case inventory used in CIT model simulation; MV x 0 : motor vehicle
emissions scaled by zero (i.e., omitted); IND x 0 : industrial emissions scaled by zero; DAS x 0 : domestic area
source emissions scaled by zero; BIO x 0 : biogenic emissions scaled by zero; similar notation for ROC or NOx
emissions scaled by 0.5 and 1.5. (After Cope and Ischtwan 1995).

significant reduction. Reducing industry emissions to
zero had the opposite effect − a marked increase in
peak ozone.

participates in further ozone production. With the
loss of ozone, OH. production, and subsequently
O3 production, is decreased.

Given the reasonably high level of confidence in the
vehicle emissions estimates, it can be confidently
concluded that motor vehicles are a major contributor
to peak ozone levels.

It should be noted that the non-linear effect described
above was not observed in the smog chamber
experiments on which the IER and GRS models,
described in Chapter 5, were formulated. Whether the
smog chamber processes or the computer model
chemical mechanisms fail to represent the real
atmosphere at low ROC/NOx ratios is an issue of
current scientific investigation (e.g., Tonnesen and
Jeffries 1994; Blanchard, Roth and Jeffries 1993).

The level of confidence attached to the biogenic
emissions, derived by the method of Lamb, Gay and
Westberg (1993), is very low (see Section 6.4). Cope
and Ischtwan (1995) highlight biogenic emissions as
an aspect requiring further quantification.

A motor vehicle ROC increase or decrease by 50% is
seen to have a significant corresponding effect on
peak ozone. Normally, a change to motor vehicle
NOx had an inverse effect, although on this day
(unlike the other generic days) a decrease in motor
vehicle NOx did not yield a peak ozone increase. The
difference occurred because the peak smog, as
modelled, was NOx-limited.

The smog-inhibiting effect of industry (primarily
Kwinana industry) seems paradoxical, but it is
explained by the fact that industrial emissions are rich
in NOx (i.e., a low ROC/NOx ratio).
According to the CIT model’s chemistry, emission of
NOx into low ROC/NOx ratio air suppresses ozone
production in a non-linear fashion. Inhibition of
ozone production occurs in the following ways:
•

a large fraction of ozone is required to oxidise the
abundant NO, as per equation 5.1 (page 53);

•

the formation of organic radicals required for
smog production will be suppressed. This occurs
due to the reaction of abundant NO2 with
hydroxyl radicals, OH., to form nitric acid, a
process which does not contribute to the ozone
formation cycle; and

•

The effect of setting industrial ROC emissions
(virtually all from the Kwinana region) to zero was
negligible for this and the other days. This, coupled
with the predicted large impact of Kwinana NOx,
points clearly to the need for further work to properly
understand the role of Kwinana emissions.
If, as has been indicated by emissions validation
studies (e.g., Section 6.2), the ROC emissions from
Kwinana have been underestimated by a factor of two
to four, then the ROC/NOx ratio for Kwinana
emissions will have been underestimated by the same
factor, and the non-linear response of the model could
yield very different predictions for the contribution of
Kwinana industries.

a positive feedback process from the decrease in
ozone concentration. The initial decrease results
from its reaction with NO, and the reduction of
organic radicals. Some atmospheric ozone is
normally photolysed to produce OH., which
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Figure 7.8. Ozone, NOx and NMHC concentrations within a north-to-south section of the Perth region’s smog
plume, shortly after 1pm on 4 February 1994. Values modelled using CIT are shown in (a), measurements at
equivalent locations in (b), and the flight path in (c). NOx values are increased by 20 ppb in both (a) and (b), to
separate the graphs. Ozone peaks due to the urban and Kwinana plumes, and their approximate paths on the
map, are identified by letters U and K.
There was strong supporting evidence for this in
model estimates for the 4 February 1994 field
experiment. Figure 7.8 shows a portion of the flight
path of the FIAMS research aircraft, with
measurements of ozone concentrations along the path.
Separate ozone plumes originating from Kwinana and
the urban area, and being blown inland, are clearly
apparent. The measured ozone peak concentrations
were very similar, whereas the model, while correctly
showing separate plumes, calculated a significantly
lower concentration for the Kwinana plume. The clear
implication is that the inventory ROC emissions for
Kwinana, as used by the model, are too low.

bonds, and subdivides their masses into various
fractions, according to the numbers of each type of
carbon bond contained.
Although the number of reactions is reduced, it still
remains large. The version of the Carbon Bond model
used for the work reported here employed 85
reactions between 23 reacting species groups.
UAM was extensively evaluated, using data for one
day during the summer of 1992-1993, and several
days during the intensive study period in the summer
of 1993-1994. Case studies for 8 January 1993, 4 and
19 February 1994, and 16, 18 and 21 March 1994
were used to investigate the applicability of the model
to the Perth region (Rye 1996d).

Cope and Ischtwan also highlighted concerns about
the model’s over-estimation of ground level NOx
concentrations close to Kwinana, possibly due to
inadequate handling of elevated plumes. Model
improvements are required to better accommodate
industrial areas like Kwinana.

For these days, the field measurement program
provided sufficient data to allow creation of
meteorological inputs directly from measurements.
The interpolation scheme employed for this purpose
is described by Rye (1996d). Investigations of the use
of modelled meteorology showed that, while useful
results could be obtained, measured data gave
superior results.

7.2.2. The Urban Airshed Model
The chemical reaction scheme normally used by
UAM groups reactions according to the nature of the
carbon chemical bonds involved. In organic
compounds, carbon atoms may be bound together by
single, double or triple bonds, or in more complex
combinations involving rings or branches.

This result was unusual in Australian experience, and
reflects both the relative simplicity of the
meteorological regime favourable to smog production
in Perth, and the quality of the meteorological
measurements made during the study.

In outline, the Carbon Bond model in UAM treats
many of the reacting species as collections of carbon

Initially, for all days considered, it was found that
UAM underestimated the rate of formation of smog
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from urban emissions, but overestimated smog
production in the south eastern region, and in the
period before the arrival of the sea breeze.
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Errors in the south-eastern region and before sea
breeze arrival were both found to be due to
overestimation of the biogenic contribution to smog
production.
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As a result, in consultation with EPAV (Cope and
Ischtwan 1995), initial emission estimates based on
the work of Guenther et al. (1994) were replaced by
more conservative estimates developed by Lamb, Gay
and Westberg (1993). However, even these normally
had to be halved to generate fair agreement between
modelled and measured smog production.
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emissions comprising more reactive species,
compared to the normal mix presumed in
inventory development; and

3.

shortcomings in the chemistry model employed
in UAM.
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Comparisons of the UAM and CIT models indicated
that the latter agreed better with measurements.
Figure 7.10 includes contours of base case (emissions
as per the inventory) peak ozone estimates calculated
using the CIT model, for 18 March 1994. There are
several issues which arise from an assessment relative
to UAM estimates, as follows.

Possible causes for this discrepancy were:

2.
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industrial ROC emissions were three times the
inventory estimates.

Measurements indicated that the Kwinana industrial
inventory underestimated ROC emissions by a factor
of two to four, but a corresponding modelled increase
to Kwinana emissions had only a minor effect on
peak ozone levels. To reproduce measured ozone
concentrations with any degree of accuracy, it was
also necessary to increase urban emissions of ROC by
a factor close to two (Figure 7.9).

an underestimation of ROC emissions in the
vehicle or area-source inventory;

6

Figure 7.9. Measured (wide shaded line) ozone
concentrations for Caversham compared with UAM
results for the doubled urban ROC/tripled Kwinana
ROC inventory (solid line), for 18 March 1994.

Cope and Ischtwan (1995) found that the CIT model
also overestimated smog production in similar
circumstances, so errors in the biogenic emissions
estimates were considered likely. While this error was
a significant issue, underestimation of the effect of
urban emissions was of far greater importance.

1.

3

Firstly, peak concentrations modelled by CIT using
the inventory emissions estimates were much closer to
measurements. The contour plot shows peak hourlyaveraged concentrations just more than 80 ppb (0.08
ppm), inland from Caversham, which were close to
the measured peak of 90 ppb (0.09 ppm) at
Caversham. This result was more notable in view of
the use of the basic Kwinana emissions estimates, in
spite of experimental evidence for these being well
short of actual values (although UAM modelling
suggested only a minor role for Kwinana emissions
on this day).

Emissions validation studies did not support the first
two possibilities although the influence of air
temperature was not well characterised.
The final possibility was the most likely, the scheme
used in UAM having known limitations in conditions
of low ratio of ROC to NOx emissions.
If, as seems probable, the source of the discrepancy is
a shortcoming of the chemistry model, the model
would overestimate the dependence of the rate of
ozone production on ROC concentration. This would
severely limit its value in determining techniques for
managing smog concentrations in the Perth region.

Also evident in the contours is a larger modelled peak
of more than 100 ppb (0.10 ppm) in the north of the
metropolitan area, and a “notch” of low peak ozone
concentrations extending north to north eastward
from Kwinana, caused by NOx-rich Kwinana
emissions. These features were also indicated in
modelling of the same day using UAM. Both were
therefore confirmed not to be artefacts of either
model.

The application of UAM in trend forecasting is
discussed in Section 7.3. For these applications,
which are presented for demonstration purposes only,
vehicle ROC emissions were doubled, and Kwinana

Overall, comparison of the UAM and CIT model
results showed that the latter’s chemical mechanisms
were better able to handle the mix of emissions which
characterised the Perth region.
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Figure 7.10. CIT model estimates, for 18 March 1994, of the response of peak ozone concentrations (ppm) to spatially
uniform reductions of surface-based anthropogenic emissions of ROC and NOx. Also shown is the estimated spatial
distribution of base case peak ozone concentrations (ppm). Codes used are PI for Pinjar, CU for Cullacabardee, TR for
Two Rocks, CA for Caversham, SW for Swanbourne, and KE for Kenwick.

7.3. METHODS FOR ASSESSING
TRENDS AND CONTROLS

These were generated from multiple model runs based
on incremental decreases of ROC and NOx emissions
from surface anthropogenic sources, starting from the
base case emission values. The vertical and horizontal
axes show the fraction of the base case NOx and ROC
emission, hence the contour value at the top right
hand corner of each graph is the base case ozone
maximum for that location. The ozone maximum
resulting from various combinations of ROC and
NOx reductions can be read from the EKMA contour
plot for each site. EKMA plots are used to determine
how peak concentrations of photochemical smog
within different regions of the airshed would respond
to the uniform implementation of control strategies

The UAM and CIT models were used to investigate
the effects of possible changes to emission patterns on
ozone concentrations.

7.3.1. Sensitivity to Possible Trends
The CIT model was applied intensively to the case
study of 18 March 1994. Figure 7.10 shows a series
of so-called EKMA (Empirical Kinetic Modelling
Approach) diagrams, which are graphs of the
maximum 1-hour ozone concentration for identified
locations in the modelling region.
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for ROC and/or NOx (e.g., a reduction of motor
vehicle ROC emissions by 50%).

it can be concluded that the EKMA response at
Kenwick is caused by the contribution of biogenic
ROC emissions from the forested regions on the
escarpment to smog generation. As noted above, the
ROC emission perturbations were applied to surface
anthropogenic emissions but not biogenic emissions.
Thus the reduction in peak concentrations of
photochemical smog within the Kenwick region are
strongly buffered by smog production from biogenic
ROC sources and anthropogenic NOx sources. It is
important to note again the considerable uncertainty
associated with the biogenic ROC emissions.

For the event as modelled, it is apparent that the
response of peak ozone concentration varies
considerably from site to site. However, with the
exception of Kenwick, regions of the airshed with the
highest concentrations are more strongly controlled
by ROC emissions than NOx emissions.
Consider first the site located to the west of Pinjar.
This site has the region’s highest estimated ozone
concentrations for the modelled event. Peak ozone
concentrations of more than 90 ppb (0.09 ppm) and
peak SP (Smog Produced) concentrations of more
than 110 ppb were estimated for this site. Moreover,
the photochemical smog was diagnosed to be NOxlimited. Despite this diagnosis, the ozone EKMA plot
for this site indicates that ROC controls are still likely
to be more effective than NOx controls. For example,
a 40% reduction in ROC emissions is estimated to
lead to a 20 ppb reduction in peak ozone
concentrations. Conversely, a 40% reduction in NOx
is estimated to lead to only a 8 ppb reduction in peak
ozone concentrations. Moreover, peak ozone
concentrations are estimated to first increase slightly
with NOx reduction, before this decrease is achieved.

In conclusion, it may be deduced that ROC emission
reductions within the range 20-40% would be
required to reduce peak ozone concentrations within
the majority of the study area below a threshold value
of 80 ppb.
The EKMA results presented on page 81 are for just
one particular smog event. Results for a different type
of smog event (e.g., a coastal event) would appear
very different. It will be necessary to compile a series
of such regional EKMA diagrams, together with other
forms of information, before reliable assessments of
control options or future trends can be undertaken.

7.3.2. Effects of Expected Trends

The response at Caversham, which is within the
region of impact of the industrial emissions, is more
strongly controlled by ROC emissions. For example it
may be seen that a 20% reduction of the surfacebased anthropogenic emissions of ROC is estimated
to reduce the peak ozone concentration at this site by
7 ppb (reduced from 68 to 61 ppb). Conversely, a
20% reduction in NOx emissions is estimated to result
in an 11 ppb increase in peak ozone concentrations at
this site. In fact, peak ozone concentrations are
estimated to monotonically increase with decreasing
NOx until reductions of more than 60% have
occurred. Ozone concentrations showed little
sensitivity to further NOx reductions. Clearly, the
ozone EKMA plot for Caversham demonstrates that
conditions for photochemical smog formation at this
site are strongly light-limited, reflecting the influence
of the NOx-rich Kwinana plume.

Due to uncertainty about the validity of the response
of UAM to changes in ROC emissions, it was only
applied in a limited number of cases, investigating the
effects of expected changes to emissions patterns on
future ozone levels.
As explained in Section 7.2.2, vehicle ROC emission
estimates were doubled in order to match the
observed development of smog, and Kwinana
industrial ROC emission estimates were tripled, as
indicated by aircraft measurements.
Since emissions trends are predicted to involve an
increase in NOx emissions, and a decrease in ROC
emissions, the future trend is into the range where
UAM is suspect. However, comparative runs at least
provide a lower limit to any downward change of
ozone concentrations. Figure 7.11(a) shows a
comparison of peak ozone concentrations calculated
in two model runs, based on the meteorology of 18
March 1994. One used emissions estimates for 1991,
the other estimates for 2011, based on predicted
trends of population and VKT.

The EKMA response for Kenwick in the south
exhibits the attributes of a NOx-limited plume.
Although initially the ozone response favours ROC
controls (15% reduction in ROC to reduce the peak
ozone concentration from about 70 to 65 ppb vs a
40% reduction in NOx for the same level of
reduction), conditions become NOx-limited for
concentrations of ozone below 65 ppb (78% reduction
in ROC to achieve 60 ppb O3 vs a 60% reduction in
NOx). Similar results are obtained for SP. By
reference to the previous section on source sensitivity,

In the region where significant ozone concentrations
developed, 2011 ozone concentrations were modelled
as significantly lower than 1991 values. This result
was generally consistent with the predictions by the
CIT model.
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(b)

(a)

Figure 7.11. Difference between peak hourly-average ozone concentrations in 2011 and those in 1991,
calculated using UAM and the meteorology of (a) 18 March 1994 and (b) 21 March 1994. Shaded
areas mark decreases over 50 ppb.
The greatest reduction was in the area (shown shaded)
receiving the largest effect of the city’s morning
emissions. Here, increased NOx emissions reacted
with ozone, reducing its concentration. In the outer
metropolitan area, the reduction became less, as
ozone in the 2011 simulation was regenerated by
smog reactions.

pattern of “inland” smog events (see Section 5.3.1). A
repeat of the modelling exercise for the “coastal”
smog event on 19 February 1994 showed a very
different pattern.
Figure 7.12 summarises the results of this
comparison. Rather than decreases, there were
significant increases of ozone concentration in the
area affected by the smog plume.

A similar result was found for the meteorology of 21
March 1994 (Figure 7.11(b)). The zone of reduced
ozone was larger, but decreases were less, both due to
the more rapid advance inland of the sea breeze.
Both the 18 and 21 March 1994 followed the general

The figure shows both ratios and differences. The
former might be more indicative of trends, because of
the general underestimation of concentrations by the
model for this particular day.

(a)

(b)

Figure 7.12. Fractional (a) and absolute (b) differences in ppb, between peak hourly-average ozone
concentrations in 2011 and those in 1991, calculated using UAM and the meteorology of 19
February 1994. Peak ozone concentrations coincided closely with the hatched region, where the ratio
was over 1.2, in (a). The highest factors of increase at the coast were close to 1.3.
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The reason for the difference in results, from those in
Figure 7.11, is the long reaction time experienced by
the smog mass. The large region where the ratio of
concentrations remained between 1.2 and 1.3,
between there and the coast, is consistent with smog
reactions reaching early completion in both 1991 and
2011 scenarios. In Figure 7.12, a reduction of ozone
concentrations in a small region well offshore was
caused by higher levels of nitrogen oxides at sunrise,
before smog reactions had progressed.

to yield credible simulations of smog events over
cities like Perth and can therefore also be used as
tools to investigate projected trends and emissions
control scenarios.
In total, six 1-day smog events were modelled by
DEP, CSIRO and EPAV staff in the current study, not
without considerable difficulty and associated effort.
The results for these days provide a basis for the
investigation of trends and control options to
commence, but it is clear that further smog events
need to be intensively measured and modelled to
provide a sound basis for smog management
strategies.

The completion of the smog reactions before the
smog-bearing air returns onshore is characteristic of
coastal smog events. This ensures that the dominant
factor controlling ozone concentrations is the supply
of nitrogen oxides. These are forecast to increase
significantly from 1991 to 2011.

Specific issues requiring further research are:

Also obvious in Figure 7.12 is a reduction of ozone
concentrations inland, consistent with the results
shown in Figure 7.11. However, at the coast south of
the metropolitan area, near Mandurah, concentrations
are largely unchanged. Rye (1996d) highlighted this
region as an area of potential ozone impact, on any
day when a north-westerly sea breeze develops.
The result suggests that coastal smog events may
become the most significant aspect of Perth’s smog
climate in the next century, with 20-year
concentration increases in the vicinity of 20 to 30%
likely. This prediction should be considered to be
tentative in light of the previously mentioned
uncertainties.
UAM was also used to study the role of Kwinana
emissions in the generation of photochemical smog.
All investigations conducted during the study showed
only a secondary contribution to peaks at inland
locations, although the role of Kwinana emissions in
the generation of coastal events remains uncertain.

•

simulation of windfields and mixing depths in the
coastal trough/sea breeze conditions which
characterise Perth’s highest smog concentrations;

•

investigation of the magnitude of ROC emissions
from the Kwinana industrial area;

•

verification (if possible) of the model response to
NOx and ROC emission variations in the context
of the low ROC/NOx ratios present in Perth’s air,
notably in relation to motor vehicle and industrial
emissions;

•

assessment of evaporative ROC emissions from
motor vehicles on very hot days;

•

much better quantification of the mass and
reactivity of biogenic ROC emissions; and

•

better handling of industrial chimney emissions
within the model.

The model results presented in this chapter are a small
selection of the work carried out by the EPAV,
CSIRO and DEP and should not be used as a basis for
proposing controls. A full set of model results and
analyses is provided by Cope and Ischtwan (1995),
Noonan (1995) and Rye (1996d).

Some analysis of the effect of bushfire smoke, and
likely future trends, have also been conducted. Since
the reactivity contribution from the smoke is
essentially unknown, work concentrated on finding
empirical estimates of this reactivity, and projection
of future trends based on these estimates. The
indicated trends were similar to those found for inland
smog events − namely, a decrease centred in the
eastern metropolitan area, with increases further
inland. The actual magnitude of the trend was
sensitive to the presumed smoke reactivity, but the
tendency was not.

7.4. SUMMARY OF MODELLING
Computer models for simulating photochemical
smog, including 3-D meteorology and atmospheric
chemistry, are highly complex and still largely within
the province of scientific research and development.
Nevertheless, they can be applied by skilled scientists
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8. Conclusions and Recommendations
8.1. SUMMARY OF FINDINGS

There is a dominant, well-defined weather pattern
related to Perth’s smog events. The highest smog
concentrations have been found to occur on those
days during spring to autumn when a weak low
pressure trough is situated very close to the coast and
subsequently crosses the coast in the afternoon.

The Perth region experiences photochemical smog
during the warmer months of each year. Nevertheless,
the air over Perth on most summer days is relatively
clean, due to the windy climate and isolation from
other cities.

Emissions from morning peak hour traffic are blown
off-shore by north easterlies into the light wind region
of the trough, where smog reactions proceed rapidly
under the typically high temperatures. A strong
temperature inversion, also typical of these
conditions, keeps the smog plume concentrated near
the ocean surface.

On average, during the three-year period July 1992 to
June 1995, there were 10 days per year on which the
peak hourly ozone concentration exceeded 80 parts
per billion (ppb) somewhere over the Perth Region.
This equates to the Canadian goal, and may be
compared to the World Health Organisation range of
76-100 ppb.

The study has revealed two well-defined classes of
trough-related smog events, namely:

In 1995, the Australian National Health and Medical
Research Council (NHMRC) set a 1-hour average of
100 ppb and a 4-hour average of 80 ppb as goals
which should not be exceeded. These goals are both
exceeded about two times per year somewhere in the
Perth region.
The previous NHMRC goal of 120 ppb for 1-hour
averages has been exceeded only twice at Caversham
since monitoring began in 1989.
Ozone events occur across a large region surrounding
the city. Each of the study’s 11 monitoring sites,
covering an area extending from Rottnest to Rolling
Green (near Toodyay) and Gingin to Rockingham,
recorded exceedances of 80 ppb during the study.

•

inland events, which show a pattern of peak
concentrations in the eastern metropolitan area.
These correspond to days when the trough moves
inland, and recirculates the smog plume back
across the metropolitan area where it receives a
boost from fresh afternoon emissions; and

•

coastal events, in which high concentrations of
smog form in a warm, stable air mass offshore,
but disperse rapidly after the smog has been
returned to the coast by the sea breeze.

It has also become apparent in the course of the study
that some smog plumes may cross the coast well
south of the monitoring network (e.g., near
Mandurah).

Current health effects of photochemical smog in
Perth, including reductions in lung function and
increased risk of asthma attack, are probably mild.

The behaviour of the trough on any particular day is
difficult to forecast with the accuracy needed for
smog event predictions. Nevertheless there is some
prospect of generating reliable smog forecasts should
this become necessary in the future.

Vegetation impacts from ozone in the Perth region are
likely to be low. However, an 8-hour average of 50
ppb, set by the Victorian EPA as the acceptable limit
for protection of vegetation, is exceeded several times
per year in the Perth region. It is possible therefore
that vegetation in the Perth region (including
horticultural crops) experiences transient stress, an
issue which warrants further study.

Significant smog concentrations have been observed
in other conditions, particularly when bushfire smoke,
which contains high concentrations of ROC, is blown
across the metropolitan area during daytime.

Based on a comparison of measurement statistics, it is
apparent that Perth experiences photochemical smog
to an extent similar to Brisbane, greater than Adelaide
and somewhat less than Sydney and Melbourne.
Given the population difference (people and vehicles)
between Perth, Melbourne and Sydney, it may be
surmised that Perth has a potential for smog problems
similar to that of the larger cities.

Ozone events (except those associated with bushfire
smoke) tend to be of short duration (an hour or two)
following the arrival of the sea breeze. This contrasts
with regions of the USA and elsewhere which
sometimes experience elevated ozone levels over
many hours or days, caused by the transport of
pollutants from distant cities and industrial areas.
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The inventory of smog precursor emissions, coupled
with modelling results, confirmed that motor vehicles
are the dominant cause of Perth’s smog, being the
largest sources of NOx and ROC.

Continued regional monitoring is also essential to
maintain a record of smog levels over time, from
which trends may be determined and the effectiveness
of smog management strategies assessed.

Modelling results point to control of motor vehicle
kilometres travelled (VKT) and ROC emissions as the
most beneficial options for control of peak ozone
concentrations. According to the more reliable model
used, reduction of NOx from vehicles in the absence
of ROC reductions would generally (and
paradoxically) lead to an increase in peak ozone.

Further assessment of the chemistry models is
required to verify (or otherwise) the non-linear
quenching of ozone production due to the addition of
NOx at low ROC:NOx ratios. This requires
fundamental research by the authors of the models,
together with further testing by model users such as
the DEP.

The accuracy of the CIT and UAM chemistry models
has not been properly evaluated (in Australia or
elsewhere) for the low ratios of ROC to NOx found in
Perth’s air. The models predict a non-linear
quenching of ozone production due to the addition of
NOx at low ROC:NOx ratios. The IER model does
not include such an effect and therefore predicts a
more positive consequence of NOx controls.

The need to monitor smog levels well to the south of
the city is apparent. As a first step, monitoring
equipment has been installed by the DEP at an
existing monitoring station at Rockingham.
Issues in relation to Kwinana emissions which require
further investigation are:

The Kwinana industrial area was identified within the
emissions inventory as a major source of NOx and a
lesser source of ROC. There are strong indications
from independent measurements that the ROC
emissions were underestimated. The resultant effect
seen in modelling predictions was a significant
quenching of ozone across those portions of the
metropolitan area impacted by the Kwinana NOx
plume, due to the non-linear quenching effect.

•

whether,
as
indicated
by
independent
measurements, the ROC emissions from Kwinana
are higher, by a factor of two to four, than those
calculated in the emissions inventory;

•

whether the model correctly simulated the
behaviour of the bulk of Kwinana NOx which is
present in elevated narrow plumes from tall
chimneys; and

•

whether the non-linear quenching effect of NOx
on peak urban ozone is real.

Further work is needed to improve the accuracy of
biogenic emissions estimates.

Estimation of the magnitude and reactivity of
biogenic emissions of ROC (from natural vegetation)
was necessarily coarse. Modelling confirmed that this
source of emissions may be a significant contributor
to the magnitude and extent of high ozone
concentrations.

8.3. CONCLUSIONS
Perth experiences photochemical smog levels which
exceed goals set by the NHMRC and other bodies.
The potential exists for the problem to grow.

In all, six one-day smog events were modelled.
Configuring and testing of the models to achieve
varying degrees of agreement with observations took
several person-months of intense effort by Australia’s
leading scientists in the area. The model simulations
and associated data sets provide a useful initial basis
for formulating and testing smog management
strategies.

The number of times that the new NHMRC goals may
be exceeded is set to grow rapidly if emissions and
the consequent smog concentrations increase by
modest amounts. From the perspective of public
health, control of photochemical smog should be
considered now.
Control of photochemical smog is complex. It is not
amenable to simple and uniform solutions. A control
measure designed to improve air quality in one
portion of the metropolitan region (e.g., reduction of
NOx emissions) might have a negative effect
elsewhere. Given the potentially enormous costs (to
the community, industry and Government) of various
control options, it is critically important to thoroughly
analyse the cost effectiveness of alternatives before
decisions are made. Adequate analyses will take time
and resources. Fortunately, Perth is not yet
experiencing acute smog problems. The planning,

8.2. RECOMMENDATIONS FOR
FURTHER WORK
It is clear that improvements and additions will need
to be made to the “library” of smog event simulations
to provide a reliable and representative basis for
predicting trends and testing smog management
strategies. Continued monitoring of regional smog
levels and meteorological parameters will be required
to characterise individual smog events for modelling
purposes.
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transport and environment agencies therefore have
time to learn from the experience of other cities and,
in consultation with affected parties, develop sound,
cost-effective smog management strategies.
The modelling capability developed in this study has
been immediately applied by Western Power
Corporation to assess the impact of the Pinjar Gas
Turbine Power Station. This assessment is the subject
of a separate report to the EPA. The DEP has had no
involvement in its preparation.
Western Power Corporation does not have a central
role in developing smog management strategies for
the Perth region. This will be progressed by the DEP
in consultation with relevant agencies and affected
parties. The Perth Photochemical Smog Study has
provided a sound foundation on which to build.
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Appendix
Glossary of Chemical and Mathematical Symbols
aROC

photochemical reactivity coefficient of an organic gas

aROC

effective overall photochemical reactivity coefficient in an urban atmosphere

β

coefficient in the IER theory which relates maximum smog production to the initial emissions of
nitrogen oxides

Bsp

a measure of light scattering by extremely fine particles

CH4

methane

CO

carbon monoxide

CO2

carbon dioxide

E

extent to which smog reactions have progressed towards the onset of NOx-limited conditions

F

coefficient in the IER theory , defining the fraction of oxides of nitrogen emitted as nitric oxide

f(T)

function which accounts for the effect of air temperature, T, on the photolysis rate of NO2

G

parameter to determine whether smog production is light-limited or NOx-limited

HNO3

nitric acid

kNO2

rate coefficient for the photolysis of NO2

NMHC

non-methane hydrocarbons - a group of hydrocarbons which excludes methane

NO

nitric oxide

NO2

nitrogen dioxide

NOx

oxides of nitrogen, or nitrogen oxides, usually taken to mean nitric oxide (NO) and nitrogen
dioxide (NO2)

{NOx}em

alternative way of writing {NOx}0,t, i.e. the emissions of NOx

NOy

represents the full range of gaseous oxygenated nitrogen species including nitric oxide (NO),
nitrogen dioxide (NO2), nitric acid (HNO3), peroxyacetyl nitrate (PAN) and other gaseous
organic nitrates

O2

oxygen

O3

ozone

OH⋅

hydroxyl radical

P

coefficient in the IER theory , defining the rate of particulate nitrate formation

PAN

peroxyacetyl nitrate

PM2.5

mass of fine particulate matter with an aerodynamic diameter less than 2.5 micron

ppb

parts per billion

ppm

parts per million



RO2⋅


peroxy radical, formed by the reaction of an organic, for example a hydrocarbon (RH) with the
hydroxyl radical (OH⋅), followed by reaction with molecular oxygen


ROC

reactive organic compound - an organic compound which can take part in chemical reactions in
the atmosphere (includes hydrocarbons, carbonyl compounds, alcohols, etc)
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Rsmog

photolytic rate coefficient for organic species

SMOG

a stable measure of photochemical smog concentration, which remains constant when NO is added
to an air parcel thereby producing NO2 at the expense of O3

SNGN

denotes the range of stable non-gaseous nitrogen compounds formed in photochemical smog

SO2

sulphur dioxide

SP

denotes “smog produced” and represents the gaseous and non-gaseous products of smog reactions,
excluding initial concentrations. SP is equivalent to the total nitric oxide consumed plus the ozone
produced.

SPmax

the maximum quantity of smog produced, proportional to the initial supply of nitrogen oxides

SUM0

a parameter representing the sum of all hourly concentrations above zero

T

air temperature

τ

time

VKT

vehicle kilometres travelled

{ }0

denotes the number of moles present at the start time (i.e., background)

{ }t

denotes the number of moles of the particular species present in the air mass at time t

{ }0,t

denotes the number of moles of the species initially present in the air plus the moles added via
emissions up to time t

[]

denotes concentration of a gas in the atmosphere
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