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Foreword by the Ministry for the Environment

This technical report has been prepared by Denigorm/. for the Ministry for the
Environment’s review of thembient Air Quality Guidelines 1994 (the 1994 Guidelines). The

report examines recent research on the health effects of five air contaminants in the 1994
Guidelines — carbon monoxide, sulphur dioxide, nitrogen dioxide, particles and ozone. The
authors of the report suggest protective ranges or values to protect human health and well being
based on the research review, and recommend monitoring methods for each contaminant. There
is also a chapter on international guideline values and air quality standards, and how they have
changed over the past few years.

One of the reasons for reviewing the 1994 Guidelines was because some of the guideline values
were out-of-date with the latest findings of studies examining the effects of air pollutants on
human health and the environment and they no longer provided adequate protection. The
recommended monitoring methods were also out-of-date with recent technological
developments. The Ministry commissioned this report to review the latest research on the
health impacts of the five air contaminants, both here and overseas, and to recommend
revisions to the 1994 guideline values and monitoring methods.

The Ministry has used the suggested protective ranges in this report and recommendations by
Rolfe et al. (Recommended Amendments to the Ambient Air Quality Guidelines — Air Quality
Technical Report 23), to develop theProposals for Revised and New Air Ambient Quality
Guidelines for New Zealand — Discussion Document (Ministry for the Environment, 2000). The
suggested protective ranges have not automatically been replicated as new air quality guideline
values. Other factors, such as existing guideline values, the need for practical guidelines and
comments from reviewers, were also taken into account. Details on what values have been
selected and why are outlined in the discussion document.

The other technical reports prepared for the Ministry’'s review ofdthéient Air Quality
Guidelines 1994 are available on the Ministry’s website:

http://www.mfe.govt.nz/monitoring/epi/airqualtech.htm

The technical reports have been formally peer-reviewed by several experts and discussed by a
group of around 50 practitioners from industry, councils, non-government organisations,
medical specialists and air quality consultants at workshops in March 2000. This final report
has been edited and modified from the original drafts in response to reviewer's comments and
suggestions.

Comments on this report can be made within your submission on the Ministry’s discussion
document —Proposals for Revised and New Ambient Air Quality Guidelines. This discussion
document also proposes guidance on how to apply the guideline values to air quality
management in New Zealand.
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LOAEL Lowest observed adverse effect level
mg/nt Milligrams per cubic metre

mid-FEV, Mid forced expiratory flow

NAAQS National ambient air-quality standard
NEPC National Environment Protection Council
NEPM National Environment Protection Measure
NH&MRC National Health and Medical Research Council
NO Nitric oxide

NO, Nitrogen dioxide

NOAEL No observed adverse effect level

O, Oxygen

O; Ozone

PEF Peak expiratory flow

PMsg Particles less than 10 microns in diameter
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1 Introduction

Studies of the health effects of air pollution have shown associations between ambient air
pollution levels and adverse health effects, including increases in daily mortality and hospital

admissions. These studies have been conducted in various parts of the world with differing
climates, socio-economic status and pollutant levels and mixes. The associations that have
been found are observed at air pollution levels below current air-quality guidelines/standards
generally in place. Most of the recent information has arisen from epidemiological studies.

Epidemiological studies evaluate the incidence of diseases or effects and risk factors, and
associate these with air pollution data; they do not demonstrate causality or provide clear
evidence of mechanisms. Specifically, they concentrate on showing whether associations exist,
rather than how they might be explained. Animal studies and experimental exposure (or
chamber) studies with humans help to generate data from which hypotheses concerning the
mechanisms for the effects of air pollution can be formulated. This in turn can aid in the design
of epidemiological studies. A large amount of work is currently under way worldwide in an
attempt to elucidate biological mechanisms for the effects observed in epidemiological studies.

The biological mechanisms by which air pollution may cause increased morbidity and mortality

are speculative, but there is increasing evidence that inflammation of the airways may be a
common pathway for several pollutants, including particles, and that carbon monoxide reduces
the oxygen transport capability of haemoglobin. It is also apparent that there are groups within
the population that are particularly susceptible to the effects of air pollution. These include the
elderly, people with existing respiratory and cardiovascular disease, asthmatics, and children.

The following discussion looks at each of the main pollutants in turn: carbon monoxide,
nitrogen dioxide, ozone, particles, and sulphur dioxide. Each chapter describes the pollutant,
its health effects and dose-response relationships, then looks at suggested protective ranges and
international air-quality guidelines/standards. Each chapter concludes with a recommended
monitoring method.

The final chapter looks at international guidelines/standards used in different countries and
organisations and how these have changed over time.

Health Effects of Five Air Contaminants and 1
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2 Carbon monoxide

2.1 Introduction

Carbon monoxide (CO) is a colourless, odourless and tasteless gas that is poisonous to humans
in high concentrations. It is a trace constituent of the atmosphere, with background levels
normally ranging between 0.01 and 0.2 milligrams per cubic metre (/i is produced

both by natural processes (eg, from volcanoes) and by human activities (eg, the incomplete
combustion of carbon-containing fuels, especially from motor vehicles). Industrial processes
such as steel-making may also produce significant amounts of CO.

The toxic properties of CO are largely attributed to its high affinity for oxygen-carrying haem
proteins. The effects of CO usually manifest themselves in the oxygen-sensitive organ systems.
High exposures are rare and are primarily associated with certain occupations (eg, fire-
fighting), accidents (eg, the use of defective or improperly vented combustion devices), or
deliberately, as in suicide.

When inhaled, CO combines with haemoglobin (Hb), the blood’s oxygen-carrying protein
molecule, to form carboxyhaemoglobin (COHDb). In this state the Hb is unable to carry oxygen
(O,). It takes about 4 to 12 hours for CO concentrations in the blood to reach equilibrium with the
CO concentration in air, and so any fluctuations in the ambient CO concentrations are only slowly
reflected in the COHb levels in humans. CO also competes for oxygen in myoglobin in cardiac
and skeletal muscle. Binding of CO by myoglobin may limit the rate, ofp@ke by these tissues

and impair @ delivery to intracellular contractile processes (Bascom et al, 1996).

The relationship between CO and Hb is linear at CO concentrations of up to 250angéa
level, and when exposed continuously, COHb% at equilibrium can be reasonably approximated
by the following relationship (adapted from Bascom et al, 1996):

COHb% = CO(mg/r) x 0.16

High exposures can cause acute poisoning, with coma and collapse occurring at COHb levels of
greater than 40%. Ambient exposures to CO are several orders of magnitude lower than those
associated with acute poisoning. However, some exposures in urban settings have been shown
to adversely affect the heart, brain and central nervous system.

Guideline levels set for CO are generally based on the assumption that human health is unlikely to
be affected by ambient concentrations that give rise to COHb levels of 2.5-3%. The guidelines
aim to ensure that nobody will be exposed to levels of ambient CO that would result in blood
COHb levels greater than 2.5%, at any level of physical activity. However, results of recent
epidemiological studies have shown effects in susceptible groups at levels lower than
previously thought to be of concern. Situations in which the short-term effects of high
concentrations of CO occur have prompted the World Health Organization (WHO) to introduce
short-term guideline levels for ambient air of 100 nig/mveraged over 15 minutes, and

60 mg/m for 30 minutes (World Health Organization, 1995).

* Throughout this section the CO concentrations are expressed a3 an@/@. Any concentration that was
originally expressed in parts per million has been converted to huging a conversion factor of 1.25. No
concentration is expressed to a precision of more than two significant figures.

Health Effects of Five Air Contaminants and 3
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The health effects of acute exposure to CO have been studied in controlled human exposure
studies while the effects of longer term exposure have been investigated in epidemiological
studies. Animal andh vitro studies have been used to elucidate the toxicological mechanisms
associated with CO exposure. Health effects investigated include exercise capacity in normal
subjects and in patients with ischaemic heart disease, perception and ability to perform complex
tasks, and development of the foetus. Epidemiological studies have examined the associations
between ambient CO levels and increases in daily mortality and hospital admissions, mainly
due to cardiovascular disease.

2.2 Health effects

Several major reviews of the health effects of CO have been published in recent years (UK
Department of Health, 1998; Concawe, 1997; Streeton, 1997; Bascom et al, 1996; World
Health Organization, 1995; UK Department of Environment, 1994; US Environmental
Protection Agency, 1992). There are no significant variations in the approaches adopted by the
various jurisdictions to the adverse health effects of CO: to achieve adequate protection of the
more susceptible population sub-groups (those with ischaemic heart disease, other forms of
cardiac disease including cyanotic heart disease, hypoxaemic lung disease, cerebrovascular
disease, peripheral vascular disease, those with anaemia and haemoglobin abnormalities,
children, and developing foeti), a COHb level of not more than 2.5%, whilst either at rest or
during active physical exercise, should not be exceeded.

2.2.1 Toxicology

The lung is the principal route of excretion and uptake of CO in the body. CO affects human
health by reducing the amount of oxygen that can be carried in the blood to the body tissues.
When CO is inhaled into the lungs, it combines selectively with Hb to form COHb. CO binds

to Hb with approximately 220 times the affinity of,,Ghus effectively blocking © for

available binding sites. Hb that has been transformed is no longer availabletfan€port.

As a result the brain, nervous tissues, heart muscle and some other specialised tissues that
require large amounts of oxygen may not receive sufficient to function optimally, and may
suffer temporary or permanent ischaemic damage as a result.

In addition to the formation of COHb, several additional mechanisms of toxicity have been
postulated. These are all based on competitive binding interactions wiiimdihng haem
proteins such as cytochrome oxidase, tryptophan deoxygenase, and tryptophan oxidase.
Blockage of the respiratory chain by CO prolongs cellular hypoxia. In #ser3itive cardiac

and central nervous systems, low tissue and intracellylégr@ions may promote CO binding,

even at relatively low COHb levels. However, experimental data in this area are incomplete
(Bascom et al, 1996).

Extensive population studies suggest that healthy non-smokers living in clean, rural
environments have COHb levels of less than 1%, whereas healthy non-smokers in urban
environments have between 1.0% and 2.0% COHb content, depending on background
concentrations of CO. No discernible physiological or psychometric effects have been
demonstrated at these levels.

4 Health Effects of Five Air Contaminants and
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At between 2.5% and 5.0% COHb content there is evidence of an increasing incidence of

angina pectoris, especially during exercise, in those with significant coronary artery disease,

which limits the supply of blood to the heart muscle. Such people may also develop chest pain

when exerting themselves and are at increased risk of heart attacks. Above 3.0% COHDb, there
is also increasing psychometric dysfunction (a measurable increase in response time). COHb
levels in average smokers (around one pack per day) far exceed these levels, ranging from 5%
to 15% of total content, depending on their individual patterns of tobacco consumption.

In healthy people, CO can affect exercise capacity: the higher the COHb level, the greater the
reduction. These effects have been observed at levels of COHb as low as 2.3—-4.3%. However,
this effect is small and is unlikely to interfere with normal daily living activities.

Many toxicological and clinical trial studies have been undertaken to assess the effects of
elevated COHb on visual and auditory perception, vigilance, motor skills, cognitive ability, and
sensorimotor performance. A wide range of COHb threshold levels have been reported as
leading to disturbances in fine neurobehavioural function, in particular the ability to
discriminate time intervals, and to perform complex motor and sensorimotor activities. No
significant neurobehavioural effects have been described for COHb levels of less than 5%.
Most reported threshold responses range between 5.0% and 7.6% COHb for a statistically
significant reduction in vigilance. The threshold for the detection of a statistically significant
impairment of visual perception, manual dexterity, ability to learn, and the performance of
complex sensorimotor tasks has been identified at between 5.0% and 17% COHb (US
Environmental Protection Agency, 1992; Benigus et al, 1987; Laites et al, 1979).

The associations between severe CO toxicity and marked effects on the central nervous system
have been well described for both acute toxic exposure, and following chronic exposure. In
acute exposure, loss of consciousness leading to coma and death is well recognised. With
chronic CO toxicity (at sub-lethal concentrations), chronic brain syndromes, mental retardation
and Parkinsonian-like states are well recognised. CO levels leading to these effects are not
usually encountered in ambient air. Uncertainty remains as to whether or not subtle changes in
neurobehavioural function result from exposure to concentrations of CO that yield only modest
increases in COHb. More significant increases in COHb to between 15% and 20%, especially
if more prolonged, can result in the development of headaches. There is evidence to suggest
that these headaches are likely to be the result of cerebral compensatory mechanisms in
response to relative cerebral hypoxia, leading to cerebral vasodilatation.

Maternal smoking is a significant cause of reduced birth weight and delays in foetal and
neonatal development and would appear to be reasonably attributed to CO exposure at levels of
COHb between 2% and 7%. More detailed reviews of the toxicological and pathophysiological
studies related to CO can be found in Streeton (1997) and Bascom et al (1996).

In conclusion, it would appear that the effect of COHb levels below 5% on neurobehavioural
function is negligible, and can be disregarded in the context of normal daily living. Healthy
persons are unlikely to be significantly affected by ambient levels of CO, with possible
limitation of exercise capacity and neurobehavioural effects at COHb levels of less than 15-20%.

Table 2.1 summarises the various adverse health effects and the lowest observed adverse effect
levels (LOAEL), and no observed adverse effect levels (NOAEL).

Health Effects of Five Air Contaminants and 5
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Table 2.1: Adverse health effects from exposure to carbon monoxide

LOAEL NOAEL
(% COHDb) (% COHDb)

Cardiovascular effects
Healthy adults
Decreased O2 uptake, decreased work capacity (maximal 5.0 -5.5% <5.0%
exercise)
Significant decrease in work capacity 3.3-4.2% <3.0%
Strenuous exercise — maximal O, consumption 7 —20%
People with ischaemic heart disease
Decreased exercise capacity at onset of angina, increased 29-45% 2.5%
duration of angina
Neurobehavioural effects
Healthy adults
Statistically significant vigilance decrements 5.0 -7.6% <5.0%
Statistically significant diminution of visual perception, manual 5.0-17% <5.0%
dexterity, ability to learn, performance of complex sensorimotor
tasks
Foetal effects
Reduced birth weight (non-smoking mothers) 2.0-7.0% <2.0%

2.2.2 Epidemiological studies

In recent years there has been renewed interest in the health effects of CO. This interest has
arisen from the results of several epidemiological studies that have shown an association
between ambient levels of CO and increases in hospital admissions for cardiovascular disease
and increases in daily mortality. Until recently it had been thought that current exposure levels
were unlikely to produce serious health outcomes, but these results bring this assumption into
guestion.

Respiratory effects

Sheppard et al (1999) have shown an association between hospital admissions for asthma and
ambient levels of CO in a non-elderly population in Seattle. Air pollution data for particles
(PMyo, PMy 5 and PMg.29, 0zone (@) sulphur dioxide (S¢ and CO were collected for the

period 1987-94. All measures of particles and CO were found to be associated with an
increase in hospital admissions for asthma, with the highest risk observed during autumn and
spring. An association was also found faor ddring the summer, but no effect was observed

for SO, for any season. For CO there was a 6% (95% CI: 1.03-1.09) increase in hospital
admissions per interquartile range of 1.1 mighha lag of three days.

6 Health Effects of Five Air Contaminants and
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Cardiovascular effects

Yang et al (1998) investigated the effects of ambient CO on hospital admissions for
cardiovascular disease in Reno, Nevada, for the period 1989-94. Air pollution levels were low
throughout the study period, with an average hourly CO level of 4 fragicha maximum of

13 mg/m. Strong associations were found between ambient hourly maximum levels of CO and
hospital admissions for cardiovascular disease and ischaemic heart disease. The association
with cardiovascular disease was statistically significant in all age groups and for both males and
females. For ischaemic heart disease the association was statistically significant in the elderly
(> 60 years) and in males. For admissions for cardiovascular disease there was a 1.5% (95%
Cl: 1.2-1.7%) and ischaemic heart disease 3.5% (95% Cl: 2.6-4.5%) increase pef 1 mg/m
increase in maximum hourly CO level. Three statistical methods were used in the analysis and
all gave comparable results.

In an earlier study by Schwartz (1997), ambient CO levels were found to be associated with
hospital admissions for cardiovascular disease in the elderly (> 65 years) in Tuscon, Arizona.
An association was also found for RMbut only weak associations were found foy, O
nitrogen dioxide (N@ and SQ. Ambient CO levels were low during the study period, with an
average hourly level of 4.2 mgim Levels of PM, were moderately high, with an average
24-hour level of 4ig/n°. Both PM, and CO were associated with hospital admissions for
cardiovascular disease on the same day, with a 2.7% increase in admissions per interquartile
range of PM, (23ug/n) and a 2.8% increase in admissions per interquartile range of CO
(2.0 mg/r). The regression coefficients obtained from multi-pollutant models, were similar to
those from single pollutant models suggesting that the effects of CO ang viRive
independent. The findings of this study were similar to those from other studies.

A more recent study by Schwartz (1999) found an association between ambient CO levels and
hospital admissions for heart disease in the elderly in eight US counties. A positive association
was also found for PNM. The associations held in both humid and dry locations and were
independent of other pollutants and weather. A 2.8% (95% CI: 1.9-3.7%) increase in hospital
admissions per interquartile range (2.2 nitylof CO was observed.

Morris and Naumova (1998) conducted a study to investigate the effects of CO on hospital
admissions for congestive heart failure in Chicago. They examined the effects of average
maximum 1-hourly CO level and the impact of temperature on the association with hospital
admissions. PM, SO, NG, and Q were also included in the model. CO was positively
associated with hospital admissions for congestive heart failure in both single and multi-
pollutant models, with relative risks associated with the 75th percentile of 1.09 and 1.08
respectively. The effect was temperature dependent, with an increase in the relative risk with a
decrease in temperature. The maximum effect was observed at temperatures °Gelow 4
(relative risk 1.15), with little effect seen abovéQ@4relative risk 1.01). The authors conclude

that there is a synergistic effect between cold temperatures and the effect of CO on acute heart
failure. They propose that this is biologically plausible as both cold temperatures and CO
increase the load on the heart that can lead to acute heart failure. These effects are seen at
levels below current air-quality standards and below levels used in laboratory studies. They
suggest that patients with congestive heart failure may form a uniquely susceptible group to the
effects of CO, and that the threshold for effects in these patients may be below 3% COHb. The
results also suggest that cold temperatures may reduce this threshold further.

An earlier study in 10 Canadian cities by Burnett et al (1997) looked at hospital admissions for
congestive heart failure and the association with ambient air pollution over an 11-year period.
Positive associations were found with CO, INSG,, and coefficient of haze. The strongest

association was found with CO and was not sensitive to weather or other pollutants. The

Health Effects of Five Air Contaminants and 7
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relative risk for a 1-3 mg/frincrease in CO (25th to 75th percentiles) was 1.065 (95% CI:
1.03-1.10). The effect was strongest on the same day. The concentration response curves
showed a rapid increase in hospital admissions for CO concentrations less thari tvitigém

slower rate at higher concentrations. There was no obvious threshold observed for the effects
of CO. Mean CO levels were 2.9 mg/i-hour maximum) and 2.0 mgirt8-hour maximum).

CO accounted for 90% of the excess hospital admissions attributable to air pollution.

Morris et al (1995) looked at hospital admissions for congestive heart failure and the
association with ambient air pollution in seven US cities. Mean 1-hour maximum CO levels
ranged from 2.2 to 5.0 mgfin the cities studied. A strong association was found between
hospital admissions for congestive heart failure and CO levels, which was independent of
season, temperature and other pollutants. The relative risk per 18 imgase in CO ranged

from 1.37 (New York) to 1.71 (Los Angeles). The effects were similar in both single pollutant
and multi-pollutant models. The maximum effect was observed on the same dawadalso
associated with hospital admissions, but this association did not hold in multi-pollutant models.
Limiting the analysis to CO concentrations less than 11 frigéa little impact on the effect.

Daily average CO levels have been associated with hospital admissions for acute myocardial
infarction in London (Polniecki et al, 1997). Similar associations were also found oS

and black smoke, but not fosOA 2.1% increase in hospital admissions was found to be due

to CO, 2.7% for N@ 2.5% for black smoke and 1.7% for SOThe associations were only
observed during the cool season. CO was also associated with hospital admissions for
circulatory disease. Daily average CO levels in this study ranged from 0.2 to 12 migfna

median level of 1.1 mg/in

Daily mortality

Several studies have shown associations between increases in daily mortality and ambient CO
levels. The earlier studies have been reviewed by UK Department of Health (1998) and
Bascom et al (1996). These early studies showed associations between daily mortality and
ambient CO levels but at levels much higher that those currently observed in urban areas. More
recent studies have shown such an association, even at the lower levels currently experienced.

In a study by Burnett et al (1998) an association was found between daily mortality and
ambient CO levels in 11 Canadian cities, with a 2.5% increase in daily mortality attributable to
CO. In multi-pollutant models this effect was reduced to 0.9%. The strongest association
found was for N@ with a 4.1% increase in daily mortality attributable to,N@ssociations

were also found for SOand Q. Much of the effect attributable to CO could be explained by
SO andrﬁNQ. Daily CO concentrations ranged from 0.5 to 1.9 mgmith an average level of

1.2 mg/mi.

Effects on the foetus

The foetus and newborn infants appear to be particularly susceptible to even minor changes in
COHb levels above 2%. Most epidemiological studies have focused on the impact of maternal
smoking. Maternal tobacco smoking is well recognised as a significant cause of low birth
weight and increased foetal and neonatal mortality (Alderman, 1987; US Department of Health,
1990). A recent study by Ritz and Yu (1999) has shown an association between ambient CO
levels and reduced birth weights in Los Angeles. Exposure to CO levels greater than 6.9 mg/m
(3-month average) during the third trimester was associated with a 22% increase in risk of low
birth weight. This increased to 33% for mothers giving birth to a second or higher order child
and to 54% for mothers under the age of 20 years. CO levels recorded during the last trimester

8 Health Effects of Five Air Contaminants and
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in this study ranged from 0.8 to 8.4 md/with an average level of 3.1 mg/mThe effects of
CO were stronger after controlling for the effects of,NPM;o and Q (38% increase). For
women who were exposed to CO levels in the range 2.8 to 6.9°if&fith to 95th percentile)
the effects were smaller: a 2—-4% increase.

Table 2.2:  Summary of epidemiological studies for carbon monoxide
Location and Averaging time Mean CO % increase in health Reference
period concentration outcome
(mg/m?®)
Mortality
11 Canadian 24-hour average 1.2 2.5% (all-cause mortality) Burnett et al,
cities 1998
Hospital
admissions
Seattle, 1-hour maximum, 2.2 6% (95% CI: 3—-9%) per Sheppard
Washington, 3-day lag 1.2 mg/m3 (asthma admissions | et al, 1999
DC, 1987-94 — non-elderly)
Reno Nevada, 1-hour maximum 3.9 1.5% per 1 mg/m3 Yang et al,
1989-94 (cardiovascular disease — 1998
elderly)
3.5% (ischaemic heart disease
— elderly)
Tuscon, Arizona, | 1-hour maximum 4.2 2.8% (95% CI: 0.5-5.4%) per Schwartz,
(1988-90) 2.1 mg/m3 (cardiovascular 1997
disease — elderly)
8 US counties 1-hour maximum 25-5.9 2.8% (95% CI: 1.89-3.68%) Schwartz,
1988-90 per 2.2 mg/m3 (cardiovascular | 1999
disease — elderly)
Chicago, lllinois, | 1-hour maximum 9% (95% CI: 6—-12%) Morris and
1986-89 (congestive heart failure) Naumova,
1998
10 Canadian 1-hour maximum 2.9 6.5% (95% CI: 3.10%) per Burnett et al,
cities, 1981-91 8-hour maximum 2.0 2 mg/m3 1-hour CO 1997
(congestive heart failure —
elderly)
7 US cities, 1-hour maximum 2.2-5.0 10% (95% CI: 3—-18%) to 36% | Morris et al,
1986-89 (95% CI: 28—-46%) per 1995
10 mg/m3 (congestive heart
failure)
London, UK 24-hour average 1.1 2.1% (95% CI: 0.7-3.5%) Polniecki
(acute myocardial infarction) et al, 1997
Summary

The results of the epidemiological studies are consistent with the toxicological and clinical
studies although effects are observed at levels lower than expected. These findings have led to
increasing concern over the health effects associated with ambient levels of CO. The results of
the recent epidemiological studies are summarised in Table 2.2.
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2.3 Dose-response relationships

There is a linear dose-response relationship between CO and COHb that allows predictable
levels of COHb for a given ambient concentration of CO, for a given duration of exposure, and
at a given level of rest or exercise. Although the relationship between levels of CO and the
resultant COHb levels is approximately linear in the region of ambient air concentrations, it is
quite complex. There are dilution effects in the body tissues, and it can take 10-12 hours
following continuous exposure to CO for the blood COHb levels to achieve a steady-state
equilibrium. Under conditions of increasing exercise, equilibrium is achieved more rapidly
because of increased alveolar ventilation rates, increased gas exchange (diffusing capacity), and
increased cardiac output. Even mild exercise increases the body's demand for oxygen, and thus
can enhance the effect of exposure to a given concentration of ambient CO.

The rate of uptake of CO is initially dependent on the pre-existing pulmonary capillary CO
content. At normal resting ventilation levels, breathing room air at sea level, the half-life of CO
in the blood is of the order of 2—4 hours, but this clearance is affected not only by ventilation
rates, but also by the ambient €ncentration or pressure (hence the value of hyperbaric O
for treating acute CO poisoning).

The relationship between CO and haemoglobin is linear at CO concentrations of up to
250 mg/m at sea level, and when exposed continuously, COHb% at equilibrium can be
reasonably approximated by the following relationship (adapted from Bascom et al, 1996):

COHb% = CO(mg/r) x 0.16

2.4 Suggested protective ranges

There has been agreement around the world that for adequate protection of susceptible
populations, CO concentrations in ambient air should be such that no matter what duration of
exposure or level of exercise activity, COHb concentrations should not exceed a recommended
NOAEL of 2.5%. Although recent epidemiological studies have shown effects at levels lower
than 2.5%, there is still some question as to whether these effects are due to CO or whether CO
is acting as an indicator for pollution from combustion sources. At this stage the evidence is
not conclusive enough to recommend a change from 2.5% COHb. However, given the
emergence of these new observations, the epidemiological literature should be closely
monitored with a view to revising guidelines/standards at a later stage.

In most jurisdictions, there has been a trend to establish air-quality standards/guidelines/
recommendations based not only on exposure periods by which equilibration will be achieved
(8 hours or more), but also based on shorter periods to control for the potentially adverse
effects of more intense but shorter-lived exposures. By use of the Coburn-Forster-Kane (CFK)
equation, allowance can be made for the recognised physiological variables known to effect CO
uptake by an individual, either healthy or compromised. In this way, periods of time-weighted
average exposures and CO levels can be determined in order to ensure that the COHb level of
2.5% is not exceeded in any exposed individual, even when that individual is engaged in heavy
manual work.

In developing suggested ranges for protective concentrations, not only is it necessary to provide
protection for susceptible populations — especially those with ischaemic heart disease — but it is
also desirable to ensure that an appropriate safety factor is incorporated to protect the most
sensitive groups, namely those identified as suffering from clinical angina. Using the CFK
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equation, it can be shown that in an individual at rest, the CO concentration producing a COHb
level of 2.5% after 8 hours exposure is 19 nig/m

At a concentration of 12 mgfna continuously exposed non-smoking population would have
COHb levels that should not exceed 1.6%. This relationship applies whether the individual is
sedentary, or undergoing heavy physical activity. By basing the primary exposure
guideline/standard on an 8-hour averaging time, there should be sufficient protection for the
population as a whole against continuous lifetime exposures. By extrapolation, CO
concentrations relating to shorter averaging periods can also be estimated, including a safety
factor, even although at these shorter exposures equilibrium through the various body
compartments will not have been achieved. These shorter averaging period guidelines are
especially important in situations where there is potential for more intense exposure, such as in
dense slow-moving traffic in street canyons, in tunnels, in underground or enclosed carparks.

In summary, COHb concentrations would be kept below 2.5% when breathing the following
concentrations of CO at maximum levels of activity:

. 12 mg/n for 8 hours

. 30 mg/ni for 1 hour

. 60 mg/ni for 30 minutes
. 100 mg/m for 15 minutes.
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2.5 International air-quality guidelines/
standards

A review of air-quality guidelines and standards from around the world is shown in Table 2.3.
The information in this table indicates general acceptance of an 8-hour exposure standard of

10-12 mg/m, with shorter-term 1-hour exposure standards ranging between 25 and 44 mg/m

Table 2.3: Current international air quality guidelines/standards for carbon monoxide

Country/authority mg/m?®
Averaging period
1-hour 8-hour

New Zealand 30 10
Australia (NEPM) - 11
United Kingdom - 12
Europe 31 12
United States of America 44 11
California 25 11
World Health Organization* 30 10
Japan - 10

*  Short-term guidelines of 100 mg/m3 (15 mins average) and 60 mg/m3 (30 mins average) have also
been established.

2.6 Monitoring method

CO is commonly measured by one of two methods: non-dispersive infrared analysers and

electrochemical (coulometric) systems. Both of these are covered in the Australian Standard

AS3580.7.1-1992. The infrared method is also specified as a reference method by the US EPA
(40 CFR Part 50, Appendix C) and a wide variety of instruments have been notified as meeting

these specification (eg, Federal Register, v 57, p 44565, 28 September 1992 and v 60, p 54684,
2 October 1995). A method using gas chromatography is given in ISO 8186:1989, but there are

no instruments readily available in New Zealand that use this method.

In the infrared analysers, broad-band radiation is passed through a gas cell containing the air
sample, and the amount of light absorbed by CO is compared against a reference beam. A number
of different systems have been used to make the units specific to CO and achieve the necessary
sensitivity and stability, although the most common procedure appears to be that of gas-filter
correlation. Such systems have a high degree of selectivity for CO, with water vapour being the
only significant interferent. High sensitivities can also be achieved by the use of multiple-pass
cells.

Electrochemical analysers operate by diffusion of the sample gas into an electrolyte, followed by
oxidation or reduction of CO at an electrode. The current generated by the reaction is related to
the concentration of CO present in the sample. One of the drawbacks with these analysers is that
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similar reactions can also occur with other gases, and prefilters are commonly used to make the
units more specific. Electrochemical analysers typically have a sensitivity of about 1 ppm for CO,
which is borderline for usefulness in ambient air monitoring. None of the electrochemical
systems have been designated as equivalent methods by the US EPA.

Recommended method

The recommended method for CO is infrared absorption in accordance with AS3580.7.1-1992.
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3 Nitrogen dioxide

3.1 Introduction

Nitrogen dioxide (NG) is a pungent acidic gas. Corrosive and strongly oxidising, it is one of
several oxides of nitrogen (NJOthat can be produced as a result of combustion processes.
Combustion of fossil fuels converts atmospheric nitrogen and any nitrogen in the fuel into its
oxides, mainly to nitric oxide (NO) but with small amounts (5—-10%) of.N®IO slowly
oxidises to N@ in the atmosphere. This reaction is catalysed in the presence dhGhe
presence of sunlight, oxides of nitrogen, including;Méact with volatile organic compounds

to form photochemical smog.

The main source of NQesulting from human activities is the combustion of fossil fuels (coal,
gas and oil). In cities, about 80% of ambient,NMOmes from motor vehicles. Other sources
include the refining of petrol and metals, commercial manufacturing, and food manufacturing.
Electricity generation using fossil fuels also produces significant amounts.

Exposure to N@ has been shown to cause reversible effects on lung function and airway
responsiveness. It may also increase reactivity to natural allergens. Repetitive exposure in
animals can produce changes in lung structure, lung metabolism, and lung defences against
bacterial infection. Animal toxicological studies suggest that peak concentrations contribute
more to toxicity than does prolonged exposure, although the latter is still important. Exposure
to NG, puts children at increased risk of respiratory infection and may lead to poorer lung
function in later life. Recent epidemiological studies have shown an association between
ambient NQ exposure and increases in daily mortality and hospital admissions for respiratory
disease. N@has been demonstrated to potentiate the effects of exposure to other known
irritants such as 9(Hazucha et al, 1994), $@Devalia et al, 1994), and respirable particles
(UK Department of Health, 1993).

3.2 Health effects

NO, appears to contribute both to morbidity and to mortality, especially in susceptible
subgroups such as young children, asthmatics, and in those individuals with chronic
inflammatory airway disease (chronic bronchitis and related conditions).ap{ig¢ars to exert

its effect directly, leading to an inflammatory reaction on epithelial surfaces in the human lung
due to an oxidative reaction on unsaturated fatty acids in cell membranes and in various soluble
and structural proteins. This results in the production of inflammatory mediators. Indirect
effects arise through the relative impairment of immune defence mechanisms in the lung.
Epidemiological studies suggest that young children are especially susceptible to these effects,
resulting in an increase in respiratory infections following disturbances in immune defence
mechanisms. Notwithstanding the range of literature available, the health impacts ofi NO
exposed human populations remain equivocal.

There would appear to be separate patterns of responses in susceptible populations to short-
term acute ambient exposures, in comparison to the responses observed after longer-term
chronic exposures to mildly increased background concentrations. With acute ambient
exposures, immediate effects within 1 to 2 days can be demonstrated. These take the form of
increased bronchial hyper-responsiveness in asthmatics and in those with chronic inflammatory
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lung disease, leading to increased frequency of wheezing, cough, sputum production, with a
secondary effect of increased frequency of respiratory infections (US Environmental Protection
Agency, 1996a). On the other hand, longer-term exposure in a chronic indoor environment
appears to have more direct effects on the patterns of respiratory infection in young children,
presumably due to disturbances in pulmonary airway immune defence mechanisms.

The effects of N@in the young appear to be limited to children from infancy through to late
childhood. The major effects demonstrated occur in children aged 5 to 12, who have been
estimated as having as much as a 20% increased risk for respiratory symptoms and disease for
each increase of 30 pghmof NO,. In these studies the weekly average concentrations fer NO

are in the approximate range of 160-1,200 fgiWWorld Health Organization, 1995). For
practical purposes, however, it has not been possible in the majority of epidemiological studies
to satisfactorily separate the effects of indoor and outdoor (ambient) exposures.

3.2.1 Epidemiological studies

Daily mortality

The most striking feature from the epidemiological studies is the inconsistencies in the
findings. The mortality studies have indicated that exposure at ambient levels increases daily
mortality from respiratory and cardiovascular causes. Effects are seen in all age groups. Many
of these studies have been reviewed by the UK Department of Health, (1998), Streeton (1997)
and Bascom et al (1996).

The results of recent studies have added strength to the possible association between ambient
NO, exposures and increases in daily mortality. A recent study by Burnett et al (1998) has
found an association between 24-hour average IRIs and increases in daily mortality in

11 Canadian cities. Effects were observed for CQ,&8@d Q, but these were not as strong as

the NQ effect. In single-pollutant models a 5.3% increase in all-cause mortality was found for

an increase in 24-hour average Névels of 47 pg/m In multi-pollutant models, controlling

for the effect of the other pollutants, the strength of the association withw8® reduced

slightly. A 4.3% increase in all-cause mortality was found for an increase in 24-hour average
NO; levels of 47 pg/m Daily NO; levels during the study ranged from 29 to 56 pighwith an

average value of 47 pgfm

A meta-analysis from the APHEA (Air Pollution and Health: European Approach) studies has
shown an association between daily mortality and daily 1-hour maximunheMéls (Touloumi

et al, 1997). This analysis was made on the results of studies conducted in six cities across
Europe. The effect of NQwas greatest in cities that had high levels of black smoke. A 1.3%
increase in daily mortality was observed for a B’ increase in 1-hour maximum NO

levels. The effect of NOwas decreased but still significant after controlling for black smoke

in multi-pollutant models. One-hour NQevels ranged from 70 to 13Qg/n’. The
associations observed for M@ere consistent across all cities studied. Daily average or 3 to
5-day average NPlevels were more strongly associated with daily mortality, with a 2%
increase per 50g/m’ increment in N@concentration.

* Throughout this section the N@oncentrations are expressed as i@gf’C. Any concentration that was
originally expressed in parts per billion has been converted to’ugimg a conversion factor of 2.05. No
concentration is expressed to a precision of more than two significant figures.

16 Health Effects of Five Air Contaminants and
Suggested Protective Ranges



Technical report for information — this is not Government policy

Morgan et al (1998a) found an association between daily maximum 1-houteMgs and

daily mortality in Sydney. An increase in 1-hour Névels from 30 to 90 pg/firesulted in an
increase of 7.71% (95% CI: —-0.34-16.40) for mortality from respiratory causes, whereas
particles and ozone had effects on all-cause and cardiovascular mortality. The results from
multi-pollutant models indicated that the effects of ;N@n respiratory mortality were
independent of the other pollutants.

Hospital admissions

Hospital admissions and emergency room visits for cardiovascular and respiratory causes have
also been associated with N@vels in various studies. A study conducted in Sydney (Morgan

et al, 1998b) found an association between daily maximum 1-houyrléN@ls and hospital
admissions for asthma in children, and COPD (chronic obstructive pulmonary disease) and
heart disease in the elderly. The strongest effect was observed at zero lag. Effects were also
found for particles and £but the effects of N©dominated.

Associations were also found for 24-hour average N@els, but these were not as strong as
those observed for the daily 1-hour maximum. A 5.29% increase in admissions for asthma in
children was associated with an increase of 60 figini-hour maximum N@levels. For the
elderly, a 4.60% and 6.71% increase in admissions for COPD and heart disease respectively
were observed for the same increment in,Né&¥els. Daily maximum 1-hour NQOevels
ranged from 30 to 90 pg/fhf10th to 90th percentiles) with a maximum of 280 |iy/mm multi-
pollutant models the association between,N@d admissions for asthma in children was
increased after controlling for the effects of &hd patrticles; the effects of;@nd particles

were unchanged. For admissions for heart disease in the elderly, the association,wtsNO
unchanged but the effects of @nd particles decreased. For COPD the associations with both
particles and N@were decreased.

Poloniecki et al (1997) found an association between hospital admissions for cardiovascular
disease in London and ambient Nlevels. Daily average NCevels were associated with
hospital admissions for acute myocardial infarction (winter only), arrhythmia and combined
circulatory disease, with a 2.7%, 2.7% and 2.4% increase per 66 jmgimment in 24-hour

NO, rens%pectively. Daily average N@evels ranged from 16 to 400 pg/nwith a median of

70 pg/ny.

Anderson et al (1997) have conducted a meta-analysis of the APHEA studies associating NO
exposure to hospital admissions for COPD. Analysis was also conducted, f80Q0black

smoke and TSP (total suspended particulate). The associations were assessed for all pollutants
across all age groups. An association was observed for both 24-hour average and daily 1-hour
maximum NQ levels. A 1.9% increase in COPD admissions paxdif increase in 24-hour

NO, and a 1.3% increase per B/n? increase in 1-hour maximum N@ere observed. The

effects were only significant during the warm season. The strongest and most consistent
association was found for 8-hour maximum O

A similar meta-analysis on the APHEA results has been conducted by Sunyer et al (1997) for
emergency room attendances for asthma. A significant positive association was found between
24-hour average NQOevels and emergency room attendances for adult asthma. No seasonal
variation was observed. The observed effect was independent of the effect of black smoke,
although controlling for black smoke in multi-pollutant models increased the effectof NO

2.9% increase in emergency room attendances pag/&8 increase in 24-hour NOwas
observed; 24-hour NQevels ranged from 5 to 35@/m3.

Health Effects of Five Air Contaminants and 17
Suggested Protective Ranges



Technical report for information — this is not Government policy

Respiratory effects

Studies in children have found associations between the incidence and duration of respiratory
illness and ambient NQevels. Pershagen et al (1995) found an association between ambient
NO; levels and wheezing bronchitis in children, with the effects stronger in girls than in boys.
Wheezing bronchitis is a common cause of hospitalisation in infants and these children run an
increased risk of developing asthma. For girls in the highest exposure category (99th percentile
1-hour NQ greater than 7Q@g/n?’) the relative risk was 2.7. The association was strongest in
girls less than 18 months of age. The mean time-weighteddV@ls in this study, expressed

as 99th percentiles of 1-hour concentrations, ranged from 30 g5

Epidemiological studies when subjected to meta-analysis do indicate that in children exposed to
long-term background increases in N the order of 3@ug/m® demonstrate an increase in risk

of illness of approximately 20%. This effect is not seen in adults with similar exposures.
Further work is needed to identify the specific response patterns in susceptible subgroups
(Streeton, 1997).

Studies on lung function response to N@ve shown that exposure to ambient levels of NO
causes decreases in FEV, FVC and PEF* in asthmatic children. Effects in healthy children
appear to be minimal. A considerable number of studies have investigated the lung function
response to NQin healthy subjects, asthmatics and, to a lesser extent, patients with COPD.
These results have been variable over a wide range of concentrations, indicating we still have
an incomplete understanding of Bl€ffects in the lung.

3.2.2 Clinical studies

The responsiveness of an individual's airways is typically measured by evaluating changes in
airway resistance (spirometry) following challenge with a pharmacologically active chemical
(eg, histamine, methacholine, and carbachol), which causes constriction of the airways. Airway
hyper-responsiveness is reflected by an abnormal degree of airway narrowing, primarily caused
by smooth muscle shortening in response to non-specific stimuli. Asthmatics experience
airway hyper-responsiveness to certain chemical and physical stimuli and have been identified
as one of the population subgroups most sensitive to acuytexXypOsure. There is little, if any,
convincing evidence that healthy individuals experience increases in airway responsiveness
when exposed to NQevels below 2,00Qg/n?. However, studies of asthmatics have reported
some evidence of increased airway responsiveness caused by acute exposurentah®O
range of 400 to 600g/n.

So healthy individuals, even under very high acute, N@posures, do not experience
pulmonary function effects, symptoms, or increases i RThe current database does,
however, show that small pulmonary function changes have occurred in asthmatics at low, but
not high (up to 8,000g/m’) NO, concentrations. Although the observed effects were noted in
different studies, no plausible explanation is offered to account for this lack of a concentration-
response relationship. The most significant responses tool€erved in asthmatics have
occurred at concentrations between 400 and 1u@0@°. Patients with COPD experience
pulmonary function changes with brief exposure to high concentrations (10,000 to [16/®0

for 5 minutes) or with more prolonged exposure to lower concentrationsu@®® for

225 minutes).

* FEV = forced expiratory volume; FVC = forced vital capacity; PEF = peak expiratory flow.
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3.2.3 Summary

In summary, there is some evidence that acute exposure tamd® cause an increase in
airway responsiveness in asthmatic individuals. This response has been observed only at
relatively low NQ concentrations, mostly in the range of 400 to 600 [id®,. However, the
findings of both clinical and epidemiological studies do not provide any clear quantitative
conclusions about the health effects of short-term exposures;to N@ adverse health effects

at low levels of NQ@ remain equivocal, with conflicting patterns of results being obtained in
both controlled exposure studies and in epidemiological studies. The contributior, @sNO

one of a mixture of pollutants in the ambient environment has yet to be clearly defined.

3.3 Dose-response relationships

There does not appear to be a simple linear relationship betwegexXg@sure and adverse
health outcomes, and there are no clear threshold levels for most health effects. A U-shaped
relationship, which suggests that guidelines should recommend a ‘safe range’ rather than a
single level, may best describe some of the data.

Some epidemiological studies have found significant effects of &fOmortality, hospital
admissions, emergency room visits and respiratory illness. The magnitudes for the relative risk
of death are weak, ranging from 1.0 (no effect) to 1.09 for meanl®&@Is between 35 and
88ug/n?. The risk of hospital treatment appears to be increased only 1.01 to 1.03 by levels
ranging from 38 to 53Qg/n”. The risk of respiratory illness appears to increase by only 1.02

to 1.08 for NQ levels between 17 and 50@8/m?°. The effects on lung function are modest,
with only a 40 litres/min reduction in PEF rates for everyig0n® increase in N@ and a 5%
reduction in FEV1.0 / FVC for every 1@/’ increase in N@above 4Qug/n?. These results

do not provide a firm scientific basis for setting exposure guidelines.

Statistical reviews of the available data, largely based on short-term ambient exposures, would
suggest that the current LOAEL is in the range of 4004800°. There is, however, an
increasing body of data to suggest that longer-term chronic indoor exposure to significantly
lower concentrations of NQof the order 0B0—-160ug/m® during early and middle childhood
years, can lead to the development of recurrent upper and lower respiratory tract symptoms,
such as recurrent ‘colds’, a productive cough and an increased incidence of respiratory
infection.

3.4 Suggested protective ranges

A safety factor needs to be applied to any LOAEL in order to ensure adequate protection of the
more vulnerable subgroups in the population: the young, asthmatics of all ages (but especially
children), and compromised adults with chronic respiratory and cardiac disorders. Currently,
this safety factor is generally regarded as being of the order of 50% of the LOAEL, which
would suggest that standards/guidelines should be in the range 2Q@y#80@or shorter-term
exposures (1-hour averaging period), and 40807 for longer-term exposures (annual
averaging period) to ensure there is adequate protection for the more susceptible individuals.
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3.5 International air-quality guidelines/
standards

Table 3.1 provides a summary of existing air-quality guidelines/standards for N@&re is
considerable spread in the various values, and differences in whether 24 hours or annual

averages should be the longer exposure period.

Table 3.1: Current international air quality guidelines/standards for nitrogen dioxide

Country/authority pg/m?
Averaging period
1-hour 24-hour Annual

New Zealand 300 100 -
Australia (NEPM) 250 - 62
United Kingdom 300 - 43
Europe 150 - 53
United States of America - - 110
California 510 - -
World Health Organization 200 - 40
Japan - 80 -

3.6 Monitoring method

There are a number of wet-chemical methods available for monitoring MO as with S@

these have generally been phased out in preference for a more sensitive and responsive
instrumental method. Most wet-chemical methods are based on colour development after capture

of the NQ in a suitable absorber. One of these methods (Griess-Saltzman) has been recognised as
a standard method by ISO (ISO 6768:1998), and the sodium arsenite and TGS-ANSA procedures

have been recognised as equivalent methods by the US EPA (Federal Register, v 42, p 62971,
4 December 1977).

A number of electrochemical analysers are also available for monitoringbNOas with CO,
these lack the required sensitivity and long-term stability.

The most widely used instrumental method for ambient monitoring of iBI@ continuous
analyser based ons@hemiluminescence. This operates by measuring the light emitted during the
reaction between £and NO. The ©is generated inside the analyser while the NO comes from

the sample air. NOis measured after the sample is passed over a reduction catalyst, which
converts it to NO. This method is covered by the Australian Standard, AS3580.5.1-1993, ISO
7996:1985, and is the reference method for the US EPA (40 CFR Part 50, Appendix F). There are
numerous instruments designated as equivalent methods under this standard (eg, Federal Register,
v 59, p 61892, 2 December 1994 and v 60, p 38326, 26 July 1995).
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Recommended method

The recommended method for monitoring Ni® O; chemiluminescence in accordance with
AS3580.5.1-1993.
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4 Ozone

4.1 Introduction

Ozone (Q) is a secondary air pollutant formed by reactions of primary pollutants — oxides of

nitrogen (NQ) and hydrocarbons — in the presence of sunlight. These primary pollutants arise
mainly from motor-vehicle emissions, stationary combustion sources and industrial and
domestic use of solvents and coatings.

O3 is only one of a group of chemicals called photochemical oxidants (commonly referred to as
photochemical smog), but it is the predominant one. Also present in photochemical smog are
formaldehyde, other aldehydes, and peroxyacetyl nitrate. Most epidemiological studies relate
to O; plus the other oxidants, though it is usually only the former that is measured as an
indicator of photochemical oxidants.

Epidemiological evidence indicates that a wide variety of health outcomes are possible from
exposure to @ short-term effects on mortality, hospital admissions and emergency room
attendances, symptoms and lung function. At an experimental level, evidence relates short-
term physiological and pathological changes in the respiratory system in humans. Although
potentially more important, there is not much evidence regarding long-term effects.

Animal studies continue to provide insights into the pathogenesis of the human health effects of
Os. The effects are principally sustained in the lung. Animal toxicological evidence supports
human clinical observations suggesting that the primary mechanism of actios iefti@
induction of inflammatory responses, which in turn lead to acute respiratory events. Tolerance
may develop in the short term, but the long-term effects are not well characterised. The
synergism between the effects of various pollutants sometimes results in a less measurable
physiological change in lung function, compared with isolated exposure, but may have
additional biological effects, short and long term, that have not been identified (Streeton, 1997).

O; enters the human body through the respiratory tract, where it reacts with polyunsaturated
fatty acids, various electron donors (eg, ascorbate and Vitamin E), thiols, aldehydes, amine
groups (of low molecular weight biochemicals) and proteins. The mechanisms of the
biochemical and physiological effects of human exposuresti@i@ain the subject of intense
research. These mechanisms include the direct actio oh @acromolecules in the lungs,

the reaction of secondary biochemical products resulting from the generation of free-radical-
precursor molecules, and the release of reactivént®rmediates and proteinases associated
with the activities of inflammatory cells that subsequently infiltrate into lungs damageg by O
(US Environmental Protection Agency, 1996c¢). The nasal airways appear to be specific impact
sites for Q, resulting in the release of inflammatory mediators.

4.2 Health effects

The health effects of £have been widely studied and have been the subject of many reviews
(UK Department of Health, 1998; Streeton, 1997; US Environmental Protection Agency,
1996b; Bascom et al, 1996; Woodward et al, 1995; Koren and Bromberg, 1995; Fryer and
Jacoby, 1993; Lippmann, 1993). Controlled human exposure studies have shown three types of
lung response to acute ©xposure:
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. irritative cough and sub-sternal chest pain on deep inspiration

. decrements in forced vital capacity (FVC) and forced expiratory volume jFBEVe
principally to decreased inspiratory capacity rather than airways obstruction

. neutrophilic inflammation of the airway sub-mucosa, accompanied by increased levels of
mediators and proteins in bronchoalveolar lavage (BAL) fluid.

The level of decrease in pulmonary function appears not to be associated with the level of
inflammatory response. Other demonstrated effects include decreased athletic performance,
increased epithelial permeability of the airways, increased non-specific airways reactivity, and
altered mucaociliary clearance. Epidemiological studies have provided findings consistent with
those from controlled experimental settings.

4.2.1 Epidemiological studies

Epidemiological studies have shown that ambient|&els are associated with hospital
admissions and emergency room Vvisits for respiratory disease (including asthma), and with
increases in respiratory symptoms, airway responsiveness and decreases in lung function.
These effects are correlated with both daily 1-hour maximum and 8-hour maximieve(s,

with the strongest effects observed with a 1-day lag. There is also evidence thay ®e
associated with an increase in daily mortality, mainly in the elderly and in people with existing
cardiovascular or respiratory disease.

Daily mortality

During the 1996 review of the National Ambient Air Quality standards in the US, the US EPA
concluded that although an association between ambigpgdsure in areas with very high O

levels and daily mortality has been suggested, the strength of any such association remained
unclear (US Environmental Protection Agency, 1996¢). Since that time a number of studies
have been published which relate ambient ozone levels to increases in daily mortality. The
most consistent associations have been observed for mortality from cardiovascular causes in the
elderly.

Studies conducted as part of the APHEA project as well as studies for other European cities,
have suggested that there is an effect pb®all-cause mortality and cardiovascular mortality
(Touloumi et al, 1997). Data on daily mortality aned v@re obtained for the APHEA cities
Athens, Barcelona, London, Lyon and Paris. As part of a meta-analysis, data were obtained
from countries that did not participate in the APHEA project: Amsterdam, Basel, Geneva and
Zurich. Of all the cities, the results from London showed the greatest effects. The meta-
analysis conducted on the results from all cities indicated that a 2.3% (95% CI: 1.4-3.3%)
increase in daily mortality is associated with au0m™ increase in daily 1-hour maximum.O

The association was greater for mortality from cardiovascular causes than from respiratory
disease. An association was also observed foy &@ daily mortality, but it was not as
significant as the association observed with @Vith the inclusion of either black smoke or

NO, in a two-pollutant model, the association with i®mained significant, but was slightly

* Throughout this section thes@oncentrations are expressed as {gtmfC. Any concentration that was
originally expressed in parts per billion has been converted to’ugimg a conversion factor of 2.14. No
concentration is expressed to a precision of more than two significant figures.
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reduced with the inclusion of black smoke. The authors concluded that the results of the meta-
analysis support the hypothesis of a causal relationship betwesmmd@aily mortality. Mean
1-hour Q levels in these studies ranged from 15 tqugA4’.

Sartor et al (1997) examined the relationship betwegme@ls and daily mortality in the
elderly in Belgium. A positive significant association was observed between 24-hour average
Os; levels and daily mortality that was dependent on temperature. The strongest association was
with the daily average {»f the previous day. The analysis was conducted by breaking the data
into three groups of temperature; 9.9-16,415.6-20.3C and 20.4-27°€. Within the first

group, daily mortality increased when; @evels increased from 45to §§/n?. In the
temperature range 15.6-2%C3 a linear association between daily mortality andwas
observed when Plevels exceeded 4@y/m’. Ozone levels in this group ranged from
25-85ug/m°. A 0.5% increase in daily mortality was observed peg/27 increase in 24-hour
average @ Inclusion of S@ NG,, fine particles and humidity in multi-pollutant models had

no effect on the observed association with QVithin the third group (20.4-27®), daily
mortality was more strongly correlated with temperature than wjthT®e association with O
observed in this third group was enhanced by temperature. Daily avesdgeeld in this

study ranged from 18 to 11@/m" across all temperature ranges.

The association between daily mortality angilh@as been extensively studied in Mexico City
(Borja-Arburto et al, 1997; Loomis etal, 1996). Ozone levels in Mexico City exceed
250ug/m® (1-hour maximum) on 75% of days. In single-pollutant models a significant positive
association was observed between daily 1-hour maximgan@® daily mortality. The relative

risk per 20Qug/m? increase in daily 1-hour maximums @vel was 1.024. The effects were
greatest for cardiovascular disease in the elderly. One-hour maximilenel® in this study
ranged from 50-600g/m’. In multi-pollutant models only TSP remained significant for all-
cause mortality, indicating that there was no independent effect. ofT@e association with
cardiovascular disease remained after controlling for TSP, although the effect estimate was
slightly reduced: relative risk of 1.024 compared with 1.036. The association with
cardiovascular disease was dependent on different averaging times, with the strongest
association observed for 24-hour and 8-hour averages. Daily averages ranged from 28 to
270ug/m’, and 8-hour moving averages from 34 to A8,

The UK Department of Health has recently reviewed the health effects attributed to O
exposure (UK Department of Health, 1998). Using the data from the APHEA studies it was
calculated that 12,500 premature deaths per year could be attributgdeteel® in the UK.

This calculation was based on the assumption that no threshold exists for the effectsof O
daily mortality. This is the approach now adopted by WHO in quantifying the health effects
associated with exposure tg@ @orld Health Organization, 1995).

A study conducted in Brisbane for the period 1987 to 1993 found similar results (Simpson et al,
1997). Significant associations were found for daily mortality and fine particles (measured by
nephelometry) and O The effects of SPand NQ on daily mortality were not significant.
When all pollutants were considered in the model, onha@l particles remained significant.

The associations were more significant for the elderly and for mortality from cardiovascular
causes. The results indicated a possible threshold for the effects af dapproximately

64 ug/m® (1-hour maximum). Daily maximum 1-hour; @oncentrations ranged from 5.3 to
210pg/m’®, with a mean of 5g/n?. Daily maximum 8-hour ©@concentrations ranged from

3.6 to 14Qug/m® with a mean of 3@g/n?. For all-cause mortality the relative risks per

20 ug/m? increase in 1-hour maximum and 8-hour maximum were 1.016 and 1.024 respectively.
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Hospital admissions

There have been many studies relating an increase in hospital admissions for respiratory and
cardiovascular disease with ambient|&vels. Extensive reviews of these studies have been
conducted (UK Department of Health, 1998; Streeton, 1997; US Environmental Protection
Agency, 1996a; Bascom et al, 1996). The strongest effect; @hCadmissions is usually
observed on a day subsequent to a high level;oéXposure. These studies do not give an
indication of a safe level of exposure.

Recent studies have confirmed the findings of earlier work. Anderson et al (1997) have
conducted a meta-analysis of the APHEA studies associatingx@osure to hospital
admissions for COPD. Analysis was also conducted foy, SO, black smoke and TSP. The
associations were assessed for all pollutants across all age groups. The strongest and most
consistent association was found for 8-hour maximwn @he relative risk per 50g/m’

increase in 8-hour maximums@as 1.04 (95% CI: 1.02-1.07). The effect was stronger in the
warm season. These results are similar to those observed in Canada and the US. Maximum
1-hour Q levels were also associated with hospital admissions for COPD, with a relative risk
per 50ug/m? increase in 1-hour maximums;©f 1.029. Median 8-hour maximum and 1-hour
maximum Q levels in this study ranged from 9 to @8§/m" and 20 to 9ug/m’ respectively.

A similar meta-analysis of the APHEA studies has been conducted for hospital admissions for
respiratory disease (Spix et al, 1998). This study looked at two age groups: 15-64 years and
over 65 years. The most significant association found was for 8-hour averageo€s both

age groups, although the association was stronger in the elderly (over 65 years). The
associations were observed for both same-day and previous-day exposure. For the 15-64-years
age group the relative risk per G§/m? increase in 8-hour average @as 1.03, and for the

over 65-years age group 1.04. The effects were greatest during the warm season. Using the
effect estimates for admissions for respiratory disease obtained from the APHEA studies, the
UK Department of Health estimated that 9,900 hospital admissions per year could be attributed
to ambient @levels in the UK (UK Department of Health, 1998).

A recent study from Canada has examined the association between hospital admissions for
respiratory disease and; @ 16 Canadian cities (Burnett et al, 1997). A significant positive
linear association was observed between previous-day 1-hour maxigieve® and hospital
admissions for respiratory disease. The association remained after controlling,fd8@O
particles, CO and dew point. No association was observed during winter. A relative risk per
60 ug/m’® increase in 1-hour daily maximumg @vels of 1.042 was observed. Controlling for

CO had no effect on the association, but inclusion of a dew point temperature in the model
attenuated the effect ofs@narginally, with a relative risk of 1.031 per @/n?* increase in
1-hour daily maximum @level. The observed effect was similar in the elderly as in the total
population. Mean daily maximum 1-houg @vels ranged from 5@g/m® (winter) to 86ug/m’
(summer).

The association between emergency room visits for asthma and daily 1-hour maxgmum O
levels has been investigated in St John, New Brunswick, Canada (Stieb et al, 1996). A
significant positive association betweens @nd emergency room visits for asthma was
observed, with the maximum effect at a 2-day lag. The response was non-linear with no
significant associations observed below ig0m’® Os. Daily emergency room visits were 33%
higher when 1-hour Dexceeded 160g/m® (the 95th percentile). The effect was greater in
adults than in children less than 15 years. The association was not affected by the inclusion of
other pollutants (Ng@ SO and TSP) or meteorological variables in the model. One-hour
maximum Q levels in this study ranged from 0 to 34@m’ with a mean of 8@g/m”. No
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significant associations were found for other lag periods and the effect was similar if daily
average @concentrations were used.

Delfino et al (1998) have examined the association between emergency room visits for
respiratory illness in the elderly in Montreal. Significant positive associations were observed
for previous-day 8-hour maximum and 1-hour maximugic@ncentrations. No effect was
observed in infants. An 18.7% increase in emergency room visits in the elderly ygn®4
increase in 1-hour maximumg@oncentration and a 21.8% increase in emergency room visits
in the elderly per 8fig/m’ increase in 8-hour maximums@oncentration were observed. The
observed relationship appeared to be linear. The mean 8-hour maximgonézntration
during the study period was 7i@/m® with a 90th percentile value of 1f@/m’. For 1-hour
maximum Q the mean value was $&/m’ with a 90th percentile value of 13@/n,

Respiratory effects

A study conducted in Paris (Medina et al, 1997) examined the relationship between doctor’s
house calls and the health effects of air pollution. Health data was examined in this study
included upper and lower respiratory tract infections, asthma, cardiovascular disease (as a
whole), angina pectoris and myocardial infarction, headache and eye conditions. No
relationship was observed for house calls for asthma and 8-hpoor@entrations. When
examined more closely, an association was observed when the minimum temperature of the
previous day was greater tharf@0 Cardiovascular conditions were associated with 8-hgur O
levels three days before the doctor’s visit (relative risk 1.10 peud®@ increase in ©).

Angina pectoris and myocardial infarction visits were strongly related to 8-hdex€s, with

a relative risk of 1.63 per 1Q£g/m‘°’ increase in @ Eye conditions were related tg @vels,

relative risk 1.17 per 100g/m’ increase in 8-hour £ The results of this study did not indicate

a threshold for the adverse effects of OEight-hour average {devels ranged from 1 to
190ug/m® during the study period.

The effect of Qon the lung function of hikers has been investigated by Korrick et al (1998). A
2.6% decrease FEVand 2.2% decrease in FVC per 1@m3 increase in @concentration
was observed. These effects were greater in asthmatics than non-asthmatics, with a 7.5%
decrease in FEVMobserved per 1();G)g/m3 increase in @concentration. Average 1-hour O
concentrations ranged from 45 to 16§m® with a maximum of 20Qg/m®. The minimum
1-hour average Dlevel during the study period was 1§/m°. When the analysis was
restricted to exposures greater thanug0m’ the observed effects increased, with a 4.4%
decrease in FEVand 3.2% decrease in FVC per mmS increase in © concentration.
Ozone exposure was also associated with a more than 10% decrease in mig&EV
100ug/m’ increase in @ concentration. These associations were still observed after
controlling for the effects of PM and aerosol acidity.

Romieu et al (1996) have investigated the association between ambient air pollution and
respiratory health in asthmatic children in Mexico City. Respiratory symptoms such as cough,
phlegm, wheezing and difficulty in breathing were found to be associated with baegraRi

Os;. No association was observed for decreases in PEF rate yitA (II)Oug/m3 increase in

O; was associated with a 9% increase in symptoms of lower respiratory illness, 11% increase in
cough and 10% increase in difficulty in breathing. The strongest association was observed for
exposure on the same day, but the observed increase in lower respiratory illness symptoms was
still apparent 2 days later. Maximum daily 1-hourl€vels ranged from 85 to 79@/m’ with

a mean of 41Qg/n’. O; levels exceeding 230g/m were recorded on 73% of days during the
study period.
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The long-term health effects of;@main unclear despite extensive data from chronic animal
studies and acute human exposure studies. Two recent studies (Gong et al, 1998; Kunzli et al,
1997) have investigated the effects of long-tersnreposure and loss of lung function. The
study by Kunzli et al looked at the association between lifetime ambiegtpg@sure and lung
function in college freshman who were lifetime residents in either San Francisco or Los
Angeles. Monthly ambient £concentrations were based on the residential history, adjusted
for time spent outdoors and time spent in moderate or heavy activity. Twweiics were

used: 8-hour average (10 am to 6 pm) and hours abovegl3@ The results showed that for

a 43ug/m‘°’ increase in lifetime 8-hour mean; @oncentration there was a 14% decrease in late
forced expiratory flow (FEF 75%) and 7.2% decrease in FEF 25-75% from the population
mean. Lifetime 8-hour average; @oncentrations ranged from 34 to 169n?. The lung
function measures used are both small airway flow measures and are considered as early
indicators for pathological changes that might ultimately progress to chronic lung disease. No
effects were observed for FVC or FEVwhich are better indicators of large airway
dysfunction.

The relationship between acute €@sponsiveness and chronic lung function loss has been
investigated in a high £community (Gong et al, 1998). The lung function measures used in
this study were FVC and FRV The results showed that there was no rapid decline in lung
function due to chronic exposure to high levels girQthis cohort. Daily maximum Qevels
during the study period reached as high as|&867, with a maximum annual average of
290ug/m®. No firm conclusions could be drawn from the study, and the authors state that
further work is required to elucidate the chronic effects péxposure.

Asthmatics constitute a particularly susceptible sub-population, but it is unclear how the
severity of asthma is related to air pollution levels. A recent study by Hiltermann et al (1998)
has indicated that the severity of asthma, as assessed by airway hyper-responsiveness and
steroid use, is not an indicator for sensitivity to air pollution. Although an association was
shown between acute respiratory symptoms and medication usage vithe@ was no
association with the severity of asthma. There was a consistent, positive association of the
prevalence of shortness of breath (relative risk 1.18) and bronchodilator use (relative risk 1.16)
with 8-hour Q concentrations. Mean 8-hour @vels during this study period ranged from

11 to 180ug/m?.

There is no evidence from epidemiological studies that would suggest a rolg fortl@
causation of asthma.

4.2.2 Controlled exposure studies

The effects on lung function and airway responsiveness have also been observed in controlled
exposure studies in both human and animal studies. Results of bronchoalveolar lavage (BAL)
have shown that the observed response may be due to an inflammatory process. No association
between spirometric responses and BAL inflammatory end-points has been observed. The
observed effects appear to be greater in asthmatics than in healthy subjects. Ozone has also
been found to increase bronchial allergen responsiveness in sensitive groups.

The effects of @in the respiratory tract are fairly well understood. Exposure to low levels of

oxidant pollutants causes tissue injuries in the region of the bronchiolar—alveolar duct junction
of the lung. Acute tissue reactions after exposure of several days include epithelial
inflammation, interstitial oedema, cell hypertrophy, and the influx of macrophages (observed in
humans and other species). In a large number of controlled human studies, significant
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impairment of pulmonary function has been reported, usually accompanied by respiratory and
other symptoms (Streeton, 1997). The severity of these symptoms parallels the impairment of
pulmonary function both in magnitude and time scale (Beckett, 1991). It is highly probable that
pulmonary function changes occur in exercising subjects exposed tmr@entrations of
170ug/m’ for 6.6 hours. The magnitude and duration of this exposure are similar to exposures
that occur during the afternoons of the warmer months in many cities of the world. Impaired
respiratory function may occur at exposure levels of |gf/n® averaged over 1 hour. The
range of individual susceptibility is wide (Woodward et al, 1995).

Between a daily maximum 1-hour averaged®ncentration of 100 and 21@/nv, the effects

on human health range from eye, nose and throat irritation in a sensitive minority, to decreases
in lung function in the whole population (Streeton, 1997). A minority of adults may experience
some chest tightness and cough. Some athletes may note a slight reduction in peak
performances at this level of exposure.

4.2.3 Summary

The health effects associated with exposure to ozone can be summarised as follows:

. increase in daily mortality, respiratory and cardiovascular disease
. increase in hospital admissions and emergency room visits, respiratory and cardiovascular
disease

. decrease in lung function
. increase in symptoms of respiratory illness such as cough, phlegm and wheeze

. increase in bronchodilator usage.

These effects are observed in sensitive sub-populations, although effects on lung function have
been observed in the healthy normal population.

4.3 Dose-response relationships

In general, epidemiological studies have not demonstrated an exposure threshold below which
respiratory function remains intact. This is partly because of the difficulty of detecting health
effects at low levels, approaching ‘background’. One recent study of hospital admissions for
respiratory disease in London suggested a threshold of about 86 pm/f800; (Ponce de

Leon et al, 1996). This may simply represent the lowest level at which any effect can be
detected. The results of the Brisbane mortality study (Simpson et al, 1997) indicated that a
threshold may exist at approximately 6g/n?.

Streeton (1997) concluded that no threshold exposure levels can be identifiegd fahe®
results of recent epidemiological studies have not provided any conclusive evidence that would
change this finding.

The dose-response relationship observed faappears to be linear. It is not possible to define
a NOAEL or LOAEL.
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4.4 Suggested protective ranges

In 1997 Streeton recommended a range of air-quality standards as part of the setting of the
National Environment Protection Measure (Ambient Air Quality) in Australia (Streeton, 1997).
These recommendations were as follows and were based on the protection of human health:

. 8-hour rolling average over daylight hours of 110-801, not to be exceeded

. 1-hour average of 170-19@/n7’, not to be exceeded.

Results of recent epidemiological studies have not provided any conclusive evidence that would
change these recommendations.
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4.5 International air-quality guidelines/
standards

Table 4.1 provides a summary of existing air-quality guidelines and standards fohére is
considerable variation in the values, especially those for a 1-hour averaging time.

Table 4.1: Current international air quality guidelines/standards for ozone

Country/authority pg/m’
Averaging period
1-hour 4-hour 8-hour

New Zealand 150 - 100
Australia (NEPM) 210 170 -
United Kingdom - - 110
Europe 170 - 110
United States of America 260 - 170
California 190 - -
World Health Organization - - 120
Japan 130 - -

4.6 Monitoring method

There are only two recognised methods fein@asurement: ultraviolet photometry and ethylene
chemiluminesence. The former is by far the most commonly preferred method because of the
potential fire hazards associated with the ethylene gas required for the chemiluminesence method.

In the ultraviolet absorption instruments, sample air is passed across a cell through which
ultraviolet light at 254 nm is also passed. This light energy is detected by a photomultiplier. Any
Os; present in the sample air will absorb some of the radiation, and the changes in energy are
related to @concentration. This system of measurement is recognised as a primary standard for
calibration of @ monitors as well as for routine monitoring.

For chemiluminesence instruments, the sample air is passed through a chamber where it comes
into contact with a stream of ethylene gas. Agyf@sent in the sample reacts with the ethylene
with a resulting emission of light at 430 nm. This light emission is detected by a photomultiplier.

Both types of analysers are covered by the Australian Standard, AS3580.6.1-1990. The reference
method originally set by the US EPA was based on chemiluminesence (40 CFR Part 50, Appendix
D), although ultraviolet absorption was included as a calibration procedure for the analysers.
However, there have been numerous ultraviolet systems designated as equivalent methods, since
that time (eg, Federal Register, v 58, p 6964, 3 February 1993 and v 63, p 31992, 11 June 1998),
and this now appears to be the method of choice in the US. The ultraviolet method is also covered
by an ISO standard, 13964:1998.
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Recommended method

The recommended method fog i® ultraviolet absorption in accordance with AS3580.6.1-1990.
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5 Particles

5.1 Introduction

Airborne particles arise from many sources, including motor vehicles (in particular diesels),
solid-fuel burning for domestic heating, industry, photochemical processes, and natural sources
such as dust, pollens and sea spray. These patrticles are diverse in their chemical and physical
characteristics and can span several orders of magnitude in size. From a health perspective,
particles smaller than 10 microns in diameter are of greatest concern as they are able to
penetrate into the lungs.

Interest in airborne particles, in particular BMind PM;s, has increased significantly over
recent years. Much of this interest has arisen from the results of epidemiological studies that
have attributed increases in adverse health outcomes to increases in particle air pollution.
These results have been observed in many studies worldwide. Extensive reviews of these
studies can be found in Streeton (1997) and US Environmental Protection Agency (1996d).
Although there is a large body of information that links adverse health effects to exposure to
particles, there is still a question over the biological mechanism(s) that give rise to these
effects.

The major effects of concern with regard to airborne particles can be summarised as follows:
. increased mortality

. aggravation of existing respiratory and cardiovascular disease

. hospital admissions and emergency department visits

. school absences

. lost work days

. restricted activity days.

Populations that have been shown to be susceptible to the effects of particles include the
elderly; people with existing respiratory disease such as asthma, COPD and bronchitis; people
with cardiovascular disease; people with infections such as pneumonia; and children. Results
of epidemiological studies have provided no evidence for the existence of a threshold value
below which no adverse health effects are observed.

5.2 Health effects

Reports on the effects of ambient particulate matter on health date back to the dramatic
pollution episodes of Belgium’s industrial Meuse Valley in 1930; Donora, Pennsylvania, in
1948; and London, England, in 1952. In these cases, winter weather inversions led to very high
particle concentrations that were associated with increases in mortality and morbidity,
especially among individuals with pre-existing cardiopulmonary conditions. Analyses of a
series of episodes in London indicated excess mortality occurring with abrupt increases in
particle levels, accompanied by high levels o5.SOuring a high pollution episode in London

in 1952, 4,000 excess deaths occurred, with 2,000 occurring in London County (Bascom et al,
1996). Maximum 24-hour particle levels (measured as black smoke) reached as high as
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4,000ug/nm’, while SQ levels averaged 2,7Q@)/m® (maximum 24-hour mean of 4,30@/n?).

In December 1962, a similar episode took place, although only 350 excess deaths were noted in
London County (US Environmental Protection Agency, 1996d). In this episode, particle levels
were only 20% of the 1952 levels while S@vels were similar to those observed in the
previous episode, with an average value of 28987 (maximum 24-hour level of
4,300ug/nt). The fact that SOlevels were similar in both episodes while both particle levels

and excess deaths were significantly lower suggests that the deaths were closely associated with
particle levels.

The London data set has been the subject of many studies. A reanalysis of the data for
14 winters (1958 to 1972) has shown a strong association between black-smoke levels and
increases in daily mortality. This association existed even in winters that were non-episodic.
During the study period mean black-smoke levels decreased by a factor of approximately 10
(552ug/m’ in 1958-59 to 6Qug/n? in 1971-72). A further analysis using different statistical
methods has confirmed these findings: the association between black smoke and daily mortality
remained highly significant and was independent of any effects of 80Qnore recent study

using the data from London for the period between 1987 and 1992 again found strong
associations between black smoke and daily mortality, with a 1.1% increase in all-cause
mortality per 1Qug/m?® increase in black smoke (Anderson et al, 1996). The black-smoke levels
in this study were approximately 25 times lower than those in 1958-59 with mean 24-hour
averages of 14 fg/nv.

There was no evidence of a threshold for the effects of particles found in any of these studies.
The strongest association was found for a 1-day lag period. There was no difference found in
the association between all-cause, respiratory or cardiovascular mortality and black-smoke
levels. Associations were also found for daily mortality agpdN®, and SQ, but the observed
effects were smaller than those for black smoke.

The UK Department of Health recently reviewed the studies that relate air pollution in the UK
to adverse health effects (UK Department of Health, 1998). This report quantifies the health
effects in Great Britain that can be attributed to air pollution. As far as possible the effect
estimates have been based on UK or European studies; where this was not possible the WHO
estimates have been used. Most of the studies conducted in the UK and Europe have used
black smoke as an indicator of particle exposure.

The use of black-smoke measurements as a surrogate fgiirPhealth studies has, however,

been questioned (Horvath, 1996; Mage, 1996; Muir and Laxen, 1995). The main question
centres around the nature of the particles that are measured by the black-smoke method
compared with gravimetric determinations of BM As black smoke is a measure of the
blackness of a filter, it may not be a true indicator of total particles in the respirable range. It
has been noted that the relationship betweenoRMd black smoke is different in summer
compared to winter (Muir and Laxen, 1995). This is thought to be due to the fact that particles
are lighter in colour during the summer and therefore are not measured by the black-smoke
method (Horvath, 1996), in which readings are dominated by carbon particles and other species
such as ammonium sulfate, metals and dust are ignored. It would appear that until the
toxicology of particulate matter is resolved, care must be taken when assessing the associations
between mortality and black-smoke levels. This is probably more critical during the summer
months when discrepancies betweenf£amd black smoke levels have been observed.

In general, the effect estimates observed in the UK and Europe are lower than those observed in
the US. The reason for this is unclear but may be due to high levels of acid aerosols in the US
or possibly the use of black smoke in the UK and European studies. Studies using black smoke
as a measure of particles do not show a strong particle effect (UK Department of Health, 1998).
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A study conducted in Birmingham (Wordley et al, 1997) that usegh Ridasurements found

effects similar to those observed in the US, namely a 1.1% increase in daily mortality per
10pug/m’ increase in PM. The results from a meta-analysis of the APHEA studies, where a
variety of measures of particles was used, revealed a 0.44% increase in daily mortality per
10pug/m’ increase in PM. It has been estimated that in the UK there are 8,100 premature
deaths and 10,500 hospital admissions for respiratory disease per year that can be attributed to
exposure to PM (UK Department of Health, 1998).

As previously mentioned, there have been extensive studies conducted in various parts of the
US with differing levels of particles and differing pollution mixes. These studies have been the
subject of many reviews (Streeton, 1997; US Environmental Protection Agency, 1996c;
Bascom et al, 1996; Dockery and Pope, 1994). The dose-response relationships obtained from
a meta-analysis of these studies is presented in Table 5.1.

Table 5.1: Dose-response relationships for particles derived from United States studies

Percentage change in health indicator per
10 ug/m? increase in PMao

Daily mortality (all cause) 1.0

Hospital admissions

Respiratory disease 1.96
COPD 3.26
Pneumonia 1.42
Heart disease 0.4
Exacerbation of asthma 3.0

The US studies have been used to produce some compelling arguments in support of a causal
link between short-term increases in particle pollution and adverse health effects. These studies
have been conducted in settings with substantial variability in type and concentrations of
co-pollutants and meteorology, with the only consistent factor being the particle concentration.

Studies from the eastern US and Canada have had to deal with a mix of summer pollutants,
including particles, S@and Q, as well as acid aerosol. Concentrations of these pollutants are
correlated to a greater or lesser extent depending on the setting. Attempts to attribute effects to
only one pollutant have prompted questions as to whether it is possible to do so. However, the
US studies include those performed in settings where there is only minimal concern about the
effects of these co-pollutants. The Utah Valley experiences high levels of particles during the
winter months that arise mainly from a local steel mill, and very lowl&@ls. Q is only of

concern during the summer and therefore does not confound the effects of particles during
winter. As the population is predominantly a Mormon community they have a very small
proportion, approximately 6%, of the population who smoke.

The studies conducted in this area have looked at increases in daily mortality, hospital
admissions, decreases in lung function, increases in respiratory symptoms and increased school
absenteeism using a variety of statistical methods. The dose-response relationships derived
from these studies are summarised in Table 5.2.
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Table 5.2: Dose-response relationships for particles derived from Utah Valley studies

Percentage change in health indicator per
10 pg/m? increase in PMo

Daily mortality

All cause 15
Respiratory disease 3.7
Cardiovascular disease 1.8

Hospital admissions
Respiratory disease 3.0-71

As shown in Table 5.2, the dose-response relationships obtained from the Utah Valley are
higher than those obtained from the US as a whole. These findings have provided strong
evidence that that there is an independent effect of particles on health.

Studies conducted in Australia also tend to support the argument for an independent effect of
particles. The association between daily mortality and air pollution has been investigated in
both Sydney and Brisbane (Morgan et al, 1998a; Simpson et al, 1997). Both Sydney and
Brisbane, like most Australian cities, experience very low levels gf ®@ich means that
confounding by this pollutant is unlikely. In the Sydney study nephelometry data, which are an
indicator of fine particles, was found to be associated with all-cause, respiratory and
cardiovascular mortality. The results showed a 2.6% increase in daily mortality to be
associated with an increase in BMf approximately 15 — 4@g/n?. On the basis of this study,

it was estimated that fine-particle air pollution in Sydney accounts for 397 deaths per year.
Daily mortality was also found to be associated witha@d NQ, but when all pollutants were
considered in the same model the effect of particles dominated.

A mortality study conducted in Brisbane for the period 1987-93 found similar results (Simpson
et al, 1997). Significant associations were found for daily mortality and fine partigles (b
measured by nephelometry) and. OMaximum 1-hour and 8-hourfas well as 1-hour and
8-hour Q were associated with total mortality, especially in the summer. The effects,of SO
and NQ on daily mortality were not significant. When all pollutants were considered in the
model, Q and patrticles remained significant, suggesting that the effects were independent. The
associations were more significant for the elderly and for mortality from cardiovascular causes.
An increase in fine-particle levels corresponding to ag/é’ increase in Pk was associated

with an increase in daily mortality of between 1.2—1.3%.

Respiratory symptoms in children have been associated witl IBMels in Newcastle and
Wollongong in NSW, Australia (Lewis et al, 1998). Statistically significant associations
between particle levels and chest colds and night-time cough were observed in children aged
between 8 and 10 years. For aut@dm’® increment in annual average RNevels, odds ratios

of 1.43 for chest colds and 1.34 for night-time cough were observed. There was no significant
association observed for $€r any of the health outcomes investigated. Annual average PM
levels ranged between 18.6 and 48g7m" across the study regions. Excluding the areas with
the highest PN levels increased the odds ratio for chest cold to 2.05, compared with 1.43 for
the whole area. The authors concluded that the dose-response curvesfané®khest colds is
curvilinear and much steeper at lower pollution levels.

The long-term impact of particles on health is still very unclear. The six-cities study (Dockery
et al, 1993), a prospective cohort study, investigated the long-term effects of air pollution on
mortality for a group of 8,111 adults aged 25-74 years for the period 1974-90. The cities
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studied had significantly different levels of airborne particles, ranging from an average for
PMy, of 18.2ug/m’® in Portage, Wisconsin, to 46ug/m° in Steubenville, Ohio. After
controlling for smoking and other risk factors such as age, weight and educational level, strong
associations were found between mortality and levels of,,PRM.s and sulphate patrticles.

The observed association was related to pollution levels in each city and was strongest in the
most polluted city. Associations were found for death from lung cancer and cardiopulmonary
disease, but not from other causes considered together. The strongest associations were found
for fine particles (PMs and sulphates). The adjusted mortality-rate ratios between the least and
most polluted cities were found to be 1.26 (all causes) and 1.37 (lung cancer or
cardiopulmonary disease).

One of the largest studies to date investigating the chronic effects of particulate matter on
mortality is a prospective study carried out between 1982 and 1989 in 151 metropolitan areas in
the US (Pope et al, 1995). This study relied on data for 552,138 men and women drawn from
the American Cancer Society Cancer Prevention Study Il, an ongoing prospective mortality
study of approximately 1.2 million adults. An association between mortality and fine-particle
levels (PMs), was observed and this association persisted after controlling for age, sex, race,
cigarette smoking, cigar and pipe smoking, exposure to passive cigarette smoke, occupational
exposure, education, body mass index, and alcohol use. The associations held for all-cause and
cardiopulmonary mortality. Lung cancer appeared to be more strongly associated with sulphate
levels than with fine particles. Estimated pollution-related mortality risk was as high for never
smokers as it was for ever smokers, and as high for women as for men. The authors estimated
that eight deaths per year per 100,000 persons were associated with fine particulate air
pollution. A difference of between 15% and 17% in mortality risks was observed between the
least and most polluted cities, a range of mean concentrations from agms3

Concern has been expressed regarding the results of the six-cities and ACS studies, because it
is unclear whether the long-term effects observed in these studies are in addition to the short-
term effects observed in daily time-series studies. Both the ACS and six-cities studies are
undergoing review in the US at the present time.

The effect of long-term exposure to airborne particulate matter on the symptoms and
development of COPD in non-smoking Seventh-Day Adventists in California has been
investigated (Abbey et al, 1998; Euler et al, 1987). Seventh-Day Adventists form a sub-
population whose response to air pollution may differ from the general population due to their
abstinence from cigarette smoking and alcohol. In addition, they have very low exposure to in-
home passive smoke. These studies indicated that exposure to TSP concentrations exceeding
200ug/m® was associated with the development of COPD, chronic bronchitis and asthma in a
non-smoking population. £and other measures of particles, ;e&hd PM s were also found

to be strongly associated with all health outcomes. Whether these responses would be observed
at lower exposures is unclear at this time.

The differences observed in the results from the studies in different parts of the world suggest
that the dose-response relationships determined within a particular country or region may not
be readily transferable to other areas.

Using the US estimate of a 1% increase pepg,(l‘m3 PM,,, it has been estimated that RM

levels account for a 2-5% elevation of daily mortality rates, or approximately 70 premature
deaths per year, in Perth (Gras, 1996). A similar calculation (again, an estimation using data
from elsewhere, and not specific epidemiological studies) in Christchurch, New Zealand
(Foster, 1996) has indicated that between 21 and 29 deaths per year may be attributafgle to PM
levels in that city. This analysis has assumed a threshold valueugfr@?) for which there is

little (if any) evidence. Total mortality for Christchurch for 1992 was 2,519, deaths of which
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264 were due to respiratory causes and 721 due to cardiovascular causes. Similar values were
obtained for 1993.

Although the results of the epidemiological studies worldwide have shown that an association
exists between exposure to particles and adverse health outcomes, there are a number of
guestions that still need to be answered. It is still unknown what size fraction,—Hhs or

ultra-fine particles — is responsible for the observed effects, and what role, if any, the
composition of the particle plays in the biological response. These issues will be addressed
separately in the following sections.

5.2.1 New Zealand studies

Studies into the health effects of air pollution in Christchurch have focussed on particles (as
PMyo), NG, and CO. A study conducted to investigate the effects of air pollution on patients
with chronic obstructive pulmonary disease (COPD) was conducted over a period of 3 months
during the winter of 1994 (Harré et al., 1997). Forty subjects completed twice daily diaries
recording respiratory symptoms, peak expiratory flow rate (PEFR), outdoor activity, doctor or
hospital visits, and medication usage. Significant positive associations were foundfor PM
and increases in night time chest symptoms (relative risk, 1.42, 95% CIl 1.13 to 1.79, per 35.04
ug/m’ increase in 24-hour P)). Daily average N@was significantly associated with
increased inhaler and nebuliser use (relative risk, 1.42, 95% Cl 1.13 to 1.79 pagfn74
increase in 24-hour N No significant associations were found for any pollutant and
decreases in lung function. High levels of,$¥@re found to be associated with eye irritation.

A recent study into the effects of air pollution and weather on daily mortality showed that PM
levels in Christchurch are associated with increases in daily mortality (Hales et al, in press). A
10 pg/m® increase in 24-hour PM (lag 1) was associated with a 1% (95% Cl: 0.5 to 2.2%)
increase in all cause mortality and a 4% (95% CI: 1.5 to 5.9%) increase in respiratory mortality.
The effects were slightly stronger in the 65+ age group. Warm temperatures were also found to
be associated with increases in daily mortality but these effects were independent of the effects
attributed to PM,. Daily average PM levels during the study period (1988 to 1993) ranged
between 0 and 18¥g/n°. The results of this study are consistent with studies overseas.

5.2.2 Role of particle size

To date the majority of epidemiological studies have been conducted usig@PVSP as a

measure of particle air pollution. Studies using,P&re limited, as routine monitoring of this

size fraction has not been conducted on a regular basis. Studies that have assessed the effect of
PM s have not, in most cases, been able to evaluate the impact of the coarse fractiggiof PM
parallel. This has led to a situation where the relative impacts of the fine and coarse fractions
have not been able to be assessed directly.

The results of studies conducted with Rhave indicated that, especially in terms of
mortality, this size fraction may be more important than totalo,PNhe strongest evidence for

this has come from an analysis from a study conducted in six US cities (Schwartz et al, 1996).
Daily mortality in these cities was strongly associated with short-term increases,iy PM
concentrations. The associations observed for total, ANl the coarse fraction of RM
(PMyo_29, were weaker than those observed for,Plsllone. It should be noted that in this
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study PMy levels were dominated by the fine fraction, with only very low levels of the PM
fraction observed. This has raised some questions about the uncertainty of the observed effects.

Although there is evidence that PMmay be more important in terms of mortality, some
studies indicate that the coarse fraction may be important for asthma and upper respiratory
illnesses (Vedal, 1997; Choudbury et al, 1997; Gordian et al, 1996). Studies conducted in
Anchorage, Alaska, have shown correlations between doctors’ visits (Choudbury et al, 1997;
Gordian et al, 1996) for asthma, bronchitis and upper respiratory illness associated with daily
fluctuations in PMo. PMyoin Anchorage is dominated by the coarse fraction, with 80% of total
PMjo in the PMg_,sfraction. The particles are mainly crustal or volcanic in origin. Doctors’
visits for asthma were found to increase by 3-6% peugl®’® increment in PN, while
consultations for upper respiratory disease were found to increase by 1-3% for the same
increment.

The issue of particle size was considered by the US EPA in the review of the US air-quality
standards (US Environmental Protection Agency, 1996b). They concluded that:

while the relative toxicity of fine and coarse fraction particles is not clearly established,
both the physical and chemical toxicological considerations suggest that fine particles are
likely to be more toxic for several, but not all, of the relevant effects categories than are
coarse fraction particles.

With respect to the results of the epidemiological studies associating exacerbation of asthma
with PM,o and the relative importance of the coarse fraction in the response, these results are
consistent with the site of deposition of the coarse fraction in the airways. Fine particles

penetrate deeply into the lung, whereas the coarse fraction tends to deposit in the
tracheobronchial region, the area where asthma attacks are triggered.

Delfino et al (1997) have looked at the associations betweep PM. s, sulphates and aerosol
acidity on emergency room visits for respiratory illness. BothoRid PM s were associated

with emergency room attendances for the elderly, with the strongest association found for
PM,s The effect estimates from this study were 0.20 ER visitggp’arf’ increase in PM and

0.26 ER visits peng/m?’ increase in Pk The effect of PN and PM s were much greater

than that observed for sulphate, 0.005 ER visitqugém’ increase in sulphate. No association
was found for aerosol acidity.

There has been a case made that ultrafine particles (particles less thanif.diameter) are

the most pathogenic fraction and are largely responsible for the associations observed in
epidemiological studies (Orberdoerster et al, 1995). This case is based on theoretical
arguments and the results of animal studies. Toxicological studies in animal models using high
concentrations of aggregates of ultrafine particle have demonstrated that these particles can
cause lung damage as reflected in increases in lung inflammation (Orberdoerster et al, 1992)
and lung fibrosis (Orberdoerster et al, 1994). In these studies exposure to ultrafine particles did
not cause death in the animals. Further experiments (Orberdoerster et al, 1995) with
unaggregated ultrafine particles showed that exposed rats developed lung inflammation and
died from pulmonary oedema.

Ultrafine particles rapidly agglomerate into larger particles, which may lead to significant
numbers of ultrafine particles not reaching the portion of the lung susceptible to the effects of
this size fraction. Recent work has shown that only low concentrations of ultrafine particles are
resident in human lungs (Churg and Brauer, 1997), implying that either these particles do not
reach those portions of the lung, or if they do, they disappear either because they are soluble or
are transported. The results of this study indicated thatsMMs retained by the lung and
therefore should be the focus of any studies into the long-term effects of particles.
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There are very few epidemiological studies that have been conducted to look at the effects of
ultrafine particles. The results of studies to date show conflicting results and provide no clear
evidence as to the role of ultrafine particles in the health effects attributed to particles.

5.2.3 Role of particle composition

The role of particle composition is another area that is still unclear. The evidence from

epidemiological studies that favours a role for chemical composition is not convincing (Vedal,

1997). Although particles from combustion sources appear to be more important, in terms of
mortality at least, than crustal particles, it is not clear that this difference is not due merely to
the difference in size fraction: combustion particles are predominantly in the fine fraction

whereas crustal particles predominate in the coarse fraction. The studies from Alaska
(Choudbury et al, 1997; Gordian et al, 1996) have indicated that crustal particles may be
important with respect to exacerbation of asthma and upper respiratory illness, but this may
again be due to the size of the particle and the site of deposition in the airway.

A recent study from Helsinki has indicated that crustal particles may also be important with
respect to daily mortality (Ponka et al, 1998). Helsinki has high levels qf st arise
mainly from erosion of fine sand on roads, meaning that thg &wWhposition is predominantly
crustal in origin. The results of this study showed a strong correlation betwegtePds and

daily mortality from both all-cause and cardiovascular disease. A 3.5% increase in daily
mortality (all causes) and a 4% increase in cardiovascular mortality peyrdincrement in

PM;o was observed. This study has raised some questions regarding the relative toxicity of
crustal versus combustion particles.

A toxicological study has been conducted to assess the relative toxicity of various particle types
in rats (Murphy et al, 1998). This study compared the relative effects of diesel particles, carbon
black, respirable crystalline silica and amorphous silica on rat epithelium. The results indicated
that diesel particles were less damaging than either of the silica particles, and that the surface
chemistry was more important than ultrafine size in explaining the biological reactivity.

Amorphous silica was found to cause transient lung damage and had limited fibrogenic
potential. In contrast, respirable crystalline silica had a progressive effect on the lung with the
worst damage present 12 weeks after exposure. Increases in lung permeability and persistent
inflammation were observed. Neither diesel nor carbon-black particles were as damaging as
either form of the silica particles. There was little or no effect on lung permeability, epithelial
markers or inflammation. Carbon black was found to be well distributed throughout the lung
and was found to accumulate in the lymph nodes. For the other substances the distribution was
not as well defined but there was swelling and inflammation of the lymph nodes was observed.

5.2.4 Toxicology

Much effort worldwide is being put into toxicological studies to try to elucidate a biological
mechanism that will explain the results observed in epidemiological studies. The biological
effects of a particle are determined by the physical and chemical nature of the particle, the
physics of deposition and distribution in the respiratory tract, and physiological events that
occur in response to the presence of the particle. Particle size is the most important
characteristic influencing deposition in the airways. Particles greater foand®posit in the

upper airways or larger lower airways. Particles smaller than &1 diameter deposit in the
smaller airways, such as the bronchioles and alveoli.
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A study conducted by Godleski et al (1996) was the first animal study that showed effects in
animals similar to those observed in epidemiological studies. In this study both healthy rats and
rats with bronchitis were exposed to concentrated ambient Bivim Boston air. The rats

were exposed for 6 hours on 2 consecutive days. An increase in mortality was observed in rats
with bronchitis. A similar effect was not observed in healthy animals. Biopsies of the lungs of
these animals indicated that inflammation as well as airway constriction was important in the
observed response.

A study by Kim and Kang (1997) investigated the lung deposition of fine particles in normal
subjects and in subjects with COPD. They compared the response of non-smokers, smokers,
smokers with small airways disease, asthmatics and patients with COPD to the inhalation of
1um diameter particles. The results of this study showed that the deposition fraction was
103% greater in patients with COPD than in non-smokers, and that the deposition increased
with the severity of airway obstruction. The deposition rate in COPD patients was roughly
double that of asthmatics. It was concluded that patients with COPD accumulate a greater
particle burden more rapidly than the healthy population and that this may explain the
susceptibility of this group observed in epidemiological studies.

The role of the macrophage in the observed responses is emerging as a key issue. There are
two types of macrophages in the lung: stimulatory and suppressant. The stimulatory
macrophages cause the immune system to respond to the presence of foreign material and try to
remove it. An excess of stimulatory macrophages can cause damage to the lung in the process
of removal of the foreign material. Suppressor macrophages are present to stop this from
happening. The alveolar macrophage is the principal lung cell in the regulation of the immune
response to inhaled pathogens and the development of inflammation. Additionally, it is central
to non-specific host defence through phagocytosis of foreign material such as particles (Holian,
1997).

In a recent study (Holian et al, 1998), human macrophages exposed to particles from urban air
underwent apoptosis or cell suicide. The particles used in this study were a mix of both crustal
and combustion particles. The results showed that the suppressor macrophages underwent
apoptosis when exposed to particles from urban air, causing an imbalance of the stimulatory
macrophages leading to an inflammatory response. It is thought that if such a response
occurred in humans then this could explain some of the effects observed in epidemiological
studies. Asthmatics and people with other chronic lung diseases have approximately one-third
the suppressor macrophages of people with healthy lungs. The authors concluded that this
imbalance would make these groups more susceptible to the type of mechanism observed in
isolated cells.

One area that has received a lot of attention is the role of diesel particles in the observed

responses to particles. The Health Effects Institute in the US concluded that the major mode of

action of diesel particles appeared to be alterations in macrophage lung clearance mechanisms
(Health Effects Institute, 1995). The results of studies conducted on rats showed that there was
evidence of impairment of particle clearance from the bronchoalveolar regions of the rats.

A more recent study (Miyabara et al, 1998) exposed mice to diesel particles and then
challenged them with an allergen. The results showed that exposure to diesel increased
neutrophil and macrophage numbers in bronchoalveolar lavage (BAL) fluids. Evidence of

enhanced airway inflammation and hyper-responsiveness on allergen challenge was also
observed.
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5.2.5 Summary

Epidemiological studies show a correlation between exposure to particles and adverse health
effects. At this time there is no conclusive evidence regarding the role of particle size in the
response. Different sizes may be important for different health outcomes; for example, PM
for mortality and PM, for asthma. The evidence of chronic health effects arising from long-
term exposure to particles is not clear. The studies showing an effect are currently under
review in the US.

At this time the results of toxicological studies are indicating that crustal particles can be as
damaging as combustion particles for a given size range. There is no clear evidence of a role
for particle composition. The biological mechanisms giving rise to the effects observed in
epidemiological studies are still unclear.

There is no evidence, based on epidemiological data, that there is a threshold concentration of
either PM, or PM, 5 below which adverse health effects will not be observed. The differences
observed in the results from studies conducted in different parts of the world suggest that the
dose-response relationships determined within a particular country or region may not be readily
transferable to other areas.

5.3 Suggested protective ranges

In 1997 Streeton recommended a range of air-quality standards as part of the setting of the
National Environment Protection Measure (Ambient Air Quality) in Australia (Streeton, 1997).
These recommendations were as follows and were based on the protection of human health:

e PMy 24-hour average 50g/m°
. PM,s 24-hour average 20-28&)/nv.

No recommendation was made for an annual average standard.

Results of recent epidemiological studies have not provided any evidence that would change
these recommendations.

5.4 International air-quality guidelines/
standards

Table 5.3 provides a summary of existing air quality guidelines and standards foam

PM,s Of the major jurisdictions, only the US has introduced a standard fgg Plie reason

for this is that until recently monitoring of particles has focused on TSP ang Bdithe
epidemiological studies have been conducted with these size fractions. This situation will
change as jurisdictions are now monitoring 22Mn a routine basis and the epidemiology is
indicating that PMs has an important role in the adverse health effects associated with
particles. As for Pl there seems to be a growing consensus thag50 is an appropriate
guideline/standard for the 24-hour averaging period, although the US have retained a 24-hour
standard of 15Q.g/n?.

42 Health Effects of Five Air Contaminants and
Suggested Protective Ranges



Technical report for information — this is not Government policy

It should be noted that the standards need to be considered together with the appropriate
monitoring protocols. For example, the US standards are monitored at peak locations whereas
the Australian NEPM standards are to be met at monitoring sites away from peak sources.

The approach to a guideline for particles taken by WHO is contrary to their general approach
for other air contaminants, such as lead agddD which there also appears to be an absence of

a threshold concentration. For the latter contaminants air-quality guidelines continue to be
defined. Although their approach for particles allows assessment on a jurisdictional basis, it
requires judgement on what is an acceptable risk on a case-by-case basis.

Table 5.3:  Current international air-quality guidelines/standards for particles

Country/authority pg/m?®
Averaging period
24-hour Annual

New Zealand PMio 120 40
Australia (NEPM) PMio 50 -
United Kingdom PMio 50 -
Europe PMio 50 30
United States of America PMio 150 50

PMzs 65 15
California PMz1o 50 30
World Health Organization PMz1o —* —*
Japan PMzio 100 -

* No guidelines are set due to the absence of a threshold concentration. The recommendation is for
jurisdictions to use exposure response relationships instead.

5.5 Monitoring methods

There are two types of measures of particles in air: suspended particulate matter and dust
deposition. There are three classifications of suspended particulate matter: total suspended
particulate (TSP), PMand PM:.

Suspended particulate matter is normally measured by drawing air through a filter. The amount of
particulate collected on the filter can be determined manually by weighing (the gravimetric
method). Alternatively, there are a number of instrumental methods in which the change in mass
is determined automatically. These include the tapered-element oscillating microbalance (TEOM)
and the-attenuation system. There are also direct reading systems which measure the amount of
light scattering as the particles are drawn through a measuring cell.

Most of these systems are applicable to the full range of airborne particles, although many of
the instrumental systems were originally developed for monitoring fine particles, @rd
below). The monitoring options for each of the different size fractions covered by the air-
quality guidelines are discussed separately below, as is the measurement of dust deposition.
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5.5.1 Total suspended particulate (TSP)

The standard method for measuring TSP in many parts of the world, is the high-volume air
sampler. This operates by drawing air at a rate of about*i%mthrough a 25 cm x 20 cm
glass-fibre filter, which is weighed before and after sampling under conditions of constant
humidity. The filter is mounted horizontally at the top of the sampler, and is protected by a
triangular-shaped roof. Samples are normally collected over 24 hours using a 1-day-in-6 sampling
regime, which is intended to give a representative coverage of the expected variations in
particulate levels throughout any year. The method is covered by an Australian Standard,
AS2724.3-1984, and a US EPA Reference Method (40 CFR Part 50, Appendix B). There are no
significant differences between these two specifications.

A scaled-down version of the high-volume sampler was used in New Zealand for many years, and
is still being used in some locations. The system was based around a 55 mm glass-fibre filter
which was held in a plastic holder mounted under a conical aluminium shelter. The air-sampling
rate was about 50 to 75 litres/min, and samples were collected over periods of 7 days. The New
Zealand system was developed for a variety of reasons including cost, portability, and reliability.
However, experience over the last 10 years or so has shown that the system is not equivalent to the
high-volume sampler and tends to give lower results. In addition, the high-volume units are now
much more readily available than they were in the past. The local system is therefore being
gradually phased out.

Most of the instrumental monitors noted above are available as TSP monitors, although they were
originally developed for monitoring fine particulate (BRMetc). Most manufacturers appear to
have created their TSP samplers simply by removing the size-selective inlets. However, this does
not guarantee that the units will have the same sampling characteristics as the high-volume
sampler design. Nor are they listed as ‘equivalent’ TSP systems under the US EPA registration
system.*

Recommended method

The recommended method for TSP monitoring is the high-volume sampler, in accordance with
AS2724.3-1984.

5.5.2 PMjg

The high-volume air sampler can be adapted fogPhbnitoring by use of a size selective inlet.

A number of different inlet designs are available, and these generally comply with a collection
efficiency curve developed by the US EPA (40 CFR Part 50, Appendix J). Individual monitoring
systems recognised as complying with this specification are noted in the United States Federal
Register, v52, p 37366, 6 October 1987, v 52, p 45684, 1 December 1987, and v 53, p 1062,
15 January 1988. The method is also covered by an Australian Standard, AS3580.9.6-1990.
Sample collection and analysis follows the same procedures as used for TSP monitoring, with
24-hour sampling on a 1-day-in-6 regime.

* Under the US system, the performance specifications of a standard method are published in the Federal
Register at the time of notification of any new air quality standard, and are then absorbed into the Code of
Federal Regulations (CFR). Individual monitoring instruments that comply with the specifications are then
notified as ‘equivalent methods’, as and when required, by separate notices in the Federal Register.
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There are also a number of low-volume samplers available for monitoring Hie operating
principle is much the same as for the high-volume samplers: 24-hour sampling with manual
filter changes. However, the sampling rates are much lower, typically 15—-20 litres/min and the
filters are smaller (25-50 mm dia). Two of these units are designated as reference methods by
the US EPA. These are the Rupprecht and Patashnick Partisol 2000 Air Sampler (Federal
Register, v59, p 35338, 11 July 1994) and the Graseby Anderson Dichotomous Sampler
(Federal Register, v 54, p 31247, 2 July 1989). The latter unit is fitted withy@if&t, but

also has an internal flow splitter which allows for separate collection of two size fractions:

0-2.5 microns and 2.5-10 microns. The dichotomous sampler is also covered by AS3580.9.7-
1990. These systems offer significant advantages over the high-volume samplers because they
are often easier to site.

There are two instrumental methods officially recognised fogoPhbnitoring: the TEOM and
B-attenuation units. In the TEOM, air is drawn through a filter, which is attached to a sensitive
oscillating microbalance. Changes in the frequency of oscillation are directly related to the mass
of material on the filter, and this is computed electronically, once every 5 minutes. The sampling
rate is 16.7 litres/min and the unit gives an almost continuous read-out of changes in particulate
levels. The system is not covered by any Australian standard, but has been designated as an
‘equivalent method’ by the US EPA (Federal Register, v 55, p 43406, 29 October 1990).

The unit operates by drawing air at a rate of 15 to 20 litres/min through a continuous glass-fibre or
teflon tape. A source di-particles is used to sense the build-up of particles on the tape by
changes in the amount of absorption. Measurements are normally averaged over 1 hour to obtain
sufficient sensitivity, and the tape is advanced either at the end of each cycle or at some other pre-
set interval. The unit can be used for semi-continuous monitoring. The system is not covered by
any Australian standard, but has been designated as an ‘equivalent method’ by the US EPA
(Federal Register, v 55, p 38387, 18 September 1990, v 56, p 9216, 5 March 1991 and v 63,
p 41253, 3 August 1998). This method is also covered by a draft ISO standard, DIS10473.

There are a number of light-scattering systems also available fgmRditoring. In these, the

air is drawn through a chamber fitted with a small laser source. The scattering of light by dust
particles is detected by a sensor placed at right angles to the beam. The main drawback with
these units is that they do not give a direct measurement of dust concentration. This is
determined from an in-built calibration, which may not be correct for specific particle sources.
Light scattering is inversely proportional to particle size, so the results are highly dependent on
the size distribution of the airborne particles. None of the light-scattering monitors are covered
by international standards.

Recommended method

There is a wide variety of standard methods that would be suitable fgmfiviitoring. These

can be broadly classified as manual or continuous. The manual methods are a lot cheaper than the
continuous monitors, but they are limited in only giving 24-hour average results. However, this is
all that is required in terms of the ambient air-quality guidelines. A manual method should
therefore be preferred.

The preferred method for PRMshould be high-volume sampling, as covered by the Australian
Standard AS3580.9.6-1990, or the US EPA method. However, there should also be provision for
the use of those methods deemed equivalent by the US EPA. This would allow for the option of
using most of the low-volume or continuous monitoring methods. It would be appropriate,
therefore, for the recommended method to be referenced to the US EPA rather than the Australian
standard.
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The recommended method for RMs high-volume sampling as specified in the US 40 CFR
Part 50, Appendix J, or an equivalent method.

5.5.3 PMy;s

Monitoring for PMs is a fairly recent development, and as a result there are very few standard
methods available. The only organisation to set a specific standard so far is the US EPA, although
PM,s measurements are also included in the Australian standard method forustvy a
dichotomous sampler.

The US method specifications are given in 40 CFR Part 50, Appendix L, and systems complying
with this specification are notified in the Federal Register, v 63, p 18911, 16 April 1998 and v 63,
p 31991, 11 June 1998. These cover a variety of 24—hour average, low-volume systems fitted
with a PMys inlet. Some of the units are fitted with automated filter-changing systems, which
allow for unattended operation over extended periods of time.

Other particulate monitors such as the TEOM unit are available witly inMts, but these have
not yet been granted equivalency status by the EPA.

Recommended method

The recommended method for RPdmonitoring is low-volume sampling as specified in US 40
CFR Part 50, Appendix L or an equivalent method.
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6 Sulphur dioxide

6.1 Introduction

Sulphur dioxide (S¢€) is a colourless, soluble gas with a characteristic pungent smell. 1t is
mainly produced by combustion of fossil fuels that contain sulphur, and some industrial
processes. The results of controlled exposure experiments have shown gh&taSiotent
respiratory irritant when inhaled. Asthmatics form a particularly susceptible group. The health
effects of SQ have been summarised by the World Health Organization (1995) and Streeton
(1997). The only route of exposure of interest with regard to the health effects is inhalation.
SO, acts directly on the upper airways (nose, throat, trachea and major bronchi), producing
rapid responses in minutes. It achieves maximum effect in 10 to 15 minutes, particularly in
those individuals with significant airway reactivity, such as asthmatics and those suffering
similar bronchospastic conditions.

The responses may be manifested by symptoms such as wheezing, chest tightness, shortness of
breath or coughing, and functionally as reductions in ventilatory capacity (eg, reduction in
forced expiratory volume in one second (RE\and increased specific airway resistance). |If
exposure occurs during exercise, the observed responses may be accentuated because of an
increased breathing rate associated with the exercise. This increased rate allows soluble gases
like SO to be carried further down the respiratory tract before coming into contact with the
mucous layer lining the airways (the bronchial mucosa), resulting in production of an irritant
acidic solution which stimulates the nerve endings, leading to coughing and subsequent
wheezing. A wide range of sensitivity is evident in both normals and susceptibles such as
asthmatics, the latter being the most sensitive to irritants.

Epidemiological data on the human health effects of &posure are difficult to interpret
because of the relation between this exposure and particle pollution. While there are some
localities where moderate to high levels of particle pollution are seen with low levels,of SO
the reverse does not appear to be the case. Regional and temporal variatiopsare SO
strongly correlated with variations in particles in many locations throughout the US and
Europe. For this reason, unadjusted estimates of the effect,airSi@alth outcomes may be
misleading. In urban areas in New Zealand and Australia the correlation between particles and
SO, is low due to the generally low sulphur content of fuels.

The health effects of SCOhave been recognised for many years. High 8@ particle
concentrations have been associated with increased mortality and morbidity in air pollution
episodes such as those experienced in the Meuse Valley, Belgium in 1930, Donora,
Pennsylvania in 1948, and London in 1952. Early analyses of these episodes were unable to
separate the effects of individual pollutants. With advances in statistical techniques, recent
epidemiological studies have focused on identifying health impacts due to specific pollutants.
These studies have revealed increased mortality from respiratory and cardiovascular causes
associated with ambient $Qevels found in various parts of the world. In addition,
associations between hospital admissions for asthma, COPD and respiratory disease have also
been observed.

These studies have been reviewed extensively (Streeton, 1997; Bascom et al, 1996). Controlled
exposure studies have also been reviewed extensively (Bascom et al, 1996; US Environmental
Protection Agency, 1986). Recent S&posure studies have shown that exercising asthmatics
are sensitive to brief exposures to,S®@ith bronchospasm occurring at exposures as low as
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700ug/m’.* Such exposures lead to immediate responses and do not appear to cause delayed
or prolonged effects.

This review summarises the data from recent epidemiological studies on the health impacts of
SO, It should be noted that due to the correlation between particles and ®@ny of these
studies, it is difficult to isolate the effects of one pollutant and a large amount of this
information has arisen from studies investigating the effects of particles on health. The overall
picture for SQ has not changed significantly since the National Environment Protection
Council, Australia, review (Streeton, 1997).

6.2 Health effects

Epidemiological studies have shown significant associations between daily averalgeeO

and mortality from respiratory and cardiovascular causes. Daily meare®€s at which

these effects have been observed range from 30 tpgit6. Increases in hospital admissions

and emergency room visits for asthma, COPD and respiratory disease have also been associated
with ambient S@levels. These associations were observed up to a 2-day lag period. Long-
term exposure to S@nd fine particle sulphates ($Q has been associated with an increase in
mortality from lung cancer and development of asthma and COPD. Increases in respiratory
symptoms have also been associated with|&@ls.

6.2.1 Epidemiological studies

Daily mortality

A meta-analysis conducted on the results of the APHEA studies has shown a significant
association between ambient Sl@vels and daily mortality from all-cause, respiratory and
cardiovascular causes (Katsouyanni et al, 1997). The results of the APHEA study showed
significant differences across Europe with respect to the effects adrS@aily mortality. The
strongest effects were observed in Western Europe, with little or no effects observed in Central
and Eastern Europe (Zmirou et al, 1998) in spite of the fact thaleS€ls in these areas were
higher than those in Western Europe. Effects were observed for both 1-hour and 24-hour
averages with the strength of the association increasing with averaging time.

The increases in daily mortality per BO/m’ increase in 24-hour SOfor the Western
European cities were 3% for all-cause, 4% for cardiovascular and 5% for respiratory mortality.
Daily average S@ranged from 15 to 250g/m® across the entire study region. As the dose-
response relationship was curvilinear the analysis was restricted to the linear portion of the
curve: less than 20@g/n?. Daily averages of black smoke were also associated with increases
in daily mortality. In these studies black smoke and B@els were highly correlated. When

the data were analysed in multi-pollutant models, the effect of particles was weakened but the
effect of SQ was unchanged. High levels of black smoke increased the effects observed for
SO indicating a possible synergistic effect between the two pollutants.

* Throughout this section the $@oncentrations are expressedighn’ at ®C. Any concentration that was
originally expressed in parts per billion has been convertad/to’ using a conversion factor of 2.85. No
concentration is expressed to a precision of more than two significant figures.
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A study by Ponka et al (1998) investigated the association between air pollution and daily
mortality in Helsinki. A significant positive association was found between 24-hour average
SO levels and daily mortality from cardiovascular causes with a 7-day lag. When analysed in a
multi-pollutant model controlling for the effects of particles, this relationship became non-
significant. Daily average S@evels ranged between 1 andn? (5th to 95th percentile).

In a recent study (Lee et al, 1999), daily mortality was found to be associated winsQ

levels in Seoul and Ulsan, Korea. The strongest association wittv&Ofound for a 3-day
moving average (same day and two previous days). An association was also found with TSP,
but this became non-significant after controlling for the effects of $012-13% increase in

daily mortality per 143ug/m’® increment in 24-hour SQevels was observed. Mean Sévels

were 82ug/n?, ranging from 23-8@g/nm’ (10th to 90th percentiles).

Wietlisbach et al (1996) investigated the association between daily mortality and air pollution
in three Swiss cities. Significant positive associations were found between daily average TSP,
SO, and NQ levels. For S@the strongest association was observed with a 3-day moving
average (same day plus two days prior). Theg &ffect appeared to be non-linear at higher
levels (> 10Qug/nT). At these S@levels the association between,Md daily mortality was

lower and at the highest levels was negative. At low levels &@ TSP were highly
correlated, although at high levels the correlation between the pollutants was low. The effects
observed for TSP were greater than those for eithero880,, and in multi-pollutant models

none of the effects estimates remained significant indicating strong interaction between the
pollutants. The mean 24-hour average, $&¥el during this study was 2@&y/m’, with a
maximum of 40Qug/n?”. Both the non-linearity of the dose-response relationship at high SO
levels and the time lag observed in this study have been observed in previous studies.

Hospital admissions

In addition to increases in daily mortality, ambient,3¥els have also been associated with
increases in hospital admissions and emergency room attendances for respiratory disease
(Streeton, 1997; Sunyer et al, 1997; Anderson et al, 1997; Bascom et al, 1996). Two of those
studies, Sunyer et al (1997) and Anderson et al (1997) have provided combined estimates from
the APHEA studies on the impact of air pollution on respiratory health. A significant positive
association has been found between 24-hour averagde®€s and hospital admissions for
COPD in six European cities (Anderson et al, 1997). The effect p¥&@d across the cities.

A relative risk of 1.02 per 50g/n? increase in 24-hour average Sévels was observed from

the meta-analysis. Mean 24-hour ;S6vels ranged from 21 to 38)/m® with higher levels
observed during the cool season. An analysis of hospital admissions for COPD in the elderly in
London, Milan and Paris yielded relative risks of 1.043, 1.069 and 1.048 gﬂg/rﬁ%)
increment in 24-hour SQespectively. The summary estimate for the elderly across all cities
was 1.053 per 5Qg/nm’ increment in 24-hour SO

Sunyer et al (1997) have investigated the association between emergency room attendances for
asthma and air pollution in four European cities. Two age groups were studied: less than
15 years and 15-64 years. No association was found for the 15-64-years age group. For the
less than 15 years age group, a 7.5% increase in emergency room attendances for asthma per
50 ug/m? increment in 24—hour SQevels was observed. This association was independent of

the effects of black smoke. Twenty-four-hour,3€vels ranged from 1 to 22@y/m’ with an

average for the cities of between 16 anqig/n’,
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Respiratory effects

There is no consistent evidence that long-term levels gfe@osure influence the prevalence

of respiratory symptoms or lung function (Streeton, 1997). The American Six Cities study has
shown that symptoms related to cough were more prevalent in the cities with higheve&€)

but these cities also had higher levels of other pollutants. The observed relation between long-
term SQ levels and COPD symptoms in California must be interpreted with similar caution. A
large cross-sectional survey conducted in conjunction with National Health and Nutrition
Examination Survey (NHANESII) in the US did not demonstrate any evidence of a
relationship between S@nd lung function.

A recent paper by Lewis et al (1998) has looked at the association between particles and SO
and respiratory symptoms in children in two industrial cities in New South Wales. This study
looked at symptoms of night-time cough, chest colds and wheeze in children aged 8 to 10 years.
No significant associations were found for any health outcome with SBM,, was
significantly associated with an increase in chest colds and night-time cough. Annual average
SO, levels ranged from 1.6 to 9.0 ppb. During this study;f¥d SQ levels were not always
elevated in the same areas.

Timomen and Pekkanen (1997) have investigated the association between air pollution and
respiratory health in children with asthma or cough. A significant negative association was
found between SQand both evening PEF and upper respiratory symptoms in children with
cough. No associations were found for asthmatic children. The odds ratio faxgarf0
increase in 24-hour SQevels was 1.46 (lag 2) and 1.55 for a 4-day average. Removing the
highest three values reduced the association with the 4-day average and it was non-significant.
The mean 24-hour SOevel during the study period wasu@/m®, with a maximum of
32ug/m®. The authors concluded that the lack of an effect in asthmatic children might have
been due to the very low levels of Sduring the study period and a possible lack of sensitivity

of the diary method in picking up the effects.

6.2.2 Clinical studies

Experimental studies have shown that people with asthma may develop symptoms and decreases
in lung function when exposed, to SEoncentrations in the range 700 to 1,4@0m’ during
exercise. No effects are seen in healthy, non-asthmatic subjects at levels up 12800

There is marked variability among patients with asthma in their sensitivity o B@ effect is
enhanced by prior exposure tg. Orhe intensity of symptoms induced by performing moderate
exercise during exposure to S concentrations greater than 1,4@0n° may be more than

that experienced during episodes triggered by more strenuous exercise in clean air. Symptoms
and bronchoconstriction may occur after exposure t9 &Q,400ug/n7, during exercise, for

as little as two minutes. There is evidence that a substantial number of patients with asthma
may experience bronchoconstriction after brief exposure, during moderate exercise, to SO
concentrations in the range 1,700 to 2,860m° (US Environmental Protection Agency, 1986).
However, the effect reverses quickly with rest, even if exposure fe@@nues.
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6.2.3 Summary

Ambient levels of S@ have been associated with increases in daily mortality, hospital
admissions and emergency room attendances for respiratory and cardiovascular disease,
increases in respiratory symptoms, and decreases in lung function. These associations have
been observed in epidemiological studies in various parts of the world. Due to the high
correlation between ambient S{@vels and other pollutants, especially particles, it is difficult

in this type of study to be confident in attributing the observed effects toaf@e.
Experimental evidence demonstrates that brief exposures ioc&®@entrations of up to
1,400ug/m’ cause transient bronchoconstriction and symptoms in some patients with asthma
who exercise during the exposure.

6.3 Dose-response relationships

A pattern of continuous dose-response relationships for asthmatics can be demonstrated. The
dose-response relationships with respect to change in kE¥sthmatics are presented in
Figure 6.1. The graph indicates that small changes in, FiE¥ observed at 57@/m’

(200 ppb). However, changes regarded as of greater clinical significance (ie, of the order of
10% reduction in baseline FEMwere observed at about 1,1@¢/m’® (350 ppb) over a
15-minute averaging period.

FEV1 change

(ml) Dose-response relationship for SO,

500
400 /A
300 /./ —e—severe
200 —m— moderate
100
0 ¥ . .
0 200 400 600

SO; concentration (ppb)

Figure 6.1: Reduction in mean FEV; with increasing concentrations of SO..

In developing protective ranges as part of guidelines or standards, both epidemiological and
clinical studies have relevance. The former provide information on the associations between
ambient pollution levels and health effects, while the latter are the source of data on the
minimum dose that produces an adverse effect, particularly in susceptible subjects.

The literature cited in Streeton (1997) indicates that exercising asthmatics are sensitive to short-
term exposures to SO Bronchospasm has been observed in some asthmatics exposed briefly
(ie, 10 to 15 minutes) at 71@/m’, and in 50% of asthmatics at 2,209/m°. No similar

effects are observed in healthy subjects below concentrations ofi2)860

The dose-response relationship for short-term (15-minute) exposure 8h&n in the Figure
indicates a possible threshold for adverse effects au&/fd (200 ppb) for both moderate and
severe asthmatics, and a 10% reduction in F&V1,100ug/m® (400 ppb). In addition the
results of exposure appear to be largely independent of the severity of the asthma.
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The evidence indicates that there is little difference in observed responsesfto 8xposure
duration of the order of 15 minutes and up to several hours. The response occurs quickly and
appears to alter little with recurrent exposure, even after more than an hour.

6.4 Suggested protective ranges

Streeton (1997) recommended the following standards for t8e protective of human
health:

e 10 to 15 minutes standard of 50§/’
e  24-hour standard of 110g/m’

«  annual standard of Grg/n?.

Streeton recommended that these limits should not be exceeded. As previously noted, the
overall picture regarding the health effects of,3@s not changed significantly since the
Streeton recommendations were made.

6.5 International air-quality guidelines/
standards

Current international air-quality guidelines and standards fera®®summarised in Table 6.1.
There is considerable variation in the values, for all the averaging periods. Various
jurisdictions have taken different approaches to short-term exposures.to SO

The US EPA, Japan and Australia on the one hand, and WHO, the United Kingdom and, by
adoption, New Zealand on the other have taken quite different positions on the risks associated
with short-term exposures. While acknowledging that there are clear adverse health effects
from short-term (1 hour or less) exposure ta 8susceptible subjects, the US EPA concluded
that short-term peak concentrations of,S{d not constitute the type of ubiquitous health
problem for which establishment of a national ambient air-quality standard (NAAQS) was
appropriate. Because of the localised, infrequent and site-specific nature of the risk, it was
concluded that the residual health risk posed by short-terpnc8@rentrations was more
appropriately dealt with by the individual states. Subsequent to this, the US EPA has had court
action taken against them to justify not establishing a 5-minute standard forT®® court
concluded that the EPA did not adequately justify its decision not to set a short-term standard
for SO, and has requested that such justification be provided.

Using, in the main, the same data on associations between adverse health effectg and SO
WHO arrived at the contrary conclusion: that there was a need for a short-term guideline to
provide protection against the identified health risks.

The National Environment Protection Council in Australia set a 1-hours&Ddard to be
protective against the short-term effects of,S®ith an understanding there would be the
collection of 10-minute data, which would form an input to a review of the standard in 5 years.
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Table 6.1: Current international air-quality guidelines/standards for SO,

Country/authority pg/m’
Averaging period

10-minute 1-hour 24-hour Annual
New Zealand 500 350 120 50
Australia (NEPM) - 570 230 57
United Kingdom 290 - - -

(15-minute)
Europe - 500 200 40
United States of America - - 400 85
California - 710 110 -
World Health Organization 500 - 120 50
Japan - 285 110 -

6.6 Monitoring method

SO, can be measured using a variety of wet-chemical and instrumental techniques. The wet-
chemical methods usually involve 24-hour sampling and are relatively insensitive. As such they
are much less suitable than the instrumental methods for monitoring against an air-quality
guideline. Brief descriptions of the wet-chemical methods are given below, mainly for the sake of
completeness. However, instrumental methods are generally the preferred approach for most
current requirements in New Zealand.

One of the simplest wet-chemical systems uses absorption in dilute peroxide solution followed by
pH measurement, and this was used extensively in the past. This method is covered by BS1747,
Part 3, AS3580.3.1-1990, and I1SO 4220:1983. The method is not specific fardives a
measure of total acidity in the air.

A number of colorimetric methods are also available, which involve reaction with a specific
absorber solution, and development of a colour that is specific 0 B@ two most common
procedures are the pararosaniline method, which is covered by ISO 6767:1990 and a US EPA
specification (40 CFR Part 50, Appendix A), and the Thorin method, which is covered by I1ISO
4221:1980.

There are two general instrumental methods available for monitoring B older of the two
systems is based around a flame photometric detector, in which air samples are passed through a
hydrogen-rich flame. Any sulphur gases burn with a blue flame, which is detected by a
photomultiplier. A more recent development is the fluorescence detector, which has a number of
advantages over the flame photometric detection system, particularly the fact that it does not
require hydrogen. Fluorescence monitors operate by the measurement of light emitted by SO
after it has been irradiated with light of a different wavelength. Unlike the flame photometric
detection analyser, the fluorescence system is specific fgr @@ the limit of detection is
typically less than 1 ppb.
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Both of these instrumental methods are covered in the Australian Standard AS3580.4.1-1990,
although systems based on flame photometric detection are no longer commonly available from
suppliers. Monitors based on electrochemical cells are also acceptable under the Australian
Standard; however, the sensitivity of these units is generally poor. An extensive list of SO
instruments has been accredited as equivalent methods by the US EPA (eg, Federal Register, v 58,
p 6964, 3 February 1993 and v 60, p 17061, 4 April 1995). Most of these are based around the
fluorescence system.

Recommended method
The recommended method for S&fluorescence, as specified in AS3580.4.1-1990.
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7 Trends in international
guidelines/standards

7.1 Introduction

Air-quality guidelines/standards have been set in many parts of the world. The main aim of
these is the protection of human health, but in some cases it is also the protection of public
welfare (eg, visibility and damage to buildings) and effects on vegetation. Over recent years,
within various jurisdictions, there have been fairly consistent trends in the reviews of existing

guidelines/standards.

The area of greatest change has been in the setting of particle guidelines/standards. The first
standards were based on TSP which included all particles with an aerodynamic diameter less
than about 7pim. Since that time there has been an overwhelming body of literature relating
adverse health effects to RiMparticles with an aerodynamic diameter less thanm0 These

studies have resulted in air-quality standards being set fqp &led at the protection of
human health. The approaches taken in the setting of ®#dhdards by various countries have
differed significantly, and this has led to a wide range of air-quality standards.

The US was the first country to set R\tandards. These standards were reviewed over a
period of several years, and in 1996 the US EPA retained the existingsiividards of
150ug/m® (24-hour) average and 5@/m’ (annual average), and introduced standards for
PM, 5 of 65ug/m’ (24-hour) average and 1§/m’ (annual average).

WHO has decided not to set guidelines for particles, for the reason that there is no threshold
below which adverse health effects are not observed. Instead they have identified dose-
response relationships that can be used to determine the risk to a given population. The UK,
Australia and European Union have all set, in recent times, BMndards of 50g/m’
(24-hour average). The US EPA is the only jurisdiction to date to have set standardsgor PM

Air-quality guidelines/standards forz;Gare another area where there has been change over
recent years. Based on the results of epidemiological studies, air-quality standards have
generally been tightened and have been extended to include 4- and 8-hour limits, in recognition
of adverse health effects occurring at longer exposure times.

For the other pollutants covered in this review there has been little change in air-quality
guidelines/standards in recent years. It has been recognised for many years that to protect
human health a carboxyhaemoglobin (COHb) level in blood of less than 2.5% needs to be
achieved. This has led to little variation in standards for CO with 8-hour standards in the range
of 10-12 mg/m* This situation may change in subsequent reviews of CO because there is
emerging information on adverse health effects related to current ambient levels of CO in
various parts of the world.

Guidelines/standards for $@ave also remained relatively unchanged over recent years.

* The CO concentrations are expressed as rhgfrffC. Any concentration that was originally expressed in
parts per million has been converted to nighsing a conversion factor of 1.25.

56 Health Effects of Five Air Contaminants and
Suggested Protective Ranges



Technical report for information — this is not Government policy

Air-quality guidelines/standards for Nhave generally been tightened and are based on a
LOAEL of between 400 and 6Q@y/m’.* The results of recent epidemiological studies have
led to a general tightening of standards.

7.2 United States of America

In the US two sections of the Clean Air Act 1970 govern the establishment and revision of
National Ambient Air Quality Standards (NAAQS). The first section (s 108) directs the
Administrator of the EPA to identify pollutants that “may reasonably be anticipated to endanger
public health and welfare” and to issue air-quality standards for them. The air-quality criteria
are intended to accurately reflect the latest scientific knowledge useful in indicating the kind
and extent of all identifiable effects on public health or welfare that may be expected from the
presence of a pollutant in the ambient air. The second section (s 109) directs the Administrator
to propose and promulgate primary and secondary NAAQS for the pollutants identified under
s 108.

The primary standards are set to protect public health with an adequate margin of safety. This
margin of safety is intended to address the uncertainties associated with inconclusive scientific
and technical information that may exist at the time of standard setting. It is also intended to
provide a reasonable degree of protection against health effects that research may not yet have
identified. The margin of safety is selected by the Administrator and takes into consideration
such factors as the nature and severity of the health effects involved, the size of the sensitive
population(s) at risk and the kind and degrees of uncertainties that must be addressed. The
selection of an approach to determining an adequate margin of safety is a judgement left
specifically to the Administrator.

The secondary standards are to protect public welfare from any adverse effects due to the
presence of the pollutant in the air. Public welfare may include effects on water, soils, crops,
vegetation, buildings, animals and wildlife, weather, visibility and climate, damage to and
deterioration of property, and hazards to transportation, as well as effects on economic values
and on personal comfort and well-being.

Section 109 of the Clean Air Act requires that the NAAQS must be reviewed every 5 years as
from 31 December 1980. For each of the reviews the Administrator has to complete a thorough
review of the criteria set out in s 108 of the Clean Air Act and the NAAQS, and make revisions
to these criteria and standards as may be appropriate. Any revision of these criteria and
NAAQS is recommended to the Administrator by an independent scientific review committee
for his/her consideration. The first NAAQS for CO, particles, B0, and SQ were
promulgated in 1971. Since that time various reviews have been undertaken.

The first NAAQS for CO set identical primary and secondary standards at 1% (8gfour
average) and 44 mghl-hour average), not to be exceeded more than once per year. In 1979
these standards were reviewed, with the 8-hour standards being retained and the 1-hour
standard being reduced to 31 mg/rithe secondary standard was dropped. The revised 1-hour
standard was subsequently reversed in 1983 on the basis that the studies on which the review
had been based were not scientifically sound. The most recent review of the NAAQS for CO

*  The NO, concentrations are expressedigsn at #C. Any concentration that was originally expressed in
parts per billion has been convertequpm’ using a conversion factor of 2.05.
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was initiated in 1987 and completed in 1992. This review retained the existing standards for
CO at 8-hour 11 mg/frand 1-hour 44 mg/fn

The first NAAQS for particles was set in 1971 for TSP. The primary standards were set at
260ug/m® (24-hour average), not to be exceeded more than once per year, pghn75
(annual geometric mean). The secondary standards were setyay/t5(24-hour average),

not to be exceeded more than once per year. In 1979 the first review of the particle standards
was initiated. This review was completed in 1987. In this review the NAAQS introduced a
PM,, standard of 15Qg/m® (24-hour average), not to be exceeded more than once per year, and
50ug/m® (annual arithmetic mean). The secondary standards were made identical to the
primary standards. The latest review of the particle standards was completed in 1997. In this
review the PM, standards were retained and a new standard for; Rids introduced. The

PM, s standards are §&g/m’ (24-hour average) and 1i5/m’ (annual average).

The NAAQS for photochemical oxidants/@as been reviewed on two occasions since first
being promulgated in 1971. When initially developed, both the primary and secondary
standards were set as a total photochemical oxidants standard ed/rh701-hour average.

The primary standard was based on epidemiological studies that showed an association between
ambient oxidant levels and aggravation of respiratory disease in Los Angeles. These standards
were subsequently reviewed in 1977 and in 1979; the primary standard was revised from
170ug/m’® to 260ug/m® (1-hour average). More significantly, the basis of the standard was
changed from total photochemical oxidants te@ OTlhe secondary standard was again set
identical to the primary standard.

A further review commenced in 1982 and in 1992 the US EPA concluded that a review of the
standards was not appropriate at that time. The most recent review commenced in 1992 and
was completed in 1997. The current standards fpr® 26Qug/m® (1-hour average) and
170ug/m® (8-hour average). The longer averaging time has been introduced to address the
health effects associated with longer exposurestoTe shorter-term (1-hour) average is to be
phased out as areas show compliance with the standard.

The first NAAQS for NQ was set at 110g/m’, annual average, and was based on
epidemiological studies that showed an association between long-term exposurg aadNO
respiratory effects in children. The first review of the NAAQS was initiated in 1977 and was
completed in 1982. In 1985 the EPA retained the existing standards. These standards were
subsequently reviewed in 1996 and again no change was made to the existing standards.

The NAAQS promulgated in 1971 for $®et primary standards of @8§/m® annual average,

and 40Qug/m® 24-hour average, not to be exceeded more than once per year. The formal
review of these standards commenced in 1978, and a second addendum to this was completed
in 1987. The same standards have been retained throughout these reviews. In the 1996 review,
while acknowledging that there are clear adverse health effects from short-term (1 hour or less)
exposure to S@in susceptible subjects, the US EPA concluded that short-term peak
concentrations of SQOdid not constitute the type of ubiquitous health problem for which
establishment of an NAAQS was appropriate. Because of the localised, infrequent and site-
specific nature of the risk, it was concluded that the residual health risk posed by short-term
SO, concentrations was more appropriately dealt with by individual states. Subsequent to this
the US EPA has had court action taken against them to justify not establishing a 5-minute
standard for S@ The court concluded that the EPA did not adequately justify its decision not

to set a short-term standard for SDd has requested that such justification be provided.
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7.3 World Health Organization

WHO guidelines are set to protect public health from adverse effects of environmental
pollutants, and for eliminating or reducing to a minimum, contaminants that are known or likely
to be hazardous to human health and well-being (World Health Organization, 1987a). Air-
quality guidelines provide background information and guidance to governments in making
risk-management decisions, particularly in setting standards. WHO air-quality guidelines are
determined by assessing levels of pollution below which lifetime exposure or exposure for a
given averaging time does not constitute a significant health risk. Short-term exceedances do
not mean that adverse effects automatically occur; however the risk of such effects increases.

WHO guidelines are usually more stringent than air-quality standards. In setting air-quality
standards governments may take into consideration other factors such as existing exposure
levels, natural background concentrations and socioeconomic factors.

WHO has been producing Air Quality Criteria and Guides based on these concepts since the
1960s. Particular examples of these are tha&ihnical Report Series and theirtEnvironmental

Health Criteria documents, which were/are essentially the outcome of a meeting of an
international group of experts, convened to give advice on specific technical and scientific
matters. In 1987 WHO took a more comprehensive approach to the establishment of
environmental quality criteria. Under the editorship of a staff member, HW de Koning, WHO
produced a publication which set down the strategic, legal and decision-making aspects of
setting environmental standards, in addition to the traditional matters of identification of health
effects, exposure assessment, etc (World Health Organization, 1987b).

The Air Quality Guidelines for Europe (World Health Organization, 1987a) are essentially a
compilation in the mould of th&echnical Report Series/Environmental Health Criteria
documents, but they do start to include something of the more holistic approach that was
starting to be addressed at around the same time. Revisions of those Air Quality Guidelines for
Europe (World Health Organization, 1995) continue the trend to take a more comprehensive
approach.

WHO air-quality guidelines are now derived from NOAEL or LOAEL by application of safety
factors. If no thresholds for the onset of health effects exist, guidelines are expressed in the
form of dose-response relationships or unit risks. In both cases, linear relationships are often
assumed to be valid in a given concentration range. These relationships can then be applied
within a given jurisdiction and the risk to population determined. It is then the judgement of
the respective government as to whether that risk is acceptable or not.

In various parts of this review the WHO guidelines for the individual contaminants and the
underlying approach to their derivation are given. Somewhat controversial is the WHO
approach to particles, in that they have chosen not to set specific guidelines because there is no
threshold below which adverse health effects are not observed. Instead they have identified
dose-response relationships that can be used to determine the risk to a given population. The
sets of graphs, which are given on the WHO web site pending finalisation of the revision to the
Air Quality Guidelines for Europe (and a more general, globally-focused companion
document), are currently of three types:

. the percentage increase in daily mortality with increasing 24-hour concentrations of
PM;o, PM; s and sulphates

. the percentage change in hospital admissions with increasing 24-hour concentrations of
PM;o, PM; 5 and sulphates
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. the percentage change in health endpoints with increasing 24—hour concentrations of
PM;o.

A couple of qualifying comments are given by WHO on the use of these graphs. First, they
should not be used for concentrations of;P&hd PM s below 20 or 1(Dig/m3 respectively, or

above 200 or 10Qg/n? respectively. This is because 24-hour concentrations below or above
those values were not used for the risk assessment, and to use the linear relationships presented
in the three sets of graphs would involve unvalidated extrapolations beyond the range of
observed results. The second comment is to point out the fundamental difference between
these guidelines and those in the Air Quality Guidelines for Europe (World Health
Organization, 1987a). The new guidelines for particles are relationships between the
percentage change of some health effect and a particle concentration. The percentage change is
related to the risk for the particular health effect to occur. Hence, when deriving air-quality
standards for PM and PM s using these relationships, care has to be taken in deciding which
curve should be used, with due consideration to confidence and risk. This is claimed to be a
new situation for the derivation of an air-quality standard from a WHO guideline, in that a risk

is assumed without its being specifically stated.

The controversy about WHO not specifying numeric guidelines for particles is mainly that they
have not taken the same approach for other air contaminants, such as leadfandvkich

there also appears to be an absence of a threshold concentration. In essence, the argument
being advanced by WHO is that particles should be treated in a similar way as carcinogenic
compounds. That is the basis of the approach used to derive the linear relationships between
concentrations of Ph, PM, s and sulphates, and various types of health effects.

7.4 Europe

Europe, through both the European Community and the United Nations Economic Commission
for Europe (which includes the US), has been in the forefront of developments in
environmental management. The Treaty of Rome requires the integration of environmental
requirements within the member countries of the European Community. This is largely done
through the preparation of directives. These cover such things as large combustion plants,
ambient air-quality assessment and management, organic solvents from certain industrial
sectors, emission standards for light-duty vehicles, and the sulphur content of liquid fuels. The
European Commission also issues air-quality standards, and these are given for the five
contaminants considered in various parts of this review. Some members of the European
Community choose to adopt these standards, whereas others (mainly the larger countries)
develop their own.

The Economic Commission for Europe (ECE) is increasingly becoming a major entity in
international efforts to prevent environmental degradation. The primary vehicle for matters
related to air pollution is the 1979 Geneva Convention on Long-Range Transboundary Air
Pollution. The resolution of the high-level meeting within the framework of the ECE on the
protection of the environment (that is, the meeting which led to the ratification of the
convention) states that the signatories to the convention will seek to bring closer together their
policies and strategies for combating air pollution, including long-range transboundary air
pollution. Various protocols have derived from the Convention, including the 1984 Geneva
Protocol on Long-term Financing of the Co-operative Programme for Monitoring and
Evaluation of the Long-range Transmission of Air Pollutants in Europe, the 1985 Helsinki
Protocol on the Reduction of Sulphur Emissions or their Transboundary Fluxes by at least 30%,
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the 1988 Sofia Protocol concerning the Control of Emissions of Nitrogen Oxides or their
Transboundary Fluxes, the 1991 Geneva Protocol concerning the Control of Emissions of
Volatile Organic Compounds or their Transboundary Fluxes, and the 1994 Oslo Protocol on
Further Reduction of Sulphur Emissions (Economic Commission for Europe, 1995).

These international conventions and protocols have had a marked impact on air-quality
management, not just in the 33 parties to them (which themselves represent a pretty diverse
group), but also beyond to other regions and countries. There has been considerable cross-
fertilisation of ideas and practice in the development of national strategies and national policy
measures. These include regulatory provisions, the use of economic instruments, measures
related to emission control technology, monitoring of air quality, and assessment of
environmental effects.

Many other activities are carried out within the Framework of the Convention, especially
activities aimed at enhancing the exchange of control technology (Economic Commission for
Europe, 1995). In addition to these multilateral initiatives, several parties are engaged in
bilateral programmes within the ECE region. These initiatives in Europe spawned international
co-operation at the global level, such as the 1992 United Nations Conference on Environment
and Development held in Rio de Janeiro, Brazil.

7.5 United Kingdom

The United Kingdom Environment Act 1995 requires a National Air Quality Strategy to set
standards and objectives relating to air quality. The standards and objectives are based on
recommendations made by the Expert Panel on Air Quality Standards (EPAQS), made up of
medical and air pollution experts. Where no recommendation has been made by the EPAQS,
the WHO qguidelines are used. The EPAQS peer-reviews the available evidence and make
recommendations to the government.

Where possible, air-quality standards are set based on NOAEL or LOAEL. This has been the
case for @ SG, CO and N@ For particles the dose-response relationship derived by WHO
has been used to set a level which, in the judgement of the EPAQS, would pose a minimal risk
to the population.

Air-quality standards in the UK are set purely with regard to the scientific and medical
evidence on the effects of the particular air pollutant on health, at minimum or zero-risk levels.
Costs and benefits, and matters of current technical feasibility, come into play at a later stage —
in the setting of objectives for implementation and time-scales for application.

The most recent recommendations (29 October 1998) of the EPAQS, those for 1,3-butadiene,
benzene, CO, lead, NOG;, particles and SO have been published on the Department of the
Environment, Transport and the Regions web site, http://www.environment.detr.gov.uk.

The directives issued by the European Community have been significant in shaping the policy
in the UK, as elsewhere in the Community. When these directives are approved by the
European Commission and ratified by the UK government, they lead to the preparation of
programmes and national plans for the implementation of the directives. The conventions and
protocols of the Economic Commission for Europe have similarly influenced UK air-quality
management policy and administration (Economic Commission for Europe, 1995).
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7.6 Australia

In June 1998 the Australian National Environment Protection Council (NEPC) set national air-
quality standards for the first time in Australia. The standards, framed as a National
Environment Protection Measure (NEPM) for Ambient Air Quality, were set to protect human
health and were based on an assessment of the scientific and medical literature available at that
time. Where possible, NOAEL or LOAEL levels were identified and a safety factor applied.
Where this was not possible, as was the case for particlessaadstandard was set which in

the judgement of the NEPC posed a minimal risk to the Australian population.

Associated with the NEPM standards is a goal to be reached within a 10-year time frame. This
goal has been set taking into account current air quality, technology readily available for
controlling emissions and an assessment of what could be achieved nationally over the 10-year
period of the NEPM.

The standards in the NEPM are a first step in establishing a consistent approach to managing
air quality around Australia, with the ultimate aim of providing equivalent protection to all
Australians wherever they live. Compliance with the standards will be measurements made at
designated “performance monitoring stations”, by monitoring methods approved by the NEPC.
Reports on compliance will be made available to the public.

Prior to the setting of the NEPM, air-quality guidelines/standards were established by
individual States. Victoria was the first to have a legislated policy for air-quality standards.
The standards were set out in the State Environment Protection Policy (The Air Environment)
in 1981, in the form of air-quality objectives defined at an “acceptable level”, a “detrimental
level”, and an “alert level”. The standards for CO, .N8Q, lead and @were based on the
protection of human health. An 8-houg &andard was also set to protect vegetation. There
was no health-based standard for particles, although a visibility standard, which is an indicator
of fine particles, was included in the SEPP. Other states subsequently incorporated air-quality
guidelines/standards into their state legislation.

The National Health and Medical Research Council (NH&MRC) in Australia has also provided
guidelines for ambient air quality. These are mainly based on WHO recommendations.
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