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Executive Summary

Overview

The people of New Zealand are exposed to a wide range of health risks through various activities. Many
of these are unavoidable, and many are due to personal choice. However, some are due to exposures to
contaminants in the environment that can be reduced.

This study is concerned with identifying and quantifying the health risks due to people’s exposure to air
pollution. For many places, and for much of the time, New Zealand’s air pollution cannot be considered
poor by international standards, yet there are still measurable health effects, and there are locations and
instances where air quality is poor enough to be of concern.

Measures to reduce air pollution and its effect on public health have costs. Effective management and
policy therefore needs detailed information on exactly what air pollution occurs and what effects it has.
The aim of this Health and Air Pollution in New Zealand (HAPiNZ) study is to explicitly identify the
effects of air pollution throughout New Zealand, to link these effects to the various sources of air
pollution, and to provide information that will help to formulate effective policy options that lead to real
and measurable improvements in the health of New Zealanders.

Methodology and scope

This study covers the whole of New Zealand. The methodology and scope of the project is large and
complex. There are many different sources of air pollution, which are transported around the atmosphere
by the weather in complex ways that have a wide range of health effects on the population. Effective
policy analysis needs to use accurate information on just which sources have particular effects on
particular sectors of the population, in some cases over many years.

The study has been funded under a joint initiative from the Health Research Council of New Zealand, the
Ministry for the Environment and the Ministry of Transport, with substantial in-kind contributions from
Regional Council air quality monitoring programmes. The work has been carried out by a large
collaborative group, comprising several organisations and a number of New Zealand’s leading researchers
in air pollution, epidemiology, toxicology, environmental management and public health policy.

Background

A large number of epidemiological studies carried out worldwide have shown associations between
ambient air pollution levels and adverse health effects, including increased mortality. The short-term
mortality increase in relation to daily levels of particulate matter (PM;y or PM,s) is approximately
0.5—1% increase per 10 pg/m® PM,, increase. A variety of statistical methods have been used, and they all
come to similar conclusions. The epidemiological analysis demonstrates that the mortality effect of high
air pollution lasts longer than the first day of exposure. The resulting long-term mortality increase
associated with long-term exposure is substantially higher than the short-term increase. Recent advanced
statistical analysis indicates that the mortality increase per 10 pg/m’ PM,, may be as high as 5-10%.

The exact biological mechanisms by which air pollution causes increased morbidity and mortality remain
to be determined. It would seem that inflammation of the airways is a common pathway for several air
pollutants, and that there are direct effects on the cardiovascular system. It is also apparent that some
groups within the population are particularly susceptible to the effects of air pollution, including the
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elderly, people with existing respiratory and cardiovascular disease, asthmatics, young children and
infants. Another issue that has not yet been resolved is whether PM; air pollution from different sources
causes different levels of health risk. However, the conclusions from several reviews are that PM;, from
the main sources of vehicles, wood smoke and industrial sources should be considered of similar toxicity.

General results

The results obtained from the study are wide-ranging and detailed. All the major sources are included, all
the common air pollutants are included, the major effects have been quantified, the economic costs have
been assessed, and some typical policy options have been identified and discussed, particularly in relation
to transport and domestic heating. The following general results are clear.

e The results of previous studies on the effects of air pollution in New Zealand are broadly confirmed,
but with greater detail in terms of the location and scale of these effects. In particular, the results are
consistent with the 2002 study ‘Health effects due to motor vehicle pollution in New Zealand’,
commissioned by the Ministry of Transport (Fisher et al., 2002), and with similar studies conducted
overseas.

e New epidemiological studies as a part of HAPiINZ carried out in Christchurch and Auckland confirm
evidence from overseas studies of short-term effects on mortality, and indicate that the dose—response
relationship risk coefficients for longer-term effects are possibly greater than previously thought.

e [t is estimated that effects occur throughout New Zealand — not just in the main cities. The health
impact assessment in the study examines 67 urban areas throughout the country, chosen based on
either their size, local activities, and/or monitoring data that shows high levels of air pollution. The
study areas comprise 2.7 million people (as of the 2001 census), or 73% of the population of New
Zealand.

e The greatest effect occurs due to premature mortality associated with long-term exposure to fine
particulates from combustion sources. Mortality effects due to carbon monoxide (CO) and various
morbidity (non-mortality illness) effects associated with various air pollutants are also identified.

o There are adverse effects from air pollution that may not have direct and obvious public health
implications, but nevertheless have effects on society. These include restricted-activity days, which
can affect large portions of the population on bad, or even moderate, air pollution days.

e The most sensitive portions of the population are: (a) older people, particularly over-65s; (b) infants,
particularly under-ones; (c) asthmatics and people with bronchitis; (d) people with other respiratory
problems; (e) people with other chronic diseases, such as heart disease.

e The effects due to various sources have been estimated. These are largely as expected: (a) home-
heating solid fuel combustion; (b) industry and commercial activities; and (c) motor vehicle
emissions. Some attempt has been made to attribute specific effects to specific sources. The study has
included background concentrations (those largely due to natural sources), which allows for more
informed policy choices.

e Mitigation options are available for new policies and actions at the government, industry and
community level.

Specific results

New epidemiological studies

This study has, for the first time, provided detailed epidemiological information on both the short-term
and long-term effects on mortality of exposure to urban air pollution in New Zealand. Hourly and daily
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levels of PMj,, CO and nitrogen dioxide (NO,) from air monitoring and modelling were used in a time-
series analysis of daily mortality, initially in Christchurch. The results showed that PM;, levels were
consistently associated with an increase in daily non-external mortality (excluding injuries and self-
inflicted deaths) in the age groups above 65 years of age: approximately 1% increase in mortality for each
increase of PM;y by 10 pg/m’. Distributed lag analysis of daily mortality over 40-day periods has
indicated that a cumulative effect occurred, leading to greater effects. The results are similar to findings in
numerous studies in overseas cities and confirm that mortality is increased by urban air pollution in New
Zealand towns and cities.

The longer-term effects were studied using modelling of the spatial distribution of air pollution in
Auckland (NO, and PM,) and Christchurch (PM,y), estimating annual average exposure in each census
area unit within the urban areas, and analysing the association between these exposure estimates and
annual mortality adjusted for age, sex, ethnic group, smoking habits and occupational mix. The census
area units comprise, on average, groups of 2,300 people, so this analysis has been conducted at a very fine
scale (typically overseas studies cover entire cities of several million people agglomerated together). The
results indicate higher risks than the short-term time-series studies, which is in line with results from
longer-term studies overseas.

In Auckland, the non-external mortality increase (averaged for all age groups) for each 10 pg/m’ increase
of NO, was 10% (95% confidence interval: 7-13 %), and for each 10 ug/m3 increase of PM,, it was 6%
(95% confidence interval: 1-11%). The risks for mortality from respiratory diseases were the highest.
These results support the use of higher risk coefficients in health impact assessments than those produced
by short-term time-series studies.

The Christchurch and Auckland studies were used to confirm the risk rates appropriate for the rest of New
Zealand. Here a 4.3% mortality increase was used for each increase of PM;, by 10 pg/m’ in the
preliminary analysis (Fisher et al., 2002). These revised New Zealand findings support the continued use
of this risk coefficient for health impact assessments in New Zealand urban areas, although there is
growing evidence for the use of a higher risk coefficient (i.e. resulting in potentially greater effects than
are reported here).

Epidemiology summary

It appears from the data presented in this report and the subsequent discussions that the 4.3% increase of
mortality for people over age 30 used by Kunzli et al. (2000) for all sources of PM;y, while used here,
may in future not necessarily be the best available estimate of the dose—response relationship for the
purposes of health risk assessments in New Zealand. Taking the recent study by Pope et al. (2002), the
HAPiINZ study by Scoggins et al. (2004), the review by Pope & Dockery (2006) and the new results
presented in this report into account, it can be concluded that the true figure for annual non-external
mortality increase in New Zealand could be in the range 4-8% for each 10 pg/m’ increase of annual
average PM,,. However, more evidence on any differences in toxicity between vehicle smoke and wood
smoke is needed before any modifications of the dose—response relationships are made.

As a result, the health risk assessments in this report will be based on the same dose—response
coefficient as in the previous assessments, and in Kunzli et al. (2000): 4.3% increase of annual mortality
per 10 pg/m’® annual PM,, for all air pollution sources (vehicle, industry and domestic), in the age group
above age 30.

This makes it possible to compare this new health impact assessment with that produced in the earlier
Ministry of Transport report (Fisher et al., 2002).

Exposure assessment methodology

Another significant component of this study has been the development of a new air pollution exposure
model for New Zealand, represented by 67 urban areas (see Table E-1), and covering 73% of the total
population. Because the study included many cities that have little or no monitoring, a new method had to
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be established to assess exposure. Full airshed modelling was not possible, again because of the lack of
input data, but also because of the resources required to cover 67 areas.

Table E-1. Urban areas covered in the study (listed alphabetically)

1. Alexandra 34. New Plymouth

2. Arrowtown 35.  North Shore (Auckland)

3. Ashburton 36. Oamaru

4. Auckland 37.  Opotiki

5. Balclutha 38. Orewa

6. Blenheim 39. Palmerston North

7. Cambridge 40. Papakura

8. Christchurch inner suburbs 41.  Paraparaumu

9. Christchurch outer suburbs 42.  Porirua

10. Clevedon 43. Pukekohe

11.  Cromwell 44.  Putaruru

12.  Dunedin 45. Rangiora

13. Feilding 46. Reefton

14. Geraldine 47. Richmond

15. Gisborne 48. Rotorua

16. Gore 49. Takanini

17. Hamilton 50. Taupo

18. Hastings 51. Tauranga

19. Hawera 52. Te Awamutu

20. Invercargill 53. Te Kuiti

21. Kaiapoi 54. Timaru

22. Kaikoura 55. Tokoroa

23. Leamington 56. Upper Hutt

24. Levin 57. Waiheke Island

25. Lower Hutt 58. Waimate

26. Manukau 59. Wainuiomata

27. Masterton 60. Waitakere

28. Matamata 61. Waiuku

29. Milton 62. Wanganui

30. Morrinsville 63. Wellington

31. Mosgiel 64. Westport

32. Napier 65. Whakatane

33. Nelson 66. Whangarei
67. Winton

The model has been validated by: (a) comparison with areas where full airshed modelling and previous
studies have been carried out (mainly Auckland and Christchurch); and (b) comparison with all PM,,
monitoring available (kindly supplied by every Regional Council with a monitoring programme). The
model validation shows that realistic exposures have been obtained. The model is based on PM,,, but data
was also needed on other pollutants that have effects (mainly NO,, CO, and benzene). Thus an additional
part of the study has been to establish the relationships between PM,, and these other pollutants.

Again the validations undertaken (and related research conducted under the Foundation for Research
Science and Technology programme “Keeping New Zealand’s Air Clean”) show this approach to be
reasonable. The model developed is not only used for the health assessment made here, but has wider
applicability and interest in other sectors to evaluate and manage air pollution. In particular, it provides
many Regional Councils with information on air quality in some centres that was not previously
available. This information will be used in support of council policies to meet the requirements of the
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National Environmental Standards: Air Quality, which in some cases require aggressive measures to meet
the 2013 compliance targets.

The results of the exposure analysis for each of the air pollutants considered are given in complete tables
in Appendix 1 to the main report. These show that many of these areas experience degraded air quality
that would not meet the standards, and this may have serious health effects on their communities.

. Exposure assessment summary

This study has employed a new technique to calculate the exposure to air pollution for 67 city areas in
New Zealand. This had to be done because the resources and basic data were not available to make a
good assessment based on either monitoring or advanced airshed modelling. All the available PM;,
monitoring data, supplied by the Regional Councils, was used in the development and validation of the
new model.

The data used was basic indicators of activity that results in air pollution — vehicle flow statistics,
population density, number of wood burners, location and size of industrial discharges, and an estimate
of background concentrations. This data was obtained from standard sources, mainly Statistics New
Zealand and the Ministry of Transport, and so the analysis year had to be 2001 — the latest year for
which the required input data was available at the time of the major analysis.

The methodology has used regression methods to estimate PM;, pollution for all urban areas of New
Zealand down to the census area unit level, using these very basic data sources. The values generated
accurately predict measured values in those areas where measurements were taken the correlations are
similar to those achieved in other similar studies. Indeed, the agreement between the model estimates of
annual concentrations and the monitoring of PM;, was remarkable given the variability of air pollution
behaviour. This agreement was not perfect (it was not expected to be), and is only applicable to the
annual averages required for the study.

The results show that high pollution concentrations generally occur in towns with:

¢ colder climates, leading to a greater use of wood burning for heating
e easy access to wood as a resource

e poor exposure to inhibit pollution dispersion

e significant numbers and/or densities of traffic.

The higher exposures were found in Nelson, followed by Alexandra and central Christchurch. The
results are much as anticipated, and are consistent with more up-to-date monitoring that has been
conducted by the councils. However, here the significant advance is that the exposure has been
quantified on a nationally consistent basis, and agrees with more advanced analyses in those areas where
such analyses have been conducted (e.g. Christchurch and Auckland). The significance of the work is
highlighted by the recent acceptance of a paper describing the work in detail in an international peer-
reviewed journal (Kingham et al., 2007)

This research has estimated the contribution of the main sources of air pollution: domestic heating,
vehicles, industry and natural background.

Health impact assessment — discussion of methods

Any assessment of the health effects due to air pollution is extraordinarily complex. For a start, the level
of air pollution is highly variable in space and time, and is affected by the weather, by what is being
emitted through various activities, and by very location-specific features such as valleys and where people
live and work in relation to the sources.

Although the concept that ‘dirty air’ is bad for people has been around since ancient times, it is only
within the last decade that the mechanisms have started to be identified. Furthermore, a number of large-
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scale epidemiological studies have shown that effects can occur at quite low levels of pollution, over a
wide range of people, due to a number of different exposure scenarios (e.g. which pollutant, over what
time period, under which activity).

Finally, there is no one measure of ‘air pollution’. It is a common public perception that air pollution is a
single thing — most people associate it with visible pollution such as smoke. However, air pollution
comprises many components, not all of which are obvious or even detectable by sight or smell by people,
and each of which can have different effects, as follows.

e Particulates (commonly assessed as PM ;o or PM,5) are very fine particles that can be visible, but are
often not obvious. They are associated with increased premature mortality, and exacerbate a number
of respiratory and cardiac problems.

e (Carbon monoxide (CO) is a colourless gas that affects mortality slightly, but exacerbates heart disease
and causes drowsiness and learning difficulties. Is strongly correlated with PM,, in cities.

e Nitrogen dioxide (NO,) is a slightly brown gas (only detectable when present over large areas) that
causes breathing problems, and exacerbates asthma and other respiratory problems. It tends to be
correlated with PM,,.

e Sulphur dioxide (SO,) is a pungent gas that causes sore throat and eyes, and can have an effect on
mortality. It is not usually present in hazardous concentrations in New Zealand.

e Ozone (O;) is a colourless gas that is present naturally, but causes severe breathing problems in high
concentrations. It is not presently a serious problem in New Zealand, with no measured exceedences
anywhere.

e Benzene is a component of petrol (along with numerous other hydrocarbons) which can lead to
cancer.

e ‘Air toxics’ refers to a whole range of other toxic compounds, including complex organic chemicals,
process chemicals and heavy metals. Little is known about many of these.

In summary, while some health effects are well known, others are not, and the state of knowledge is still
developing rapidly.

A particularly difficult issue that has to be dealt with is the effects of background, or natural, sources. The
focus of most air quality research and assessment has been on the three main anthropogenic (human-
caused) sources: domestic, vehicle and industrial. Each of these is mainly derived from combustion of
some sort, and each is amenable to mitigation policies. However, the implementation of national
environmental standards in New Zealand requires a rather detailed knowledge of what causes any
particular airshed monitoring result to show exceedence of the standards. The ‘straight-line path’
methodology built into the regulations requires councils to mitigate various sources in order to achieve
the standards, but the amount of mitigation required, by source, is variable. A proper analysis requires
knowledge of the amount of background air pollution. For instance, if the amount of PM;, due to
background sources is a significant fraction of the total, then other sources may need to be mitigated more
heavily, because background sources are generally beyond control.

In the health effects analysis, the effects of background sources have been explicitly included for this
reason. However, it is strongly recommended that extreme caution be applied when attempting to sum the
effects into a total effect. It is valid to assign an effect to ‘domestic emissions’, or ‘transport’ or
‘industry’, but it may not be valid to include ‘background’. The research community has not yet resolved
the question of whether background sources have the same epidemiological effect as anthropogenic
combustion sources. There is some evidence they do not, but on the other hand the background air
pollution is included in all the epidemiological studies (after all, it is impossible to get rid of the
background). Effects associated with background sources have not been included in the final figures
reported, nor in the major conclusions.
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In this study:

e domestic sources are emissions from the use of wood and coal in home-heating appliances

e vehicle sources are from internal combustion engines on the national roads, using petrol and diesel
(they do not include off-road vehicles, trains, ships or aircraft)

e industrial sources include all major industries, as well as a factor for smaller commercial activities
(such as painting, spraying, wood milling, fish-and-chip shops, etc).

Health impact assessment — results

The health effects for all the areas studied are summarised in Table E-2. The overall total is included, but
it does not include background sources that (a) cannot be mitigated and (b) may well not have the same
level of effect as the emissions from the other sources.

Table E-2. Effects of air pollution in New Zealand, by source and effect, 2001 (number of cases
for the population over 30 years old)
Effect Domestic Vehicle Industrial Total
Mortality (for PM+o, NO2) 356 414 131 901
Mortality (for CO) 70 86 22 178
Bronchitis and related 887 541 116 1,544
Acute respiratory admissions 267 163 35 465
Acute cardiac admissions 137 83 18 238
Cancer 19 22 6 a7
Restricted-activity days 1,105,000 671,000 145,000 1,921,000

Table E-2 shows that in the 67 urban areas studied, air pollution is associated with:

e 1,079 cases of premature mortality — that is, people dying earlier than they would have if they had
not been exposed to air pollution, mostly associated with PM,, (901), but also with CO (178)

e 1,544 extra cases of bronchitis and related illnesses
e 703 extra hospital admissions for respiratory (465) and cardiac illnesses (238)

e 1,921,000 restricted-activity days — that is, days on which people cannot do the things they might
otherwise have done if air pollution was not present.

The bulk of these effects are associated with particulate pollution (PM,y), but there are also effects
associated with other pollutants, such as NO,, CO and volatile organic compounds.

These results can be put into context by examining how they increase the natural mortality rate. Both
natural mortality rates and air pollution rates vary substantially over the country. Natural rates, with a
national mean of 6.5 per 1,000 people per year, vary from a low of 5.5 in North Shore City, to a high of
8.0 in Porirua. The air pollution-related mortality rates vary from a low of 0.18 per 1,000 people per year
in New Plymouth (low pollution levels due to its very exposed location) to a high of 0.74 in central
Christchurch (due to its sheltered meteorology and high rate of wood burner use).

The national average increase in the base mortality rate associated with air pollution is 4.8%, ranging
from 2.9% in New Plymouth to 11.8% in Christchurch. This result implies that, nationally, 1 in 20 people
(4.8%) die earlier than they would have because of air pollution. In Christchurch (and some other South
Island towns with very high pollution levels) this could be as high as 1 in 9 people.

This result should not be interpreted too dramatically, although it certainly indicates a situation to be
avoided by reducing air pollution. The concept of premature mortality means that some of these people
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may be dying a matter of days or weeks earlier than they would have otherwise. But it also means that
they may be dying months or years earlier, resulting in high economic and social costs.

Health effects summary

The health impact assessments shown here are based on exposures derived from modelling and validated
against monitoring and published dose—response relationships. The health effects have been calculated
with two overall constraining factors.

1. The study has been prioritised and based on the factors known to be associated with the greatest health
effects — mainly the longer-term exposures, and the exposure to PM;o. Effects due to some other
pollutants have been analysed (e.g. CO, SO,, NO,, and benzene), but these show diminishing effects
relative to annual PM;y. The CO effects have been included because they are non-trivial. Benzene
effects are also included, but these are very small relative to PM;, and CO. Others (such as SO, and
other types of air pollution) are negligible on the national scale relative to the ones included. Effects
associated with NO, are non-trivial, but these are intimately associated with PM;, effects and are not
able to be identified separately. They are assumed to be included in the PM;, effects — to avoid double
counting of effects — but there is growing evidence that there may be separate and independent effects
associated with NO, exposure, especially in children.

2. The dose—response relationships used for analysing the health effects are conservatively chosen from
those used for a number of years in the international literature, and used by many other countries,
including the USA, the European Union and Australia. There is growing evidence that some of these
dose—response relationships have been underestimated, or could be applied in a more sophisticated
way. However, the evidence is not yet strong enough to justify these newer methodologies in a study
of this nature. The implication is that the results given here are conservative: it is likely that once new
dose—response relationships are confirmed, these will show a great health burden due to atmospheric
pollution in New Zealand.

The results show a number of relevant features (relevant to the 2001 population).

e The greatest health effect for all pollutants is associated with long-term exposure to elevated
concentrations of PM,, (increased premature mortality in over 30-year olds of 901 cases per year).

e  Effects can occur at relatively low levels, and thus can occur to some extent in every city studied.

e  Effects could also be due to background levels (i.e. PM,, that comes from natural sources such as
wind-blown dust and even sea spray). These effects have been included in the analysis because
mitigation policy options need to account for them, but they should be viewed with caution because
the epidemiology on this topic is incomplete.

e Effects associated with CO also show a significant level of premature mortality (178 cases per year)
and illness (2,247 extra hospital admissions for respiratory and cardiac disease per year).

e These air pollution effects include premature mortality, respiratory illness, cardiac illness and
restricted-activity days (1,921,000 days per year).

e  The overall burden of health effects is borne by the larger urban areas, principally because of the size
of the populations. These include all the greater Auckland region cities, Christchurch, greater
Wellington, Hamilton, Tauranga and Dunedin. Although air pollution levels in many South Island
cities are higher than in the major centres, the total number of cases of health effects is lower simply
because the populations are lower. However, the proportion of the population affected will be higher
in those areas with higher amounts of air pollution.

e  The population within the study areas has grown by 17% from 2.73 million in 2001 to 3.20 million
in 2007', so it is reasonable to assume that the current total health costs are also 17% greater for most

' See http://www.stats.govt.nz
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of the figures derived above (although due to differences in the rates of population growth in various
areas, this increase cannot be applied equally in all areas).

e Finally, a comment is required on the nature of these epidemiological results. They are long-term
statistics, designed to give an indication of the effects, rather than to be a specific predictor for a
particular city in a particular year. For instance, the assessment shows that there is one additional
case of premature mortality in Arrowtown due to air pollution in that town. This does not mean that
one extra identifiable person will die each year in Arrowtown from air pollution (for the population
of around 1,600 there would be on average of 13 people dying from natural causes). It does mean
that over a period of several years, taking account of the statistical variation in deaths, that on
average one person a year will have died earlier than they would have otherwise because of the
occurrence of air pollution.

These health effects results are complex to calculate and difficult to interpret. This executive summary,
along with more detailed results in the appendices, has attempted to give a quantified indication of the
total effects of air pollution in New Zealand on the health of its citizens.

Economic impact assessment

The costs of air pollution effects can be estimated using the new statistics from this study, previous
research in New Zealand, and results from overseas studies adjusted for New Zealand conditions. Table
E-3 gives a summary of the specific health effects used, and their cost per case. These are not personal
costs, but costs to the New Zealand health system and economy — the external costs of air pollution.

Table E-3. Estimated costs of specific health effects used in the analysis

Effect Cost per case
Mortality $750,000
Cancer $750,000
Chronic bronchitis $75,000
Admission (cardiovascular) $3,675
Admission (respiratory) $2,700
Restricted-activity day $92

These figures have a degree of subjectivity, and are estimates only. There is no international, or even
national, agreement on how to apply economic analysis, and the values used in various countries can
differ widely. For instance, the cost of mortality is argued to be as low as $50,000 to as high as
$6,000,000. The figures used here are reasonably conservative estimates, calculated for New Zealand
circumstances. Different studies may apply different costs.

There are some effects that are not studied, nor explicitly costed, mainly because the research results are
not available. These include asthma cases, short-term effects and toxic effects. Similarly, some effects
will incur additional costs that are difficult to quantify, including costs of extra doctor’s visits and
medication, lower-level effects due to mild but perhaps widespread effects due to drowsiness, headaches,
loss of attention and quality of life that may not be included in the restricted-activity day analysis. Finally,
the general economic effect of perceptions of ‘poor air quality’ on tourism and recreation are not
negligible, but are beyond the scope of this study.

The total costs of health effects of air pollution can be estimated from the health effects and the cost per
case of those effects. These are shown in Table E-4. By far the largest component of the ‘economic health
burden’ is the loss of life-years as a result of premature mortality, followed by restricted-activity days and
then chronic bronchitis.
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Table E-4. Annual costs (Smillion) of air pollution in New Zealand, by source and effect

Effect Domestic Vehicle Industrial Total
Mortality (due to PM1g, NO5) 267.0 310.5 98.3 675.8
Mortality (due to CO) 52.5 64.5 16.5 133.5
Bronchitis and related 66.5 40.6 8.7 115.8
Respiratory/cardiac admissions 1.2 0.7 0.2 2.1
Cancer 14.3 16.5 4.5 35.3
Restricted-activity days 101.7 61.7 13.3 176.7
Total 503.2 494.6 141.5 1,139.2

When considered across the 2.7 million people in the study areas, these amount to the following costs
per person per year:

o total effects: $421 per person per year
o effects associated with domestic emissions: $186 per person per year
e cffects associated with vehicle emissions: $165 per person per year
o  cffects associated with industrial emissions: $70 per person per year.

Although background and natural sources of air pollution (such as wind blown dust) have been included
in the detailed analysis, they are not included in this cost summary.

Health costs summary

Not all potential costs have been included. For instance, indirect costs, such as doctor’s visits and
increased use of medicine, have not been included. There is very little data on these factors, although they
are not expected to be insignificant.

The total costs of air pollution in New Zealand are in the order of at least $1,139 million per year, based
on 2001 statistics. Since the population within the study areas has grown by 17% from 2.73 million in
2001 to 3.20 million in 20077, it is reasonable to assume that the current total costs are also of the order of
17% greater, at $1,333 million.

Policy options

A number of policy options for reducing emissions, and hence reducing health effects, have been
discussed. This discussion is far from comprehensive, since new policies are being continually proposed
and the environment in which they operate is constantly changing. However, the results of the study do
give a quantified indication — at the level of individual cities and towns, as well as nationally — of the
scale of the mitigation policy actions required.

During the time that this study has been conducted there has been a great deal of development in the
transport policy arena. This has included the introduction of new fuel specifications (significantly
reducing the emissions of sulphur and benzene since 2001), the continuing implementation of new
emissions standards for vehicles, and a series of public information and education campaigns. The overall
result has no doubt been a reduction in air pollution due to vehicle emissions, although this has not been
fully quantified here.

? See: http://www.stats.govt.nz
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Domestic policy options have much more of a local focus — what may be highly relevant for one council
may be quite inappropriate for another. In addition, the assessment of domestic heating emissions is
currently the subject of active research and assessment by both the Ministry for the Environment and
many councils. The importance of reducing domestic heating emissions is accepted by all branches of
central and local government, and descriptions of the work being conducted in various programmes
exceeds what is possible to cover here. However, a fuller discussion has been developed on some of the
reduction methods being applied.

When it comes to industrial emissions, one aspect arising from the research has been that, contrary to
common public perception, industries do not contribute heavily to the burden of public health associated
with air pollution (of the order of 15% nationally, only exceeding this in Auckland City and Manukau,
with most regions lower than 1%). They do, of course, in some areas, and the local regulating council is
well aware of these in every instance. Without going into great and specific detail, there is little value that
can be added beyond what councils already enact.

Despite some gaps in the comprehensiveness of the policy options, and some of them being outdated, the
information produced by this study does give detailed quantitative information on the contributions from
various air pollution sources throughout 67 key urban areas in New Zealand that will be valuable in
assessing policy options.
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1. Introduction

All over the world concern is growing over the health effects of emissions from transport, industry,
domestic and other human activities. In New Zealand a 2002 study commissioned by the Ministry of
Transport estimated that approximately 400 people aged 30 and over die prematurely each year from
exposure to PM;, particulates from motor vehicle emissions. It also estimates that an additional 570
people of the same group die prematurely each year from air pollution derived from other sources
(Fisher et al., 2002).

As a result of these preliminary findings, the Health Research Council of New Zealand, Ministry for the
Environment and Ministry of Transport have commissioned a national ambient air quality management
project, Health and Air Pollution in New Zealand (HAPiINZ), to better define the problem for New
Zealanders. The major purpose of the project is to determine the environmental, health, social and
economic costs of air pollution from all sources in New Zealand. The study is supported by the Ministry
of Health, the Auckland Regional Council and Environment Canterbury. Other regional councils,
authorities and communities of interest are also involved.

PARTNERS RESEARCH PROVIDERS

Health Research Council NIW A

Ministry of Transport $$9$ University of Canterbury
Ministry for the Environment Christchurch SOM & Health Sciences
Wellington SOM & Health Sciences

Australian National University

Auckland Regional Council
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Figure 1-1. HAPiINZ collaboration

The research has evaluated the effects of specific source categories of emissions from vehicles
(including private petrol cars, diesel cars and diesel trucks), industry, domestic and total sources in most
urban areas of New Zealand. Source contributions for the following pollutants have been characterised
for each defined area: PMy, nitrogen dioxide (NO,), carbon monoxide (CO) and benzene. Ozone (O;)
and sulphur dioxide (SO,) were considered because they do have health effects and are covered by
standards, but their levels are relatively low in New Zealand and their contribution to the total health
effects is very minor compared to the other pollutants.

Creating effective, evidence-based policy requires linking health and economic endpoints back to the
sources, so that preventive policy options and recommendations can be tailored to address emissions
sources in order of their contribution to the air pollution problem. The research has five interconnected
components:

air quality, meteorology and emissions data analysis
epidemiological studies of health effects in New Zealand cities
air pollution exposure assessment

health impact assessment

preventative policy options discussion.

This report presents the results of the final study covering all of New Zealand. It follows the publication
of the Pilot Study on Christchurch, released in November 2005 (Fisher et al., 2005b).
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2. Background

‘ 2.1 Scope

The purpose of this section is to provide a brief background on the relationship between air pollution
and health concerns, and the broad nature of the health effects.

‘ 2.2 Sources and effects of air pollutants

Urban air pollution is increasingly the result of the combustion of fossil fuels (coal, oil, petrol, diesel,
natural gas) for transport, power generation and other human activities. Biomass (wood, agricultural
waste) is another important source of air pollution. The infamous London Smog episode during
December 1952, caused by intensive coal burning in stagnant weather conditions over several days, led
to SO, and smoke reaching several thousands of micrograms per cubic metre (ug/m’). This resulted in
an estimated excess death toll of over 4,000 people.

This event and others led to effective actions during the 1950s to 1970s to reduce air pollution, such as
requiring emissions controls on industry, power stations and cars, starting as early as 1966. Even so,
epidemiological studies through the 1980s till now are finding effects at very low levels of exposure and
at levels below existing health guidelines.

In July 2004 the New Zealand Government approved national environmental standards aimed at
improving air quality and controlling emissions. Table 2-1 shows the maximum level for the amount of
CO, NO,, ozone, fine particles (PM;,), and SO, according to the air quality standards.

Table 2-1. New Zealand National Environmental Standards
Contaminant Threshold Averaging period Permissible excess (in
concentration 12 months)
Carbon monoxide 10 mg/m3 Running 8-hour 1 x 8-hour period
Nitrogen dioxide 200 pg/m3 1-hour mean 9 hours
Ozone 150 pg/m® 1-hour mean Not to be exceeded
Particulate (PM1) 50 pg/m3 24-hour mean 1 x 24-hour period
350 pg/m® 1-hour mean 9 hours
Sulphur dioxide 570 pg/m3 1-hour mean Not to be exceeded

The major sources that emit pollutants include mobile (petrol and diesel cars and trucks), domestic (e.g.
wood- and coal-burning heating), industrial (coal or heavy oil power stations) and biogenic or natural
(e.g. dust, sea salt) sources. For the purposes of this study, the definitions of the major sources are
relatively simple (since data availability on the details of all sources is poor in many areas).

e Domestic — all solid-fuel heating appliances (mainly wood, but also some using coal), as identified
in the 2001 census. An average emissions rate is assumed.

e Vehicle — all vehicles using the national roads, according to the Ministry of Transport survey
information for 2001. Off-road vehicles, ships, trains and aircraft are not included.

e Industrial — all large dischargers (more than 10 kg per day of PM;, on average, from regional
council air discharge consents), as well as an area-based estimate for smaller industries.
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e Background — a factor that includes all other relevant sources such as dust, sea salt, pollen,
agricultural burning, etc. This is an estimate because almost no data is available on the nature of
these sources.

Although particulates (such as PM;, and PM, s) are most commonly associated with health effects, other
studies also link these effects to CO, NO,, SO,, ozone and hydrocarbons. The types and concentrations
of pollutants in the ambient air vary greatly from location to location, with time of day and with season.
Because these pollutants occur together and are often closely correlated, it has been difficult to clearly
identify the effects of single pollutants, or potentially damaging combinations of them.

The major pollutants that can produce health effects are the gases CO, nitrogen oxides (NOy), volatile
organic compounds and SO,, as well as solid particulate matter (now commonly referred to as particles).
Other gases (such as ozone) and particles (sulphates and nitrates) can form in the atmosphere from
reactions involving some of these primary emissions. The health effects of CO, NO,, ozone, particles
and SO, have been reported in a number of reviews (e.g. Denison et al., 2000a) and the following is a
brief summary of that information.

It should be pointed out from the start that air pollution caused by the combustion of fossil fuels or
biomass always contains a mixture of several of the pollutants mentioned here, and that epidemiological
studies should be interpreted with this in mind. The types of health effects that have been reported as an
outcome of exposure to the main air pollutants are briefly mentioned below. Further details of the
published evidence about health effects of the air pollutants are presented in section 4 of this report. The
focus is on particulate matter, because a number of reviews have concluded that this may be the most
problematic pollutant concerning health effects.

2.2.1 Carbon monoxide

CO is a colourless, odourless gas formed as a result of incomplete combustion of carbon-containing
fuels, including wood, coal, petrol and diesel. CO is readily absorbed from the lungs into the blood
stream, which then reacts with haemoglobin molecules in the blood to form carboxyhaemoglobin. This
reduces the oxygen-carrying capacity of blood, which in turn impairs oxygen release into tissue and
adversely affects sensitive organs such as the brain and heart (Bascom et al., 1996). Motor vehicles are
the predominant sources of CO in most urban areas, although domestic heating emissions also
contribute.

In general there has been a decline in CO concentrations, which reflects the efficacy of emissions
control systems on newer vehicles. However, as a consequence of the age of the vehicle fleet, and heavy
use of solid fuels in winter for domestic heating, New Zealand has relatively high urban air
concentrations of CO. It has been reported that in 2001 nearly 50% of the New Zealand car fleet was
more than 10 years old, and only 20% is less than five years old (Ministry of Economic Development,
2001). In addition there are over 500,000 solid-fuel heaters in use, with a significant number of these
more than 10 years old with potentially high levels of CO and other air pollution emissions.

Long-standing international (and New Zealand) air quality guidelines/standards for CO are based on
keeping the carboxyhaemoglobin concentration in blood below a level of 2.5%, in order to protect
people from an increased risk of heart attacks. However, there is emerging research that indicates
adverse health effects at carboxyhaemoglobin levels less than 2.5% (Morris & Naumova, 1998). This
new information is especially relevant to New Zealand, because of the relatively high urban air
concentrations of CO.

2.2.2 Nitrogen dioxide

Oxides of nitrogen (NOXx) (primarily nitric oxide and lesser quantities of NO,) are gases formed by the
oxidation of nitrogen in air at high combustion temperatures. Nitric oxide is oxidised to NO, in ambient
air, which has a major role in atmospheric reactions that are associated with the formation of
photochemical oxidants (such as ozone) and particles (such as nitrates). NO, is also a serious air
pollutant in its own right. It contributes both to morbidity and mortality, especially in susceptible groups
such as young children, asthmatics, and those with chronic bronchitis and related conditions (Morris &
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Naumova, 1998). One study has also shown that exposure during very early childhood can increase the
risk of development of asthma induced by other allergens in the home (Ponsonby et al., 2000).

NO, appears to exert its effects directly on the lung, leading to an inflammatory reaction on the surfaces
of the lung (Streeton, 1997). Increased lung cancer incidence has also been reported in a large case-
control study (Nyberg et al., 2000), but NO, was primarily used as an indicator of air pollution exposure
from vehicle emissions, and so other air pollutants from vehicles may have been the cause of the
cancers.

Motor vehicles are usually the major source of nitrogen oxides in urban areas, although the combustion
of fossil fuels from stationary sources (heating, power generation) is also a major source of
anthropogenic emissions of nitric oxide. Indoor concentrations of nitrogen oxides typically exceed those
existing outside when unvented combustion appliances are used for cooking and heating (e.g. unflued
gas heaters).

Air quality guidelines/standards for NO, are set to minimise the occurrence of changes in lung function
in susceptible groups. The lowest observed effect level in asthmatics for short-term exposures to NO; is
about 400 pg/m’. Although less data is available, there is increasing evidence that longer-term exposure
to about 80 pg/m’ during early and middle childhood can lead to the development of recurrent upper and
lower respiratory tract symptoms. A safety factor of 2 is usually applied to those lowest observed effect
levels, giving air quality standards for NO, of 200 pg/m’, 1-hour average (WHO, 2006).

2.2.3 Benzene and other hydrocarbons

Volatile organic compounds (VOCs) are a range of hydrocarbons, the most important of which are
benzene, toluene, xylene, 1,3-butadiene, polycyclic aromatic hydrocarbons (PAHs), formaldehyde and
acetaldehyde. Some of these chemicals are included in the ‘air toxics’ category of pollutants. The
potential health impacts of these include carcinogenic and non-carcinogenic effects. Benzene and PAHs
are definitely carcinogenic, 1,3-butadiene and formaldehyde are probably carcinogenic, and
acetaldehyde is possibly carcinogenic. Non-carcinogenic effects of toluene and xylene include damage
to the central nervous system and skin irritation. Heavier VOCs are also responsible for much of the
odour associated with diesel exhaust emissions.

Motor vehicles are the predominant sources of VOCs in urban areas. Benzene, toluene, xylene and 1,3-
butadiene are all largely associated with petrol vehicle emissions. The first three result from the benzene
and aromatics contents of petrol, and 1,3-butadiene results from the olefins content. Evaporative
emissions, as well as exhaust emissions, can also be significant, especially for benzene. Motor vehicles
are major sources of formaldehyde and acetaldehyde. These compounds are very reactive and are
important in atmospheric reactions, being products of most photochemical reactions. PAHs arise from
the incomplete combustion of fuels, including diesel.

The most important of the VOCs in the New Zealand context is benzene. The maximum allowable level
of benzene in petrol was 3% by volume, but this has been decreasing and was reduced to 1% in 2006.
Health effects data and guidelines/standards for hazardous air pollutants have been reported elsewhere
(Chiodo & Rolfe, 2000), and include recommended air quality guidelines for benzene of 10 pg/m’ (now)
and 3.6 pg/m’ by 2010 (when the benzene content of petrol is reduced), both guidelines being annual
average concentrations (Ministry for the Environment & Ministry of Health, 2002).

Cancer risks are assessed using inhalation unit risk (IUR). Inhalation unit risks are defined as the
individual lifetime excess risk due to a chronic lifetime exposure to one unit of pollutant concentration.
Estimates generally assume a no-threshold, low-dose linearity. Based on the WHO (2000) Air Quality
Guidelines for Europe, the excess lifetime risk of cancer (leukaemia) at an air concentration of 1 pg/m’
is 6 x 10°. This figure was derived from the geometric mean of the range of the calculated unit risk per
pg/m’ based on updated results from the Pliofilm cohort study of 4.4 x 10° to 7.5 x 10 (WHO, 2000).
The 1987 WHO air quality guideline for Europe gave the unit risk as 4 x 10°. The US EPA estimates a
range for unit risks from 2.2 x 10 to 7.8 x 10 for an increase in the lifetime risk of an individual who
is exposed to 1 pg/m’ of benzene air.
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Benzene and other toxic levels have been measured previously in New Zealand in a number of studies
commissioned by the Ministry of Health (Stevenson & Narsey, 1998). The most recent study surveyed
benzene and other toxic organic compounds in air from July 1996 to May 1999 in Auckland, Hamilton,
Christchurch and Dunedin. The results suggested an additional lifetime leukaemia risk for New Zealand
benzene exposures (excluding exposures from active smoking and from evaporative vehicle emissions
from indoor garages) in the range of 6 x 10 to 6 x 107, If the whole population were exposed to these
levels of risk, they would correspond to between 0.3 and 3 additional leukaemia deaths every year
(Stevenson & Narsey, 1999b).

224 Sulphur dioxide

Sulphur oxides (primarily SO, and lesser quantities of sulphur trioxide) are gases formed by the
oxidation of sulphur contaminants in fuel on combustion. SO, is a potent respiratory irritant, and has
been associated with increased hospital admissions for respiratory and cardiovascular disease (Bascom
et al., 1996), as well as mortality (Katsouyanni et al., 1997). Asthmatics are a particularly susceptible

group.

Although SO, concentrations in New Zealand are relatively low, and motor vehicles are minor
contributors to ambient SO,, the measured levels in Auckland (for example) showed an increase in
recent years, after many years of decline, as a result of the increasing number of diesel vehicles (and the
historically relatively high sulphur content of diesel in New Zealand). However, this trend is now
reversing, as a result of the fuel specification reviews in 2005 whereby the maximum sulphur content of
fuels has been reduced. For instance, in the 1990s the measured sulphur levels in diesel fuel were
2,500-3,000 ppm. The standard moved to 500 ppm, and is now 50 ppm, with the expectation that it will
become lower still to be in line with standards in Europe, the USA and Japan. Preliminary unpublished
work suggests that this improvement in fuel specifications will have a significant effect in reducing
secondary PM, concentrations in some cities, resulting in lower health effects.

SO, is also emitted from the combustion of coal, but this does not occur much in cities, and the
monitored rates of SO, are well below the health-based guidelines in all urban areas where monitoring
has been conducted. Elevated concentrations (but still below the guidelines) do occur, but only within a
few kilometres of major users, and very few people are exposed to these.

Sulphur oxides from fuel combustion are further oxidised to solid sulphates, to a certain extent within
the engine and completely in the atmosphere. The former inhibits the performance of exhaust emission
control equipment for nitrogen oxides and particles, and this is a major reason why the sulphur contents
of petrol and diesel have been reduced internationally. It is an unfortunate reality that unless the sulphur
content of diesel is less than about 120 ppm, vehicles with advanced emission control systems are
actually net producers of additional fine particles because of oxidation of the sulphur oxides to
sulphates. With the recent changes to New Zealand fuel specifications this is no longer an issue in this
country.

There appears to be a threshold concentration for adverse effects in asthmatics from short-term
exposures to SO, at a concentration of 570 pg/m’ for 15 minutes (Streeton, 1997). Ambient air standards
are based on this figure; for example, the standard for New Zealand is 350 pg/m’ 1-hour average, with
ambient guidelines of 120 pg/m’ for the 24-hour average. Note that the WHO (2005) is recommending
that this 24-hour guideline be reduced to 20 pg/m’, but as of May 2007 no specific changes have been
made to New Zealand’s standards or guidelines.

2.2.5 Particulate matter

Evidence from epidemiological studies consistently points to associations between short-term exposure
to ambient PM and adverse health effects, even at the low levels commonly encountered in developed
countries. Primary particulates are emitted directly from sources such as motor vehicles or wood fires
and secondary particles are formed through atmospheric reactions of SO,, nitrogen oxides, and certain
organic compounds. Most studies of health endpoints have used ambient PM,, mass concentrations
and/or other ambient PM indicators such as PM,;s, black smoke, coefficient of haze, total suspended
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particles, aldehydes (COH) or sulphate. A distinction is made between PM, (‘thoracic’ particles smaller
than 10 um in diameter which can penetrate into the lower respiratory system), PM, s (‘respirable’ or
fine particles smaller than 2.5 pm that can penetrate into the gas-exchange region of the lung), and ultra-
fine particles smaller than 100 nm, which contribute little to particle mass but which are the most
abundant and offer a very large surface area, with increasing degrees of lung penetration (Brunekreef &
Holgate, 2002). The largest particles (coarse fraction, 2.5-10 um) are mechanically produced by the
attrition of larger particles. Fine (small) particles (< 2.5 pm) are largely formed from gases, and the
smallest (< 0.1 pum, ultra-fine) are formed by nucleation resulting from condensation or chemical
reactions that form new particles.

The most recent studies show that, in general, PM,; 5 is a better predictor of health effects than PM;, and
that it is probably the finer particles causing greater effects, owing to their ability to accumulate and
reach the lower regions of the respiratory system. Particles from diesel emissions are possibly having
greater effects than those from other sources. Evidence is also emerging that constituents of PM, s, such
as sulphates and strongly acidic particles, are sometimes better predictors of health effects than PM, s.

Many studies have related day-to-day variations in PM to day-to-day variations in health parameters.
Acute effects have included increased daily mortality, increased rates of hospital admissions due to the
exacerbation of respiratory disease, increased use of bronchodilator medicaments, increased prevalence
of cough, and a reduction of peak flow in lung function tests. Although these quantitative estimates of
effects of PM,, are generally consistent, there is no apparent threshold concentration below which no
effects occur. As a result, the WHO Air Quality Guidelines do not recommend a specific concentration
as the ‘health-based maximum’ for particles, but has instead expressed the guideline in the form of
dose—response relationships for different health effects (WHO, 2000). Very recently, the WHO
published new guidelines that recommend defined limits for many air pollutants (WHO, 2006). The
New Zealand standards used in this study are consistent with these, with one exception — that for 24-
hour SO,. However, SO, effects are very minor and this exception makes no difference to the results
presented here.

This implies that the ‘acceptable’ level of health impact and a ‘safe’ level of the air pollutant need to be
established by each jurisdiction using the WHO Air Quality Guidelines dose—response relationships.
Most countries (including New Zealand) have used this advice and other input to set national or local
guidelines for maximum levels (typically 50 pg/m® for PM,,, 24-hour average, and 20 pg/m’, annual
average), aimed at minimising the occurrence of health effects. As more evidence emerges on the effects
of PM, s the government of New Zealand is likely to set standards.

Evidence is also emerging that long-term exposure to low concentrations of PM in air is associated with
mortality and chronic effects such as increased rates of bronchitis and reduced lung function. There have
been two published US cohort studies that have analysed the associations between longer-term (annual)
average PM, levels and longer-term mortality (Dockery et al., 1993; Pope et al., 1995b). More recently,
an update of the second study showed that long-term exposure to combustion-related fine particulate
pollution (PM;5) is an important environmental risk factor for cardiopulmonary and lung cancer
mortality, after smoking and other potential confounders were adjusted for (Pope et al., 2002). These
studies of long-term exposure have shown a greater increase of mortality per pg/m’ than most of the
short-term exposure studies.

This difference may reflect the non-linear character of air pollution—mortality relationships, or
differences in the mechanism of causation of short-term and long-term effects on mortality (this issue
will be discussed in more detail in section 4). Variation in the exposure—response relationships among
the large number of short-term mortality studies could be due to differences in air pollution sources,
different vulnerabilities of the population, or different climatic conditions. Sensitive groups that appear
to be at greater risk of particulate air pollution include the elderly; those with pre-existing respiratory
conditions and cardiopulmonary diseases such as asthma; smokers; children; and infants.

Particulate matter — especially fine particulate matter — is the primary contributor to a variety of adverse
health effects associated with air pollution. However, there are difficult technical issues in separating the
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effects of fine and course particles, and in separating particulate effects from the possible effects of
gaseous co-pollutants.

122.6 Ozone

Ozone is a secondary air pollutant formed by the reactions of nitrogen oxides and volatile organic
compounds in the presence of strong sunlight. These primary emissions arise mainly from motor
vehicles. Concentrations in city centres tend to be lower than those in suburbs, mainly as a result of the
scavenging of ozone by nitric oxide originating from traffic (Brunekreef & Holgate, 2002). Ozone is
only one of a group of chemicals called photochemical oxidants (commonly called photochemical
smog), but it is the predominant one. Also present in photochemical smog are formaldehyde, other
aldehydes, and peroxyacetyl nitrate.

Ozone is another air pollutant that has respiratory tract impacts (Woodward et al., 1995). Its toxicity
occurs in a continuum in which higher concentrations, longer exposure and greater activity levels during
exposure cause greater effects. It contributes both to morbidity and mortality, especially in susceptible
groups such as those with asthma and chronic lung disease, healthy young adults undertaking active
outdoor exercise over extended periods, and the elderly, especially those with cardiovascular disease.
Substantial acute effects occur during exercise with one-hour exposures to ozone concentrations of 500
pg/m’ or higher.

Ozone, like particles, is an air pollutant for which there is no indication of a threshold concentration for
health effects (Streeton, 1997). However, unlike particles, the WHO has established a specific air quality
guideline concentration for ozone. More than any other air pollutant, there is considerable variation in
air quality guidelines/standards for ozone because of the complexities involved in reducing ambient
concentrations. In New Zealand a relatively ‘pure’ approach has been taken, and air quality standards for
ozone of 150 pug/m’, 1-hour average, and 100 pg/m’, 8-hour average, have been established.
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3. Relevance to Policy

‘ 3.1 Background

A major objective of this research is to establish the evidence base that will enable effective policies to
be developed for addressing air pollution in New Zealand. Creating effective evidence-based policy
requires linking pollutants and the associated health endpoints back to specific source categories. In this
way, the major sources can be targeted and the biggest improvements achieved. Given limited resources,
we need to prioritise policy options or actions (at a local or national level) in terms of reducing pollutant
levels and source emissions (as well as understanding the implications of doing nothing). This includes
discussing the potential costs and benefits of implementing policies to reduce the health and economic
effects identified.

There has been increasing pressure to design and implement environmental, health and transport policies
that both improve overall air quality in New Zealand and contribute to sustainable development. An on-
road remote sensing of vehicle emissions from 40,000 vehicles at 16 sites during April 2003 in the
Auckland region also raised concerns after results showed the most polluting 10% of vehicles or ‘gross
emitters’ are responsible for 53% of the total carbon dioxide (CO) emissions (Fisher et al., 2003 a or b).
A more recent (2005) study conducted by NIWA in Wellington® showed very similar results. Public
awareness campaigns, such as the Auckland Regional Council’s 0800-smokey programme and visibility
degradation in cities have also raised the public profile of air pollution as an important environmental
health concern.

Levels of vehicle-related air pollution and its associated health effects have received increased attention
in environmental impact assessments for road designation decisions. For example, the proposed $13.4
million Nelson Southern Link highway, by Transit New Zealand, to enable increased traffic flow was
rejected in a council hearing in February 2002, and again in the Environment Court under appeal in
March 2004. This case is one of the first times in New Zealand that air quality has been a key
consideration in a road designation application.

Similarly, the Ministry for the Environment has identified the national extent of the problem associated
with solid-fuel burning and has undertaken a major initiative to mitigate emissions with its Warm
Homes programme.” This programme includes a major study to examine the effect of upgrading home-
heating methods in the community, using Tokoroa as the test case.

Like many countries around the world, New Zealand has already enforced legislation or actions to
reduce ambient air pollution levels and the associated health effects. However, there is ongoing pressure
to devise and enforce policies given that studies are still finding acute and longer-term adverse health
effects of exposure to air pollutants even at low ambient concentrations or at levels below existing health
guidelines. Significantly, these effects are generally found to fall disproportionably on vulnerable groups
in society, such as older people, those with pre-existing diseases, and possibly poorer people.

In New Zealand, socio-economic status is unequally distributed by ethnicity. Maori and Pacific peoples
have lower socio-economic status than the average (Ministry of Health, 2000), and lower socio-
economic groups may suffer greater health effects from air pollution exposure due to the combination of
greater exposure and susceptibility (Ministry of Health, 2000; O’Neill et al., 2003). Home heating and
quality of insulation are essential for a healthy indoor climate (Howden-Chapman et al., 2003), but the
cost of heating can lead some families to heat inadequately or use inefficient and polluting heating
systems.

* As yet unpublished, but summary results are available at www.niwa.co.nz.
* See www.mfe.govt.nz for details.
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The need to reduce greenhouse gas emissions from fossil-fuel burning has also provided motivation for
developing policies to reduce vehicle emissions and improve the efficiency of home-heating systems,
especially in anticipation of population growth. An alternative to fossil-fuel burning for heating purposes
is wood, as it is essentially ‘greenhouse neutral’ (unless its use involves major energy use in planting,
harvesting and transporting the fire wood). However, wood burning emits particulates, CO, and a variety
of organic compounds, including polycyclic aromatic hydrocarbons.

For instance, Christchurch experiences, on average, 30 days each year when the 24-hour average PM;,
concentrations exceed the air quality standard of 50 pg/m’. The peak 24-hour levels are above 200
pg/m’. Emissions inventory and modelling show that home heating with wood is the main source of
ambient PM in the winter (90%), May to August, while motor vehicles are the main source of nitrogen
dioxide (NO,). CO comes from both sources. During the rest of the year (eight months), motor vehicles
and industries are the sources of almost all air pollution. The CO standard (10 mg/m’, 8-hour average) is
exceeded occasionally. It is important to establish the health risks of these exposures in order to set
appropriate air quality standards and other regulations for domestic home heating, industry and vehicle
emissions.

A comprehensive report has quantified the monitoring of PM;, throughout New Zealand (Ministry for
the Environment, 2003 a, b and c), and since then the monitoring network has been enhanced
substantially.

3.2  Regulatory framework

Government authorities throughout New Zealand are under increasing pressure to design and implement
policies that improve the overall quality of the environment. This section outlines the regulatory
framework governing air quality in New Zealand.

3.2.1 Central government ministries

Central government ministries — including the Ministry for the Environment, and the Ministries of
Health, Transport and Economic Development — are involved in advising government, releasing national
policy statements, and developing policies, regulations or legislation that influence discharges to air,
particularly when national solutions are required. The ministries work closely with other agencies to
develop and implement national strategies for improving air quality.

Ministry for the Environment

The Ministry for the Environment advises the Government on New Zealand’s environmental laws,
policies, standards and guidelines, monitors how they are working in practice, and take the actions
needed to improve them. The Ministry has duties under various roles, such as the Resource Management
Act 1991 (RMA), which include developing national tools to achieve sustainable air quality
management.

The Ministry recently introduced national environmental standards for air quality (Ministry for the
Environment, 2004). The standards create a level playing field across New Zealand, provide certainty
and consistency, guarantee a similar level of protection for the health of all New Zealanders, and drive
effective regional and national policies to improve air quality. The standards are largely based on the
Ambient Air Quality Guidelines (Ministry for the Environment 2002), with the addition of two
compliance criteria for most pollutants: a specified number of times the standard limit can be exceeded
per year, and an upper maximum limit that cannot be exceeded, even once. As part of the development
of the standards, the Ministry produced a cost—benefit analysis, which concluded that the proposed
standards were the most appropriate, effective and efficient means of meeting the Minister for the
Environment’s objectives for air quality management.

Health and Air Pollution in New Zealand: Final Report 9



Ministry of Transport

The Ministry of Transport is the Government’s principal transport policy adviser. It leads and develops
national policy within the framework of the New Zealand Transport Strategy, which was adopted by the
Government in 2002. The Ministry also assists the Minister of Transport in advancing legislation
through Parliament, drafting regulations and rules in association with the transport Crown entities, and
representing New Zealand’s transport interests internationally.

The Ministry of Transport works closely with other agencies within the transport sector, including
Crown entities such as Transit New Zealand (management of state highways), Land Transport New
Zealand, the New Zealand Police, and private agencies such as Vehicle Testing New Zealand. Recent
policy developments aimed at reducing harmful emissions from vehicles include a vehicle exhaust rule,
phased in from January 2004, which ensures that all vehicles entering New Zealand are manufactured to
internationally recognised emission standards from the United States, the European Union, Japan or
Australia. In June 2005 the Government announced a series of further measures to tackle pollution from
vehicles. These included a visible smoke check at vehicle warrant/certificate of fitness inspection,
tightening controls on imported vehicles, and prohibiting the removal of, or tampering with, emissions
controls. The Ministry of Transport will carry out an education campaign of vehicle users on the need
for, and benefits of, regular vehicle maintenance and repair.

The Ministry of Transport also promotes:

e the use of biofuels
e improved awareness of vehicle fuel efficiency

e increasing transport funding to tackle severe traffic congestion in key urban areas, including road
developments

e public transport initiatives
e walking and cycling promotion.

Further research on the health impacts of vehicle emissions will be encouraged. The Ministry of
Transport supports the Ministry of Economic Development-led work on revising the standards for fuel
specifications. From 1 January 2006, revised diesel fuel specifications have led to the reduction of the
sulphur content in diesel fuels to 50 parts per million, making New Zealand diesel cleaner and bringing
it into line with European standards. The fuel specifications for benzene were lowered from 3% to 1%
from 1 January 2006.

The Ministry of Transport aims to ensure that “transport services meet the current and future needs of
New Zealanders, [so] that they are accessible, efficient and safe for both people and our environment”.
Mobile sources of emissions from private petrol cars and petrol and diesel trucks are responsible for a
major component of New Zealand’s air pollution. For example, from the Auckland Air Emissions
Inventory, vehicles in 2004 are estimated to produce 47% of all PM;,, 85% of CO, 83% of nitrogen
oxides (NOx), and 51% of volatile organic compounds (Auckland Regional Council, 2006). The
transport networks (roads, highways, rail and ferries) and the provision of public transport services in a
city or town will substantially influence the level of emissions.

Ministry of Health

The Ministry of Health aims “to improve the health and independence of New Zealanders and reduce the
inequalities in health status between all New Zealanders including Maori and Pacific peoples™. As
outlined in the New Zealand Health Strategy, there are broader determinants of health which lie outside
the health sector, including general socio-economic conditions and environmental conditions (such as air
quality), social, and community influences, and working and living conditions, which can affect public
health and wellbeing (Minister of Health, 2000). Many of the factors that influence health status act at

> Ministry fo Health Statement of Intent, www.moh.govt.nz, 2006.
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the level of whole communities and population groups rather than individuals. Gains in health status will
only, therefore, be achieved through the co-ordinated action of policy makers in many sectors.

The whole-of-government initiative

The regulatory framework and its implementation is also influenced by the recent ‘whole-of-
government’ initiative, which aims at reducing duplication in actions between departments and better
collaboration to achieve common goals. This could, for instance, bring the Accident Compensation
Corporation (ACC) or the Energy Efficiency and Conservation Authority (EECA) together with local
government as partners in air pollution control through investments in injury prevention or energy
efficiency that also reduce air pollution. An example would be support for public transport promotion
that would reduce both traffic crash injuries and motor vehicle air pollution. Another example would be
efforts to improve home insulation for energy conservation purposes, which would reduce the amount of
firewood needed to heat a house.

3.2.2 Local government — regional and city councils

At a regional and local level, under the Resource Management Act 1991 (RMA) (sections 5 to 8)
regional councils and unitary local authorities (city and district councils) have a responsibility for
managing and controlling discharges into the air, and therefore of managing the quality of the air people
breathe or are exposed to. The purpose of the RMA is to promote the sustainable management of natural
and physical resources, including air. Section 5 provides that the purpose of the Act is to promote the
sustainable management of natural physical resources, including safeguarding the life-supporting
capacity of the air, while sections 6 to 8 describe other matters (including the Treaty of Waitangi) which
must be considered when making decisions. In particular, section 7(f) states that persons exercising
powers under the Act must have particular regard to “maintenance and enhancement of the quality of the
environment”.

Regional councils are responsible for gathering sufficient information about the state of the environment
(e.g. ambient air quality monitoring) to enable them to carry out their functions (section 35). To manage
the environment, councils must produce regional policy statements and optional regional plans
specifying objectives, policies and rules to address issues of concern (sections 63 to 70). Regional
councils also set up education programmes (such as 0800-smokey) aimed at reducing pollution. Other
responsibilities include regional transport (including public transport), water and river management,
biosecurity and environmental regulation.

Under the RMA, city and district councils are required to sustainably manage the city’s or district’s
natural and physical environment, including land, water, soil, resources and the coast. City and district
councils’ primary functions include resource management (urban planning) (e.g. issuing land-use
permits and controlling the subdivision of land). They are also responsible for city services such as
water, sewerage and refuse disposal, local roads, libraries, parks and reserves, and community
development. Overall, city and district councils have a relatively limited regulatory capacity in terms of
controlling discharges of contaminants into the air, which is the regional council’s function. Some land-
use issues managed by local and district councils are relevant to air quality, however; for example,
parking policies can manage congestion, and parking pricing can encourage alternative modes of
transport. There is often a high degree of co-operation between regional and city councils, as both have
complementary roles.

The RMA requires that environmental policies be subjected to cost—benefit analysis before they are
adopted, which is one way to choose between competing policies. However, environmental policy
evaluation is often complicated by the fact that while the costs of implementing a policy are often
relatively easy to identify, policy benefits are generally less tangible and nearly always difficult to
quantify in monetary terms.
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3.2.3 International agencies

International agencies, including the WHO and the European Union, as well as major national agencies
such as the US EPA, recommend and update air quality standards and dose—response relationships and
set research agendas as new scientific data in the field of air pollution toxicology and epidemiology and
new developments in risk assessment methodology become available. These agencies are concerned
with the public health and environmental effects of air pollution, and ways to protect public health and
reduce air pollution. The norms and standards recommended by these agencies are useful to
governments and environmental health authorities that attempt to protect people from the harmful
effects of environmental air pollution in their own countries. International agreements, such as the Kyoto
Protocol, which aims to reduce the net emissions of certain greenhouse gas emissions (primarily Carbon
dioxide), also influence air quality levels in New Zealand.

33 National Environmental Standards — Air Quality

Introduced in 2005 (Ministry for the Environment, 2005), the national environmental standards are
aimed at improving air quality and controlling emissions. The details are given in Table 2.1. Among the
other provisions are:

e seven standards to prevent the emission of dioxins and toxics by a ban on certain activities (such as
burning tyres) that emit hazardous pollutants to air

e five standards that set limits on the maximum level of fine particles, CO, NO,, sulphur dioxide
(S0O,) and ozone (see Table 2-1) — these standards apply to ambient air (not indoors, in vehicles or
in tunnels)

e one standard for the design of new domestic wood burners in urban areas to minimise emissions of
smoke and soot.

In September 2005 the standards for ambient air quality came into force, superseding air quality
guidelines, which were first introduced in 1994 and revised in 2004. With the exception of benzene, the
contaminants addressed in this report with a quantitative epidemiological analysis and health effects
assessment are covered by the ambient air quality standards. The guideline for benzene currently stands
at 10 pg/m’ and will be reduced to 3.6 pg/m’ in 2010.

The regulations aim to eliminate breaches of the national air quality standard for PM;, by 2013. From
the date of their inception until 2013, an annual steady improvement in air quality in polluted areas is
required. This steady decrease in pollution levels is known as the straight-line path, where the straight
line represents the gradual decrease between current peak levels and levels required by 2013. After
2013, no resource consents will be granted to discharge particulates, smoke and soot if the air quality
standard is still being breached.

In September 2005 regional councils and unitary authorities identified 42 areas where air quality is
likely, or known, to exceed national air quality standards.® These areas, known as ‘airsheds’, have been
gazetted by the Minister for the Environment. Around 30 of these airsheds contain hotspots where high
concentrations of particulate matter exceed the ambient standard at certain times of the year. The
airsheds at Marsden Point in Northland, and in some parts of Otago and Southland, also have the
potential to exceed the SO, standard.

Airsheds and their boundaries were drawn by councils using existing knowledge of air quality in the
region, the location of significant sources, and the effects of topography (hills and valleys) and climate
on the dispersion of pollution. Most airsheds are drawn around towns and cities, where pollution levels
may be higher. Some regions (e.g. Waikato and Wellington) have large airsheds that cover a number of
pollution sources in areas where the topography is similar, or, as in Wellington’s case, contained within
valleys. Otago Regional Council has identified 22 settlements where air quality may be an issue. These

% This figure is not fixed, but subject to revision under the provisions in the regulations.
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geographically separated areas have been grouped into four airsheds according to their similarity in
topography and climate.

To the extent possible (subject to practicalities and data availability), the area units used in this study are
consistent with these council-defined airsheds.

3.4  Business sector and private individuals

Private commercial enterprises and local industries can influence the level of air quality in various ways.
For example, some businesses contribute to poor air quality through the pollutants emitted from their
operations. Conversely, new technologies integrated into products such as solar-powered vehicles,
electric vehicles, fuel cells and hybrids may reduce vehicle emissions and emissions associated with the
generation of electricity.

The principal sources of emissions from the private sector are industrial discharges, typically any
industrial process that uses combustion or produces waste products. All major industry is controlled
under the RMA through regional plans and is subject to compliance conditions in discharge consents.
The amounts discharged are strictly controlled, but by different amounts depending on the area.
Different councils have different rules appropriate to their particular circumstances. Fully assessing the
amount discharged can be difficult. Typically, an industry will discharge a lesser amount than specified
in their consent, and sometimes this can be substantially less (maybe 5-10%). In many instances this is
not known, since not all industries conduct regular emissions tests. Also, due to seasonal and daily
process variations the discharge amount can vary substantially (e.g. some industries might be at full load
during the day, but zero at nights and weekends).

One feature of these industrial dischargers — at least the larger ones — is that they are fully under the
control of the regional council, and can be subject to a variety of mitigation measures. In most of New
Zealand’s larger urban areas such measures are strictly enforced and obtaining a new discharge consent
can be difficult for combustion processes unless advanced filtration technologies are used.

Private businesses can also indirectly influence the level of air quality. For example, because there is no
vehicle assembly industry here, New Zealand has been dependent on imported vehicles and vehicle
emissions standards from overseas countries. An on-road remote sensing of vehicle emissions in the
Auckland region indicated that imported second-hand vehicles (97% are from Japan) have lower
emissions than New Zealand new vehicles, for both petrol and diesel. The availability of cheap used
Japanese light-duty diesel vehicles has led to a dramatic increase in diesel consumption in New Zealand.
For example, in Auckland over the past 10 years diesel consumption has doubled (to approximately 950
million litres), while petrol consumption has increased by 30% (to approximately 400 million litres)
(Metcalfe et al., 2002).

Individual behaviour

Individual and community behaviours influence levels of ambient air pollution. One of the major factors
in many cities, especially in the South Island, is the choice to use a solid-fuel burner for heating, and the
choice of fuel for that burner. The difference between using less polluting hard dry wood, as opposed to
soft or wet wood, can make a large difference in the amount of pollution emitted. There is a wide range
of solid-fuel heaters on the market, and the variations in individual operating techniques also have a
significant effect on emissions (Scott, 2005).

Choices of mode of transport also have an effect. For example, people’s time-activity patterns and mode
of transport influence the levels of transport emissions. There are various measures for mitigating
vehicle emissions through influencing individual behaviour, including car pooling, a compressed work
week, tele-working, and school travel management tools such as school buses. ‘Active transport’, such
as walking and bicycling, emits no air pollutants and also promotes health through physical activity.

These different transport modes are discussed further under the policy sections of this report.
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3.5 Summary

This section provides an introductory setting for the study and some links to relevant policy. It includes
a brief summary of the roles of relevant government agencies and international activities to the study’s
objectives. It also notes the roles that can be played by commercial and private sector organisations, and
the influences of individual behaviour.

Not all of these policy and behaviour roles are analysed explicitly in this study, because its primary
emphasis is on providing scientific and epidemiological analysis. However, in developing the study
details and in prioritising results, the policy-influencing factors covered in this section have been
considered.
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4. Overseas Research

‘ 4.1 Scope

The purpose of this section is to summarise relevant overseas research conducted on the health effects of
air pollution, and to present a brief review of the results obtained.

‘ 4.2  Air pollution and health effect links

‘ 4.2.1 Air pollution episodes

The history of documenting the health effects of air pollution goes back as far as the 1930s. During these
early days, studies were more focused on severe air pollution episodes. One of the early episodes
documented occurred in the Meuse Valley of Belgium in December 1930 (Roholm, 1937). Several
hundred people fell sick, mostly with respiratory-related illnesses, and more than 60 people died during
a few days. In October 1948 another severe air pollution episode occurred in a small industrial town,
Donora, with a population of about 14,000, situated in a valley in Pennsylvania, USA. Twenty deaths
were reported during and immediately following the episode (Ciocco & Thompson, 1961). A large
increase in various types of illness was also reported: mostly respiratory morbidity and irritation of eyes
and nose, breathlessness, headaches, vomiting, nausea and sore throat.

AS we have seen, the most severe episode in the history of air pollution episodes was the London Fog,
which occurred in London, England, during four days from 5 to 8 December 1952 (Ministry of Health
[London], 1954). The air concentrations were 10 to 100 times higher than what is now recorded in New
Zealand centres, and the mortality was dramatically increased, by at least 100%, during the ‘Fog’ period.
Infants and the elderly were particularly vulnerable. Reanalysis of the data from this event (McMichael
et al., 2005) indicates that the increased mortality continued during several weeks after the ‘Fog’ period.

4.2.2 Epidemiological studies

The most widely used study design in air pollution epidemiological studies since the early 1990s is the
time-series mortality study. Such studies analyse the temporal distribution of deaths and air pollution at
current levels. Time-series studies describe the short-term relationship between air pollution and
mortality (and/or morbidity) by comparing daily mortality or daily cases of morbidity (usually hospital
admissions) with daily air pollutant levels.

A number of time-series epidemiological studies during the last 15 years have documented associations
between urban air pollution and daily morbidity and/or mortality. Respiratory and heart disease are the
main effects. These relationships were shown in a number of cities for small air particles (PM;o or
PM,5) and gaseous air pollutants (carbon monoxide, nitrogen dioxide, sulphur dioxide, ozone) (Burnett
et al., 1998; Katsouyanni et al., 1997; Michelozzi et al., 1998; Moolgavkar et al., 1995; Samet et al.,
2000]; Schwartz & Dockery, 1992a, 1992b; Xu et al., 1994). Similar relationships have also been
reported from Sydney (Morgan et al., 1998), Brisbane (Simpson et al., 1997), Melbourne (Simpson et
al., 2000) and Perth (Simpson et al., 2000). The results ranged from a 0.7% to 1.6% increase in daily
mortality, with a weighted mean of about 1% mortality increase for every 10 pg/m’ increase in PM,,
(Pope et al., 1995b).

When the HAPiNZ study commenced, air pollution epidemiological studies had already been critically
reviewed in several publications (Dockery & Pope, 1994; Pope et al., 1995a, Schwartz, 1994). A review
of reviews, which critically assessed 15 reviews of the published studies on the short-term relationship
of air pollution on mortality and morbidity, reached the conclusion that the relationships reported by
many studies were valid and causal (Dab et al., 2001).
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A wide range of modelling techniques has been used in time-series studies to control for confounding
variables like season and weather variables. Earlier studies mainly used generalised linear models
(GLM) with parametric smoothers (Katsouyanni et al., 1997; Touloumi et al., 1996; Zmirou et al.,
1996). With methodological development in epidemiological studies, the generalised additive models
(GAM) have become more common in time-series studies as it allows to fit models with non-linear
functions of confounders to adjust them in analysis (Anderson et al., 2001; Hoek, 2003; Samet et al.,
2000a, b and c¢).

It was reported that the use of default convergence parameters in the GAM functions of the most
commonly used statistical software, SPlus, could lead to an overestimate of the actual effect (Dominici
et al., 2002). This prompted other researchers to reanalyse their data using GAM with more stringent
convergence criteria, and by using the GLM. Such reanalysis of a number of earlier studies did not show
any major differences from the earlier findings of the short-term association between air pollution and
mortality (Fairley, 2003; Hoek, 2003). However, as will be discussed in section 4.3, new approaches to
analysis have reported higher risk coefficient estimates.

' 4.2.3  The relationship between exposure duration and effects

Health effects of air pollution can be categorised according to whether exposure is short term or long
term, leading to acute or chronic effects, respectively. The use of concepts and terms in this area is far
from consistent. Table 4-1 shows the types of exposure and health effects that are relevant for air
pollution in New Zealand.

Table 4-1. Types of exposure and health effects

Duration of effect measurement

Duration of exposure  Short term: Medium term: Long term:
1 day 2-60 days 1 year or longer

1 day True short-term (acute)  Cumulated (chronic) effects of daily exposure (distributed lag
effects (daily mortality models)
in CVD)

Season Cumulated effects (distributed lag models)

Years True long-term effects (e.g. COPD*,

cancer)

* Chronic obstructive pulmonary disease

In terms of the public health impact, the long-term relationships are of greatest interest.

Daily time-series studies can only show the short-term relationship between exposure to air pollution
and mortality/morbidity. These studies do not provide evidence of mortality due to long-term exposure
to air pollution (McMichael et al., 1998). However, time-series studies may indicate differences in
health risk between daily air pollution, climate conditions, and different age/sex groups that are relevant
to the long-term relationships. The relationships between long-term exposure and mortality/morbidity
have been evaluated using ecological studies and, more recently, prospective cohort studies. The
ecological studies have found that on average the mortality and morbidity rates tend to be higher in areas
with higher air pollution than in areas with lower air pollution (Chappie & Lave, 1982; Lipfert, 1984;
Ozkaynak & Thurston, 1987). However, these early population-based studies could not control for
individual characteristics, and the observed associations may have been affected by confounding.

Prospective cohort studies of mortality/morbidity associated with long-term exposure to air pollution
using individual data on smoking habits, occupation and other potential confounding factors provide
better evidence of reduced life expectancy due to air pollution exposure. Relatively few of these studies
have been completed due to the time and cost involved. The Harvard Six-Cities study (Dockery et al.,
1993), the American Cancer Society study (ACS) (Pope et al. 1995b; Pope et al., 2002) and the
Adventist Health Study of Smog (AHSMOG) (Abbey et al., 1999) are the most widely quoted.
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The Harvard Six-Cities study compared populations in cities with different annual average air pollution
(PM) levels and found an increase of annual mortality. The ACS study adjusted for individual smoking
habit data and found that an increasing annual average PM level in a city increased annual mortality for
the population in that city. An independent assessment of the results of both the Harvard Six-Cities and
the ACS studies confirmed the original findings of an association between mortality and particulates
(Krewski et al., 2000). The ACS study has been extended with an addition of eight years of follow-up
data (Pope et al., 2002). The new results support the original findings and show clearer associations
between annual average air pollution (PM,s) and heart and lung disease, as well as lung cancer, after
smoking habits and several other potential confounders have been taken into account. Individual
exposure was assumed to be identical to the air pollution monitoring results of the city a person had
lived in.

These studies of long-term exposure have shown more substantial mortality increase (about 4% per 10
ng/m’ PM,, increase) than most of the short-term exposure studies (about 1% per 10 pg/m’). Relatively
high mortality increase was also found in the HAPiNZ study by Scoggins et al. (2004) of the effect of
annual nitrogen dioxide (NO,) exposure in Auckland (see section 7.3).

The modelling method that includes same-day PM;, concentrations and lags of PM;, levels as
independent variables has been called the ‘distributed lag model’ (Schwartz, 2000b: Zanobetti et al.,
2000). The overall effect of a unit increase in PMy is the increase in mortality due to a unit increase in
PM,, level on the same day, plus the increases in mortality due to PM;, on previous days. Schwartz
(2000b) used a quadratic polynomial distributed lag model with five lags to study the effect of PM;, on
the daily mortality of persons 65 years of age and over in 10 US cities. He compared the results with the
results from the unconstrained distributed lag models, and the models with the same-day PM,, levels
and the two-day moving average of PM;, levels (lag 0 and lag 1) as air pollution exposures. He found
that the overall effects from the distributed lag models were higher than the effects using a one- or two-
day moving average of PM,, levels. The study reported an increase of 1.41% in daily deaths for a 10
pg/m’ increase in PM,, (Schwartz, 2000a).

Another study in 10 European cities (Zanobetti et al., 2002) estimated the combined effects of PM;, on
the same-day and lagged effects up to 40 days using third- and fourth-degree polynomial distributed lag
models. It found that the estimated effect of PM;, was more than doubled in many cities when lagged
effects were considered, as compared to the two-day moving average (same day and the day before) of
PM,o levels. The results were consistent for all distributed lag models, including unconstrained
distributed lag models (Zanobetti et al., 2002).

Distributed lag modelling has also been used to study the extended effects of cold and air pollution
simultaneously. Goodman et al. (2004) analysed Dublin data from April 1980 to December 1996 to
assess the cumulative net effects of daily minimum temperature and black smoke (BS) particulate air
pollution exposure over the following 40 days using polynomial distributed lag models. As in other
studies, this study also reported higher effects of the extended exposure to air pollution on mortality. The
study estimated a 1.1% increase in total non-trauma mortality associated with an increase of 10 pug/m’ in
daily mean BS over the succeeding 40 days, whereas the effect of each 10 pg/m’ increase in three days’
mean BS was a 0.4% increase in total non-trauma mortality (Goodman et al., 2004).

Results from the studies analysing cumulative exposure of air pollution show that the effects of air
pollution persist for more than a few days. This is also supported by the findings from the London Smog
episode study, which showed that the peak deaths generally lagged behind the peak exposure (Ministry
of Health [London], 1954). The higher relative risk associated with cumulative exposure to PM;,
compared to the results using one or two days’ moving averages of PM;y showed that the time-series
studies using a single-day exposure level underestimate the real risk of PMj,. The risk of longer-term
exposure to PM;, will be generally higher than the risks that have been reported by the time-series
studies using a single-day PM,, level or two/three days moving average of PM,y levels as exposure
variables. This is consistent with the findings of higher risk estimates in cohort studies than in the time-
series studies (Dockery et al., 1993; Pope et al., 1995b; Pope et al., 2002).
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Both short-term and long-term associations between air pollution and mortality/morbidity have been
established using ecological studies, time-series and prospective cohort studies. But the biological
mechanisms of these associations are not clear. Recent research has looked at the association between
pollutants and initial symptoms such as heart rate variability (Park et al., 2003), increase in blood
fibrinogen (Hoeppe et al., 2003), ad increased blood pressure and blood pressure reactivity (Liao et al.,
2003), which may lead to serious health conditions. Further research is needed to understand why air
pollution affects mortality and morbidity.

A key concern in interpreting the short-term association between air pollution and mortality, as
demonstrated by time-series studies, is that it is unclear whether the association is just due to the early
deaths of people who are going to die in a few days or weeks regardless of air pollution exposure. If
deaths are being brought forward by just a couple of days, the public health impact of air pollution
would be much less than if life expectancy is being reduced by months or years (Brunekreef & Holgate,
2002). Recent studies looking at the ‘harvesting’ of deaths (mortality displacement) suggest that the
association is not due to mortality displacement (Dominici et al., 2003a; Schwartz, 2001; Zeger et al.,
1999). Instead, they have found the effect estimates from the existing time-series studies are smaller
than the effect when the air pollution exposure variable in the analysis takes the medium term into
account (see Table 4-1). Thus, the cumulative effect is greater that the ‘true short term’ effect. The
effects estimated from the prospective cohort studies are even greater (Table 4-2).

Table 4-2. Comparison of dose—response relationships for different study types

Duration of effect Dose-response relationships Reference
measurement (% increase in daily mortality for
10 pg/m® increase in PM1o)
Short term 1 Several
Medium term 1.6 APHEA2 study
Long term 8.4 Harvard Six-Cities study
Long term 4.2 American Cancer Society study, first stage
Long term 6 American Cancer Society study, second stage

4.2.4 Effects of exposure from different sources

It is interesting to note that among the hundreds of studies of air pollution and mortality, none have
specifically compared the effect of motor vehicle smoke and wood smoke. One study that is sometimes
referred to in this context is from Santa Clara County in California (Fairley, 1999), but in the winter only
40% of PM, s was estimated to emerge from wood smoke, while in Christchurch, for instance, it is 90%
(Environment Canterbury, 2003). In Santa Clara the worst winter month recorded an average PM, s of
25 pg/m’, while in Christchurch the highest winter monthly average for PM,, is about 50 pg/m’, with
80% as PM2'5.

The wood smoke contribution to PM in the winter is much greater in Christchurch and probably other
South Island towns with heavy domestic heating emissions, and it is likely that in Santa Clara the winter
results were still dominated by vehicle smoke. The increase of daily mortality in relation to PM, in
Santa Clara estimated for the whole year was about 10% for an increase of 50 pg/m’ PM;, or 2% per 10
pg/m’. The autumn and winter coefficients were lower, but the difference between seasons was not
statistically significant.

Laden et al. (2000) used chemical analysis of dust filters from PM,; s monitoring in six large US cities to
estimate the contribution from different sources (motor vehicles, coal burning and soil dust, but no
attempt was made to identify wood smoke sources). After controlling for climate and seasonal effects,
the estimated increase of daily mortality caused by a 10 pg/m’ increase of PM,s was 3.4% for motor
vehicle-sourced PM and 1.1% for coal burning.
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4.3 A more detailed review of studies of the effects of PM;,

4.3.1 Introduction

This detailed review was prepared as a part of the preparation of a PhD by Rupendra Shrestha. It covers
most of the literature up to 2004. The most recent research is discussed in section 4.4.

Striking increases in mortality following a series of high air pollution episodes in the US and Europe in
the mid-twentieth century have shown that air pollution at high concentrations causes excess deaths
(Roholm, 1937; Ministry of Health [London], 1954; Ciocco & Thompson, 1961; Nemery et al., 2001).
As high air pollution episodes became less frequent in developed countries and air pollution
concentrations during the episodes became relatively lower, the focus shifted from air pollution episodes
to studies of longer-term exposures. Several time-series studies conducted both at a single city and
across multiple cities have provided evidence of a positive association between daily air pollution levels
and daily mortality/morbidity (Schwartz, 1993a and b; Schwartz et al., 1996; Katsouyanni et al., 1997;
Kelsall et al., 1997; Michelozzi et al., 1998; Morgan et al., 1998; Ostro et al., 1999; Lee et al., 2000;
Samet et al., 2000c; Zanobetti et al., 2002). Besides time-series studies, which only demonstrate the
effect of short-term exposure on air pollution, cohort studies, which can document the longer-term effect
of air pollution on mortality, also showed that air pollution causes excess deaths in the long run
(Dockery et al., 1993; Pope et al., 1995a; Pope et al., 2002; Nafstad et al., 2004).

Although it has been well understood that there is an association between air pollution and daily
mortality, there are still a number of issues and uncertainties associated with air pollution
epidemiological studies, such as statistical modelling, the role of short-term harvesting in the association
between air pollution and mortality, the concentration—response relationship, the threshold levels, and
whether air pollution is modified by certain factors.

A few studies have attempted to address one or more of the above issues. The purpose of this literature
review is to summarise the literature relevant to the association between air pollution and mortality,
including those that discuss the above issues. A major focus of this literature review has been the time-
series studies of the effects of air pollution on mortality.

4.3.2 Time-series studies of particulate matter and mortality

The association between particulate matter and mortality has been reported by numerous time-series
studies in a number of cities from the US, Canada, Europe, Australia and other parts of the world
(Schwartz, 1993a and b; Ostro et al., 1996; Kelsall et al., 1997; Simpson et al., 1997; Burnett et al.,
1998; Morgan et al., 1998; Prescott et al., 1998; Ostro et al., 1999; Hales et al., 2000; Hoek et al., 2000).
The modelling techniques of these time-series analyses are not restricted to any particular technique.
With the development of a new methodology, the analysis approach also shifted from simpler methods
to more advanced methods, as discussed later in this report. Irrespective of the statistical analysis
methods used, almost all of these studies have provided evidence of an association between PM,, and
mortality.

One early time-series study conducted in New York City using data from 1963 to 1968 (Schimmel &
Greenburg, 1972), and the extension of this study covering the data up to 1972 (Schimmel & Murawski,
1976), examined the association between daily premature deaths and daily air levels of sulphur dioxide
(SO,) and smoke shading, a measure of particulate pollution using an ordinary linear regression
modelling method. They reported an association between air pollution levels and total respiratory and
cardiac mortality. The percentage of premature deaths attributed to air pollution was reported to be about
3% after adjusting for temperature.

A new wave of time-series studies began in the late 1980s and early 1990s with advances in statistical
methods and software (Bell et al., 2004). Using a wide variety of statistical approaches, these studies
have reported an association between PM;, and mortality in different geographic areas (e.g. the USA,
Europe and other parts of the world).
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The 1996 air quality criteria document reviewed the results from 35 time-series studies of PM;, and
mortality published between 1988 and 1996. Based on these studies, the report concluded that the acute
non-accidental mortality relative risk estimate associated with an increase of 50 pg/m’ in daily PM;,
levels ranged between 1.025 and 1.050 in the general population (US EPA, 1996). This is the same as an
increase of 0.5% to 1% of acute non-external deaths for an increase of 10 pg/m’ in daily PM, levels
(assuming a linear dose—response relationship and no threshold).

A number of publications have critically reviewed air pollution epidemiological studies (Dockery &
Pope, 1994; Schwartz, 1994a; Pope et al., 1995b). These studies generally reported an increase of 1%
total non-external deaths in the range of 0.7% to 1.6% for an increase of each 10 pug/m® in daily PM;,
levels (Pope et al., 1995b).

' 4.3.3  Multi-city studies

A wide variety of statistical models have been used to estimate the association between air pollution and
health. Statistical models used in single-city studies are not consistent, and the choice of statistical
modelling and controlling for confounders depends on researchers’ preferences. Because of the
heterogeneity of the statistical approach used, the validity of the findings from single-city studies has
been questioned. Critics found that the findings among single-city studies were not consistent, and even
the analysis in the same city gave inconsistent results when the data was reanalysed independently
(Lipfert & Wyzga, 1995). In addition, models that biased the effect estimate upwards may have been
selected in reporting the results (Dominici, 2002). Multi-city studies can overcome some of these
criticisms of single-city studies (Katsouyanni et al., 1997; Samet et al., 2000c).

Some very recent results have been published on air pollution and health effects in Australia and New
Zealand (Barnett et al., 2006). The New Zealand cities used were Auckland and Christchurch. These
study results were based on short-term exposure analysis (1 to 40 days) and show strong associations
between air pollution and public health effects that are consistent with — and in some cases stronger than
— the effects discussed here.

The idea of multi-city studies is to analyse data under the same framework in individual participating
cities so that the results will be comparable across different geographic locations. The multi-city study
follows a similar protocol for data handling and analysis, which is one of the major advantages over
meta-analysis of independent studies. Due to a wide variety of exposure levels and different geographic
locations of different cities in multi-city studies, the results from these studies can provide evidence of
consistency and/or heterogeneity in the effects of PM;y on mortality in individual cities. Further analysis
can identify the potential effect modifiers of the PM;, mortality association across different geographic
locations. In addition, the multi-city studies do not suffer from publication bias.

Air Pollution and Health: A European Approach (APHEA) is a multi-city study of the short-term effects
of air pollution on mortality and hospital admission in European cities. The first stage included 15
European cities, and the second stage (APHEA?2 project) included 29 cities and a more recent study
period (Katsouyanni et al., 1995). City-specific analysis showed associations between air pollution and
non-external and respiratory mortality in Paris and Lyon, France (Dab et al., 1996; Zmirou et al., 1996),
Koln, Germany (Spix & Wichmann, 1996), Barcelona, Spain (Sunyer et al., 1996), and Athens, Greece
(Touloumi et al., 1996).

Katsouyanni et al. (1997) analysed the data from 12 APHEA cities and pooled the results from
individual cities to get an overall estimate of the short-term effects of air pollution on daily non-external
mortality across the cities. They found that the dose-response relationships were more pronounced in
the western European cities than in the central and eastern European cities. In the western European
cities, they found a 3% increase (95% CI: 2—4%) for each 50 pg/m’ increase in daily SO, or black
smoke (BS), and a 2% increase (95% CI: 1-3%) for each 50 pg/m’ increase in daily PM,, level. In the
central and eastern European cities, the increases in daily mortality for 50 pg/m’ increase in daily SO,
and BS were, respectively, 0.8% (95% CI: 0.1-2.4%) and 0.6% (95% CI: 0.1-1.1%). They argued that
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the difference in the results between the two groups of European cities could be due to different
pollutant toxicity or mix because of sources of pollutants, differences in sensitive sub-populations,
differences in exposure levels (Katsouyanni et al., 1997), or a higher background mortality. The latter is
likely in central and eastern Europe, and a similar increase of absolute mortality would cause a lower
percentage increase in mortality.

Samoli et al. (2001) reanalysed the APHEA data using a GAM model with LOESS (locally weighted
estimated smooth surface) smoothing terms for seasonal trend and weather variables (instead of using
the sine/cosine smoothing used in the APHEA protocol) to investigate the regional differences in the
short-term association between air pollution and mortality. They found higher relative risks than those
reported by Katsouyanni et al. (1997) in the central and eastern European cities, but found a similar
result in the western European cities. When they restricted the analysis to the days with BS levels less
than 150 pug/m’, the difference in the effects between the two regions was further reduced. Samoli et al.
(2001) argue that the statistical approach used in the previous study and the inclusion of days with
higher pollutant levels in the analysis caused some of the heterogeneity in the estimates of air pollution
effects in the two European regions. Data was further analysed using GAM with more stringent
convergence criteria and GLM with natural splines smoothing (Samoli et al., 2003). With these methods,
differences in dose—response relationships between western and central and eastern European cities
could not be confirmed.

As part of APHEA?2 project, Katsouyanni et al. (2001) analysed data from 29 European cities using a
GAM model with a non-parametric LOESS smoother to control for seasonal trend and weather
variables, and further reanalysed using a GAM model with more stringent convergence criteria and with
two parametric approaches, natural splines and penalised splines smoothing to control for seasonal trend
and weather variables (Katsouyanni et al., 2001; Katsouyanni et al., 2003). They used a hierarchic
modelling approach. First the regression models were fitted in individual cities and then the results were
pooled together in the second-stage analysis to estimate an overall relative risk across all 29 cities and to
investigate the potential effect modifiers. The second-stage analysis adjusted for potential effect
modifiers like air pollution level and mix, climatic variables in different cities, and health status of the
population and geographic area (Katsouyanni et al., 2001). They reported a 0.62% (95% CI: 0.4-0.8%),
0.59% (95% CI: 0.4-0.8%), 0.41% (95% CI: 0.2—0.6%) and 0.55% (95% CI: 0.4%—0.7%) increase in
daily mortality for 10 pg/m’ increase in PM;o using GAM default criteria, stringent criteria, natural
spline and penalised spline respectively.

Another multi-city study, the National Morbidity, Mortality and Air Pollution Study (NMMAPS) in the
USA, funded by the Health Effects Institute, studied the effects of short-term exposure to PM;y, on
mortality and hospital admissions in the 90 largest US cities during 1987-1994 (Samet et al., 2000b;
Samet et al., 2000c). As part of this study, data was initially analysed for the 20 largest US cities (Samet
et al., 2000a). The estimated increase in the relative rate of non-external causes mortality for each 10
ng/m’ increase in PM,, level was 0.51% (95% posterior interval: 0.07%-0.93%). Analysis was first
done in individual cities and the overall estimate of the relative rates of mortality associated with
pollutants was calculated using hierarchical regression models.

Dominici et al. (2000) analysed the NMMAPS data for the 20 largest US cities in more detail using a
Markov Chain Monte Carlo (MCMC) algorithm with a block Gibbs sampler to approximate the
posterior distribution in the second-stage analysis of pooling the city-specific estimates. They also
considered spatial models in which the relative risk in cities located closer to each other were assumed
to be more correlated (Dominici et al., 2000). The methods developed for the analysis of the 20 largest
US cities were applied in the analysis of the 90 largest US cities. In second-stage analysis, the
heterogeneity in the effect estimates in individual cities was evaluated with city- or region-specific
explanatory variables. The analysis used five types of city-specific variables: mean pollution and
weather levels, crude mortality rate, percentage not graduating from high school and median household
income (socio-demographic variables), percentage of public transport (urbanisation), and variables
related to measurement error (Samet et al., 2000c; Dominici et al., 2002a).
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Both the original analysis and re-analysis of the 90 largest US cities showed evidence of the combined
effect of short-term exposure to PM;, on mortality at all lags (zero-, one- and two-day lags were
examined). However, the effect of one-day lag PM;, was the largest. When the data was reanalysed
using a stricter convergence criterion in GAM function, the combined effect across the 90 cities at lag
one dropped to a 0.27% increase from a 0.41% increase (original analysis) in total non-external
mortality for every 10 pg/m’ increase in PMo. The updated increase in the relative rate of non-external
mortality for each 10 pug/m’ increase in PM;, using GLM with natural cubic spline was 0.21% (95%
posterior interval: 0.1— 0.3%) (Samet et al., 2000c; Dominici et al., 2003b).

Besides the APHEA and NMMAPS, several other studies have analysed the effects of daily particulate
level on mortality across multiple cities and found a positive association between exposure to particulate
matter and mortality (Laden et al., 2000; Moolgavkar, 2000; Schwartz, 2000a, 2000b, 2003a, 2003b;
Schwartz & Zanobetti, 2000; Zanobetti & Schwartz, 2000; Braga et al., 2001; Schwartz et al., 2001).

' 43.4  Problems with the GAM model

The generalised additive model (GAM) has been the most widely used method in both single-city and
multi-city time-series studies of air pollution and mortality or morbidity because it allows adjustment of
the non-linear confounding effects of background trends, seasonality and weather variables non-
parametrically (Samet et al., 2000c; Samoli et al., 2001). The most appealing feature of GAM is that it
does not require a strong assumption about the functional relationship of mortality with the confounders
such as temperature, which gives a greater degree of confidence against model misspecification (Lumley
& Sheppard, 2003).

Most studies, including the NMMAPS and APHEA?2, applied GAM using the S-plus function GAM
with its default convergence criteria (Samet et al., 2000c; Simpson et al., 2000; Katsouyanni et al.,
2001). It was later found that with the default convergence criteria, S-plus (Version 3.4) function GAM
produced a biased estimate of the relative risk of mortality for air pollution. Dominici et al. (2002c)
showed with a simulation that when the size of risk estimates is small and confounding variables are
controlled using at least two non-parametric smoothers in the model, the S-plus (Version 3.4) function
GAM with default convergence criteria overestimates the risk estimates. They also reported that the
GAM function with stricter convergence criteria and the generalised linear model with parametric non-
linear adjustment (natural spline smoother) gave similar relative risk estimates (Dominici et al., 2002c¢).

In addition, Ramsay et al. (2003) showed with simulation that if there is concurvity (the non-parametric
analogue of multi-collinearity) in data, GAM model fitting could underestimate the standard error of the
parameter estimates (the relative rate estimate). This could make the parameter estimate statistically
significant when it was not (Ramsay et al., 2003). For the more robust assessment of uncertainty of
parameter estimates, an S-plus function gam.exact has been developed which asymptotically computes
the exact standard errors for each linear term in the model (except for the intercept) (McDermott, 2003).
Due to the problems observed in the GAM function and the dependence of the results on the choice of
model (GAM or GLM), researchers were cautioned against choosing any particular model as a correct
model and advised to explore the sensitivity of findings to model specification and to the degree of
adjustment for confounding variables (Samet et al., 2003).

Following the findings of Dominici et al. (2002b) that the GAM function in S-plus (Version 3.4)
software with default convergence criteria overestimated the relative risk estimates for air pollution,
NMMAPS data was reanalysed using GAM with default convergence criteria, GAM with stricter
convergence criteria and the Poisson regression model with parametric non-linear adjustments for
confounding factors (GLM with natural cubic splines). When the default convergence criterion was
implemented, the national average excess risk estimate for non-external mortality across the 90 cities per
10 pg/m’ in PM;, at lag one was 0.41%, which dropped to 0.27% when the stricter convergence
criterion was used. Use of GLM with natural cubic splines further reduced this estimate to 0.21%
(Dominici et al., 2002b).
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A reanalysis of more than 35 published time-series studies of air pollution and mortality and morbidity
(Health Effects Institute, 2003), which had earlier used GAM with default convergence criteria but now
instead used GAM with stricter convergence criteria and GLM with a parametric smoother, produced
new relative risk estimates for air pollution, which were lower than what those reported earlier.
Although the new relative risk estimates were lower, the reanalysis did not qualitatively change the
original findings that there was a positive association between air pollution and mortality and morbidity
(Health Effects Institute, 2003).

4.3.5 Shape of the dose-response relationship

The dose-response relationship is the relationship between the dose (or quantity of exposure) and the
proportion of individuals in an exposed group that develop a specific effect due to exposure (Yassi et al.,
2001). The dose—response relationship is of particular importance in environmental health because it
provides the foundation for setting safety standards. The most common shape of the dose—response
relationship in environmental epidemiological studies is the approximately S-shaped curve, showing
almost no-one being affected at the lower doses and almost everybody being affected at higher levels
(Beaglehole et al., 2006). Mathematically this is a cumulative Gaussian distribution, which in a limited
range at low dose levels can be approximated to a log-linear mathematical function (x% increase of
mortality for each step increase of PM;, dose).

The study of the shape of the dose-response relationship (also called the concentration-response
relationship) between daily mortality and daily particulates levels has been motivated by the findings of
many studies that have shown a positive association between daily mortality and daily particulate levels,
even at lower concentrations (Ostro, 1984; Brunekreef et al., 1995; Schwartz, 2000a). The finding of a
steeper dose—response relationship at the lower particulate levels than at the higher levels by a few
studies has generated additional interest in the shape of the relationship between daily mortality and
daily particulate level (Schwartz & Marcus, 1990; Schwartz, 2000a).

Although it is very common to assume a no-threshold log-linear relation between daily mortality and
daily particulate level in time-series studies of the short-term effects of particulates on daily mortality, a
few single-city studies have further explored the shape of the dose—response relationship between
particulate matter and mortality by replacing a linear term for particulates with a non-parametric smooth
function of particulates in the log-linear Poisson regression models (Schwartz, 1993a; 1994b; Pope &
Kalkstein, 1996; Burnett et al., 1998). These studies have found the shape of the relationship to be
approximately log-linear without a well-defined threshold.

The shape of the dose—response relationship has also been explored using data from multi-city studies,
which has enhanced the statistical power to analyse the shape (Pope, 2000). Daniels et al. (2000) (and a
reanalysis Dominici et al. (2003a)) analysed NMMAPS data for the 20 largest US cities to study the
shape of the dose—response relationship between daily PM;, and daily mortality. They fitted several log-
linear Poisson regression models in each city using (a) a linear term for PM,y; (b) a natural cubic spline
with knots at 30 and 60 pg/m’, which are approximately the 25 and 75 percentile of the distributions of
PM;, for many of the 20 cities; (c) a threshold model with possible thresholds between 5 pg/m’® and 200
pg/m’ with an increment of 5 pg/m’; and combined the results across the cities. Comparison of the
models within each city and over all cities based on the Akaike’s Information Criteria (AIC) showed that
the model with a log-linear term for PM,, better fitted the data than the threshold and the natural spline
models for all-cause mortality and for cardiovascular and respiratory mortality combined. The results
using the natural spline model showed that for total and cardiorespiratory mortality, the spline curves
were nearly linear down to the lowest PM, levels (Daniels et al., 2000; Dominici et al., 2003a).

Schwartz & Zanobetti (2000) conducted what they called a ‘meta-smoothing’ analysis using daily
mortality and pollution data from 10 US cities. They fitted generalised additive Poisson regression
models using a smoothed function of PM;, controlling for other confounders in each city, and computed
the predicted values of the log relative risk of daily mortality in each city for 2 pg/m’ increments of
PM,. These predicted values at each increment were then combined across the 10 cities using inverse
variance weighting. The estimated combined 10-city concentration—response relation was approximately
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log-linear down to the lowest PM,, level observed, suggesting a log-linear relationship without any
threshold between daily PM;, level and daily mortality (Schwartz & Zanobetti, 2000). Similar
concentration—response relationships have also been reported between daily concentrations of black
smoke and daily deaths in the eight Spanish cities study, and between daily deaths and total PM, 5 and
traffic-related PM, s in the Harvard Six-Cities study (Schwartz et al., 2001; Schwartz et al., 2002).

A recently published Cook County (Chicago) study (1987—1994) explored the concentration—response
function between daily PM;, and daily mortality by constraining the relationship to be biologically
plausible; i.e. taking the relative risk of mortality as a non-decreasing function of PM;, concentrations.
The study used piece-wise linear regression with one and two change points to constrain the shape of the
concentration—response relationship. By simulation, it first showed that constraining the
concentration—response relationship to the biologically plausible gave a higher statistical precision of the
estimates. Applying this method to real Cook County data did not provide evidence against a linear
dose—response relationship (Roberts, 2004).

A study in Birmingham, Alabama (1985-1988), modelled the data using piece-wise linear regression
models and B-spline models to model non-linear effects of PM;, on mortality, and to find a threshold in
the relationship between PM;, and mortality. None of the modelling results provided statistically
significant evidence against a log-linear concentration—response relationship or for a threshold effect
(Smith et al., 2000a).

A Phoenix, Arizona, study (1995-1998) did not find any evidence against a log-linear
concentration—-response relationship between coarse particles and mortality. However, for the
concentration—response relationship between fine particles and mortality, the study provided evidence of
a different shaped relationship with a change of slope occurring at somewhere in the range of 20 to 25
pg/m’. Unlike other studies, which compared the effects of fine and coarse particles on daily mortality,
this study found a statistically significant association between coarse particles and mortality but not
between fine particles and mortality when a log-linear concentration—response relationship was assumed
(Smith et al., 2000b). Being based on a single-city study for a relatively short time period, the
generalisability of these results is limited.

Except for a few single-city studies, a number of studies — including large multi-city studies — provided
no evidence against a log-linear dose—response relationship between particulates and mortality. In most
studies the dose—response relationship has been approximated to a simple log-linear relationship (which
looks straight-line in narrow ranges). However, a number of factors such as age, gender, socio-economic
status and climate can modify the dose—response relationship, as will be discussed later.

4.3.6 Threshold

A threshold is a dose level below which no effect on health occurs (or is observed). For many
environmental hazards the dose needs to reach a specific level before the effects on people start (Yassi et
al., 2001). The question of whether a threshold level exists below which air pollution has no effect on a
population is of particular interest. Identifying a threshold has major policy implications, because it
would be expected that there will be no additional public health benefit from bringing air pollution
below this level (Brunekreef & Holgate, 2002).

Inter-individual differences in susceptibility as well as intra-individual variability over time make it
difficult to identify a specific threshold level. The concentration that might kill an individual at one time
would not do so at other time because the individual’s susceptibility to particulates is likely to change
over time due to their disease state and other physiological conditions and environmental stresses (US
EPA, 1996). Similarly, the individual’s differences in threshold level for serious effect from particulates
due to individual differences in pre-existing disease conditions and genetic factors makes it difficult to
detect threshold concentrations at the population level (Schwartz & Zanobetti, 2000).
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In one earlier time-series analysis, Ostro (1984) analysed London data for 14 winters from 1958 to 1972
to test for the existence of a threshold level in the relationship between BS (black smoke) and mortality.
There was a statistically significant effect of BS on mortality below the hypothesised threshold level of
150 pg/m’ for BS, which showed no evidence of a threshold level at 150 pug/m’ (Ostro, 1984). By
presenting the same data graphically, Schwartz & Marcus (1990) showed a curvilinear relationship
between BS and mortality, with no threshold. They also observed steeper slopes at lower air pollution
levels than at the higher levels (Schwartz & Marcus, 1990).

In his attempt to detect a threshold level for PM,, effect, Schwartz (2000¢) analysed the data from 10 US
cities by limiting analysis to the days with PM;, below 50 pg/m’. If the threshold level was above 50
pg/m’, the slope of PM,, on daily deaths would be expected to be approximately zero. If the threshold
level was below 50 pg/m’, the effect size would be expected to be smaller than the effect size from the
analysis with all days because a larger fraction of the days would be below the threshold levels in the
restricted analysis than in the analysis with all days, which included days with PM,, up to 150 pg/m’.
Schwartz reported a greater relative risk of mortality for a 10 pg/m’ change in daily PM,, in the
restricted analysis than in the analysis with all days with PM;o up to 150 pg/m’. This indicated no
evidence of a threshold in the relationship between PM,, and daily mortality (Schwartz, 2000a).

Daniels et al. (2000) (and a reanalysis by Dominici et al. (2003a)) analysed NMMAPS data for the 20
largest US cities using regression splines to examine the presence of a threshold for PM;,. They found
no evidence of a threshold in the association between daily PM,, and daily total and cardiorespiratory
causes of deaths. However, for non-cardiorespiratory mortality, a threshold of 50 pg/m’ was reported
(Daniels et al., 2000; Dominici et al., 2003a). Schwartz & Zanobetti (2000) also found no evidence of a
threshold in their analysis of 10 US cities, which had daily measurements of PM;o. They analysed the
concentration—response relationship between PM;, and daily deaths by modelling the logarithm of daily
deaths as a smooth function of PM,y after adjusting for other confounders in each city and combined the
results across the cities. They found the association between PM,( and daily mortality in the entire range
of PM,y levels observed in the study (Schwartz & Zanobetti, 2000). Using a similar method, a study of
eight Spanish cities also reported no evidence of a threshold for black smoke (Schwartz et al., 2001).
The analysis of Harvard Six-Cities data also showed no evidence of a threshold level, either for total
PM, 5 or for traffic-related PM, 5 (Schwartz et al., 2002).

Although a number of large multi-city studies have suggested there is no threshold in the relationship
between PM and mortality, one study in Phoenix, Arizona (1995-1998) found a threshold most likely to
be in the range of 20 to 25 pg/m’ for the effect of fine particles (PM,s) on mortality. The study analysed
data using a piece-wise linear model in which several possible thresholds were specified, using a B-
spline model with four knots. Both methods provided evidence of a threshold for fine particles.
However, the study did not find any evidence of a threshold for coarse particles (PMo,5). Using a no-
threshold model, the study only found a statistically significant association between coarse particles and
mortality, but not between fine particles and mortality (Smith et al., 2000b).

The threshold level, if it exists, along with the dose-response relationship and the distribution of
exposure, can be used to estimate the public health impact of air pollution. Kunzli et al. (2000) applied a
threshold level of 7.5 pg/m’ for the annual PM;, concentration in their calculation of the public health
impact of outdoor and traffic-related air pollution in France, Switzerland and Austria (Kunzli et al.,
2000). In a similar calculation of the number of deaths attributed to air pollution in New Zealand, Fisher
et al. (2002) used no threshold and 5, 7.5 and 10 pg/m’ threshold levels for the effect of long-term
exposure to PM;y on mortality as different scenarios.

4.3.7 Effects of particles from different sources

Particles from different sources may have different sizes and chemical composition, and the toxicity of
particles depends on their size and chemical composition. Fine particles, which are mostly produced as a
result of combustion associated with diesel exhaust, power plants and other forms of rapid, hot
combustion, are considered more toxic than larger particles, which are often the result of blowing dust or
soot as the result of open combustion, windblown soil, dust or sea salt (Yassi et al., 2001). Some studies
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have shown that mortality is more strongly associated with fine particles (PM, s) than with PM,, and the
coarse particles (PM;5.10) (Schwartz et al., 1996; Smith et al., 2000b; Schwartz, 2003b).

A few studies have analysed which components of PM are actually responsible for its effect on mortality
in order to examine the association between the mortality increase and particles from different sources.
An analysis of Harvard Six-Cities data (1979-1988) used the elemental composition of fine particles
(PM;5) to identify the five distinct source-related fractions of fine particles for each city. The five
sources of PM, 5 identified were motor vehicle emission, coal combustion, soil and crustal material, fuel
oil combustion, and salt (Laden et al., 2000). The study (which was reanalysed by Schwartz (2003b))
reported that fine particles from motor vehicle emission and coal combustion, but not from soil and
crustal factors, were associated with increased mortality. The relative increase in mortality associated
with the mobile source factor was the strongest among all other sources. The reanalysis of the data from
Laden et al. (2000) by Schwartz (2003b) showed a 3.6% increase in mortality associated with a 10
ug/m’ increase in motor vehicle emission-related PM, s, and a 0.8% increase in mortality associated with
a 10 pg/m’ increase in PM, s from coal combustion in the combined analysis of six cities.

Mar et al. (2000) (reanalysed by Mar et al. (2003a and b)) found in their analysis of Phoenix, Arizona,
data for 1995—-1997 that each of motor vehicle factor (lag one day), vegetative burning factor (three-day
lag) and regional sulphate factor (same day) of fine particles (PM,s) had a significant positive
association with cardiovascular mortality (Mar et al., 2000; Mar et al., 2003a and b). Using factor
analysis, another study in three New Jersey cities (Camden, Newark and Elizabeth) from 1981 to 1983
identified several major source components of PM, including oil burning; industrial, geological and
motor vehicle sources; and sulphate/secondary aerosols. The study reported statistically significant
associations between each of oil burning, industrial sulphate aerosol and motor vehicle-related PM with
mortality (Tsai et al., 2000).

Although a few epidemiological studies have compared the effects of PM from different sources on
mortality/morbidity, none of the studies have specifically compared the effect of motor vehicle smoke
and wood smoke on mortality. One approach could be to compare the results between the cities that
have PM dominated by a single source. For example, the association between PM and daily mortality in
Santa Clara County in California could indicate the association between wood smoke-related particles
and daily mortality because wood smoke is a major source of particles in Santa Clara, contributing about
40% of the wintertime PM,; (Fairley, 1990; 1999). Christchurch has an even greater wood smoke
contribution to PMy and PM; 5 in air (Environment Canterbury, 2003). Similarly the findings from a
time-series study in Amsterdam that individuals who live on the main roads have much higher relative
risks of death than people who live away from the main roads, when analysed with data from the same
background air pollution monitoring stations, suggests that traffic-related particles are involved in
increasing mortality during high pollution days (Roemer & van Wijnen, 2001)

City-specific results in multi-city studies have consistency in data handling and analysis in each city
(Katsouyanni et al., 1997; Laden et al., 2000; Samet et al., 2000c). The APHEA analysis showed that the
relative risk of mortality for particulate matter was higher in the areas with high NO, (i.e. traffic
density), suggesting that the motor vehicle-related particles might have a steeper dose—response
relationship than other particles (Katsouyanni et al., 2001).

' 43.8 Distributed lag models

Daily mortality is likely to be affected by same-day air pollution as well as the cumulative exposure of
air pollution over a number of preceding days (Zanobetti et al., 2000). Therefore, the models with a
single day’s air pollution level are likely to underestimate the total effect of exposure to air pollution on
daily mortality. In order to measure the real effect of air pollution on mortality, a model is needed that
combines the effects of air pollution levels on the same day and on subsequent days.

One of the regression models uses same-day PM,y concentrations and PM,, levels on preceding days
(different time lags) as independent variables. The overall effect of a unit increase in PM;, will be the
increase in mortality due to a unit increase in PM,, level on the same day, plus the increases in mortality
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due to a unit increase in PM, level on previous days. These models are generally termed ‘unconstrained
distributed lag models’ because PM;, effects on mortality or morbidity in this type of modelling are not
constrained (Schwartz, 2000b). In this type of model, if there is a serial correlation between PM;, levels
there will be multi-collinearity between lagged PM,, variables, and so the regression models will have a
collinearity problem. This will result in unstable estimates of PM, effects (Pope & Schwartz, 1996;
Schwartz, 2000b).

To reduce the random variation of PM,, effects estimated by unconstrained distributed lag models, the
distribution of PM,, effects over time can be constrained to some shape. One way to do this is to
calculate the weighted average of lagged PM,, concentrations with weights that reflect the relative
effects of the same day and lagged PM, concentrations, and use the weighted average as an exposure
variable. These models put a constraint on the relative effects of lagged PM,y variables and so are
referred to as ‘constrained distributed lag models’ (Schwartz, 2000b). Some studies have used a lagged
moving average of daily PM,, levels as an exposure variable. This approach assigns equal weightings to
the effects of every day’s air pollution level. In contrast, a few studies have analysed the shape of the
distribution of air pollution effects at different lags and assigned the weights accordingly. The most
common approach is to constrain the shape to fit some polynomial function.

Schwartz (2000a) used a quadratic polynomial distributed lag model with five-day lags to study the
effect of PM; on the daily mortality of persons 65 years of age and over in 10 US cities. He compared
the results with the results from the unconstrained distributed lag models, and the models with the same-
day PM,, levels and the two-day moving average of PM,, levels (lag zero and lag one) as air pollution
exposures. He found that the overall effects from the distributed-lag models were higher than the effects
using one- or two-day moving average PM;, levels. The study reported an increase of 1.41% in daily
deaths for a 10 pg/m’ increase in PM;o when the five-day lag structure was used, as opposed to an
increase of 1.05% in daily deaths for a 10 pg/m’ increase in the two-day moving average PM;, level
(Schwartz, 2000b).

Similar results were reported by a study conducted as part of the APHEA-2 study in its 10 largest study
cities. This study estimated the combined effects of PM;, on the same day and the lagged effects up to
40 days using third- and fourth-degree polynomial distributed lag models. It was found that the
estimated effect of PM,y was more than doubled in many cities when lagged effects were considered, as
compared to the two-day moving average (same day and the day before) of PM, levels. The results
were consistent for all distributed lag models, including unconstrained distributed lag models (Zanobetti
et al., 2002).

Another study of the association between daily air pollution and daily mortality in Milan between 1980
and 1989 also reported that the effect of air pollution was distributed over time by examining the effect
of air pollution distributed over the same day and the previous 45 days. Instead of polynomial
distributed lag models, this study used a non-parametric smoothed distributed lag model which
constrained the estimated air pollution effects to vary smoothly with the number of days’ lag between air
pollution exposure and mortality. The study reported that the effect of cumulative exposure to air
pollution was higher than the effect of air pollution on the same day. Total suspended PM was used as
the exposure measure in this study (Zanobetti et al., 2000).

Distributed lag modelling has also been used to study the extended effects of cold and air pollution
simultaneously. Goodman et al. (2004) analysed Dublin data from April 1980 to December 1996 to
assess the cumulative net effects of daily minimum temperature and black smoke (BS) particulate air
pollution exposure over the following 40 days using polynomial distributed lag models. As in other
studies, this study reported higher effects of the extended exposure to air pollution on mortality. The
study estimated a 1.1% increase in total non-trauma mortality associated with an increase of 10 ug/m’ in
daily mean BS over the succeeding 40 days, whereas the effect of each 10 pg/m’ increase in three-day
mean BS was 0.4% (Goodman et al., 2004).
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4.3.9 Harvesting (mortality displacement or ‘hastened deaths’)

Another key concern in interpreting the short-term association between air pollution and mortality, as
demonstrated by time-series studies, is that it is unclear whether the association is due to the short-term
displacement of the deaths of people who would have died a couple of days later regardless of air
pollution exposure. Short-term time-series studies can not document an increase in longer-term mortality
due to longer-term exposure to air pollution (McMichael et al., 1998). The key question in assessing the
public health impact of air pollution is to understand whether higher air pollution levels increase
mortality in the longer term or just bring forward the event of deaths by a couple of days, known as
mortality displacement (‘harvesting’ or ‘hastened deaths’). The public health significance will be
considerably larger if the life expectancy is reduced by months or years compared with deaths only
brought forward by a couple of days (McMichael et al., 1998; Brunekreef & Holgate, 2002).

Two studies have used conceptually similar, but still different, approaches to test whether the short-term
association between air pollution and mortality is due to short-term mortality displacement (Zeger et al.,
1999; Schwartz, 2000c). Both approaches assumed that under the short-term harvesting hypothesis, the
increase in mortality during the higher air pollution days would be immediately followed by lower than
expected mortality, which persists until the mortality level comes back to the expected level. If there is a
substantial time between the increase in mortality and lower-than-expected mortality, then the mortality
is being displaced by a substantial amount. If there is short-term harvesting, then an association would
only be detected at shorter timescales but not at longer timescales (Bell et al., 2004). One of the above
approaches focused on time scale to test the hypothesis of short-term harvesting and examined the
association between daily air pollution levels and daily mortality at different time scales (Schwartz,
2000c). The other approach tested the hypothesis in frequency domain and examined the association
between daily air pollution levels and daily mortality in different frequency ranges (Kelsall et al., 1999;
Zeger et al., 1999).

Schwartz (2000c) (re-analysed by Schwartz (2003b)) tested the hypothesis of short-term harvesting
using Boston, Massachusetts, data (1979-1986) by decomposing data into three independent time series
representing long time trends and seasonal variations, intermediate variations, and the shortest-term
variations. By varying the smoothing window sizes (15, 30, 45 and 60 days), several time series, with
seasonal and shortest-term variation removed and representing intermediate variations of different time
scales, were generated and the associations between PM, s and mortality were examined on these mid-
scale components separately (Schwartz, 2000c; 2003b). Another study in Chicago (1988-1993) used the
same approach to examine the short-term harvesting in the association between PM;, and mortality and
hospital admissions (Schwartz, 2001). Both studies used STL algorithm, the seasonal and trend
decomposition program introduced by Cleveland et al. (1990), which fits LOWESS (locally weighted
estimated smooth surface) smooths with different smoothing window sizes to time-series data in order
to decompose it into different time-scale components (Cleveland, 1979; Cleveland et al., 1990).

Both studies reported an association between PM and mortality and hospital admission at different time
scales. The effect of PM, s on mortality due to all-cause, pneumonia and heart attacks increased with an
increase in time scale except for the mortality due to chronic obstructive pulmonary disease (COPD).
The study reported a reduction in the relative risk of COPD deaths due to PM, s for the longer time scale,
suggesting the deaths due to COPD were brought forward by a few weeks or few months (Schwartz,
2000c; 2003b). However, the Chicago study showed that the effect of PM;, on hospital admission due to
COPD increased with longer time scales and the effect size estimate was more than doubled for daily
deaths and for COPD admissions (Schwartz, 2001).

Zeger et al. (1999) (re-analysed by Dominici et al., 2003a)) used a frequency domain log-linear
regression approach (Kelsall et al., 1999) to estimate the effects of total suspended particles (TSP) on
mortality in Philadelphia (data from 1974—-1988) that is resistant to short-term harvesting. The
assumption was that short-term harvesting creates an association only at shorter time scales. They
decomposed the time-series data at different characteristic frequency ranges using Fourier series
decomposition, and estimated the effects at each frequency range separately. Under the short-term
harvesting hypothesis, which is that the association between TSP and mortality is only due to short-term
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harvesting, the effects would be expected to be near zero at lower frequencies (longer time scales) and to
increase towards higher frequencies (shorter time scales), but the study found results opposite to what
would have been expected under the short-term harvesting hypothesis. The relative increase in mortality
associated with the relative change in TSP levels was significantly different from zero at lower
frequencies and decreased towards higher frequencies (Zeger et al., 1999; Dominici et al., 2003a). As a
result, they argued that the short-term harvesting hypothesis was inconsistent with the Philadelphia data.

Another study in four US cities (Pittsburgh, Minneapolis, Chicago and Seattle) using data from 1987 to
1994 also found a larger relative risk for mortality associated with PM,, at a longer time scale than at a
shorter time scale (Dominici et al., 2003c). The major difference between their method and the method
used by Schwartz (2000b) and Zeger et al. (1999) is that these other authors decomposed all time-series
data including mortality, PM,(, and weather into three distinct time series representing long-time trends
and seasonal variations, intermediate variations, and the shortest-term variations, whereas Dominici et
al. (2003c) decomposed only PM;, data series into distinct time-scale component series. They applied a
discrete Fourier transformation with frequencies of different cycles to the PM;, series to decompose the
daily air pollution data. They decomposed the daily time-series data into six independent time series,
ranging from the very smooth series, which fluctuates with a very low frequency (more than two-month
cycle) to the less smooth series, which fluctuates with very high frequency (less than 3.5-day cycle).
They fitted the model for daily mortality with all six component series of air pollution data as exposure
variables adjusting for temporal trend, days of the week and weather variables. This model estimated the
relative risk for increasing daily mortality from an increase in air pollution levels at different time scales,
adjusting for weather variables. The analysis first calculated the city-specific relative risks of mortality,
and then the results were pooled to calculate the overall relative risk of mortality across four cities
(Dominici et al., 2003c). The results showed that when longer time scales were used for the relationship
between PM exposure and mortality, the risk coefficients increased.

Under the short-term harvesting hypothesis, the mortality would be associated only with the short-term
time scale component of air pollution, but not with the mid- to longer-term time-scale component of air
pollution. In a study in Milan, Italy (1980-1989), Zanobetti et al. (2000) used generalised additive
distributed lag models to quantify mortality displacement. Zanobetti et al. (2002) (reanalysis by
Zanobetti & Schwartz, 2003) applied the same concept (distributed lag modelling) in a multi-city
analysis of the 10 European study cities of APHEA2. All these studies reported that the PM;, risk
estimates obtained from distributed lag models with up to 40-day lags were higher than the PM;, risk
estimates obtained for the average of lag zero and lag one, suggesting a lack of mortality displacement
for up to 40—45 days (Zanobetti et al., 2002; Zanobetti & Schwartz, 2003).

Spix et al. (1993) investigated short-term mortality displacement due to SO, in Erfurt, Germany (1980-
1989), using an interaction term between pollution and the mean number of deaths in the previous days.
The study tried the interaction terms of pollution with the last 2 to 21 days’ mean mortality in the model
and found the best fit with 15 days’ mean mortality. The assumption was that if there was a mortality
displacement then there would be fewer-than-average deaths if more-than-average deaths occurred in the
past 15 days. This would result in a significant interaction effect. However, they found that the
interaction term was not statistically significant, showing a lack of evidence for a short-term mortality
displacement (Spix et al., 1993)

A Philadelphia study for the period 1973 to 1990 used state space modelling to estimate the relationship
between air quality and mortality (Murray & Nelson, 2000). The model, which assumes harvesting
effects, allows estimates of the size of the at-risk population, life expectancy of individuals in that
population and the effect of changes in air pollution on that life expectancy. Murray & Nelson (2000)
first verified the model by simulation and then applied it to the Philadelphia data. They estimated that
TSP caused a difference of about 2.5 days on average in the life expectancy of the roughly 500 at- risk
population in Philadelphia. These results are in contrast with the findings of Zeger et al. (1999),
Schwartz (2000b), Dominici et al. (2003c) and Zanobetti et al. (2002), which showed evidence of
mortality displaced by air pollution by more than a few weeks. However, due to the nature of time-series
studies, these studies could not identify exactly by how many weeks or how many months the time of
death is brought forward by particulate matter. These studies have found that the effect-size estimates
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from the existing time-series studies are smaller than the effect size when people are exposed to air
pollution for a longer time period. However, in order to draw any valid conclusions, these analyses need
to be replicated in different populations (Brunekreef & Hoek, 2000).

4.4 Update for 2007 based on recent reviews

The air pollution and health research field is very active. Numerous epidemiological and toxicological
studies are in progress and new evidence is continuously being published. Multi-million-dollar research
funding initiatives are in progress in the USA (US EPA, 2004) and Europe (THE PEP [Transport, Health
and Environment, Pan-European Programme], 2006), and in Australia research has been supported
under the auspices of the National Environmental Protection Measures (NEPM) programme. Thus, any
literature review rapidly becomes outdated, and it was proposed at the HAPiNZ Steering Committee
meeting on 1 May 2007 that a brief update of key new findings as reported in recent reviews would be
helpful.

This review shows that the focus on particulate matter as the main concern for urban air pollution has
been maintained. Diesel particles have been singled out in one report as a major health threat (Clean Air
Task Force, 2005), but reviews of the toxicity of particles from different sources (vehicles, coal power
stations, wood fires, etc.) have not been able to quantify a difference in risk coefficients between
different types of particles (HEI, 2002; US EPA, 2004; Pope & Dockery, 2006; WHO, 2006). A detailed
analysis of the specific risks of wood smoke (Nacher et al., 2007) concluded that the most prudent
approach is to consider wood smoke particles of similar toxicity as particles from other sources. An
important new development is the research on extremely small particles (< 0.1 um) (Oberdorster et al.,
2005), which shows that the particles are absorbed and distributed throughout the body organs. This
evidence may eventually explain how inhalation of particles can lead to systemic effects in other organs
than the lungs.

The mortality effect of particles has been confirmed in major reviews (US EPA, 2004; DEFRA, 2005;
Pope & Dockery, 2006; WHO, 2006). Virtually hundreds of studies have shown the short-term mortality
effect in different settings, and the meta-analysis by Pope & Dockery (2006) indicated that the increased
risk of short-term mortality per 10 pg/m’* PM, s for all causes in the adult population is in the range 0.4—
1.5%, with a median of 1.0%. The equivalent ranges and medians for short-term cardiovascular and
respiratory disease mortality are 0.6—1.8% (median 1.3%) and 0.6-2.2% (median 1.2%), respectively. In
Christchurch the ratio between PM, s and PM,, is 0.8 (see previous sections). Using the review figures
above, the median short-term mortality increase there per 10 ug/m3 PM,, increase would be 0.8 (all
causes), 1.0 (cardiovascular) and 1.0 (respiratory). Pope & Dockery (2006) also report that short-term
relationships between daily PM, s values and hospital admissions in cardiovascular diseases are in the
range 0.4-2.8% (median 1.6%) per 10 pg/m’ PM, s.

Of particular importance for the assessment of the public health impact of particulate air pollution is the
conclusion by Pope & Dockery (2006) that the long-term mortality increase related to annual average
PM levels is much greater than the short-term mortality increase. The range of risk coefficients in 17
reports is 0.3—41% increase of all-cause mortality per 10 pg/m’ increase of PM, s (median 13%). For
cardiopulmonary and lung cancer mortality the reported results were 0.6-95% (median 12%) and 0.8—
81% (median 18%) respectively. The ranges are large, which indicates the need for further quantitative
studies of the long-term mortality relationships, but it seems very likely that the true risk coefficient for
long-term exposure to PM is one order of magnitude greater than the short-term risk coefficient. The
new Air Quality Guidelines from WHO (2006) take these short-term vs. long-term differences into
account and recommend lower values for annual averages than the 24-hour averages. Another new
finding in the reviews is the likely particular vulnerability of people with pre-existing diseases
(including diabetes) to air pollution exposures (Goldberg et al., 2000; HEI, 2002).

In recent years there has been special interest in the effects of air pollution on children’s health, inspired
by a WHO programme on Children’s Environmental Health and similar programmes in several
European countries and the USA (WHO, 2005). The transport and health programme of the United
Nations and WHO (THE PEP, 2006) also focuses on children’s health. Children are a sensitive
population group because their lungs are under-developed, they breathe more air than adults (per kg
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body weight), their immune system is immature, and their exposure may be higher due to their noses
being closer to the ground and spending much time outdoors (Schwartz, 2004). The WHO (2005)
reviews highlighted concerns about childhood lung injury and retarded lung development, making the
lung more susceptible to effects in adult life. A study of 3,600 children (Gauderman et al., 2007) showed
a significant reduction in lung function for children living within 500 m of motorways. In addition,
newborn children of mothers exposed to air pollution may have reduced birth weight and increased risk
of prematurity (WHO, 2005). Thus, the health impact of PM and other air pollutants may be greater than
the mortality and morbidity effects found in adults and the elderly.

4.5 Summary

A large number of epidemiological studies carried out worldwide have shown associations between
ambient air pollution levels and adverse health effects, including increased mortality. The short-term
mortality increase in relation to daily levels of PM,y or PM, 5 is approximately 0.5—1% increase per 10
pg/m3 PM,, increase.

A variety of statistical methods have been used, and they all come to similar conclusions. The
distributed lag model analysis demonstrates that the mortality effect of peak air pollution lasts longer
than the first day of exposure. The resulting long-term mortality increase associated with long-term
exposure is substantially higher than the short-term increase. Recent meta-analysis indicates that the
mortality increase per 10 ug/m’ PM,, may be as high as 5-10%.

The exact biological mechanisms by which air pollution causes increased morbidity and mortality
remain to be determined. It would seem that inflammation of the airways is a common pathway for
several air pollutants, and direct effects on the cardiovascular system have recently been reported. It is
also apparent that there are groups within the population that are particularly susceptible to the effects of
air pollution, including the elderly, people with existing respiratory and cardiovascular disease,
asthmatics, and infants.

Another issue that has not yet been resolved is whether PM, air pollution from different sources causes
different levels of health risk. However, the conclusions from several reviews are that PM;, from
vehicles, wood smoke and industrial sources should be considered of similar toxicity.
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5. New Zealand Background

‘ 5.1 Scope

The purpose of this section is to examine the specific elements of the New Zealand situation. It includes
a discussion of the applicability of overseas results in New Zealand and previous New Zealand studies
linking air quality and health effects. Factors that may influence the extent to which overseas studies can
be applied here include the types of air pollution that cause significant human exposures, the geographic
setting and the climatic situation, and the socio-economic status and general health status of the exposed
population. There is reason to believe that most of the studies from Europe or North America can be
used to interpret what may happen in New Zealand, taking into account the particular pollutant mixtures
and climate factors. However, the HAPiINZ project has included epidemiological studies in Christchurch
and Auckland in order to confirm whether the dose—response relationships from overseas studies can be
demonstrated in New Zealand.

5.2  Applicability of overseas research

One measure of the applicability of overseas research is to see how it compares with the results of
studies in New Zealand. Relevant studies have mainly been carried out in Christchurch, and these show
an association between 24-hour concentrations of PM;, and mortality (one-day lag) and hospital
admissions. A 10 pg/m3 increase in 24-hour PMy is associated with a 1% increase in all-cause mortality
and a 4% increase in respiratory mortality (Hales et al. 2000b), a 3% increase in respiratory hospital
admissions of adults and children and a 1% increase in cardiac hospital admissions of adults (McGowan
et al. 2002). The results of these studies are consistent with studies elsewhere in the world, especially
those for which the major sources of PM, are solid-fuel combustion processes.

Some New Zealand studies (particularly in Christchurch) relate to the winter-time particles problem
caused by wood and coal combustion for domestic heating, and these may not be relevant to PM,q
concentrations associated with motor vehicles. Recent research has suggested that the apparent
dose—response relationship for daily mortality and PM;, is steeper in the summer than in the winter.
Better quantification of the exposure—response relationship by specific source categories is needed to
determine why this is (Kjellstrom et al. 2002).

New Zealand has a reasonable proportion of diesel vehicles (430,000 registered in 2001 and increasing)
(Ministry of Economic Development, 2001). Also, as mentioned in previous sections of this report, the
sulphur content of New Zealand diesel prior to 2001 was measured as high as 3,000 ppm. As of 2004 the
maximum allowable sulphur content in New Zealand was lowered to 500 ppm and in 2006 was again
lowered, to 50 ppm. These reductions bring New Zealand in line with European nations, where the
maximum sulphur content of diesel was 350 ppm, reducing to 50 ppm in 2005, and in several urban
areas it is already less than 10 ppm. Therefore, in any studies conducted in New Zealand prior to 2001, it
is likely that the PM;, associated with motor vehicles may be relatively high in sulphates.

Although the available evidence is limited, the linear dose—response relationships for the health
outcomes of mortality and hospital admissions in the WHO Air Quality Guidelines (WHO, 2000) show
a steeper relationship (that is, a larger relative risk) for sulphates than for either total PM;, or other
particulate size fractions. There is still considerable uncertainty as to whether SO, is the pollutant
responsible for the observed adverse health effects, or whether it is a surrogate for ultrafine particles or
some other correlated substance.

A major point of difference between New Zealand urban areas and most cities in developed countries
overseas is the relatively high concentrations of carbon monoxide (CO). The biological mechanism by
which CO affects health is quite specific: it reduces the oxygen transport capability of haemoglobin,
causing ‘chemical suffocation’. It is worth considering what impact the impaired oxygen release to
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tissue, and the consequent effects on such sensitive organs as the brain and heart, has on the ability to be
able to cope with exposures to other air pollutants such as PM;,, which can cause inflammation of the
airways. The effects of combined exposure may well be synergistic.

Another air pollutant of importance, particularly for motor vehicle air pollution, is nitrogen dioxide
(NO,). There have been some relatively high concentrations of nitrogen oxides measured at inner-city
sites in Auckland and Christchurch close to major roads and busy intersections. Again, the impact of
exposures to NO,, which affects the surface of the lungs, on the ability to cope with concentrations of
PM,( (for example) is an area of research well worth considering in the New Zealand context, especially
given our particular fuel specifications, which are different from many other places. A spatial analysis of
the long-term effects of annual exposure to NO, and mortality in Auckland carried out for HAPiNZ (see
section 7.3) found a similar number of premature deaths attributable to air pollution as the Ministry of
Transport study results for Auckland (Scoggins et al., 2004).

A national risk assessment commissioned by the Ministry of Transport confirmed that similar levels of
health effects occur in New Zealand, even though there is generally a good air quality relative to many
other parts of the world. The Ministry of Transport study estimated that the number of people above 30
years of age who experience ‘premature mortality’ in New Zealand due to exposure to PM,, emissions
from vehicles is 399 per year (with a 95% confidence interval of 241-566). This compares with 571
people above 30 experiencing premature mortality due to PM;y from other air pollution sources (mainly
home heating), and with 502 people dying from road accidents (all ages) in 1996 (Fisher et al., 2002).
This result, based on a methodology used in Europe (Kunzli et al., 2000), suggests that mortality due to
vehicle-related air pollution is similar to the accident road toll. The ratio between traffic air pollution-
related deaths and fatal motor vehicles accidents in New Zealand (0.8) is also consistent with overseas
findings (see Table 5-1).

Because of its relative geographic isolation and the prevailing relatively strong wind patterns, New
Zealand has lower urban air pollution levels per km travelled than European countries. However, the
general traffic safety record in New Zealand (as judged by age-standardised traffic crash mortality rates)
is worse than in European countries. The key result from the 2002 study, shown in Table 5-1, is
presented here for context, but these results, which are based on the 1996 census data, should be
regarded as out of date.

Table 5-1. Air pollution mortality (adults > 30 years) and the road toll, 1996*

Country Population Traffic accident Mortality due to traffic  Ratio
(million) deaths (A) air pollution (B) B/A
France 58.3 8,919 17,629 2.0
Austria 8.1 963 2,411 25
Switzerland 71 597 1,762 3.0
New Zealand 3.7 502 399 0.8

* Reproduced from an earlier study, now out of date.

Other overseas studies that are relevant and applicable to New Zealand are those that estimate the cancer
risk associated with atmospheric exposures to benzene. As mentioned in previous sections of this report,
prior to 2004 New Zealand petrol had a high benzene content, especially the ‘premium’ grade, which
exceeded 4% by volume (in 2004 the maximum allowable benzene content was set at 3%, reducing to
1% by volume by 2006), so the health effects of exposures to benzene are worth studying.
Unfortunately, benzene exposure data is limited. The cancer risk (leukaemia) can be estimated using the
geometric mean of the WHO unit risk (that is, for 1 pg/m’ exposures) of 6.0 per million of the
population (WHO, 2000).
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5.3  Previous New Zealand studies on air quality and health

Research undertaken so far in New Zealand has not been sufficient to fully quantify the health effects
associated with air pollution or to identify the best measures to reduce these (Scoggins, 2004).
Therefore, the HAPiNZ project includes new epidemiological studies of selected research questions that
are crucial for valid health impact assessments in New Zealand.

5.3.1 Epidemiological and clinical studies

Epidemiological research on air pollution in New Zealand has focused on particulate pollution in
Christchurch. One study (Hales et al., 2000b), which analysed the mortality effect of PM,,, indicated
that an increased total and respiratory mortality could indeed be measured. This study was designed to
investigate the relationship between the daily number of deaths, weather and ambient air pollution. This
involved using daily data for the city of Christchurch (population 300,000) from June 1988 to December
1993. Poisson regression models were used to control for season using a parametric method. The results
showed that above the third quartile (20.5°C) of maximum temperature, an increase of 1°C was
associated with a 1% (95% CI: 0.4-2.1%) increase in all-cause mortality and a 3% (0.1-6.0%) increase
in respiratory mortality. An increase in PM,, of 10 pg/m’ was associated (after a lag of one day) with a
1% (0.5-2.2%) increase in all-cause mortality and a 4% (1.5-5.9%) increase in respiratory mortality. No
evidence was found of interaction between the effects of temperature and particulate air pollution. The
overall conclusion was that high temperatures and particulate air pollution are independently associated
with increased daily mortality in Christchurch.

A further study undertook an analysis of mortality among census areas in Christchurch (Hales et al.
2000a). The number of deaths following days with high particulate air pollution (defined as 24-hour
average PM,, > 50 pg/m’) was compared with deaths on matched unpolluted days (defined as PM;o < 50
pg/m’). The possible role of population age structure, relative deprivation (estimated using NZDep96)
and local exposure to outdoor air pollution from household fires (estimated using a chimney density
index) was explored. There was a statistically significant association between mortality and air
pollution. Substantial variation in pollution-related mortality among census area units was found.
Relative deprivation (but not the proportion of elderly people or chimney density) was also found to be a
statistically significant predictor of mortality patterns. There was also a positive association between
chimney density and relative deprivation. These findings suggest that relative deprivation may increase
vulnerability to the effects of particulate air pollution on daily mortality, independently of the effects of
age and local variation in exposure.

A Christchurch study of hospital admissions for cardiorespiratory disease showed an increase of daily
admissions the day after high air pollution days (McGowan et al., 2002). Daily data was analysed for the
period June 1988 to December 1998 using a time-series approach that controlled for weather variables.
For all age groups combined there was a 3.37% (95% CI: 2.34—4.40) increase in respiratory admissions
(two-day lag), and a 1.26% (95% CI: 0.31-2.21) increase in cardiac admissions (no lag), for each
interquartile rise in PM,, (value 14.8 pg/m®).

A few other health effects of air pollution in Christchurch have been published. Dawson et al. (1983)
studied the relationship between hospital attendance for acute asthma attacks and air pollution levels in
Christchurch during the winter of 1981 and found a negative correlation. No explanation for this
unexpected result was found, but the relatively small study size would have limited the statistical power
of the study. Another study of asthma in children (Wilkie et al., 1995) focused on potential air pollution
during the summer of 1993 around a fertiliser plant. No increase of asthma was found compared to a
control group of children. The pollution situation was quite different from the winter smoke of major
concern. The only other study was a panel study of 40 subjects with chronic obstructive pulmonary
disease (Harre et al., 1997), in which their reported prevalence of night-time chest symptoms was
increased during the day after a 24-hour period when the PM,, levels increased by 35 pg/m’ or more.
Again, the small study size makes it difficult to draw definite conclusions.
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5.3.2 Health impact and risk assessments

The first risk assessment, based on daily dose—response relationships and current air pollution levels in
Christchurch, concluded that each year the days of high air pollution (due to all sources) possibly cause
29 extra deaths and 40 extra hospital admissions (Foster, 1996). In addition, it was estimated that each
year air pollution caused 82,000 days of ‘restricted activity’, such as absence from school or work due to
respiratory symptoms (Canterbury Regional Council, 1997). These calculations were revised in 1999
following a more detailed study and an adoption of the ‘no threshold’ criterion to 40—70 deaths, around
75—-100 hospitalisations, and 300,000 to 600,000 restricted-activity days per year in Christchurch
(Wilton, 1999).

The method used for overall assessment was similar to that used by the British Columbia Ministry of
Environment, Lands and Parks to calculate the health impact of particulate air pollution in the province
(BCMELP, 1995). For each 10 pg m® ‘increment’ of 24-hour particulate air pollution above 20 ug m’ a
certain percentage increase of mortality or morbidity is assumed to occur. For instance, in Christchurch
a 1% increase of total daily mortality was assumed to occur for each increment (Wilton, 1999). These
calculations have been widely debated in Christchurch, and some critics believe that the lack of local
data supporting this risk assessment puts in question the regional air quality management policy.

It should be pointed out that 29 (or 40—70) extra deaths may seem small, given it is only 1% of all deaths
in Christchurch during a year. However, these deaths are related to conditions during the 30 worst
polluted days. Thus, 29 deaths are about 10% of the deaths during those days. In addition, not all deaths
are truly preventable. People still die of ‘old age’ and many of the deaths during the worst polluted days
have nothing to do with air pollution. The 29 extra deaths may therefore be a much larger proportion of
the ‘preventable’ deaths during these days.

Another risk assessment of the health effects of air pollution has been produced for the Land Transport
Pricing Study of the Ministry of Transport (1996). The aim was to estimate the cost of health damage
due to air pollution and other environmental impacts from motor vehicles on roads. Based on a review of
a number of epidemiological studies, it was concluded that lifetime exposure to 10 pg/m’ particulate air
pollution would increase total mortality by 1.6% and that lifetime exposure to 1 pg /m’ benzene would
increase cancer mortality by 4 per million. The estimates were eventually expressed as the estimated
cost in dollars per kilometre of road, and the costs of particulate air pollution health damage were about
20 times greater than the cost of benzene health damage. These calculations are likely to be very
approximate, but they indicate the importance of particulate air pollution in estimations of the health
effects of air pollution.

5.3.3 The Ministry of Transport health impact assessment, 2002

A national risk assessment, commissioned by the Ministry of Transport, estimated the number of people
above 30 years of age who experience premature mortality in New Zealand due to exposure to emissions
of PM, particulates from vehicles (Fisher et al. 2002) (Table 5-2). The results suggested that premature
mortality due to vehicle-related air pollution is similar to the accident road toll, with 502 people dying
from road accidents (all ages) in 1996. This ratio is given for a simple contextual comparison, and
should not be regarded as seeing any correlation between the two factors. The road toll has been
decreasing in recent years, and in 2006 it was down to 405.” However, while the car crash death rate
consistently peaks in the 15-24 years age group (Connor, 2001), the average age of people dying
attributable to air pollution is more likely to occur in the very young (less than five years old) or elderly
(greater than 65 years old) (WHO, 2000).

Fisher et al. (2002) calculated mortality effects using the number of people exposed at different annual
PM,, levels following the methodology used by Kunzli et al. (2000). A hockey stick (where ‘hockey
stick’ refers to the shape of the curve) dose-response relationship was applied above the annual average
threshold (which was assumed to be 7.5 pg/m’), and a linear increase of mortality was assumed at 4.3%
above the background mortality rate for New Zealand for each 10 pg/m’ annual average increase of

7 See: www.mot.govt.nz.
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PM,o. Fisher et al. (2002) and Kunzli et al. (2000) calculated the number of deaths based on
dose—response relationships from two long-term studies in the US (Dockery et al. 1993; Pope et al.
1995b). This was a preliminary study that was subject to many assumptions and uncertainties. The
estimates were based on the best available information at the time and are the first attempt to quantify
health effects due to vehicle-related air pollution in the whole country. Overall, the results suggested that
air quality is a significant public health problem for New Zealanders — even though it is not a problem
on the same scale as in many other parts of the world.

The Wellington Regional Council recently replicated the Ministry of Transport health impact assessment
(Fisher et al., 2002) method for the Wellington region, taking into account the following differences
from the Ministry of Transport study: variations in the monitored ambient PM,, levels, increased
geographical area of interest leading to increased population size, lower base mortality, and changes to
the contribution of vehicles to ambient PM;, levels (O’Reilly, 2003). The revised annual number of
premature deaths from vehicle-related air pollution was 48 (95% CI: 24-66), which was similar to the
results of the Ministry of Transport health impact assessment (Table 5-2).

Again, Table 5-2 is presented here for context, but these results, which are based on the 1996 census
data and older methodologies, should be regarded as out of date.

Table 5-2. Estimated attributable number of deaths (95% CI) (over 30) per annum due to
PM;, emissions

Due to total PMjo Due to vehicle-related PMjo

Auckland 436 (264-619) 253 (153-359)
Wellington 79 (48-112) 56 (34-80)
Christchurch 182 (110-259) 41 (25-58)

Dunedin 48 (29-69) 6 (3-8)

Rest of North Island” 133 (81-189) 21 (13-30)

Rest of South Island” 80 (48-114) 19 (12-27)

All of New Zealand ™ 970 (586-1376) 399 (241-566)

Source: Fisher et al., 2002, reproduced from an earlier study, now out of date.
" Threshold PM,, for mortality effect 7.5 pg/m’
** Places with more than 5,000 people.

5.3.4 The HAPINZ Christchurch Pilot Study

The HAPINZ study produced a major report in 2005 (Fisher et al., 2005b), detailing health effects for
the greater Christchurch area. This was formulated as a pilot study before undertaking an analysis on the
whole of New Zealand. The pilot study results have been available on the HAPINZ website
(www.hapinz.org.nz) since September 2005. Comments received have been addressed to the extent
possible in this current report. In particular, much of the analysis of the background exposures from
natural sources has been updated.

It should be noted that the analysis methodology used in the Christchurch pilot study is not identical to
that used here. This is because the data and modelling results available for Christchurch were not
available for the rest of the country. This study uses a new simplified exposure model (see section 8).
For this reason, the results for Christchurch provided here are not identical to those given for the pilot
study, but they are close, differing by only a few percent. The new model has to a large extent been
calibrated on the previous Christchurch results. The main reason for the difference is the accuracy and
resolution of the exposure assessment, which are somewhat reduced due to the absence of the detailed
information for most other areas.
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5.4  Update

The discussion above and much of the subsequent analysis in this study essentially relates to the
situation in 2001. As new information has come to hand, updates have been incorporated but this
process may not be comprehensive, especially with very recent developments. The main effects analysis
does apply essentially to the 2001 year, since the basic data relies on census information and 2001 is the
latest available. (A new census was undertaken in 2006, but at the time of finalising this study the
detailed data required was not available.)

As such, the quantitative results presented in this report do not necessarily reflect the consequences of
changes in the environment since 2001, although the discussion of the results has tried to indicate
qualitatively some of the features. This includes changes in exposure patterns (particularly the
background pollution concentrations), changes in fuel specifications (particularly the reductions in
sulphur content and benzene since 2001), changes in other emissions (including domestic wood burning
and industrial emissions), and developments in epidemiological science, which continually refines the
understanding of the nature and scale of health effects. To update all of these factors would essentially
require an entire revision of the study, during which time new updates would come to hand, and require
futher edits to remain completely current.

5.5 Summary

Very few epidemiological studies of the effects of air pollution in New Zealand had been carried out
before the HAPINZ study. Only two of the preceding studies used modern epidemiological methods and
those studies could only demonstrate short-term mortality and morbidity effects in Christchurch.
HAPiINZ fills gaps in knowledge about such effects and also adds evidence about the long-term effects.

A preliminary health impact assessment of the effects of air pollution in New Zealand was carried out
for the Ministry of Transport in 2002. However, there has been no detailed quantitative assessment of
the range of health effects, including mortality, morbidity and restricted activity days. With the
exception of the work done for the Land Transport Pricing Strategy, New Zealand studies of the
economic consequences (including the health impacts of air pollution) are lacking. Linking exposure,
health and economic endpoints back to sources defines the nature of the ‘air pollution problem’ for New
Zealand.
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6. Confounding Factors in Epidemiological Studies

‘ 6.1 What is a confounding factor?

The type of health effects that have been associated with air pollution exposure are generally not
specific, and can also be caused by a variety of other factors such as heat and cold, tobacco smoking,
allergens, and occupational exposures. In addition, indoor air pollution not related to the outdoor air
quality can cause such effects. It is also well established that the health effects of concern are associated
with age, sex, ethnic group and socio-economic status, the latter possible a proxy for a combination of
exposure to other factors (e.g. tobacco smoking and occupational exposures).

Confounding occurs when a factor is associated with the health effects and is at the same time associated
with the air pollution studied (Beaglehole et al., 2006). But confounding does not occur just because the
factor is a potential risk factor for the health effect being studied. It can also be an effect modifier,
meaning that the health effect of air pollution is more (or less) severe because of the other exposure. For
instance, if the spatial distribution of air pollution in Christchurch is correlated with smoking habits, so
that high air pollution areas also have high levels of smoking, then smoking will be a confounder for any
health outcome that is caused by smoking. However, if the smoking habits are totally unrelated to the air
pollution distribution, confounding does not occur, but smoking can still be an effect modifier so that
smokers have greater health effects than non-smokers.

The issue of confounding is primarily of importance in epidemiological studies where a quantitative
assignment of the causal role of different exposure variables is made. If confounding is ignored,
misleading conclusions about causation may be drawn. In health risk assessments that are based on
properly established dose—response relationships, taking potential confounders into account,
confounding of the results is unlikely. It would only occur if assessments of the impact of interventions
are made and the interventions are influencing not only the air pollution exposure but also a confounding
factor. For instance, an intervention that aims at reducing wood smoke exposure by making wood
burning more expensive could have the effect that low-income families reduce their heating and end up
living in colder houses. The lowered indoor temperature may increase respiratory diseases, while the
lower wood smoke concentrations may decrease respiratory diseases. Thus, the net effect of an
intervention of this type could be no change in morbidity even though air pollution is reduced. This
would be confounding as the result of implementing an intervention.

6.2 Potential confounding factors

6.2.1 Climate factors

It is well known that days with low minimum temperatures and days with high maximum temperatures
are associated with an increase in mortality (Howden-Chapman & Carroll, 2003). This relationship has
also been studied in the HAPINZ project. The non-linear relationship between daily temperature and
daily mortality/morbidity is studied using two hockey stick approaches — one for low temperatures and
another for high temperatures. Daily maximum temperatures have been used to study the effects of high
temperatures on mortality, whereas daily minimum temperatures have been used to study the effects of
low temperatures on mortality. In this approach it is assumed that a positive linear relationship between
mortality and maximum temperature starts after a certain maximum temperature (the threshold
maximum temperature) and there is no effect of temperature on mortality below this threshold
temperature. Similarly, there is a negative linear relationship between mortality and minimum
temperature below a certain minimum temperature (the threshold minimum temperature) and no
relationship above this minimum temperature.

Two new variables were created in the studies: one to represent the high temperatures (Hot) and another
to represent low temperature (Cold). The values of Hot are set to zero if the maximum temperature is
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below the threshold temperature, otherwise to maximum temperature minus threshold temperature. The
values of Cold are set to zero if the minimum temperature is above the threshold temperature, otherwise
to minimum temperature minus threshold temperature. The U-shaped relationship between temperature
and mortality is studied by investigating the relationship of these new variables Hot and Cold with
mortality.

The threshold temperatures and the relationship are discussed elsewhere in this report. In the latest
analysis an effect of relative humidity has also been seen among elderly people. Another factor of
interest is the changing climate. The maximum temperatures have gone up during the last 40 years, and
the rate of change has been greatest during the last 10 years (leading to warming of about 2°C) (Zhang et
al., in preparation).

6.2.2 Influenza

Influenza and other respiratory infection epidemics generally occur during the cold months — the same
months when both the number of deaths and air pollution levels are higher than during the rest of the
year. During an epidemic the number of deaths is likely to increase. This increase in deaths may not be
the effect of air pollution, but may be wrongly linked to air pollution if the occurrence of influenza is not
fully accounted for in the analysis. Some epidemiological studies of the short-term association between
air pollution and mortality have controlled for influenza epidemics. Some studies tested the delayed
influenza effects for up to 15 days.

Table 6-1 shows the monthly distribution of influenza deaths (ICD 9 code: 487) by year in Christchurch.
Most influenza deaths occur during cold months. A higher number of influenza deaths in a year are
likely to indicate an epidemic. However, the number of deaths is very small, and there was no death
recorded as influenza after 1996 (until 1999). This makes it difficult to identify epidemics based on the
number of reported influenza deaths. (Note that the total monthly mortality in Christchurch is
approximately 200, so the numbers in Table 6-1 are small in comparison.)

Instead of defining an epidemic based on the number of reported influenza deaths, the weekly number of
reported consultations and laboratory ‘isolations’ for influenza cases can be used for this purpose. These
numbers for the years 1994 to 1999 were obtained from Dr Michael Baker (ESR, unpublished data).
This data is collected only from May to September each year. Table 6-2 shows summary statistics of the
weekly number of consultations and isolations for influenza from 1994 to 1999. Figure 6-1 shows the
distribution of weekly number of GP consultation cases. The distribution was skewed towards low
values.
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Table 6-1. Monthly distribution of influenza deaths (ICD 9 code: 487), Christchurch, by year

Year Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1988 1 1 3 6
1989 3
1990
1991
1992 1
1993
1994 1
1995
1996 1 3
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Table 6-2. Summary statistics of the weekly number of GP consultations and laboratory
isolations for influenza cases for May to September, 1994 to 1999

Number of weeks Mean Median Min 10" percentile 90" percentile Max

Consultation 917 18.52 12 0 2 46 98
Isolation 917 5.73 5 0 0 13 26
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Figure 6-1. Frequency distribution of weekly number of GP consultations for influenza, 1994—
1999 (May to September)

Based on the distribution, it was assumed that any week where the number of consultations was greater
than the median (i.e. 12) was an influenza epidemic week. All days in epidemic weeks were considered
to be having epidemics and all days in non-epidemic weeks were considered not to have epidemics. A
dummy variable that represents epidemic (more than 12 GP consultations/week) (zero) or non-epidemic
(one) was created to use in the model to analyse the association between daily air pollution and daily
mortality.

Modelling with the method used for the daily time-series mortality analysis in Christchurch (see section
7.2) showed that the influenza epidemic variable did not have a significant effect on mortality. In other
words, addition of this variable did not change the association between air pollution and mortality in the
time-series analysis. Consequently, influenza epidemics are not a confounding influence in this study.
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6.3  Adjustments

6.3.1 Age, sex and ethnic group

It is well known that age, sex and ethnic group are important determinants of mortality and morbidity.
Confounding may occur if different time periods or different geographic areas studied have a different
population composition.

In the time-series analysis, the mortality for different causes of death was calculated for the whole
population and for selected subsets by age and sex. The key analysis compares day-to-day changes in air
pollution and health variables. During such short time periods of comparison it is unlikely that any
significant change in population structure takes place. It is usually assumed that the population size and
age/sex/ethnic composition do not change much during the period of study (in this case, 12 years), but a
long-term mortality change variable in the multiple regression analysis adjusts for any background
trends due to population changes.

Thus, the time-series analysis took age and sex into account. Because of the relatively small (7%)
proportion of Maori and other ethnic groups (i.e. Pacific 2%, Asian 5%) in the Christchurch population
it was not possible to do a meaningful analysis of the daily number of deaths for these groups. In the
Geographical Information System (GIS)-based ecological study in Auckland, age (0—14, 15-64, 65+
years), sex and ethnicity (European, NZ Maori, Pacific peoples, Asian and other) were all accounted for.

In the spatial analysis for Christchurch and Auckland these confounding factors were adjusted for by
calculating standardised mortality rates in each geographic unit. In addition, census data on average
smoking prevalence and occupational mix for the same geographic areas was used as variables in
multiple regression analysis of the mortality effects of air pollution exposures. This made it possible to
adjust for population level confounding from these variables.

6.4  Summary

Confounding in epidemiological studies and health risk assessments means that an extraneous variable
influences the results so that the effects of air pollution are exaggerated or underestimated. This result
can only occur when the air pollution exposure is associated with another exposure or condition in the
target population (e.g. tobacco smoking, socio-economic deprivation), and when this other factor is also
associated with the health effect of concern.

For the air pollution situation, population characteristics that may be confounding factors are age, sex,
ethnic group and socio-economic status. Other exposures that may be confounding factors include
climate factors, tobacco smoking and occupational exposures. In addition, influenza epidemics during
winter periods may exacerbate or obscure the air pollution effects. However, analysis of the influenza
data for Christchurch and its impact on the epidemiological analysis indicates that no confounding
occurred during the period of this study. All of the potential confounding factors, for which data is
available, have been taken into account, when relevant, in the analysis of data in this project.
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7. Epidemiological Studies and Dose—Response Relationships

The epidemiological approach used in this study closely follows a methodology that has been used
elsewhere and has become a de facto standard for such studies (Kunzli et al., 2000). The details are
summarised in a later section.

Because an excellent data set was available for Christchurch, time-series analysis was carried out to
examine some finer-scale aspects of the dose—response relationship. In addition, spatial analysis
ecological studies within the HAPINZ project in Auckland and Christchurch have produced evidence of
the long-term dose—response relationships.

This section relates mainly to results from the Christchurch study, as well as some results from two
related Auckland studies. These details are important inputs to the overall national study. It was not
feasible to conduct the exposure analysis on every region to the same level of detail as in Christchurch,
and to a slightly lesser extent in Auckland. The reasons for this include (a) lack of detailed monitoring
data, (b) lack of suitably detailed emissions inventory data, and (c) the limited resources available.

‘ 7.1  Scope of new studies

' 7.1.1  Christchurch

It was established by Hales et al (2000b) that an increase of daily PM;, levels in Christchurch is
associated with an increase in daily mortality. This finding made it worth quantifying the dose-response
relationships for different health effects of air pollution under New Zealand conditions. The latest
international data from the literature and collaborations with ongoing research programmes in the USA
and UK have and will be used. This will draw on very recent data emerging on the causes and effects of
particulate toxicology, as well as established literature.

The aims of this (the Christchurch pilot study) component of the research were to:

¢ estimate past exposures to particulate matter and other air pollutants in Christchurch

e investigate dose—response relationships for mortality and morbidity effects, relevant for health risk
assessments, combining the new local epidemiological results and evidence from overseas.

In order to take proper account of exposure variations on a seasonal and diurnal basis, detailed analysis
was carried out on Christchurch air monitoring data over a 12-year period. The variation of
dose—response relationships over time, by age and sex, and by pollution sources, has also been studied.
The long-term dose—response relationships were analysed using newly developed spatial modelling of
air pollution exposures and spatial epidemiology methods.

7.1.2 Daily time-series analysis

This methodology has been widely used to establish that daily air pollution exposures in urban areas are
associated with increased mortality and morbidity. It is a powerful tool for establishing that acute effects
take place, and by using so-called distributed lag models the cumulative health effects of short-term high
air pollution exposures can be measured. A key feature of this methodology is that any seasonal
variations in ‘background’ mortality or morbidity (due to other factors than air pollution) is deducted
from the daily variation of deaths potentially associated with air pollution. Much discussion has ensued
about which method for background adjustment is the best. A method developed for a European
collaborative research project (APHEA and APHEIS) was used, which included cities and populations
with air pollution exposures and other characteristics relatively similar to New Zealand’s conditions.
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A major drawback of these studies is that the seasonal background adjustment of daily mortality or
morbidity data may, in reality, adjust away the very effects of air pollution the study is looking for. If the
reason for the higher respiratory and cardiovascular mortality and morbidity in the winter is the
medium-term seasonal variations of air pollution, these effects may be underestimated by such time-
series methods.

In this study, a combination of different methods will be used in order to better describe the air
pollution-related health effects in New Zealand. However, the daily time-series analysis results may be
used to give an indication of the relative importance of different air pollution sources and the other
exposures of interest, such as climate factors.

7.1.3 Auckland studies

Two previous studies were carried out using Geographical Information System (GIS) methods and
airshed modelling to estimate annual average exposure for each census area unit in Auckland (Scoggins
et al., 2003, Scoggins et al. 2004). An update of these studies with additional data, as well as similar
methods to study the long-term dose—response relationships for the Christchurch population, was carried
out as a part of a PhD project by one of the HAPiNZ team members (Rupendra Shrestha, Australian
National University). This PhD study (to be published in late 2007) has provided important long-term
dose—response relationship estimates under New Zealand conditions (discussed below).

‘ 7.2 Daily time-series dose—response estimates: Christchurch study

7.21  Methodology

The Poisson regression protocol developed for the APHEA (Air Pollution and Health: A European
Approach) (Katsouyanni et al., 1996) and APHEIS (Air Pollution and Health: a European Information
System) (APHEIS, 2001) studies was used as a starting point for the methodology, taking into account
more recent updating of this protocol (Katsouyanni et al., 2001). This approach enables comparison of
dose—response relationships with studies in different countries.

Mortality (all causes) and hospital admission (respiratory and heart disease) data for all population
groups in Christchurch for the period 1988 to 1999 was acquired from the New Zealand Health
Information Service. The population characteristics data used includes age, sex, address (census area
unit), ethnicity and four-digit ICD-9 code. Air pollution exposure variables, as well as meteorological
data, were included as independent determinants in the regression modelling (data from Environment
Canterbury and NIWA). Missing data was accounted for by modelling based on meteorological data,
day of week and season (Shrestha & Kjellstrom, 2003).

Time-series analysis was carried out for the whole city population, as was age-specific analysis. Each air
pollutant and combinations of them were assessed in order to identify the characteristics of the
exposures that have the greatest impact on daily morbidity/mortality. Long-term trends of
morbidity/mortality and seasonal patterns were modelled using mathematical functions. Calendar effects
were modelled with dummy variables for day of the week. Influenza incidence was recorded from
general practitioner surveys and laboratory records. Influenza was considered a potential confounding
factor, but as described earlier there was no evidence of confounding from this variable.

Poisson regression using the method of maximum likelihood in the Stata software (Stata, 1997) was
applied. In order to assess the shape of the dose—response functions for different exposure variables,
scatter plots with best-fit curves from the LOWESS-smoothing method (locally weighted estimated
smooth surface) comparing single variable and multi-variable models were used. Seasonal effect
modification was analysed by separate winter (May—August) and non-winter (September—April; here
labelled ‘summer’) models. The relationship between winter particulate (influenced by wood smoke)
and summer particulate (with little wood smoke) was examined. Different lag periods for effect (half-
day, one-day, two-day, etc.) were tested. Interactions in multi-pollutant models were assessed to identify
any problem of multi-collinearity between air pollution variables.
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Based on the mathematical functions for the dose—response relationship between exposure to air
pollution, climate factors and health effects, estimates of the attributable risk for the different factors
were made for each season, winter and summer.

The study covers 12 years. An initial publication on Christchurch (Hales et al., 2000b) covered only six
years and found a statistically significant effect of PM;y on respiratory and total mortality (1% increase
of total mortality per 10 ug/m® PM,, increase). With the increased number of days to study, the analysis
has sufficient power to detect an effect of at least this magnitude. Specific effects on different mortality
diagnoses and effects on different age and gender groups were analysed.

Exposure variables

These were the concentrations of the air pollutants particulates (PM;,), carbon monoxide (CO) and
nitrogen dioxide (NO,), expressed as hourly, daily, monthly or yearly average levels. The measurements
were carried out by Environment Canterbury. Their reported 24-hour values are based on a 9 am to 9 am
cycle. All data used in this study has been converted to the more standard 12 am to 12 am.®

Potential confounding variables (including climate)

These were age, sex, and the climate variables temperature, relative humidity and wind speed.

Effect variables

The health endpoints were daily mortality (total, non-external, cardiovascular and respiratory) and daily
hospital admissions (cardiovascular and respiratory).

Analytical methods

Poisson regression modelling is used to investigate the association between daily mortality or morbidity
and daily air pollution levels, while controlling for other variables such as temperature, relative
humidity, long-term trends, seasonal variation and day of the week. The dependent variable in the model
is the daily number of deaths or hospital admissions, and independent variables are daily air pollution
level, daily weather variables and other confounders. The model used in this analysis is:

E (Y = exp (Bo+ B1*PMig,a + S Bi*X)
where:

e Y, is the number of deaths or hospital admissions on day ‘t’
e  PM(.is PMyg level on day ‘t-d’, where ‘d’ is the number of days lag d
e X is the other daily confounding variables

e [ is the fitted coefficient that represents the response function. (f may be non-zero in this model,
but the only reason it would be other than zero is if some confounding factors had not been explicitly
accounted for. It is expected to be small, otherwise the variance in the model due to unknown factors
would render it unusable).

Most of the confounding variables have a non-linear relationship with the dependent variable. In order to
adjust for these non-linear confounding effects of seasonality and weather variables, some have used
natural cubic splines smoothing while fitting Generalised Linear Models (GLMs), and some have fitted
Generalised Additive Models (GAMs) with non-parametric splines smoothing (e.g. LOWESS
smoothing).

¥ Since the late 1980s Environment Canterbury had carried out its 24-hour averaging on a 9 am to 9 am basis, for
the simple and pragmatic reason of not splitting the night-time peak. In order to achieve compliance with the
standards, they recently re-analysed the entire data set for the midnight-to-midnight period. This monumental task
was carried out by Teresa Aberkane of Environment Canterbury.

Health and Air Pollution in New Zealand: Final Report 44



In accordance with the model of the APHEA protocol, a linear term for year was used to control for
long-term trends in mortality or morbidity, and a series of sine and cosine terms was used to control for
seasonal variations. To control for a non-linear relationship of temperature with the outcome variable,
new variables based on daily maximum and daily minimum temperatures were created and used in the
model rather than the observed temperatures. For this, a threshold maximum temperature above which
the daily maximum temperature had a positive linear effect on daily mortality was estimated. A variable
Hot was created such that its value was set to zero if the maximum temperature was below the threshold
temperature, otherwise maximum temperature minus threshold temperature. Similarly, a threshold
minimum temperature below which the daily minimum temperature had a negative linear effect on daily
mortality was estimated. A variable Cold was created such that its value was set to 0 if the minimum
temperature was above the threshold temperature, otherwise minimum temperature minus threshold
temperature. The threshold temperatures were identified by minimising the Akaike Information Criteria
(AIC). The new variables Hot (threshold 26.9 degrees) and Cold (threshold 14.3 degrees) were used in
the models to control for non-linear temperature effects.

To investigate any effect modification by season, a dummy variable for season (one for the winter
months May—August and zero for the non-winter months September—April) and an interaction term
between season and pollution level were added in the models.

7.2.2 Features of air pollution exposure that influence the health risks

In order to better understand the exposure conditions in Christchurch, a number of different analyses of
the air quality monitoring data have been carried out by Kjellstrom, Shrestha, Scoggins, Exeter and
Dirks. Several conference reports have been presented and journal publications based on these analyses
are under preparation.

There are a number of questions the research could answer, including:

e To what extent does 24-hour average air monitoring data obscure major variations in exposure, as
reflected by hourly monitoring results?

e Can the hour of the day when the peak occurs influence the time lag seen in epidemiological
analysis (lag zero or lag one)?

e (Can the hourly variation of the different pollutant levels during different seasons and during
different days of the week improve our understanding of the source apportionment (vehicles or
wood smoke)?

e (an the date of beginning of winter wood burning be identified from meteorological and air
monitoring data?

e Does an air quality index based on a combination of monitoring results for PM;,, CO and NO,
provide a useful estimate of exposure that is relevant to the mortality effects?

e Can the ‘chimney density index’ (the number of chimneys per km® in census area units, based on
census questions about the main method of heating) be used as a proxy for the spatial emission
distribution of wood smoke?

This study highlights some aspects, including the hourly variation of PM;o, CO and NO, during winter
and summer days and the relationship of exposure levels to different air pollution sources.

The time-series analysis uses the St Albans (Packe St) monitoring data to represent exposure levels in
the whole Christchurch metropolitan area. This approach may assign overly high exposure levels to
people living on the outer suburbs of Christchurch, which would tend to underestimate any
dose—response relationships documented, because demonstrated effects may occur at lower exposure
levels than those recorded at St Albans, one of the more polluted parts of the city. (This is similar to the
approach taken earlier by Hales (2000a, 200b), which confirmed that the dose-response relationship for
Christchurch — based on St Albans data — was similar to that being used elsewhere; for instance, in
Kunzli et al., 2000.)
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Harmonising and completing the air monitoring data set

The study period for the epidemiological analysis is 12 years (1988—1999), during which time the air
quality monitoring methods for PM;, changed several times. In order to make the recorded levels
comparable for the whole period, a harmonisation method was applied, which is described in detail by
Shrestha et al. (2002). Fortuitously, periods of changeover from one monitoring method to another
included some time when both methods were used. This made it possible to directly compare two
methods for the same hours of measurement. Thus, all hourly PM,, values were converted to the method
currently used: TEOM® at 40°C.

Another problem was that for approximately 10% of all the hours over the 12-year period, no recordings
were made due to equipment breakdown, power cuts, etc. Using hourly data on climate variables, hour
of the day, day of the week, season, etc. a multiple regression model was fitted to estimate the hourly
PM,o level (Shrestha et al., 2002). Similar models were established for CO and NO,. Using these
models, all the missing hourly PM,y, CO and NO, data was estimated to complete the data set of hourly
air quality.

Temporal variation in exposure

Figures 7-1, 7-2 and 7-3 show the average hourly levels for calm days (average wind speed < 2 m/s) in
winter (an example for May to August 1997) and summer (September to April) for the three pollutants
at St Albans, Christchurch. There is a clear pattern of low levels for all pollutants in the afternoons, most
likely caused by a slight breeze blowing during these hours, even though the average for the day is calm.
In Christchurch the sun is usually strong enough at midday, even in the winter, to heat the ground and
create vertical air movements from rising heated air.

In the summer there are two distinct peaks reflecting meteorological changes and motor vehicle driving
patterns: a morning peak between 8.00 and 10.00 and a longer evening peak between 18.00 and 23.00.
The driving pattern had two distinct peaks, especially on weekdays: one in the morning between 8.00
and 10.00 and another in the evening between 17.00 and 18.00, probably indicating a higher number of
vehicles on the road during office commuting hours.

The winter patterns are similar, but the morning and evening peaks are higher and longer. This probably
reflects the wood-burning patterns, with fires started up or rekindled in the morning before breakfast,
and again after return from work in the afternoon at 17.00. The ratio between winter and summer values
is greatest for PM,y and lowest for NO,. The three pollutants are closely correlated, especially PM;, and
CO. The correlation coefficient between 24-hour average PM;, and CO was 0.77 in the winter and 0.35
in the summer. The correlation coefficient between 24-hour average PMy and NO, was 0.32 in the
winter and 0.09 in the summer. This is an indication of similar sources for each of the correlated
pollutants, and this correlation is stronger in winter than in summer.

® TEOM is the common name for a type of particulate measurement device — the “transverse element oscillating
microbalance”
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Figure 7-1. Hourly PM,, concentration, by season for calm weekdays, 1997
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Figure 7-2. Hourly NO, concentration, by season for calm weekdays, 1997
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Figure 7-3. Hourly CO concentration, by season for calm weekdays, 1997

Exposure by source

The temporal variations above give an indication of the two major sources of exposure: motor vehicles
and home heating with wood fires. There is a background PM level due to sea salt in the air, windswept

dust, pollen, and other detritus from vegetation.

In the winter months (May—August) the measured PM;, values represent a combination of PM;, from
vehicle smoke and from wood smoke. A multiple regression model with several climate factors, day of
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the week and season to calculate the most likely PM;, values for hours and days has been developed
(Shrestha et al., 2002). This model performed well in a validation with the ‘learning and testing’
approach. However, the relationship between emissions and meteorology in the different seasons is
complex.

Factors of potential importance to variations in human exposure

The discussion above deals only with outdoor monitoring data, yet the people studied are exposed
mainly indoors (most people spend most of their day indoors, particularly in the winter). New Zealand
dwellings are generally not very well sealed or insulated and outdoor air pollution easily enters indoors,
even when windows are closed. A small-scale student project at Canterbury University (Simon Kingham
supervisor) demonstrated that there was little difference between indoor and outdoor air pollution levels,
except that houses with open fires had higher indoor levels of PM;, than the outdoor levels (at the same
time and site) due to smoke from the fireplace. Higher indoor levels of NO, can also be expected when
unflued gas heaters are used (e.g. Hahn et al., 2003).

Another factor of importance is whether people spend their time at home or in other parts of town. The
most vulnerable groups for air pollution health effects are very young children and the elderly, and it is
likely that they spend on average more time indoors and at home than the adult age groups. As seen in
the figures above, the hours of highest exposure are generally in the evening, when most people are
likely to be at home. In the winter the highest values occur in the hours before and after midnight, when
it is even more likely that people will be at home.

7.2.3 Results: mortality

Dose—response relationship for different air pollutants

The time-series analysis using Poisson multiple regression initially included daily data for all three air
pollutants and all climate variables available. It was clear that there was a strong correlation between the
measured concentrations of the three air pollutants, which can be seen in the three figures of hourly
variations of the pollutant levels above.

Such multi-collinearity between different exposure variables obscures the analysis. When all three air
pollutant variables are used together in the model, the effects of CO and NO, on daily mortality were
found to be statistically non-significant (see Table7-1, based on the data for people age 65 and above;
this age group is the most affected, as will be shown later). Separate model fittings with each pollutant
showed that the association between daily NO, and daily mortality was not statistically significant, and
between CO and mortality the association was significant only at the 10% level. The strongest
association was found for PM,,.

Table 7-1. Dose-response calculations for the 12-year period (1988—1999), people aged 65+,
all variables

Variable Coefficient (95% CI)

Hot 0.0202 (0.0054-0.0350)
Cold 0.0026 (-0.0023-0.0076)
RH 0.0010 (-0.0001-0.0021)
PM10 0.0014 (10.0002-0.0025)
Cco -0.0009 (-0.0171-0.0154)
NO2 -0.0008 (-0.0020-0.0004)

Note: RH = relative humidity.

The results from the model fittings are expressed in the form of the coefficients in the equation
indicating the increase of mortality per pg/m’ of pollutant; e.g. a coefficient of 0.001 means a 0.1%
increase of mortality for every pg/m’, or a 1% increase 