
CHAPTER 1 

INTRODUCTION 

1.1 Background to the Study 

Recent epidemiological studies have linked daily concentration of ambient particulate matter 

with mortality and morbidity among the general population. They were carried out in a 

number of cities during different seasons, thereby incorporating a range of climates, 

particulate matter composition and populations. Some studies have established coherent and 

consistent mortality and morbidity responses to lower levels of particulate pollution (Koenig 

el al. 1993; Dockery et al. 1993; Larson and Koenig 1994; Pope et al. 1995). Compared 

\vith early studies that focused on severe air pollution episodes, these recent studies are more 

relevant for understanding health effects on popUlations at levels common to contemporary 

cities in the developed world. 

1.2 The Problem 

Particulate air pollution is due to the presence of unwanted particles of varying shape and 

size found in the air we breathe. Mixtures of very small suspended particles and gases are 

often termed aerosols. Major sources of particulate pollution include both "natural" sources 

such as wind blown dust, volcanoes, pollens and fungi, and human sources - mainly as by

products from combustion processes, particularly coal burning for power generation, 

industrial processes, motor vehicles, and wood burning. 

Particulate pollution is usually quantified in tenns of the mass of particulate contained in a 

cubic meter of air, expressed as total suspended particles (TSP), or as particulate matter 

smaller than 1 O/-lg (PMl 0) or smaller than 2.5~lg (PM2.5) per cubic meter of air. 

Of major concern are the adverse effects of particulate air pollution on human health. 

Epidemiological studies have linked particulate matter, especially fine particles, to 

significant health problems. Fine particles are of greatest health concern because they can be 

breathed deeply into the lungs. The adverse health effects can be quantified by increases in 

daily mortality, hospital admissions and emergency room visits, and exacerbation of 

respiratory symptoms and asthma. The people most susceptible to adverse effects of 



particulate pollution include children, the elderly, and those with existing respiratory 

diseases such as asthma and bronchitis, chronic obstructive pulmonary disease (COPD), and 

cardiovascular diseases. 

1.3 Particulate Air Pollution in Australia 

Local factors such as proximity to the coast, climate, soil type and particulate source all 

influence the nature and composition of air pollutants in a particular area at a particular time. 

Australian studies generally show a significant contribution from domestic wood heaters 

during autumn and winter, with motor vehicles and formation of secondary particles the 

main contributors during summer (EPA Victoria 1998; NEPC 2001). In a study of particle 

size characteristics in Australian cities (Keywood et al. 2000), urban aerosols in Sydney, 

Brisbane, Melbourne and Adelaide were related to both mechanical and combustion process. 

In Launceston (Tasmania) and Canberra, urban aerosol was dominated by fine particles 

attributed to wood burning for domestic heating. 

Adverse health effects of woodsmoke pollution have been studied in the US and other 

countries. Increasing emissions from domestic wood heaters represent a potentially harmful 

source of pollution in Australia, particularly in New South Wales, Victoria, the Australian 

Capital Territory and Tasmania. Despite the substantial pollution generated by wood heaters, 

however, little research has yet been carried out in Australia. 

1.4 Study Objectives 

The main objectives of this study are to estimate the adverse health effects of particulate air 

pollution in Armidale, measured in terms of health status and economic cost, and to evaluate 

various policy options for reducing air pollution. 

Armidale, located in Northern New South Wales, is an ideal place to examine adverse health 

effects of woodsmoke, since the source of its particulate air pollution during winter consists 

almost entirely of emissions from domestic wood heaters. On a very cold night, Armidale 

may consume 150 tonnes of firewood, producing up to 2 tonnes of particulate matter. 

Around 55 per cent of households have wood heaters, and many bum for 24 hours a day 
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during winter. There are some 3,500 slow combustion wood heaters and 600 open fireplaces 

in the Armidale area (Wall 1997). 

Exacerbating the above, Armidale frequently experiences night-time temperature inversions 

during the (colder) months of April to October. During these inversions, the stagnant air 

traps pollutants near the valley floor. More than 50 per cent of Armidale days from May to 

September fall in the high to extreme category of the air pollution index (Wall 1997), 

confirming that the air pollution problem in Armidale is significant. 

1-10re specifically, this study: 

1. reviews the literature relating to the impact of particulate air pollution; 

II. explores the nature and extent of particulate air pollution in Armidale; 

Ill. evaluates health effects of particulate air pollution on Armidale's population; 

IV. estimates the health cost of particulate air pollution in Armidale; 

v. examines control strategies, both legislative and voluntary, adopted elsewhere in the 

world and their applicability in Australia; and 

VI. suggests appropriate policy options to reduce Armidale's air pollution problem. 

1.5 Method 

A three-stage approach is used to identify and quantify the link between air quality and 

health related effects in Armidale. 

The first stage involves a theoretical assessment of air pollution on health and economic 

costs in Armidale. Exposure of the population to particulate air pollution in Armidale is 

estimated. Information from the health literature is then used to appraise possible adverse 

health effects from exposure to concentrations of pollutants. Economic values, derived from 

a large set of published economic studies, are then attached to the estimated health effects of 

the concentrations observed in Armidale. 

The second stage involves collecting data from general practitioners (GP) regarding 

respiratory-related visits. Patient sickness data from GPs are then analysed with 

corresponding air quality data to establish a relationship between particulate air pollution in 

Armidale and a respiratory-related visit. 
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The third stage includes a household survey designed to gather information about the use of 

wood heaters and community attitudes towards air pollution and their willingness to pay for 

clean air. This provides both a means of economic valuation and information on the likely 

success of various policy interventions. 

1.6 Organisation of the Study 

Chapter 2 presents a review of past work from overseas and from Australia relevant to the 

present study. This literature review has four parts. The first reviews links between 

particulate air pollution and human health, including morbidity and mortality studies. The 

second examines the economic valuation of mortality and morbidity. The third contains 

work related to environmental valuation, specifically, the value of clean air. The final part 

reviews literature that estimates the cost of air pollution and the economic benefit from a 

reduction in air pollution. 

Chapter 3 contains a brief description of Annidale, the nature and extent of particulate air 

pollution, and pollution exposure for Armidale's population. 

Chapter 4 estimates the adverse effects of particulate pollution in Armidale in terms of 

associated health and economic costs. These theoretical estimates are based on dose

response relationships established overseas. 

Chapters 5 and 6 examine the relationship between current particulate air pollution in 

i\rmidale and health effects measured in terms of respiratory-related visits to local OP 

clinics. Chapter 5 uses descriptive statistics and Analysis of proportions to identify the 

relationship whilst Chapter 6 employs Poisson regression analysis to establish the 

relationship between particulate air pollution and respiratory-related visits along with some 

other variables. This chapter also estimates the number of respiratory patients resulting from 

particulate pollution and translates this into monetary tenns. 

Chapter 7 analyses household survey data, which included questions on the use of wood 

heaters and the attitudes and perceptions of the Armidale community to wood heaters and 

woodsmoke pollution. This chapter also includes results of a contingent valuation survey 

that explores the Armidale community's willingness to pay for clean air. 
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Chapter 8 evaluates a range of pollution control strategies used by affected communities at 

local, state and national level in Australia and overseas, and recommends policy options for 

Armidale to reduce woodsmoke pollution. 

Chapter 9 summarises the study, stressing the significance of particulate air pollution from 

residential wood heaters and their damaging effects on human health. It argues for the need 

to develop a realistic and socially acceptable WOOdSlTIoke control strategy for Armidale. The 

chapter also outlines further research possibilities and highlights the uncertainties, which 

arise in this research. 

No single chapter details the methods adopted by this study. Since the objectives of 

individual chapters were achieved using different methods, it seemed more appropriate to 

explain related methodology at the beginning of the particular chapter. 
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CHAPTER 2 

PARTICULATE AIR POLLUTION - A LITERATURE REVIEW 

2.1 Introduction 

This literature review chapter has four parts: the first discusses the epidemiological literature 

'which links particulate air pollution to health effects; part two examines economic literature 

which places a value on human health; part three briefly reviews studies related to the 

valuation of clean air; and the last part examines studies which estimate the cost of air 

pollution or benefit of clean air. 

2.2 Particulate Air Pollution and Human Health 

2.2.1 Nature and Measurement of Particulate Air Pollution 

Particles can be referred to in many ways: as total suspended particles (TSP), as black smoke 

or British smoke (BS), or by direct or indirect descriptions of their size. 

Particle size is expressed in terms of its aerodynamic diameter, defined as the diameter of a 

unit density sphere that has the same settling velocity as the particles in question. Larger 

particles are derived mainly from soil and other crustal materials, but also include organic 

particles such as pollens and fungi. Fine particles are derived primarily from the combustion 

of fossil fuels in transportation, manufacturing, power generation and wood burning. Fine 

particle pollution typically contains a mixture of particles including soot, acid condensates, 

and sulphate and nitrate particles. 

Particle size is the most important characteristic to influence the respiratory system. While 

coarse particles have a higher probability of being deposited in the bronchial region, fine 

particles are more likely to be deposited in the smaller aiiways e.g., in bronchioles and 

alveoli. The lifetime in the body for coarse particles is minutes to hours and for fine particles 

days to weeks (Spengler and Wilson 1996). 

6 



Initially, the United States Environmental Protection Agency (US EPA) used TSP to measure 

particles (Spengler and Wilson 1996), using high-volume samplers. This sampling method 

uses upper size limits of between 2Sj.lg/m
3 

and 4Sj.lg/m
3 

and is affected by wind speed and 

direction (Lippmann and Lioy 1985). The USEP A found that the proportion of particulate 

matter smaller than 10j.lg aerodynamic diameter (PMIO) - the PMIO to TSP ratio - was 

generally between SO per cent and 60 per cent for US sampling sites (Dockery and Pope 

1994). 

In the late 1970s and early 1980s, the USEP A established a network of particulate matter 

samplers with an upper-size cut off of lSj.lg aerodynamic diameter (PMlS) to measure 

inhaleable particulates. Although limited data are available comparing PM15 to PMI0 

concentrations, the concentrations measured by these two methods appear similar (Dockery 

and Pope 1994). 

The USEPA redefined measures for particles in July 1987 and decided to use PM10 to 

represent suspended particles in the air (Spengler and Wilson 1996). The 10J.1g size cut-off is 

focused at monitoring and regulatory efforts on fine particles, damaging to the lower airways 

and the gas-exchanging portions of the lung (Dockery and Pope 1994). 

PM2.S has particles less than 2.Sj.lg in aerodynamic diameter, which are fine enough to 

penetrate into the gas exchange regions of the respiratory tract (Miller et al. 1979). These 

particles readily infiltrate residential buildings with indoor levels similar to levels 

immediately outside the building. Compared to coarse particles, fine particles have a higher 

correlation with day-to-day ambient particles measures. In addition, small particles may 

carry a higher burden of toxic materials compared to large particles (Morawaska 1998) and 

playa more important role in the long-term health effects (NEPC 2001). 

British smoke (BS), mainly used in UK and European country studies, is a measure of the 

darkness of particles collected on a filter and determined by reflectance. Mass concentration 

is estimated based on the reflectance of a standard particle mass. Calibration of reflectance 

depends on the specific chemical composition of the particles. The upper size limit of the 

sampler is normally 4.SJ.1g aerodynamic diameter, although the penetration of particles 

through the sampler inlet does not define a sharp size cut-off point (Lippmann and Lioy 
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1985). BS could be used as a measure of fine particle mass concentrations since particles in 

the fine mode tend to be dark. The USEP A concluded that BS was equal to PM1 0 as a lower 

bound and equal to TSP as an upper bound (Dockery and Pope 1994). 

Coefficient of Haze (CoH) is another way to measure particles. The method is similar to BS. 

Particles are deposited on a filter tape and the concentration estimated by light transmission 

through the sampler. 

2.2.2 Particulate Air Pollution and Human Health 

Various health effects of the air pollution have been known for many years. This has been 

established mainly by controlled human exposure and population-based epidemiological as 

well as animal toxicological studies. This literature review section confines itself to 

epidemiological studies. 

Epidemiological studies have consistently shown an association between particulate air 

pollution and human health. These are based on time-series or cross-sectional studies. While 

time-series analysis examines changes in a health outcome within a specific location as air 

pollution levels fluctuate over time, cross-sectional analysis compares the rate or prevalence 

of given health outcomes across several locations for a given point in time. 

Confounding factors present a major problem for cross sectional studies, whereas time

series studies reduce or eliminate problems associated with confounding or omitted 

variables. Since population characteristics (for example: smoking habits, occupation, 

occupational exposure, genetic health) basically remain constant over the study period, the 

factors that may vary with daily mortality are environmental and meteorological conditions. 

Thus it is easier to establish the effects of air pollution and weather on health using time

series studies (Lave and Seskin 1970; Ostro 1993; Simpson and London 1995; Pope and 

Dockery 1996). 

From the early 1930s to the 1950s, several episodes of extreme air pollution highlighted the 

potential for adverse health effects of air pollution. These included an episode in the Meuse 

Valley, Belgium, in December 1930, one in Donora, Pennsylvania in 1948 and several in 

London, England (Folinsbee 1992; Schenker 1993; Dockery and Pope 1994; Wilson 1996). 

8 



The above studies found a large increase in mortality and morbidity, showing the adverse 

effect of air pollution on human life. 

Since these early episodes, many studies have been conducted worldwide to investigate the 

effects of fine particles on human health. Most of these epidemiological studies have 

reported associations between particulate air pollution and health among the general 

population. Recent epidemiological research has incorporated more specific definitions and 

nlore precise measures for pollution exposure and health end points. Advances in bio

statistical and econometric techniques (Poisson and logistic regression) allow the analysis of 

the effects of pollution on small population samples (Dockery and Pope 1994, pi 08). Recent 

studies have established that mortality and morbidity are associated with particulate 

pollution at current ambient levels even if they are significantly lower than those 

experienced during those early episodes in Belgium, USA and London. 

The above studies were carried out mainly using TSP or PM 1 0 as measures of particle 

levels, since monitoring data for PM2.5 has been limited. However, more recent studies 

have used PM2.5 data in addition to PM 1 O. Several Australian studies have investigated the 

health effects associated with exposure to air pollution. Most of these studies have used 

nephelometer data (see Chapter 3, page 55 for details) as a surrogate for PM 2.5. 

2.2.2.1 Mortality studies 

Several epidemiological studies have highlighted the association between particulate air 

pollution and increased daily mortality among the general population. The studies have been 

time-series or cross sectional. While early studies focused on severe air pollution episodes, 

recent studies are more relevant in understanding health effects of populations at levels 

common to cities in the developed world. 

London 

The impact of particulate air pollution on human health became obvious during the Great 

London Smog of 1952. A severe temperature inversion occurred over London, leading to a 

substantial accumulation of air pollutants emitted by the combustion of fossil fuels. The 
3 

levels of BS approached 4,000~ghn and led to the death of approximately 4,000 people. 
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The greatest increases in death were seen in infants and adults 45 years and over, with a 150 

per cent increase on the mortality rate of the previous week (Logan 1953). 

Among the earliest empirical estimate of mortality outcomes associated with particulate 

matter was the analysis of data from London for the winter 1958-59, where a statistically 

significant relationship was found between daily deaths and daily levels of BS (Martin and 

Bradley 1960; Martin 1964; Mazumder et al. 1982; Ostro 1984; Schwartz and Marcus 

1990). 

While Martin and Bradley (1960) and Martin (1964) could not separate the effects of smoke 

and sulphur dioxide (S02) because of the high correlation between smoke and sulphur 

dioxide, Mazumder et al. (1982) managed to isolate the relationship between daily mortality 

and smoke and S02. The study used three different types of analysis: (i) year-by-year 

multiple regression, (ii) stratification using nested quartiles of one pollutant within quintiles 

of the other and (iii) multiple regression of a special subset of higher pollution days. 

Interestingly, no association was found with S02 and the study suggested that air pollution 

and mortality association was due almost entirely to smoke. 

Ostro (1984) re-analysed the data on London winters to search for a threshold in the 

relationship between air pollution and mortality, but found no evidence to support any no

effects threshold level. He also found lower values of BS significantly associated with 

deviation in mortality in years when there were no BS values above 500J.!g/m
3

. For the data 

set as a whole, he could not find any evidence to support no-observed effects levels at BS 
3 

equal to 150J.!g/m . 

Schwartz and Marcus (1990) examined the same set of data and found a high degree of 

autocorrelation. After controlling the autocorrelation (temperature and humidity) there was a 

highly significant relationship between mortality and either particulate matter or sulphur 

dioxide. Graphical analysis revealed a non-linear relation with no threshold and a steeper 

exposure-response curve at lower air pollution levels. In models with both pollutants, 

particulate matter remained a significant predictor, with about 10 per cent reduction in its 

estimated coefficient, while sulphur dioxide was insignificant, with a large drop in its 

estimated coefficient. 
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Although these analyses involved different statistical methods, Ostro (1993) made the 

following general conclusions: 

1. A strong relationship exists between particulate concentrations and daily mortality in 

London, which holds both for the entire data set and for individual years. 

11. There is no indication of a threshold level. 

111. The association between air pollution and mortality cannot be "explained away" by 

meteorologic factors or by serial correlation in the data. 

IV. The quantitative implications of the studies are very similar despite their different 

model specification. 

Philadelphia 

The association between air pollution and mortality in Philadelphia was addressed in a 

number of investigations using various data and analytic methods (Schwartz and Dockery 

1992a; Li and Roth 1995; Moolgavkar et al. 1995; Wyzga and Lipfert 1995; Samet et al 

1995; Moolgavkar and Luebeck 1996; Cifuentes and Lave 1997; Kelsall et al. 1997). With 

the exception of Li and Roth (1995), all investigations reported a positive association of air 

pollution with mortality. 

Schwartz and Dockery (l992a) applied Poisson regression, accounting for long-term trends 

by including a quadratic time trend year and seasonal indicator common to all age groups. 

They found statistically significant effects of TSP and sulphur dioxide when these were 

included separately in the model. When considered simultaneously, however, the effect of 

S02 was reduced and not significant whereas the estimated TSP effect dropped about 20 per 

cent but remained significant. They also found a greater all-cause mortality effect of TSP for 

ages older than 65 years and death related to respiratory causes for all age categories. 

Moolgavkar et al. (1995) analysed Philadelphia data for the time period 1973 to 1988 and 

considered ozone (03) in addition to TSP and S02. Separate analyses were conducted by 

season. They observed relatively high correlations between air pollutant concentrations and 

concluded that the association between air pollution and mortality might not be attributable 

to particles specifically, but possibly to O} in the summer and to S02 in the other seasons. 
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Li and Roth (1995) used data for the period 1973 to 1990 and considered the pollutants TSP, 

S02 and 0 3. They investigated how different methods of analysis can affect estimated 

pollutant effects, and found that findings were highly dependent on the choice of statistical 

model and the subset of mortality data considered. They concluded that they could not 

identify an independent effect ofTSP. 

Cifuentes and Lave (1997) analysed Philadelphia data for 1983 to 1988, and considered the 

pollutants TSP, S02 and 0 3. Their results were similar to those of Schwartz and Dockery 

(1992). They found the effect of TSP generally statistically significant, whereas the effects 

of S02 and 0 3 were not. 

Kelsall et al. (1997) developed Poisson regression models to estimate the increased risk of 

daily mortality associated with air pollution, using data from 1974 to 1988. After controlling 

for longer-term time trends, season and weather, they found moderate correlations between 

daily concentrations of TSP, S02, nitrogen dioxide (N02) and carbon monoxide (CO), and 

only slight correlations of 0 3 with other pollutants. When included individually in the 

model, the means of the current and previous day's levels of TSP, S02 and 0 3 had 

statistically significant effects on total mortality; pollutant increases of one inter-quartile 

range were associated with increases in mortality of around 1 per cent for TSP and S02 and 

around 2 per cent for 0 3. 

Steubenville 

Schwartz and Dockery (1992b) used a time-series approach to examine the association 

between daily mortality and TSP in Steubenville, Ohio, from 1974 to 1984. They reported a 

mean TSP of III J.!g/m
3 

with a median of 91 J.!g/m
3

. By controlling for the effects of weather 

and seasonality, they found a statistically significant relationship between TSP and 

mortality, and a robust estimated coefficient with respect to the included explanatory 

variables. 

Santa Clara County 

Fairly (1990) examined the relationship between coefficient of haze (CoH) and mortality for 

the metropolitan area surrounding San Jose, California between 1980 and 1986. They found 
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statistically significant associations between CoR and all causes of mortality and respiratory

related mortality. The general model used for all causes of mortality was: daily mortality = 

0.0084 CoHo The model controlled for temperature and humidity and tested for the influence 

of year, season, day and weather, but found little change in the overall results. Contrary to 

expectations, Fairly found that the magnitude of the particulate effect was the same or larger 

than that estimated for London, despite Santa Clara County's cleaner air. Fairly's view was 

that the persistence of health effect at these lower particulate concentrations was as result of 

the particulate variable acting as a surrogate for some constituent particles, such as acid 

aerosols. 

US Metropolitan Areas 

The most important studies for cross-section analysis of mortality and air pollution were 

carried out by Lave and Seskin (1970, 1973, and 1977). Starting with a relatively simple 

model, Lave and Seskin published over 300 equations relating air pollution levels to 

community mortality rate (Evans et al. 1984; Plagiannakos and Parker 1988). 

Lave and Seskin's (1977) mortality study used annual minimum, mean and maximum values 

of TSP and S02 as the air pollution variables affecting the cross-section of 69 Standard 

Metropolitan Statistical Areas (SMSAs). Socio-economic variables such as race, age and 

income level were included with population density. Regression analysis indicated an 

elasticity of 0.12 for TSP. The study also found that a 10 per cent increase in S02 and TSP 

increased the number of deaths by 1.26 per cent. Lave and Seskin (1977) also used a cross

sectional, time-series approach to examine change in mortality and other variables for 

SMSAs for the period 1962 to 1968. The results were consistent with their previous 

elasticity estimates. In general, all of Lave and Seskin studies found significant and positive 

associations between mortality and TSP, and between mortality and TSP sulphates. 

Liu and Yu (1977) used mortality data from 1968 to 1970 for 40 SMSAs that had S02 in 

excess of 25).lg/m3. Their model included socio-economic variables such as age, race, 

education, wealth, poverty level, and weather. They found S02 to be significant but not TSP. 

Christainsen and Degen (1980) questioned Lave and Seskin's pooling of cross-section and 

time-series data and failure to test for hetero-skedasticity, and rejected the hypothesis of a 
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constant relationship between air pollution and explanatory variables. Though these weaken 

the validity of Lave and Seskin's results, the study still indicated that air pollution has a 

significant influence on the mortality rate. 

Lipfert (1978) analysed cross-sectional data for 189 US cities. Using 1969 data, the study 

regressed mortality on sulphates (S04)' TSP, and "other pollutants". The study included 

socio-economic variables such as age, race, poverty level, birth rate, housing age, smoking 

and density of the population. Statistically significant coefficients were found for SO 4' TSP 

and "other pollutants". In the same study he also analysed data for 201 counties for the year 

1969. A positive and statistically significant coefficient was found for TSP but "other 

pollutants" were statistically insignificant. In Lipfert's 97 US cities study, he dropped birth 

rate and included education level and found no significant result for SO 4 or TSP. Lipfert 

(1984) analysed 1970 mortality and air pollution data for 112 SMSAs and found air 

pollution mortality risk coefficients sensitive to the inclusion of additional variables and the 

sample size. 

Evans et al. (1984) examined the sensitivity of results to model specification using the data 

originally used by Lave and Seskin. They found a positive association between mortality 

rates and sulphates or TSP, although co-linearities in explanatory variables and variability in 

results as a function of data subsets were also noted. 

Ozkaynak and Thurston (1987) conducted a cross-sectional analysis of the association 

between various particle measures and total mortality using 1980 US vital statistics data for 

117 SMSAs. They tried to reduce some of the important specification error in previous 

cross-sectional mortality analyses by improving the exposure metric used, by examining 

spatial autocorrelation, and by employing other forms of regression diagnostics. They found 

statistically significant relationships between mortality rates and alternative measures of 

ambient particulate matter, including sulphate and fine particulate. Specifically, their study 
3 

found that existing sulphate concentrations (mean 11.1 ).lg/m ) corresponded to a 4 to 9 per 

cent increase in mortality. Furthermore, using fine-particle source apportionment, they found 

particles from industrial sources and from coal combustion more significant contributors to 

human mortality than soil-derived particles. 
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Dockery et al. (1993) examined the effects of air pollution on mortality, controlling for 

individual risk factors in their cohort study (Six Cities study). Survival analysis was 

conducted with data from a 14 to 16-years mortality follow-up of 8, III adults in six US 

cities: Watertown, Massachusetts; Harriman, Tennessee; St.Louis; Steubenville, Ohio; 

Portage, Wisconsin; and Topeka, Kansas. After adjusting for risk factors, including 

individual smoking status, sex and age, they observed statistically significant and robust 

associations between air pollution and mortality. The adjusted mortality ratio for the most 

polluted of the cities as compared with the least polluted was 1.26. Air pollution was 

positively associated with death from lung cancer and cardiopulmonary diseases, but not 

with death from other causes considered together. Most importantly, mortality was more 

strongly associated with air pollution from fine particles compared to PMIO. Klemm et al. 

(2000) re-analysed the same data and confirmed the original findings. 

Pope et al. (1995) evaluated the effects of particulate air pollution on mortality using data 

from a large cohort of adults living in 151 US metropolitan areas. Exposure to sulphate and 

fine particulate air pollution, primarily from fossil fuel combustion, was estimated from this 

national database. The relationships of air pollution to all-cause, lung cancer, and 

cardiopulmonary mortality were examined using multivariate analysis, which controlled for 

smoking, education, and other risk factors. Particulate air pollution (PM2.5) was associated 

with cardiopulmonary and lung cancer mortality, but not with mortality due to other causes. 

The authors estimated that eight deaths per year per 100,000 persons were associated with 

PM2.5. A difference of between 15 per cent and 17 per cent in mortality risk was observed 

between the least and most polluted cities, a range of daily concentrations from 9 to 33.5 

j.lg/m3. 

A reanalysis of the Dockery et al (1993) and Pope et al (1995) was under taken by Krewski 

et al (2000), they also included some additional air pollution data. The reanalysis replicated 

the general findings of the two studies. The findings for the six cities study were similar to 

the original study. For Pope et al study, the risk estimates in relation to cardiopulmonary 

mortality were little altered, but the associations of all-cause mortality with PM2.5 were 

reduced. 

In another study Schwartz et at. (1996) showed PMI0, PM2.5 and S04 each significantly 

3 
associated with increased mortality. They found a strong association with PM2.5: a 10J..lg/m 
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increase in two-day mean PM2.5 was associated with a l.5 per cent increase in total daily 

mortality. 

Ontario, Canada 

Plagiannakos and Parker (1988) used pooled cross-sectional and time-series data for nine 

counties in Southern Ontario, Canada, for the period 1976 to 1982. Their model attempted to 

explain mortality as a function of socio-economic factors including education, population 

size over 65 years of age, alcohol consumption, time trend, medical care, smoking, and 

income, and air pollution data, including TSP, S04 and S02. The impact of air pollution on 

human health was measured in the form of elasticities. A statistically significant association 

was found between all-cause mortality and S04 with an elasticity ranging from 0.04 to 

0.063. TSP measurements were found to be statistically significant only for respiratory 

mortality with an elasticity ranging from 0.11 to 0.18. 

Rotterdam, the Netherlands 

Hoek et a!. (1997) used Poisson regression analysis to study the association between air 

pollution and mortality in Rotterdam for the period 1983 to 1991. The pollutants considered 

were TSP, BS, 0 3, SOz and CO. The study found that the relative risks of TSP and 0 3 

higher for persons older than 78 years. Initially, the relationship between mortality and TSP 
3 

was linear (below 1 OO~g/m ), but it levelled off at higher concentrations. They suggested 

that if a threshold exists for the effects on mortality of these components, it exist at very low 

levels. 

Helsinki, Finland 

Ponka et a!. (1998) studied the association between daily concentrations of S02, N02, 0 3, 

TSP and PMI0, and the daily number of deaths from all-causes and from cardiovascular 

causes for Helsinki using data from 1987 to 1993. They used Poisson regression analysis 

and divided the data in two age groups. They controlled temperature, relative humidity, day 

of the week, month, year (long-term trend), holidays and influenza epidemics. When they 

included one pollutant at a time in the model, PM 1 0 was a statistically significant predictor 

of daily total mortality, with a 5-day lag, among individuals less than 65 years of age. An 

increase of 10/-lg/m
3 

in PMI0 resulted in an increase in total mortality and cardiovascular 
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mortality of 3.5 and 4.1 per cent respectively. The findings suggested that even low levels of 

particulate were related to an increase in cardiovascular mortality. 

2.2.2.2 Morbidity studies 

The potential mortality effect is an important issue. However, morbidity effects are also of 

concern because first, as Ostro (1983) mentioned, a great number of acute illnesses resulting 

from air pollution never result in death. Second, because of its immediate effects, morbidity 

might be a more sensitive indicator of health effects. Third, for morbidity, a smaller 

popUlation size is required to obtain meaningful statistical results since sickness occurs more 

often than death. Fourth, the measurement of chronic and more severe morbidity can serve 

as a verification of the estimated mortality effect. Finally, indicators of morbidity, such as 

work loss or restricted activity days, may facilitate the quantification of economic benefit. 

Hospital Usage 

There has been increasing interest in the use of hospital admission data for studying short

term effects of air pollution on health. The time-series methods that are applied to daily 

mortality data can be used for the analysis of hospital usage data. However, as Dockery 

(1996) mentioned, the problem is that while mortality records are readily available, hospital 

usage records are not. Daily counts must be collected from a review of discharge records or 

other data files. Thus, while the methods for analysing these data are well developed, their 

application has been limited by the lack of readily available hospital usage data. 

Respiratory Hospital Admissions 

The respiratory diseases group comprises infections of the lung or obstructive airway 

diseases either in acute form (such as asthma) or chronic obstructive pulmonary disease 

(COPD). 

Pope (1989) observed that hospital admissions of children with respiratory disease in the 

Utah Valley, US dropped by over 50 per cent during the winter of 1986-87 compared with 

adjacent years. During this winter, a strike at the local steel mill led to a much lower PMl 0 
3 3 

concentration - a mean of 51 ~g/m and maximum of 113 ~g/m compared with a mean of 
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3 3 
90).lg/m and a maximum of 365 ).lg/m in the previous year. Regression analyses show a 4.2 

per cent decrease in admissions of children with asthma and bronchitis and a 7.1 per cent 

decrease in all respiratory admissions of children associated with a 10).lg/m
3 

decrease in the 

two-month mean PMI 0 concentration. 

In another study, Pope (1991) examined the relationship between respiratory hospital 

admissions and PMI0 using data for Salt Lake and Cache Valley along with that from Utah 

Valley. Salt Lake and Cache Valley were considered far enough away to avoid any effects of 

the steel mill. Bronchitis and asthma admissions for pre-school-age children were 

approximately twice as frequent in Utah Valley when the steel mill was operative compared 

to non-operating time. Similar differences were not found in Salt Lake or Cache Valley, 

though Cache Valley had a higher smoking rate and lower temperature in winter. Most 

importantly, when the mill was closed, the difference in per capita admissions between Utah 

and Cache Valley narrowed considerably. 

Schwartz (1994a, 1994b, 1994c) estimated the association between daily PM10 exposures 

and hospital admissions for pneumonia among the elderly in Birmingham Alabama, Detroit 

Michigan and Minneapolis-St. Paul Minnesota. These associations do not imply that 

particulate air pollution is producing new cases of pneumonia, but rather that particulate 

pollution is aggravating existing pneumonia cases sufficiently to send patients to the 

hospital. Schwartz (1994a, 1994c) also reported increased admissions for aggravation of 

chronic obstructive pulmonary disease in these same cities. Schwartz (1994b) further 

reported increased cardiovascular admissions associated with increased particle 

concentrations in Detroit. 

Thurston et al. (1993) reported associations of respiratory hospital admissions with PM2.5 

concentration in Toronto, Ontario (1993) and sulphate particles in New York City and 

Buffalo, New York (1992). These studies found an increase in hospital admissions for all 
3 

respiratory diagnoses ranging from 0.8 per cent to 3.4 per cent for each 10).lg/m increase in 

daily mean PMI0. A slightly greater effect was seen in hospital admissions for asthma, 
3 

ranging from 1.9 per cent to 2.1 per cent for each 10).lg/m increase in daily mean PMIO. 

A European group (APHEA) examined some short-term effects of air pollution on mortality 

and hospital admissions. Five west European cities (London, Amsterdam, Rotterdam, Paris, 
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and Milan) contributed several years of hospital admissions data for all respiratory causes. 

The study by Spix et al. (1998) described the results obtained from the quantitative pooling 

(meta-analysis) of local analyses. The age groups studied were 15-64 years (adults) and 65+ 

(elderly). The air pollutants studied were S02, particles (BS or TSP), 0 3 and N02. Using the 

Poisson model and standardised confounder models, the study found a strong and consistent 

relationship between daily admissions for respiratory diseases with elevated levels of 0 3. 

The effect of BS was significant when observed with higher N02 levels on the same day, but 

N02 by itself was not associated with admissions. 

Emergency Room Visits 

Samet et al. (1981) analysed the relationship between emergency room visits and air 

pollution levels in Steubenville, Ohio. Daily emergency room visits at the primary hospital 

in the area were matched with daily levels of TSP, S02 and N02 levels for March, April, 

October and November of 1974 to 1977. Analyses were performed with and without a 24-

hour lag of the pollution variables. The results indicated the relationship: Change in number 

of emergency room visits = 0.011 * change in daily TSP in Steubenville. 

Emergency department visits due to asthma attacks were analysed by Schwartz et al. (1993) 

and Lipsett et al. (1997). Both studies with asthma included gastroenteritis as a control 

diagnosis. Schwartz et al. (1993) analysed daily records of asthma emergency room visits in 

8 hospitals in the Seattle area, where the main source of particulate pollution was wood 

burning. There were nearly 3,000 visits for asthma and about 3,800 gastroenteritis visits (as 

a comparison) over the 13-month period from September 1989. The average PM10 value 
3 3 

was 29.6~g/m and the maximum 1 03~g/m . The analysis controlled for weather, season, 

time trends, age, and day of the week. The daily counts of emergency room visits for persons 

under 65 years were significantly associated with PM 1 0 exposure on the previous day. 

Schwartz et al. (1993) found a 3.4 per cent increase in emergency room visits for asthma in 
3 

Seattle, for each 10~g/m increase in PM10. Lipsett and Ostro (1997) used emergency room 

visits data from three acute-care hospitals for asthma and gastroenteritis during the winters 

1988 to 1992 in Santa Clara County, Califonlia. Air pollution data included CoR, PM10, 

N02 and 0 3. Using Poisson regression (controlling for temperature and humidity), 

consistent relationships were found between emergency room visits for asthma and PMI0 
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and N02 but not with 0 3. Neither study found an association between gastroenteritis and 

PM 10 exposure. 

Emergency department visits for chronic obstructive pulmonary disease in Barcelona, Spain 
3 

(Sunyer et al 1993) showed an increase of 1.7 per cent associated with a lO/-lg/m increase in 

PMIO. 

Delfino et al. (1997) investigated the association between emergency room visits for 

respiratory illness and PMIO, PM2.5, sulphates and aerosol acidity in Montreal, Canada. 

The finding shows an association of PMI ° and PM2.5 with emergency room visits; the 

strongest association was for PM2.5. 

Ilabaca et al. (1999), in their study in Santiago, used both PM 1 0 and PM2.5 and found a 

significant relationship between air pollution and respiratory related emergency room visits 

for children. The effects for PM2.5 were stronger than those found for visits for PM! O. 

Stronger associations were observed for visits for pneumonia with a 6.7 per cent increase in 

visits per 45/-lg/m
3 

increase in PM2.5. 

Asthma 

Evidence from hospital admission and emergency room visits suggests that particle exposure 

may be directly associated with asthma attacks. To assess the association of air pollution and 

other time varying factors with exacerbation of asthma, daily reports have been collected in 

defined cohorts, from panels of asthmatics. 

An asthma attack (or not) is measured as a dichotomous or binary indicator of health status. 

Generally, logistic regression methods are used to analyse binary data (Dockery 1996). The 

analytical issues in analysing these time-series data are the same as in daily mortality 

studies. However, autocorrelation could be an important issue for asthma attack. For 

example, unlike mortality, an asthma attack one day might induce a higher risk of attack on 

subsequent days. 'How much of the day-to-day correlation in exacerbation of asthma is due 

to autocorrelation of risk factors and how much is due to intrinsic autocorrelation of asthma 

is not clear' (Dockery 1996, p 79). 
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In a study of 16 asthma panels in the Los Angles area for the years 1972 to 1980, 

Whittemore and Kom (1980) reported a relationship between exacerbation of asthma and 

daily concentrations of TSP and 0 3 using a logistic regression analysis. The results 

suggested a 1.4 per cent increase in daily asthma attacks for each 10J.lg/m
3
increase in PM1 O. 

This reported effect is much lower than in more recent studies. In part, this lower effect 

estimate may reflect over-control of lagged effects of particles by including the previous 

day's asthma status in the model. 

Ostro et al. (1991) reported an association between several different air pollutants including 

sulphates, and increase in asthma attacks among adults residing in Denver. This study 

suggested an 11.5 per cent change in daily asthma attack for each 10J.lg/m
3 

in PM1 o. 

Pope et al. (1991) found that increased concentration of PM 10 were associated only with the 

use of extra asthma medication in 21 asthma patients aged 8 to 72 years. 

Winter studies of asthmatic children with chronic respiratory symptoms in the Netherlands 

(Roemer et al. 1993) showed an association between PM 1 0 and asthma attack. Forsberg et 

al. (1993) reported that in a panel of 31 asthmatic patients aged 9 to 71 years living in 

Northern Sweden, shortness of breath increased as BS levels increased. 

Choudhury et al. (1997) evaluated the association between daily mortality and PM 1 0 in the 

general population of Anchorage, Alaska. They determined the number of medical visits for 

asthma, bronchitis and upper respiratory infections using insurance claim data for state 

employees and their dependants. The number of visits was related to the level of particulate 

pollution. PM10 in Anchorage is dominated by the coarse fraction with 80 per cent of total 

PM10 in the PM 10-2.5 fraction, of mainly crustal or volcanic origin. Doctor's visits for 

asthma increased by 3-6 per cent, while attendances for upper respiratory disease increased 
3 

by 1-3 per cent, per 10J.lg/m increment in PM10. 

The use of bronchodilators was evaluated as a measure of exacerbation of asthma in a panel 

of asthmatics in the Netherlands (Roamer et at. 1993) and in panels of symptomatic school 

children and asthmatic patients in the Utah Valley (Pope 1991). The Utah Valley study 

found an 11.2 per cent increase for the school panel and a 12.0 per cent increase in daily 
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3 
asthma reports for each 10/-lg/m increase in PMl O. The Netherlands study found an increase 

3 . 
of 2.3 per cent for each 10/-lg/m In PM 1 O. 

Respiratory Symptoms and Lung Function 

Much work has been carried out addressing the relationship between air pollution and 

respiratory symptoms and measures of lung function. Daily diaries of respiratory symptoms 

are commonly used to evaluate acute effects of particulate air pollution. Usually, a panel of 

subjects record the presence of specific respiratory symptoms daily on weekly or monthly 

calendars. These symptoms are often aggregated into upper respiratory symptoms and lower 

respiratory symptoms. 

Krupnick et al. (1990) examined the daily occurrence of upper and lower respiratory 

symptom among a panel of adults in Southern California. A Markov model was developed 

to determine the effects of air pollution on health. This model included the probability of 

illness on the prior day and was controlled for autocorrelation. Among the pollutants 

examined independently, coefficient of haze (CoH) was statistically associated with the 

probability of reporting symptoms. 

Several studies (Pope 1991; Pope and Dockery 1992; Roemer et al. 1993; Ostro et al.1993; 

Schwartz et al 1994) found both acute and chronic effects of particulate pollution on lung 

function. The association with lower respiratory disease was larger and usually statistically 

significant compared to upper respiratory symptoms. Based on these studies, Dockery and 

Pope (1996) reported that the estimated per cent increase in reported lower respiratory 

symptoms was as high as 15 per cent for 10 /-lg/m3
, though the weighted mean was 

approximately 3.0 per cent. 

Chestnut et al. (1991) used First National Health and Nutrition Examination Survey data for 

49 cities in the US to examine the relationship between pulmonary function and quarterly 

average levels of TSP. They found statistically significant relationships between TSP levels 

and forced vital capacity (FVC) and forced expiratory volume at one second (FEV1.0). 

These relationships remained strong across several specifications and sample changes. 

Anthropometric measurements and socio-economic characteristics were included in the 

analysis and only the "never" smoker group participated in the final study. The results found 
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3 
a 1 standard deviation increase in TSP from the satnple mean of 871lg/m was associated 

with an average decrease in FVC of 2.25 per cent. The study suggested a threshold level 
3 

(approximately 60J.lg/m) of TSP, below, which a relationship with pulmonary function 

ceased to exit. 

Perry et al. (1983) did not find any significant effect of pollution on morning or evening 

peak expiratory flows (PEF) value. 

Koening et al. (1993) investigated the relationship between fine particulate matter and 

pulmonary function among 326 elementary school children including 24 asthmatics in the 

Seattle area, with high particulate concentrations predominantly from residential wood 

burning. FEV and FVC were measured before, during, and after the1988-89 and 1989-90 

winter heating seasons. It was found that the fine particles were significantly associated with 

acute respiratory irritation in young asthmatic children. 

Xu et al. (1991) examined the respiratory health effects of air pollution in three areas in 

Beijing, where the main sources of particulate pollution originated from residential coal 

burning. Lung function for 1,440 adults who were 40-69 years old and had never smoked 

was measured in August 1986. FVC and FEV 1.0 were adjusted for height, sex, and age. 

Regression analysis results showed that a per unit increase in S02 (TSP) concentration 

(~.lg/m3) could result in a 35.6 (131.4) ml reduction in FEV1.0 and a 142.2 (478.7) ml 

reduction in FVC. The study also suggested that coal burning was not only an important risk 

factor for pulmonary function, but was a major confounding factor in the analysis of outdoor 

air pollution effects. 

Abbey et al. (1995) in their multivariate analysis, adjusted for several covariates, showed 

statistically significant but small positive associations between PMI0 and development of 

overall airway obstructive disease, chronic productive cough and increased severity of 

airway obstructive disease and asthma. Strong associations were observed for those who 

were exposed occupationally to dusts and fumes. 
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Schwartz and Neas (2000) and Neas et al. (1999) found an association between particulate 

air pollution and children's respiratory health. The strongest association was with PM2.5 

rather than the coarser fraction PMl 0-2.5. 

Restricted Activity Days 

Restricted activity days (RAD) include days spent in bed, days missed from work, and other 

days when activities are significantly restricted due to illness. The main work in this area 

was done by Ostro (1983, 1987, and 1990). Ostro (1983) used a sample of cross-sectional 

morbidity data extracted from a household survey in the US. Two dependent variables were 

used as measures of morbidity: work loss days for people currently working, and restricted 

activity days for the combined sample of adult workers and non-workers. In the study he 

included age, sex, race, employment, income, chronic conditions, smoking, population 

density, and annual mean temperature. Air pollution included TSP and S04' The estimated 

elasticises were statistically significant for TSP at 0.45 and 0.31 for total work loss days and 

total restricted activity days respectively. The SO 4 variable was not statistically significant. 

Ostro (1989) examined the relationship between adult RAD in a two-week period and fine 

particles (PM2.5) in the same two weeks period for the US. This study used a data set on 

individuals, the Health Interview Survey conducted by the National Centre for Health 

Statistics, to examine the relationship between air pollution and various measures of 

morbidity. Regressions run with the total sample and sub-sample of male non-smokers 

indicated a statistically significant relationship between particulate pollution and both work 

loss and restricted activity days. 

Ostro and Rothschild (1989) found that morbidity was often more strongly associated with 

the fine or sulfate component of particulate pollution. Ransom and Pope (1992) reported 

similar associations between particulate pollution and grade-school absences in children in 

the Utah Valley, Utah. 

Crocker et al. (1979) studied the morbidity effects of air pollution using cross-section data 

collected from a survey of over 5,000 families from 1968 to 1976 in the US. The model 

included socio-economic variables, work experience and place of residence. The study 

examined the relationship between S02, N02, and TSP and acute and chronic health effects. 

Acute illness was measured by number of workdays lost as reported in each annual 
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interview. Chronic illness was defined in terms of disability or limitation on ability to work. 

The results suggested elasticises for acute illness ranging from 0.3 to 0.6 and for chronic 

illness 0.25 to 0.95. The same data were analysed by Cropper (1981) who found that only 

S02 was positively related to the number of workdays lost per year. 

2.2.2.3 Australian studies 

Australian studies have examined similar issues to those conducted in other countries. In 

general, using similar methods they have achieved similar results. Importantly, given the 

lower levels of pollution experienced in Australia, the fact that significant results are still 

obtained indicates that there is generally no lower threshold of the effects of pollution on 

health. 

Mortality Studies 

Morgan (1996) and Morgan et al. (1998a) performed time-series analysis on counts of daily 

mortality and major outdoor air pollutants, which included particles, ozone and nitrogen 

dioxide in Sydney for the years 1989 to 1993, with adjustment for seasonal and cyclical 

factors. Poisson regression was used with allowance for the over-dispersion and 

autocorrelation. The effects of lagging exposure by 0 to 2 days were assessed with single 

and multi-pollutant models. An increase in daily mean particulate concentration from the 

10th to the 90th percentile was associated with an increase of 2.63 per cent in all cause 

ITlortality and 2.68 per cent in cardiovascular mortality and 3.24 per cent for respiratory 

tnortality. Daily mortality was also found to be associated with 0 3 and N02, but when all 

pollutants were considered in the same model, the effect of particles dominated. As the 

particulate levels in Sydney are low when cOlnpared to the levels of other cities where 

associations with daily mortality have been demonstrated, Morgan et al. claimed that a 

'linear response relationship between particulates and daily mortality persists even at 

relatively low level' (p 761). 

Simpson et al. (1997) examined daily mortality and PM10, 0 3, S02 and N02 during the 

period 1987 to 1993 for the Brisbane region. Using autoregression and Poisson models and 

controlling for weather and temporal trends, their study found significant associations 

between total mortality and 0 3 and particulate pollution. The effects of S02 and N02 on 

daily mortality were not significant. When all pollutants were considered in the model, 0 3 
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and particles remained significant, suggesting that the effects were independent. The result 

showed that a 101lg/m
3 

increase in PM 10 corresponded to an increase in total mortality 

between 1.2 to 1.3 per cent. This result suggested a possible threshold for the 0 3 level, but 

not for PM 10 level. 

Morbidity Studies 

Morgan (1996), Morgan et al (1998b) assessed the relationship between variations in 

hospital admissions and air pollution in Sydney. Daily counts of hospital admissions for 27 

public hospitals were aggregated from 1990 to 1994 for the selected conditions of asthma, 

all respiratory diseases, COPD, and heart disease. The statistical model estimated the 

number of daily admissions, taking into account daily temperature, humidity, and seasonal 

trends. The model included the pollutants - particles, 0 3, and N02. The results suggested 

that an increase in particulate concentration from a low day to high day was associated with 

an increase in hospital admissions for COPD of 3.0 per cent. The model results for heart 

disease in the elderly (65 plus years) indicated that an increase in particulate concentration 

from the 10th to 90th percentile was associated with a significant increase in hospital 

admissions of 2.7 per cent. A stronger relationship was found between N02 and hospital 

admissions. 

Voigt et al. (1998), in their ecological study, assessed the relationship between air pollution 

and respiratory morbidity in the Latrobe Valley, Victoria. Hospital admissions data were 

collected for the year 1988, and air quality data, which included N02, S02, 03 and 

particulates obtained. The study found significant associations between airborne particles, 

N-02 and respiratory morbidity. The study, however, could not find a significant relationship 

between pollutants and asthma admissions. They concluded that air pollution even at the low 

levels found in Latrobe Valley, could have an impact on respiratory morbidity. 

Rennick and Jarman (1992) investigated the association between asthma attendance at the 

emergency department of the Royal Children's Hospital and nephelometry data during smog 

days in Melbourne. They found a statistically significant association between asthma 

attendance and days with high levels of particles. A lag effect was also noted. No association 

was found between attendances and 0 3 levels during the summer smog period. 
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During the first two weeks of January 1994, Sydney experienced very severe bushfires that 

covered the metropolitan area with high concentrations of particulate matter. Corbett et al. 

(1996) examined the relationship between bushfires and hospital admissions for asthma. 

Accident and emergency attendance records were compiled from six major public hospitals 

in Sydney for the bush fire period plus two weeks before and after the bushfires. Air 

pollution data from the EPA network of 15 monitoring stations, meteorological data, daily 

pollen and spore counts were also compiled. 

There were, on average, 11 emergency attendances and 3 asthma admissions per day at these 

hospitals during the period considered, less than suggested by the literature. The authors 

suggested two possible reasons. First, in analysing these data the authors were constrained 

because of the short-time period over which hospital attendance data were available. 

Second, with such a highly visible and well-publicised air pollution event it is likely that 

asthmatic patients took preventive actions to reduce their exposure and prevent a response, 

such that there may not have been any increase in asthma admissions or emergency 

attendance during the bushfire episode. The authors also suggested that the levels of 

particulate pollution could be associated with increased mortality (which they did not 

examine). 

A cross-section survey was made of school children in grades 3, 4, and 5 in schools located 

within two kilometres of each of the six EPA monitoring stations in western and south

",'estern Sydney. A parent-completed questionnaire was administered, and airways' 

responsiveness and allergies by skin prick tests were measured (Peat et al. 1996). The results 

confirmed that those areas of west Sydney had a high prevalence of recent wheezing (22 per 

cent), of diagnosed asthma (28 per cent) and of use of asthma medications. 

From the west Sydney sample, children with reports of wheezing in the previous twelve 

ll10nths were invited to participate in a panel study. This Western Sydney Children Asthma 

Study was a longitudinal study to investigate the relationship between asthma and air 

pollution in children living in western and south-western Sydney (lalaludin 1996). Children 

with wheezing/asthma were asked to keep asthma diaries for 12 months. Children were 

grouped into 4 categories. Those in Group 1 had a history of wheezing, they had a doctor's 

diagnosis of asthma and they have positive histamine challenge, i.e. they had sensitive lungs. 

Children in Group 2 had a history of wheezing and a doctor's diagnosis of asthma but they 

27 



did not have a positive histamine challenge. Children in Group 3 had a history of a 

wheezing, did not have a doctor's diagnosis of asthma but did have a positive histamine 

challenge. Children in Group 4 only had a history of a wheezing. The children recorded their 

peak expiratory flow rate, symptoms, medications used, school absence due to asthma, the 

number of hours spent outdoors and also a visits to a doctor or hospital for asthma. Air 

quality data was obtained from the EPA. For PMIO the average maximum was 48J.!g/m
3 

and 
3 

the mean 22 J.!g/m . 

The results showed that an increase in mean PM 1 0 was associated with a decrease or 

reduction in lung function for groups 1 and 4. Interestingly, in this category it is the children 

in Group 4 who have the largest reduction in lung function. If PMIO went from the lowest 

value to the highest value for the year there would be about a 1 per cent reduction in lung 

function for all children. Comparing days with the highest PM 10 to days with the lowest 

PM10 shows a linear dose-response relationship. 

The Hunter Illawarra Study of Airways and Air Pollution (HISAAP) involved an initial 

survey of 3,000 primary school children in the Newcastle and Wollongong areas (Lewis 

1996, 1998). The HISAAP study was in three phases and sought to determine whether 

children: 

1. living in an area with higher levels of air pollution had more respiratory symptoms 

(cough, wheeze, and colds); 

11. had respiratory symptoms and/or a decrease in lung function more often when outdoor 

air pollution levels were high; and 

111. had respiratory symptoms and/or decrease in lung function more often when indoor air 

pollution levels were high, taking outdoor air pollution in to account. 

Phase I was a cross-sectional survey of children that looked at their respiratory and atopic 

symptoms and their home environment. The second phase of the study drew on a sample of 

children from Phase I who had frequent and recent lung symptoms. These children were 

asked to keep a diary over seven months and note their daily symptoms, recording treatment, 

time away from school and visits to a doctor or to the hospital. They were given a peak flow 
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meter to record their peak daily flow readings as a measure of lung function. Phase III was 

similar to Phase II, with the addition of indoor as well as outdoor air pollution. 

The result suggested a strong relationship between PM10 and the prevalence of chest colds 

and night-time cough - coughing at night for more than two weeks not associated with a 

cold. That is, as PM10 levels increased, so did the proportion of children reporting these 

symptoms. Multivariate analyses showed no significant effects for sulphur dioxide, although 

passive smoking was significantly associated with chest colds. 

Lewis et al. (1998) further reported odds ratios of 1.43 for chest colds and 1.34 for night-
3 

time coughs for a 10J.lg/m increment in annual average PM 10 levels. The annual average 

PMIO level ranged between 18.6 and 43.7 !-lg/m3 across the study region. Excluding the 

areas with highest PMl 0 levels increased the odds ratio for chest colds: 2.05 compared with 

1.43 for the whole area. 

A study in Brisbane found that rural dust events impact on asthma severity in Brisbane 

(Rutherford et al. 1999). The result indicated that a number of dust events were associated 

with changes in asthma severity, but general relationships could not be determined. 

2.2.3 A Summary of the Effects of Particulate Air Pollution 

Evidence from the selected epidemiological studies presented in this review suggests a 

coherence of effects across a range of related health outcomes and a consistency of effects 

across independent studies with different investigations in different environments. The main 

findings can be summarised as follows: 

Total mortality is observed to increase by approximately 1 per cent per 10J.lglm
3 

increase in 

PM10. Stronger associations are observed for cardiovascular mortality (1.4 per cent) and 

respiratory mortality (3.4 per cent). 

Respiratory hospital admissions and emergency department visits increased by 
3 

approximately 0.8 per cent and 1.0 per cent respectively for each 10J.lg/m increase in PM! O. 
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Emergency room visits for asthma (3.4 per cent) and hospital admission for asthma attack 

(l.9 per cent) were strongly associated. 

Australian studies show that the effects observed overseas are also observed in Australia, 

even though air pollution levels in Australia are generally lower than those observed in the 

US and Europe. 

The Sydney study (Morgan et al. 1998a) showed that a 2.6 per cent increase in daily 
3 

mortality was associated with an increase in PMI0 of approximately 25 !-1g/m. The 

Brisbane study (Simpson et al. 1997) showed an increase in particulate levels corresponding 
3 

to a lO !-1g/m increase in PMl 0 associated with an increase in daily mortality of between 1.2 

to 1.3 per cent. 

Studies in Sydney, Melbourne and Brisbane (Morgan 1996, Morgan et al. 1998b; Rennick 

and Jannan 1992; Rutherford et al. 1999) found significant relationship between particulate 

air pollution and emergency room visits; hospital admissions for COPD and asthma. 

The strongest relationships between air pollution and adverse health effects were found for 

annual PM2.5 rather than PMI0 (Dockery et al. 1993; Pope et al. 1995; Schwartz et al. 

1996). These studies suggested that this size fraction might be more important than total 

PMlO for explaining the health effects attributed to exposure to particles. 

The issue of how to separate the effects of particulates from other pollutants has always been 

a concern for researchers. Studies carried out in the US (Pope 1991; Schwartz and Marcus 

1990; Mazumder et al. 1982) supported an independent effect of particles. However, the 

pattern of air pollution exposure in Australia is different from that seen in most of the US 

cities and Europe. Specifically, in the US, high S02 concentrations are usually highly 

correlated with high particle concentrations. This is not the case in Australia. Nevertheless, 

studies in Sydney and Brisbane have shown independent effects of particles (Morgan et a/. 

1998a; Simpson et al. 1997). Other studies on effects of air pollution on respiratory health of 

children in Newcastle and Wollongong also found independent effects of particles and S02 

(Lewis et al. 1998). 
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It is argued that sometimes the observed effects are confounded by meteorological variables 

such as temperature or humidity. Extremes of temperature may cause adverse health effects 

such as increases in daily mortality. In many time-series studies on health effects of air 

pollution, the impact of meteorological variables on health outcomes is controlled before the 

analysis of the pollutant effect is undertaken. These studies have shown that even after 

controlling for these parameters there is an independent effect of particles. In some cases the 

statistical approach used for the control of the meteorological variables can affect the size of 

the effect estimate, but in general the results are robust within the statistical method used for 

analysis. 

There is no evidence, based on epidemiological data, that there is a threshold concentration 

of either PMIO or PM2.S. 

2.3 Economic Valuation of Health 

A number of approaches to assigning monetary values to morbidity and the loss of life have 

been proposed and used in the literature on the economics of health and safety. These 

approaches can be broadly categorised as determining values according to either individual 

preferences (willingness to pay) or resources or opportunity costs. 

2.3.1 Valuing Morbidity 

Economists use three major techniques for valuing reduced morbidity; the cost of illness 

approach; direct questioning (contingent valuation methods); and the averting behaviour 

nlethod. 

Cost of Illness (COl) Measure 

The cost of illness (COL) is an economic measure that estimates the dollar value of medical 

costs and lost wages. Total cost is defined as the sum of direct and indirect costs. Direct 

costs cover all treatment and illness-related expenditure, including hospital care, services of 

physicians and other health professionals, and drugs. Indirect costs measure the value of lost 

productivity due to sickness. 
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Dickie and Gerking (1989) explained that total cost could be estimated on either a 

prevalence or an incidence basis. Prevalence based costs are the costs associated with all 

cases of the diseases in a given time period. Incidence based costs are discounted costs 

associated with new cases of the disease, from the onset of illness until recovery or death 

occurs. 

Cooper and Rice (1972) provide widely used prevalence-based illness cost estimates, which 

were the update of the earlier estimates of Rice (1966). Their estimated direct cost of all 

illnesses was US$75.2 billion for US for the year 1972. Indirect cost was US$42.3 billion, 

measured by lost productivity and wages. 

Berger et al. (1987) reported data on medical expenditure net of insurance payments plus 

lost earnings. These ranged from US$1.80 per day for drowsiness to US$14.56 per day for 

itchy eyes. 

As another example, Chestnut et al. (1988) estimated an annual cost of illness for angina 

sufferers. The study suggested out of pocket medical costs of US$256 per person, compared 

with total medical costs of US$4,523 per person. They also estimated lost wages to be 

US$9,581 per person, with an annual cost of illness ofUS$14,104. 

The COl approach suffers from two shortcomings: 

1. As the cost of illness refers only to social cost of lost earnings plus the medical 

expenditure associated with illness, it ignores two social costs of illness - the social 

value of averting expenditure and the cost of pain and suffering; and 

11. despite the availability of data on medical costs and wages lost due to illness, it can be 

very difficult to accurately assess what portion of the total cost is attributable to 

pollution-related morbidity effects and what should be attributed to co-factors, such as 

occupational exposure or smoking. Therefore, it is possible that COl measures may 

capture costs unrelated to pollution. 
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Contingent Valuation Method 

In the contingent valuation method (CYM), people are directly asked about their willingness 

to pay for (WTP) or willingness to accept (WT A) certain goods that do not carry market 

values. Thus WTP and WTA estimates are based on ascertaining people's willingness to pay 

to obtain beneficial changes in environmental quality or willingness to accept adverse 

changes. CVM uses two measures of consumer surplus. The first is compensating variation, 

which estimates how much payment would be required to keep an individual at a certain 

initial level of satisfaction if that individual was forced to face new circumstances that were 

not as favourable. The second measure, equivalent variation, looks at the satisfaction level 

of the individual after a change is made. 

The method depends on the use of survey instruments to ascertain personal preferences. 

To value morbidity, respondents are given information about the levels of morbidity, or 

factors that may affect morbidity. They are then presented with a hypothetical market that 

describes how a change in morbidity will be accomplished and how payment would be 

made. Common types of CVM include iterative bidding, payment cards and dichotomous 

choice, where the respondent is asked to answer yes or no to the take-it-or-Ieave-it offer for 

the object being valued (Hanemann 1991). While the iterative bidding and payment cards 

techniques analyse quantitative responses, dichotomous choices analyse qualitative answers. 

Regardless of the mechanism used, respondents are finally asked their maximum bid for a 

specific change in morbidity, thus revealing their WTP. Respondents may also be asked to 

state the minimum compensation they are willing to accept in order to agree to a specific 

change in morbidity, giving a WT A result. 

Since the hypothetical nature of the questions does not require a respondent to actually 

undertake a market transaction, several potential biases may occur (Cummings et at. 1986 

and Navrud 1989). Navrud (1989) regarded the major types of bias as: 

1. strategic bias, i.e. depending on how respondents perceive the consequence of the 

hypothetical experiment, they may behave strategically and not reveal their true 

preference (free rider problem); 

11. information bias, due to the lack of or type of information given to the consumer in the 

contingent market. This can be either (a) instrument bias, introduced by the process or 
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procedures employed to discover preferences (e.g. bidding games, payment cards); or 

(b) starting point bias, i.e. the mean final bid may differ with different starting points in 

bidding games; 

111. hypothetical bias, the potential error induced by confronting the individual with an 

imaginary situation; and 

IV. sampling, interviewer or non-respondent bias. 

In addition, Knetsch and Sinden (1984) noted large disparities between willingness to pay 

and willingness to accept measures or values (which means a disparity between equivalent 

variation and compensating variation). Coursey et al. (1987) later showed that these 

differences tended to disappear with repetition of a market game. 

CVM is conceptually preferable to COl methods because COl measures omit all but direct 

medical costs and lost income. Dickie and Gerking (1989) suggested that the COl approach 

did not provide a theoretically correct measure of the benefit of improved health. When an 

individual's health improves, the economic benefits s/he enjoys may be measured as the 

maximum amount of money a person is willing to pay for their increase in health. When a 

person's health worsens, the economic damage s/he suffers may be measured as the 

minimum amount of money s/he is willing to accept for the decrease. Therefore, they 

argued, it was more appropriate to use WTP or WT A measures rather than COl to estimate 

morbidity benefits. 

Loehman et at. (1979), Rowe and Chestnut (1985), Tolley et at. (1986), Dickie et al. (1987), 

and Chestnut et al. (1988) used contingent valuation to estimate the value of morbidity. 

Alberini et al. (1996) studied the value of reducing illness in Taiwan. Traditionally, studies 

that value reductions in acute illness asked respondents to value a set of symptoms described 

for them. This study approached the matter somewhat differently, allowing the respondent to 

describe his/her most recent episode of acute respiratory illness, and their WTP to avoid 

them. The drawback of this approach is that it may be difficult for a respondent to recall 

his/her most recent illness episode. The estimated average WTP was US$40 to avoid an 

episode of about 5.3 illness days and 2.2 symptoms, much smaller than a one-day one

symptom episode, where the WTP ranged from US$17 to US$70. 
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The benefit transfer approach should probably be used with caution. Navrud (1998) 

questioned European studies, which relied heavily on US valuation of morbidity. His 

contingent valuation study showed that common respiratory symptom days and asthma 

attacks are valued lower in Norway than in the US. Simply transferring US estimates by 

adjusting the values with the consumer price index would thus lead to higher biased values 

in the Norwegian case. Navrud suggested that differences between the US and Norwegian 

values were explained by imported CV survey and sample design, different preferences in 

Norway compared to the US, and different public health care systems. 

Averting Behaviour Method 

This model infers an individual's willingness to pay for health improvements based on their 

revealed preferences for health. This is unlike the cost-of-illness based valuation method, 

which tends to underestimate health benefits since only the direct and indirect expenditure 

required for symptom relief are considered. Not only are the disutility effects of pain and 

suffering ignored, but perhaps more importantly, investment in preventive health care that 

individuals make to reduce the time they spend in sickness are omitted. Individuals attempt 

to mitigate the effects of air pollution (a) by making expenditure on durable goods such as 

purifiers and (b) by changing their daily schedule to avoid pollution exposure (Smith and 

Desvousges 1986, Berger et al. 1987). 

Cropper (1981) treated health as a pure investment good, where individuals desire only to 

reduce time spent when ill and hence to increase income. Since health was assumed to have 

no direct effects on utility, the model's WTP expression only measured consumer valuation 

of the effect of pollution on time lost from work. Dickie and Gerking (1989) argued that 

whilst Cropper's model provided a theoretical justification for using work loss day as a basis 

for estimating WTP, it suffered from the serious deficiency of not allowing health to affect 

utility directly. 

Gerking and Stanley (1986) used medical care as an averting good. The model generalised 

Cropper's approach by allowing health to affect utility directly and by considering the time 

lost from both work and leisure activities. 
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Dickie et at. (1986) modelled two health attributes, respiratory and non-respiratory 

symptoms, and considered four durable averting goods: home and car air conditioning, 

home air purifying, and cooking with some electricity instead of all gas. Their results 

suggested joint production may pose a serious problem for using the averting behaviour 

model to estimate WTP. 

According to Cropper and Freeman (1991) the averting behaviour approach requires data in 

the following five categories for a cross section of individuals: 

1. Frequency, duration and severity of pollution-related symptoms; 

11. Ambient pollution level to which the individual is exposed; 

111. Actions an individual takes to avoid or mitigate the effect of air pollution; 

IV. Costs of avoidance and mitigation activities; and 

v. Other variables affecting health outcomes (for example age, general health status, 

presence of chronic conditions). 

With the averting behaviour approach, these data are used to estimate health production and 

input demand functions which, in tum, are used to calculate willingness to pay for a 

marginal change in air pollution. The same data could be used to implement the cost of 

illness approach. The predicted effects of a change in pollution on illness were multiplied by 

the value of lost time plus the change in medical and avoidance expenditures to calculate the 

cost of illness (Cropper and Freeman 1991). 

Ideally, since each individual's willingness to pay will be affected by his/her belief of the 

consequences of his/her averting behaviour, this information should also be obtained when 

using the averting behaviour approach. Significantly, such data are not required using the 

cost of illness approach. 

2.3.2 Valuing Mortality 

Over the past few decades, economists have confronted the issue of the economic value of 

life. This is an important issue in the air pollution control arena, since air pollution may 

increase mortality or shorten life expectancy. Valuing life is both difficult and inherently 

controversial (Mishan 1971; Broome 1978; Jones-Lee et al. 1985; Moore and Viscusi 1988). 
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Economists use two approaches to measure the value of human life or a premature death. 

The first is the human capital approach, based on measurements of the economic 

productivity of the individual whose life is at risk. The second approach uses an individual's. 

willingness to pay to reduce his/her risk of death as the measure of value (Cropper and 

Freeman 1991). This could be done by either hedonic or contingent valuation methods. 

Human Capital Approach 

The most common method for valuing premature death is the pure human capital (PRC) 

approach, based entirely on lifetime discounted earnings potential (Grossman 1972; 

Freeman 1982; Cropper and Freeman 1991). This approach relies on two assumptions: the 

value of an individual is what s/he produces, and productivity is accurately measured by 

earnIngs. 

There are some criticisms of this approach. Firstly, it is ethically questionable - as it values 

an individual in terms of output produced, the premature death of a retired, unemployed or 

disabled person would have no value (Freeman 1982, p38). The result is also influenced by 

the affected individual's age, sex and race - the lives of adult white males would be more 

highly valued than those of non-whites, women and children (Cropper and Freeman 1991, 

p 172). Secondly, it ignores issues such as the likelihood of death or avoiding death, and an 

individual's willingness to accept risk (Freeman 1982). Thirdly, the discount rate used to 

calculate the present value is critical. The human capital value of the young is particularly 

sensitive to the choice of discount rate (Cooper and Rice 1976; Landefeld and Seskin 1982; 

Lind 1982). Fourthly, the approach is inconsistent with the fundamental premise of welfare 

economics; that each individual's preferences should be used to establish the economic 

values used in cost-benefit analysis (Cropper 1981; Cropper and Freeman 1991). 

The PHC approach is largely avoided in environmental benefit studies for the above reasons. 

It is commonly used, however, in litigated compensation cases and related settlements (Hall 

et al. 1994). 
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Willingness to Pay 

Economic models are used to estimate an individual's willingness to pay to alter his/her 

chance of dying, and how this is affected by issues such as age and financial status. 

WTP and WT A measures of the value of life are based on the value placed on differing risks 

of death in a given period of time. Since the risk of death from environmental contamination 

is thought to be small, it is customary to express risk in terms of the number of statistical 

lives lost due to a contaminant. These values do not represent the values of any individual's 

life, but of a statistical composite (Hall et al. 1994). 

The value of a statistical life is the sum of the affected people's WTP for these risk changes 

divided by the number of statistical lives saved. One problem of this concept is that it does 

not reflect the age of the people at risk and hence, the number of expected years of life that 

are lost. WTP or WT A could be developed by hedonic or CV methods. 

Hedonic Methods 

In hedonic studies, behaviour is observed and the value of life deduced from the cost people 

incur to reduce risk or the compensation they require to accept greater risk. This indirect 

market method can be further subdivided into the averting behaviour approach and the 

compensating wage approach. 

The averting behaviour approach uses data on safety-enhancing consumption, such as 

purchasing smoke detectors or seat belts, to draw inferences about people's willingness to 

pay for the chance of a longer life. This approach assumes that these activities are pursued to 

the point where their marginal cost equals the marginal value of reduce risk of death, which 

in tum could be interpreted as an individual's willingness to pay to reduce his/her risk of 

death. A problem arises however, because a consumer may choose products for multiple 

reasons. It is difficult to sort out specific characteristics, such as safety, that persuade a 

consumer to pay more for one product than another. 

An alternative, the compensating wage approach, is to infer the value of a statistical life 

from wage premiums that workers receive to compensate them for risk of accidental death. 

Workers are presumed to equate the marginal cost of working in a less risky job with a 
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marginal benefit - that is remaining years of life. In empirical applications this is usually 

embedded in a hedonic model of job choice, in which each worker selects the collection of 

job attributes, including risk of death, that equates the marginal benefit of each attribute to 

its marginal cost. To estimate the risk premium requires data on wages, job attributes and 

worker attributes (Crooper and Freeman 1991). 

One drawback of hedonic wage studies is that they only provide estimates of the value of 

life for a small segment of the popUlation: compensating wage differentials exist in the 

market place if workers are informed of job risk and unionised industries (Dickens 1984; 

Gegax et al. 1985). Another shortcoming is that hedonic wage studies value current risk of 

accidental death, whereas environmental hazards are likely to cause death after a latency 

period, with the cause of death being cancer or chronic respiratory illness. These long-term 

effects are ignored. Furthermore, a disadvantage of hedonic wage studies compared to 

hedonic consumption studies is that they ignore stickiness in the job market - employees 

cannot change jobs with the same ease with which they can change purchasing decisions 

(O'Donnell 2002). 

Contingent Valuation 

Contingent valuation (CV) can be used to estimate willingness to pay on the part of 

individuals to avoid health and safety risk. The appeal of contingent valuation studies is that, 

in principle, they can elicit willingness to pay from a broad segment of the population and 

can value causes of death that are specific to environmental hazards. However, surveys must 

be constructed very carefully, since respondents are not adequately familiar with most life 

threatening illness. 

Fisher et al. (1989), Miller (1989) and Viscusi (1992, 1993) reviewed the empirical 

literature and concluded that the most reliable compensating-wage studies included variables 

detailing worker and job characteristics. 

Fisher et af. (1989) reviewed several willingness to pay studies that gave a value of between 

US$I.6 million to US$8.5 million per life. 
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After revIewIng twenty-nine studies, Miller (1989) suggested a range from US$1.3 to 

US$4.0 million. Miller's figures were lower than others because adjustment were made for 

after tax income and real versus perceived risk. 

Viscusi (1993) assessed available estimates from published WTP and WTA studies related 

to valuing mortality. This includes wage risk, consumer behaviour and contingent valuation. 

The overall rate of reported values of life vary from US$l million to over US$15 million. 

Most reported values range from US$3 million to US$7.0 million. 

Viscusi (1992) provided discussions and summaries of averting behaviour, wage-risk and 

contingent valuation studies. Viscusi concluded that the best "Value of a Statistical Life 

(VSL)" results from wage-risk studies and is between US$3 and US$8 million (in 1994 

dollars, cited in Chestnut 1995). 

Moore and Visusi (1988) determined that the value of life for a "representative worker" 

ranged between US$2.5 million to US$7.3 million. 

Jones-Lee et al. (1985) examined individual's willingness to pay for reducing the risk of 

serious motor vehicle accidents in Great Britain. They determined the value of life to be 

between US$1.6 million and US$4.4 million (1986 dollars). Jones-Lee (1976) found a value 

of life closer to US$6.1 million from an aeroplane fare related survey. 

Atkinson and Halvorson (1990) used a hedonic technique to obtain the value of a statistical 

life from data on the market for automobiles. The estimated value of a statistical life as a 

whole is US$3.4 million in 1986 dollars. 

Gegax et al. (1985) hedonic wage studies estimate the value of life as US$1.6 million. In 

1991, Gegax et al. examined willingness to pay for reduction in job related risks. Their 

value of life measures ranged from US$2.4 million to US$3.3 million. 

Contingent valuation studies give upper-range estimates. Viscusi et al. (1991) found a mean 

value of US$9.8 million to avoid an automobile related death, although the median value 

was closer to US$3 million. Values of life at the higher end of the range are also supported 
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by their conclusion that the value of reducing small risk to the public ranges from about 

US$4 million to over US$9 million (Viscusi 1986). 

Hall et al. (1994) discussed the different studies and employed three values for reducing 

mortality, representing the reasonable range identified in the literature. These values were 

US$3.1 million, US$4.2 million and US$9.5 million. 

2.4 Valuing Clean Air 

Various direct and indirect methods are available for assigning an economic value to clean 

air. The contingent valuation method using surveys to value public goods is a direct method, 

based on the idea of a hypothetical market scenario where a public good is transacted. While 

several indirect methods are used to measure the benefits of public goods, the most 

frequently used are the travel cost and the hedonic price methods. 

Rosen (1974) developed the theoretical idea of a hedonic model. Hedonic pricing estimates 

the value of a particular variable by isolating its effect from that of all other variables. This 

led to several empirical studies to estimate willingness to pay for a marginal change in air 

quality. Other things being equal, the impact of deteriorating air quality is capitalised, in 

part, in the value of housing. 

Smith and Huang (1995) examined marginal WTP estimates from 37 hedonic studies on 

particulate pollution. Their paper summarised estimates of the marginal WTP for reducing 

particulate matter using hedonic property value models developed between 1976 and 1988. 

Ordinary least squares and minimum absolute deviation estimators were used to account for 

the effects of market conditions and the implementation procedures for hedonic models. The 

interquartile range for these estimated marginal values (measured as a change in asset 

prices) lies between zero and US$98.52 for per unit decrease in the TSP. For the Chicago 

property market, estimates ranged from US$159 to US$234 (Bender et al. 1980), US$116 to 

US$138 (Smith 1978), and US$366 (Atkinson and Crocker 1982). 

Chattopdhyay and Banden (1998) have combined a new, large household-level data set with 

a two-stage hedonic estimation technique to derive new estimates of WTP for reduced air 
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pollution for Chicago housing markets. The results were comparable to previous marginal 

\VTP estimates. The WTP estimates were robust against functional-form specification. The 

city-wide aggregate benefits of 5 per cent pollution reduction (in 1989-90 dollars) ranged 

from US$602 to US$l ,078 million for particulates and from US$386 to US$480 million for 

sulphur-dioxide. 

Gerking and Stanley (1986) developed a health-oriented choice model to determine an 

individual's marginal willingness to pay for improved air quality using health and air 

pollution exposure data on 824 adult workers in St. Louis, Missouri. The model views 

individuals as producers of health, and good health is desired for both consumption and 

investment purposes. Individuals can adjust their consumption of medical care to defend 

against air pollution. A compensating variation type marginal willingness to pay expression 

was derived. The WTP for a 30 per cent reduction in ambient mean ozone concentration was 

found to be from US$18.45 to US$24.48 annually. According to the authors these are 

comparatively low figures, representing about 60 per cent of the annual full time inclusive 

cost of a doctor's visits. One possible reason could be due to low-level of ozone in St. Louis 

and the fact that estimates considered only illness effects of air quality improvements. 

Dickie and Gerking (1991) applied a discrete choice version of the household production 

approach to the valuation of non-market goods. Medical care demand under an assumption 

of input necessity and weak complementarities was used to estimate willingness to pay for 

tropospheric ozone control. It was found that individuals living in high ozone area were 

willing to pay over US$170 annually for a situation where ozone concentrations never rise 

above 12 pphm. This WTP figure is two to four times larger than reductions in medical 

expenses that would result from the same reduction in 1 hour peak ambient ozone levels. 

Dickie and Gerking also found that adults with normal respiratory function are willing to 

pay about US$75 annually to avoid days on which peak ozone levels exceed 12 pphm. 

Farber and Rambaldi (1993) used a contingent valuation (CV) survey to establish WTP for 

improved air quality from a sample of outdoor exercisers in Baton Rouge, Los Angeles. The 

WTP question noted that there had been 14 exceedence days in the local community during 

the previous year. The estimated sample median WTP was US$95 and the mean US$191 per 

person per year. Regression was used to generalise WTP values from the sample to the 

general population and gave estimates of US$3.21 and US$5.36 per person per healthy day, 
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or between US$12.4 and US$20.6 million per year, to avoid the 14 "unhealthful" days. 

These estimates are similar, after adjusting for inflation, to the US$7.75 per person per day 

estimate of WTP to avoid an ozone exceedence established by Schulze et al. (1984). The 

values are greater than the US$4.06 per person per day estimate of Dickie and Gerking 

(1991) for longer reductions in ozone from 30 pphm to 12 pphm. 

Loehman et al. (1994) compared two different types of willingness to pay response. 

Contingent valuation data for the study were collected in the San Francisco Bay area in 

1980. A payment card was used from $0 to 'more than $100'. The study showed that gain 

and loss in willingness to pay models differ by health status, risk perception, and other risk

related variables. The authors suggest that results for the loss measures are more reliable in 

terms of variability of response and economic modelling. 

Using contingent valuation and hedonic price methods, Belhaj (1998) estimated the WTP 

for a 50 per cent reduction of air pollution caused by road traffic in Rabat-Salo, Morocco in 

1999. The WTP per month to reduce air pollution was, on average, equal to US$8. The 

yearly total benefits of reducing emissions ranged between US$57 million using the 

interactive choice method and US$59 million when using the simplified parametric 

approach. That is roughly a yearly total benefit of US$60 million to reduce emissions by 50 

per cent in Rabat-Sale. 

Huang and Lin (1998) measured the economic benefits from improvement of air quality at 

one of the most polluted areas in Taiwan. The study used a contingent valuation method to 

value two scenarios of air quality: from poor to moderate and from moderate to good. The 

results showed that there were significant differences between the metropolitan areas 

(Kaohging City) and the non-metropolitan area (Kaohsing county and Pingtung county). The 

expected WTP values for the moderate to good level for the three regions were NT$3.35, 

NT$3.06 and NT$2.91, respectively, per person, per day. For the improvement of air quality 

from the poor to moderate level, the WTP values per day for the three regions were 

NT$24.00, NT$6.00 and NT$5.34, respectively. 

Carlsson et al. (2000) quantified individual willingness to pay measures of improved air 

quality in Sweden using CVM. The mean WTP for a 50 per cent reduction of harmful 

substances where the respondents live and work was about SEK2,OOO per year. WTP was 
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found to increase with income, wealth and education, it was larger for men, members of 

environmental organisations and people living in big cities, and lower for retired people. 

Clearly it is difficult to summanse these different valuations because of the different 

contexts in which the WTP estimates of the value of clean air have been made. The level of 

air pollution varies from place to place and this alone exacerbates comparison. Nevertheless, 

one general conclusion from these studies is that considerable values are placed on clean air 

in all these locations. 

2.5 Public Health Cost of Air Pollution lor Benefits of Improved Air Quality 

The benefits of improved air quality and the costs of air pollution have received attention 

from researchers in recent years. Much of the early work was done in the US, in response to 

the Clean Air Acts and required evaluation criteria related to those acts. 

Hall et al. (1989,1992) estimated the health benefits of controlling ozone and PM10 for the 

South Coast Air Basin of California. The health effect was calculated by applying the dose

response functions to the distribution of exposure and dose generated by the Regional 

Human Exposure Model (REHEX model). The study found that attaining the National 

Ambient Air Quality Standards (NAAQS) would result in health related benefits of between 

US$4.8 billion to US$20.3 billion per year, with a best estimate ofUS$9.4 billion (the 1992 

paper adjusted these values to US$5.0 billion, US$21.5 billion and US$9.8 billion 

respectively). 

]n an earlier study, Rowe et al. (1986), examined various health benefits and effects on 

lnaterials, agriculture and visibility from meeting the air quality standards in the basin by 

2010. Their estimated benefit was US$2.4 billion (a point estimate) with an upper bound of 

US$4.4 billion and lower bound of US$0.2 billion annually. 

Nichols and Harrison, from the National Economic Research Association Inc. (NERA) , 

evaluated the Hall et al. study in 1990. They were critical of the estimates and questioned 

the methodology used by Hall et at. They argued that Hall et al. substantially overstated the 

likely benefits of pollution control. Their report presented an alternative estimate, and 
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'adjusted the assumptions embedded in those estimates to reflect more accurately the 

empirical evidence and informed scientific opinion' (Nichols and Harrison 1990, pE3). The 

study included health benefits as well as non-health benefits such as visibility, materials and 

agriculture. The calculated estimates of total benefits ranged from US$1.5 billion to 

US$8.0 billion, with a mid-range value ofUS$2.9 billion. 

Based on the above studies, Krupnick and Portney (1991) re-examined the benefits and 

estimated that the annual health benefits would be US$3 billion (US$2 billion for mortality, 

US$0.3 billion for ozone related morbidity and US$0.7 billion for particulate related 

morbidity). The study also showed that the materials damage benefits will be another 

US$l billion, which makes the total benefits of US$4 billion. 

Hall et al. (1994) integrated human exposure modelling, health effects modelling and 

economic valuation methods to estimate the economic benefits of attaining the California air 

quality standards for ozone and PM1 O. The results show that the economic value of reduced 

PM10 and ozone-related effects range from US$1.6 billion to US$4.1 billion annually, with 

a best estimate of US$2 billion. Around 95 per cent of the estimates were PM10 pollution 

related. It was also estimated that 380 premature deaths occur due to PM10 each year. 

Simpson and London (1995) estimated the public health cost of the present levels of air 

pollution in Brisbane, Australia. The study examined the impact of particulate air pollution 

and ozone, based on secondary data. They found that the economic cost of air pollution was 

between A$245.8 million and A$462.3 million per year. The impact of particulate pollution, 

specifically particulate pollution related mortality costs, dominated the total costs, 

representing around 90 per cent (A$230 million to A$415 million) of the total cost. The 

morbidity impact contributed around A$23 million to A$45 million per year. Compared to 

particulate pollution, ozone had a smaller impact. Ozone related morbidity contributed 

around A$2.5 million per year. 

Ostro (1994) described a method for quantifying the benefits of reduced ambient 

concentrations of pollutants common in urban areas in both developed and developing 

countries. Using data from Jakarta, Indonesia, Ostro estimated the benefits related to 

reductions in TSP, lead and nitrogen dioxide. The results suggest that a reduction in air 

pollution would significantly increase health benefits to Jakarta. For example, if annual TSP 
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3 
were reduced to the WHO guideline (75~g/m ), the estimates suggest a reduction of 1,400 

premature deaths, with a lower estimate of 900 and a higher estimate of 1,900 per year. It 

would also reduce emergency room visits by 49,000 asthma attacks by 600,000, RADs by 

4.6 million and 124,000 cases of bronchitis in children. 

Using binomial regression models of daily hospital admission and deaths, Ransom and Pope 

(1995) estimated excess hospitalisation cost at US$2 million and the increased cost of 

mortality at US$40 million annually, due to the operation of a steel mill in a mountain valley 

in central Utah, US. 

Pearce and Crowards (1996), using epidemiological meta-studies for PMI0 health impacts, 

predicted premature deaths and morbidity impacts in the UK from present air pollution. The 

study suggests around 12,000 deaths caused by total particulate pollution. Considering only 

anthropogenic PMI0, the deaths will be around 7,000. The estimated economic cost of 

premature deaths was about £ 11.1 billion (including both urban and rural deaths), and 

morbidity (only chronic bronchitis and RADs, and only for urban areas) was £6.3 billion. 

Raufer (1997) assessed the economic cost associated with particulate and lead air pollution 

in Cairo. The results gave annual particulate damage between US$l.4 billion and 

US$5.3 billion, with the contribution of lead between US$2.9 billion and US$4.4 billion 

annually. Premature mortality accounted for 40 to 60 per cent of the particulate damage and 

lllore than 90 per cent of the lead pollution damage. 

Zaim (1997) suggested that if air pollution had been reduced to WHO levels from 1993, 

Turkey could have reduced hospital admissions for respiratory diseases by about 5,480, 

emergency room visits by 112,100 and avoided 6.85 million restricted activity days and 

73,000 cases of low respiratory symptoms in children 0-12 years of age. The annual 

economic value of avoiding these effects represents nearly 0.08 per cent of Turkey's 1993 

gross national product. 

Robinson et at. (1998) and Robinson (2001) estimated mortality impact of PM2.5 for 

Armidale, NSW. Based on the combined dose-response relationship of Dockery et al. (1993) 

and Pope et at. (1995), Robinson et at. (1998) showed that 8.5 per cent of deaths in 
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Armidale are caused by particulate air pollution. In 2001, Robinson suggested a 10 per cent 

increase in deaths due to woodsmoke pollution for Armidale as a whole. 

The health and economic benefits of air quality improvements were mostly assessed based 

on the dose-response coefficients established in several epidemiological studies. Cropper et 

al. (1997) question the validity of transferring the dose-response relationship established in 

developed countries to developing countries. Their study on the health effects of air 

pollution in Delhi, India suggests that particulate air pollution has less overall impact on 

non-traumatic deaths in Delhi compared to US cities. The number of life-years saved per 

death avoided, however, would be greater in Delhi than in US cities because of differences 

in the age distribution of impacts. Since deaths occur earlier in life in Delhi, on average 

more life-years would be saved in Delhi than in US. 

All studies reviewed either found significant costs associated with, or that significant 

economic benefit could be achieved by reducing, current levels of air pollution. 

Most studies found the impact of particulate pollution much higher than ozone (Hall et al. 

1989,1992,1994; Krupnick and Portney 1991, Ostro 1994, Simpson and London 1995). In 

Cairo however, the health impact and economic valuation for lead was higher than 

particulate air pollution (Raufer 1997). 

It is evident from many studies that estimates of premature mortality dominate the total 

economic benefits or economic cost estimates. 

Overall, the magnitude of the benefits of reduced pollution, or the cost of current air 

pollution, depends on the level of air pollution, the expected effect of that pollution (that is, 

the dose-response relationship), the size of the affected population, and the economic value 

of these effects. 
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