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NOTE TO READERS OF THE CRITERIA DOCUMENTS 

While every effort has been made to present information in the criteria 
documents as accurately as possible without unduly delaying their 

- publication, mistakes might have occurred and are likely to occur in the 
future. In the interest of all users of the environmental health criteria 
documents, readers are kindly requested to communicate any errors found to 
the Division of Environmental Health, World Health Organization, Geneva, 
Switzerland, in order that they may be included in corrigenda which will 
appear in subsequent volumes. 

In addition, experts in any particular field dealt with in the criteria 
documents are kindly requested to make available to the WHO Secretariat any 
important published information that may have inadvertently been omitted 
and which may change the evaluation of health risks from exposure to the 
environmental agent under examination, so that the information may be 
considered in the event of updating and re-evaluation of the conclusions 
contained in the criteria documents. 
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ENVIRONMENTAL HEALTH CRITERIA FOR SULFUR 
OXIDES AND SUSPENDED PARTICULATE MA TTER 

A WHO Task Group on Environmental Health Criteria for Sulfur Oxides 
and Suspended Particulate Matter met in Geneva from 6 to 12 January 1976. 
The meeting was opened by Dr B. H. Dicterich, Director, Division of Environ-
mental Health, who welcomed the participants and the representatives of 
other international organizations on behalf of the Director-General. Dr 
Dieterich briefly outlined the history and purpose of the WHO Environmental 
Health Criteria Programme and the progress made in its implementation, 
thanks to the active collaboration of WHO Member States and the support of 
the United Nations Environment Programme (UNEP). 

The Task Group reviewed and revised the second draft criteria document 
and made an evaluation of the health risks from exposure to these substances. 

The first and second drafts were prepared by Professor B. G. Ferris, Jr, 
Harvard University School of Public Health, USA. The comments on which the 
second draft was based were received from the national focal points collabora-
ting in the WHO Environmental Health Criteria Programme in Belgium, 
Bulgaria, Canada, Czechoslovakia, the Federal Republic of Germany, Greece, 
Japan, New Zealand, Poland, Sweden, USA, USSR and from the Food and 
Agriculture Organization of the United Nations (FAO), the United Nations 
Eduational Scientific and Cultural Organization (UNESCO), the United Nations 
Industrial Development Organization (UNIDO), the World Meteorological 
Organization (WMO), the International Atomic Energy Agency (IAEA), and the 
Commission of European Communities (CEC). Comments were also received 
from Professor H. Antweiler and Dr B. Prinz (Federal Republic of Germany), 
Professor K. l3jersteker and Dr R. van dci Lende (Netherlands), Professor F. 
Sawicki (Poland), and Professor W. W. Holland and Professor P. J. Lawther 
(United Kingdom). 

The collaboration of these national institutions, international organiza-
tions and individual experts is gratefully acknowledged. The Secretariat also 
wishes to thank Professor B. G. Ferris, Jr and Mr R. E. Waller for their in-
valuable assistance in the final stages of the preparation of the document. 

In view of the substantial amendments made to the document (particularly 
within Sections 2 to 5) since the meeting of the Task Group, a revised version 
was circulated to all members in February 1978. At the same time, copies of 
a newly-produced review of the health effects of particulate pollution(Holland 
et al., in press), that had been submitted for consideration, were distributed 
to the members. Comments were sought on the draft of the criteria docu-
ment itself, and on any amendments or additions considered necessary in 



light of the new report. These comments, together with others received from 
the International Petroleum Industry Environmental Conservation Association, 
and the International Iron and Steel Institute, were then considered by a 
small group consisting of the Chairman of the Task Group meeting, the 
Rapporteur and some members of the Secretariat. The alterations suggested 
(mainly within section 9) were circulated again to the original members of 
the Task Group prior to publication. 

The document has been based, primarily, on original publications listed in 
the reference section. However, several recent reviews of health aspects of sulfur 
oxides and suspended particulate matter have also been used including those 
by Katz (1969), Committee on the Challenges of Modern Society (1971), 
Organization for Economic Cooperation and Development(1965), Rall(1974), 
Task Group on Lung Dynamics (1966), Task Group on Metal Accumulation 
(1973), US Department of Health, Education and Welfare (1969a), US 
Environmental Protection Agency (1974), World Health Organization (I 976a), 
and World Meteorological Organization (1974). 

The purpose of this document is to review and evaluate available informa-
tion on the biological effects of sulfur oxides and suspended particulate 
matter including suspended sulfates and sulfuric acid aerosols, and to provide 
a scientific basis for decisions aimed at the protection of human health from 
the adverse consequences of exposure to these substances in both occupational 
and general environments. Although there are various routes of exposure, 
such as inhalation, ingestion (World Health Organization, 1971, 1974) and 
contact with skin, attention in this report has been concentrated upon the 
effects of inhalation of these substances, since this is the most importalit 
route of exposure. The discussion has also been limited to sulfur dioxide, 
sulfur trioxide, sulfate ions, and particulate matter primarily resulting from 
the combustion of fossil fuels. The sulfate ion has been considered in the 
variety of forms in winch it occurs in the atmosphere, e.g., sulfuric acid and 
various sulfate salts. 

The vast literature on these pollutants has been carefully evaluated and 
selected according to its validity and relevance for assessing human exposure, 
for understanding the mechanisms of the biological action of the pollutants 
and for establishing environmental health criteria, i.e., exposure-effect/response 
relationships in man. Environmental considerations have been limited to 
elucidating the pathways leading from the natural and man-made sources of 
these substances to the sites of toxic action in the human organism. The non-
human targets (plants, animals, ecosystems) have not been considered unless 
the effects of their contamination were judged to be of direct relevance to 
human health. For similar reasons, much of the published information on the 
effects of these pollutants on experimental animals has not been included. 

Details concerning the WHO Environmental Health Criteria Programme 



including some terms frequently used in the document may be found in the 
general introduction to the Environmental Health Criteria Programme pub-
lished together with the environmental health criteria document on mercury 
(Environmental Health Criteria 1, Mercury, Geneva, World Health Organi2a-
tion, 1976), now also available as a reprint. 

The following conversion factors have been used in the present d ocument : a 

Sulfur dioxide 	 1 ppm = 2856 99/rn 3  
Ozone 	 1 ppm = 2140 jig/rn 3  
Carbon monoxide 	1 ppm = 1250 jig/rn 3  

I. SUMMARY AND RECOMMENDATIONS FOR FURTHER 
RESEARCH AND ACTION 

1.1 Summary 

1.1.1. Chemistry and analytical methods 

Procedures in common use for the sampling and determination of sulfur 
dioxide, sulfates, sulfuric acid, and suspended particulate matter have been 
discussed, noting their limitations and stressing the need to specify the method 
of measurement when quoting results in relation to studies on the effects of 
health. 

Several alternative methods, already in common use, can be recommended 
for the determination of sulfur dioxide using manually operated sampling 
and, providing the extent of interference from other pollutants is taken into 
account, results are reasonably comparable with one other. A wide range of 
continuous automatic instruments is available and, where the expense is 
justified, they can provide additional information on short-term variations in 
concentrations 1' of sulfur dioxide. 

Methods for the determination of particulate sulfate do not present any 
special problems, but, at present, there does not appear to be any wholly 
satisfactory way of determining sulfuric acid separately from sulfates and 
other interrelated components. 

Much attention was given by the Task Group to the sampling and deter-
mination of suspended particulate matter, stressing that this was not a well-
defined entity, and that it could only be assessed in terms of certain physical 

a When converting values expressed in ppm to sg/m' the numbers have been rounded 
up to 2 or, exceptionally, 3 significant figures, and concentrations higher than 10 000 
99/m 5  have been expressed in mg/rn 3  
b Throughout the document, the word concentration" refers to mass concentration 
unless otherwise stated. 



properties. The several methods in common use are based on different 
characteristics, and the Task Group felt that clear distinctions should be 
made between them, particularly in relation to those based on blackness (the 
"smoke" measurements commonly made in Europe) and those based on 
weight (the total suspended particulate matter commonly measured in USA). 
The need to limit the measurements to particles within the respiratory size 
range, and to consider the wide range in chemical composition of the samples 
was also stressed. 

	

1.1 .2 	Sources of sulfur oxides and particulate matter 

Despite the fact that some sulfur oxides and particulate matter occur 
naturally in air in large amounts, contributions from man's activities are 
generally of prime importance in urban areas. In particular, the combustion 
of fuels for heating and power generation is considered responsible for most 
of the sulfur dioxide and particulate pollution to which the general population 
is exposed. The three broad categories of sources are: domestic sources 
associated with the use of coal and some other fuels for heating and cooking; 
industrial sources; and motor vehicles. Domestic and motor vehicle sources 
have a disproportionate effect on concentrations in the immediate vicinity, 
because the pollution is emitted close to ground level. 

	

1.1.3 	Dispersion and environmental transformations 

The temperature of the gases, the efflux velocity, and the height of the 
chimney are important factors in securing effective dispersion of emissions 
from combustion sources. The topography of the surrounding area and 
meteorological factors determine the extent to which these pollutants are 
dispersed and diluted to tolerable levels. Temperature inversion can trap 
emissions over urban areas to produce concentrations up to several hundred 
times the normal values. 

Several processes, including photochemical reactions in the presence of 
hydrocarbons, catalytic oxidation in the presence of particulate matter con-
taining iron or manganese compounds, and reaction with ammonia, leading 
to the transformation of sulfur dioxide to sulfates or sulfuric acid, are in-
volved in the atmospheric reactions of sulfur dioxide and suspended part-
culate matter. The relative importance of each of these is not well established, 
but together they account for the gradual removal of most of the sulfur 
dioxide dispersed into the air, the remainder being deposited directly on soil, 
water, vegetation, or other surfaces. 

	

1.1.4 	Environmental concentrations and exposures 

Sulfur dioxide and suspended particulate matter are measured routinely in 
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many areas throughout the world, but care is needed to ensure that observa-
tions from monitoring networks set up for other purposes are suitable for 
assessing risks to health. The location of samplers in relation to sources, the 
surrounding topography, and the population at risk need to be considered, 
and also the time-resolution of the observations. Averaging periods of 24 h 
are commonly used in relation to short-term exposures, though, in some 
circumstances, still shorter periods are required. For long-term exposures, 
annual means based on a series of daily observations may be adequate. 

Examination of Concentrations of sulfur dioxide and suspended particulate 
matter in the air of a number of cities throughout the world has revealed a 
wide range in annual mean values and an even wider range of peak values, 
reflecting the effects of climatic factors and liability to temperature inver-
sions. The typical, annual, arithmetic mean concentrations of sulfur dioxide 
in urban areas rahge from 100-200 ji9/rn 3  (0.035-0.07 ppm) with the highest 
daily means from 300-900 jig/rn 3  (0.1-0.3 ppm). For smoke, the correspond-
ing values are 30-200 jig/rn 3  and 150-900 jig/rn 3  respectively, and for sus-
pended particulate matter, measured by the high volume sampler, the annual 
arithmetic means are 60-500 jig/rn 3  with maximum daily means of about 
150-1000 rg/m 3 . Relatively little information is available on sulfates but 
some data have been obtained in the USA. 

Indoor concentrations of these pollutants also deserve attention. In the 
absence of specific sources of sulfur dioxide or particulate matter, concentra- 
tions are generally lower indoors than outdoors. Proposals for assessing weekly- -. 
weighted average exposures of people in terms of the proportion of time spent 
in various locations were discussed. 

Industrial situations in which high concentrations of sulfur dioxide or 
sulfuric acid occur should be carefully assessed in each specific case, but it 
should be noted that industrial dusts are generally very different in character 
from the suspended particulate matter in urban air. 

1.1.5 Absorption, distribution, and elimination 

Although the major route of absorption of the relevant sulfur compounds 
and particulate matter into the body is through the intestinal tract, the 
respiratory tract is the most vulnerable area for airborne materials. 

Most studies on both man and animals have indicated that 40 to 90 1/c, or 
more of inhaled sulfur dioxide is absorbed in the upper respiratory tract. 
Taken into the blood stream, it appears to be widely distributed throughout 
the body, metabolized, and excreted via the urinary tract. 

The deposition pattern of particulate matter varies with particle size, 
shape, and density, and also with airflow conditions. Deposited particles are 
largely phagocytized and transported to the mucociiary escalator, into the 
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interstitium, or to the lymphatic system. The biological half-times range 
from days to years depending on their chemical composition. 

Soluble particles may dissolve in the mucous or aqueous lining of the lungs. 
In the first case, they will be eliminated via the mucociliary route. In the 
second, they may diffuse into the lymph or blood. 

1.1.6 	Effects on experimental animals 

Selected studies on animals that involve both short-term (24-h or less) and 
long-term (more than 24-h) exposures have been reviewed in this document; 
certain interactions between the effects of sulfur oxides, particulate matter, 
and other air contaminants have also been reported. The lowest, adverse-
effect concentrations vary considerably from study to study. The discrepan-
cies may be due to differences in the sensitivity of the test animals used or in 
exposure conditions including the duration of exposure and the pattern of 
exposure (single, continuous, repeated, or intermittent). Furthermore, ex-
posure may have been to a single pollutant or to a mixture of various agents, 
or different effects may have been analysed. 

In general, however, it has been noted that sulfuric acid aerosols and some 
sulfate salts such as zinc ammonium sulfate are more irritating to respiratory 
organs than sulfur dioxide, and that some aerosols, particularly those in the 
submicron size range, enl1ance the effect of sulfur dioxide when they are 
present simultaneously. 

Caution must be exercised in light of the fact that differences inmetabolisin 
and life span make extrapolation of results of animal experiments to man 
difficult. However, some of these studies have indicated possible mechanisms 
of biological action on the respiratory system e.g., interference with 
mechanisms for the clearance of bacteria and inert particles from the lung. 

1.1.7 	Effects on man 

1.1.7.1 Controlled exposures 

Inhalation studies on human volunteers have been performed under 
controlled, short-term exposure conditions with sulfur dioxide or sulfuric 
acid mist singly or in combination, or with mixtures of these and other 
compounds. Some of these studies have proved useful for developing 
exposure-effect relationships. 

When exposed to sulfur dioxide alone, slight effects on respiratory 
function were demonstrated at a concentration of 2.1 mgfm3  (0.75 ppm) but 
not at 1.1 mg/rn 3  (0.37 ppm), while sulfuric acid mist affected respiratory 
function at levels as low as 0.35 mg/rn 3 . Synergistic effects on pulmonary 
function were reported from joint exposure to sulfur dioxide and hydrogen 
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peroxide as well as sulfur dioxide and ozone. 
The effects of sulfuric acid mist and sulfur dioxide on sensory receptors 

and cerebral cortical function have been studied extensively in the USSR. In 
these reflex actions, threshold levels for sulfuric acid were always much lower 
than those for sulfur dioxide. Synergistic effects of these compounds have 
also been noted. 

1.1.7.2 Industrial exposure 

Effects of exposure to sulfur dioxide, particulate matter, or sulfuric acid 
mist have been studied in workers in refrigerator manufacturing plants, steel 
mills, paper and pulp mills, and in the battery industries. 

Although the exposure levels were very high (daily mean concentrations of 
sulfur dioxide of up to 70 ing/m 3  or 25 ppm) in some studies, no significant 
differences in effects were found when compared with the controls. In 
another study, effects on respiratory function were not detected with joint 
exposure to sulfur dioxide and suspended particulate matter at mean 
concentrations over 3 years of 1.8 to 2.1 mg/rn 3  (0.6-0.7 ppm) and 600 to 
1800 tg/m 3 , respectively. 

Exposure to sulfuric acid mist produced effects (nose and throat irritation) 
at a concentration of 2.0 mg/rn, while exposure to a concentration of 
1.4 mg/rn 3  did not affect pulmonary function. However, the effects of this 
pollutant are also closely dependent on particle size. 

1.1.7.3 Community exposure 

The large amount of literature on the effects of community exposure has 
been reviewed and detailed consideration has been given to those studies that 
appeared to have adequate data and design, in particular, due control for 
cigarette smoking and satisfactory measurements of exposure levels. Certarn 
of these studies were selected to develop exposure-effect relationships. In the 
evaluation of the studies it became apparent that it was not possible to 
compare two fundamentally different methods of measuring exposure to 
particulate matter -- one measuring black smoke and the other measuring 
total suspended particulates, usually by the high-volume sampling method. 

Studies have been performed in terms of both short and long-term 
exposures and in relation to changes in the incidences of mortality and 
morbidity. In morbidity studies concerned with short-term exposure to a 
combination of sulfur dioxide and total particulates, the lowest concentrations 
(24-h mean) at which adverse effects were noted were 200 jg/rn 3 (0.07 ppm) 
and 150 .tg/m 3  (high volume sampler), respectively. In long-term, joint 
exposure studies, effects were noted at annual mean concentrations of 
60-140 .tg/m 3  (0.02-0.05 ppm) for sulfur dioxide and 100-200 .tg/m 3  
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for total suspended particulates (light-scattering method). However, there 
were reservations about the validity of some of these studies. 

Increases in mortality were reported in relation to episodes of high 
pollution with 24-h mean concentrations of the order of 500 jig/rn 3  (0.18 
ppm) for sulfur dioxide and 500 gIrn 3  for smoke, 

The question as to whether carcinogenic components of suspended 
particulate matter, such as benzo(a)pyrene may have some influence on the 
incidence of lung cancer was not discussed by the Task Group. 
1.1.8 	Evaluation of health risks 

From a critical evaluation of the studies on the health effects of community 
exposures, the Task Group developed two summary tables; one for the 
expected effects on the health of selected populations of short-term exposures 
to sulfur dioxide and smoke; the other for the effects of long-term exposures 
to these substances. 

As an estimate of the lowest adverse-effect levels for short-term exposures, 
the Group selected the 24-h mean concentrations of 500 jig/rn 3  (0.18 ppm) 
for sulfur dioxide and 500 jig/rn 3  for smoke, as levels at which excess 
mortality might be expected among elderly people or patients with pulmonary 
diseases, and a sulfur dioxide concentration of 250 ig/m3  (0.09 ppm) and a 
smoke concentration of 250 jig/rn 3  as levels at which the conditions of 
patients with respiratory disease might become worse. 

- 	For long-term exposures, annual mean concentrations of 100 jig/rn 3  
(0.035 ppm) for sulfur dioxide and 100 jig/rn 3  for smoke were selected as the 
lowest concentrations at which adverse health effects such as increases in 
respiratory symptoms, or respiratory disease incidence in the general 
population might be expected. 

Based on these evaluations, guidelines for the protection of the health of 
the public were developed in terms of 24-h values (100 150 jig/rn 3  for 
sulfur dioxide, and for smoke) and in terms of annual means (40 - 60 jig/rn 3  
for sulfur dioxide, and for smoke). In view of the limited amount of data 
available in relation to total suspended particulates, firm guidelines could not 
be recommended, but it was suggested that interim guidelines might be of the 
order of 60 90 jig/rn 3  for annual arithmetic means and 150 230 jig/rn 3  
for 2441 values. Guidelines were not developed for sulfuric acid or sulfates, 
also because of lack of data. 
a Since the Task Group meeting, an International Symposium on Air Pollution and 
Cancer has been held at the Karotinska Institute, Stockholm, with the collaboration of 
the World Health Organization. One of the conclusions quoted in the report (Task Group 
on Air Pollution and Cancer, 1978) is as follows 'Combustion products of fossil fuels in 
ambient air, probably acting together with cigarette smoke, have been responsible for 
cases of lung cancer in large urban areas, the numbers produced being of the order of 
5-10 cases per 100 000 males per year. The actual rate will vary from place to place and 
from time to time, depending on local conditions over the previous few decades." 
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1.2 	Recommendations for Further Research and Action 

As most of the knowledge of effects discussed in this document 
relates to combinations of sulfur oxides with smoke, and as these pollutants 
are not wholly representative of the current exposure situation in a number 
of communities, there is a riced to carry out epidemiological studies where 
possible effects can be related to particulate pollutants of other types, 
including sulfuric acid and sulfates, and to other gaseous components of the 
mixture - 

As epidemiological studies are still being carried out that do not take 
other variables, particularly smoking, into account when considering effects, 
and in which the exposure to pollution is not adequately assessed, it is 
recommended that the World Health Organization should provide guidance 
and advice on the minimum requirements for such studies. 

As a consequence of the conclusions reached on the expected effects 
on health of sulfur oxides, smoke, and total suspended particulates, and on 
the related guidelines for the protection of public health, it is recommended 
that existing monitoring practices should be reviewed and, if necessary, 
appropriately modified. To assist regulatory agencies in this respect, it is 
recommended that the World Health Organization should undertake 
consultations with environmental scientists, inhalation toxicologists, and 
epidemiologists to consider both the epidemiological and control aspects of 
the problem. 

As there is little information from occupational exposures that can be 
used for exposure-effect evaluations, it is recommended that such studies 
should be carried out particularly in relation to sulfur dioxide and related 
pollutants. These studies should include measurements of pollution over 
complete working shifts, taking into account variations with space and time 
over shorter periods, and exposures outside the working environment. The 
importance of following up people who may have left work because of effects 
on their health must also be stressed. 

The Group did not carry out a thorough evaluation of any possible 
association between lung cancer and air pollution. It is recommended that a 
separate evaluation should be carried out. 

As deposition and clearance of particles from the respiratory system is 
of fundamental importance for evaluating risks, and for the design ofmeasuriig 
instruments for use in monitoring systems, it is recommended that a thorough 
review of the relevance of existing information on the mixture of pollutants 
present in the ambient air be carried out, taking into account particle size 
distribution and chemical composition. 

Some laboratory experiments on the effects of sulfur oxides, smoke, 
and total suspended particulates do not need to be repeated, but the Task 
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Group considered that it was necessary for more experimental work to be 
carried out on the mechanism of the biological action of these pollutants and 
of their interactions with other agents. 

The Task Group found that information concerning the nature and 
effects of pollution had considerably increased since the WHO meeting on air 
quality criteria and guides in 1972, and that this had resulted in a somewhat 
different approach to the preparation of criteria for sulfur oxides and 
suspended particulate matter and to the recommendations for future action. 
It was considered, therefore, that the criteria should be reviewed at least 
every five years to take into account any new data on effects that may become 
available and the implications of any further changes in the character of 
pollution. 

Since observations on sulfur oxides, smoke, and total suspended 
particulates are considered mainly as indices of the complex mixture of 
pollutants in the ambient air, the Task Group recommended that, in addition 
to the continuation of efforts to reduce these pollutants, efforts should be 
made to control other pollutants. 

2. CHEMISTRY AND ANALYTICAL METHODS 

2.1 Chemical and Physical Properties 

2.1.1 	Sulfur oxides 

Sulfur dioxide is a colourless gas that can be detected by taste by most 
people at concentrations in the range of 1000 to 3000 i.tglm 3  (0.35-1.05 
ppm). At higher concentrations (above about 10 000 .tg/m 3 ; 3.5 ppm), 
it has a pungent, irritating odour. It dissolves readily in water to form 
sulfurous acid (1-1 2  SO 3 ), and in pure solutions this is slowly oxidized to 
sulfuric acid by the oxygen from the air. In the presence of catalysing 
impurities such as manganese or iron salts, it is more rapidly converted 
(Freiberg, 1975, Johnstone & Coughanowr, 1958). Sulfur dioxide can also 
react either catalytically or photochemically in the gas phase with other air 
pollutants to form sulfur trioxide, sulfuric acid, and sulfates (see section 4). 

Sulfur trioxide (S0 3 ) is a highly reactive gas, and, in the presence of 
moisture in the air, it is rapidly hydrated to sulfuric acid. In the air, therefore, 
it is sulfuric acid in the form of an aerosol that is found rather than sulfur 
trioxide, and, in general, it is associated with other pollutants in droplets or 
solid particles extending over a wide range of sizes (WaIler, 1963). It can be 
emitted into the atmosphere directly, or may result from the various reactions 
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mentioned earlier. Sulfuric acid may also be formed from the oxidation of 
hydrogen sulfide in the air. The acid is strongly hygroscopic, and droplets 
containing it readily take up further moisture from the air until they are in 
equilibrium with their surroundings. If there is any ammonia present, it 
will rapidly react with sulfuric acid to form ammonium sulfate, which will 
continue to exist as an aerosol (in droplet or crystalline fGTM, depending on 
the relative humidity). The sulfuric acid may react further with compounds in 
the air to produce other sulfates. Some sulfate reaches the air directly, from 
combustion sources or industrial emissions, and, in the proximity of oceans, 
magnesium sulfate is present in the aerosol generated from ocean spray. 

A wide range of sulfur compounds is represented in the complex mixture 
of urban air pollutants, but, from a practical point of view, only the gas sulfur 
dioxide, and sulfuric acid and sulfates as components of the suspended 
particulate matter need be considered. 

2.1.2 	Suspended particulate matter 

The term suspended particulate matter covers a wide range of finely divided 
solids or liquids that may be dispersed into the air from combustion processes, 
industrial activities, or natural sources, as discussed further in section 3. The 
composition of this material is dependent upon the types of sources 
contributing to it, and the broad definition is in terms of the settling velocity 
of the particles. For ideal spherical particles, the velocity can be predicted 
from Stokes' Law (Fuchs, 1964, see Table 1). 

Table 1. Settling velocities of spherical particles of unit density in still air 

Diameter Settling 
tm velocity, ms -1 

Suspeflded particulatc matter 	 0.1 8 x 10 

1.0 4xlO 5  
10 3x10 3  

100 0.25 

Deposited matter 	 1 000 3.9 

In the size range under about 10 tim, the settling velocity is negligible 
compared with the movement produced by wind and air turbulence, and such 
particles are liable to remain in suspension for periods of the order of hours 
or days, until they are removed by impaction or diffusion on to surfaces or 
are scavenged by rain. It is these particles, with diameters ranging from 
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1. Electron micrograph of particles from London air, Thermal precipitator sample, 
mixed pollution. Note: the magnification in this print is x 13 000 (From Wailer 
Ct al., 1963). 
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well below 0.1 .tm,  up to about 5 to 10 j.tm, that are referred to as suspended 
particulates, but there is clearly no sharp dividing line between them and the 
larger particles of deposited matter (or •'dustfall") that are liable to fall out 
rapidly, close to their source. 

The suspended particulates are important in relation to health not only 
because they persist in the atmosphere longer than larger particles, but also 
because they are small enough to be inhaled and to penetrate deeply into the 
respiratory tract, as discussed in section 6. They are also responsible for 
reduction in visibility, and take part in reactions with other air pollutants. 

Many of the particles in the air have complex shapes, as illustrated in the 
electron micrograph (Fig. 1). Among the particles shown are a number of 
"smoke aggregates", typical of the incomplete combustion of hydrocarbon 
fuels, consisting of small spherical particles of carbon or higher hydrocarbons 
having diameters of the order of 0.05 gm, clustered together in loose 
structures with overall diameters up to several micrometres. From the point 
of view of their behaviour during sampling or inhalation, such particles are 
classified in terms of their equivalent aerodynamic diameters, i.e., the 
diameters of unit density spheres having the same settling velocities. Some 
truly spherical material may be present, mainly as aqueous droplets containing 
dissolved salts, sulfuric acid, or occluded solid particles. These cannot be 
examined directly under the electron microscope, since the aqueous 
component evaporates completely, but some residues can be seen in Fig. 1, 
and the rings of small droplets indicate the presence of sulfuric acid (Wailer et 
al., 1963). Many other types of particles, including small flakes and fibres can 
be seen in Fig. 1. and a wide range of sizes, shapes, and densities is commonly 
seen in all samples of suspended particulates in urban areas. For routine 
monitoring purposes, it is clearly out of the question to characterize the 
material completely in terms of size distribution and composition, but it is 
important to recognize that the suspended particulates generally comprise a 
heterogenous mixture, that can differ greatly in its characteristics from one 
location to another, and even from one occasion to another at any one site. 

Estimates of size distribution can be obtained from electron inicrographs 
by considering the particles compressed into equivalent spheres. The results 
are commonly plotted as cumulative frequency curves, and Fig. 2 shows 
results for a sample consisting largely of smoke aggregates. In this the mass 
median diameter (MMD) is approximately I rim, i.e., half the mass of material 
collected is contained in particles having effective (aerodynamic) diarneteis 
under one micrometer.' 

° For further details concerning the definition of poly-dispersed aerosols containing 
particles of irregular shape see, for example, Fuchs (1964) or Task Group on Lung 
Dynamics (1966). 
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Fig. 2. Mass distribution of particles from London aix (sampled close to traffic, and 
dominated by diesel smoke). Log-probability cumulative frequency plot (From: 
Wailer, 1967). 

The results shown in Fig. 2 indicate a log-normal distribution of particle 
size in that specific sample, but Willeke & Whitby (1975) have shown that 
distributions are often multimodal. These authors also stressed the importance 
of examining the distribution in terms of numbers of particles, and surface 
area, in addition to volume (or mass), for each curve may reveal features not 
shown by the others. An example of results obtained with their Minnesota 
Aerosol Analyzing System is shown in Fig. 3. This shows a mode in the 
volume distribution in the range 0.1 to I im that is related to particles formed 
by coagulation or condensation from smaller units, and a further mode of 
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Fig. 3. Normalized frequency plots of number, surface, and volume distributions for 
average of series of particle size measurements on suspended material in urban 
air, Denver (From: Willeke & Whitby, 1975), 

The impression gained of size distributions will, however, always depend 
on the characteristics of the instruments used. The most extensive series of 
results that has been reported was based on a modified Andersen cascade 
impactor (Lee & Goranson, 1972). This allows samples to be collected in five, 
roughly size-graded fractions, with a. back-up filter as a sixth stage to collect 
the finest particles. Mass median diameters have generally been found to be 
below 1 jum in samples collected in urban areas of the USA, but this method 
cannot describe the size distribution as completely as that of Willeke & 
Whitby (1975). 

Although it is possible to investigate the composition of individual particles 
to a certain extent, data on chemical composition are usually derived from 
larger samples as collected for the determination of the total mass of 
suspended particulates. Among the principal components are carbon, tarry 
material (hydrocarbons, soluble in organic solvents such as benzene), water 
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soluble material (such as ammonium sulfate), and insoluble ash (containing 
small amounts of iron, lead, and a wide variety of other elements). 

The proportions of these components vary widely, depending on the types 
of sources in the locality. For example, the special feature of the suspended 
particulate matter in the United Kingdom prior to the implementation of the 
Clean Air Act was their high tar content, and this was particularly evident in 
high pollution episodes (Table 2). 

Table 2. Examp'es of anelyses of suspended particulates sampled in London prior to smoke control 

(higts volume samples) a 

Typical summer 	 Typital winter 	 Hgh pollution 

sample 	 sample 	 episode 

IJuly 19551 	 1 February 1956) 	 January 19561 

Total suspended 
particulates llg/m t l 97 486 6111 

Components as 
of total: 

Organic ltarl 1.5 19.1 45.7 

Sulfate 11.3 9.0 5.8 

Chloride 0.8 0.2 1.0 

Nitrate 0.8 0.5 0.7 

Iron 	 1.3 	 1,4 	 0.1 

Lead 	 0.7 	 0.4 	 0.1 

Zinc 	 3.5 	 0.2 	 0.8 

a Frum: The Medical Research Council Air PollutiOn Unit, now, Clinical SectiOn ci Medicel Research 
Council Tonicalogy Unit )uepwblished data) 

Results from the extensive series of analyses of high volume samples of sus-
pended particulate matter at sites in the USA indicate organic contents of the 
order of 10% of the total particulates (US Environmental Protection Agency, 
I 974a). Although little is known of the influence of the composition of the 
suspended particulate matter on effects on health, detailed analyses can be 
of value in identifying sources and are relevant in the study of reactions 
between pollutants. Thus iron and manganese,although only trace constituents, 
may be of importance in catalysing the oxidation of sulfur dioxide to sulfuric 
acid or sulfates. The lead content is usually related to pollution from motor 
vehicles, and traces of vanadium that are present come mainly from the 
combustion of residual oils. There may also be a variety of substances from 
noncornbustion sources, such as road dust, material from the degradation of 
tyres, windblown soil, pollen, and emissions from industrial processes such as 
cement manufacturing or steel making. 
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The most important distinction to be made in relation to suspended 
particulate matter at the present time, however, is neither the precise size 
distribution, nor the detailed chemical composition, but the very broad 
characterization that results from the different methods of assessment that 
are in common use for routine monitoring purposes. These are discussed 
further in section 2.2.3. In subsequent sections, the term "smoke" has been 
used for observations of suspended particulate matter based on its soiling 
properties, and "total suspended particulates" for those based directly on 
weight. Since the former is mainly influenced by incomplete combustion 
products from the burning of fossil fuels, and is little affected by white or 
colourless materials such as ammonium sulfate, it is clear that the two terms 
are not interchangeable. 

2.2 Methods of Sampling and Analysis 

in general, the outdoor air has been sampled for sulfur oxides and 
suspended particulate matter in relation to community exposures, whereas 
indoor environments have been examined in connection with occupational 
exposures. 

The most commonly used methods have been described in detail in a 
recently published manual (World Health Organization, 1976a) and their 
application in monitoring networks has been discussed in a further publication 
(World Health Organization, 1977). However, the bases of these and some -. 
other methods, that have been used in reporting concentrations of sulfur 
oxides and suspended particulates in the air, are discossed helow to provide 
a better understanding of the measurements cited in epidemiological studies. 
It is important to ensure that any measurements that are made are supervised 
by someone competent in the field of air pollution monitoring, and the 
methods used must be reported together with the results. 

2.2.1 	Sulfur dioxide 

If sulfur dioxide were the only contaminant of the air and providing the 
samples were of adequate size, each of the methods mentioned in Table 3 
would give comparable results, indicating the true amount of sulfur dioxide. 
In normal urban environments, however, other pollutants are always present 
and although the sampling procedure can be arranged to minimize interference 
from particulate matter by filtering the air first, errors can still arise due to 
the presence of various gases and vapours. The choice of method depends out 
many factors, including the averaging time required: 24-h sampling periods 
are commonly used, and many of the methods are suitable for this. For 
shorter periods the choice is more limited, and for detailed information on 
short-term variations in concentration, instrumental methods are required. 
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Table 3. Methods of analysis for sulfur dioxide a 

Method Principle Comment 

Pararosaniline Absorptinrs of sulfur dioxide In solution of lines simple upperutan, and suitable 
methodh potassium tetruebloromercu rate (TCM(; for sampling periods ranging from 

complex formed reacts with pararowniline 30 min to 24 h; samples should be 
and formaldehyde to produce a red-purple analysed soon after collection; 
colour, determined colorinratrixally iWesl & specific for sulfur dioxide, and 
Gaeke, 19861, possible interference from oxides of 

nitrogen and some metals can be 
nllmmnated (Pate at al., 1965; 
Scaringelli at al., 19671 Widely used 
in USA. 

Acidirpetric Simple apparatus, often combined with smoke Absorption of sulfur dioxide in 
method filter (see the Organization for Economic dilute hydrogen peroxide solution; 

Cooperation and Development filter soiling the sulfuric acid formed is titrated 
method in Table 6); suitable for sampling against standard alkali lOrgunization 
periods of 24-h, or lens in some circurrsstances for Economic Cooperation and 
e.g. high pollution episodes, or occupational Development. 1965). 

envi roe mentsl, 

Conclsictisiry Sulfur dioxide is sampled in deionized water Simple apparatus, suitable for 
measurements contuirsing hydrogen peroxide where it is sampling periods of the order of 

oxidized to sulf uric acid, as in the acidimetrrc 24•h, usually combined with a filter 
method, increase in conductivity measured to remove particulate strutter; lesn 
with a conductivity bridge (Adams at al., 1971 ). reliable than acidirstetric method, 

and not widely used in manual 
form, but the principle otters used 
in automatic instruments lDerrett 
& BrOwn, 19781, applicable also to 
simple portable instruments for 
spot checks in urban or industrial 
environments INash, 19641, and to 
personal samplers for assessing 
occupational exposures (Sherwood, 
1 OGOL 

Defector tube Air is drawn through tubes containing silica Portable, and no power supply 
measurements gel impregnated with indicator sensitive to required. Widely used for spot 

sulfur dioxide; concentration assessed from the checks its occupational environ- 
length of the sraiis (Ash & Lynch, 19321, merits, or in other situations where 

the concentrations may be high 
(from about 3000 iig/rn 5  upwardt(. 

Iodine Sulfur dioxide absorbed in a solution of iodine Applicable to occupational euvirorf- 
method contained in awash bonnIe with a frirred bubbler, meets, but not now widely used; 

and solution titrated with thioxulfgte lEllcina, the method has been modified for 
15591. colorirrietric assessment, providing 

a basis for portable instruments for 
survey use (Cummings & Redfearn, 
1957). 

Automatic Based on conductisity, colorimntry, coulometry Particularly valuable for following 
instruments flame photometry, or gas chromatography short-term variations in concentra- 

(Houlowell et aL 	19731. tint, but difficult to assess 24-h 
average concentrations, unless 
linked with data procenring equip- 
ment; instruments expenslee. and 
must be under the control of 
experienced operators. 

Sulfation 	 Sulfur compounds in she air react with an Simple and requires no power 
rate 	 exposed cylinder or plate covered with a paste supply; sampling period lOng 130 

containing lead peronide; sulfate formed is days); reaulls expressed in SO3 
determIned by prucipitation with barium /lOOcm t Iday, icdicatmnq rate 
chloride IBritish Standards Institution, 1969al. of reaction of sulfur compounds 

with surfaces; not specific for sulfur 
dioxide, does not indicate concen- 
trations in the air, and although 
often quoted in epidemiological 
studies, of little value for these. 

a From: Pateet vi., (1965) 
15 Methods that are described fully in the macual of the World health Organization 

Ii 976a1. 
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in occupational environments, the mixture of air pollutants may be simple 
and more clearly defined than that in urban air. Sulfur dioxide may be 
emitted from a specific process rather than from a variety of combustion 
sources, and the air may then be relatively free from interfering gases. 
Concentrations may also be much higher than those encountered in urban air, 
allowing short sampling periods to be used, and, since concentrations are 
liable to change rapidly, this may even be essential. Also, Concentrations may 
vary greatly over short distances, depending on the proximity of the source of 
pollution; this makes the assessment of exposure based on measurements at 
fixed sites difficult. There may be a preference in these circumstances for 
methods suitable for use with portable instruments. 

2.2.2 	Suspended sulfates and sulfuric acid 

Most of the methods mentioned in Table 4 assess the total water-soluble 
sulfates collected on filters as part of the suspended particulates. In general, 
any sulfuric acid present is included with this, and some of the material 
present as acid in the air may be converted to neutral sulfate on the filter 
during sampling. There is no completely satisfactory method for the 
determination of sulfuric acid in the presence of other pollutants, but some 
procedures for examining the acidic properties of suspendcd particulates have 
been referred to. There is an urgent need for more research in this field. No 
methods, other than those mentioned in Table 4, are, as yet, sufficiently well 
established for widespread application in epidemiological studies, but much 
research work is in progress. 

Table 4. Methodt of analysis for suspended sulfates and sulfuric acid 

Method Principle Comment 

Turbid,rretnc Sample collected on sullale-free glass Samples normally collected 
method fibre or other efficient filter: sulfate over 24-h periods by high 

eutracted and precipitated with barium volume sampler Inee Table 51, 
chloride, measuring the turbidity of the No distinction mede between 
suspension spectrophotomttrically IUS null attn and sulfuric acid. 
EnyirOnmer,tel PrOtectiOn Ate r,cy, 
1 9]4b1. 

Methylthymol Samples collected asiC the turbidimetric This modificatiOn allows the 
blue method method abovn and extract macted with procedure to be automated, 

barium chloride, but barium remaining comments as in the turbidi- 
in solution than reacts with methyl- metric method apply, 
thymol blue; sulfate determined 
colorimetrically by measurement of 
uncomplexed methylthymol blue (US 
Environmental Protection Agency, 
197 4b). 
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The most recent trends are towards the application of more sensitive 
techniques, such as X-ray fluorescence (Dzubay & Stevens, 1973), or the 
thermal conversion of sulfates, measuring the resulting sulfur dioxide by 
flame photometry (Husar et al., 1975), or by the pararosaniline method 
(Maddalone et aL, 1975). 

Approaches to the difficult problem of determining sulfuric acid have been 
made by back-titrating a sodium tetraborate extract of suspended particulates 
collected on a small filter paper (Commins, 1963), and by observing the 
acidic properties of individual particles collected on indicator-treated slides in 
a cascade impactor (Wailer, 1963). A procedure for the separate determination 
of sulfuric acid and ammonium sulfate by nephelometry of a humidified 
sample of air has also been described (Charison et al., 1973) and work is in 
progress on the prevention of the reaction of sulfuric acid on filter papers 
(Thomas et al., 1976). However,at present, there is not enough field experience 
with methods for sulfuric acid to warrant their general use in connexion with 
epidemiological studies. 

2.2.3 	Suspended particulate matter 

In general, it is not practicable to discriminate on the basis of either 
particle size or chemical composition when assessing particulate matter for 
routine monitoring purposes. The characteristics of the sample are determined 
by the types of sources in the vicinity, the weather conditions, and the 
sampling procedure adopted. The difficulties that result and the limitations 
of measurements have been discussed by Ellison (1965) and are illustrated in 
the discussion of the merits and shortcomings of the various methods describcd 
below and in Table 5. 

When considering measurements of suspended particulate matter, it is 
essential to specify the method used and to recognize that, even then, results 
obtained in one set of circumstances will not necessarily be applicable to others. 
The main difficulty has arisen in attempts to apply findings based on smoke 
measurements that relate only to the dark-coloured material characteristic of 
the incomplete combustion of coal or other hydrocarbon fuels, to situations 
involving total suspended particulates assessed more directly in terms of weight. 
Because the former have been used in much of the early epidemiological work 
and the latter are now used for monitoring purposes in many countries, 
some kind of conversion from one type of measurement to the other would 
be desirable, but, for the reasons already stated, there can be no generally 
applicable conversion factor. Comparative evaluation of the two methods 
has been undertaken at a number of sites (Ball & Hume, 1977; Commins & 
Waller, 1967; Lee at al., 1972), but the results have only served to emphasize 
that they measure different qualities of the particulate matter and that they 
should not be compared with one another. 
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Table S. Methods of analysis for suspended particulate matter 

Method Principle Comment 

Ssrsoke measurement: Air is drawn through 0 white filter paper, Widely used in Europe and recommended 
Organization for usually over periods of 24 hand the darkness by the Organization for Economic 
Economic Cooperation of the stain obtained measured by reflectorneter; Cooperation and Development (1965); 
and Development filter values converted to equivalent international low intake velocity ensures sample 
soiI:na method smoke units, expressed conventionally, in restricted to respirable size range, Often 

log/rn 3 ; simple apparatus, suitable for combined with sulfur dioxide measure- 
continuous operation, went by acidimetric method (see Table 

231; results influenced primarily by 
black material do not necessarily repre- 
sent true weights; only a limited range o 
chemical analyses possible on these tmull 
samples. 

Smoke measurement: Similar to the Organization for Economic Flow rate a little greater than in the 
Amnrican Society Cooperation and Development filter soiling Organization for Economic Cooperation 
for Testrtsg and method, but samples collected on a filter and Development filter soiling method 
Materials filter paper tape moved an avtosnatically to provide but sample still effectively within 
soiling method a series of stains over intervals of 2-6 h respirable size range used in USA; inter- 

lAmericuts Society for Testing and Materials, retatlotsehips between Cob units and 
19641; results usually assessed by transmit RUDS innentigated by Saucier & Seesutse 
tance, and expressed in coefficient of haze 119721; suitable for continuous 
(CO HI units (Harrison at al., 1953; reflectance operation. 
has sometimes been used, expressing results in 
retluctance units of dirt shade I1IUDSI 
IGruber & Alpaugh, 19541. 

Determination of Air drawn through a glass fibre filter sheet, Widely used in USA. Liable to collect 
total suspended usually with a turbine blower, and the amount particles well beyond the respiratory nze 
particulates, of material collected determined by weighing range and this may bias results, parties- 
gravimetric high under Controlled temperature and humidity larly in dry, dusty locations; not very 
volume conditions; the most widely used instrument suitable for continuous operation, 

is the high volume sampler (US Department samples rrnrnsesonly collected over 24-1' 
of Health, Education and Welfare, 1962), but periods every sirstfl day; samples large 
instruments based on rotary pumps with enough fort wide range of chemical 
membrane rather than glass fibre filters have analyses. 
been used (Verein Deutncher lngenieure, 
1974). 

Indirect determination Series of samples collected on filter paper Instrument relatively aupensive; used for 
of mass concentration: strip over selected periods (usually 30 min), monitoring purposes in Federal Republic 

ray sampler and mass of material determined by of Germany, but not to any large extent 
attenuation of P radiation from a built-in elsewhere: velisable for studying short- 
source (Husar, 1974). term sariationt in total suspended 

particu loses. 

Light scattering Direct determination of suspended particulate Used to some extent in Japan for mi 
matter as aerosols by light scattering, either toririg suspended particulate matter, but 
counting and sizing individual particles ILium calibration required and results not 
al., 19741 or integrating light scattered from rrecesvorily comparable with those from 
given volume of air lHoi'vatfs & Charlson, direct weighings; otherwise main 
19691. application in industrial environments, 

some instruments allow particles to be 
cousted and classified within a large 
number of site ranges. 

Siue selective Particles separated into several roughly sue- Allows concentrations to be assessed 
sampling: graded fractions by impaction, the amount of within specified sloe rsnges; some series 
modified cascade material in each being determined by direct of results available from USA but not 
isrspsctor weighing (Carson & Paulus, 19741. yet widely adopted; applicable also to 

the sampling of dusts in industrial 
environments. 

Electrostatic Particles charged by passing thrOugh metul Not suitable for outdoor meosurements, 
precipitators tube with large potential gradient between but useful in occupational environments; 

wall and needle along centre; deposited on advantage over direct weighing of filters 
wall and determined by direct weighing is that the collector is unaffected by 
(Lauterbach et al. 	19541, changes in humidity. 

Personal samplers Air drawn through small gloss-fibre filters Applicable primarily to industrial 
using buttery operated putnp, so that environments to atnets euposures in 
instrument can be worn by individuals series of working shifts; elutriator can be 
(Sherwood & Greenhalgh, 19601; particulates added to exclude large particles, 
assessed by weighing, or analysed for specific 
constituents, 
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From their study in central London, Commins & Wailer (1967) showed 
that additional material was collected by the high volume sampler that had 
litfie effect on smoke measurements and that for their particular series, the 
total suspended particulate results were approximately 100 jig/rn 3  higher 
than the corresponding smoke figures. Other authors have calculated regression 
ecluations for their series and, although there are variations in these relation-
ships with time and place, the general picture is of a large proportional 
difference between total suspended particulate and smoke figures at low 
values, but relatively little difference at high values (of the order of 500 ig  of 
smoke/rn 3  or more). 

Thus, it is recommended that "smoke" and "total suspended particulate" 
measured by the various methods described should be regarded as 
separate entities; this principle has been adopted in later sections relating to 
the effects on health. 

In occupational environments, suspended particulate matter from 
combustion sources may be of some concern, but more commonly it is the 
dusts and aerosols associated with particular occupations or processes that are 
of interest. In such cases, the composition of the material may be relatively 
uniform and well established, and specific methods of assessment can be 
devised. There has, for example, been a great deal of research and development 
on methods for determining dust concentrations in coal mines (Jacobsen, 
1972). With industrial dusts, the particle size distribution must always be 
considered carefully, for it is liable to extend beyond the respirable range, 
and elutriators or cyclones may be needed in con]unction with gravimetric 
samplers. A valuable discussion of methods for collecting size-graded samples 
has been included in a recent review (International Atomic Energy Agency, 
1978). 
2.2.4 	Dustfall (deposited matter) 

In some of the older epidemiological studies, measurements of dustfall 
were quoted as an index of particulate pollution. This is inappropriate as 
the results are influenced primarily by large particles (diameters from about 
10 im upwards: see section 2.1.2) that do not penetrate the respiratory 
system and, generally, are not relevant to health problems, apart from possible 
annoyance reactions. For reference purposes, however, a brief description of 
one of the more commonly used instruments is included (Table 6). 
Table 6. Method of analysis for dust fall 

Method 	 Pnndple 	 Comment 

Deposit 	A receiver containing a nontreezissg solution 	Results expressed in terms of deposit per unit 

gauge 	 is left in the open and the Ouantisy of material 	area and time, not convertible in any way to 
collected lusually over 1-month periods) is 	 concentrations of suspended matter in the sir; 
determined by weighing, water-soluble and 	 strongly influenced by sources nearby, hence 
insoluble coenponents being considered 	 result, Only relevani to immediate vicinity 
separately I British Standards Institution, 1969bl 
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3. SOURCES OF SULFUR OXIDES AND PARTICULATE MATTER 

3.1 Natural Occurrence 

Compounds of sulfur are found in small quantities in ambient air, even i 
remote areas far from sources of pollution. In the gas phase, they are present 
as hydrogen sulfide or sulfur dioxide, and in particulate form they may he 
present as sulfate. Sulfur dioxide and hydrogen sulfide are emitted by 
volcanoes and the latter is also produced by anaerobic bacteria in soil, marshes, 
and tidal flats (Grey & Jensen, 1972). Some of the particulate sulfate may 
also be emitted directly by volcanoes or sea spray, but most of it is the end-
product of the oxidation of hydrogen sulfide or sulfur dioxide. 

In general, suspended particulate matter can result from volcanic activity, 
from dust storms, or from strong winds blowing over dry soil and may include 
pollen from trees and other plants. Forest fires also produce large amounts of 
particulate matter. 

Some of these natural contributions to the particulate matter in the air 
consist of particles too large to remain in suspension for long periods, and 
their composition and properties may be quite different from those of the 
emissions from man's activities. 

3.2 Man-made sources 

Most emissions of sulfur into the air are in the form of sulfur dioxide 
resulting from the combustion of fossil fuel for heating and energy production. 
Various industrial activities such as petroleum processing, smelter operations, 
wood-pulping, etc., also produce significant emissions of sulfur dioxide and 
other sulfur compounds. 

It has been estimated (Robinson & Robbins, 1968) that on a worldwide 
scale about 146 x 106  tonnes of sulfur dioxide are emitted annually, 70% of 
which result from coal burning, 16% from the combustion of petroleum 
products, and the remainder from petroleum refining and nonferrous smelting. 
These estimates are based mainly on 1965 world figures for coal production, 
petroleum refining, and smelter operations, each combined with an estimate 
of a sulfur dioxide "emission factor" per unit of production. A similar basis was 
used for the Committee on the Challenges of Modern Society (1971) assessment 
of emissions in the northern and southern hemispheres, reproduced in Table 7. 

On a global scale, the emissions of sulfur compounds into the atmosphere - 
by man-made activities are about equal to those from natural sources. On the 
other hand, the emissions from man's activities are the main contributors to 
pollution in large cities and their surrounding areas. Assuming that world 
energy demand increases at its historic rate, the total emissions of sulfur 
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Table 7 Hemispheric sulfur dioxide emmissions due to mans activities (106  tonnes per yeac(a 

Source 	 Total 	 Northern 	 Southern 
Hemisphere 	 Hemisphere 

Coal 
Petroleum, 

combuton 
and refining 

Smelting, copper 
lead 
zinc 

Total 

102 	 98 	96%) 	 4 14%) 

	

28.5 	 27.1 195%) 	 1.415%) 

	

12,9 	 8.6167%) 	 4.3 133%) 

	

1.5 	 1.2 (80%) 	 0.3 (20%) 

	

1.3 	 1.2 (90%) 	 0,1 (10%) 
146 	 136 (93%) 	 10 (7%) 

a prom: Committee on the Challenges of Modern Society 1971). 

dioxide will increase unless appropriate control measures are applied, or there 
is a shift from the use of fossil fuels to the use of nonpolluting energy sources. 
However, with the stabilization of the population in some Countries, including 
the United Kingdom and USA, and increasing concern about the use of 
limited fuel reserves, there are prospects that the rate of increase in emissions 
may be reduced in some parts of the world. 

Combustion and industrial processes are also prime sources of particulate 
emissions. As with sulfur dioxide, the burning of fuel (especially coal) for 
heating and for the generation of power- has been one of the major contributors 
to the suspended particulate matter in urban air. Vehicular traffic also 
generates dust from the road and from the wear of tyres as well as particulate 
lead compounds from the exhausts of petrol-engined vehicles, and black 
smoke from those of diesel vehicles. The incineration of domestic and 
industrial refuse may disperse particulate matter and other pollutants into the 
air unless carefully controlled. Table 8 shows estimates of the global emission 
of all particulate matter (Robinson & Robb ins, 1968). - - - 

Table 8. Global emission of all particulate matter (106  tonrsns per year) a 

Manmade 

Partic)et 92 
Gee-particle coevnrsion: sulfur dioxide 147 

oxides of nitrogen 30 
Photochemical compounds from hydrocarbons 27 

296 

Nataral 

Sol dust 200 
Gus-particle conversion: hydrogen-sulfide 204 

oxides of nitrogen 432 
ammonia 269 

PhOtochemioal compounds from terpenes, etc 200 
Volcanic 4 
Forest fires 3 
Seasalt 1000 

2312 

a From: Robinson & Robbins 11968). 
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3.3 Characteristics of Sources 

In urban areas, most of the sulfur dioxide and suspended particulate 
matter in the air come from the combustion of fuels, but many factors, 
including the type of fuel, the combustion efficiency, and the flue velocity, 
influence the quantity and quality of emissions. The incomplete combustion 
of soft coal in domestic fires, for example, produces much smoke, consisting 
of finely divided particles of carbon and tarry material, whereas the efficient 
burning of pulverised coal in a power station leads to little or no smoke, but 
the production of coarser ash particles, which must be removed at source to 
avoid their being carried up the flues at a high velocity and dispersed into the 
air. The relationship between types of sources and emissions is summarized in 
Table 9. 

Table 9. Pollutants from combustion sources 

Tape of source 	 Fuel 	 Suitor dionhde 	 Particulate matter 

Smoke 	 Ash etc. 

Domestic heating Wood, peat etc. - 	 * 

Or cOOlc:ng Soft coal ++ 	 * 
Hard coal, coka ++ 	 - 	 + 
Oil 	Night distillates) * 	 - 	- 
Gas - 	 - 	- 

Industrial heating Coal, coke +1- 	 - 

and power Oil (heavy residuals)  

generation 

Motor vehicles Petrol - 	 - 
Diesel + 	 + 	- 

Notes: The term smoke is used for incomplete combustion products (notably carbon and tar), and ash for inorganic 

components from complete combustion (including lead compounds in the case of petrol). The gigns give only a 

rough indication of emissions, in the absence of direct control at source; 

- = litilt Or 50cC, 5 	 moderate quantities, +1-  = large quantities 

In cold and temperate parts of the world, the burning of coal for domestic 
heating purposes has been a major contributor to both the sulfur dioxide and 
suspended particulate contents of urban air. This is particularly true of the 
situation in the United Kingdom prior to the implementation of the Clean Air 
Act (Committee on Air Pollution, 1954). Such sources are liable to have a 
disproportionate effect on concentrations in the immediate vicinity, because 
of the low levels of the chimneys and the low emission velocity. Even in 
warmer climates, domestic sources may be of importance, particularly if coal 
is used for cooking purposes. 

In densely populated areas where domestic sources dominate, the many 
chimneys can be considered for some purposes as a diffuse area source, and, 
within such an area, concentrations of pollutants in air remain relatively 
stable over short distances and short periods of time. In contrast, large 
industrial sources should be treated as point sources, and, at any given location 
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around them, the concentration of air pollution is liable to vary greatly, even 
from minute to minute. 

The emission into the air of sulfur dioxide and particulate matter from 
motor vehicles is relatively small in comparison with those from domestic and 
industrial chimneys but it is close to the ground and within the breathing 
zone. In these circumstances, concentrations vary greatly over short distances 
as well as over short time intervals, depending on the proximity of the traffic. 
At points very close to mixed traffic, smoke from diesel engines may make a 
substantial contribution to the concentration of suspended particulate matter 
in air (Waller et at., 1965). 

Source strength may vary with time of day, day of week, and season of the 
year. Accompanying meteorological conditions are also important in 
determining the ultimate air concentrations of pollutants arising from 
sources. Where heating is required during the winter season, emissions of 
sulfur dioxide and particulate matter are usually much higher than they 
are in the summer. In a number of cities, however, where a considerable 
amount of fuel is used for running cooling systems, emissions of these 
pollutants during the summer time are not always lower than those in winter. 
Some industrial sources of pollution may emit little at weekends, and emissions 
for most sources are at a minimum during the night. 

Although the control of emissions is outside the scope of the present 
discussion, the general point can be made that while the control of particulate 
emissions is a practicable proposition in many circumstances, the control of 
sulfur dioxide at source is relatively difficult and costly, and the more effective 
means of reducing emissions is to change to fuels with a lower sulfur content. 

4. DISPERSION AND ENVIRONMENTAL TRANSFORMATIONS 

Sulfur compounds dispersed into the air eventually return to the land or 
oceans either unchanged, or converted into sulfates. The sulfur cycle so set 
up is shown diagrammatically in Fig. 4 (Kellogg et al., 1972). Particulate 
matter also returns, its residence time in the air varying widely according to 
its physical and chemical characteristics. As far as direct effects on health are 
concerned, it is the local concentration of pollutants in the air at a given time 
that is important, as discussed in section 5, but an outline of dispersion and 
transformation phenomena is given here. 

4.1 Dispersion 

The maintenance of a tolerable environment in modern towns depends 
very much on the ability of wind and turbulence to disperse the pollutants 
rapidly as they are emitted. When these processes fail, the results can be 
disastrous, as they were in London in 1952 (Ministry of Health, United 
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Kingdom, 1954). There are some localities where natural ventilation is so poor 
that the emission of pollutants must, at all times, be carefully controlled. This 
is especially true of the Los Angeles area, where emissions of sulfur dioxide 
and particulate matter have been successfully curtailed, leaving, however, the 
major problems associated with the emission of oxides of nitrogen, hydro-
carbons, and carbon monoxide from motor vehicles (Goldsmith, 1969). 

Factors affecting the dispersion of sulfur dioxide and particulate matter 
from combustion sources, include: 

Temperature and efjlux velocity of the gases. Emissions from small 
sources, such as domestic fires or incinerators have relatively little buoyancy, 
since the temperature at the point of emission is not much greater than that 
of the surrounding air. Such sources are liable therefore to have their greatest 
impact in the immediate vicinity (Williams, 1960). Emissions from large-
scale industrial installations, on the other hand, may beat higher temperatures, 
or may be assisted by forced-draught to rise more rapidly. Thus, any maor 
impact in the immediate vicinity may be avoided but weaker effects may be 
produced over a wider area (Bosanquet, 1957). 

Stack height. Dilution and dispersion over a wide area is also aided by 
the use of tall stacks. Much is known of the relationship between source 
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Fig, 4. Sources and sinks of atmospheric sulfur compounds. Units are 106  tonnes cal-
culated as sulfatc per year (From: Kellogg et a.!., 1972). 

strengths, stack heights, and ground-level concentrations of pollutants, 
through the application of mathematical modelling techniques, coupled with 
observations around selected sources (Briggs, 1965, Pasquill, 1971, Turner, 
1968). It is also possible to devise models to predict concentrations of sulfur 
dioxide in urban areas on the basis of emissions from multiple sources 
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(Fortak, 1970). Conversely, techniques have also been developed for estimating 
the pollution inventory of an area from measurements of sulfur dioxide 
concentration, fitted to a dispersion model (East, 1972). The height of 
emission of sulfur dioxide and particulate matter from domestic sources is 
primarily a function of the height of the building itself. Thus the effect on 
ground level concentrations in the vicinity is liable to be greater in areas with 
closely-packed, single or two-storey houses than in those with high-rise 
apartments. Tall stacks are widely used for electricity-generating stations and 
other major industrial sources, but the pollutants may then be carried great 
distances, often over national boundaries, to be deposited eventually far frnm 
their source (Royal Ministry of Foreign Affairs, Sweden, 1971 ;  Zeeduk & 
Velds, 1973). 

Topography and the proximity of other buildings. The presence of 
hills or tall buildings, and many other features of the landscape, have important 
effects on the dispersion of plumes from individual stacks, or of the pollution 
from an area source as a whole. Many industrial cities have developed in river 
valleys, initially to take advantage of water transport, but, in general, the 
dispersion of pollutants in such a situation is poorer than it would be from 
a more exposed location. 

Meteorology. Meteorological factors are of fundamental importance 
in determining the whole spatial and temporal distribution of pollution, and 
the subject has been well reviewed in a recent publication (Munn, 1976). 
Apart from the general influence of the local climate, the great variability of 
the weather in any one locality is liable to lead to considerable changes in the 
concentrations of sulfur dioxide. In particular, temperature inversions can 
trap these pollutants to produce concentrations up to several hundred times 
the usual values (Waller & Commins, 1966). 

4.2 Transformation and Degradation 

In recent years, there has been a rapid escalation of interest in the ultimate 
fate of sulfur dioxide and particulate matter emitted into the air. This is 
concerned partly with the nature of reaction products and their possible 
effects on health, and also with the ecological effects of these products when 
deposited (Brosset, 1973) and their possible role, as aerosols, in modifying 
the climate on a global scale (Hobbs et al., 1974). 

Some of the sulfur dioxide emitted into the air is removed unchanged by 
various surfaces, including soil (Abeles et al., 1971), water (Liss, 1971; 
Spedding, 1972), grass (Garland et al., 1973) and vegetation in general (Hill, 
1971). It has been estimated that, in the United Kingdom, about 25% of the 
sulfur dioxide is removed by these direct ("dry" deposition) processes 
(Garland et al., 1974). The remainder is transformed into sulfuric acid or 
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sulfates by a variety of processes, in the presence of moisture, and is then 
mainly washed out in rain. Although this self-cleansing process limits the 
build-up of sulfur compounds in the air, so minimizing the effects on health, 
the "acid rain" produced is considered to be a serious general environmental 
problem in some areas (Likens & Bormann. 1974). 

A schematic representation of a natural sulfur cycle is shown in Fig. 5 
(Kellogg Ct aL, 1972). Additons to this cycle due to man's activity are possible 
at each stage, although 95% of such contributions are added as sulfur dioxide. 
Also represented here are the possible reactions with sunlight. There have 
been many laboratory investigations of this process: the reaction is slow (Allen 
et al., 1972; Cox & Penkett, 1970), but it is enhanced in the presence of 
hydrocarbons and other pollutants associated with motor vehicle emissions 
(Cox & Penkett, 1971; Wilson & Levy, 1970). In general, however, other 
processes are of even greater importance in the transformation and removal of 
sulfur dioxide, including reactions in water droplets with ammonia (McKay, 
1971), and catalytic oxidation in the presence of manganese or iron (Barrie & 
Georgii, 1976; Chun & Quon, 1973). These various reactions involving sulfur 
dioxide, particulate matter, and other pollutants have been discussed in a 
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Fig. 5. Schematic representation of the chemical process involving environmental 

sulfur, with indications of the mean lifetime of each compound in the lower 
atmosphere (From: Kellogg et al., 1972). Copyright 1972 by the American 
Association for the Advancement of Science. 
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number of reviews(Bufalmi, 1971;Calvert, 1973). There may be limitations to 
the catalytic processes because of the restricted availability of reactive metallic 
oxide, catalytic particles, and neutralizing compounds in the air. Some of the 
photochemical reactions are severely rate-limited, but in others, sulfur 
dioxide can be oxidized at an appreciable rate and it has been estimated that 
conversion rates as high as 18% per hour might be possible (RaIl, 1974). The 
end-products are similar in all these reactions, i.e., the formation of aerosols, 
initially in the subrnicron size-range, consisting of a mixture of sulfates and 
sulfuric acid. There is no uniform relationship between the proportions 
of sulfur dioxide, sulfates, or sulfuric acid in the total sulfur pollution. 
Emissions are primarily in the form of sulfur dioxide; thus, in cities close 
to sources, the major proportion is in this form, but it has been reported that, 
in the USA, the proportion present as sulfate is higher in western than in 
eastern urban areas (Altshuller, 1973). At nonurban sites, concentrations of 
sulfates may be similar to those of sulfur dioxide. 

The overall conversion of sulfur dioxide to sulfate is an extremely complex 
process with many interrelated variables that are poorly characterized. These 
include the absorption rate of sulfur dioxide, the sties of the particles or 
droplets involved, their chemical composition, the rate of diffusion of 
reactants within the aerosol, and the relative humidity. The last of these 
variables is a major factor, as the catalytic reactions occur with water droplets 
containing absorbed sulfur dioxide and other pollutants. Furthermore, as the 
pH decreases, the rate of oxidation of sulfur dioxide also decreases (Junge 
& Ryan, 1958). Thus, the formation of sulfuric acid tends to be self-
limiting unless the fall in p1-I is offset by additional water vapour. On the 
other hand, the presence of alkaline compounds, such as ammonia, in the 
droplet can enhance the reaction rate due to its buffering capacity. Extra-
polated levels for the rate of oxidation of sulfur dioxide by catalytic processes 
in urban air range upwards from 2% per hour (Rail, 1974). Overall, the half-
life of sulfur dioxide in ambient air is estimated to be three to five hours. 

The physical and chemical forms of suspended particulate matter in general 
may be changed in the air. Some components, such as hydrocarbons, 
absorbed initially onto particulate matter, may evaporate or be oxidized. 
Even some of the complex hydrocarbons in the tarry matter from coal burning 
may be volatile enough to be lost gradually, and there is evidence that they 
can be lost from filters during sampling (Commins & Lawther, 1958). The 
sizes of the particles may vary according to the relative humidity, particularly 
if sulfuric acid, sulfates, or other salts are present, and this can lead to 
precipitation even before the onset of rain (Wailer, 1963). The question of 
overwhelming importance is the role of particulate matter in the conversion 
of sulfur dioxide to sulfuric acid and sulfates. Traces of metallic compounds, 
some of which serve as catalysts in these reactions, are present in particulate 
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matter from the combustion of coal, and also in the relatively small amount 
of particulate matter that may come from the combustion of oil. It has long 
been considered that the acute effects on health seen in episodes of high 
pollution are crucially dependent on the mixture of sulfur dioxide and 
particulate matter present, together with the relative humidity: the worst 
effects have been seen with each of these factors in a high range (Ministry of 
Health, United Kingdom, 1954). 

5 ENVIRONMENTAL CONCENTRATIONS AND EXPOSURES 

Sulfur dioxide and suspended particulate matter are the most widely 
monitored air pollutants. National sampling networks exist in many of the 
industrialized countries of the world, and summaries of the observations are 
commonly published in annual reports. Results from selected sampling sites 
are also collated by a number of international organizations (Commission of 
the European Communities, 1976; Pan American Uealth Organization, 1976; 
World Health Organization, 1976b). 

5.1 Concentrations in Outdoor Air 

Most sampling networks for sulfur dioxide, smoke, and suspended 
particulate matter have been set up for control purposes, to examine the 
distribution of these pollutants in various areas and to follow the long-term 
trends. Such measurements are normally made on outdoor air. Where adequate 
networks exist, there is obviously an advantage in trying to use them to assess 
exposure, but this may be far from ideal. The limitations of the data obtained 
from the usual monitoring sites may, to some extent, account for inconsis-
tencies in results in studies reviewed in section 8. Requirements for monitoring 
networks have been discussed further in a recent report (World Health 
Organization, 1977). 

Concentrations of sulfur dioxide and suspended particulate matter vary 
greatly from one area to another depending on the nature and intensity of 
local sources, and on other factors such as topography, general weather 
conditions, and liability to temperature inversions. Even within a single city 
there may be large differences in concentrations. Where sufficient monitoring 
stations exist, it may be possible to construct isopleths, showing "contou:rs" 
of equal concentration. An example, for the city of Antwerp, is shown in Fig. 
6 (Derouane et al., 1972). From this, it is clear that the distribution of 
sulfur dioxide is not necessarily the same as that of smoke. There is a general 
tendency for the concentrations of these pollutants to be highest in the 
largest cities of the world, and within them for the highest concentrations to 
be in the central areas. The implementation of control measures has, however, 
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Fig. 6. Mean concentrations (gJm 3) of smoke (upper map) and sulfur dioxide (lower 
map) plotted as contours, city of Antwerp, winter (1 .10.6931.3 .70) (From: 
Derouane Ct al., 1972). 
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changed .the situation in recent years, for, in some instances, these have been 
applied most vigorously in the central areas of large cities (Masters, 1974). 

Table 10, Concentrations of sulfur dioxide, smoke, and suspended particulate matter C1974te 

Site Concentration 
annual arithmetic mean 

ltg/m3i 
maximum daily near 

Sultur dioxide 
Brutsels 107 347 
Frankfurt 119 455 
London 150 503 
Madrid 161 763 
Prague 126 482 
Rome 108 600 
Zagreb 173 893 

Smoke, by reflectance 
Brussels 37 - 

London 26 149 
Madrid 190 908 
Rome 60 160 

Suspended particulate by high volume sampler 
Calcutta 519 11190 
St Louis 87 189 
Vancouver 64 134 
Zagreb 167 806 

Fmvm: 	World Health Organization 11976bL 	Shres selected for inclusion here are all classified us city centre 
commercial siteS 	The selection is also limited to sites using 24-h averaging periods Further information 
is available in the WHO report of frequency distributions, standard deviations, and monthly and annual 
geometric means. 

Examples of concentrations of sulfur dioxide and smoke or suspended 
particulate matter, drawn from the WHO air quality monitoring programme 
(World Health Organization, 1976b) are shown in Table 10. For present 
purposes, results included in this table are limited to those from one type of 
site (city centre commercial sites), where the sampling methods and averaging 
periods are also comparable with one another. Even so, much caution must be 
exercised in drawing comparisons between cities, for the sites can only be 
representative of their immediate surroundings. 

The annual mean concentrations of sulfur dioxide are fairly uniform at the 
particular sites quoted in Table 10, ranging from about 100 to 200 agIm 3  
(0.035-0.070 ppm). For particulate matter, however, the variation between 
cities appears to be much greater and it seems likely that some of the results 
are unduly influenced by sources close to the samplers, or by high backgrou:nd 
levels of dust from noncombustion sources. 

There are few reports about ambient levels of sulfates. A study from the 
USA (Altshuller, 1973) reported annual, arithmetic mean concentrations at 
urban sites in the range of 2.4 to 48.7 1g/m 3 , with an average ratio of sulfur 
dioxide to sulfate of 4.7. The relationship between these two pollutants was 
not, however, entirely consistent and the ratio tended to be higher at western 
sites than at eastern sites. In the east, there was a general background level of 
sulfate of about 5 .tg/m 3 , even at nonurban sites, and this was attributed to 
the long distance transport of sulfur dioxide, with conversion to sulfate 
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during transport. There also appeared to be a "saturation" level of sulfate at 
about 17 Jig/rn 3  at eastern urban sites, within the sulfur dioxide range of 100-
200 Jig/rn 3  (0.035-0.070 ppm). 

There is even less published information concerning concentrations in air 
of sulfuric acid, and such observations must always be related to the method 
of measurement. One series of measurements of net particulate acid, as 
determined by titration of samples collected on filter papers, has indicated a 
mean concentration in London of approximately 4tg/m 3  , representing a few 
percent of the corresponding concentration of sulfur dioxide (Commins & 
Waller, unpublished data). However, the concentration of this pollutant is 
liable to increase rapidly during temperature inversions, particularly if the 
relative humidity is high (Commins, 1967). 

For each of the pollutants considered, there are generally large variations 
in concentration with time at any one place. The extent to which this can be 
followed depends on the time resolution of the sampling instruments. 
Usually, integrated samples are collected over 24-h periods to yield daily 
mean values, and from these monthly, seasonal, and annual means are 
calculated. Shorter sampling periods may however be used, and where 
Continuous automatic instruments are used, virtually instantaneous values can 
be obtained. Relationships between values averaged over different periods 
have been extensively studied in the USA (Larsen, 1971), An indication of the 
day-to-day variation in smoke and sulfur dioxide concentrations in a large 
city (London) is given in Fig. 7. 
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Unit, London, UK, unpubflshed data). 
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Although annual means, coupled with daily maxima, give a general 
impression of pollution levels in any given locality, long series of results are 
often summarized as frequency distributions. These have been shown to be 
log-normal for a wide range of averaging times, pollutants, and localities 
(Pollack, 1975). This suggests that the geometric mean, which, in such a 
case, is equivalent to the median, is perhaps the most appropriate central value 
to use. Historically, however, the arithmetic mean has been more widely 
used. For the usual log-normal distribution, the geometric mean is a little 
lower than the arithmetic mean. Percentiles of the frequency distribution are 
tabulated in some monitoring networks (US Environmental Protection 
Agency, 1974a), and the complete distributions can conveniently be plotted 
on log-probability paper, as in the example in Fig. 8 drawn from data for a 
recent 5-year period in London (Commins & Waller, unpublished data). 
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Fig. 8. Cumulative frequency distributions of daily smoke and sulfur dioxide observa-
tions in Inner London (means of 7 sites), 1969-74 (log-probability scale) (From: 
Commins & Wallet, unpublished data). 

Relationships between peak and mean values for sulfur dioxide have also 
been considered on an empirical basis. For a number of cities in Europe, the 
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highest daily mean concentrations during the year have been found to be of 
the order of four times the annual means (Commission of the European 
Communities, 1976). Transient peaks in continuous records have been 
examined in the USA in relation to averaging times: the ratio of peak to mean 
values has been found to be 2.3 for hourly averaging periods, increasing for 
successively longer periods (Montgomery & Coleman, 1975). Some highly 
sophisticated networks exist for the measurement of sulfur dioxide on a 
continuous basis at many points. The collection and interpretation of such 
data then presents a formidable task, and in some of these networks on-line 
computers are used for data acquisition (Lauer & Benson, 1975). 

The examination of trends in the concentrations of sulfur dioxide and 
particulate matter is important when the eçfects of long-term exposures are 
investigated. In urban areas of most developed countries, there has been a 
tendency for levels to decline in recent years as a result of control efforts, 
although elsewhere, and particularly where concentrations of these pollutants 
had previously been low, increases have occurred as emissions from industrial 
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and other sources have increased. Since variations in weather patterns from 
year-to-year can affect even the annual mean concentrations, long series are 
required to examine trends adequately. The declining trend in su!fur dioxide 
concentrations seen in a number of large cities in Europe during the 1960s 
(Commission of the European Communities, 1976) may, to a large extent, 
reflect declining emissions or improved dispersion from chimneys, but some 
authors have considered that changing weather conditions have been a 
contributory factor (Van Dop & Kruizinga, 1976). In the United Kingdom, 
there has been an overall decline in sulfur dioxide concentrations without a 
corresponding decline in total emissions (Fig. 9). This is attributable to the 
gradual elimination of sources, such as domestic fires, that had a substantial 
effect on local concentrations, and their replacement by a smaller number of 
large sources dispersing the sulfur dioxide more widely. In the case of smoke, 
concentrations in the United Kingdom have declined in parallel with the 
emissions (Fig. 10). Domestic fires always had a dominant effect, and thse 
have been subject to control in an increasing number of urban areas. 

1965 
	

Em its oct 
20 b ri 

Eli Total 

industry etc. 

Doniestc 

- Concentrations 

S 
C 

E 

I 

1.5 1 150  

100 g 
a 

C 

0 

	

0.5 	 - 50 

	

0 	 JL_ 	 0 
1958 	1960 	 1965 	 1970 	1073 

Fig. 10. Trends in emissions and concentrations of smoke in the United Kingdom, 
1958-73 (From: Weatherley Ct at.. 1976). Crown copyright, reproduced by 
permission of the Director. Warrcn Spring Laboratory. 

44 



5.2 Concentrations in Indoor Air 

As yet, there is relatively little information available concerning the 
concentrations of sulfur dioxide and particulate matter in indoor environments 
(excluding those specifically related to occupational exposures). It is quite 
possible to make such measurements indoors by most of the methods 
mentioned in section 2, subject to additional care about interfering substances, 
and limitations of noise for equipment such as the high volume sampler. The 
results are, however, of limited value for general monitoring purposes, because 
of the additional variability introduced by the circumstances within each 
building. As far as human exposure is concerned, much time is spent 
indoors, particularly by the oldest and youngest members of the community, 
and information on indoor concentrations is required for epidemiological 
studies. 

Whether there are substantial differences in indoor and outdoor concentra-
tions of sulfur dioxide and particulate matter will depend on the degree of 
ventilation, the capacity of surfaces within to absorb or otherwise collect these 
pollutants, and the presence of sources either of the pollutants themselves, or 
of others that may interact with them. 

In warm climates not subject to frequent rain or other adverse weather 
conditions, buildings may be left open enough to ensure that indoor 
concentrations of pollutants are virtually the same as those outdoors. Even 
so, there can be local problems associated with the use of fuels in equipment 
with poor flues or without flues. Extremely high concentrations of pollutants, 
including smoke, have been reported inside primitive dwellings in tropical 
regions, where cooking is carried out over open fires (Sofoluwe, 1968). The 
open coal fires that were so widely used in the United Kingdom prior to the 
Clean Air Act of 1956 had two possible, and opposing, effects on indoor 
concentrations. The very large ventilation rate that they induced helped to 
maintain indoor concentrations of smoke and sulfur dioxide close to those 
outdoors, but, in unfavourable wind conditions, downdraughts could force 
these pollutants from the fire itself into the room, producing concentrations 
far in excess of those outdoors. Examples of indoor concentrations of 
suspended particulate matter or (more rarely) of sulfur dioxide exceeding 
those out of doors have also been found in studies in the Netherlands 
(Biersteker et al., 1956) and in the USA (Yocom et al., 1971). 

In general, however, in the absence of specific sources of sulfur dioxide or 
fine particulate matter indoors, concentrations are generally less than those 
outdoors. Sulfur dioxide as a gas, can diffuse readily onto walls and other 
surfaces. There is evidence that it reacts with ammonia from the indoor air 
on painted surfaces, particularly in the presence of moisture (Holbrow, 1958), 
but it is most effectively absorbed on clothing, curtains, carpets, and other 
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soft furnishings, so that in domestic surroundings where these abound 
concentrations of sulfur dioxide are only of the order of 207o of those 
outdoors (Weatherley, 1966), while in offices and other buildings containing 
less absorbing material, concentrations may he 40-50% of those outdoors 
(Andersen, 1972; Derouane, 1972). The presence of ammonia in occupied 
rooms is important in relation to measurements of sulfur dioxide. Concentra-
tions of this "natural" pollutant may be much higher than outdoors, 
particularly where there are young babies or old people with incontinence 
problems. The ammonia will only react effectively with sulfur dioxide in the 
presence of moisture, but it will, in any case, interfere with the determination 
of the sulfur dioxide by acidimetric or conductometric methods. 

Smoke, that is to say the finely divided black material from incomplete 
combustion, can penetrate fairly readily into buildings. and since the mobility 
of the particles is less than that of sulfur dioxide molecules, they are less 
rapidly removed onto surfaces. Concentrations of smoke indoors, assessed by 
soiling methods, have been found to be in the range of 50-90 1/o of those 
outdoors (Derouane, 1972 Yocom et al.. 1971), again assuming there is no  
specific source of this material inside. Cigarette smoke can make a ver: 
substantial contribution to the finely dividcd particulate matter indoors 
(Elliott & Rowe, 1976; Hoegg, 1972). It is liable to affect direct gravimetric 
concentrations, but it has relatively little effect on concentrations measured 
by blackness. The composition of cigarette smoke is quite different from that 
of the general urban particulate matter, and it has been stressed by Dc Graaf 
& Biersieker (1972) that there may he many differences in the type and 
composition of suspended particulate matter indoors and outdoors. This 
point is particularly important in relation to samples obtained with the hign 
volume sampler. The larger particles (greater than 10 jim diameter) that are 
liable to be collected by this method would penetrate into buildings less 
readily than the fine particles, and with reduced air movement inside, they 
may fall out fairly rapidly under gravity. This may account for the smaller 
proportion of total suspended particles (as compared with smoke) found 
indoors in seine studies (Yocom e t al., 1971). however, on the other hand, 
there is a risk that textile and other dusts dispersed in the home may be 
sampled and assessed as part of time general suspended particulate matter. 

Sulfuric acid is unlikely to remain for any appreciable time in occupied 
rooms, as it is readily neutralized by ammonia. However, finely divided 
sulfate particles are likely to behave in the same way as smoke, with a modest 
reduction indoors compared with outdoors. Relative humidity is normally 
lower indoors than outdoors and this will help to keep sulfate particles 
suspension, but where the humidity is especially high. as it may be in kitchens, 
particles containing sulfates or other salts will grow rapidly and he 
deposited. 

46 



Studies on indoor concentrations of sulfur dioxide and particulate matter 
are limited primarily by the need to consider the circumstances of each 
location individually; nevertheless, there is a growing body of literature on 
the subject that has been assembled and reviewed in recent reports from the 
USA (Benson et al., 1972; Henderson et al., 1973). 

5.3 Concentrations in Work Places 

Concentrations of sulfur dioxide, much higher than those commonly 
found in urban air, may be present in some industrial environments, arising 
from processes in which the gas is handled or evolved, as well as from 
combustion sources. Paper mills, sulfuric acid plants, steel works, nonferrous 
metal foundries, and oil refineries are among the places where such concen-
trations may be found. However, emissions are usually highly localized and 
intermittent, presenting major problems in assessing concentrations to which 
workers may be exposed. Results are not normally published, but in a 
number of countries there is a requirement to ensure that a specified limit is 
not exceeded. For example, in the USSR, the maximum permissible concen tra-
tion is 10 mg/ni 3  (3.8 ppm) (ILO/ WHO Committee on Occupational Health, 
1970) whereas in the USA (American Conference of Government Industrial 
Hygienists, 1977), this value, averaged over 8-h shifts, is 13 mg/rn 3  (5 ppm). 
This figure is of the order of 100 times the average values in urban air and it is 
higher than the maximum values reported, even in episodes of high pollution 
(Waller & Commins, 1966). Mean values over 3 years of 1 800-2100 ig/m 3  
(0.6-0.7 ppm) have been reported close to blast furnaces in steciworks, with 
occasional 24-h mean valuesup to 17 000j.tg/m m  (5.95 ppm) (Lowe et ai.,l970). 

In steelworks, substantial quantities of suspendcd particulate matter may 
be present as well as sulfur dioxide and other pollutants. A 3-year mean 
concentration of about 1000 ag/rn 3  (respirable dust, as measured with a 
Hexhlet sampler) has been reported in the study cited above (Lowe et al., 1970). 
Even so, the situation does not necessarily parallel that in urban atmospheres,for 
the particulate matter is liable to include dust which differs in composition and 
size distribution from that produced in the usual range of combustion processes. 

Dusts encountered in industry must, in general, be considered separately 
from the suspended particulate matter in urban air. Some, such as the coal-
dust in mines, may be present at high concentrations, and have substantial 
effects on health, but these are specific to that dust, and are outside the scope 
of the present discussion. However, some of the chemical compounds in dust 
from industrial activities are cuvered by other documents of the WHO 
environmental health criteria programme. 

In some industries, such as wood-pulping and paper-making, sulfur dioxide 
may be evolved in the process, producing high concentrations locally without 



an accompanying particulate matter problem. Concentrations in the range 6 
to 100 mg/rn 3  (2 to 36 ppm) have been reported at a plant in Norway 
(Skalpe, 1964) and similar concentrations were found in a study in the USA 
(Fcrris et al., 1967) but these were gradually reduced over a 5year period. 
High concentrations, averaging about 71 mg/rn 3  (25 ppm), also existed at one 
time in charging rooms for refrigerators when sulfur dioxide was used as a 
refrigerant (Kehoe et al., 1932) and similar concentrations have been reported 
in certain areas of oil refineries (Anderson 1950). 

There is a specific problem of sulfuric acid mist in the forming departments 
of works making lead-acid accumulators, where concentrations up to 16.6 
mg/rn 3  have been observed (Malcolm & Paul, 1961; Williams. 1970). This is 
very much greater than the concentrations ever found in urban air (Commins 
& WaIler, 1978) and the physical form of the aerosol is different: mass 
median diameters of the droplets have been reported to be over 10 J.rrn 
(Williams. 1970) whereas those found in urban air are of the order of 0.5 Jun 
(Wailer, 1963). 

5.4 Assessment of Exposures 

In the present context, the term exposure relaics to the concentrations ni 
sulfur dioxide or suspended particulate matter in the air breatlied by 
individuals or populations, averaged over specified periods. Broadly speaking, 
two types of exposure are considered: short-term exposure, in which the 
relevant concentrations are averaged over periods of the order of a day, and 
long-term exposure, for which averages over periods of the order of a year are 
commonly used. These periods are to a certain extent arbitrary, imposed by 
the time-resolution of the pollution measurements and by the nature of The 
health indices examined, and there is no clear guidance on the most relevant 
averaging periods to use in relation either to short -or to long-term exposure. 

Exposures are usually estimated from measurements of concentratioti at 
fixed sampling sites. The number of sampling sites required to give an adequate 
representation of the exposure of people living in a given area will depend on 
the topography, the distribution of sources, and other factors. In urban areas. 
there is usually a close correlation between values for neighbouring stations 
(Prinz. 1970). Care must be taken, however, to ensure that these stations are 
not used to represent environmental levels in areas much larger than their 
coverage. Furthermore, the instruments for measurement may be sited on the 
roof of a building for protection and convenience, and the levels ]neasured 
may not necessarily represent those in the ordinary breathing zone. 

The usual practice in epidemiological studies is to assume that measurements 
made on outdoor air in the areas where people live or work provide an index 
of exposure that allows comparison to be made between different groups. It 
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has been demonstrated, however, that estimated weekly exposures calculated 
as averages of concentrations measured indoors and at various outdoor sites 
and weighted according to the length of time likely to be spent in each 
location, may differ substantially from those indicated by measurements at 
just one site close to the place of residence or work (Fuga, 1976). To 
validate this approach, further measurements using personal samplers would 
be required. These have been used in studies on specific components of 
suspended particulate matter such as lead (Azar et al., 1972) and they have 
wide application in assessing the exposures of individuals to pollutants, 
including sulfur dioxide, in industry. but they are not generally practicable 
for large-scale epidemiological studies on the general population. 

A further problem in assessing exposures is the great variation in 
concentra ions with time for, as far as suitor dioxide is concerned, a brief 
exposure to a very high concentratioil, with no appreciable exposure during 
the rest of the day, would create a different situation from a steady exposure 
to a low level tlirouglout the day. At present, there is no satisfactory way of 
measuring such situations, a least for people moving about during the course 
of the day. Providing studies are confined to groups of people living or 
working in reasonably uniform circumstances, measurements made over 
extended periods at a few fixed sites may give results that are valid for 
comparative purposes. Difficulties are liable to arise however if dissimilar 
groups are compared. In particular, peuple such as the very old and the very 
young may he partially protected from sulfur dioxide in the outside air if 
they spend long periods indoors, whereas an active worker may he exposed 
not only to a higher mean concen tratioll in the course of the day, but also to 
a greater range. A further point is that increased activity will also lead to a 
greater ventilation rate, increasing the overall intake, and, in the case of sulfur 
dioxide, the deep inspirations associated with exercise are liable to increase 
the penetration of the gas and to enhance its effects (Lawther et al., 1975). 
Time situation is even more complex for sulfuric acid aerosols. Because of the 
hygroscopic properties of the droplets, they take up moisture rapidly on 
inspiration, becoming larger and more dilute, and it has been suggested, on 
the basis of experimental work, that thuse from urban air could be diluted to 
such an extent that their irritant properties would be lost (Carabine & 
Madduck. 1976). 

When assessing long-term exposures. annual mean concentrations at fixed 
sampling sites are commonly used as the basis. Short-term variations are then 
of little consequence, but it may still be necessary to consider the extent of 
seasonal swings in concentration, or the frequency of occurrence of days of 
exceptionally high pollution. Also, it is often necessary to examine trends in 
concentrations for many years back, for the relevant exposure may have been 
one that occurred earlier in life, rather than the current level. Since there are 
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very few long series of measurements of sulfur dioxide or suspended particulate 
matter made by uniform methods, it is very difficult to assess the true exposure 
of people to these pollutants. 

6. ABSORPTION, DISTRIBUTION, AND ELIMINATION 

Most of the sulfur compounds discussed in this report are absorbed via the 
digestive system. Relatively little is absorbed from the respiratory tract, even 
in areas with highly polluted ambient air. Even so, it is reasonable to believe 
that time respiratory tract is the most vulnerable organ for the local effects of 
sulfur oxides and particulate matter in the ambient air. Thus, this section will 
deal mainly with the absorption, deposition, and clearance of sulfur dioxide 
and particulate matter in the respiratory tract. 

6.1 Absorption and Deposition in the Respiratory Tract 

	

6.1.1 	Sulfur dioxide 

Sulfur dioxide is highly soluble in aqueous media. Absorption after 
inhalation has been studied in rabbits (Dalharnn & Strandberg, 1961 
Strandbe.rg, 1964 .), dogs (Balchum et al., 1959, 1960a, 1960b; Frank et ai.., 
1969),  nd man (Speizer & Frank, I 966a, 1966b). 

in rabbits, about 40% of the inhaled sulfur dioxide is absorbed in the nose 
and pharynx when concentrations of about 290 .lg/m 3  (0.1 ppm) are inhaled. 
At higher concentrations (29-290 mg/m 3  10-100 ppm), the fraction absorbed 
is much higher (about 95%) .. The reasons for these different rates of absorption 
are not clear. In dogs, more than 99% of the inhaled sulfur dioxide is absorbed 
by the nose at exposure levels of 2.9-140mg/rn3  (1-50 ppm). These observations 
in dogs have been confirmed in man by studies on human volunteers, with 
levels of exposure to sulfur dioxide ranging from 2.9 to 420 mg/m 3  (ito 140 
ppm) and exposure times of a few minutes at the higher levels and 3040 
minutes at the lower levels. Absorption can occur during mouth-breathing, 
but is less efficient than during nose-breathing, especially with increased 
ventilation. 

	

6.1.2 	Airborne particles 

Particles smaller than about 10 am are deposited at different levels in the 
respiratory tract. The exact deposition pattern is determined by the interaction 
of size, shape, and density (expressed as aerodynamic diameter of unit 
density spheres) of the particles and by airflow conditions. Some particles in 
the air, such as sulfuric acid particles are hygroscopic. Such particles will take 
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up water, expand in the respiratory tract, and be deposited in a manner other 
than would be expected from their diameters in the ambient air (Hatch & 
Gross. 1964; Stuart. 1973: Task Group on lung Dynamics, 1 966: \Ti gd or ik. 
1948). Sophisticated theoretical models for the deposition of particles in the 
lung such as the ICRP model have been constructed (Task Group on Lung 
Dynamics. 1966). Deposition is caused by impaction, sedimentation, and 
diffusion. Impaction is an important mechanism for the deposition of the 
larger or heavier particles (5-30 jim aerodynamic diametcr) and where the air 
velocity is relatively high. Impaction occurs therefore at sites where the air 
stream is turbulent and is of most importance in the nose, mouth, pharynx, 
and the upper part of the tracheobronchial tree. Sedimentation or settling out 
of particles is also a function of particle size and density, as well as of 
residence time in the airways. It is important for the deposition of larger 
particles (1-5 pin) providing they have not been deposited by impaction and 
is active in the trachea, bronchi, and bronchioles. Diffusion is of importance 
for particles smaller than a few tenths of 1 jim (its effect increasing with 
decreasing particle size), with respect to the smaller bronchioles and especially 
the alveoli. In the size range of 2-5 pm, experimental data have fitted quite 
well with the ICRP model, but deposition has varied widely (with an order of 
magnitude of 2 to 3) among human subjects (Lipprnann er al.. 1971). In 
experiments on animals, large reproducible differences in deposition have 
been seen among individuals within the same species (Albert eaL, 1968: 
Tomemiius, 1973). In the submicron range, theoretical models have not yet 
been satisfactorily verified by experiments. 

6.2 Clearance from the Respiratory Tract and Distribution 

	

6.2.1 	Sulfur dioxide 

Sulfur dioxide is absorbed from the respiratory tract into the blood stream. 
It can then be widely distributed throughout the body (Balchum et al., 1960a, 
1960b; Bystrova, 1957; Frank et al.. 1967; Yokoyama et al.. 1971), where it 
appears to be metabolized and excreted via the urinary traci. 

	

6.2.2 	Particulate matter 

Knowledge concerning the elimination of insoluble particles deposited in 
the alveoli is incomplete (Hatch & Gross, 1964; Morrow, 1973). It is clear 
that these particles are.to a large extent, phagocytized by alveolar macrophages 
within hours, but it is not known to what extent they are actively carried to 
the ciliated part of the lung or to the lymphatic system. The particles can be 
transported by the mucociliary escalator into the interstitium (where they 
can remain for a long time) or the lymphatic system. Solubility in r'iro is 
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important for the clearance of "insoluble" particles deposited in the alveoli 
(Mercer. 1967; Morrow, 1973). The biological half-lives range from days to 
years depending on the chemical composition of the particles (Brain & 
Valberg, 1974; Task Group on Lung Dynamics, 1966; Task Group on Metal 
Accumulation, 1973). 

Mucociliary transport, and therefore clearance of particles, can be affected 
by various factors and can be impaired by long-term cigarette smoking and 
acute infection in the respiratory tract (Camner & Philipson, 1972; Camner et 
al., 1973a; Jarstrand et al., 1974). Subjects suffering from chronic obstructive 
lung disease may also have an impaired mucociliary transport (Camner et aL, 
1973b; Toigo et at., 1963). Studies in animals have shown that the inhalation 
of sulfur dioxide can interfere with the clearance of bacteria (Rylander et al 
1971) and inert particles (Ferin & Leach, 1973) from the lungs, but how 
much is due to the action of the sulfur dioxide on the mucociliary mechanism 
and how much to its action on the macrophages is not clear. 

The clearance of soluble particles may follow the above pathways 
depending upon their solubility. They may dissolve in the mucus in which 
case they will probably be eliminated via the mucociliary route and be 
swallowed and removed or absorbed via the intestinal tract. In the alveoli, the 
particles may diffuse into the lymph or blood and thus be removed from the 
lung. 

7. FFFECTS ON EXPERIMENTAL ANIMALS 

It has been difficult to separate the relative effects of sulfur dioxide, 
sulfuric acid mists, sulfate salts, and particulate matter in the ambient air by 
cpidemiological techniques. The effects of these substances individually and 
in various combinations have been studied in the laboratory. These studies 
have been useful in explaining some of the mechanisms of action but their 
application has been rather limited for the establishment of safe ambient 
levels, particularly for complex mixtures such as exist in the ambient air. in 
the past, the levels used in laboratory studies on animals have usually 
been far in excess of those seen in the ambient air and therefore have had 
little relevance for ambient air quality standards. Later studies have been 
at more relevant levels. 

The following discussion separates work on animals into short-term and 
long-term exposure studies. Short-term exposure studies are those that 
involve exposures of 24-h or less and usually last from minutes to at the most 
a few hours. Long-term exposure studies refer to exposures that last longer 
than 24-h and are usually extended over months. In the short-term exposure 
studies, only immediate or acute effects have been studied. In long-term 
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exposure studies, animals may be studied during the period of exposure to 
determine whether there are progressive changes or not and at the end of the 
exposure period to quantify any chronic effect. 

7.1 Short-term Exposure Studies 

7.1.1 	Exposure to sulfur dioxide singly or in combination with other agents 

Sulfur dioxide is a respiratory irritant that is very soluble in the aqueous 
surfaces of the respiratory airways. Because of this high solubility, most of 
the sulfur dioxide is absorbed in the nose and upper airways (section 6.1) and 
very little reaches the lungs directly. At extremely high concentrations, the 
absorptive capacity of the upper airways can be overwhelmed and death or 
pathological changes including laryngotracheal and pulmonary oederna can 
be induced in the respiratory tract of experimental animals. 

Exposure-effect curves have been developed for guineapigs (Amdur, 
1966) and dogs (Frank & Speizer. 1965). In Amdur's study, a linear 
relationship was obtained between exposure for 1 h to sulfur dioxide 
concentrations ranging from 0.46 to 2380 mg/rn 3  (0.16-835 ppm) and 
corresponding increases in pulmonary flow resistance. The second study 
showed that nasal flow resistance increased roughly in proportion to exposure 
to sulfur dioxide concentrations ranging from 20 to 660 mg/rn 3  (7-230 ppm) 
for a 15-20 minute period. 

Studies with guineapigs at lower concentrations have shown that a sodium 
chloride aerosol, administered concomitantly enhances the effects of sulfur 
dioxide on the lungs in the form of bronchoconstriction and increased airway 
resistance (Amdur, 1957). It was postulated that the sodium chloride could 
act as a carrier to deliver the absorbed sulfur dioxide deep into the lungs, or 
that the increased humidity in the respiratory tract could react with the 
sulfur dioxide to form sulfurous acid, especially if catalysts were present 
(Amdur & Underhil, 1968). McJilton et al. (1973) have reaffirmed the 
importance of humidity in this reaction, exposing guirleapigs for I h to sulfur 
dioxide at 3.1 mg/rn 3  (1.1 ppm) and a sodium chloride aerosol of about 1 
mg/rn3 . They allowed the mixture to "age" in a reaction chamber for 8-10 
minutes at various relative humidities. The chamber temperature was 22 0C 
and the average aerosol particle size was 0.1 .tm with a maximum size of less 
than 2 .lm. At relative humidities above 80%, they noted a marked increase in 
pulmonary resistance, whereas administration of the individual components 
produced little or no effect. The droplets formed at high humidity and in 
the presence of the aerosol had a pH of 3.2 ± 0.5. Analysis of these particles 
by mass spectrometer revealed sulfur dioxide and bisulfite ions (HSO 3 ) in 
the solution but no sulfuric acid, In the lugh humidity, the sodium chloride 
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aerosol apparently became hydrated and could then absorb sulfur dioxide. 
The authors indicated that the mixture had to "age" to ensure absorption 
of the sulfur dioxide; otherwise there would be too much competition with 
the moist surfaces in the nasopharynx which could sweep out the sulfur 
dioxide. Thus, this is another mechanism whereby the effect of sulfur dioxide 
can be enhanced. If such mixtures were allowed to "age" longer, it seems 
likely that the sulfur dioxide could be changed to sulfuric acid. Studies using 
other animal species such as the cat have not shown this enhancement of the 
effect of sulfur dioxide by sodium chloride (Corn et at., 1972). 

Matsumura (1970a) exposed guineapigs to ozone at 2.1, 11, or 21 mg/rn 3  
(1, 5, or 10 ppm), nitrogen dioxide at 40, 80, or 140 jig/rn 3  (20, 40, or 70 
ppm), or sulfur dioxide at 60, 170, 510, or 940 mg/rn 3  (20, 60, 180, or 330 
ppm) for 30-50 minutes. Each group with unexposed controls was then 
exposed to an aerosolized antigen (2 jim) of egg albumin and bovine albumin 
for 45 minutes, 5-7 times at intervals of a day or more. Two weeks after the 
last exposure, the animals were killed and blood was drawn for assay of the 
immunological response. Enhanced sensitization was noted only at the 
highest levels of exposure. During these exposures a number of animals died 
of anaphylactic reactions at the fifth or sixth inhalation. In another stud'', 
sulfur dioxide at a concentration of 1100 rng/m (400 ppm) did not have any 
effect on dyspnoeic attacks (Matsumura, 1970b). 

7.1.2 	Exposure to sulfuric acid aerosols or suspended sulfates 

Sulfuric acid mist and some of the sulfate salts are more powerful 
respiratory irritants than sulfur dioxide, and this effect is also related to 
particle size (smaller particles tending to be more irritating) (Aindur, 1958). 
Treon et al. (1950) exposed rabbits, rats, mice, and guineapigs to sulfuric acid 
mist, 93-99% of which was less than 2 jim in diameter, many droplets being 
about 1 pm in diameter. Concentrations ranged from 87 to 1610 mg/rn 3 . 
Despite the relatively small number of animals used, a clear-cut species 
difference was shown at these high concentrations. The order of increasing 
sensitivity was rabbits, rats, mice, guineapigs. 

It was reported by Amdur et al. (1952a) that the 8-h LC50  of sulfuric acid 
mist with a mass median diameter (MMD) of about 1 jim was 18 mg/rn 3  for 
1-2month old guineapigs.Pattle et al. (1956) showed that sulfuric acid mist of 
MMD 2.7 jim was more toxic to guineapigs than a mist of 0.8 jim, and that the 
toxicity of the smaller particles increased when the exposure occurred at 0 0€ .  
However, this might be a response of the guineapig to low temperature rather 
than to the sulfuric acid mist. Concomitant exposures with ammoniurn carbon-
ate had a protective action, apparently because it neutralized the sulfuric 
acid. 
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Table 11. Sulfuric acid and some sulfates in descending order of their irritative capacity for animals. 

Presented for equivalent amounts of sulfur and at comparable particle size i.e., sub-micron; 

short-term eeposures a 

Sulfuri5 acid H2504 

Zinc an-s,rtonsum sulfate ZnSO4INH4I, SO 

Iron (111) sulfate Fe 2  1S(343 

Zase sulfate Zn804 

Ammoeirn, sulfate INH4I2 SO4 

Nonreactive 
Iron Ill) sulfate Fe504 

Mangartese (Il) sulfate MtrSO4 

From An,dur (1969, 1970, 1970. 

Studies on guineapigs have shown that, for equivalent amounts of sulfur 
and in comparable particle size, sulfuric acid is more irritative than any of the 
sulfate compounds, some of which appear to be nonreactive in animals 
(Table 11). Whether these compounds would behave in the same manner in 
complex mixtures such as those found in polluted air is not known. Some of 
the nonreactive compounds such as manganese salts or oxides can catalyze 
the reaction of sulfur dioxide to sulfuric acid. 

In short-term exposure studies by Amdur (1958), concentration seemed to 
be more important than duration and death was related to laryngospasm and 
bronchospasm. Sulfuric acid mist also caused parenchymal lung damage 
that seemed to be related to the total dose (Aindur, 1958; Pattle et al., 
1956). 

7.2 Long-term Exposure Studies 

7.2.1 	Exposure to sulfur dioxide 

Rats were exposed for 96 days to sulfur dioxide at concentrations of 0.1, 
0.5, and 1.5 mg/rn 3  1 0.18 & 0.53 ppm). Histological examination 
showed interstitial pneumonia, bronchitis, tracheitis, and peribronchitis after 
exposures to the two higher levels (Elfimova & Gusev, 1969). 

Misiakiewicz (1970) exposed rats continuously during 5 months to sulfur 
dioxide at concentrations of 0.3, 0.5, 1.0, 2.0, and 20.0 mg/rn 3  (0.11,0.18, 
0.35, 0.7 and 7.0 ppm). Exposures to 2.0 mg/m 3  (0.7 ppm) and 20.0 mg/rn 3  
(7.0 ppm) mcreased the activity of serum cholinesterase (EC 3.1.1.8) and 
aspartate aminotransferase (EC 2.6.1 .1) and caused morphological changes in 
the upper respiratory tract. 

After a 120-h exposure to a sulfur dioxide concentration of 3 mg/rn 3  
(1.1 ppm), guincapigs showed proliferative interstitial pneumonia, bronchitis, 
and tracheitis and an increased histamine content in the lungs, while exposure 
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to 167 j.tglrn 3  (0.06 ppm) of sulfur dioxide for one month led to interstitial 
changes in the respiratory tract (Buitueva, 1961a). Butueva (1966) also 
exposed rats for 65 days (24 h per day) to sulfur dioxide at 4.86 mg/rn 3  (1.7 
ppm). Tracheitis, desquamation of epithelial cells, an increased amount of 
purulent mucus, and interstitial pneumonia were found. It was not clear, 
however, whether this was due to the sulfur dioxide or to the pulmonary 
infection that can develop in rats. 

Beagle dogs exposed to a sulfur dioxide concentration of 13.4 mg/rn 3  
(4.7 ppm) for 21 h per day, for 620 days, did not develop any specific 
histopathological changes (Lewis et al., 4973). 

Guineapigs have been exposed to sulfur dioxide levels up to 163 mg/rn 3  
(5.7 ppm) for 12 months without definite effects except for slight cytoplasmic 
vacuolation in the liver (Alarie et al., 1970). Cynomolgus monkeys exposed 
continuously for 78 weeks to sulfur dioxide levels up to 3.7 mg/rn 3  (1.3 ppm) 
did not show any significant pathological changes (Alarie et al., 1972). 
However, rats exposed to sulfur dioxide at 2.9 mg/rn 3  (1 ppm) for 170 h 
showed a significant reduction in clearance of inert particles from the lurg 
(Ferin & Leach, 1973). Syrian hamsters, made emphysematous by previous 
exposure to aerosolized papain, tolerated concentrations of sulfur dioxide up 
to 1900 mg/rn 3  (650 ppm). Exposures were for 4 h per day, 5 days per week, 
for a total of 19-74 exposures. Only slight changes in the mechanical 
properties of the lung were noted as well as slight bronchitis (Goldring et al., 
1970). As Syrian hamsters are exceptionally resistant to the effects of sulfur 
dioxide, these data must be extrapolated with caution to other species. 

7.2.2 	Exposure to sulfuric acid aerosols 
Alarie et al. (1973) exposed cynomoigus monkeys for 78 weeks to sulfuric 

acid mist at concentrations of 0.38 to 4.79 mg/rn 3  and particle sizes of 0.54 
to 3.60 tim. At concentrations of 2.43 and 4.79 mg/rn 3  and particle sizes c 
3.60 and 0.73 urn,  definite damage to the pulmonary structure was evident and 
there was deterioration in pulmonary function. At the lower concentrations, 
changes were slight or absent. The authors also exposed guineapigs for 52 
weeks to concentrations of 0.08-0.1 mg/rn 3  and particle sizes of 0.84 and 
2.78 am; no detectable effects were seen. 

When beagle dogs were exposed to sulfuric acid at a concentration of 
about 0.9 mg/rn 3  for 21 h per day, for 620 days, there was a significant 
reduction in pulmonary function; 90% of the sulfuric acid mist was less than 
0.5 lam in diameter (Lewis et al., 1973). Histopathological changes were 
produced in the alveolar part of the lung, especially in the elastic tissue, of rats 
exposed for 65 days (24 h per day) to a sulfuric acid concentration of 
1 mg/rn 3  Ninety per cent of the particles were less than 2 im in diameter in 
this study (Butueva, 1966). 
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Guineapigs were exposed to sulfuric acid aerosol for 120 h at 3 different 
concentrations (1.98 ± 0.03; 4.20 ± 0.06; and 8.27 ± 0.15 mg/rn 3 ). Exposure 
to the highest concentration led to oedema of the lungs, changes in the 
interalveolar walls, sharp, diffesed, interstitial changes, and increased histamine 
content in the lung tissue. Three weeks after exposure, sclerosis appeared 
(Buitueva, 1957). After a 1-month exposure to 0.1 mg/rn 3 , no changes were 
found (Bultueva, 1961a). 

7.2.3 	Exposure to a mixture of sulfur dioxide and sulfuric acid aerosols or 
this mixture combined with other agents 

Rats were exposed for 65 days (24 h per day) to a combination of sulfur 
dioxide at 4.86 mg/rn 3  (1.7 ppm) and a sulfuric acid aerosol at I mg/rn 3  
(90% of the aerosol particles were less than 2 l.trn in diameter). There was a 
summation of the effects (histopathological changes in alveolar tissue) 
produced by exposure to each of the pollutants alone (Buitueva, 1966). 

Lewis et al. (1973) exposed beagle dogs to a combination of sulfur dioxide 
at 13.4 mg/rn 3  (4.7 ppm) and sulfuric acid at about 0.9 mg/rn 3 . Ninety 
percent of the sulfuric acid mist was less than 0.5 .rm in diameter. The 
duration of exposure was 21 h per day, for 620 days. Some of the dogs had 
been pre-exposed to nitrogen dioxide. This group tended to show less 
response in the form of changes in pulmonary function than dogs not pre-
exposed to nitrogen dioxide. 

Alarie et al. (1975) exposed cynomolgus monkeys and guineapigs to 
mixtures of sulfur dioxide, fly ash, and sulfuric acid mist, for 18 months 
after an 8-week baseline period. Exposure concentrations varied from 0.29 to 
143 mg1rn 3  (0.1 to 5.0 ppm) for sulfur dioxide and from 0.1 to 1 mg/rn 3  for 
sulfuric acid mist; the concentration of fly ash was approximately 0.5 mg/rn 3 . 

Particle size (MMD) varied from 0.53 to 3.11 am in the acid mist and from 
4.1 to 5.8 J.trn in the fly ash. Pulmonary function tests and serum biochemical 
and haematological analyses were conducted prior to, and periodically during, 
the exposure. Lungs were examined microscopically at the end of the 
experiment. Sulfuric acid mist appeared to be responsible for the effects 
observed. These were largely histopathological changes in the lungs. No 
synergistic action was noted between the pollutants. 

7.2.4 	Combined exposure to sulfur dioxide and particulate matter or other 
gaseous pollutants 

In studies by Frazer et al.(l968), white albino rats were exposed to sulfur 
dioxide at 2.9 and 8.6 mg/rn 3  (1 and 3 ppm) and graphite dust at I mg/rn 3  . The 
mean particle size of the dust was less than 1 .tin and the MMD was 3 lim. 
The animals were exposed for 12 hours per day, 7 days per week, for 4 
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months. Both ciliary activity, and the number of dust-containing cells per 
100 lung cells appeared to be unaffected after 56-109 days of exposure. 

Various aerosols that may react with sulfur dioxide have been studied 
either singly or in combination with sulfur dioxide in experimental animals, 
particularly in guineapigs. Amdur (1969, 1971) emphasized that the particle 
size of the aerosol as well as the concentration was extremely important in 
the determination of toxicity and that the most important size range was the 
subrnicron level. The changes induced in pulmonary mechanics were slow to 
return to pre-exposure levels. This indicates either that deposited aerosols 
may not be cleared promptly but remain in the lungs exerting their effect for 
a period of time, or that the repair mechanisms are slow, or that both 
conditions are present. There was also a variation in the toxicity of different 
sulfates for the same particle size and sulfur content (Arndur, 1969) (Table 11). 

Studies by Battigelli et al. (1969) in which rats were exposed to sulfur 
dioxide at 2.9 mg/rn 3  (1 ppm) and graphite dust at 1 mg/rn 3  (particle size not 
stated) did not show any effect other than the accumulation of dust in the 
lung after exposure for 4 months, for 12 hours per day. Amdur & Underhill 
(1968) pointed out that not all aerosols enhance the effect of sulfur dioxide 
and that only those aerosols composed of droplets in which the sulfur dioxide 
could dissolve were active. 

Mice were exposed by Zarkower (1972) to carbon particles (1.8 to 2.2 m 
MMD) at a concentration of 558 ± 154 pg/rn3  and sulfur dioxide at 5.7 
mg/m 3  (2 ppm). The animals were exposed to carbon alone, carbon with 
sulfur dioxide, and sulfur dioxide alone; controls were unexposed. Killed 
Escheriehja coli was used as an antigen and antibody production was 
measured. Exposures for 192 days produced significant immunosuppression. 
Shorter periods of exposure resulted in variable effects including stimulation 
of antibody production. 

A variety of metallic aerosols can catalyze the oxidation of sulfur dioxide 
including the soluble salts of ferrous iron, manganese, and vanadium. 

Rylander & Bergstrom (1973) exposed animals with latent upper 
respiratory disease and controls for 4 weeks to various combinations of 
sulfur dioxide at 57 mg/rn 3  (20 ppm), manganese dioxide at 12-20 mg/rn 3  
(particle size between 5.0 and 0.5 l.m), and carbon monoxide at 187-250 
mg/rn3  (150-200 ppm). Animals with latent upper respiratory disease 
showed more extensive histological changes and an increase in the number of 
free lung cells. The combination of sulfur dioxide and manganese dioxide -. 
produced the greatest changes. 

An addition of effects in rats was reported by Salamberidze (1969) from 
joint exposure to sulfur dioxide at 0.15 mg/rn 3  (0.05 ppm) and nitrogen 
dioxide at 0.1 mg/rn 3  (0.05 ppm) over a 3-month period. 

The precise mechanism by which the oxides of sulfur and particulate 
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matter can affect the lungs is not known. Sulfur dioxide (and presumably 
sulfuric acid as well) can interfere with the clearance of bacteria (Rylander et 
aL, 1971) and inert particles (Ferin & Leach, 1973) from the lungs (see also 
section 6). Chronic exposure to sulfur dioxide increased the number and 
area of goblet cells in guineapigs and lambs (Mawdesley-Thomas et al., 1971). 

The considerable variations in the results of these experiments on animals 
reflect differences in sensitivity of individual species, exposure levels, and 
methods used to assess the effects. 

It should be emphasized that extrapolation of these results from animals to 
human beings is not easy. These findings, however, do give some insight into 
possible mechanisms of action and reactions that can occur. 

8. EFFECTS ON MAN 

8.1 Controlled Exposures 

A number of studies have been performed on volunteers under controlled 
conditions of exposure to sulfur dioxide or sulfuric acid aerosols, singly or in 
combination, or to mixtures of these with other compounds such as ozone 
and hydrogen peroxide. These studies, all conducted under short-term exposure 
(up to 24 h), include those on changes in respiratory function and effects on 
sensory and reflex organs. 

8.1.1 	Effects on respiratory organs 

8.1.1.1 Exposure to sulfur dioxide 

Arndur et al. (1953) exposed 14 healthy volunteers (inhaling through the 
mouth) to sulfur dioxide at concentrations of 2.9-23 mg/rn 3  (1-8 ppm) for 10 
mm. They noted an increased pulse frequency, decreased tidal volume, and an 
increased respiratory frequency which returned to normal levels after exposure. 
The sequence of exposures was randomized. Effects increased with increasing 
levels of sulfur dioxide and were detectable at the lowest concentration tested 
(2.9 mg/rn 3 ; 1 ppm). Sulfur dioxide levels were monitored by the conducti-
metric method. However, Lawther (1955) was unable to reproduce these 
effects in any consistent manner, either in urban or in rural dwellings. Eleven 
healthy volunteers were exposed to sulfur dioxide at levels of 2.9, 14, and 37 
mg/rn 3  (1, 5, and 13 ppm) in studies by Frank et al. (1962). Respiratory 
mechanics were measured by means of a body plethysmograph and an 
oesophageal balloon. Exposures lasted 10-30 mm. Only one of the 11 subjects 
exposed showed an increased pulmonary resistance at 2.9 mg/rn 3  (1 ppm). 
Increased pulmonary resistance was noted in all subjects and was greater at 
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14 healthy mules Amdar at al. (1953) 

11 healthy males Frank at ul. (1962) 

9 healthy subects Snell & Luchainger 119691 
(5 maIm & 
4 females) 

15 healthy melet Andersen at al. 	1974) 

4 healthy subjects Bates & Hanucha (19731 

4 healthy subjects Bates & Hazucha j 1973 

the higher concentration. The change occurred within I min of exposure and 
increased up to 10 mm, after which no further increase was noted. 

In studies by Snell & Luchsinger (1969), exposure to a sulfur dioxide 
Concentration of 2.9 mg/rn 3  (1 ppm) for 15 min produced a slight effect on 
total respiratory resistance in 9 healthy volunteers. 

Andersen et al. (1974) exposed healthy male subjects to sulfur dioxide 
at levels of 2.9, 14, and 71 mg/rn 3  (1, 5, and 25 ppm) for up to 6 h. With 
exposures of 1-3 h at 2.9 mg/rn 3  (1 ppm), there was a decrease in the flow of 
nasal mucus and a decrease in the cross section of the nasal passages. Thus it 
appears that exposure to concentrations of 2.9 mg/rn 3  (1 ppm) or more may 
result in impairment of mucociliary transport in the nose. 

Four healthy volunteers were exposed to sulfur dioxide and the forced 
vital capacity (FVC), one second forced expiratory volume (FEy 10 ), mid-
maximal flow rates (MMFR), maximal expiratory flow rate at 50% (MEFR50 ) 

and closing volume and capacity were measured. Although no changes were 
found in these tests at 1.1 mg/rn 3  (0.37 ppm), slight changes in FVC, FEV 3 , 

MMFR, and MEFRSO  were noticed at 2.1 mg/rn 3  (0.75 ppm) after exposure 
for 30 mm; no effect on closing volume was detected (Bates & [-lazucha, 1973). 

The results of these studies on human volunteers are summarized in 
Table 12. 

Table 12. Selected laboratory studies on the effects of short-term exposures to sulfur dioxide on 
respiratory function in volunteers 

	

Concentration 	Length of 	 Effects 	 Subjects 	 neference 
exposure 

	

l mgim t)a fpprnl 	Iminl 

2.9-23 	1-8 	10 Increased pulse rate,decreased 
tidal volume, and increased 
respiratory rate 

2.9 	1 	10-30 Increased pulmonary resistance 

2.9 	1 	15 increased respiratory resistance 

	

2.9 	1 	60-180 	Deeresed easel mucus flow 
and decreased cross aectiorl of 
nasal paseages 

	

2,1 	0.75 	120 	 Slight effect in 30 min on 
FVC, FEV1.0, MMFFI, and 
MEFR50 no effectors 
closing volume 

	

1.1 	0.37 	120 	 No effect on aboye tests of 
pulmonary function through. 
Out exposure period 

e Original levels reported as ppm have been converted to majmt and rounded off. 

8.1.1.2 Exposure to sulfuric acid aerosols 

Amdur et al. (1 952b)exposed 15 healthy men to sulfuric acid mlst, through 
mouth breathing, at concentrations of 0.35-5 mg/rn 3  (particle size of 



approximately 1 urn) for periods of 5-15 mm. At concentrations below 
I mg/rn 3 , the mist did not produce any subjective sensations although 5 of 
the 15 subjects showed a slightly increased respiratory rate and a decreased 
tidal volume at 0.35 mg/rn 3 . All subjects noted irritation at a concentration 
of 3 mg/rn 3 . Respiration was monitored by means of a pneumotachograph. 
The respiratory changes as well as the subjective sensations increased with 
increasing concentrations of sulfuric acid. Healthy male volunteers were also 
exposed to sulfuric acid mist by Sini & Pattle (1957), either by mask or in a 
chamber for periods ranging from 10 to 60 mm. Twelve men were exposed to 
the mist. The temperature of the air was 18.4 0C with a relative humidity of 
62%. The MMD of the aerosol was 0.99 .tm and the concentration was 
39.4 mg/rn 3 . The men noted minor irritation, and lung resistance (as measured 
by the interrupter technique) rose by 35-I 00%. With re-exposure for 30 mm 
to the mist at a temperature of 24.5 0C, a relative humidity of 91%, a 
concentration of 20.8 mg/rn 3 , and a MMD of 1.54 severe coughing and 
irritation of the throat occurred. The men found it almost intolerable. Lung 
resistance had risen by 43-150% when measured after 10 minutes of exposure 
and when coughing had ceased. No changes in respiration, blood pressure, or 
pulse rate were noted. Two of the men exposed to these conditions had 
persistent symptoms for some days after exposure ended. 

It is difficult to evalute these two studies. Amdur did not report the 
temperature, though it was probably in the neighbourhood of 24 °C, or the 
relative humidity. The studies of Sim & Pattle were at relatively high levels 
but they demonstrated the importance of the relative humidity or perhaps 
even more important, the absolute humidity. The results of these studies are 
summarized in Table 13. None of these studies used sulfates. 

Table 13. Selected laboratory studies on the effects of short-term exposures to sulfuric acid mist on 

respiratory function in volunteers 

Concer,trat;on Particle Size Length of Relative 	Temperature 	Effects 	Subjects 	Reference 
lrnq/rn 3 l 	lymi 	exposure Humidity 	loci 

lminl 	1%l 

035 	 1 	 5-15 	7 	Room I 24l 	5 of 15 subjects 15 healthy 	Amdur at at. 
increased subjects 	I 19521,1 
respiratory rate 
and decreased 
tidal nolume 

39,4 	0.99 	60 	 62 	18.4 	 Increased 12 healthy 	Sim & Pattle 
pulmonary males 	119571 
resistance and 
r,,inor irritation 

20.8 	 1.54 	 30 	 91 	24.5 	 Marked increase 12 healthy 	Sim & PeStle 
of pulmonary males 	119571 
resistance and 
severe irritation 
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8.1.1.3 Exposure to mixtures of sulfur dioxide and other compounds 

Frank et al. (1964) repeated the above exposures in combination with a 
sodium chloride aerosol. Concentrations of sulfur dioxide were: 2.9-5.7 mg/rn 3  
(1-2 ppm), 11-17 mg/rn3  (4-6 ppm), and 4049 mg/rn3  (14-17 ppm). The sodium 
chloride aerosol had a geometric mean diameter of 0.15 im with a geometric 
standard deviation of 2.3 .tm and an average concentration of 18 mg/rn 3 . Ar in -, 
the earlier studies, little change in pulmonary flow resistance was noted at the 
lower levels of sulfur dioxide alone (2.9-5.7 mg/rn 3 ; 1-2 ppm) but a progressive 
increase was noted at higher levels. The authors did not find any systematic 
differences between the responses to sulfur dioxide alone or to the gas plus the 
aerosol. As mentioned in section 8.1.1.1, Snell & Luchsinger (1969) noted a 
slight effect of sulfur dioxide at 2.9 mg/rn3  (1 ppm) on total respiratory resis-
tance but could not demonstrate an enhancing effect of either a sodium chloride 
aerosol or a distilled water aerosol. Burton etal. (1969) exposed volunteers to 
a concentration of sulfur dioxide of 6 mg/rn 3  (2.1 ppm) with or without a 
sodium chloride aerosol (MMD of less than 0.4 !lrn) at a concentration of 
2.2 mg/rn 3 . The inhaled air was warmed and moistened. However, they too 
failed to demonstrate any effect of the sodium chloride aerosol on the 
response to sulfur dioxide. 

Thus, three groups have not been able to demonstrate any enhancing 
effect of sodium chioride aerosol on respiratory resistance in man as had been 
demonstrated in guineapigs. This does not exclude the possibility that other 
particulate matter might enhance the effect of sulfur dioxide on the human 
respiratory system. These studies should be repeated at levels of humidity 
above 80% and the mixture should be allowed to "age". 

The possible interaction of sulfur dioxide and hydrogen peroxide has been 
examined by Toyama & Nakamura (1964) and that of sulfur dioxide and 
ozone by Bates & Hazucha (1973). Toyama & Nakamura (1964) studied 24 
healthy male volunteers by means of a pneumotachograph and the interrupter 
technique to measure alveolar pressure; airway resistance was determined 
from these measurements. The particle sizes of the hydrogen peroxide were 
reported to be 1.8 and 4.6 jim. Concentrations of hydrogen peroxide were 
0.8-1.4 mg/rn 3  for the larger particles and 0.01-0.1 mg/rn 3  for the smaller 
ones. Levels of sulfur dioxide ranged from 2.9 to 170 mg/rn 3  (1-60 ppm). 
The subjects were not aware whether ttty were breathing hydrogen peroxide, 
sulfur dioxide, or combinations. It was not stated whether the order of 
administration was randomized or not. The investigators noted a marked 
increase in airway resistance with the mixture compared with the individual 
components. They also noted that the larger particles had more effect than 
the smaller particles. This was probably due to the greater dose delivered, 
although they did not comment on this. It was the authors' opinion that the 
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enhancement of the response to the combination was due to the conversion 
of sulfur dioxide to sulfuric acid, although no measurement for sulfuric acid 
was made. 

In similar studies by Bates & Hazucha (1973) healthy male volunteers were 
exposed in a chamber to sulfur dioxide, or ozone, or a combination of the 
two. Changes in FVC, FEV 1•0 , MMFR, MEFR at 5017o vital capacity and peak 
expiratory flow rates were studied and some effects were noted during 
exposure to ozone at 540-1610 jig/rn 3  (0.25-0.75 ppm). Sulfur dioxide by 
itself had little effect over a similar range. Joint exposure to sulfur dioxide 
and ozone at 1060 jig/rn 3  (0.37 ppm) and 790 jig/rn 3  (0.37 ppm), respectively, 
produced a greater effect than ozone alone. Changes were noted after 
exposure for 30 min and were marked after 2 h of exposure. Exercise during 
exposure enhanced the effect. 

8.1.2. Effects on sensory or reflex functions 

Studies in the USSR have concentrated on the effects of sulfuric acid aero-
sols and sulfur dioxide on sensory receptors, cerebral cortical function, and 
their interrelationships. When sulfuric acid mist produced subjective sensory 
stimulation such as odour or irritation of mucous membranes, or both, then, 
invariably, objective evidence of central nervous system depression could be 

-• 	demonstrated (Rjazanov, 1962). 
Butueva (1961b) did not note any change in optical chronaxy in 

volunteers exposed to concentrations of sulfur dioxide of 0.5 mg/m s  (0.18 
ppm) and sulfuric acid of 0.3 mg/m However, when levels of 1.5 mg/rn 3  
for sulfur dioxide, 0.73 mg/rn 3  for sulfuric acid, and combined levels of 
1.2 mg/rn3  and 0.6 mg/rn 3 , respectively, were exceeded, optical chronaxy 
increased (Table 14). Similar effects were seen in dark adaptation responses 
(Rjazanov, 1962). 

Studies have also been carried out in which the cerebral cortex was 
monitored by electroencephalography. Alpha rhythm suppression was used 
as an index of response. Threshold levels at which a response was noted are 
given in Table 14. (Butueva et al. 1960). 

The electrocortical conditioned reflex is a central nervous system 
phenomenon elicited only after a succession of repeated, conditioned reflex 
trials. After exposure to a combination of irritants (sulfur dioxide or sulfuric 
acid) and light has been repeated several times, desynchronization begins to 
appear before the light is switched on. This can be produced at levels generally 
not sensorially perceived. Thus, unperceived odour or stimulus appears to 
become the conditioning stimulus and generates the conditioned electrocortical 
reflex (Rjazanov, 1962). 
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Table 14. Threshold leveit of sulfur dioxide and sulfuric acid required for effects on sensory or reflex 
functions in volunteers during short•term esvposures °  

Effectv Solfuric ec,d 

Threshold levels 	mg/mt 

Salfur dovde 	 Svlforir acid + Sulfur douice 

Perreptiv of odour ard 0,6 to 0.85 1 6 to 2.8 03 + 05 
irrOatFon of rnucosa 

Suppression of dark 063 to 3.73 092 0.3 + 0.5 
adaptation 

Elevation of optical 073 1 5 0.6 	1.2 
Chro navy 

Disruption of alpha 0.63 0,9 0.3 + 0.5 
rhythm 

Corvrlitinisg of 0.4 06 015 * 0.5 
electrocortica I refi tx or 0.3 + 0.25 

a Svmrrrarized from studies in the USSR l8uitueva, 1 9611b Ssdtaeoa or aI., 1960 Rjatanoa, 19621 

Elfimova & Haaturjan (1968) exposed volunteers to sulfur dioxide, 
phenol, and carbon monoxide and noted a summation of effects as measured 
by reflex action. No interaction was noted between sulfur dioxide at 0.5 
mg/m 3  (0.18 ppm) and carbon monoxide at 3 mg/rn 3  (2.4 ppm) as measured 
in volunteers by the sensory reflex technique (Mamacavili, 1968). 

8.2 Industrial Exposure 

Workers are exposed to sulfur dioxide or sulfuric acid mist in a number of 
industries; sometimes expusure is not solely to sulfur dioxide or sulfuric acid. 
Exposed populations have been studied with respect to the effects of exposure 
on their health status or on their respiratory system. However, in many of 
these studies, only the currently employed workers were examined and a 
serious effort was not made to locate subjects who had left the industry and 
who may have suffered more from the disease or could have been more 
sensitive to the materials. It should also be emphasized that, in general, in the 
following reports, the exposure levels studied were from spot samples or for 
very short time intervals. 

8.2.1 	Exposure to sulfur dioxide singly or in combination with particulate 
matter 

Kehoe et al. (1932) studied men working in a refrigerator company in the 
USA where sulfur dioxide was the refrigerant. Exposures averaged 60-90 
mg/rn 3  (20-32 ppm) with peaks as high as 200 mg/rn 3  (70 ppm). These peaks 
had probably been higher in the past ranging up to 290 mg/rn 3  (100 ppm) or 
more. The exposed group had significantly more respiratory symptoms and 
colds. They also complained more of fatigue and shortness of breath on 
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exertion. Chest X-rays of the exposed and unexposed groups showed the 
same distribution of abnormalities. The authors concluded on their inadequate 
evidence that there was no injury to the tracheobronchial tree or alveoli. 

In studies on men working in smelters in Sweden, Sjorstrand (1947) found 
that those who had worked at the roasting and reverberatory furnaces and in 
the converter hall for 8 years or more had poorer respiratory function than 
men working in other parts of the smelter. Levels of exposure and the 
smoking 11istories of the subjects were not reported. Men working in smelters 
are exposed to a variety of dusts as well as to sulfur dioxide and it is difficult 
to separate the effects of such exposures from those due to sulfur dioxide. 

Men exposed to sulfur dioxide at daily mean concentrations up to 
70 mg/rn 3  (25 ppm) with occasional peaks of 290 mg/in 3  (100 ppm) in 
certain areas of a petroleum refining plant in Abadan (iran) were crnnpared 
by Anderson (1950) with an unexposcd group. No differences were found 
between the two groups. This study also did not refer to the smoking histories 
of the subjects. 

In a study in Norway, pulp mill workers were compared with paper mill 
workers using a standard questionnaire on respiration and simple tests of 
pulmonary function. The smoking histories of the subjects were also studied. 
Levels of sulfur dioxide ranged from 6-100 mg/rn 3  (2-36 ppm) with peaks of 
290 mng/m 3  (100 ppm) when the digester was blown. The exposed group had 
more cough, sputum, and dyspnoea than the unexposed group but the vital 
capacities were srnilar in both gruups. The expiratory peak flows, however, 
of the exposed men under 50 years of age were lower than those in a 
comparable unexposed group (Skalpe 1964). 

A similar study was carried out in the USA by Ferris et al. (1967) who 
reported that there was no difference between men in a pulp mill and men in 
a paper mill. Both groups had less respiratory disease than was reported 
from a survey of the general population. The authors noted that some of the 
men working in the paper mill had worked in the pulp mill but had left 
because they could not tolerate the conditions. Occupational levels of 
exposure to sulfur dioxide ranged from a trace to 95 mg/rn 3  (33 ppm). 
Average levels ranged from 6 to 35 mg/in 3  (2-13 ppm). Smoking habits were 
considered. 

iluhti et al. (1970) studied pulp and paper mill workers in Finland and 
noted that the effects of smoking were much more significant than the 
exposures at work or the effects of climate. Levels of exposure were not 

- 	reported in this study. 
Men working in two integrated steel mills in Wales were studied by Lowe 

et al. (1968, 1970) and Warner et al. (1969). Mean concentrations of sulfur 
dioxide over 3 years ranged from 1.8 to 2.1 mg/m 3  (0.6 to 0.7 ppm) and 
those of suspended particulate matter in the respirable range, ranged from 
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600 to 1800 .tg/m (by elutriatiun technique). Analysis of the particulate 
matter showed that it was mainly composed of iron oxides and calcium 
sulfate. No effects on respiratory symptoms or on simple tests of pulmonary 
function were found after standardization for cigarette smoking and for age. 
These observations may reflect the limitation of studying occupational grou)s 
because of the effect of the selection processes, or this may be an example in 
which the suspended particulate matter present was not interacting with the 
sulfur dioxide to produce an effect. 

8.2.2 	Exposure to sulfuric acid mist 

Dorsch (1913) studied men exposed to sulfuric acid mist in a plant manu-
facturing storage batteries in Germany. He reported that at a concentration of 
0.5 mg/rn 3  the mist was barely noticeable: at 2.0 mg/111 3 . there was nose arid 
throat irritation, at 3-4 mg/rn 3 . there was distinct discomfort, and at 6-8 
mg/rn 3 . there was marked discomfort. These responses are comparable u 
those reported in laboratory studies on human beings in section 8.1 - No 
particle size was given but, as noted in another survey reported below, they 
were probably relatively large. 

Men in the battery industry were also examined by Malcolm & Paul (19611) 
in the United Kingdom who reported that there was significant erosion of the 
teeth of the battery room workers. This was confirmed by ten Bruggen Cate 
(1968). Apparently this was due to the direct impingement of relatively large 
droplets of sulfuric acid on the teeth. 

Williams (1970) studied men from the same works as Malcolm & Paul 
(1961) and reported that there was no difference in the forced vital capacity 
and the one-second forced expiratory volume between the men in the 
forming and control departments. Levels of sulfuric acid mist averaged 1.4 
mg/rn 3  during working hours over two days and ranged from a trace to 
6.1 mg/in 3  in 1968. An earlier survey reported higher values. Particle size 
reported from a survey in another forming department doing comparable 
work was 11 .im MMD; 4% of the particles being less than 4 im MMD. The 
level of sulfuric acid in this department was 2.7 mg/rn 3  - 

8.3 Community Exposure 

Much of the information that has been gained concerning the effects on 
health of exposure to realistic concentrations of sulfur oxides and particulate 
matter has come from epiderniological studies, carried out on segments cf 
population chosen by Virtue of place of residence, age, existing state of -. 
health, or other characteristics, in order to present contrasts in exposure ur 
sensitivity to these pollutants. Some studies have been based on the complete 
populations of urban areas, observing the total number of deaths, or the 
incidence or prevalence of illness within them in relation to differences in 
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pollution between areas, or with time in any one area. 
Many epidemiological studies concerning the health effects of exposure to 

sulfur oxides and particulate matter have been reported in the literature. In 
the discussion that follows, attention has been directed to papers that yield 
information relevant to the development of exposure-effect and exposure-
response relationships for sulfur oxides, smoke, and suspended particulate 
matter, and to some others that are of interest from the point of view of the 
method of approach. 

8.3.1 	Mortality - effects of short-term exposures 

The most clearly defined effects on mortality arising from exposure to 
sulfur oxides and particulate matter have been the sudden increases in the 
number of deaths occurring, on a day-to-day basis, in episodes of high 
pollution. The most notable of these occurred in the Meuse Valley in 1930 
(Firket, 1931), in Donora in 1948 (Schrcnk et al., 1949), and in London in 
1952 (Ministry of Health, UK, 1954). The people primarily affected were 
those with pre-existing heart or lung disease or both, and the elderly. The 
London episode lasted for 5 days and it was estimated that the number of 
deaths during and immediately after this period was about 4000 more than 
expected under normal circumstances. On one day, the number of deaths 
was about three times the number expected at that time of the year. 
Concentrations of sulfur dioxide as high as 3.7 mg/rn 3  (1.3 ppm) were 
recorded in the centre of the urban area (48-11 average). Concentrations of 
particulate matter were too great to be measured properly (british daily 
smoke/sulfur dioxide method), and the 48-li average of about 4.5 mg/rn 3  at a 
central site must be regarded as a conservative estimate. These were rough 
estimates for the exposures and, probably, there was considerable variation 
in individual exposures. 

Following these major episodes, attention was turned to studies on more 
moderate day-to-day variations in mortality within large cities, in relation to 
pollution. Gore & Shaddick (1958) correlated mortality in the County of 
London (the inner part of the Greater London Area) with pollution by smoke 
and sulfur dioxide for4 foggy periods in 1954-5 6, using 7-day moving averages 
to smooth out the data. The authors considered that, in two of the episodes, 
there was a marked increase in mortality from bronchitis and other lung 
diseases, particularly in the elderly. They concluded that when the 24-h mean 
concentration of smoke exceeded 2.0 mg/rn 3  at the same time as the 24-h 
mean concentration of sulfur dioxide exceeded 1.1 mg/rn 3  (0.4 ppm) (British 
daily smoke/sulfur dioxide method), there would be increased mortality. 
Care was taken in this study to ensure that the measurements were reasonably 
representative of the exposure of people anywhere within the study area: the 
figures quoted were the mean values from a group of 7 sites, all situated close 
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around level in nainly residential areas. However, there reinaitied the 
oblem that the people at risk in a study Of this type were the elderly sick, 
ho were likely to remain indoors, and that outdoor measurements might 
it have provided an adequate assessment ofexposure (Biersteker et al.. 1965). 

The relationship betwecn daily mortality in the more extensive area of 
;rcatcr London and day-to-day variations in pollution (smoke and sulfur 
iinxidc) and visil.ñlity was examined by Martin & Bradley (1960) in the 
Niner of I 958-59. They noted that on days when the smoke concentration 
iriercased by more than 100 ig/m 3  compared with the previous clay, or when 
ih 'cihur diüidc concentration increased by 70 tag/rn 3  ((1.025 ppm), there 
was ikl' to be increased mortality ( British daily smoke/sull'ur dioxide 
method ). The incfeLiscs in dads rnortahty were up to about I 25 times 
cx uted vitiLles assessed train I 5-da moving averages. Thick fo (visibility 
I .rss t lion 200 metres) was also associated with increases in rnartahty. The 
rci:mtmve :rportancc ci tIre 3 factors could not ho determined but on the basis 
ot o icr work the aLithars considered that thm e soke was probably the most 
mupriant. Ii is not clear whcther the resuks are best interpreted ii; terms Of 

ch,mnac in pollution from one dip to the next, rather than in termirs of absolute 
vaine, but there is support for the In rmei approach from stud cii carried out 
elsewhere When results were considered on an absolute basis ) Lawiher, I 9h3). 
it was concluded that increases in niortahitv became evident when the 24-h 
mciii concentrations of smoke and sulfur dioxide exceede(l 750 g/m 3  and 
71 (i g/m (0.25 ppm). respectively. The measurement sites were the same as 
tliaie used by Gore & Shaddick (19581. They could still be considered 
reasonably representative of outdoor eoncentratiOiss in the areas where people. 
lived, although the inclusion of outer. hessdensely populated areas meant that 
the average exposures would tend to have been underestimated. 

Studies on day-to-day variations in mortality in London were continued in 
successive winters, and coupled with the records of emergency hospital 
admissions, In a later paper, Martin (1 964) showed correlations between both 
the daily mortality and hospital admission data and concentratiOns of smoke 
or sulfur dioxide. There was no clearly defined level above which effects were 
seen, but there were fairly consistent increases in both mortality and hospital 
aJtisslmrs when the ioncen Ira titans of smoke and sulfur dioxide each 
exceeded a 24- mean ofabout 500 ag/rn 3  (0.18 ppm of sulfur dioxide, British 
daily smoke/sulfur dioxide me tltad). In 1962, there was a rnaior episode of 
high pollution in London, similar in terms of' duration and of sulfur dioxide 
concentrations to the one in 1952, but with lower Smoke cuncentrotions. 
Again, there was a sudden increase in dea tlis, but the n umber of deaths was 
rot as great as he fore (about 700, compared with 4000). Whether the change 
n medical care could have influenced these results is not clear. The greater 
rse of antibiotics in 1962 compared with 1952 might liavc reduced the 



number of dea tlis, and a greater awareness or the risk together with ciear 
advice to the elderly and infirm to remain indoors could have had an elect. 
The dramatic reduction in smoke concentrations iii London brought about by 
the iii)picnieiltatio!i of the ( call Air Act, and the inure grlidLial i'eductii>n in 
sulfur dioxide that has followed ii, have ineajit that in more receiit ears 
there have been hew occasions when levels ui 500 pg/rn -1  hilivie been exceeded 
simultaneously (or Smoke and sulfur dioxide (WaIler Of iib, 1969), 

l3iersteker ( I hn) published a study ul an c1esode of high pollution iii 
Rniterdani iTi I)ecc iiihr'r 1 902,   when ConiecntiuitiruIs or smoke jild .ulfur 
dioxide ofappi uxiunatetv 500 pg/rn and 1000 pg/rn" (U.25 ppm), respectively. 
were recorded i 24-li means 01/CD smoke/sulfur dioxide method 'lhiei c 
Were increases iii uidimiissions to local hospitals or people UVCI L50 sears I ace 
with cardiovascular diseiiss, and there was also mmie indication 01 ui increase 
in mortality. TI IS was observed only once in Rotterdani amid could have been 
due to other causes. Purther observations during a similar episode would he 
needed to provide it coruviuicing statistical relationship between hospital 
admissions and these levels of pollution. 

A relati)nshill 	)Cisvmeeni day-to-day chances in inortuility and pollution has 
also been reported from Osaka (Watanabe 1966). There appeared to he 
increases in mortality (about 20%) on days when the concentration or 
suspended particula he matter (light scattering method) exceeded I mgu 
(4-day aver -age) and was associated with a level of sulfur dioxide of 200 pg/rn 
(0.07 ppm). Low temperatures may have been partly responsible for the effects. 

Variations in daily mortality in New York in relation to sulfur dioxide 
concentrations were studied by iluechiley et ul. (1973). They examined 
correlations and developed regressions between a number of daily climatic 
factors and indices of pollution (sulfur dioxide, conductnnetric method 
and coefficient of hat_c (Cobs)), and the mortality residuals for a given 
day. They noted that the day of the week had a special correlation with 
mortality ( mortality rates were considerably lnglier on \iwidays) Regression 
analysis indicated that heat waves and seasonal cycle were major predictors of 
mortality. Other factors were much weaker (about one third as strong) but 
were all of equal si rengili - Partial residual mortality viii ues were computed 
and showed a significant correlation with the levels of' air pollution sulfur 
dioxide r = 0.141. Mortality could be predicted equally as well from ('ohs as 
from sulfur dioxide levels. Mortality was I .5Y less than expected on 232 days 
when sulfur dioxide levels were below 30 pg/rn (I) Oh ppm) end 2". greater 
ban expected on 260 days when the sullur dioxide i0vels were above OO 

tag/rn (0.1 i ppuli) al tci correcting ui the othir'i i:iCii\ ..lie eriussovel P°°° 
(i.e., that pt huebow Mlich deaths were less than expected and uih'iove which 
dcatl',s were greater than expected) was ni tine vicinity ol a concentration oh 
sulfur dioxi(je of 60 pg/rn 3  10.09 ppm). On the other hand, the data from 
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these studies could be interpreted to show a continuum of an effect across 
the levels of sulfur dioxide, which, in turn, should not be considered the 
causative agent but rather an index of pollution. 

Schinmiel & Murawski (1975) have reported on their regression analysis of 
daily deaths and levels of pollution (smoke shade and sulfur dioxide) in New 
York Cityfor 1963-1972.This was an extension of an earlier study (Schimmel 
& Greenberg, 1972). The authors controlled for season, day of week, and 
temperature. During this time there was a marked reduction in the average 
level of sulfur dioxide from 510 Ag/m 3  (0.18 ppm) to 170 rg/m 3  (0.06 ppm) 
but virtually no change in smoke shade. Their observations indicated that, 
despite this reduction in sulfur dioxide, there had been no reduction in 
adverse health effects. Analysis indicated that the advere health effects were 
associated principally (80%) with the particulate matter and only to a small 
extent (20%) with the sulfur dioxide. However, the authors also pointed out 
that, when they regressed mortality on temperature and sulfur dioxide alone, 
the effects attributable to the sulfur dioxide increased three-fold. 

These findings are provocative but they must be interpreted cautiously 
because of a number of limitations in the data. Air pollution levels were from 
data obtained at a single monitoring station and were probably not truly 
representative of exposures for the community. The standard errors reported 
with their data are large. The report should be considered to be an indicator 
for further studies in which age-specific death rates and causes of death 
should be included in the analysis as well as more relevant air pollution - 
measure me nts. The results should not be used for developing an exposure-effect 
relationship. 

A study involving comparisons between daily mortality data in New York 
and Tokyo was carried out by Lebowitz et al. (1973). They applied a 
"stimulus-response" technique to identify associations between days •f 
lugh pollution and days with increased mortality, and showed strolig 
relationships in both cities. 1-lowever, their findings do not provide 
information of direct value in the assessment of exposure-effect relationships. 

8.3.2 	Mortality effects of long-term exposures 

In countries having reliable systems for the collection and analysis of data 
on deaths, based on cause and area of residence, death rates for respiratcry 
diseases have commonly been found to be higher in towns than in rural 
areas. Many factors, such as differences in smoking habits, occupation, or 
social conditions may be involved in these contrasts, but, in a number of 
countries, a general association between death rates from respiratory diseases 
and air pollution has been apparent for many decades. 

Analyses of these data have been of great value as a lead for 
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epidemiological studies, but the absence of information concerning other 
relevant variables, such as smoking, and the relatively crude nature of the 
indices of pollution used in many of these studies make them unsuitable for 
the assessment of exposure-effect relationships. 

The studies of Daly (1954, 1959), Pemberton & Goldberg (1954), and 
Stocks (1959) were all based on mortality data from towns in England and 
Wales, and each showed a positive correlation between bronchitis or pneumonia 
death rates and some index of pollution by sulfur oxides or particulate 
matter, as assessed for periods close to those for which death rates were 
calculated. The most detailed investigation of this type, taking into account 
social factors as well as pollution, but still not smoking, was that conducted 
by Gardner et al. (1969). One interesting feature of their findings was a slight 
improvement in correlation when the index of pollution used was related to 
a period some 10 years earlier than that for which the death rates were 
calculated (deaths 1958-64, pollution index 1952). This illustrates another 
of the problems that has been widely recognized when trying to use mortality 
records to assess the effects of pollution i.e., that it may not be recent 
exposures that are most relevant, but those earlier in life; where concentrations 
have changed markedly over the years, current measurements may not 
provide an adequate index. 

Lave & Seskin (1970) reanalyzed some of the mortality data from England 
and Wales, and developed multiple regression equations in terms of pollution 
and socioeconomic indices. Again their findings of positive correlations with 
pollution are of general interest but cannot contribute to the development of 
dose-response relationships. These authors also examined analogous data for 
Standard Metropolitan Statistical Areas (SMSAs) in USA and in a later paper 
(Lave & Seskin, 1972) they attempted to assess the relative effects of air 
pollution, climate, and home heating on mortality rates. Although equations 
were obtained relating death rates to measurements of suspended particulate 
matter and total sulfates (both by high volume sampler), it is doubtful 
whether these can be regarded as valid in the abseitce of adequate information 
on smoking. 

8.3.3 	Morbidity - effects of short-term exposures 

Prospective studies on specific occupational groups, not professionally 
exposed, can be useful in assessing the effects of air pollution in different 
communities or in areas where a change in air pollution is expected. In such 
studies, where respiratory diseases are followed, it is necessary to control for 
age distribution and household composition, and to employ adequate statistical 
methods. In studies on the Philadelphia area, USA, Dohan & Taylor (1960) 
used absences of seven days or more because of respiratory disease as the 
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idex and related this to the levels of sulfate. A later report by Dohan (1961) 
ted that this relationship was stronger during an epidemic of influenza. 
en et il., (1 969) repeated this type of study in the same area on a slightly 
fcrent occupational group using more detailed statistical analyses. They 

1. re not able to confirm the earlier observations that the sulfate levels were 
ca ted to absences due to respira tory diseases. 

Resuirs have been reported (Lawther et al., 1970) of a series of studies 
cxtcndiii from 1954 to 1968 that were carried out mainly in London, but 
also in some other large cities in 1-ingland, using a diary technique for the 
sell -asscssiiient of day-ton.liy changes in Conditions among bronchitic patients. 
A daily illness score was calculated 1mm the data contained in the diaries and 
this was related to the concentrations of smoke and sulfur dioxide (Rritish 
(l'ity smoke/sulfur dioxide method) and to weather variables. The pollution 
figures used for most of die London studies were the mean values from the 
group of Sites associated with the mortality/morbidity studies of Martin 

1 964)   and Gore & Shaddick (1 958). Many of the suhjccts in the series were 
acuve enough to be out and about and at work, and the measurements were 
considered to give a reasonable assessment of the average exposures in the 
areas where they lived or worked. The method used in these studies has not 
been cut h ul a ted, for the subjects recorded only their own a sse ssrrlc n t of their 
condition, and this was not checked against regular clinical examinations or 
ventilatory lunction tneasurerneots, but the changes appeared to have some 
real meaning. In the earlier years of the series, when the general level of 
pollution was high, well defined peaks in the illness score were seen when 
concentrations of either smoke or sulfur dioxide exceeded 1000 lAg/rn 3  
With the reductions in pollution that followed the gradual implementation of 
lie Ciean Air Act, these changes in condition became less frequent and of 
naIler magnitude, and the conclusion from the series as a whole, up to 

1 )68. was that the minimum pollution associated with sigruficant changes in 
• condition of the patients was a smoke level of about 250 4g/m 3  together 

• tb a sulfur dioxide concentration of about 500 .tg/m 3  (0.18 ppm) (24-li 
cans, On tisli dads' smoke/sulfur dioxide method), At these levels, there was 
.11 sonic evidence that tile peaks were associated specifIcally with pollution 
tlie titan with ailvci'ac weather conditions. A later study that has been 
p.)rieuL hy Wailet l°7l I. showed that, with much reduced average levels cl 
'iilutJorl. ''icie wui 'if. almost complete disappearance of days  with smoke 

• ;e u xccediiiy 250 tig/rn ' and SUlfur dioxide levels exceeding 500 fig/rn 3  
h Pl)nh). As iii earlier studies, some correlation rctnuiuicd between changes 

u thu coi'iditutiti of tile patients and daily concentrations of smoke and sulfur 
Luxidc bit 	thur clianures were small at these levels At this low rario'e of 

uo1liutiin 	hscriminuitjon between the effects of pollution and those of 
Iserse wea titer was 1)111 



Cohen et al. 1974) studied symptoms of irritation during a publieiaed 
and an uiipublicii.ed period of air pollution as well as during a control period 
iii 3 communities in the New York ruetropol i LLFI area during the surrinier of 
1970. They used a telephone survey technique to inquire iboul specific 
syrnptonis such as eye irrita hi, throat irri taturn chest d isconil'orn slirirttiss 
f breath, restricted activity, and medical kiis. No difference was noted 

between tire 2 c isdcs of pollution l3uth episodes stiowed .uht'icuritly 
1IIL'IO.aSed sy nipiolils compared wi fli the con trril period. The results indies ted 
that h ritative syiliflIolIls increased sigiiilicniirily When sulfnii diixiitc levels 
exceeded 3 IC) rg.'rn -1  I U. 11 ppm. \Vesi-(,aeke method) and ft;il suspeiided 

particulatcs exceeded 145 tigI'm (ugh volume sampler) as a 3 day average. 
Sulfate levels ranged from 6.6 to 7 .o pg/rn 3  in one area and 5 S to 12,3 pg/ni 3  
ill another area. Inn tile second aieri,sulfate levels duriric tue 1 periods of air 
pollution Were 5.5 and 12.3 gj'm 3  respectively. Sulfate levels were lwt 
reported iroun tIIQ third area but were pIObrLIiIV low. Tire authors drew 
attention to some of the problems associated with their sloth lire persons 

interviewed were generally wives and the svnip roniatulogy in the male 

populat iou could have been underestimated Also there was an internal 

niconsistency possibly due to intercurrent infect norms disease or SoeieneCUlioiflrC 

differences. During the publicixed episode. particulate pollution was 

considerably higher in the Bronx than in Queens whereas irritation symptoms 

were somewhat higher in Queens. The authors concluded that there coid 
have been confo(nding effects of other air pollutants, intercurrent infection, 
or sociocijit oral facto rs 

Spironietric measurements were made at approximately weekly intervals 
on 18 patientS with chronic obstructive lung disease for various periods 

during 1969-71 (Emerson, 1973 M ). The spirometric values (FEy 1 . 11  and LFR) 
were correlated with the levels of pollution (su)fur dioxide and smoke, 
Rntisli daily smoke/sulfur dioxide method) and climatic factors (temperature 
and humidity). Changes in FEy 10  in these patients were more strongly 
correlated with temperature and humidity than with concentrations of sulfur 
dioxide or smoke. Levels of air pollution in London were: sulfur dioxide, 
mean 190 4g/rn 3  (0.07 ppm). maximum. 710 pg/rn 3  (025 ppm) and smoke 
mean, 44 pg/rn 1 . maximum, 240 pg/rn 3 . One limitation of the study was that 

the puhintrori figures were averaged for 5-day periods, whilst the spirumetric 
measurements were made on specific days. 

Studies of patients with chronic bronchitis iii ('Iricago. USA (harrows Ct 

al. . I 965 ( arriow et al .. 1960)   showed cont2hct log results. The reasons 
for these diflere[ices arc im elear hut may be that diflenenit Ci teds hat [he 
scicctirin of patmeilts as well as different nietliuds dii tIme detriirioritioii srI the 
exposure of the individuals and their responses were used. 

An unexpected f'mnrdinn of a possible eU'ecr of shiort-irrin esposure to 
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pollution arose from a study primarily concerned with long-term exposures. 
In a resurvey of adults in Vlaardingen (Netherlands) who had been interviewed 
and had lung function measurements made in 1969, Van der Lende et al. 
(1975) found that the average lung function values were higher in 1972 than 
in 1969, even though the subjects were 3 years older. When the authors 
examined the concentrations of pollution on the 2 occasions (each survey 
having been done within a S-day period), they found that levels were relatively 
high in 1969 with daily values ranging from 15 to 140 jig/rn 3  for smoke and 
from 120 to 300 jig/rn 3  (0.04-0.11 ppm) for sulfur dioxide compared with 
values ranging from 15 to 40 .ig/m 3  and 45-100 jig/rn 3  (0.02-0.04 ppni, 
respectively, in 1972. The increase in lung function was most pronounced on 
the days with the greatest difference in the levels of pollution. A control 
population in a rural area showed no comparable changes over the same 
period, and temperature differences did not explain the effect. 

Asthmatic subjects have also been studied. These patients represent a 
heterogeneous group and this may account for the variable responses that 
have been reported. Cohen et al. (1972) studied 20 asthmatic subjects 
living in a small town (Cumberland, WV, USA) in the vicinity of a coal-fired 
power plant. They found that when the soiling index exceeded 1.0 Coh 
unit, or sulfur dioxide concentrations (West-.Gaeke method) exceeded 
200 jig/rn 3  (0.07 ppm), or total suspended particulates exceeded 150 jig/rn 3  
(high volume sampling method), or the temperature was lower than 0 °C, 
there was a significant increase in the frequency of asthmatic attacks. Levels 
of sulfates exceeding 20 jig/rn 3  and nitrate levels exceeding 2 jig/rn 3  did not 
result in such an effect. In general, the effect of temperature was stronger than 
that of the air pollutants although each of the 5 air pollutants measured 
including sulfates and nitrates showed a correlation. When temperature and 
any one of the pollutants were controlled for in the analysis, the effect of any 
of the other 4 pollutants was eliminated. Temperatures below 0 °C over-
whelmed any effect of the pollutants and higher levels of the pollutants 
reduced the effect of temperature. One further feature of this study should 
be stressed. Pollution in Cumberland was dominated by emissions from a 
large single source, and this might have led to high transient exposures to the 
pollutants, which included oxides of nitrogen as well as sulfur oxides and 
suspended particulate matter. In these circumstances it is doubtful whether 
the 24-h values provided an adequate index of exposure of the population. 

Several studies on asthmatic subjects in Yokkaichi, Japan, have been 
reported by Yoshida et al. (1966) including one on a group of 13 patients in 
which the number of attacks increased from 1 to 4 per week when the 
concentration of sulfur dioxide was in the range of 140-230 jig/rn 3  (0.05-
0.08 ppm), rising to about 12 per week when the sulfur dioxide level reached 
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740 1g/m 3  (0.26 ppm), all expressed as weekly means. Suspended particulate 
or smoke levels were not reported. 

83.4 	Morbidity in adults - effects of long-term exposures 

Random samples of populations can be used for international comparisons 
- where there are gradations of air pollution. The major difficulty here has been 

to ensure comparability with respect to occupational exposures and ethnic 
groups. Reid et al. (1964) reported such a comparison based on a study in 
the United Kingdom (College of General Practitioners' Study. 1961) and a 
survey in Berlin, NH, USA (Ferris& Anderson. 1962). The same questionnaire 
was used in both studies. In the United Kingdom, it was completed by a large 
number of practitioners who made up the survey group. In the USA, it was 
completed by 2 physicians who tried to maintain the criteria developed in the 
British survey. Results were standardized for cigarette smoking. The effects of 
air pollution were then examined by age group and sex. When simple bronchitis 
was present, i.e., phlegm production for 3 months out of the year for 2-3 
years, standardizing for cigarette smoking removed any effect of air pollution 
for both males and females. A more severe form of chronic bronchitis 
characterized by phlegm production, exacerbations of colds that went to the 
chest, and shortness of breath when walking on the level at one's own pace --
did show an association with air pollution for both males and females, even 
after standardizing for cigarette smoking. Levels of air pollution were measured 
in Berlin, NH , by the lead peroxide candle, dustfall, and high-volume 
samplers. Data for the United Kingdom were estimated from similar measure-
ments obtained in comparable towns and cities where the general practitioners 
collected the data. In Berlin, NH, the suifation rate (lead candle) was 730 jig 
S0 3 /l00cm 2  per day; in the United Kingdom, in the large towns it was 950 
and in the large conurbations 1650 jig S0 3 /lOOcm 2  per day. The results of 
this study seem to be consistent with those of other studies but it is not 
known whether differences in socioeconomic or ethnic status could have 
been relevant factors. The population of Berlin, NH, was resurveyed in 1967, 
and the results were compared with those obtained in 1961 (Ferris et al., 
1973). There had been some decrease in pollution levels in the interval, the 
sulfation rate being 470 ig S 0 3/ 100  cm2  per day in 1967, compared with the 
earlier figure of 730, while the concentration of total suspended particulates 
had fallen from 180 to 132 jig/rn 3  (high-volume samples). Small reductions in 
the prevalence of respiratory disease were noted after standardizing for age 
and cigarette smoking. Slight improvements in forced vital capacity (FVC) 
and peak expiratory flow rate (PEFR) were also noted, but there was little 
change in FEy 10 . There is some doubt about the relevance of the 180 ig/m 3  
figure quoted for total suspended particulates in the 1961 study, since it 
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referred only to a 2-month period at a single site. A random population 
sample from Chilliwack, BC, Canada, an unpolluted community, was 
studied by Ferris & Anderson (1964) and the results were compared with the 
results of the 1961 study in Berlin, NI-I. Respiratory symptoms, after 
standardization for age and cigarette smoking, tended to be higher in Berlin 
than in Chilliwack. Pulmonary function (FEy 10  and PEFR) was lower in 
Berlin than in Chilliwack, after standardization for age, height, sex, and 
smoking category. Pollution levels in Chilliwack (based on lead-candle 
measurements) were about one-tenth to one-sixth of those in Berlin, NH. 

A third survey in this series was carried out in 1973 (Ferris et al., 1976). 
By this time, there had been a further decline in pollution by particulate 
matter, the annual mean concentration of total suspended particulates (high 
volume sampler) being quoted as 80 sg/m 3 . Only limited data on sulfur 
dioxide were available; the mean of a series of 8-h samples for selected weeks 
was quoted as 0.01 ppm (30 ig/m 3 ). On this occasion, the authors did not 
find any appreciable differences in the prevalence of respiratory symptoms 
or in measures of lung function, as compared with the 1973 report. The 
interpretation of these findings is difficult, for the studies were concerned 
largely with consecutive investigations of survivors of the original group, 
over a 12-year period. Although the authors took into account, as far as 
possible, the effect of selective losses of some of the population, and changes 
in smoking habits among those who remained, there is still some doubt as to 
whether the three sets of results are truly comparable. The authors themselves 
concluded that either the changes in air pollution levels from 1967 to 1973 
(which included a decline in total suspended particulates from about 130 to 
80 ig/m 3  (annual mean) with possibly a slight increase rather than decrease 
in sulfur dioxide) were not associated with a beneficial effect on health, or 
that their methods were not sufficiently sensitive at the levels involved. 

One of the difficulties in interpreting these data is that exposure to 
odorous air pollutants (Berlin, NH) also occurred, indicating an unconventional 
type of air pollution. It does seem reasonable, however, to interpret the 
results of these surveys as showing that slight changes in respiratory symptoms 
and pulmonary function were related to levels of pollution. Sulfur oxides and 
particulate matter may have been of importance. Only sulfation data are 
available for sulfur oxides in the 1961 study. 

Extensive studies have been made of post office and telephone workers in 
the United Kingdom and USA (Holland & Reid, 1965; Holland & Stone, 
1965; Holland et al., 1965). The authors carefully considered most of the 
relevant epidemiological variables and showed a gradation of symptoms across 
the levels of pollution, particularly in the 50 to 59-year-old category. However, 
since pollution was measured in different ways in each part of the studies, it is 
difficult to deduce any quantitative relationships with sulfur dioxide and 
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particulate matter. The differences in the prevalence of symptoms persisted 
when the authors examined the various smoking categories. They converted 
the small amount of pipe and cigar smoking to cigarette equivalents, which is 
not advisable, since other studies have indicated that pipe and cigar smoking 
are less markedly associated with respiratory symptoms. Lower levels of 
FEy10  and PEFR were observed in the areas of higher pollution. The authors 
indicated that a difference in height of 2-4 cm between the two populations 
studied could not account for the differences seen in pulmonary function. 
Presumably, these pulmonary function values had been corrected for standard 
temperature and saturated vapour pressure. If not, some of the differences 
between values in the USA and United Kingdom could be explained by the 
fact that lower temperatures in England could have resulted in lower 
measured air volumes. Similar spirometers were used in both studies. 

In another study in the United Kingdom, Lambert & Reid (1970) 
questioned about 10 000 adults by post. They estimated that their sample 
represented about 74% of those able to reply. The positive responses from the 
questionnaire (which had been recommended by the British Medical Research 
Council) were correlated with levels of pollution estimated from data used 
earlier by Douglas & Waller (1966) and from some data from the National 
Air Pollution Survey. The responses were controlled for social class and 
cigarette smoking. The authors reported that whereas nonsmokers showed 

- little response to the levels of air pollution, cigarette smokers did respond and 
appeared to be more sensitive. They also noted a considerable rural/urban 
gradient, more pronounced in men than in women, that could not be 
explained by differences in smoking habits. 

Extensive studies were earned out in the Ruhr area of the Federal Republic of 
Germany (Reichel et at., 1970; Ulmer et al.,1970)based on a short questionnaire 
on respiratory symptoms, physical examinations, and measurements of airways 
resistance using a body plethysmograph. There were no clear differences in the 
results between areas with different levels of pollution, but because of selection 
factors and a low response rate, no definite conclusions can be drawn from 
these studies regarding relationships with sulfur dioxide and particulate matter. 

A study in Vlaardingen in the Netherlands by Van der Lende (1969) 
indicated that increased cough and phlegm production were associated 
with air pollution but decreased lung function was not. However, the author 
considered that the study might have been affected by the presence of 
allergens, such as spores and bacteria in the agricultural regions. Comparisons 
were made between an industrial area, polluted by sulfur dioxide and 
particulate matter, and an agricultural area with little pollution. In a later 
report, Van der Lende et al. (1973) indicated that the effect of pollution 
could have been masked by "self-selection" of the populations concerned. 

The relationship between chronic bronchitis and air pollution was studied 
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in Osaka Prefecture, Japan, by Tsunetoshi et al. (1971). Surveys were made 
of all persons over 40 years of age in selected areas using self-administered 
questionnaires similar to that recommended by the British Medical Research 
Council. The authors' definition of chronic bronchitis was cough with sputum 
for 3 or more months, for at least 2 successive years. Pulmonary function was 
measured by the Vitalor, using the maximum value. An equation was 
developed relating prevalence of bronchitis to age, smoking, and sulfation rate 
(lead candle). The prevalence of bronchitis in the study areas ranged from 
about 4% (in males aged 40-5 9 years) in areas where the sulfation rate was 
close to 1 mg/100 cm 2  per day to about 10% in those around 3 mg/100 cm 2  
per day. No data were given concerning the levels of particulate matter. 

Many other studies on the prevalence of respiratory symptoms in relation 
to air pollution have been carried out in Japan such as that by Toyama et al. 
(1966). They reported prevalences ranging from 2.8 to 3.7% (males aged 40-
59 years, adjusted for age and smoking to accord with other Japanese studies) 
in areas of Kashima (a nonindustrialized rural town, at that time) with sulfur 
dioxide concentrations of less than 30 ig/m 3  (0.01 ppm, automatic conducti-
metric method) and suspended particulate concentrations (high-volume 
sample) of 106-341 ag/rn 3  (mean 197). An extensive survey in Tokyo, 
(Suzuki & 1-litosugi, 1970, unpublished d at a )a showed a higher prevalence of 
chronic bronchitis in areas that were more polluted, ranging from 5.5170 (males 
aged 40-59 years) and 1.1% (females 40-59 years) where the sulfur dioxide 
concentration was below 60 tg/m 3  (0.02 ppm, automatic conductimetric 
method), and the suspended particulate level was below 100 g/m 3  
(light-scattering method), to 6.7% (males) and 3.9% (females), where sulfur 
dioxide was over 140 ig/m 3  (0.05 ppm) and suspended particulates more than 
200 ag/rn 3 . There was also some increase in prevalence in an intermediate 
area with sulfur dioxide concentrations of 60-140 .ig/m 3  (0.02-0.05 ppm) 
and a suspended particulate concentration of 100-200 4g/m 3  . Smoking habits 
were standardized in this study. In a recent study by Tani (1975) in the vicinity 
of a pulp mill at Fuji City, and in control areas, there appeared to be a 
consistent relationship between the prevalence of bronchitis and sulfation rates, 
as measured by lead candles, with a prevalence of about 3% (males and females 
combined, aged 40-59 years) in areas where the sulfation rate was around 
0.6 mg/lOU cm2  per day to about 8% where it was 1.2 mg/lOU cm2  per day. 

In studies on a random sample of adults in Cracow, Poland, the levels of 

° Suzuki, T. & 1-litosugi, M. Prevalence study of pulmonary symptoms in Tokyo 
Prefecture employees. A paper presented at a meeting of a Working Group on Air 
Pollution and Health, USA-Japan Cooperative Science Programme, East-West Center, 
l-iono!ulu, 21-23 April, 1970. The pollution levels quoted in this study were obtained 
from reports of the Tokyo Metropolitan Government concerning air pollution levels for 
the years 1966-69 (Department of Environmental Pollution Control Tokyo, 196). 
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pollution measured made it possible to classify the subjects into high and low 
exposure groups (Sawicki, 1972). The levels in the high pollution area were an 
annual mean smoke level of 170 ag/m 3  and an annual mean sulfur dioxide 
level of 125 Ig/m 3  (0.04 ppm). In the low pollution area, the standard smoke 
annual mean was 90 jig/rn 3  and the sulfur dioxide annual mean was 45 jig/rn 3  
(0.02 ppm). Persons residing in the more polluted area had more respiratory 
symptoms and poorer pulmonary function than those residing in the area with 
lower pollution (chronic bronchitis 19% in more polluted area and 11% in less 
polluted area and asthmatic disease 11 170 in more polluted area and 5% in less 
polluted area). Sawicki considered that there was a synergistic interaction 
with cigarette smoking. He also pointed out that many of the inhabitants 
worked outside the area in which they lived and, therefore, the exposure 
levels at their places of residence might not represent their true exposures. 

8.3.5 	Morbidity in children 

Studies of the health of children have also provided useful information. 
Douglas & Waller (1966) performed a cohort study based on a national 

sample of children born in the United Kingdom in the first week of March 
1946. The children were followed medically for 15 years by health visitors 
and school doctors. The study was restricted to the 3131 children who 
remained at the same address for the first 11 years of the enquiry, or who 
moved to an area that was in a similar pollution group. Levels of air pollution 
were estimated from the amount of coal consumed in a given area where each 
child lived, and it was shown at the end of the study that the 4 pollution 
categories that had been defined provided a satisfactory gradation in terms of 
the measurements of smoke and sulfur dioxide that were then available. In 
each of the several periods of life considered, from birth onwards, the authors 
noted a consistent relationship between the frequency of lower respiratory 
tract infections and pollution category. There was no sharp change at any 
particular pollution level, but if the rates within the lowest category (mainly 
rural areas) were taken as a baseline, then increased frequencies were seen in 
the next category up, with smoke and sulfur dioxide each of the order of 
140 jag/rn 3  (0.05 ppm sulfur dioxide) or more. Annual means were estimates 
based on the British daily smoke/sulfur dioxide method for a period after the 
end of the study and probably underestimated earlier level. Socioeconomic 
status was important in the study, but a relationship between air pollution 
and frequency of lower respiratory tract infections still existed within 
separate social classes. in a later follow-up of these subjects, Colley et al. 
(1973) showed that, at the age of 20 years, respiratory symptoms were 
related to smoking habits rather than to the pollution of the areas in which 
the subjects were then living. However, there was some relationship between 
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the prevalence of symptoms and earlier histories of lower respiratory tract 
infections, which, in turn, were related to esthnated pollution exposures 
during childhood. 

Lunn et al. (1967) studied 819 children in their first year at school in the 
industrial city of Sheffield, in the United Kingdom. Medical examinations 
were carried out on the children, the parents were questioned concerning the 
previous health of the children, and FEy015  and FVC were measured. Various 
socioeconomjc factors were also carefully considered. The families were 
stable, and there had been little or no migration into or out of the specific 
communities. Measurements of pollution were made at the schools attended 
by the children (British daily smoke/sulfur dioxide method). The authors 
found increased frequencies of both upper and lower respiratory tract 
infections in the more polluted areas. When the "cleanest" area was taken as 
the baseline, most of the illness indices considered showed an increase in the 
next area up in order of pollution levels, i.e., where the annual mean 
concentrations of smoke and sulfur dioxide were each about 200 ig/m 3  
(0.07 ppm sulfur dioxide) taking figures for the middle year of the survey. 
A follow-up study was carried out on some of these children when they were 
4 years older (i.e., aged 9) (Lunn et al., 1970). By then, the implementation of 
the Clean Air Act had reduced the contrast in pollution between the areas, so 
that the mean concentration of smoke in the 3 "dirty" areas combined was 
about 140 .g/m 3  and the mean sulfur dioxide concentration was 200 ig/m 3  
(0.07 ppm), compared with about 50 and 100 1g/m 3  (0.04 ppm sulfur 
dioxide), respectively, in the "clean" area. At this time, there was no significant 
difference in the illnesses reported by the 9-year-olds in the different areas 
and the authors concluded that this was in line with the reduced pollution 
levels. 

Data were collected (Holland et at., 1969) concerning about 11 000 
children attending school in 4 areas of Kent, England, 2 of which were 
predominantly urban, and 2, rural. As part of the children's regular medical 
examinations, peak expiratory flow rates, height, weight, and the results of 
examinations of ears and tonsils were recorded. Smoking habits and school 
absences were also recorded. Questionnaires concerning such factors as 
previous respiratory diseases, father's occupation, and size of family were 
completed by the parents. Smoke and sulfur dioxide were measured in 3 of 
the areas (British daily smoke/sulfur dioxide method) and information on 
population density and housing was collected. Four factors emerged as 
important in relation to decreased peak expiratory flow rates. Place of 
residence was most important followed by previous history of respiratory 
disease; family size and social class were of least importance. These 4 factors 
seemed to be additive but they only accounted for 10-15% of the total 
variation. Levels of air pollution for smoke were reported to range from 
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34 to 69 .ig/m 3  in the 3 communities. Values for sulfur dioxide were not 
reported but were stated to parallel those for smoke. There were clearly 
other factors affecting area difference, and there is some doubt as to whether 
the small contrasts in pollution could have had much effect. 

Colley & Reid (1970) surveyed about 11 000 children from 6 to 10 years 
of age, living in urban and rural areas of England and Wales. The prevalence of 
respiratory disease was assessed in the autumn. Pollution was assessed in 
terms of sulfur dioxide concentration, from some direct measurements 
(British daily smoke/sulfur dioxide method) coupled with estimates based on 
lead candle measurements of suifation. Within the English areas studied 
(winter mean concentrations of sulfur dioxide ranging from about 30 to 
150 .iglm 3  or 0.01-0.05 ppm) there was a gradient in the prevalence of 
symptoms, but the rates were much higher in Wales for comparable levels of 
pollution. The reasons for this difference were not clear, although it has been 
suggested that it could be related to the fact that solid-fuel consumption 
was high in Wales. 

Respiratory function measurements were made on children aged 10 -11 
years from 2 different areas of the German Democratic Republic (Berlin and 
Bitterfeld) with different levels of pollution (Grosser et al., 1971). The 
groups were matched for social class, age, and height. In the low pollution 
area, the concentration of respirable dust (method not mentioned) was 110 
.mg/m 3  and that of sulfur dioxide (method not mentioned) was 50 Ag/rn 3  
(0.02 ppm); in the other area, the figures were 290 and 360 jg/rn 3  (0.13 
ppm), respectively (based on 24-h measurements, averaged for July and 
December). Two studies were made, 6 months apart, in each of the 2 areas. 
Each of the spfrometric values studied (FVC, FEY 10 , FEY0 .7 ) was higher 
in the area with lower pollution. 

A variety of other techniques has been used to investigate possible effects of 
exposure to pollution. These include the work of Yoshii et al. (1969) who noted 
an association between chronic pharyngitis accompanied by histopathological 
changes at biopsy and level of sulfation, expressed as the annual mean, in 
persons attending their clinic in Yokkaichi, Japan, and in sixth-grade children. 
In the heavily polluted districts sulfation rate was more than 1.0 mg/lOO cm 2  
per day, in moderately polluted districts it ranged from 0.25 to 1.0 mgI 100 
cm 2  per day, and in the control area it was less than this level (lead candle 
measurements). 

Conjunctivitis, both acute and chronic, has been reported in Zabrze, Poland, 
in relation to industrial air pollution (Maziarka & Moroz, 1968). In Czech- 
oslovakia, Schmidt et al. (1966) reported differencesm the blood cells, tonsils, 
and cervical lymph nodes of children living in a highly polluted atmosphere 
compared with those living in a relatively clean atmosphere and Symon et al. 
(1969) reported retardation in growth and ossification and a reduced colour 
index in red blood cells in children living in areas with high air levels of sulfur 
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dioxide (up to 2-3 mg/rn 3 ) and fly ash. None of these studies can be used for 
the exposure-effect relationship. 

8.3.6 	CHESS studies 

The US Environmental Protection Agency has recognized the need for 
studies at relatively low levels of air pollution in order to determine whether 
a no-effect level can be identified to develop a dose-response relationship and 
to monitor areas where there might be a change in the levels of exposure. The 
CHESS (Community Health and Environmental Surveillance System) studies 
were developed with these purposes in mind, in some aspects these studies 
have been well designed and executed but in other aspects there have been 
difficulties. In many ways these are preliminary studies that need to he 
continued. The studies have included adults, children, asthmatic subjects, and 
patients with cardiovascular and pulmonary diseases. Both acute and chronic 
effects have been studied. Methods have involved mailed questionnaires on 
respiratory symptoms and illnesses (adults and children), mailed questionnaires 
on family composition, housing, and socioeconomic status, telephone 
interviews, tests of pulmonary function (children), and diary techniques with 
patients. 

Previous exposures to air pollutants were estimated from historical data c n 
emissions or known production figures from the local industries and the 
application of mathematical models. More recent exposures were based on 
actual measurements. These were generally conducted at monitoring stations 
(each of which covered a radius of up to 2 km), and involved high volume 
sampling for total suspended particulates and suspended sulfates, and the 
West-Gaeke method for sulfur dioxide. Mathematical models were used to 
estimate the variation in exposure of the different groups. Various problems 
discussed in a summary of the results (US Environmental Protection Agency, 
1974) include poor response rates (i.e., low participation rates) in some 
of the studies on children, high dropout rates in studies on patients, and, in 
at least one of the studies on children, the fact that their spirometry was 
probably in error. 

There was a general tendency for the authors to over-interpret the CHESS 
data. In some of the studies on children, the results were grouped according 
to high and low levels of pollution and a difference was found between the 
two groups. However, the relationship of the prevalence of disease to levels 
of pollution was not clear - namely, when the individual groups were 
examined, some exposed to the high levels of pollution had a lower disease 
prevalence than some of the groups exposed to low levels of pollution. 

The design for the study of the impact on respiratory disease was excellent 
and took into account family composition, housing, and socioeconomic 
status. It is unfortunate that these studies were not continued for more than 
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one year of observation before reporting. A number of years of observations 
are needed to rule out natural fluctuations in respiratory disease. 

These studies have been reviewed by an expert committee in the USA under 
the chairmanship of Dr D. Rail (Director, National Institute of Environmental 
Health Sciences, US Department of Health, Education and Welfare) (Rall, 
1974). The Committee's evaluation of the studies was similar to that of the 
Task Group and the Committee concluded that the results of the studies did 
not warrant any change in the present US Federal Air Quality standards. 

It was the opinion of the WHO Task Group that these data could not 
be used for the estimation of an exposure-effect relationship. 

8.3.7 	Lung cancer and air pollution 

The possibility that air pollution is a causal factor in cancer of the lung 
has given rise to considerable concern. The evidence in favour of a causal 
relationship is briefly: (a) the excess occurrence of the disease in urban areas; 
(1,) the presence in the suspended matter in urban air of substances such as 
bcnzo(a)pyrene that can cause cancer under experimental conditions; and 
(c) the general rise in lung cancer that appeared, at one time, to follow certain 
assumed trends in pollution. 

Early studies in the United Kingdom (Stocks, 1959, 1966) indicated that 
variations in lung cancer mortality in urban areas were associated with 
variations in amounts of pollution and, following a recommendation by a 
WHO Study Group in 1959 (World Health Organization, 1960), a pilot 
international study was undertaken in several cities where there were 
contrasts in lung cancer death rates. The results did not show any clear-cut 
relationship with measurements of particulate matter or its benzo(a)pyrene 
content (Waller & Commins, 1967) and it was clear that apart from the 
difficulties of making proper allowances for differences in smoking habits, it 
seemed likely that present-day measurements of polycyclic hydrocarbons 
gave an inadequate assessment of past exposures to these compounds. 

The Royal College of Physicians of London (1970) reviewed the issue, and 
concluded that the evidence against community air pollution being a causal 
factor in lung cancer was stronger than the evidence for it. The urban/rural 
differential is greatest in countries with relatively low urban air pollution 
(Sweden, Norway, Denmark). The upward trend in mortality as well as other 
experimental and epidemiological evidence are best explained by the causal 
role of cigarette smoking. 

Nevertheless, in a review by Cleary (1967), evidence is presented to show 
that, in Australia, New Zealand, South Africa, and the USA, immigrants from 
the United Kingdom have a higher lung cancer death rate than those born in 
these countries: immigrants from Norway have a lower rate than native-born 
citizens of the USA, and the lung cancer mortality rates for all these migrants 
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are intermediate between those of their countries of origin and destination, 
strongly suggesting an environmental factor in early life. 

While the existence of an urban excess of lung cancer has been proved, it 
is uncertain that air pollution is the "urban factor" responsible. In contrast, 
recent work incriminates cigarette smoking more strongly than ever; there is 
also a contribution from some specific occupational exposures (see footnote 
in section 1.1.7). 

The consideration of criteria for environmental carcinogenesis specifically 
in relation to any possible effects on lung cancer, is outside the scope of the 
present discussion, but it may be mentioned that any action to reduce smoke 
and especially that from the inefficient combustion of coal in domestic fires, 
is likely to make substantial reductions in the benzo(a)pyrene content of the 
air. Such a change has already been noted in London, where the concentration 
of this compound is now only about one-tenth of what it was 25 years ago 
(Lawther & Waller, 1976). A reduction of sulfur dioxide may also he 
important for any possible interactions relating to the production of lung 
cancer. Some experimental studies (Kuschncr & Laskin, 1971; Skvorcova t 
al., 1973) showed an increased carcinogenic response when laboratory 
animals (rats and hamsters) were exposed to sulfur dioxide in addition to 
benzo(a)pyrene. 

8.3.8 	Annoyance 

Annoyance may be defined as "a feeling of displeasure associated with any 
agent or condition believed to affect adversely an individual or a group". This 
definition was adopted by an international symposium on annoyance in 
Stockholm in 1971 (Lindvall & Radford, 1973). Very few studies have been 
performed that would make quantitative evaluations of this effect possible. 

The social awareness of pollution caused by particulate matter has been 
studied in a few areas. The results from different studies have been presented 
in a document on particulate matter (US Department of Health. Education 
and Welfare, 1969a); they include those from a study carried out in St. Louis 
(Schusky, 1966), where values for suspended particulates of around 100 
pg/rn 3  produced annoyance reactions from a considerable number of people. 

A similar study was carried out in Birmingham, Alabama, USA (Stalker & 
Robinson, 1967). in which levels of air pollution were correlated with 
annoyance. They found that, as dustfall reached or exceeded 14.1 g/m 2  per 
month, about one-half of the population considered it to be a nuisance; at 
10.5 g/m2  per month, about one-third of the population considered air 
pollution a nuisance. Stepwise multiple regression analysis showed that the 
variation due to dust fall alone explained 49% during the spring season and 
68% during the winter season of the total association between the air 
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pollutants measured and public annoyance. The association between levels 
of suspended particulate matter and public opinion, which was weaker than 
that of dustfall, was strongest during the summer season (r=0.59). About 
one-half of the persons interviewed thought that air pollution was a general 
nuisance, when mean annual or mean summer concentrations of particulate 
matter reached 230 pig/rn 3  and one-third, when they reached 150 jag/rn 3 . 

No such relationship was shown with sulfur dioxide concentrations. 
However, these levels were low. Further studies are indicated, since it may 
be that effects such as annoyance reactions will, in the future, be the critical 
effects on which criteria, as regards the protection of public health, will be 
based. Since annoyance reactions have a large sociocultural component, 
these levels may vary from place to place and should be determined for each 
locality. Surveys on annoyance are fraught with many problems. When proper 
survey techniques are expertly applied, however, it will be possible to assess 
reactions in a quantitative manner. 

Table 15. Exposure-effect relationships of sulfur dioxide, smoke, and total suspended particulates: 
effects of short-term exposures 

concentrutior 
24-b mean 

--Iu vs I gin SI 

Total 
suspended 

Sulfur dioxide 	Smoke 	particulates 	 Effects 

>1000 	>1000 	 - LOndon, 1952. Very large increase in mortality to about 3 
times normaL during S-clay fat. Pollution figures represent 
means for whole area. maximum (central site) sulfur diuide 
3700 lrg!'',  smoke 4500 pg/m 3  (Ministry of Health, UK, (19541. 

710 	 750 	 - Londe 	1958-59, Increases in daily mortality up to about 1.25 
tieses expected value I Lawther, 1903; Martin & Bradley, 19601 

500 	 500 	 - LOndon 	1958-60. Increases in daily mortality (as above) and 
increases in hospital admitsions, becoming evident when 
pollution levels shown were exceeded (magnitude increasing 
steadily With pollution) iMartin, 1 964), 

500 	 - 	- New York 1962-66. Mortality correlated With poliatiori: 2% 
encessatlesrelslsown (Bueckley, 19731, 

500 	 250 	 - London, 1954-68, Increases in illness snore by diary technique 
among bronchitic patients seer abuse pollution levels shown 
(means for whole area) (Lawther of al., 1970). 

300 	 140 	 - Vlaurdiriger. Netherlands, 1969-72. Temporary decregsn in 
ventilatory function (Van her Lnr,de of al., 1975). 

200 a 	 - Cumberland, WV, USA. increased asthma attack rate among 
small group of patientS when pollution levels shown were 
exceeded (Cohen nt al., 1972( 

a West-Gueke method 
o f-ugh volume sampling method 

Other measurements by Organization for Economic Cooperation and Deeelcnpment or Oritish daily smoke/sulfur 
dioxide methods (Ministry of Technology, UK, 1966; Organization for Economic Cooperation and Development, 
1965), 
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84 Exposure-Effect Relationships 

Some of the studies reported in this section can be used to develop 
exposure-effect relationships. It has been necessary to develop 2 tables, one 
for the effects of short-term exposures (Table 15, p. 85) and another for the 
effects of long-term exposures (Table 16). The results from the studies 
have been based on different methods of measuring sulfur oxides and 

Table 	16. Exposure-effect relationships of sulfur d;oxide, smoke, and total suspended particulates: 
effects of long-term exposures 

Concvntrstion 
Annual means of 24-h 
mean values )1jeImt) 

To sal 
suspended 

Sulfur dioxide 	Smoke 	trarticulatex Eflects 

200 	 200 	 - Sheffield, Err5land, Increased respiratory illnesses in children 
(Luen et al., 1967, 1970) 

- 	 - 	 180 6  Baum, NH, USA. increased respiratory symptoms, decreased 
respiratory function in adults ( Ferris et al., 19731 

160 	 - 	 - England & Wales. Increased respiratory symptoms in chidrers 
Colley & Reid, 1970) 

125 	 170 	 - Cracow, Poland 	I rscraased respiratory symptoms in adults 
ISamicki. 19721 

140 d 	140 d 	- - Great Britair. Increased lower respiratory tract illnesses in child- 
inn IDoaglas & Wailer, 19601 

60-140 	 - 	 100-200 °  Tokyo, increased rnspiretory symptoms in adoirs Suzuki & 
HitosugI, unpublahed data, 1970) 

a Automatic cndurtimetric method 
A l-I9h volume sampler (2-month mean, possible underestimation of annual incas). 
C Light-scattering reretlinod, results not directly comparable with others. 
A Estimates based on observations after end of study; probable underestimation of eapoaures in early years of stsily, 

Other measurements by Organization for Economic Cooyeratissrr and Development or British daily unnoke/sxlr 
dioxide methods (Ministry of Technology, UK, 966; Organization for Economic Cooperation and Development, 
1965). 

particulate matter. The values for the sulfur oxides are treated as if they were 
comparable. For the particulate matter, two categories are listed: smoke as 
measured by the Organization for Economic Cooperation and Development 
or British daily smoke/sulfur oxide methods and total suspended particulates 
as measured by the high volume sampler or light scattering. These factors 
should be considered in interpreting these tables, 

9. EVALUATION OF HEALTH RISKS FROM EXPOSURE TO SULFUR 
OXIDES, SMOKE, AND SUSPENDED PARTICULATE MATTER 

It is well established that respiratory diseases are important causes of dis-
ability and death, and that, for some of them, there is evidence of associatton 
with environmental factors in the ambient air. There is evidence that exposure 
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to mixtures of urban air pollutants containing sulfur oxides and particulate 
matter is related to a variety of adverse effects on health, even when other 
factors are controlled (section 8 - Tables 15 and 16). Although in most of the 
studies considered the levels of air pollution have been expressed in terms of 
sulfur dioxide, smoke, or suspended particulate matter, this does not necessarily 
imply that these are the causative agents. They provide only indices of 
pollution, and certain components, such as sulfuric acid or sulfates, may be of 
particular importance. Measurements of some of these components have now 
been made in a number of areas and used in some of the more recent epi-
demiological studies. The Task Group concluded, however, that, at present, 
there are not enough data on any of these other indices of pollution to alluw 
exposure-response relationships to be established. Thus, the present discussion 
is confined to the effects of pollution expressed in terms of sulfur dioxide, 
smoke, and total suspended particulate matter. 

9.1 	Exposure Levels 

Concentrations of sulfur dioxide, smoke, and suspended particulate matter 
vary greaty from place to place and from time to time. Many factors includ-
ing sources, topography, and weather conditions may be involved in these 
variations. 

An annual arithmetic mean of sulfur dioxide concentrations in urban areas 
typically ranges from 100-200 ig/m 3  (0.035-0.070 ppm),whereas a maximum 
daily mean ranges from 300-900 g/m 3  (0.11-0.32 ppm). For smoke, an 
annual arithmetic mean ranges from 30-200 jig/rn 3  with a maximum daily 
mean of 150-900 jig/rn 3  for total suspended particulates, these levels range 
from 60-500 Mg/rn 3  and 150-1000 jig/rn 3 , respectively. 

Comparatively little information is available concerning indoor concentra-
tions of sulfur dioxide and particulate matter, though, in general, these levels 
are known to be lower than those outdoors, except at work places. 

Levels in working environments are considerably higher than general 
community levels and are thought to have been much higher in the past. 

In evaluating exposure levels that have been used in the past in connexion 
with epidemiological studies, a serious question arises as to how far these 
measurements, often intended primarily for control or monitoring purposes, 
can be considered as providing adequate measures of exposure. As discussed 
in section 5, it must be recognized that all the figures quoted in subsequent 
sections are based on measurements that have been made outdoors, usually 
at only a limited and not wholly representative set of fixed sites, though most 
people spend much time indoors, where concentrations may differ sub-
stantially from those outside. However, this does not necessarily invalidate 
these data which are serving primarily as indices. 
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So far, there has been little information on the particle size distribution 
and the chemical composition of selected particle size ranges that would 
make the nature of exposure more understandable. 

Comparable assessment is often difficult because of differences in the 
methods of measurement of particulate matter that have been used in the 
health effect studies. Smoke, assessed in terms of blackness, is a measure 
of pollution associated with the incomplete combustion of fuel, and total 
suspended particulates, determined by weight, is a wider concept that includes 
all material which, by virtue of its particle size, remains in suspension for long 
periods. 

9.2 	Experimental Animal Studies 

Laboratory studies have been performed using a variety of test animals, of 
periods of exposure, of experimental designs in exposure, and of combinations 
of pollutants and other agents. 

Some of these studies have provided useful information on the mechanisms 
of the biological action of sulfur dioxide, sulfuric acid mist, or particulate 
matter. However, the results are of limited value in developing guidelines for 
the protection of human health from effects of these pollutants as they exist 
in urban areas, and for this reason it is necessary to turn to the available 
epidemiological evidence. 

9.3 	Controlled Studies in Man 

Effects studied in volunteers under controlled conditions include those on 
the functions of the respiratory system, sensory organs, and cerebral cortex. 
Durations of exposure have been very short, usually less than a few hours. 

Slight effects on pulmonary function were observed with exposure to 
sulfur dioxide at a concentration of 2100 ig/m 3  (0.75 ppm), but not vith 
exposure to a concentration of 1100 .ig/m 3  (0.37 ppm). 

With exposure to sulfuric acid, a decrease in tidal volume was found at a 
concentration as low as 350 .tg/m 3 . 

Combined exposures to sulfur dioxide and ozone or hydrogen peroxide 
produced a greater effect on respiratory function than exposure to each 
compound alone. 

Studies on sensory and cerebral cortical functions showed that sulfuric 
acid was more toxic than sulfur dioxide and that a combination of these two 
substances produced an approximately additive effect. 

There is a limit to the use of these studies for the development of criteria 
for community exposures, particularly when long-term exposure to complex 
mixtures of air pollutants is involved. 



9.4 	Effects of Industrial Exposures 

Effects on the health of workers have been studied in relation to exposure 
to sulfur dioxide, particulate matter, or sulfuric acid mist arising from various 
manufacturing processes. In many of these studies, exposure levels were 
relatively high and, in some studies, adverse effects were detected only at a 
daily mean sulfur dioxide concentration as high as 70 000 1kg/rn 3  (25 ppm). 

It has also been reported that exposure to sulfuric acid at a mean concen-
tration of 1400 ig/m 3  during working hours for 2 days did not produce any 
effect on lung function. 

The fact that adverse effects have not been reported at comparatively high 
levels of sulfur dioxide or sulfuric acid aerosols may well be explained by the 
influence of biasing factors, such as that the workers remaining in jobs with 
exposures to pollutants consist of people especially resistant to their effects. 
Therefore, it should not be considered an indication that such concentrations 
are without effects for the average working population and particularly not 
for workers with pre-existing pulmonary diseases. 

In evaluating the effects from industrial exposures, due attention must 
also be given to the variation in chemical composition and srze distribution of 
particulate matter. 

9.5 Effects of Community Exposures 

Many of the epideiniological studies in relation to community exposures 
that were considered by a WHO Expert Committee in 1972 (World l-Iealth 
Organization, 1972), and which must still be relied on to a large extent 
today, were based on the measurement of smoke rather than of total sus-
pended particulates. however, some new data on the effects of total 
suspended particulates have become available and have been included in 
Tables 15 and 16 (section 8). 

Tables 17 and 18 show the levels above which some effects on health 
might be expected among specified populations for short-term and long-term 
exposures, respectively. These are based on the critical evaluation of the 
results of studies reviewed in section 8. 

In developing Table 17, greater emphasis had to be placed on some 
earlier results related to major effects seen when concentrations of pollution 
were much higher than those commonly experienced today. With the effective 
control of at least some components in areas where pollution was, at one 
time, very high, most of the more recent studies have failed to isolate the 
effects of the pollutants in question from effects similar in nature but arising 
from other factors. 

The figures for sulfur dioxide and smoke are essentially the same as those 
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Table 17. Expected effects of air pollutants on health in selected segments of the population: 
effects of short-term exposures 4 - 

24-h mean concentrapon lg/m 3 l 
Expected effects 	 Sulfur dmscide 	 Smoke 

Exeest mortality arnors the elderly 	 -- 
or the chronically belt 	 500 	 500 

Worsening of the condition of patients 
with existing respiratory diaeaae 	 250 	 250 	 - 

a Coricenirations of sulfur dioxide and smoke as measured by OECD or British daily smoke/sulfur dioxide ,eiethod 
lMinistry of Technology, UK, 1966; Organization for Economic Coaperationnd Development, 19651, These ealuex 
may have to be adiusted in term; of measurements made by other procedures. 

proposed by the Expert Committee in 1972 (World Health Organization. 
1972) the only change being the adoption of 250 pig/rn 3  (0.09 ppm) instead 
of 250-.500 tg/m 3  (0.09-0.18 ppm) as the level at which the worsening of the 
condition of patients from short-term exposures to sulfur dioxide might be 
expected. It was recognized that the magnitude of responses at this level 
appeared to be small and difficult to separate from effects due to other 
factors such as weather or infections, it is possible that a lower figure for 
smoke could now be adopted, but, in view of uncertainties concerning the 
differences in composition of this component of pollution from one area to 

another, and the changes with time even within one locality, it was felt that 
any further modification of the figure determined on the basis of the older 
studies from London would need new evidence. 

Table 18 represents an overall assessment of the effects of long-term ex-
posure to sulfur dioxide and smoke in terms of increases in the prevalence of 
respiratory symptoms among both adults and children, and in terms of the 

Table 18, Expected effects of air pollutants on health in selected segments of the population: 
effects of lortg.term exposures 

Annual mean concentration (ssy/mn') 

Expected effects 	 Sulfur dioxide 	 Smoke 

Increased respiratcry symptoms among samples 
of the general population adults and 	 100 	 100 
children} and increased frequencies of 
respiratory illnCssea mnong chldren 

o 
Concentrations of sulfur dioxide and smoke as measured by OECD or Brieish daily smoke/sulfur dioxidC method 

lMlnlsfry of Technology, IJK, 1956: Orgarceation for Economic Cooperation and Duuelopmerit, 19651. These values 
may Hue To he adjusted in terms of measurements made by other procedures. 

increased frequency of acute respiratory illnesses, that has been demonstrated 
particularly among children. 

For each pollutant there remains much uncertainty about the minimum 
levels associated with demonstrable effects. Where populations exposed to 
different levels of pollution have been compared, it cannot necessarily be 



assumed that even those who were exposed to a level lower than the known 
lowest effect level are entirely unaffected by pollution. There must also be 
doubts as to whether the effects observed in some studies were due in part to 
other pollutants, or to socioeconomic or other factors that had not been 
adjusted for completely. 

No firm conclusion was reached on the effects of total suspended parti-
culates as a component of air pollution, together with sulfur dioxide, because 
of the limited amount of information available. For the effects of long-term 
exposure, a tentative figure of 150 ig/m 3  (annual arithmetic mean) was 
suggested, based on the 2 entries in Table 16, recognising that one of 
these was based on light -scat tering observations, and the other on high 
volume sampler measurements, but for a 2-month period only. It was noted 
that the one study on the effects of short-term exposure to total suspended 
particulates had been included in Table 15, but it was felt that this could not 
provide satisfactory information for an assessment of these effects. 

The figures in Table 18 have been expressed in terms of annual arithmetic 
mean concentrations, although it is not known whether the effects are 
related to extended exposures to these average levels, or more particularly to 
days of high pollution within each series. In view of the limited quantitative 
information on effects of pollution in terms of annoyance, this aspect has 
been omitted from Tables 17 and 18. 

9.6 	Guidelines for the Protection of Public Flealth 

Tables 17 and 18 present two different sets of criteria, one relating to 
effects of short-term exposure, in terms of 24-h average concentrations, and 
the other to effects of long-term exposure in terms of annual means. These 
effects may be interrelated; the gradual development of respiratory symptoms 
may, for example, be a reaction to repeated short-term exposure to peak 24-h 
values, or even to transient peaks lasting for still shorter periods, but in the 
absence of any substantial evidence on this point, the two criteria must, for 
the time being, be considered separately. 

With the present state of knowledge, it was considered that a safety factor 
of two below the figures given in Tables 17 and 18 would be reasonable to 
ensure the protection of public health, and, accordingly, Table 19 was 
developed, still considering the effects of short-term and long-term exposures 
separately. As an indication of the uncertainty surrounding these estimates, 
the figures have further been expressed with a range of ± 20%. 

The values proposed in Table 19 are in general agreement with those 
suggested as long-term goals in the earlier report (World Health Organization, 
1972). In the case of sulfur dioxide, there has been some reduction in the 
24-h figure (if this is regarded as a level not to be exceeded on more than 7 
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days a year), and this is in line with the revision of the "effect" level from a 
range of 250 to 500 .tg/m 3  in the 1972 report, to the present figure of 
250 ig/m 3  (Table 17). 

Table 19 requires careful interpretation, for none of the figures can be 
considered as absolute limits. In the first place day-to-day variations in the 
concentration of smoke and sulfur dioxide are determined largely by weather 
conditions, and occasional peaks far beyond the usual daily values may well 
occur, even with careful control of emissions. 

Table 19. Guidelines fot exposure limits consistent with the protection of public health 

Concetratior lug/re a l 

Sullur dioxide 	 Smoke 

24-h mean 	 100-150 	 100-150 

Annual arithmetic mdan 	 40-60 	 40-60 

a Values for sulfurdioside and arnoke as meafured by OECD or British daily smoke/sulfur dioxide method (Mirsiutry 
of Technology, UK, 1966: Organization for Economic Cooperation and Duselopmerst. 1965). Adisutinents may be 
necessary where measurements are made by Other mgthuds. 

Although there are two sets of conditions specified in Table 19, determined 
independently from evidence on the effects of short- and long-term ex-
posures, they can generally be considered to be consistent with one another. 
If the proportion of days with 24-h values above tl1ose in Table 19 is small 
(e.g., of the order of 7 days per year), then the annual means may well fall 
within or below the ranges specified in the second row of the table. Annual 
means are specified here in terms of arithmetic means: the corresponding 
geometric means would generally be a little lower (see section 5). 

Much consideration was given to the possibility of extending Table 19 to 
include guidelines for total suspended particulates as measured by the high 
volume sampler but it was concluded that the available evidence on the 
effects associated with exposure to suspended particulate matter was highly 
unsatisfactory. 

The Task Group felt, however, that some recommendations for a guideline 
should be made. A tentative annual mean value of 150 1g/m3  has been 
suggested in section 9.5 as a level beyond which effects of long-term exposure 
to total suspended particulates might be observed. Applying a safety factor of 
two and introducing a ± 207o range, as in the case of smoke and sulfur dioxide. 
would then provide a range of levels from 60 to 90 j.g/m 3  as a possible 
guideline - 

For short-term exposures, no satisfactory, direct evidence relating con-
centrations of total suspended particulates to effects is available. Because of 
this, a guideline for short-term exposure levels can only be inferred. Assuming 
that the same ratio of 24-h mean concentrations to the annual mean (each 
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derived independenfly, see beginning of section) given in the guidelines for 
smoke, is applicable to suspended particulate matter, then a very approxi-
mate 24-h guideline for suspended particulate matter, as measured by the 
high volume sampler, would be in the order of 150 to 230 pig/rn 3 . 

While the Group felt that it was reasonable and prudent to consider the 
above figures as interim guidelines consistent with the protection of public 
health, it stressed the very urgent need for additional information on the 
effects of exposure to suspended particulate matter (measured by the high-
volume sampler). Furthermore, it recognized the fact that the toxicological 
significance of total suspended particulates might vary depending on their 
chemical composition and particle size, and that under certain circumstances, 
the suggested guidelines might need to be reconsidered. It sl1ould be noted 
that the discussion above does not imply any preference for smoke measure-
ments over those of total suspended particulates;indeed it is highly desirable 
to develop more appropriate methods for the measurement of suspended 
particulates, especially those limited to the measurement of respirable particles. 

it was recognized that in many urban and industrial areas existing levels 
of pollution by sulfur dioxide and suspended particulate matter were sub-
stantially above these guidelines. Furthermore, there was the problem that the 
long-distance transport of these pollutants from major sources could, in some 
circumstances, result in comparatively high background concentrations in 
rural areas, and high levels in the incoming air in towns striving to meet their 
own air quality standards. It was considered, however, that every effort 
should be made to develop control procedures that would allow these guide-
lines to be met. 

These guidelines are based on observations among populations in the 
community exposed to a mixture of sulfur dioxide and smoke or total 
suspended particulates and they may not apply to situations where only one 
of the components is present. On grounds of prudence, however, it is recom-
mended that the levels of each pollutant should be below the values stated. It 
should be stressed again, however, that the data on which the guidelines are 
based are uncertain and each of the guidelines is tentative and subject to 
review when further information becomes available. 

It was the opinion of the Group that there is not yet sufficient information 
available on the effects of community exposures to sulfuric acid aerosols or 
suspended sulphates to develop guidelines for these air pollutants. 
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